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ways that are just not possible otherwise. This book presents a unifying holistic approach to the operation 
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who are interested in understanding self-healing mechanisms and acquiring techniques to extend the 

performance and endurance of the structures, machines, and systems that they build, design, and study. 
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Preface 

This book originally began as a short summary of the state-of-the-art and future directions of self-heal-
ing structures, machines, and systems. Upon flling in a couple of chapters, the author realized that the 
subject matter is broad, deep, and rapidly growing, largely fueled by inventions and advancements from 
enthusiastic and creative researchers worldwide. Complete coverage of the feld in a single manuscript is 
not practical. The fow of content begins in the frst couple of chapters from physically small systems to 
big, then surfaces and vessels, followed by multiscale, controlled, and networked systems. Specifc chap-
ters cover electronics, optics, design, and speculation about future directions. The appendices include 
listings of patents and a high-level overview of underlying related theoretical topics. During these 
discussions, the author takes a very broad and inclusive view of what constitutes self-healing. Hopefully, 
the reader will fnd the organization and content useful and informative. The author welcomes comments 
for improvement and corrections of errors and omissions. 

The original motivation and a portion of the material stems from research by collaborators with the 
author: Mohammad Abdul Qader, Saleh Al-Ghamdi, Josh Allen, Brent Boerger, Owen Brandriss, Dylan 
Burns, Mandar Dewoolkar, Brian Esser, Robert Farrell, Alireza Fath, Anthony Gervais, Kenneth Gollins, 
Diarmuid Gregory, David Hochman, Shannon Hughes, David Hurley, Ezra Kahn, Mathew Kaplita, Eric 
Kim, Patrick Lee, Yi Liu, Patrick O’Connor, Daniel Orfeo, Scott McNulty, Steve Pearson, Jonathan Razinger, 
Frederic Sansoz, Daniel Savin, Robert Seal, Graham Spencer, Ting Tan, Bernie Tolmie, Robert Worley 
II, Tian Xia, Bismark Yeboah, and Timothy Ziegler. The author would like to express his appreciation 
to Xiaoyan Sun for many suggestions regarding healing of civil structural systems, Jihong Ma for advice 
on an early draft of the manuscript, Ronald Huston for continued suggestions on fnishing the manu-
script, and Danny Kielty of Taylor & Francis Group for patience and support during the fnal stages of 
production. 

Dryver R. Huston 

Burlington, VT, USA, 2025 
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1 
Introduction 

1.1 Healing, Autonomy, and Taxonomy 

Self-healing is essential to life and to many human-built structures, machines, and systems. While some 
methods date back to antiquity, others represent the latest advances of modern technology [Martin 1997] 
[Fischer 2010a] [Fratzl 2007] [Frei 2013]. Extending and expanding self-healing enables fabricating 
structures, machines, and systems with extraordinary durability and resilience, perhaps even exceeding 
that of living systems. 

1.1.1 Definitions 

To clarify the discussions, a few defnitions: 

Health: The World Health Organization defnes health as “a state of complete physical, men-
tal and social well-being and not merely the absence of disease or infrmity” [World Health 
Organization 2009]. While this defnition aims at humans, it translates to human-built struc-
tures, machines, and systems. 

Self-healing: This book uses a broad defnition. Without healing or maintenance, all living bio-
logical systems as well as human-built structures, machines, and systems eventually fail. 
Structures, machines, and systems with self-healing capabilities improve their own condition 
in response to damage processes. There is often ambiguity about whether the system boundary 
includes active healing agents. Figure 1.1 shows an extrinsic system that is not able to heal itself 

FIGURE 1.1 System maintained by nonautonomous healing agents external to the system boundary, that is, extrinsic healing. 

DOI: 10.1201/9781003396048-1 1 

https://doi.org/10.1201/9781003396048-1


 

  

 

2 Self-Healing Structures, Machines, and Systems 

FIGURE 1.2 Autonomic system with healing supplied by agents located within the system boundary, that is, intrinsic 
healing. 

but has external healing and maintenance agents tending to it. Figure 1.2 represents an intrinsic 
self-healing system. It contains similar sets of events and actions as in Figure 1.1, but now the 
system boundary includes healing agents. 

Structures, Machines, Systems, and Networks: These are human-built. Structures transmit 
mechanical force with small relative motions between elements and sustain long-term stabil-
ity in geometric form. Machines transmit force to do work, often with large relative motions 
between internal elements. Systems are collections of interacting entities with distinguishable 
boundaries. The entities can be physical components, as in structural girders, connected net-
works, or perhaps more ephemeral, for example, organized information. The system boundary 
may be dynamic – opening, moving, and closing to include or exclude entities. Closely related 
are networks, which can be viewed as systems where the interconnections between subsystems 
are a dominant characteristic. When needed for clarity, the discussions distinguish structures, 
machines, systems, and networks. Other times, for brevity, systems serve as a generic term for 
structures, machines, systems, and networks. 

Autonomic and Autonomous Systems: “Autonomic” and “autonomous” are largely synonymous, 
with “autonomic” being more common in academic literature and carrying implications of 
self-contained capabilities. Autonomic self-healing systems execute self-repair without exter-
nal stimulus, energy, or material supplies. Nonautonomic self-healing systems use external 
stimulus, energy, and material supplies to initiate and/or execute self-repair [Hager 2010]. 

Healing Effciency η: It is a metric of self-healing performance. Multiple defnitions appear for this 
(see Chapter 12) and most take the general form: 

Strength or performance of healed system 
η = ×100% (1.1) 

Strength of original system 

A system that fully recovers from damage has a healing effciency of 100%. Values greater 

than 100% are possible and correspond to cases where the healing leaves the system in a state 

that is superior to the original undamaged state. 



 
 

 
  

 

 

 

3 Introduction 

FIGURE 1.3 Energy equilibrium states with energy available for repair. (a) System with a single stable equilibrium state 
(1) and energy barrier of ΔEEq. (b) System with two stable states (1 and 2) that switches between the states with stimulus-
response behavior and energy ΔESR. (c) System with stable low-energy unhealth state (1), and two metastable healthy 
states (2 and 3) with self-healing switching through energy ΔESH, and injury-causing energy of ΔEUH that moves system to 
unhealthy state (1). (Adapted from [Urban 2009].) 

Smart, Intelligent, Cognitive, and Functional: These are adjectives for systems with stim-
ulus-response behaviors that exceed passive systems. Smart generally confers sharpness 
or snappy stimulus-responsive behavior. Intelligence implies that thinking is associated 
with behavior. Cognition is a higher form of intelligence that includes memory, reason-
ing, adaptation, and self-formulation of new ways of thinking based on the specific cir-
cumstances presented to the system. Functional materials respond by using available 
physical effects, usually with specialized arrangements of internal constituents and 
components. 

Self-referencing: Systems that observe and act on themselves introduce a wide variety of interest-
ing and often paradoxical behaviors. These concepts extend beyond that of self-healing systems 
to include contexts of logic, music, philosophy, and art [Hofstadter 1999]. In the context of 
self-healing, this appears as feedback control to sense and direct healing to a self-referenced 
state of healing. 

Antagonism and Heterogeneity: Autonomic self-healing systems need available energy and mate-
rial to perform a repair. Antagonistic effects, such as prestress, and heterogeneous distributions 
of materials in high free-energy states often increase the performance of self-healing, at the 
expense of supporting the prestress (Figure 1.3). 

1.1.2 Advantages of Self-healing 

Figure 1.4a shows the lifetime health history of an unmaintained system without healing. This is throw-
away and then replace operation – a technique that can be quite effective if the loading is not too severe 
and the systems reliably sustain functionality over desired time frames. Often better are systems with 
self-healing that endure and even take advantage of loads and attacks that normally render passive non-
healing systems inoperable (Figure 1.4b and c). 



 

 

4 Self-Healing Structures, Machines, and Systems 

FIGURE 1.4 Lifetime health histories of structures, machines, and systems. (a) Without maintenance and repair, pos-
sibly with an early end of life. (b) With maintenance and repair that extends lifetime. (c) With component replacement and 
possible indefnite lifetime. 

1.1.3 Fundamental Questions 

Some questions with partial answers: 

Are there fundamental principles that govern the design and action of self-healing systems? 

Yes, fundamental principles underlying self-healing include health metrics, self-awareness, cognition, 
and the role of pain. 



 
 
 

 
  

 
 
 
 
 
  

5 Introduction 

Can something last forever? 

A reactive answer is “No. Nothing can last forever.” However, nuanced answers provide some wig-
gle room. One is “forever.” The long-term fate of the universe and the laws of physics as we know 
them – barring supernatural intervention – appear to be headed for multi-billion years of future 
existence. This may be a good approximation to forever. Complementing the laws of physics is 
the notion of information. It may be that certain types of information, such as Plato’s mathemati-
cal truths, are also immutable. If information includes the structure of a system, then the endur-
ance of a system with replacements of parts can be indefnite, as with the fabled ax that endures 
by having the handle and blade replaced as needed, or with long-lasting bridges and airplanes 
[Azizinamini 2014]. 

Living biological systems are masters at self-repair. What lessons can be learned? 

Self-healing in biological systems is complicated and only partially understood. Biological systems rec-
ognize damage to themselves and then coordinate resources to execute repairs. Repairs occur over virtu-
ally all spatial scales ranging from the molecular to ecological systems that span the globe. In addition 
to making proteins, gels, new tissue, and organs, rebuilding inevitably involves the selective removal of 
diseased, dead, or damaged tissue, while leaving healthy tissue intact. The repair may be complete or 
may be partial and leave a scar. 

What are effective measures of health? 

If the probable failure modes are known and well understood, it may be possible to use simple quantita-
tive measures, such as the remaining wall thickness on a pipe, to quantify health. More complicated 
failure modes often require more complicated measures of health. 

What are the general attributes that favor self-healing? 

Adding self-healing normally adds costs with increased weight, exotic materials, controls, and man-
ufacturing details. Increased complexity introduces additional costs, such as reduced performance, 
operational compensation for antagonistic healing and restraining of healing effects, and unintended 
consequences. Excellent opportunities arise when there is a confuence of conditions, including a means 
to self-heal at relatively low cost and the high cost of failure without healing. Examples are self-sealing 
fuel tanks and tires. 

What are the roles of antagonism and complexity? 

Antagonism often stabilizes systems, but at a cost (Figure 1.5). Self-healing involves feedback 
mechanisms, often at multiple temporal and spatial scales, leading to complexity. Guidance may 
come from Western and Eastern medical practices that nominally follow opposite approaches 
of reductionist evidence-based methods and holistic approaches. A suggestion by Alfred North 
Whitehead is “The only simplicity that can be trusted is that which lies beyond complexity,” that 
is, the best simplifications are those based on an understanding of the underlying complexity 
[Lytton 2000]. 

The notion of antagonism further appears in materials that separate into two phases at the microscopic 
scale in a thermodynamically metastable confguration. Examples are bitumen as a binder in asphalt, and 
certain ionic polymers. Both have self-healing capabilities. Atomic force microscope images of bitumen 
reveal “bumblebee” features that are phase-separated waxy crystalline inclusions within a hydrocarbon 
polymer matrix [Kringos 2011]. These waxy inclusions aid in healing microscale damage and deforma-
tion by a phase transition back into a solution of the bitumen. 
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FIGURE 1.5 Energy landscape of inverted pendulum stabilized by loose and taut guy wires indicating stabilization of 
system by antagonism at a cost of maintaining tight wires. (a) No guy wires and unstable. (b) Slack guy wires without 
antagonism tighten and stabilize at tilted position. (c) Taut guy wires with antagonism stabilized at upright position. 

What are practical techniques for implementing self-healing? 

Some of the answers are tricks of the trade. For example, certain mixes of asphalt pavement can crack 
and heal multiple times [Zou 2012]. Introducing self-healing capabilities raises issues of safety, compat-
ibility, and cost. Self-healing must work, be cost-effective, and do no harm. 

When is the best time to activate self-healing? 

The timing and location of self-healing actions can be particularly important in enhancing the perfor-
mance of the self-healing system. For example, failures in many systems are the culmination of damage-
dependent actions. Failure follows initiating events and conditions that progress through a cascading 
series of events. Intervening in a timely manner with mitigation and/or self-healing can prevent more 
damage. 

What amount of restoration is possible? 

It is possible to recover original strength and functionality – including self-healing capabilities.  It is dif-
fcult but possible to repair a structure without leaving a scar. 

Is there a role for limping? 

Limping arises when systems have redundancy and excess performance capability. When damaged, 
a limping-enabled system reorganizes operations and load paths to retain overall function, often with 
reduced capability and performance. 



 

 

 
 

 

 

 
 
 

 

 

7 Introduction 

FIGURE 1.6 Level 0 passive structure with no self-healing capabilities inevitably suffers degradation. 

1.1.4 Taxonomy 

A six-level classifcation scheme ranging from simple to complicated: 

1.1.4.1 Level 0: No Self-healing 

Most engineered structures do not self-heal. They are well-built, perform the desired tasks as needed, and 
tolerate modest to moderate levels of damage. Nonetheless, such structures eventually wear out and fail 
(Figure 1.6). Survival requires maintenance, repair, and component replacement by external actions. 

1.1.4.2 Level 1: Health and Performance Improvement with Break-in and Use 

Break-in and wear improve many structures, machines, and systems. Examples are leather shoes and 
journal bearings in machinery. It is economically prohibitive to manufacture mating parts in machin-
ery without geometric imperfections. A more practical approach uses break-in to modestly damage 
the shoe and bearing to improve the shape and structure. Bearings autonomically smooth geometric 
imperfections by breaking and grinding asperities as the parts slide over one another (Figure 1.7). 

FIGURE 1.7 Level 1: Break-in process smooths machine bearings by mutual grinding of asperities to create a healthier 
machine component. (a) Machine bearing parts that slide past one another as initially manufactured. (b) Early break-in 
process generates signifcant levels of debris. (c) Bearing surfaces smooth out. (d) Smooth running machine. 
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FIGURE 1.8 Simplifed representation of parallel strand suspension bridge cables with statically indeterminate 
mechanics that distributes loads of failed shorter strands onto healthy population of strands with similar lengths. 
(a) Before. (b) After. 

Modern anti-wear lubricants improve the process by acting at the sliding nanocontacts of single asperi-
ties and removing the debris [Gosvami 2015]. 

Statically indeterminate structures may also undergo break-in processes through the favorable redis-
tribution of internal loads. An example is the use of multiple strands of parallel wire in a suspension 
bridge cable. Clamping, interstrand friction, and varying lengths of the strands combine to produce a 
resilient confguration [Waisman 2011]. Initially, the shorter strands carry excessive loads, then break 
and redistribute the loads for a more even distribution. The spreading of the load distribution reduces the 
excess loads on individual strands and prevents further breakage (Figure 1.8). 

1.1.4.3 Level 2: Damage Mitigation 

Mitigation reduces damage progression by acting and intervening directly in the processes by (1) altering 
the structural topology to decouple the structures and load paths from the active damaging forces and 
(2) taking actions that defect or otherwise degrade the damaging action. Mechanical fuses, shear pins, 
and feathering windmills are examples. Reactive armor alters the specifc action of the damaging force. 
Figure 1.9 shows a circa 1908 reactive armor technique that protects strong boxes with an explosion that 
both deters unauthorized intrusion and acts as a loud alarm [Vaughan 1908]. 

FIGURE 1.9 Active damage mitigation technique – a safe box with reactive armor resists penetration through the walls 
with explosion and fre. (From [Vaughan 1908].) 



 

 
 
 
 

 

 
 
 
 

 

 

9 Introduction 

FIGURE 1.10 Regenerative self-sharpening sea urchin tooth. (From [Killian 2011].) 

1.1.4.4 Level 3: Regeneration with Redundant Components 

Regeneration replaces damaged components with prepositioned functionally equivalent com-
ponents. Many cases of regeneration are topological reconfgurations that transfer duties from a 
damaged to an undamaged component. In many cases, damage initiates replacement with minimal 
sensing and control. The sea urchin uses a regenerative self-sharpening tooth in that shed shards as 
they become dull to uncover a new sharp edge (Figure 1.10) [Killian 2011]. A human-built example 
is the regenerative tire tread. Damage and wear cause the outer tread layer to shed and expose sub-
surface features with a fresh tread. 

1.1.4.5 Level 4: Local Damage Repair with Local Material Transport 

Certain cases of damage, for example, tight cracks, only require localized movements of small amounts 
of material for repair. Such processes beneft from prepositioning self-repair capabilities throughout 
the structure. An example is the self-sealing wood barrel. Water from small leaks causes the wood 
to swell and seal the leak. Another example is the healing of a tight crack in a thermoplastic polymer 
(Figure 1.11). The molecular structure of these polymers is that of long molecules that move due to ther-
mal processes. These mobile long-chain molecules diffuse and fow across the crack to heal in a process 
known as reptation. 

Asphalt pavement on roads is a ubiquitous successful example of local damage self-healing. Asphalt is 
a conglomerate of small stones held together by tar binders. Vehicular and environmental loading causes 
cracking and large deformations of the asphalt. The sticky polymer nature of the tar binder enables 

FIGURE 1.11 Level 4: Self-healing with local material transport – a tight crack in polymer with molecular mobility 
repairs by reptation diffusion. 
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the asphalt to recover from damage and endure as a low-cost pavement of choice for multiple years. 
Alternatives include nonhealing asphalt that fails by crumbling after only a year or two, and signifcantly 
more expensive concrete pavements. 

1.1.4.6 Level 5: Damage Induces Reactive Processes with 
Significant Levels of Material Repair 

Using encapsulated healing fuids for repair is a reactive repair. Cracking damage to the material rup-
tures the capsules, allowing the fuid to exit the capsule, fow into the crack, bridge the crack, and solidify 
to heal the structure (Figure 1.12). 

1.1.4.7 Level 6: Coordinated Repair 

Damage induces coordinated follow-up actions that heal the system, generally following these steps: 

1. Sense damage 

2. Assess damage 

3. Marshal resources and execute repair processes 

4. Assess the state of repair 

5. Taper and terminate the repair process when the healing is complete 

6. Remove damaged material 

Coordinated healing may follow an algorithmic or rule-based approach, that is, if certain damage 
conditions are met, then specifc healing actions are executed. More complicated situations may beneft 
from adaptive approaches, possibly with cognitive reasoning. Damage avoidance and mitigation is an 
effective alternative. 

FIGURE 1.12 Fluid-flled tubes provide vascular delivery of healing liquids to damaged structures. (a) Undamaged struc-
ture with fuid-flled tubes. (b) Damage to structure breaches fuid tube wall. (c) Fluid fows out of tube, congeals, and 
repairs crack. 



 

 

 
 
 

 
 

 

 

  
 

 

11 Introduction 

1.2 Material Repair and Damage Processes 

Macroscopic manually applied repair techniques, that is, welding, epoxy injection, and fber-reinforced 
polymer (FRP) patches, are a starting point for the design of self-healing systems [Petrie 2000] [de Smet 
2008]. Self-repairing systems may be an automated version of the typical manually applied patch and 
repair methods, especially if the damage mode is known a priori, for example, a tire puncture. 

1.2.1 Damage Processes 

Corrosion is a common, somewhat complicated, and pernicious damage process resulting from the oxida-
tion of metals. A variety of electrochemical processes cause metals to oxidize. Sometimes oxidation forms 
a protective coating. Other times oxidation runs unabated and leads to signifcant damage [Fontana 1978]. 
A thermodynamic view is that oxidation occurs because the metallic state has more free energy than the 
metal oxide. Corrosion processes involve a self-organized interplay of surface chemistry, bulk fuid chem-
istry, electric currents, confned spaces, surface treatments, and several other effects. Some effects slow 
corrosion. Others accelerate. An example is the formation of an Al2O3 skin on the surface of aluminum. 
The skin self-heals to form a tight bond that prevents oxygen diffusion and further oxidation. Stress corro-
sion cracking is a combined-effect acceleration of corrosion. The localized electrochemical environment 
combines with deleterious metallurgy of stress at the crack tip surface to produce rapidly growing cracks. 

1.3 Early Developments 

Some main themes of development: 

1. Pre-industrial Era: Some self-healing techniques date back to antiquity. Most exploit inherent 
physical properties. Self-sealing wooden fuid containment systems are an example (Figure 1.13). 
Wooden ships, barrels, and water pipes use leaking water to swell wood in a conformal manner 
that tightly seals against leaks. An important detail is to control the shape of the swelling by 

FIGURE 1.13 Water leak swelling and sealing of leak in wood vessel. 
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FIGURE 1.14 Sandwich of rubber, reinforcing fabric and petroleum jelly, produces an early self-sealing composite mate-
rial. (From [Mercier 1896].) 

using boards cut with a proper grain pattern. A radial rift sawn cut can produce isotropic and 
heterogeneous swelling [Twede 2005]. 

The ancient practice of using natural fbers, such as straw, in bricks and mortar mitigates 
damage by reducing the size of cracks [Snoeck 2015]. Cements and mortars, including those 
used by the Romans, autogenously heal tight cracks through the hydration of free lime. Break-in 
self-improvement techniques, for example, wear-in to form smoother running machines, also 
date back to antiquity. 

2. Industrial Era: Self-healing developments arise largely to solve new challenges posed by the 
new technologies in the industrial revolution. Industrial and military entities conducted much 
of the research, with a minimum of public disclosure. Notable examples are self-sealing tires 
and fuel tanks. 

A precursor to many self-sealing tires and fuel tanks was a nineteenth century invention of 
a composite material panel that autonomically sealed puncture holes. The construction was a 
sandwich of partially vulcanized rubber, cloth mesh, and petroleum jelly (Figure 1.14) [Mercier 
1896]. Through-wall perforations by nails, projectiles, and so on, initially create a hole, but also 
comingle the rubber and petroleum jelly in the surrounding region. The diffusion of petroleum 
jelly into partially cross-linked rubber, followed by rubber swelling with in-plane directional 
constraint from the cloth mesh seals the hole. 

Self-sealing fuel tanks in military aircraft represent one of the more successful self-heal-
ing structural systems in the twentieth century. The goal is to suppress fuel tank leaks and 
fres due to penetration by a projectile. Minimizing weight during fight restricts using heavy 
armor as passive protection. Lightweight self-sealing fuel tanks are a competitive alternative. 
The design requirements include survival of the tank due to the intense mechanical shock, 
known as hydrodynamic ram, that follows penetration by a high-speed projectile and quickly 
stopping leaks, all while operating over the extreme range of environmental conditions dur-
ing fight. While many details remain closely guarded secrets, the patent literature describes 
some of the important operating principles. Considerable activity clustered around the First 
and Second World Wars (WWI and WWII). A 1922 patent discloses a self-sealing fuel tank 
as a combined multilayer construction with articulated faps that swing open and shut follow-
ing the passage of a projectile and opening of a hole in the wall (Figure 1.15) [Friant 1922]. 
Eckelmeyer, in a historical perspective from WWII, describes the development of fuel tanks 
that survive and seal leaks from the passage of high-velocity projectiles with diameters up to 
50 mm [Eckelmeyer 1946]. 

Similarly, the demands of the burgeoning automotive industry in the early twentieth cen-
tury prompted a furry of developments in self-sealing pneumatic tires. An important technical 
constraint is that a rotating tire experiences strong centrifugal and vehicle to road dynamic 
forces. The sealing material must be suffciently mobile to move and seal a leak as needed, but 
suffciently stationary to allow for stable operation in normal undamaged but highly dynamic 
conditions. Figure 1.16 is a patent drawing of an early version with a sponge rubber sealing 
layer [Cochrane 1900]. 

Another track from the industrial era lies in the realm of electric power transmission. A 
chronic issue is the diffculty with containing concentrations of large amounts of electrical energy. 
High-voltage containment requires sturdy insulators, switches, and fuses. Dielectric insulators 
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FIGURE 1.15 Early design of a self-sealing fuel tank using a combination of multilayer construction with articulated 
faps. (From [Friant 1922].) 

tend to fatigue and break down when exposed to high voltages. A standard containment method 
dating back to the early days of electric power uses liquid insulators that fow in a vascular 
manner to replenish the potentially damaged dielectric. 

3. Academic Interest and Developments: Many early threads of academic activity examined the 
healing of tight cracks. As early as 1836, the French Academy of Science studies autogenous 
carbonation-based crack healing of concrete [Kenneth 1956]. Another early report of concrete 
crack healing research dates to 1918 [Maddocks 1925]. In 1959, Kolsky described the heal-
ing of tight cracks in polymers [Kolsky 1959]. Outwater and Gerry  in 1969 experimentally 
quantifed the energies of self-healing polymers [Outwater 1969]. de Gennes provided a viable 
theoretical model of polymer healing based on wiggling snake-like reptation motions of poly-
mer molecules, leading in part to the award of Nobel Prize in Physics [de Gennes 1971]. The 
academic community began to examine self-healing more earnestly in the late 1980s and early 
1990s with a focus on healing cracks in materials [Xu 2007] [Aïssa 2012] [Murphy 2009]. 
Subsequent research and development covers virtually all aspects of engineering that require 
high performance from the system [Ghosh 2009b] [Zako 1999]. 

4. Thermoplastic Polymer Crack Healing: Some polymers, notably thermoplastic polymers, heal 
tight cracks by bridging and inflling [Volynskii 2009]. The molecular structure of thermoplas-
tic polymers is that of long polymer chains held together in intertwining conglomerations by 
weak hydrogen bonds. At a suffciently high temperature (often the glass transition tempera-
ture, Tg), the molecules become mobile and reptate, that is, slither in a snake-like manner [de 
Gennes 1971]. Statistical mechanical models based on reptation can explain many aspects of 
the behavior of thermoplastics, including autonomic bridging and healing of tight cracks. 

FIGURE 1.16 Sponge rubber layer creates self-sealing pneumatic tire. (From [Cochrane 1900].) 
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5. Liquid to Solid Healing: Autonomic liquid-to-solid self-healing delivers liquid to the dam-
aged region and then the liquid solidifes to form the repair. Chemistry is the primary means 
of solidifcation. While simple in principle and relatively easy to implement manually, auto-
nomic liquid-to-solid healing is technically challenging due to issues of liquid delivery to 
the proper location on time, and chemical stability over long durations and wide temperature 
ranges. Early solid in situ liquid delivery techniques became available in the middle of the 
1970s for applications, including insecticide delivery. These methods used erodible contain-
ers, diffusion release through membranes and porous networks, and hollow fbers flled with 
healing agent [Paul 1976]. 

In the 1990s, C. Dry pioneered many of the liquid-to-solid autonomic structural healing methods by 
combining controlled in situ liquid delivery with chemical solidifcation. The focus was on the inser-
tion of healing liquids into concrete and FRP composites [Dry 1992a] [Dry 1993a] [Dry 1996a]. This 
work introduced the following: (1) Encapsulated Liquid Delivery – The healing system stores liquid 
in capsules throughout the structural or material matrix so that when damage occurs, the liquid has to 
fow only a short distance to the damage site. (2) Vascular Liquid Delivery – A prepositioned plumbing 
system transports the healing liquid from a remote site to the damaged area. 

White et al. further advanced liquid-to-solid healing by storing low-viscosity healing liquids in 
micrometer-scale capsule and embedding catalysts into the polymer matrix. The effect is to activate 
curing only after fuid fows out of the ruptured capsules [White 2001]. Miniaturizing the liquid cap-
sules permits fner-scale dispersion in solids – an important detail in FRP composites. In many respects, 
this development was a turning point that motivated a broad spectrum of self-healing research and 
development. 

In the twenty-frst century, research, development, and deployment of self-healing structures con-
tinued at a rapid pace with the increased sophistication and complexity of active materials, along 
with systems-based healing approaches based on sensing and quantifcation of damage and control/ 
coordination of the repair actions [Carlson 2006a] [Balazs 2007] [Trask 2007a] [Hurley 2011a] 
[Song 2011]. 

Vascular systems provide higher speeds of internal material transport and have the potential for accel-
erating and accentuating self-healing [Bond 2007]. Vasculature appears in both biological and human-
built situations that beneft from high rates of material transport. Most of these human-built systems fow 
material in an open-loop one-way fashion to the damaged site. The technology of material removal by 
analogous combined circulatory and lymphatic approaches in human-built systems appeared in the early 
twentieth century with self-sealing fuel tanks. 

Self-cleaning surfaces and fabrics are additional threads of development. The accumulation of 
unwanted material degrades the appearance and performance of many surfaces. Autonomic resistance 
to the buildup and shedding of debris has advantages [Youngblood 2008]. Many self-cleaning surfaces 
use micro- and nanoscale surface textures to effect hydrophilic and hydrophobic cleaning actions. 
Other surfaces harvest ambient energy from the environment to create chemicals with free energy 
that break down contaminants, such as through photocatalysis [Wang 1997]. Applications include 
destruction of bacteria [Rtimi 2013], and surface tension of small water droplets on glass surfaces for 
hydrophilic anti-fogging action [Rampaul 2003]. Incorporating these techniques into fabric makes 
self-cleaning clothing [Wu 2011]. 

1.4 Quantitative Measures of Health and Capacity for Self-healing 

Health is a familiar qualitative description of biological condition that readily transfers to engineered 
systems. Health can be “excellent, good, fair, or poor.” These adjectival descriptions lack specifcity, 
yet have easily understood meanings. Since many systems have multiple failure modes, quantitative 
scalar descriptions are not always straightforward to implement, especially as the level of complexity 
rises. Being healthy requires following a life path that avoids failure modes, as shown conceptually in 
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FIGURE 1.17 Avoiding danger in life paths sustains good health. 

Figure 1.17. Hybrid qualitative and quantitative health ratings are common for multicomponent systems 
with even modest levels of complexity. 

Living biological systems proactively promote their own states of health. Imbuing human-built struc-
tures, machines, and systems with similar health-promoting capabilities is complicated. A conservative 
approach identifes failure modes, possible paths to failure, and maximizes the distance of the system 
from failure based on available information. An example is a machine that fails when specifc parts, such 
as bearings, wear out. Bearing failure is diagnosed and predicted by detecting an increase in particular 
vibration signatures. Measuring bearing vibrations is a simple, but effective, measure of health. The 
situation becomes more complicated when remedial steps prevent a singular wear event from being a 
primary mode of failure. What remains is secondary, often unexpected, failure modes. For example, if a 
machine uses long-endurance bearings to minimize bearing failures, the ultimate failure mode then may 
become unpredictable. This leads to the ironic situation of taking steps to improve safety, and reliability 
by eliminating failure modes may actually result in a seemingly less reliable machine. 

Since the health of biological or human-built systems is inherently complicated, a single-scalar health 
metric may not provide suffcient information. An alternative approach combines components of mea-
surand vectors. 

Reliability, redundancy, resilience, and recoverability are overlapping interrelated concepts. Reliability 
is a description of survival and failure that combines estimates of random variations in strengths of the 
individual components of the system with estimates of the random variations in the loads acting on the 
systems [Liu 2001]. Redundancy arises when multiple structural load paths or systemic confgurations 
carry the loads or perform desired tasks. Damage to a component causes the parallel undamaged compo-
nents to carry the load. Redundancy may take on more complicated forms where the overall topology of 
the system rearranges to carry the desired loads into either fully functional or partially functional limp-
ing confgurations. In these cases, network and graph theory confgurations may be useful. Resiliency 
is the ability to survive and then recover from damaging loads and extreme events. Recoverability is the 
ability of a system to recover a particular state, often as a specifc measurable quantity. 

1.5 Scaling Aspects 

Length scales with important self-healing activity run from subatomic to macroscopic dimensions. 
Similarly, time scales range from the smallest measurable instances up through historical epochs. Key 
interactions often remain confned to narrow temporal and spatial scales. There are many important cases, 
however, where damage and healing interactions span and even skip multiple space and time scales. 

Multiple scale interactions create the opportunity for many interesting and diffcult to predict occur-
rences, along with some great opportunities for innovation. An example is an earthen dam. A small leak 
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at the base can lead to internal dam-eroding fow, beginning with the formation of pipes and ending with 
catastrophic collapse. Intervening with autogenous healing at the small-scale leak stage can be a low-
cost means of preventing collapse. 

1.6 Material Transport 

Material transport to and from damaged sites facilitates many repair processes. Possible methods of 
material transport are as follows: 

1. Diffusion: Most effective at small distances and/or long time scales 

2. Liquid Flow: Vascular methods, encapsulated release, debris removal, and surface cleaning 
runoff 

3. Dendritic and Filamentary Growth: Effective directed method with minimal material use over 
extended distances 

4. Swelling, Contractions, and Other Shape Changes: Good for bulk movement of material cou-
pled with mechanical action 

5. Accretion and Deposition: Deposits material from liquid onto solid surface 

1.7 Thermodynamic Considerations 

Table 1.1 lists some thermodynamically intensive self-healing actions. Classical thermodynamics asserts 
that macroscopic systems tend to move to equilibrium states. The processes minimize available energy 
and increase entropy [Fermi 1956] [Callen 1960]. While movement toward equilibrium is an inexorable 
universal process, it is not instantaneous or homogeneous. Processes that favor maintaining and/or estab-
lishing nonequilibrium conditions are ubiquitous and lead to many interesting and complicated features 
in our universe [Prigogine 1981]. Biological life is a prime example [Schrödinger 1944] [Ho 2008]. An 
additional feature of thermodynamics is the relation to information theory [Shannon 1949]. At present, it 
is not clear if this relationship is a coincidental consequence of phenomena with similar organizational 
structure or is a more fundamental relation. 

Simpler molecular scale coordination techniques arise when a state of minimum free-energy thermo-
dynamic equilibrium is the desired state of health. Annealing processes can nudge damaged states back 

TABLE 1.1 

Thermodynamic Phenomena and Self-healing 

Thermodynamic Phenomenon Self-healing Action Reference 

Stable equilibrium 

Release constraint, move to new 
equilibrium 

Phase change 

Cycle 

Diffusion 

Diffusion-reaction 

Irreversible Onsager reciprocity 

Irreversible dissipative structure 

Recovery of strength and length of byssal thread 

Liquid solidifcation for healing 

Shape memory alloy wound closing 

Reversible thermal cycling of DA reaction to 
heal polymer 

Diffusion reptation healing of thermoplastic 
polymers 

Asphalt with segregated bumblebee inclusions 
for crack healing 

Chemically selective membranes that support 
healing 

Dissipative actions heal dissipative structure, 
SUSY laser stabilization 

[Holten 2011] 

[White 2001] 

[Burton 2006] [Jefferson 2010] 

[Kavitha 2009] 

[de Gennes 1967] [Wool 1981] 

[Kringos 2011] 

[Katchalsky 1965] 

[Belkin 2015] [El-Ganainy 2018] 
[Qiao 2021] 
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FIGURE 1.18 Thermodynamic-driven movement to healthy structures in equilibrium state with application of heat, as in 
annealing. (a) Original heathy. (b) Damage increases internal energy, but state is stable. (c) Heating changes energy land-
scape and material moves to lower energy healthy state. (d) Material remains in healthy state upon cooling. 

into healthy equilibrium states through the injection of activating energy that eventually dissipates as 
the system heals (Figure 1.18). Many of these processes can repeat through numerous cycles of damage 
and repair without long-term degradation. The following are examples of simple system movements to 
healing: 

1. Damage Raises the Free Energy: Movement to equilibrium is healing. 

2. Damage State Is Frozen in a Nonequilibrium Confguration: Energy injection processes enable 
movements for healing. 

3. Hierarchical, Complicated, and Living Systems: Many material systems are nonhomogeneous, 
with nonhomogeneous distributions of free energy. This is especially the case of biological 
life, where packets of stored free energy available for release on cue to perform healing can be 
released upon triggering by damage. 

Hierarchical organization explains some of the thermodynamics of self-healing systems. Damage 
increases entropy defned as an increase in confgurational disorder, such as microcracking. If there are 
components in the system, such as microcapsules flled with healing liquid stored at a lower entropy, 
then damage may initiate movement to a nonequilibrium state, such as the release of a healing liquid. 
The healing liquid fows into the cracks, congeals, and solidifes in processes that increase entropy. The 
result is that the healing liquid reduces the confgurational entropy of the microcracking, but the overall 
entropy of the system increases [Nosonovsky 2009]. 

Open systems with energy and material fowing in and out often have stable dynamic nonequilib-
rium states that exhibit high degrees of organization. External events that force temporary devia-
tions from the stable states induce dynamical processes that heal the system and drive it back to the 
stable nonequilibrium state, often with maximum entropy production being the physical mechanism 
[Belkin 2015]. Limit cycles, stable vortices, and nonhomogeneous patterning of materials are exam-
ples. Lying in-between static equilibrium and stable self-organized dynamical systems are static 
self-assembled systems, such as folded proteins, nematic crystals, or brick-like block assemblies. In 
these cases, the assembled static system has a lower entropy, but the overall system has a higher total 
entropy [Frenkel 2015]. 



 

 

 

 

 

 

18 Self-Healing Structures, Machines, and Systems 

1.8 Self-assembly and Coordinated Healing 

Self-assembly places components in the proper positions at the proper time. Living biological systems 
and ecosystems are extreme examples of self-assembly. The thermodynamics underlying the process 
is interesting and only partially understood [Whitesides 2002a]. It appears to be a case of antagonism 
between order and disorder with crystals representing ordered material systems and glasses disordered. 
Component interaction is a combination of attractive and repulsive forces, which promotes heteroge-
neous distributions of free energy. 

Coordination uses information to bring the healing action and available resources to bear on damage 
when and where needed. Such techniques simultaneously accelerate the healing response and reduce the 
need for distributed and parasitic stores of repair material. Related concepts are limping and mitigation. 

Topological structural reconfguration is a primary coordination technique. In this context, reconfgu-
ration is more than redundancy. Ships at sea are examples. Closing the doors between bulkheads during a 
severe leak event stops water passing from compartment to compartment and prevents sinking. Keeping 
the doors open during normal operations is convenient for the passage of people and material. 

1.9 Biomimetics, Living Systems, and Biohybrids 

Biomimetic and bioinspired are adjectives describing the use of natural biological systems as guides for 
the conceptual design of engineering systems (Figure 1.19) [Bar-Cohen 2006] [de Mestrai 1961] [Trask 
2007b] [Meyers 2013]. It is natural to examine healing in biological systems as a source of ideas and con-
cepts for the design of artifcial self-healing systems. Biological systems are faced with an extraordinary 
task – healing by regeneration of living tissue actions ranging over length scales from molecules to eco-
systems. In mammals, the healing of a relatively small cut is a multistage process that begins with blood 
clotting and scab formation followed by infammation, inflling of cells, and tissue structures, often aided 
by mechanical actions that close the wound, and fnally scar maturation with matrix remodeling [Martin 
2010] [Singer 1999]. Similar wound-covering and healing processes also occur at smaller length scales, 
with the formation of protein patches over lesions in cellular membranes [Roostalu 2012]. 

Interesting possibilities for bioinspiration come from blood clotting that uses complex antagonistic 
cascades of clotting and dissolution biochemical reactions to form macroscopic clots, only when needed 
[Mann 2010] [Davie 1964] [Lam 2011] [Pleydell 2002] [Diamond 1999] [Hougie 2004] [Macfarlane 
1964] [Velnar 2009]. A characteristic feature of blood clotting is nonlinear amplifcation with chain reac-
tions. The products of one reaction catalyze and amplify another reaction. Healthy blood clotting strikes 
a remarkable balance between clotting and dissolution processes. Creatures thrive for decades without 
bleeding to death or dying from clot-induced strokes or heart attacks. Similar in scope, but different in 
detail, actions occur in plants [Bauer 2009] [Shigo 1984]. Antagonism also plays active roles in removal 
of tissue components that are dead, injured, or in intermediate healing states, such as a clot or scab, lead-
ing to the notion that the effective management of death is essential to life. 

FIGURE 1.19 Original biomimetic concept of cocklebur-mimicking Velcro fastener. (From [de Mestrai 1961].) 
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Accommodating wide ranges of operating temperatures is a challenge in the biomimetic design of 
self-healing systems. Biological systems thrive and heal via a sophisticated interplay of chemical reac-
tions that operate in narrow temperature ranges. Operating outside of the preferred temperature range 
leads to degraded performance, injury, and even death. Engineered systems typically operate over much 
wider temperature ranges than those tolerated by biological systems. 

The following are some of the approaches to imbuing life and life-like properties into inanimate 
objects [van der Zwaag 2009]: 

1. Inanimate Living Properties: Living polymers grow by the addition of molecular units, that is, 
monomers, to an end [Szwarc 1956]. The number of available monomers regulates the growth 
of the polymer so that growth stops when the “food” of available monomers runs out, and then 
resumes upon replenishing the supply. 

2. Biohybrids: Merging of living biological tissue with engineered systems. 

3. Engineered Biological Living Systems: These are advanced versions of breeding and domes-
tication, along with the development of living biosystems from low-level constituents [Gibson 
2010] [Kriegman 2020]. 



 

 

 

 

 

 

 

 

 

 

  

 

 

2 
Molecular Scale Healing 

2.1 Introduction 

The molecular scale is the realm where molecular bonds and atomic interactions dominate the overall 
interactions. Molecular length scales generally run from subnanometer to multi-micrometer. Slightly 
larger is the supramolecular scale, which encompasses large molecules and/or conglomerations of 
smaller molecules. Many important self-healing interactions occur at molecular length scales – a concept 
not lost on notable twentieth-century visionaries [Feynman 1960] [Drexler 1981]. 

The following are forms of molecular scale healing: 

1. Individual Molecules: Healing of damage. 

2. Bulk Materials: Healing of bulk materials at the molecular scale, typically large molecules, 
many with a biochemical origin. This includes annealing of metals and fuid recovery. 

3. Molecular Movement: This is for tight crack repair. 

4. Repair of Large Molecular Structures: Examples include gels and supramolecular assemblies. 

2.1.1 Repair of Molecules 

Molecules lose utility if damaged. Sometimes the damage is a simple scission break of a polymer chain. 

Other times the damage is more complicated – as many atoms and subatomic particles are stable and 

not easily damaged. Perfect healing at the molecular scale is possible by merely rearranging atomic 

confgurations. A convenient situation is when thermodynamic equilibrium minimizes available energy 

at a preferred healthy state. More complicated situations arise when the desired healthy state is not at 

thermodynamic equilibrium. 

2.1.1.1 Polymer Chain Repair 

Stress, radiation, and chemical attack break polymer chains and degrade macroscopic polymer prop-

erties. Repairing broken polymers often restores the integrity of the bulk polymeric material. Some 

examples follow. 

Chemical Repair: Polycarbonate prepared by an ester exchange method (instead of the standard 

bisphenol-A and phosgene method) self-repairs following scission using Na2CO3 as a repair-

ing agent. Reported healing effciencies for material strength approach 100% [Takeda 2003]. 

Polyphenylene ether exhibits a somewhat more complicated behavior. Oxygen catalyzed by 

copper feeds a reaction that repairs broken polymer molecules while excreting water as a by-

product [Imaizumi 2001]. Favorable chemical thermodynamics induces repairs in large mol-

ecules, such as using carbon monoxide to reduce epoxide, hydroxyl, and ketone pair defects in 

graphene oxide sheets [Narayanan 2013]. 

Fluorescein Repair: Fluorescein molecules have active optical properties that absorb and reemit 

photons. The cycling of optical and chemical energies damages fuorescein molecules, by leav-

ing them in a high-energy triplet or radical ion state that no longer absorbs and reemits pho-

tons. Macroscale manifestations of damage are bleaching (irreversible) and blinking (reversible) 
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21 Molecular Scale Healing 

[Dave 2009]. A two-step reduction oxidation process heals the molecules: First is to transfer 
an electron to a reducing agent and then transfer one from an oxidizing agent while lowering 
the energy back to a fuorophore-capable state, that is, a healed molecule. Fluorescein healing 

requires the diffusion of reducers and oxidizers at concentration levels that can be inconvenient 

for biological studies [Tinnefeld 2012]. An effective and more biocompatible alternative places 

stabilizing molecules, such as cyclooctatetraene, 4-nitrobenzyl alcohol, or 6-hydroxy-2,5,7,8-

tetramethylchroman-2-caboxylic acid (Trolox – a vitamin E derivative), close to the cyanine 

fuorophore Cy5 by covalent binding [Altman 2012] [van der Velde 2013]. The stabilizing agents 

then execute a similar healing energy reduction without the need for high concentrations and 

diffusion as required by the two-step process. 

Catalytic Repair: Molecular catalysts lower energy barriers that nominally hinder thermody-

namically favored chemical reactions. Catalysts help with healing when the desired molecular 

structures have a lower energy state than the damaged or imperfect state. Metal catalysts heal 

defects in growing carbon nanotubes [Yuan 2012]. 

Catalyst Repair: Sometimes catalytic molecules themselves need healing. Catalysts operate by 

exchanging energy between the reactants and themselves in a sequence of intermediate reac-

tions that temporarily alter and then restore the state of the catalyst. The reactions may move 

the catalyst into altered undesirable confgurations that are no longer catalytic. Healing that 

revitalizes the catalytic state is sometimes possible. Of note is cobalt–phosphate (Co-Pi), a 

water-oxidizing catalyst used for thin flms on anodes in electrolytic splitting of water mol-

ecules. Separation of the cobalt and phosphate erodes the thin flm. Adding phosphate ions 

replenishes the Co-Pi thin flm catalyst [Lutterman 2009]. 

2.1.1.2 Large Biomolecule Repair 

Repairing DNA comprises some of the more sophisticated and widely studied molecular repair tech-

niques. Damage to DNA molecules is common, and if uncorrected can lead to disease, cancer, and death. 

DNA damage is also an issue when using DNA molecules for engineered nanotechnology applications. 

Living cells use multiple techniques to detect and repair damage to DNA molecules [Sancar 2004]. The 

following are some of the defects, detection, and repair techniques for DNA: 

Stalled Replication: DNA replicates by unwinding the double-strand helix and building comple-

mentary strands onto the newly formed single strands. The interruption and stalling of this 

process prevents DNA replication. 

DNA Base Damage: DNA consists of the four base molecules that appear in complementary 

pairs – adenine and thymine, and guanine and cytosine – in a double-stranded helix. Damage 

to these molecules adversely affects DNA. Healing proteins recognize the presence of a dam-

aged base molecule, excise the base molecule, and then use the remaining complementary base 

molecule to guide a new undamaged base into position. 

Single-strand Gaps: These defects occur with the removal of multiple base pairs on a strand. The 

repair recognizes the missing gap, synthesizes a patch using the remaining strand for comple-

mentary base pairs, and guides the patch into place. 

Mispairing: DNA replication induces conformational bending deformations in the molecule that 

lead to mispairing. MutS proteins detect this bend and then initiate series of reactions that cut 

out and replace the damaged portion [Hura 2013]. 

Double-strand Breaks: Repairing complete scission of DNA molecules is a multistep process 

that begins with recognition of broken ends by MRX complexes, followed by trimming of 

the ends with a combination of MRX and Sae2, and then a passive resection by Sox1 and/ 

or Sgs1 (Figure 2.1) [Gobbini 2016] [Mimitou 2008]. 

Cross-link Defects: These are excess binding between the strands in the DNA helix. The repair 

is complicated and requires excising both strands near to the cross-link and then executing a 

double-strand repair. 
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FIGURE 2.1 Repair of DNA double-strand break as a two-step process facilitated by DSB molecular complex. 
(From [Gobbini 2016].) 

Photosynthesis converts light energy into chemical energy. The process transfers energy from indi-
vidual photons into photosynthetic molecular complexes of lipids and proteins and then to secondary 
molecules. The intermediate molecules normally revert to the original state following energy conversion. 
Sometimes the photon energy alters the state, that is, damages, the photosynthetic molecules. Biological 
photosynthetic systems repair molecular damage with a process that moves the damaged molecules 
away from the light-harvesting region, breaks down the molecules into base constituents of damaged 
and undamaged components, and reassembles functional molecules for reuse. A molecular system that 
mimics this process uses an array of lipid bilayers that aggregate on the surface of a carbon nanotube 
(Figure 2.2) [Ham 2010]. Light-harvesting proteins assemble on the lipid bilayers to form photosynthetic 
complexes. This assembly is stable under most conditions and then disassembles in the presence of sur-
factants. Repair and reassembly of the photosynthetic complex occurs upon removal of the surfactant. 
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FIGURE 2.2 Lipid bilayer molecular system with repair process that mimics the repair of photosynthesis molecules. 
(From [Ham 2010].) 

2.1.2 Supramolecular Assemblies 

Supramolecular assemblies are large molecular structures held together by combinations of strong and 
weak chemical bonds. Special geometric arrangements give specifc assemblies unique and facile func-

tional properties [Brunsveld 2001]. The number of supramolecular assembly variations is virtually limit-

less. Many have self-healing capabilities [Hart 2013]. Some of the techniques are as follows: 

Chemistry: Chemistry offers an increased ability to control molecular activity beyond the random 

action available with simple thermal methods. Chemical bonding drives many, if not most, 

molecular scale interactions. Chemical methods, while not immune to thermal fuctuations, direct 

the fow of energy to individual atoms and molecules to control specifc bonds. Biological systems 

offer examples of exquisite control of molecular interactions, such as the use of DNA to encode 

the amino acid sequences into proteins that fold into 3D shapes. Coordinating protein–protein 

interactions at the molecular scale up through meso- and macroscale produces life. Figure 2.3 

shows a synthetic self-healing system that combines soft and hard protein segments into folding 

molecular chains [Sariola 2015]. The molecules fold along the soft segments. The hard segments 

bind to one another to provide a combination of molecular healing and bulk strength. 

Mechanical Ultrasound and Mastication Damage and Healing: The supply of external mechani-

cal energy raises the free energy in a material, which then mobilizes molecular degrees of 

freedom for repair. Scission by ultrasound, that is, sonication, induces reversible damage as 

well as repairs polymer molecules by separating the molecules that subsequently reform, often 

in favorable confgurations, such as the high-molecular-weight coordination polymers diphos-

phane in dilute solutions with palladium dichloride [Paulusse 2004]. Masticating rubber is a 

similar process. 

FIGURE 2.3 Synthetic self-healing material based on strong bond chains of soft and hard proteins that fold and link with 

weak bonds. (From [Sariola 2015].) 
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FIGURE 2.4 Self-repair reaction in polyphenylene ether using oxygen catalyzed by copper. (From [Takeda 2003] 
[Imaizumi 2001].) 

2.2 Molecular Scale Healing of Bulk Materials, Surfaces, and Cracks 

Molecular scale damage moves atoms and molecules from favorable into less favorable confgurations. 

Materials of various classes tend to use distinctive mechanisms for repair. 

2.2.1 Fluids 

The molecular structure of fuids is that of mobility. Molecules slide past one another and produce mac-

roscopic properties of unlimited shear deformation. Simple fuids are homogeneous at the molecular 

scale and normally have simple macroscale physical properties. Complex fuids achieve superior and 

functionalized performance with the heterogeneous inclusion of microscale, nanoscale, and molecular 

scale constituents. 

Mechanical, thermal, and electrical stresses damage molecules. Damage to fuids breaks molecules 

into smaller pieces and/or cross-links them into unwanted larger complicated molecular structures. 

Macroscale manifestations of molecular scale damage include the loss of viscosity in lubricating oils 

and the breakdown of dielectric fuids in high-power electric devices. Thermally driven processes that 

reform the fuid molecules may also heal the molecules. The repair of heterogeneous inclusions in com-

plex fuids requires specialized repair and/or replenishment techniques. 

2.2.2 Metals 

The molecular and atomic structure of metals differs from nonmetals and requires specialized self-

healing techniques [Manuel 2008]. Metals are atomic aggregates held together by metallic bonds, often 

in crystalline arrangements. A key feature of metals is the free movement of electrons in the outermost 

atomic orbitals from atom to atom. Collectively, the free moving electrons give rise to many properties 

that are characteristic of metals, that is, high electrical and thermal conductivity, shiny metallic opti-

cal properties, plastic deformation through the movement of dislocations, and the tendency to oxidize. 

Deformation derived from dislocations is a common molecular scale defect. Coalescence of dislocations 

leads to larger damage, such as cracking and electromigration. Corrosion is a form of multiscale damage 

beginning at the molecular scale with the transfer of free electrons to oxygen atoms and organizing over 

multiple scales through electrical circuits and feedback of macroscale environmental conditions. 

A typical case for metal fatigue is plastic deformation causing the formation and migration of crys-

tal dislocations. Moving dislocations pile up at crystal boundaries, create residual stresses, and initiate 

microcracks that coalesce into larger cracks. Healing fatigue damage at a molecular scale stage prevents 

progression to larger scales and the formation of cracks. 

Annealing reforms crystalline structures metals to more homogeneous states without melting. 

Annealing removes dislocation damage by evaporation at grain boundary edges, consolidates smaller 
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crystal grains into larger ones, reduces fatigue damage, and relaxes residual stresses. Damage evapo-
rates by dislocation motion in thin flms [Bucher 1994]. The controlled application of heating above 

annealing and below melting temperatures, combined with judicious application of mechanical press-

ing, can repair large bends and buckles in structural steel [Hirohata 2008]. Since annealing usually 

requires the application of heat, many annealing healing actions are more of an extrinsic repair than 

true self-healing. 

Sometimes dislocations evaporate at crystal boundaries without the application of external heat 

energy and effectively heal the crystal (Figure 2.5). Some ductile metals with large, exposed sur-

faces, such as gold plating or nanoscale rods of aluminum, evaporate dislocations at room tem-

peratures [Wang 2015d]. Very thin sheets of aluminum or gold evaporate dislocations transversely 

through the exposed grain boundaries, leading to metallic structures that sustain unusually large 

plastic deformations without cracking [Rajagopalan 2007]. Shape and damage recovery mechanisms 

also appear in thin membranes made of polymer composites containing arrays of gold nanoparticles 

[Jiang 2004]. Upon overstretching membranes, with thicknesses on the order of 25–70 nm and 

spans approaching 1 mm, the damage evaporates, and the membranes return to their original shape 

and mechanical performance. Evaporative dislocation healing also occurs between grain boundar-

ies and nanovoids in radiation-damaged copper [Bai 2010] [Chen 2015e]. Dislocation resorption 

occurs in silver nanowires with pentatwinned crystal structure, producing an anomalous strong 

Bauschinger effect [Bernal 2015]. 

Like dislocations, disclinations are linear lattice defects in crystals, but they are larger and in many 

respects superpositions of arrays of dislocations [Romanov 2003]. Numerical simulations indicate that 

disclination motions close small nanocracks by moving crystal boundaries and leaving dislocations on 

the boundary [Xu 2013a]. 

Intrinsic elastic stresses in epitaxially grown thin flms due to atomic lattice mismatches cause nanoc-

racks and delaminations. The growth of disclinations can heal excessive intrinsic elastic stresses that 

form in epitaxially grown thin flms formed by atomic lattice dimension mismatches, thereby mitigating 

the potential for nanocracks and delaminations. 

Stainless steels are iron alloys with high levels of chromium (greater than 10%) that resist corrosion. 

The three main classes are austenitic phase, a ferritic or martensitic phase, and a mix of the two. Austenitic 

stainless steels have a face-centered cubic (FCC) crystal structure and are not ferromagnetic. Ferritic 

and martensitic stainless steels have a body-centered cubic (BCC) structure and are ferromagnetic. 

FIGURE 2.5 Dislocations (a) form under load, (b) pile up at crystal boundaries, and (c) initiate the formation of cracks, 

(d) elongated geometries allow for dislocations to evaporate at free surface. 
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The packing density of FCC crystals is higher than that of BCC. Some stainless steel alloys switch from 
austenitic to martensitic phases when mechanically deformed. This phase transformation gives the stain-
less steel enhanced deformation-tolerant and crack-arresting properties [Zackay 1967]. 

Ostwald ripening is the growth of crystals in polycrystalline materials by the absorption of smaller 
crystals into bigger crystals in a thermodynamically favored process. The growth tends to occur in 
specifc temperature ranges and is similar to annealing. Heating a material above a certain temperature 

causes the crystals to grow bigger. If bigger crystals are a favored state, Ostwald ripening is a form of 

thermodynamically driven healing that occurs in bulk 3D materials or at 2D interfaces between different 

material phases, such as a solid–liquid interface [Samorí 2004]. 

Certain alloys self-heal by a mechanism similar to thermal annealing – instead of heat, the healing 

uses energy available from internal sources and from the deformation itself. Such an effect appears in 

underaged alloys of Al-Cu-Mg and Al-Cu-Mg-Ag [Somoza 2007] [Lumley 2002]. The degree of aging 

in the alloy is a critical factor. Fully aged Al-Cu-Mg alloys use a heat treat cycle to precipitate secondary-

phase particles from the alloy matrix. The particles immobilize crystal dislocations and toughen the 

material against plastic deformation. Underage alloys have an incomplete precipitation of particles that 

provides a potential reserve capacity and enables diffusion and clustering of defects near to retained sol-

ute Cu atoms [Hautakangas 2008]. Stainless steels with Cu and Ce-Ti additions exhibit similar behavior. 

Creep and damage begins by the formation of nanoscale and microscale defects. The defects form points 

of mechanical weakness that coalesce into bigger points of damage. The defects also promote diffu-

sion and intrusion of deleterious chemicals. In Cu-added alloys, Cu crystals precipitate out of the steel 

and fll in the defects. In Ce-Ti-added alloys, Ce and Ti precipitate into sulfdes and block damage by 

S. Adding B-N accelerates the precipitation of both Cu and Ce-Ti and promotes localized healing for 

creep resistance [He 2010a] [Shinya 2006]. 

2.2.3 Diffusion Repair of Semiconductors 

Diffusion repairs some semiconductor devices, such as GaAs nanowires with a zinc blende structure. 

Numerical simulations indicate that healing is size dependent. The effect causes larger diameter nanow-

ires to be less capable of healing, with a reduction of 46% as the diameter increases from 2.3 nm to 

9.2 nm [Wang 2012b]. 

2.2.4 Polymers 

Polymer molecules are large assemblies of smaller molecules, known as monomers or mers. The variety 

of geometries and topologies are virtually limitless – mixtures of different mer species; folded, branch-

ing, looping, and cross-linked chains; and ordered and/or random arrangements. Polymer molecules 

conglomerate into polymer materials. Intertwining and chemical bonding holds the polymer material 

together. The chemical bonds range from strong with irreversible covalent bonds to weak with revers-

ible hydrogen bonds. It is often possible to fnd polymers with self-healing capabilities within this large 

design space [Martin 2013b]. 

Thermoplastics and thermosets are two principal classes of polymers. Thermoplastic and thermo-

set materials have different molecular structures which cause dramatically different macroscopic ther-

momechanical behavior. Thermoplastic polymers solidify at cooler temperatures and soften and melt 

with increased temperature. Thermoplastic softening tends to be reversible with temperature cycles. 

Thermoset polymers start in an initial liquid state that congeals, stiffens, and solidifes with the applica-

tion of heat. Thermoset stiffening is usually irreversible. 

The molecular structure of thermoplastics is long intertwined polymer chains of mers. The chemical 

bonds holding mers into molecular chains are strong and typically covalent. Conversely, weak hydro-

gen bonds holding sides of the mers next to one another form folded and tangled conglomerations. At 

low temperatures, the hydrogen bonds are strong enough to limit molecular mobility and form a solid. 

At higher temperatures, the molecular mobility increases which softens the polymer. A further rise in 

temperature liquifes the polymer. Since the polymer molecules are not all the same size, the melting is 
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gradual and does not correspond to a distinct melting point as is characteristic of molecularly homoge-
neous materials. Above a glass transition temperature, the molecules have suffcient energy and mobility 

to slither past one another in a snakelike motion known as reptation. Below the glass transition tempera-

ture, the molecules remain frozen in place. Sometimes the molecules arrange themselves into ordered 

crystalline or semicrystalline structures [Cannon 1976]. If the melt temperatures are not high enough to 

damage the polymer molecules, melting is reversible through multiple cycles. Both melting and reptation 

heal thermoplastic polymers at macroscopic scales. 

In thermoset polymers, strong covalent bonds cross-link individual molecules together to form a 

network that prevents the easy movement of molecules. Increasing the number of cross-link binding 

reactions by thermal or chemical activation fxes the polymers in place and increases the solidifca-

tion stiffness by fxing the polymers in place. Thermoset polymers do not have a glass transition tem-

perature, generally do not melt upon heating, and resist self-repair by reptation and thermal cycling 

techniques. 

Generally, thermoplastic polymers are amenable to self-healing but are relatively weak. Thermoset 

polymers have diffculty with self-healing but are relatively strong. Hybrid polymers combine both ther-

moplastic and thermoset properties with potentially superior mechanical performance and self-healing 

capabilities. 

Ultraviolet (UV) light damages polymers by breaking molecular chains in a process known as pho-

toscission. Methods of mitigating UV light damage include adding photo absorbers – often at the cost of 

mechanical strength and performance – and through additives that scavenge the free radicals arising in 

photoscission [Wiles 1980]. 

2.2.5 Oxidation Healing 

Thermal barrier coatings (TBCs) are thin layers of thermally resilient materials that limit the fow of heat 

and high temperatures to underlying layers. Many TBCs fnd use in high-performance applications by 

being bound to sturdy and high-temperature-tolerant substrates, such as turbine blades. The endurance of 

the TBC depends in large part on strong adhesive bonds between the ceramic layer and the substrate. The 

diffusion of S and C atoms degrades the adhesion of TBC Al2O3 TBC layers grown on Ni/Al substrates 

[Bennett 2006]. Imbuing the TBC with reactive elements, such as Y, Zr, and Hf, remediates the diffusion 

of S and C atoms by a scavenging process that ultimately preserves the integrity of the TBC bonding. 

2.2.6 Molecular Diffusion Healing 

Everything appears to be in motion at the molecular and atomic scales. At thermal equilibrium, each 

dynamic degree of freedom has an average kinetic energy of ½ kBT. Here kB = 1.380649 × 10−23 J/K is the 

Boltzmann constant and T is the temperature (K). These dynamical degrees of freedom include modes of 

molecular vibration. The result is that atoms and molecules are always in motion. This motion sometimes 

promotes diffusion healing. 

2.2.6.1 Diffusion and Reptation Repair of Thermoplastics 

Some thermoplastic polymers autonomically heal tight cracks in a thermodynamically driven process, 

as noted in 1959 by Kolsky while studying stress waves in pentamethylfavan [Kolsky 1959]. A mac-

roscopic explanation is that there are circumstances when a crack has a higher free energy than the 

solid and thermodynamics favors a solid material. A molecular scale description of the thermoplastic 

healing process lies in the mobility of polymer molecules at the crack interface. Strong covalent bonds 

individually hold long polymer molecules together in chains, and weak hydrogen bonds and intertwin-

ing collectively hold the polymer matrix together. This arrangement allows for thermal kinetic energy to 

cause the molecules to wiggle and move. The Edwards model describes the short-time elastic mechanics 

with molecules moving relative to a set of fxed obstacles [Edwards 1967]. This model led de Gennes to 

propose a statistical mechanics-based reptation model of thermoplastics with collections of individual 
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molecules wiggling inside constraining tubes formed by a matrix of surrounding molecules [de Gennes 
1967]. The rms displacement of the molecule along the length of the tube, 〈s(t)2〉1/2, follows the Einstein 
description of the Brownian random walk motion of small particles or isolated molecules. 

2 1/2  ~ t1/2 〈s(t) 〉 (2.1) 

Since the tube for an intertwined molecule follows a contorted random path, the same random walk 
statistics apply again. The result is that the rms motion of the end of the molecule relative to the solid 
mass, 〈r(t)2〉, and consequently the strength of the bond, is proportional to the quarter power of time: 

2 1/2  2 1/2  1/2 1/4〈r(t) 〉 = 〈( s(t) 〉 ) ~  t (2.2) 

Experiments with thermoplastics, such as poly(ether ketone) (PEEK), confrm this prediction 

[Cho 1995]. 

When a thermoplastic polymeric material with reptating molecules has a closed crack, the molecules 

wiggle and bridge the gap and heal the damage (Figure 2.6) [Wool 1981] [Wool 1982] [Ageorges 2001]. 

The de Gennes model assumes that the strength of the healed crack depends on the length of the mol-

ecules that bridge across the gap [de Gennes 1983]. This approach provides quantitative predictions of 

polymer–polymer diffusion healing behavior in a variety of timescales and geometries [Kausch 1983]. 

Specifcally, the amount of work done pulling a bridging molecule out of the reptation tube, and the 

fracture energy, G(t), is proportional to the length of the bridged tube section; that is, it is proportional 

to the square root of time. 

2 1/2  1/2 〈 〉 (2.3) G(t) ~ s(t)  ~ t 

At some point, the number and length of bridging reptated molecules saturates and the fracture energy 

reaches a plateau. 

The recovery rate, R(t), is a time-dependent dimensionless measure of healing, defned as the ratio of 

the present state of healing and long-term healed state. The recovery rate predicted by the reptation dif-

fusion model for healing of tight cracks that instantly wet upon contact is a half-power function of time: 

G (t) 1/2R(t) = Ic = C T( ) t (2.4) 
GIc∞ 

Here, GIc(t) and GIc∞ are the critical strain energy release rates for a specimen healed over time t and 

infnite time, respectively. C(T) is a material- and temperature-dependent parameter proportional to the 

polymer self-diffusion coeffcient [Loos 1994]. 

It is common for reptation diffusion to occur at temperatures above the glass transition temperature Tg for 

a polymer and cease when the temperature drops below Tg. Exceptions occur. For example, bonding tests 

in polystyrene indicate that surfaces behave as if the material is above Tg, even though the bulk material is 

FIGURE 2.6 Reptation and interpenetration of molecules across crack surface. (Adapted from [Jud 1979].) 



 
 

 

 

  

 

 

 

 

 

 

29 Molecular Scale Healing 

below Tg [Boiko 2004] [Guérin 2003]. Solvents, such as ethanol for poly(methyl methacrylate) (PMMA) 
and carbon tetrachloride for polycarbonate, and chemical reactions at the rejoined surfaces also promote 
healing with diffusion at temperatures below Tg [Avramova 1993] [Wang 1994] [Wu 1994] [Liu 2008a] 
[Lin 1990] [Hsieh 2001]. Interesting counterexamples are crystalline polymers, such as polyethylene or 
polypropylene, that do not reptate above Tg and only do so near the melting temperature [Shimada 2004]. 

The ability of a reptation-healed surface to resist re-cracking depends on the amount of diffusion and 
the molecular weight of the polymers [Sperling 1994]. Polymers with low molecular weight are not long 
enough to penetrate deeply across the crack surfaces and get a good grip. Short molecules tend to pull out 
from the opposing matrix. Longer molecules with higher molecular weights, typically 150,000 g/mol, 
penetrate deeper. When loaded, these longer molecules tend to break, rather than pull out. 

The time dependence of crack healing is complicated. Experiments on PMMA determined that crack 
healing occurs quickly with near full-strength recovery after 5 min [Jud 1979]. Fresh crack surfaces 
re-healed quicker than stale surfaces. Subsequent experiments using deuterium isotopes of hydrogen 
confrmed many of the details of the polymer-diffusion reptation model [Whitlow 1991] [Wang 1993] 

[Russell 1993] [Kim 1994] [Welp 1999]. Kim and Wool extended the reptation model of diffusion heal-

ing by considering the molecular weight, M, of the polymer molecules, leading to a fractional power 

relation for the ratio of the fracture stress σ(t) of the partially healed material to the long-term healed 

fracture stress σ∞, [Kim 1983]. 

σ  t 
1/4 

~ (2.5)  σ∞ M3 

Competing mechanical effects produce different healing rates, with molecular weight distributions 

of the polymer affecting different stages of healing. The Griffth theory of cracking predicts that frac-

ture corresponds to σ1/2, which indicates that re-healing of σ based on a t1/2 scaling gives a t1/4 behavior 

[Prager 1981]. The minor chain model considers scission of polymer molecules at the fracture interface 

and further distinguishes different phases of interpenetration and timescales switching between t1/4 and 

t1/2 as the penetration depth increases [Zhang 1989] [Kim 1996]. 

2.2.6.2 Craze Healing 

Crazes are line-like opening defects that form inside polymeric solids. A common cause is dilatational 

stress. Reptation heals crazes in a manner like thermoplastics with some differences. Crazes tend to 

form at nucleation sites that persist and promote new crazes along the same lines, even after healing 

[McGarel 1987]. Polycarbonate exhibits a similar healing process when microcracks form due to the 

thermal stresses of boiling water [Narkis 1982]. 

2.2.6.3 Dual Material Diffusion Healing 

Reptation-type diffusion healing occurs between two different thermoplastic materials, even though 

the materials may have signifcantly different molecular weights, such as polystyrene and poly(vinyl 

methyl ether) [Jabbari 1993]. Bilayers of glassy deuterated and hydrogenated polystyrene with the same 

molecular weight and held together at sub-Tg intermingle in a manner that leaves a saturated 1–3 nm 

thick interfacial zone. This indicates that the healing mechanism does not strictly follow the statistical 

mechanics of the reptation model [Yuan 2010]. 

2.2.6.4 Functionalized Crack Surface Healing 

Solids suffering from cuts or cracks self-repair by a molecular scale process. The surface becomes sticky 

and the material bonds when brought into tight contact. Surfaces may initially not be sticky but later 

become sticky through functionalization. One example functionalizes polyacrylate and polymethacry-

late materials with mussel-inspired catechols. Low-pH water solution activates hydrogen bonds that heal 

cut surfaces [Ahn 2014]. 
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FIGURE 2.7 Visual inspection of thermal remendability of cured DGFA polymer. First treatment was at (a) 100°C, 
(b) 119°C, and (c) 125°C for 20 min, respectively. The next treatment was in an oven preset at 80°C for (1) 0 h, (2) 12 h, and 
(3) 72 h, respectively. (From [Tian 2009].) 

Active chemical bonding at the interface is another approach to the healing of tight cracks. 
Mixing furan and epoxide groups creates a solid with two types of intermonomer linkages – ther-
mally reversible DA bonds and thermally stable epoxide and anhydride bonds [Tian 2009]. This 
mixture combines the mechanical properties of epoxies with an annealing-type thermal remend-
ability (Figure 2.7). 

2.2.6.5 Glass 

Solid glass has an amorphous atomic structure that strikes a balance between brittle ceramic and 
viscous liquid behavior. Tight cracks in glasses sometimes self-heal by diffusion and rearrange-
ment. Observed cases include metaphosphate Nd-doped laser glass [Crichton 1999] and microcracks 
in barium titanate glass ceramic thin flms with high dielectric constants undergoing annealing 

[Yao 2002]. 

2.2.6.6 Dynamers with Hybrid Weak and Strong Bond Healing 

Dynamers are polymers capable of dynamic reorganization, adaptation, and self-healing at the molecu-

lar level via hybrid interactions of reversible covalent and noncovalent bonds (Table 2.1) [Roy 2015] 

[Wojtecki 2011]. Dynameric behavior appears in both polymers and gels. The goal is to achieve thermo-

setting performance, for example, stiffness and resilience, with thermoplastic annealing, melting, and 

strength recovery [Wouters 2009]. Combinations of ionic, dipole, covalent, and hydrogen bonds make 
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TABLE 2.1 

Dynamer Polymer Systems that Operate at Room Temperature 

Bond Type Material Thermal Nature Citation 

Ionic Cross-linked poly(n-butyl acrylate) Room temperature [Potier 2014] 
(pBuA) using a very low amount 
of a specifc tin oxo-cluster 

Hydrogen Polyester–polyurethane networks Below Tg [Wietor 2009] 

ureidopyrimidinone (UPy) 

Hydrogen peptide or ionic Silicone Room temperature, solvents [Harreld 2004] 

accelerate healing 

Disulfde Polyimide Room temperature solvent [Tesoro 1993] 

step followed by cycle 

above 300ºC 

Disulfde Polyurethane Room temperature with UV [Chang 1983] 

radiation 

Coumarin Polyurethane Room temperature with UV [Ling 2011] 

radiation 

Hemiaminal dynamic Elastic organogels from Below 49°C melting point [García 2014] 

covalent networks poly(ethylene glycol) (PEG) 

diamine monomers 

Metal–protein coordination Zinc–histidine Room temperature with [Degtyar 2015] 

covalent mediation by Zn2+ ions 

Noncovalent metal–ion Rubbery, amorphous Room temperature with UV [Burnworth 2011] 

ligand poly(ethylene-co-butylene) radiation 

Hydrogen and click Four-arm star functionalized Increased activity with [Döhler 2015] 

cycloaddition polyisobutylene with dual bonds temperature in the range 

of 20–40ºC 

Tri-n-butylphosphine Air-insensitive disulfde metathesis Room temperature [Lei 2014] 

catalysis 

materials that sustain large deformations. During loading, the weak reversible bonds break and reform as 

needed. The strong bonds do not break and instead form a skeleton with memory that guides the recovery 

process during unloading (Figure 2.8). A challenge with this hybrid dynamer approach, especially with 

the thermoreversible variants, is that specifc bonds in the polymer need to dissociate at specifc tempera-

tures, while the rest of the bonds remain intact [Wagener 1993]. 

2.2.6.7 Dynameric Elastomers 

Rubbers are a class of elastomeric solids with cross-linked molecular network structures that enable 

large reversible elastic deformations, usually in the form of volume-preserving distortions. The stiffness 

of the rubber increases with the degree of cross-linking. Actively modifying the cross-links modifes the 

mechanical properties of the rubber accordingly. 

Polyisobutylene (PIB), also known as butyl rubber, is a common synthetic polymer known for low 

Tg, ease of reformability, gas impermeability, and sticky behavior. PIB is the base ingredient of inner 

tubes in the tire and appears in applications ranging from self-healing vascular layers in electrical wire 

insulation to chewing gum. The molecular structure is that of a copolymer of isobutylene and a small 

amount of isoprene that facilitates cross-linking. It is possible to functionalize the ends of the PIB 

molecules through the addition of bifunctional barbituric acid [Herbst 2012]. This creates a dynamic 
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FIGURE 2.8 Notional representation of combination of weak reversible bonds and strong covalent bonds creates a mate-
rial that heals from large loads and deformations. (a) Original condition, with intact reversible bond stiff over small defor-
mation range. (b) Large loads break reversible bond and material becomes soft and easily undergoes large deformation. 
(c) Reversible bond heals with unloading; the material regains original shape and stiffness. 

supramolecular polymer where functionalized PIB groups dynamically join supramolecular clusters of 
other PIB molecules in a living manner (Figure 2.9). Material made of this functionalized supramolecu-
lar PIB readily heals at the macroscopic level from cuts and tears. Similarly, adding dibromocyclopro-
pane mechanophores to the polymer backbones functionalizes the polybutadiene with mechanophores 
that react to shear distortions, become activated, and promote more cross-linking of the polymer. The 
result is a signifcant increase in material modulus in response to applied loading – a potential damage-

mitigating property [Ramirez 2013]. 

An alternative approach to severe loading resilience occurs in natural rubber near to a crack tip 

which forms a crystalizing soft–hard double molecular network, resulting in an increase in the fracture 

toughness by three orders of magnitude [Zhou 2014b]. This contrasts with synthetic rubbers, which do 

not crystalize as readily, presumably due to a difference in the balance of chirality, that is, left- and 

right-handed isomers. Natural rubbers have molecules with the same chirality, which readily crystalize. 

Synthetic rubbers have equal distributions of chirality and do not crystalize as easily. 

The relative weakness and sensitivity to external stimuli of the metal–ligand bonds offers another set 

of possibilities for mixed-band strength supramolecular polymers with potential for self-healing, such as 
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FIGURE 2.9 Formation of a dynamic supramolecular network with functionalized PIB. (From [Herbst 2012].) 

the use of UV light to stimulate and disengage metal–ligand bonds in damaged material to produce an 
annealing-type healing [Kersey 2007]. 

2.2.6.8 Covalent Cutting Repair with Danglers 

Functionalized dangling molecules repair tight cuts and cracks. In the basic technique, the cut or crack 
surface becomes covered with active dangling molecules that repair the cut or crack by tightly contacting 
and bonding to another cut or crack surface (Figure 2.10). Dangling repair generally requires molecules 
with easily reversible bonds. 

Models of the statistical mechanics of dynamers account for a combination of diffusion motion of 
polymer molecules and the binding kinetics of labile bonds formed due to damage. The model assumes 
that dynamers consist of molecules made with reversible stickers at one end and tethered by irreversible 
covalent bonds at the other end [Stukalin 2013]. These models account for the healing of cuts by the 

FIGURE 2.10 (a) Movement and (b) rebinding in dynamers of polymer molecules with reversible bonds at one end that 
are free to move and bind, and tethered by irreversible bonds at the other end. (Reprinted with permission from [Stukalin 2013]. 
Copyright 2013, American Chemical Society.) 
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binding of molecular free ends from both sides of the cut, and the loss of healing capability with time as 
the free ends become occupied. 

Cordier developed a self-healing elastomer with hydrogen bonds [Cordier 2008]. When cleaved, active 
hydrogen bond sites form on the freshly cut surfaces. These hydrogen bond sites remain stable for several 
minutes. Recontacting the cleaved surfaces while the hydrogen bond sites are still active forms a solid bond. 
While somewhat powerful as a self-healing technique, these rubber-like materials tend to be too pliable 
for engineering applications. An improved supramolecular system uses chain folds of a polyimide using 
electronically complementary π–π stacking to achieve superior performance [Burattini 2009]. 

2.2.6.9 Sources of Energy for Repair 

Material repair processes require energy to execute. The ambient environment, prestress, preloaded chemical 
stores, and damage processes themselves are possible sources of energy. The variety of possible properties 
allow for tuning polymer constituents to be sensitive to certain types of mechanical stimuli, including poly-
mers designed specifcally for self-healing [Caruso 2009a]. Photochemical methods are another technique. 

If cracking or similar damage is the result of breaking molecular bonds, specialized photoactive molecules 

rebind when stimulated with photons of specifc energy, such as UV light (Figure 2.11) [Chung 2004a]. 

2.2.6.10 Reversible Stimuli-Responsive Materials 

Stimuli-response behaviors can be reversible. The stimulation can be intrinsic or extrinsic. Intrinsic 

reversibility uses mechanical loads and damage to provide both the stimulus and energy for internal 

reconfguration and healing. Extrinsic behaviors use external stimuli and energy for reconfguration and 

healing, with externally applied thermal cycling being the most common. Several molecular mecha-

nisms exhibit this behavior [Montero 2015]: 

1. Hydrogen Bonds: Hydrogen bonds are relatively weak but can cross-link molecules with suf-

fcient strength to alter mechanical properties yet dissociate and rebind upon thermal cycling. 

Polybutadienes modifed with urazole units that cross-link by hydrogen bonds create thermally 

reversible thermoplastic elastomers [de Lucca 1987]. Partially cured thermosets contain mol-

ecules that attach to the molecular network using a subset of the available bonds. This leaves 

some of the molecules dangling with loose ends available for intertwining with other dangling 

molecules, including those on the other side of a crack or cut. This method can recover nearly all 

of the strength of cut sections of partially cured polyurethanes [Yamaguchi 2007]. 

2. Covalent Bonds: Covalently cross-linked polymers are particularly diffcult materials for self-

healing reactions because the molecules are tightly bound and lack mobility. Applying the 

appropriate level of external stimulating energy to certain types of cross-linked polymers can 

break the covalent bonds, which leads to binding rearrangements of molecules across damaged 

FIGURE 2.11 Healing of crack damage by photochemical [2 + 2] cycloaddition of cinnamoyl groups. (Reprinted with 

permission from [Chung 2004]. Copyright 2004, American Chemical Society.) 
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scissions of the material. Networked polymers that are not tightly cross-linked can be suitable 
because scising of polymer chains running between the cross-links creates dangling chains 
with suffcient mobility to intertwine with neighboring molecules for healing. This concep-

tual system also requires that polymers form suitable sites for binding at the dangling ends of 

the chains. Such a material system reforms based on reshuffing reactions of trithiocarbonate 

(TTC) units subjected to UV radiation (Figure 2.12) [Amamoto 2011]. 

3. Diels–Alder (DA) Reactions: These have a versatility that enables developing room tempera-

ture dynamer materials. Thin flms when cut and then overlaid heal to form a suffciently solid 

bond to enable stretch testing. It is noted that the healing occurs not at freshly cut surfaces, but 

at overlaid surfaces. The explanation is that the bulk solid of this dynamer is in an active ener-

getic state that permits healing [Reutenauer 2009]. 

4. Covalent Bonds that Reversibly Dissociate and Re-bond at Room Temperatures: Among these 

are the aromatic disulfde bonds. Fabricating rubber and polyurethane elastomers with dynamic 

disulfde cross-linking bonds that when cut or otherwise damaged, heal closed wounds through 

the dynamic covalent re-bonding and the conversion of stored elastic energy [Canadell 2011] 

[Rekondo 2014] [Yoon 2012]. Another set of reversible covalent bonds are those based on boro-

nate ester formation to heal hydrolytic damage to polymer chains [Niu 2005]. 

5. Light: This can stimulate and activate reversible molecular reconfguration in polymers with suit-

able combinations of photosensitivity and internal molecular degrees of freedom [Fiore 2013]. 

FIGURE 2.12 Photoinduced dynamic reshuffing of covalent cross-linking in trithiocarbonate (TTC) units subjected to 

UV radiation. (From [Amamoto 2011].) 
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2.2.6.11 Thermally Reversible Materials 

Chemical thermal cycle reversibility is the basis for a variety of molecular scale material self-healing 
actions. A spectrum of reversible strong covalent and weaker hydrogen and supramolecular bonds all 
contribute to thermal cycle self-healing. Thermal cycle healing requires heating and cooling, which can 
come from extrinsic or intrinsic sources. Included in this chapter is a discussion of molecular scale ther-
mal healing. Table 2.2 lists selected thermally reversible polymer systems. 

Covalent bonds that reverse with thermal cycling often have tunable functional properties with poten-
tial self-healing capabilities. A typical approach uses thermally reversible DA reactions with polymer-
izing combinations of furan and maleimide monomers [Wudl 2005] [Wang 2007b]. The reversibility and 
versatility of DA reactions are largely due to the energy levels between the various states being small 
and easily reversed with a change in temperature [Kuramoto 1994] [Bergman 2007] [Murphy 2008]. 
The adaptation of tools for creating polymer molecules with controlled molecular weight, such as atom 
transfer radical addition applied to the DA reaction, create thermally amendable polymers with well-
controlled click chemistry properties [Kavitha 2009]. 

An interesting counterpoint to the thermoset–thermoplastic polymer paradigm is the development of poly-
mers that exhibit both thermoset cross-linking and thermoplastic melting properties with remendable cross-
linking bonds [Zhang 2009b]. The polymer uses furan-functionalized, alternating thermosetting polyketones 
(PK-furan) and bis-maleimide by using the DA and retro-DA reaction sequence (Figure 2.13). The result is 
a reversible sequence of thermosetting at 50°C and melting at 150°C. The mechanical properties of the 
cross-linked solid-phase material are unaffected by repeated shredding, melting, and reforming recy-
cling processes. The maleimide and furan DA thermally reversible molecular healing technique can be 
extended to robust molecular frameworks, such as polyimides [Liu 2007b]. More complicated thermally 
reversible DA healing activity, including the exchange binding of adducts and entanglement intertwining 
of polymer ends, is possible (Figure 2.14) [Yoshie 2010]. 

TABLE 2.2 

Thermally Reversible Polymer Systems 

Bond Type Material Thermal Nature Reference 

Diels–Alder Saturated polymers free of ethylenic Cycle above 120°C [Craven 1969] 
unsaturation with furanic pendants or 
ends cross-linked with maleimide 

Diels–Alder Transparent furanic polymer cross- Cycle above 120°C [Chen 2002b] 
linked with maleimide 

Diels–Alder Terpolymer Cycle above 120°C [Kötteritzsch 2015] 

Diels–Alder Polyphosphazenes Cycle above 150°C [Salamone 1988] 

Diels–Alder Multifunctional maleimide and furan Cycle above 170°C [Liu 2006b] 
compounds 

Diels–Alder Copolymers of furfuryl methacrylate and Cycle above 120°C [Pramanik 2015] 
butyl methacrylate 

Diels–Alder Poly(methyl methacrylate) (PMMA) Cycle above 120°C [Syrett 2010] 

Supramolecular Vulcanized polyisoprene rubber Cycle above 80°C and higher [Chino 2001] 
hydrogen-bonding depending on mix ratios 
networks 

De-cross-linking polymer Alkoxyamine moieties Thermally reversible [Higaki 2006] 
system 

Diamines and amino- Ethylene/propylene copolymers Thermoreversible cross-links [van der Mee 2008] 
alcohol cross-links 

Anionic equilibration Crosslinked poly(dimethylsiloxane) Anionic equilibration [Zheng 2012a] 
(PDMS) 

Disulfde bonds Polyrotaxane network Reversible thiol-catalyzed [Oku 2004] 

cleavage 

Cross-linking molecules Poly(ethylene glycol) modifed with UV light cycling between [Zheng 2002] 

and scising cross-links 9-anthracenecarboxylic acid wavelengths of 365 nm 

and 254 nm 
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FIGURE 2.13 Retro-Diels–Alder reaction for thermally reversible dynamer. (From [Kötteritzsch 2015].) 

FIGURE 2.14 Three modes of reversible Diels–Alder healing. (a) Sacrifcing dissociation of adducts. (b) Exchanging 

furan (maleimide) groups between adducts. (c) Chain entanglement. (From [Yoshie 2010].) 
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FIGURE 2.15 Crack healing in eugenol-based polymer when exposed to UV radiation for 10 min. (a) Cracked specimen. 
(b) Healed specimen. (From [Cheng 2018].) 

Crystalline polymers, such as polyethylene, have molecular structures with insuffcient molecular 

mobility for reptation diffusion healing, except for when the temperature approaches the melting tem-

perature. Mechanical damage, such as puncturing, moves the molecules into crystalline arrangements, 

such as from orthorhombic to monoclinic forms, that are in principle reversible, but remain in distorted 

shapes. Grafting mobile molecules (poly(hexyl methacrylate)) onto the ends of crystalline molecules 

(polyethylene) produces a molecular system that maintains many of the structural properties of the crys-

talline polymer, but has an enhanced ability to fow at temperatures well below melting temperatures 

[Shimada 2004]. Grafted polyethylene achieves closures that leave only 30% of the hole open after 

1 hour versus neat polyethylene opening 80% of the area of the original pinhole. 

Cross-linked molecular networks are an inherent characteristic of thermoset polymers. The cross-

linking hinders reptation-type molecular movements for repair. When molecular damage consists of 

scission of cross-link molecules, scission-based repair techniques may be the solution. A technique for 

polyurethanes intermixes oxetane-substituted chitosan precursors into the cross-linked molecular net-

work [Ghosh 2009a]. Macroscale cutting damage to the polymer opens four-member oxetane rings as 

possible sites for cross-link repair. Exposure to UV light splits the chitosan molecules to open sites 

that bind to those from the oxetane rings to execute a cross-link repair. While the repair mechanism is 

molecular in nature, it is strong enough to exert stresses that aid in closing macro- and mesoscale cuts 

and scratches for further molecular cross-linking repair(Figures 2.12 and 2.15). Table 2.3 lists radiation-

reversible polymer systems. 

2.2.7 Water-soluble and Electrolytic-sensitive Polymers 

Water-soluble polymers are typically susceptible to electrolytic infuences, such as pH or the presence of 

ions in the solution. Antagonistic molecular formulations with oppositely charged polyelectrolytes bound 

together in complexes, such as bulk branched poly(ethylene imine) and poly(acrylic acid) (BPEI/PAA) 

complexes, when activated with water, will self-heal cracks and tears at the macroscopic scale. Salt ions 

and variations in pH have a strong infuence on healing effciency [Zhang 2016a]. 

TABLE 2.3 

Radiation-reversible Polymer Systems 

Bond Type Material Thermal Nature Reference 

Disulfde 

Coumarin 

Noncovalent metal–ion ligand 

Polyurethane 

Polyurethane 

Rubbery, amorphous 

poly(ethylene-co-butylene) 

Room temperature with UV radiation 

Room temperature with UV radiation 

Room temperature with UV radiation 

[Chang 1983] 

[Ling 2011] 

[Burnworth 2011] 
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2.2.8 Molecular Conglomeration Repair and Living Polymers 

Living polymers grow by the controlled addition of mers from a surrounding fuid. As such, living poly-

mers support self-healing applications, including the repair of polymer molecules subjected to radiation-

induced scission damage that creates open sites for living polymer growth [Chipara 2005]. 

2.3 Solid Shape and Strength Recovery 

Shape memory materials (SMMs) undergo large inelastic deformations and return to an original shape, 

often with the help of thermal cycling. Large loads produce damage in the form of permanent deforma-

tion. This may be scratches, dents, gouges, or more gross shape distortions. Shape recovery is both a 

macroscopic and molecular scale effect. Large deformations corresponding to molecular rearrangements 

heal the unwanted deformation. Stainless steels, proteins, and polymers have molecular rearrangement 

capabilities that enable structural elements to sustain large energy-absorbing deformations before suffer-

ing permanent damage and then to recover shape and functional capabilities. 

SMMs differ from elastomers and other large deformation-tolerant materials by specifc nonlinear 

thermomechanical behaviors. Some materials use the stored energy in the deformed molecular structure 

to drive a return recovery, typically over a timescale that is much longer than the original loading cycle. 

Other materials require extrinsic stimuli, such as thermal cycling. Metallic and polymer SMMs are read-

ily available, as well as some ceramic and gel variants [Lendlein 2002.] At the molecular scale, SMMs 

effectively retain a template of the original atomic arrangements. 

Metallic SMMs typically use switchable crystal structures at the molecular scale to change shape. The 

shape and volume difference between FCC and BCC crystals and various twinning arrangements is part of the 

thermomechanically driven switching between the phases. The behavior is hysteretic, nonlinear, thermody-

namically irreversible, yet often mechanically reversible. Following large deformation, the retained molecular 

template guides the recovery back to the original shape, once the thermomechanical confgurations favor it. 

The rearrangement of atomic crystalline structures in the presence of deformation and temperature changes 

can explain much of the behavior of metallic SMMs, that is, SMAs. In nickel–titanium, that is, nitinol, alloys, 

shape memory appears as a change between austenitic and martensitic phases. Austenitic crystals are FCC. 

Martensitic crystals are BCC. The FCC confgurations occupy more volume than the BCC. BCCs also allow 

twinning confgurations and associated shear-type change in shape. The FCC and BCC phases can coexist 

with a strain energy difference. A 3D stress–stress–temperature graph illustrates this behavior. The instanta-

neous state of the SMA is that of a point in the 3D stress, strain, and temperature space. The state moves along 

various paths dictated by the thermomechanical loading [DesRoches 2004]. Figure 2.16 shows a scalar 1D 

FIGURE 2.16 Stress, strain, and temperature behavior of SMA, showing nonlinear history-dependent behavior. 

(From [DesRoches 2004].) 
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FIGURE 2.17 Unfolding molecular mechanism for polymer shape recovery, as employed by byssal thread proteins. 
(a) Initial state carries light loads and holds mussel onto rocks in light surf with light loads. (b) Heavy loads from heavy surf 
break weak reversible bonds allowing thread to stretch and absorb energy without breaking. (c) Seawater chemistry heals 
broken reversible bonds. (d) Upon unloading in light surf, thread recovers initial short length. 

model with behavior that readily adapts into 3D constitutive models for numerical simulations [Popov 
2007]. The paths designated superelastic and shape memory have practical implications in self-healing. 
Superelastic behavior at constant temperature corresponds to large deformation with shape recovery. 
Shape memory is a large deformation-driven thermodynamic engine. 

Biology provides inspiration for polymer mechanisms of shape recovery. Many biological structures 
thrive under repeated small loads, yet survive and quickly recover from occasional large loads. These 
structures beneft from materials with damage-mitigating large deformation recovery. Examples 

include the muscle protein titin, polymers that hold bone and abalone nacre together, and the byssal 

thread used by mussels and other mollusks to attach to rocks [Thompson 2001] [Vaccaro 2001]. Rough 

surf introduces occasional large loads. Stretching and not breaking with reversible recovery is a viable 

strategy. Internal protein molecules stretch and unfold by breaking weak molecular bonds, leaving the 

broken bonds in a reversible heightened energy state. This is a sophisticated version of the process 

shown in Figure 2.8. The recovery process is complicated with supramolecular interactions of metals, 

disulfdes, and noncovalent interactions aided by seawater chemistry to restore molecules to a state 

that restores the stiffness (Figure 2.17) [Holten 2011]. Entropy drives the recovery of initial stiffness 

where damaged (yielded and softened) material is in a higher energy state that recovers to a lower 

energy state. The tuning of the nonequilibrium chemo-thermodynamics of living mussels mechanics 

promotes recovery by interacting with seawater. These threads also have the remarkable property of 

being able to attach and detach from rocks by a light-activated process. Mimicking other biological 

molecules with exception recovery properties, such as the skeletal muscle protein titin, is possible 

(Figure 2.18) [Kushner 2009]. 

Shape memory polymers are in many respects a specialized subset of dynamers. Strong, relatively 

permanent molecular networks remember the original shape. Weaker bonds break, allow for tem-

porary deformation,  and reform with a stimulus, usually thermal, to recover the original shape as 

guided by the memory stored in the stronger bonds. A variety of mechanical, chemical, and nano-

crystalline phenomena support these two complementary mechanisms [Ratna 2008]. Numerical 

simulations indicate that dynameric cross-linked nanogels recover up to 90% of the original shape 

from small scratches, such as from an atomic force microscope (AFM) tip, with only 10% of the 

bonds being labile [Duki 2011]. 

Multiple thermally triggered molecular bindings combine into a single material to exhibit multiple 

temperature-dependent shape memory effects. Combinations of chemical cross-linking and crystalline 
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FIGURE 2.18 Proposed unfolding mechanism of titin-mimicking shape memory polymer with an interwoven arrange-
ment of hydrogen 2-ureido-4[1H]-pyrimidone (UPy) bonds that are weaker than surrounding covalent bonds and can 
reversibly detach and reattach. (From [Kushner 2009].) 

chemical folding activate at different temperatures in a three-step shape memory polymer [Behl 2010]. 
Some epoxies have a higher temperature SMP behavior in what appears to be a mixture of covalent 
bonds, which hold a molecular network together for shape recovery, and noncovalent bonds, which gov-
ern intermediate confgurations [Rousseau 2010]. SMPs with crystalline and semicrystalline folding– 

unfolding molecular arrangements have sharper temperature threshold behaviors than noncrystalline 

variants [D’Hollander 2009]. 

2.4 Liquid-to-solid Healing Transitions 

2.4.1 Chemistry-driven Liquid Solidification 

2.4.1.1 Catalyzed Solidification 

Liquid solidifcation is a thermodynamically driven phase change process. The liquid has a higher free 

energy than the solid. An energy barrier stabilizes the liquid state (Figure 2.19). Solidifcation requires 

an activation energy to cross the barrier, penetration of the barrier, or removal of the barrier. Ideally, acti-

vation should only occur when and where needed, that is, at a damage site following damage formation. 

FIGURE 2.19 Notional thermodynamics of catalyst promoting liquid solidifcation by removing energy barrier. 
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Solidifcation of chemically active liquids by catalysis is a viable healing technique. The technique 

uses liquids with chemical makeup that favor solidifcation thermodynamically, do not normally solidify 

due to molecular energy barriers, but do solidify in the presence of a suitable catalyst. Damage-driven 

comingling of liquid and catalyst initiates solidifcation for healing. Dicyclopentadiene is a room tem-

perature low-viscosity (less than water) liquid that polymerizes and solidifes in the presence of ruthe-

nium-based Grubbs catalysts [Schrock 2006]. Grubbs catalysts appear in different polymorph crystals, 

which have different dissolution rates. The crystals with higher dissolution rates produce faster and more 

effcient healing polymerization reactions [Jones 2006]. Increasing the concentration of catalyst also 

increases the rate of cure [Kessler 2002]. 

2.4.1.2 Cross-linking 

Polymeric materials form cross-link bonds between polymer chains to transform liquids and gels into 

solid materials. This includes epoxies and urethanes with the cross-links typically being made of strong 

and irreversible covalent bonds. 

2.4.1.3 Multi-parameter Triggering 

Effective liquid-to-solid repair requires that the formative ingredients remain stable in an unreacted state 

until the need for solidifcation arises. Simple triggers that activate upon the change of a single-state 

parameter lack specifcity and long-term stability. Combined multi-parameter triggering may be better. 

Stimulus-initiated liquid solidifcation appears in many self-healing materials. Most liquid solidifca-

tion methods rely on molecular domain interactions, with many using the growth and cross-linking of 

polymer chains to form gels then solids (Table 2.4). Some of these reactions are reversible. Most are 

irreversible. 

2.4.2 Mechanical Stimulation of Liquid-to-solid Transitions 

2.4.2.1 Molecular Stretching and Cross-linking 

2.4.2.1.1 Thixotropic Shear Thinning Recovery 

Some materials switch from a stiff gel or solid state to virtually fuid-like when deformed and then switch 

back to recover stiffness. Such thixotropic or shear thinning material behavior typically has a molecular 

or supramolecular mechanism. Control of lipophilic and hydrophilic interactions in alginate hydrogels 

with supramolecular inclusions tunes the rheology of thixotropic gels to create materials that quickly 

recover stiffness following shear thinning [Miao 2015]. 

TABLE 2.4 

Methods of Liquid-to-solid Transition 

Stimulus Operating Principle Reversible? Reference 

Shear deformation Stretching of polymers to induce hydrogen No [True 2012] 

bonding and jamming with platelets 

Electricity Electrocoagulation of material, such as corn No [Huston 2011] 

starch in water, by fow of electricity 

Chemical Protein coagulation with acids No, with exceptions [Watson 1946] 

Chemical cross-linking Gelation by conversion between disulfde and Yes [Chujo 1993] 

agent thiol groups 

Thermal Temperature-dependent competition between Yes [Petit 2007] 

dissolution and percolation-type sol–gel 

solidifcation 

Ultrasound Activate a latent catalyst to promote chemical No [Piermattei 2009] 

solidifcation 
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FIGURE 2.20 Healing of structural color gel. (From [Fu 2017].) 

2.5 Gels 

Gels are materials with cross-linked polymer chains, known as gelators, that form molecular networks 
with suffcient internal porosity to sustain the presence of fuids in between the links. Excessive chemi-

cal, mechanical, or thermal stress damages the structure of the gelator network. Gels recover original 

properties by internal reorganization following the application of external stimuli of suffcient intensity 

to cause damage. Recovery occurs at the molecular level with rejoining of cross-linking bonds in the 

gelator. The possible bonding mechanisms of reversible chemical bonds range from hydrogen to covalent 

to supramolecular, including the healing of structural color gels (Figure 2.20) [Fu 2017] [Wei 2014]. 

Table 2.5 lists dynamic self-healing gel formulations. 

TABLE 2.5 

Dynamic Self-healing Gels 

Thermal and/or 

Bond Type Material Thermodynamic Nature Reference 

Covalent Schiff-base 

linkage 

Covalent poly(vinyl 

alcohol) or a catechol-

functionalized copolymer 

Covalent acid-sensitive 

imine bonds 

Hydrogen bonds on 

dangling covalent 

polymers 

Covalent 

Covalent H–N 

Hydrogen 

Covalent 

Covalent host-–guest redox 

Metal–ion 

Schiff base cross-links 

Entangled cholesterol-

capped polyethylene glycol 

Chitosan and biocompatible telechelic 

difunctional poly(ethylene glycol) 

2-Acrylamidophenylboronic acid 

(2APBA) 

PIB with side-chain amino acid–based 

polymers 

Acryloyl-6-aminocaproic acid with 

balance of hydrophobic and 

hydrophilic interactions 

Tetrahedral borate ester with catechol 

end groups 

Acylhydrazone 

Supramolecular PIB gel with 

inclusions of functional nanoparticles 

Diarylbibenzofuranone dimer of 

arylbenzofuranone 

Poly(acrylic acid) with cyclodextrins 

and ferrocene side chains 

Acryloyl-6-amino caproic acid with 

fexible dangling side chains 

Mixture of modifed chitin and alginate 

Liposome gel 

Room temperature [Yang 2012] 

Room temperature cycling of pH [Deng 2015] 

Room temperature cycling of pH [Haldar 2015] 

Room temperature cycling of pH [Phadke 2012] 

Room temperature cycling of pH [He 2011] 

Room temperature cycling of pH [Deng 2010] 

Liquifes at 60ºC, stimulated by [Binder 2007] 

superparamagnetic nanoparticles 

Room temperature dynamic [Imato 2012] 

bonds 

Room temperature active for 24 h [Nakahata 2011] 

and reactivated with NaClO 

Room temperature activated with [Varghese 2006] 

CuCl2 

25ºC [Ding 2015] 

Room temperature and thermal [Rao 2011] 

cycling 4–37ºC 
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FIGURE 2.21 Reversible liposome gel. (From [Rao 2011].) 

Protein-based gels made with synthetic (as opposed to natural) polypeptides often have superior mechan-
ical properties, presumably due to improved consistency. A synthetic gel made from self-assembling low 
molecular weight diblock copolypeptide amphiphiles remains stable at temperatures up to 90°C – a tem-
perature that dissolves natural protein gels. These synthetic gels recover mechanical properties within 
seconds from strong mechanical agitation that breaks the gel structure. Credit goes to the relatively low 
molecular weight of the polypeptides [Nowak 2002]. 

Assembling nanoscale and microscale particles with the appropriate binding network is an alternative 
means of making gels. Liposomes are small, usually submicrometer, encapsulating structures with lipid 
bilayer walls. Joining the liposomes with polymer links makes a gel, such as cholesterol-end capped 
polyethylene glycol (Figure 2.21) [Rao 2011]. The polymers bind to the liposomes with suffcient strength 

to form a gel but are reversibly weak. Mechanical agitation disrupts the bindings without breaking the 

liposomes, which then rejoin once the agitation stops. This process creates a macroscopic stiff gel, which 

when stirred aggressively liquefes and then reversibly heals back into a stiff gel. 

Zwitterions are net-zero charge molecules with separate functional groups containing positive and 

negative ions. Attaching zwitterions to hydrogels creates a material with spontaneous healing properties 

[Bai 2014a]. 



 

   

 

 

3 
Micro- and Nanoscale 

The dimensions of micro and nano length scales run from those of molecules and atoms up through 
small visible features. The nano length scale is approximately 0.1–100 nm. The micro length scale runs 
from 0.1 µm to 100 µm. Physical effects at these dimensions often promote the action of particles, sur-
face effects, and occasionally quantum phenomena. Important to self-healing are microencapsulation of 
healing agents and the mechanical actions of nanoparticles, dendrites, and tendrils [Thakur 2015]. 

3.1 Nano- and Microscale Interactions for Healing 

of Larger Objects and Systems 

3.1.1 Crack Filling Methods 

Many cracks have widths too wide for healing by molecular diffusion alone. The healing of wide cracks 
requires methods that either close or bridge across larger gaps. Filling cracks with liquids, bridging ten-
drils, and growing solids is a viable method. The flling material comes from fuids in the crack or the 
crack subsurface. Tight cracks with widths on the order of micrometers or smaller have small overall 
volumes that need to be repaired and may take advantage of a favorable chemical mini environment in 
the crack (Figure 3.1). 

3.1.2 Concrete Crack Filling 

Cracks in concrete weaken the structure and reduce durability. Some cracks portend major structural 
issues. Other cracks are more benign, but nonetheless permit ingress and water, salt, and other material 
that adversely affect durability. Repairing cracks counters these effects and improves structural perfor-
mance and durability. 

Nonautogenic crack repair techniques for concrete generally use the external application of sealers 
and patches. Calcium silicate is a common sealant that fows into cracks and solidifes to form a water-
stopping seal [Martin 1996] [Connell 2007]. 

Autogenic crack repairs use concrete chemistry and heterogeneity. Most modern concrete uses 
Portland-type cement to bind the aggregate together. A primary hydrating ingredient is calcium silicate 
(CaO·SiO2), often modifed with performance-enhancing additives. Pozzolanic concrete based on volca-
nic ash hydrations is an alternative that dates to the Romans and has a renewed interest in the modern era 
due to lower carbon footprints. The inclusion of aggregate-scale lime clasts in Roman concrete provides 
reactive calcium for crack inflling and may be a primary factor in millennia-scale durability of the mate-
rial [Seymour 2023]. Modern variants use coal plant fy ash for hydration, often as an add-on to calcium 
silicate mixes. Fly ash increases the strength of the concrete. Calcium silicate and fy-ash-laden cements 
cure into not fully hydrated states, leaving residual capacity for hydration that promotes autogenous heal-
ing. Upon formation of cracks, a chemical microenvironment draws calcium-based mineral products out 
of the cement and solidifes in the crack [Şahmaran 2008] [Neville 2002]. The healing effect is more 
active in early age concrete. Experiments on one-day old concrete with compressive stress (1 M/mm2) 
applied across the crack found virtually complete healing with nearly ideal 100% effciency [Schlangen 
2006] [Qian 2009]. Additives, such as fy ash, promote hydration-based healing, even after 28 days of 
curing [Termkhajornkit 2009]. 
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FIGURE 3.1 Crack healing. (a) Crack grows. (b) Fiber bridging slows growth and forms scaffolding for inflling. 
(c) Inflling arrests growth and seals crack against fuid ingress or egress. 

Autogenous crack-plugging reduces the hydraulic permeability of concrete and prevents the penetra-
tion of water and deleterious chemicals, such as chloride ions. The healing of tight sub-1-mm cracks in 
concrete is so ubiquitous that it confounds chloride crack-diffusion measurements. 

Autogenous healing in concrete requires the presence of water in the microenvironment of the crack, 
but is relatively insensitive to external moisture, such as high humidity. Soaking in lime-laden water pro-
motes partial crack healing following freeze-thaw damage measured as recovered ultrasonic pulse veloc-
ities and reduced chloride diffusion rates, but not in compressive strength [Jacobsen 1996]. Reinforcing 
steel and/or fbers may hold the cracks in a tight confguration and promote effective autogenous healing 
[Mangat 1987]. 

Somewhat like concrete are the lime-based mortars used in masonry. CaO, Ca(OH)2, and CaCO3 bind 
the mortar together and provide a residual chemical capacity for healing small cracks, through dissolu-
tion and deposition of lime-based mineral products in the cracks [Lubelli 2011]. Studies of a wide variety 
of lime mixes indicate that the healing process is robust and ubiquitous in most mortars [Dhir 1973]. 
Ancient and historic mortars tended to use more lime than modern mixes and retain healing capacities 
that to this day continue to be active. 

3.1.3 Microencapsulated Liquid Crack-filling Healing 

Healing cracks by liquid solidifcation combines suitable liquids, means of delivery, and solidifcation on 
cue. Frangible microcapsules place the healing liquid throughout a solid matrix where subsequent dam-
age induces release and activation followed by activation for healing (Figure 3.2). 
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FIGURE 3.2 Encapsulated liquid healing, with pre-dispersed capsules – crack ruptures frangible capsules, liquid 
fows into crack, solidifes, and heals crack. Spherical capsule shell reduces stress at crack tip and arrests propagation. 
(a) Microcapsules containing healing liquid pre-dispersed in solid matrix. (b) Damage ruptures capsules and releases healing 
liquid to fow into cracks. (c) Liquid solidifes and heals cracks. (Adapted from [White 2003].) 
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Capsules size is an important design parameter. Larger capsules contain more healing liquid but intro-
duce larger parasitic voids and inhomogeneities. Smaller capsules individually contain less liquid and 
require more sophisticated manufacturing techniques but produce a more homogeneous material with 
smaller voids and possibly a smaller weight penalty. A workable compromise for fber-reinforced poly-
mer composites is to use microcapsules with diameters of 10–100 µm. While some variations in tech-
nique exist, most require the following steps: 

1. Suitable Healing Liquid: The viscosity and surface tension must be low enough for the liquid to 
fow out of the capsule into damaged regions. The liquid must solidify at the proper time. This 
includes remaining stable for long periods of time prior to damage. The repair must be strong 
enough to serve the needs of the application. 

2. Suitable Capsules: The encapsulation system must be compatible with the mechanics and chem-
istry of the healing liquid and surrounding structural matrix. The capsules should minimize 
weakening of the material, be strong enough to withstand long periods of normal structural use, 
without rupture yet be suffciently frangible to open when the encompassing matrix cracks. 

3. Placement of Capsules with Healing Liquids in Surrounding Matrix: The placement of the 
healing liquid capsules must target potential damage sites and follow a desired pattern, such as 
avoiding clumping together. 

4. The Healing Liquid Flows into the Crack and Stays There: The liquid fows out of the capsule 
into cracks, wets the crack surfaces, and then remains in place while the healing action takes hold. 

5. Post-damage Stimulus Causes the Healing Liquid to Congeal and Repair the Crack: A stimu-
lus triggers the liquid to congeal once it has fowed into the crack, but not before. Possible 
stimuli include a catalyst embedded in the matrix, a two-part liquid system when the stimulus 
is also encapsulated, and/or a matrix that partially dissolves into a gel in the presence of the 
healing liquid and resolidifes into a healed confguration. 

6. Lifetime Stability and Durability: Capsules and healing liquid must remain stable until damage 
requires activation. A key concern is manufacturing. In FRPs, the matrix starts as a polymer 
liquid that undergoes a cure cycle for solidifcation. Placing capsules requires mixing into the 
matrix without rupturing and then surviving the thermomechanical stresses of matrix curing 
and the stresses of normal structural use. 

Microcapsule liquid healing has several advantages: 

1. Technique Works: Healing effciencies in excess of 100% are possible. 

2. Minimal Coordination: The method requires minimal coordination, control, or maintenance. 

3. Healing Variety: It is possible to accommodate a wide variety of loads and damage. 

4. Multiple Functionality: Additional functionalities are possible, such as capsule rupture causing 
color changes, that is, bruising to indicate the presence of damage. 

Disadvantages of microcapsule healing: 

1. Nonrenewable: The healing is nonrenewable. Once the capsules rupture, they are diffcult to replenish. 

2. Weakening: Embedding liquid-flled capsules weakens the structure while adding weight. 

3. Extra Steps: Manufacture requires extra steps. 

4. Instability: Long-term applications require long-term stability of capsules, healing liquid, and 
structural interfaces. 

3.1.3.1 Early Developments in Microencapsulation 

Healing with microencapsulated liquids is conceptually simple, but technically sophisticated. 
Microencapsulation dates back to 1902 with a serendipitous discovery by Wolfgang Pauli (father of the 
famous physicist with same name) and Peter Rona [Lednicer 2003] who noticed that a combination of 
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neutral salts with gelatin separates into two layers with a differentially prestressed double layer form-
ing at the boundary. Upon mechanical agitation, the dual-layer boundary breaks into small pieces. 
Differential stress across the membrane thickness curls the small pieces into micrometer-scale liquid-
containing capsules. H.G. Bungenberg de Jong named the process coacervation from the Latin acervus, 
with an English translation being heap or mass. Industrial applications based on controlled rupture of 
liquid-containing microcapsules began to appear in the 1930s and 1940s. 

Forming a stable capsule wall is essential. The wall needs to be compatible with both internal liquids 
and external material matrices. This led to the development of dual-layer walls, with the inner layer being 
compatible with the inner liquid, the outer layer being compatible with the surrounding matrix, and both 
layers compatible with each other. One tract of early development was to use sugar to encapsulate food 
[Shirrif 1930] [Scherer 1941]. Sugar is fairly stable, nonpoisonous, and dissolves in water. Dual-wall 
methods enable encapsulating a wider range of liquids, such as oil-based vitamins with water-soluble 
outer shells [Taylor 1939] [Brynko 1961]. 

Storing multiple different reactive liquids in separate sets of microcapsules is a method of increasing 
functional performance. A stimulus, such as damage or deformation, breaks the capsules and releases 
the liquids for mixing and reacting. Barrett K. Green, while working for the National Cash Register 
company in Dayton, OH, wrote at least 13 U.S. patents (ca. 1942–1957) using microencapsulated fuid 
to make “carbonless carbon paper” for multilayer paper copying of typewritten and handwritten docu-
ments (Figure 3.3) [Green 1942]. The technique embeds microcapsules of color-functionalized liquids 
into paper. Local stress due to writing with a ball pen or typewriter ruptures the capsules and releases 
the liquids, which change color when mixed. Formaldehyde is a key ingredient in solidifying the cap-
sule walls for long-term stability. A further set of developments occurred in the 1950s with the use of 
microencapsulated styrene and carboxylic acid–based polymers in easy-to-use color photographic flms 
[Godowsky 1955]. 

Early developments of dual-liquid microencapsulated systems with mechanically active structural 
healing implications appeared in the late 1950s and through the 1960s. These include adhesives and 
adhesive tape [Eichel 1959] [Jensen 1962] [Capozzi 1958] [Meier 1962] [Washburn 1968]. 

Perhaps the frst application of microencapsulation to structural self-healing was a corrosion-
inhibiting coating with encapsulated dichromate, nitrite, borate, and molybdate quaternary ammo-
nium corrosion inhibitors in a deactivated cellulose ether outer shell [Bailin 1987]. When damaged, 
for example, by a scratch or gouge, the shell ruptures and releases the corrosion inhibitors. About a 
decade later, Jung reported a microencapsulated material system for healing mechanical cracking 
damage to structures [Jung 1997]. The method successfully repaired polyester matrix composites 
with a para-tert-butylcatechol-stabilized styrene monomer liquid healing agent and polyoxymeth-
ylene urea microsphere shells. The liquid styrene remained stable in the microcapsules until fowing out 
through a capsule crack into the cure-initiating polyester matrix. 

Most self-healing microencapsulation systems use mechanical breakage of the capsules to trigger the 
release of liquids. Mechanical breakage has the advantages of sensitivity and specifcity but limits the 
choice of capsule wall material. Other methods of triggering capsule release include photo triggering or 
pH changes due to damage [Pastine 2009]. More sophisticated multi-cue triggers are possible, such as 
combinations of pH and temperature, or compression cycling with magnetic felds acting on nanopar-
ticles embedded in the shell wall [Peleshanko 2007] [Long 2015]. 

FIGURE 3.3 Carbonless carbon paper invented by Barrett Green in 1942 using two types of microencapsulated materi-
als that rupture, comingle, and change color under the mechanical stress of a typewriter or pen tip. (From [Green 1942].) 
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3.1.4 Single-component Intrinsically Activated Liquid Healing 

Single-component catalyst-free healing liquids are conceptually simple – just release the liquid and it solidi-
fes. These liquid healing methods are attractive for situations where a single liquid provides a palliative 
action. Some liquids solidify when exposed to specifc environmental conditions, such as liquid isocyanates 
in wet environments [Yang 2008]. Other liquids provide a protective anticorrosion coating for scratching 
damage. Epoxy-coated steel reinforcing bars for use in concrete placed in high-salt environments are a poten-
tial application. Epoxy coating protects steel rebars from corrosion, as long as the coating remains undam-
aged. Routine construction activities scratch and gouge the coating, often leaving corrosion hot spots known 
as holidays. Encapsulating liquid epoxy in a sublayer that releases when damage occurs to the top epoxy layer 
produces an active material system with superior corrosion resistance capabilities (Figure 3.4) [Enos 1998]. 

A potentially viable single-component healing liquid for epoxies is glycidyl methacrylate (GMA) 
[Meng 2010]. It is a low-viscosity liquid at room temperature that binds to epoxy fracture surfaces through 
both covalent and hydrogen bonds, and readily encapsulates inside poly(melamine formaldehyde) walls. 

3.1.5 Single-component Liquids Activated by Catalysts and Other Extrinsic Agents 

Catalysts extend the functional range of single-component healing liquids. The confguration stores the 
catalyst separately from the liquid and then mixes with the healing liquid following damage. Effective 
approaches include the following: (1) Disperse ruthenium-based Grubbs catalyst particles throughout a 
polymer matrix to initiate solidifcation of dicyclopentathiene that fows from a microcapsule into a crack 
[White 2001] [Grubbs 2004]. (2) Wax-protected tungsten chloride combined with phenylacetylene and 
nonylphenol is also suitable [Kamphaus 2008]. 

Custom geometric placements increase catalytic performance: 

1. Capsule Wall: Attach the catalyst particles directly to the outside of the capsule wall to pro-
mote comingling of the catalysts and healing liquid (Figure 3.5) [Skipor 2006]. 

2. Fiber Reinforcement: Attach the catalyst directly to fber reinforcing in FRP composites [Yang 2007]. 

3. Uniform Dispersal: Attach the catalyst to graphene oxide to promote more uniform dispersal 
throughout the matrix and reduce the overall amount of required catalyst [Mariconda 2015]. 

Microencapsulated photopolymerizable healing liquids congeal with suitable wavelength light, such 
as mixture of methacryloxypropyl-terminated polydimethylsiloxane and benzoin isobutyl ether in a 
49:1 mass ratio as part of a protective coating for mortar. [From Song 2013.] 

FIGURE 3.4 Sublayer of encapsulated single-component epoxy produces high-performance corrosion protection follow-
ing scratches and gouges by sealing potential holidays. (a) Healthy confguration. (b) Damage creates potential holiday. (c) 
Microencapsulated sublayer releases sealing liquid that prevents holiday and local corrosion. (Adapted from [Enos 1998].) 
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FIGURE 3.5 Attaching catalyst particles directly to the outside of the capsule wall promotes comingling of the catalysts 
and healing liquid. (a) Damage breaches microcapsule wall and releases healing liquid. (b) Wall-attached catalyst particles 
solidify liquid to heal damage. (Adapted from [Skipor 2006].) 

3.1.6 Dual-component Liquid Systems 

Microcapsules containing multiple liquids that synergistically heal materials are practical for specifc 
material combinations. One combination embeds microcapsules into a combination of liquid anisole 
solvent core and a small amount of linear poly(methyl methacrylate) (PMMA) to heal cracks in PMMA 
[Celestine 2015]. Epoxy adhesives are usually two-part systems with a liquid resin and hardener. Mixing 
sets off a covalent cross-linking polymerization reaction that solidifes the resin. Co-embedding separate 
capsules of resin and hardener heals damage suffciently severe to rupture the capsules and comingle the 
liquids [Xiao 2009]. A variant for anticorrosion coatings uses 10 wt% epoxy resin capsules and 2 wt% 
catalyst in an epoxy matrix [Yang 2011]. 

3.1.7 Catalyst-free Liquid–Solid Matrix Interaction 

Specialized healing liquids solidify when contacting damaged material. An example is aqueous sodium 
silicate that gels and then solidifes by hydration when contacting damaged cement [Pelletier 2011]. 

For appropriately matched polymers, solvents act as catalyst-free healing liquids. The solvent softens 
and mobilizes damaged regions so that the material reforms and fows to fll and repair cracks, for exam-
ple, through the enhancement of reputation-type healing. Conversely, thermoset polymers tend to resist 
dissolution and softening by mild solvents. Nonetheless, microencapsulated healing systems based on 
solvents for thermoset epoxies are viable [Caruso 2007]. A diffculty is that the solvents have to be suf-
fciently aggressive to soften a thermoset polymer, yet not degrade the microcapsule wall. A compromise 
is to use a mild solvent such as chlorobenzene for the healing liquid and then use a thermoset matrix that 
is not completely cross-linked and is more soluble. 
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3.1.8 Catalyst-free Living Polymerization 

A solid polymer matrix can be made of a living polymer that grows to infll cracks with monomers accu-
mulated from liquids stored in pre-dispersed microcapsules. Encapsulated liquid healing agent GMA 
monomer combines with a matrix of PMMA [Wang 2010a]. 

3.2 Nanoencapsulation 

Miniaturizing healing liquid capsules down to the nanoscale introduces advantages of better disper-
sal, and nanoscale functionality, such as corrosion protection. Multiple techniques make nanocapsules 
[Shchukin 2007]: 

1. Miniaturization of Microencapsulation: This approach adjusts the process parameters for micro-
encapsulation to attain submicrometer dimensions [Blaiszik 2008] [Tiarks 2001] [Kirk 2009]. 

2. Stiffen Lipid Vesicles: Noncovalently bonded lipid bilayers readily form nanocapsules but lack 
the long-term stability needed in many engineering applications [Noguchi 2001] [Meier 2000]. 
It is possible to stabilize the lipid bilayer by cross-linking [Förster 2002] [Peyratout 2003]. 

3. Nanocontainer Ensnarement: Hyperbranched polymer dendrimers ensnare nanoparticles to 
form nanocontainers [Manna 2001] [Sunder 1999]. 

4. Nanocontainer Formation: Multiple processes form containers at submicrometer dimen-
sions. The Stöbel process with the hydrolysis of alkyl silicates and subsequent condensation 
of silicic acid forms a silica-based shell around compatible particles [Zoldesi 2006]. Capsules 
self-assemble from cyclic arrays of urea hydrogen bonds [Ebbing 2002]. Sonication induces the 
formation of material-laden nanospheres from functionalized amylose starch and magnetite 
[Mauricio 2012]. Some materials, such as titania or halloysite clay, form nanotubes that con-
vert into nanocontainers with further processing for applications, such as corrosion protection 
[Arunchandran 2012] [Abdullayev 2013]. 

5. Layer-by-layer Buildup: Nanoparticles that build up in a layer-by-layer combination of encapsu-
lating and active layers provide opportunities for functionalized applications, such as anticorro-
sion coatings. Nanocontainers impregnated with corrosion inhibitor, using a silica–zirconia-based 
hybrid flm is a corrosion inhibitor for 2024 aluminum alloy [Zheludkevich 2007]. A synergistic 
aspect of this approach is that the encapsulating walls include benzotriazole corrosion inhibitor 
layers along with polyelectrolyte layers, which then surround silica nanoparticles. 

6. Biological Methods: Many biological processes use nanocapsules that hijack the molecular 
machinery of biosystems, including viruses, builds and loads nanocontainers [Graff 2002]. 

Multiple methods control the release of materials from inside nanocontainers. Many of the early devel-
opments focused on controlled drug release agents [Barbe 2007]: 

1. Polymeric Systems that Trap Chemicals Inside and Then Release: Diffusion, tortuous nano-
channels, chemical dissolution, or solvent-induced swelling of a hydrogel. 

2. Liposomes: Lipid bilayer capsules, release material in response to stimuli, such as pH changes. 

3. Micelles: Single-layer lipid capsules release quickly in response to stimuli, but have limited 
encapsulation ability and limited thermodynamic stability. 

4. Bioactive Glass: Encapsulates bioceramics. 

5. Polymer Spaghetti Mesh Attached to Nanoparticle: Swells and shrinks in response to stimulus, 
such as pH changes [Ballauff 2007]. 

6. Cascades with Autocatalytic Behavior: The release of reagents from nanocapsules promotes 
additional release of reagents [Hof 2002]. 

7. Labile Nanocages: Heating of superparamagnetic nanoparticles by tuned radio frequency 
electromagnetic waves releases chemicals from thermally sensitive nanocages [Derfus 2007]. 
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Nanocages made of photosensitive peptides degrade and release chemicals with light stimulus, 
usually at UV wavelengths [Fay 1999]. 

8. Thermal Cycling: Thermal cycling drives the release of healing liquids by storing material inside 
the capsules in a solid form that only liquefes when the material cycles to a higher temperature. 
Low earth orbit satellites are a potential use case. The temperatures swing from −150°C to 150°C 
per orbit, which fractures the material while at a low temperature state and then heat up and melt 
the encapsulated material into a healing liquid. Low-melting-point metals, such as solders, as well 
as epoxies, heal with this extreme thermal cycling [Rohatgi 2013] [Merle 2014]. 

Simple liquids are isotropic and homogeneous at molecular to macro length scales. Complex liq-
uids have inhomogeneities and/or anisotropies at intermediate length scales that create functionalized 
behavior, including stimulus-responsive healing. An example is microencapsulated carbon nanotubes 
suspended in nonpolar chlorobenzene and ethyl phenylacetate [Caruso 2009b]. The nanotubes remain 
stable inside the microcapsules until mechanical forces rupture the capsule walls and disperse the nano-
tubes for applications, including the repair of electrical conductors. 

3.3 Solid Healing and Damage Mitigation with Nano- and Microscale Features 

3.3.1 Nano- and Microcomposites for Damage Mitigation 

Many forms of structural damage start at the atomic scale and cascade up through multiple length 
scales to emerge as severe macroscopic damage. Arresting cascading damage at early stages reduces 
the total amount of damage. A material that yields ahead of the crack tip can arrest crack growth. 
Homogeneous ductile materials generally resist cracking, but often lack the yield strength required of 
many applications. Conversely homogeneous high-strength materials tend to be brittle and lack tough-
ness. Nonhomogeneous materials effectively arrest crack growth through actions at the nano and micro 
length scales [Ritchie 1988]: 

1. Crack Defection and Meandering: Local inhomogeneities, such as tough nanoparticle inclusions in 
a ductile material, defect and pin crack growth through processes that act on nascent shear bands. 
Important details are particle size, stiffness, and dispersion pattern and adhesion to the surrounding 
matrix. Metal matrix composites often use this technique, as do a variety of nanoparticle-doped 
polymers [Zuiderduin 2007] [Carey 2011]. Insertion of microscale glass particles as reinforcing for 
epoxy composites shields and mitigates against fatigue cracking [Kawaguchi 2004]. 

2. Zone Shielding: Local yielding around the crack tip relaxes the stress feld. Formation of 
shear bands ahead of the crack tip is effective, as with glassy amorphous metallic palladium 
[Demetriou 2011]. 

3. Contact Shielding: Mechanical action in the crack reduces tip stress and growth. Examples are 
crack bridging, inflling, and shear friction. 

4. Combinations of Zone and Contact Shielding: Synergistic combinations of zone and contact 
shielding provide enhanced crack arresting performance. 

3.3.2 Dendrites 

Dendrites are small-scale flamentary structures that extend and protrude from larger solid features, 
often with branching and hierarchical patterns. Internal growth, accretion, or attachment of preformed 
elements produce dendrites. Self-healing applications extend dendrites from a solid element and grip 
onto something else, possibly other dendrites or other structural elements. Gripping techniques include 
molecular bonding, mechanical intertwining, intergrowth, and accretion. 

3.3.3 Functionalized Microgels 

Assembling and conglomerating microcomponents with functional properties produces functionalized 
gels. Numerical simulations using labile bonds between nanoparticles covered with a sticky gel fnd that 
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such functionalization leads to self-healing materials [Kolmakov 2009]. An example is a gel assembly 
made of small soft microspheres with thermally responsive sticky coatings [Lyon 2009]. Attaching sticky 
macromolecular dendrites to clay particles creates a self-healing hydrogel with noncovalent bonds [Wang 
2010b]. Dendrites also form scaffolding meshes for inflling with supplemental materials. 

Shake gels transform from a liquid to a gel upon shaking, that is, upon being sheared. Such materials 
show potential for use in coagulation-type healing. Mixing clay particles with polymer fuids produces 
shake gels. Shearing combinations of laponite clay and polyethylene oxide liquid increases the number of 
molecular binding sites between the clay and polymer. The increase in binding dramatically stiffens the 
material system by enabling clay particles to clump together in a percolating network [Zebrowski 2003]. 
The process reverses when the shear stops. The number of polymer binding sites decreases, and the network 
of conglomerated clay particles relaxes. Increasing the level of shear reaches a point of diminishing returns 
in which the polymers start to self-bind to the clay particles and prevent particle-to-particle glomming. 

Light-sensitive binders control the glomming of nanoparticles to create a light healable compos-
ite gel system. UV light controls ureidopyrimidone hydrogen bonding to functionalize telechelic 
poly(ethylene-co-butylene) and cellulose nanocrystals so that irradiation heats the material, releases 
the bonds to liquify the material, and then initiate a reversible healing process [Biyani 2013]. 

Colloidal crystals assembled from microparticles provide insight into the healing and crack arrest-
ing of molecular and atomic crystals. Curvature and topological frustration in curved colloidal crystal 
surfaces produce interesting effects when subjected to the insertion of equilibrium-disturbing interstitial 
particles [Irvine 2012]. Unlike fat crystals, curved crystals provide an impetus for self-healing through 
localized actions that collectively rearrange particles. 

3.3.4 Crack Bridging and Filling 

Bridging across crack openings by actively growing and fxing micro- and nanostructures controls the 
fow of stress and deformation around the crack, especially near the tip. Bridging also provides scaffold-
ing for inflling, sealing, and functional activities. 

Nanoparticles dispersed into polymer composites fll and bridge cracks by migrating through the polymer 
matrix in an entropy-driven action. Placing thin brittle layers between nanoparticle-laden polymers creates 
a sandwich geometry. Cracking of the thin layers induces the particles to move into the cracks and serve as 
band-aids for healing [Lee 2004a] [Tyagi 2004]. In the case of a thin flm sandwich of nanoparticle-doped 
PMMA on top of a silicon wafer and covered with a glassy SiO2 layer, thermal and process cycling cracks 
the brittle top layer (Figure 3.6). Ethylene oxide–covered particles migrate through the PMMA and fll the 
crack. Cooling and closing of the crack tightly binds the particles in place as crack bridges [Gupta 2006]. 
Nanoparticles with different coatings, such as tri-n-octylphosphine oxide, will not migrate into the cracks 
under the same conditions. This observation lends credence to the hypothesis that thermodynamic forces 
drive the motion of the nanoparticles. 

More complicated nano-structuring has advantages. An optically clear material made of glassy-rubbery 
layered block copolymer nanostructures absorbs large amounts of energy from high-velocity projectiles and 
then heals back into a solid structure in the wake [Lee 2012a]. Superparamagnetic nanoparticles migrate 
into and repair tight cracks when jostled by external oscillating magnetic felds (Figure 3.7) [Corten 2009]. 

3.3.5 Healing of Tribology 

Minimizing sliding friction and wear in machinery are important considerations that fall into the engi-
neering feld of tribology. Bearing and sliding surfaces of machines are high-performance components, 
with comparatively small volumes, yet can lead to costly failures. These traits are the ingredients of a 
good opportunity for the application of self-healing effects. Wearing surfaces need to be replenished, 
regenerated, or replaced, as does the lubricating fuids and low-friction nonlubricated wearing surfaces. 

Designing low-friction long-lasting wearing surfaces requires satisfying competing considerations. 
Being slippery relies on low chemical affnity between the sliding materials. Being strong implies that the 
material binds strongly with itself so that it resists mechanical deformation. PTFE resists van der Waals 
and other types of chemical binding and does not readily cross-link with itself to form mechanically robust 
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FIGURE 3.6 Nanoparticle motion into cracks. (From [Gupta 2006].) 

FIGURE 3.7 Superparamagnetic nanoparticles agitate in the presence of oscillating magnetic felds and seal a crack in 
thermoplastic polymer. (From [Corten 2009].) 



 

 
 
 

 

 

 

56 Self-Healing Structures, Machines, and Systems 

structures. Creep and gouging-induced wear are common maladies of PTFE. Doping with sub-100 nm 
particles of carbon, alumina, ZnO, and other hard materials reduces surface deformation and gouging [Lee 
2007] [Sawyer 2003]. Arresting shear bands, preventing crack propagation, and controlling the size and 
shape of debris contribute to mitigation [Burris 2006]. Nanoparticle doping generally requires an activation 
or functionalization step to the surfaces for nonclumping uniform dispersal of particles. Control of ligand 
chemistry on the nanoparticle surfaces is an effective functionalizer [Glogowski 2006]. 

3.4 Self-repair of Micro- and Nanodevices 

Micro- and nanosized objects provide functionality in multiple domains [Vincenzo 2009]. Possible 
actions include the migration and movement of nanoparticles, molecular scale conglomerations, mol-
ecules, and even subatomic particles. The accumulation and conglomeration of material flls gouges and 
similar surface damage defects in nanodevices [Smith 2005]. 

Semiconductor quantum dots have small crystalline cores and an outer shell that relaxes from the 
crystalline form into a more amorphous layer. Interactions between core and shell lead to functional 
behavior, such as optical reactivity. In CdSe nanocrystals with a wurtzite structure, the relaxed outer 
layer widens the gap between the highest occupied molecular orbital and lowest unoccupied molecular 
orbital to reform and heal the surface electronic structure, which preserves bulk optical and electronic 
properties [Puzder 2004]. CdTe nanocrystal quantum dots exhibit similar passivation protection and 
surface electronic structure healing [Bhattacharya 2008]. 

Metallic nanoparticles, especially those made of gold, exhibit multiple functional optical behaviors. 
The metallic nature of these particles makes them very responsive to short laser pulses, largely due to 
surface plasmons with enhanced size-dependent effects. The behavior is nonlinear. Energetic pulses 
damage and fragment the nanoparticles. After a few laser pulses, the shattered nanoparticles lose their 
optical functionality. Immersing the particles in an activating liquid, such as zinc phthalocyanines, pro-
motes self-healing and recovery of the optical performance. The process activates liquid charges on the 
fragmented nanoparticles which induce clumping, melting, and fusing following a laser pulse. The result 
is a larger optically enhanced nanoparticle (Figure 3.8) [Amendola 2009]. 

FIGURE 3.8 Self-healing of gold nanoparticles subjected to intense laser pulses while immersed in zinc phthalocya-
nines. The particles fragment, aggregate, melt, and then fuse into a larger optically enhanced nanoparticle. (Reprinted with 
permission from [Amendola 2009]. Copyright 2009, American Chemical Society.) 



 

 

 

 

4 
Meso- and Macroscale 

Macro length scales are features big enough to be visible to the human eye. The mesoscale bridges 
between the macroscale and microscale with dimensions nominally running from 0.1 mm to 1.0 mm. 
Many mesoscale self-healing techniques take advantage of granular homogeneities and include the 
sloughing off of material for regeneration of damaged surfaces, the insertion of mesoscale fbers and 
features of macroscale composite structural elements, and fow control of granular material. Macroscale 
healing includes patching, connecting structural continuity, and sealing large leaks. 

4.1 Regeneration 

Regeneration replaces damaged material with undamaged, usually by transport from interior regions. 
Regeneration is a staple of biological systems. Animals routinely regenerate skin, intestines, fur, and/or 
scales by shedding and sloughing off dead outer tissue followed by growth from below. Regenerative 
wearing surfaces on structures and machines appear where wear is an important concern, is predictable, 
and the competing alternative is an expensive replacement. 

An example is a pneumatic tire that must withstand extreme wearing loads while providing good trac-
tion, a smooth and quite ride, and operate over a wide range of temperatures. Treads are short cantilevers 
that meet the road to transmit combined axial and shear loads. Tread stiffness is a compromise between 
being soft for improved traction and being stiff to minimize rolling resistance and maintain stability dur-
ing maneuver. As the tread wears, the geometry changes to shorten the cantilever, which increases the 
effective stiffness, decreases traction, and promotes susceptibility to hydroplaning. Preplacing cavities 
in the tread that expose upon wear and create new tread geometries with the proper stiffness and traction 
characteristics is a regenerative method of extending the useful life of a tire. Filling the cavity with a 
water-soluble elastomer further improves the performance of the regenerative system by both stabilizing 
the original tread structure and introducing a more aggressive change in tread structure stiffness upon 
wear and cavity exposure (Figure 4.1) [Corvasce 2006]. 

The fagging brush bristle is another commercially successful regenerative self-healing system 
[Collichio 1957]. The fagging bristle has a frayed end that improves dust, debris, and paint pickup. 
The frayed ends wear off with use. The construction of the fagging bristle is that of a set of fne fbers 
bundled and held together by a polymer. Wear causes the binding polymer to release at the end and 
regenerate a new fagging end (Figure 4.2). 

4.2 Self-healing Composites 

Composite materials attain superior performance by a synergistic integration of the properties of differ-
ent materials. Composites include fber-reinforced polymers (FRPs), asphalt pavements, and reinforced 
concrete structures. The manufacture of composites assembles multiple materials of smaller dimensions. 
These steps provide opportunities for inserting self-healing components. A practical issue is that many 
manufacturing processes fuse the composite together with heat cycles and/or chemical reactions, which 
require provisions to prevent these energetic processes from triggering the activation of the self-healing 
materials. 
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FIGURE 4.1 Regenerative tire tread with water-soluble elastomeric cavity that dissolves when exposed to environment by 
wear to regenerate tread. (a) Original healthy tire tread. (b) Tire wears to expose sublayer. (c) Regenerated tread. (Adapted 
from [Corvasce 2006].) 

FIGURE 4.2 Flagging brush bristles self-heal by regeneration. (a) Brush with fagging bristles. (b) Initially intact bristle 
with frayed fagging end. (c) Flagging end wears with use. (d) Binding polymer splits and releases new fagging fber end. 
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4.2.1 FRP Composites 

FRP composites take advantage of the unidirectional strength of individual fbers and the toughness of 
the polymer, while eliminating buckling and separation issues with the fbers and the relatively weak 
mechanics of the polymer. The internal heterogeneity leads to failure modes that normally do not occur 
in homogeneous materials. Both high-intensity transient loading, such as from impacts, and low-inten-
sity long-term fatigue loading are concerns. 

4.2.2 Unbonded Granular Materials 

Macroscopic assemblies of mesoscopic granular materials, such as piles of sand, can behave as solids 
or as fuids depending on the packing confguration, which depends on loading and recent mechanical 
history. Collective solid behavior occurs when particles interlock to sustain large shear loads without 
fowing. Fluid-like behavior occurs when the interlocking relaxes and the grains fow in bulk. Reversible 
and rapidly switchable interlocking solidifcation creates possible opportunities as components for use in 
self-healing structural systems. Vacuum loading switches a compliant fowable state into a rigid granular 
solid mass that gains strength from antagonistic prestress. Releasing the vacuum reversibly returns the 
pile to an easy fowing state. An example application is a variable stiffness core for a self-healing sand-
wich composite structure [Phillips 2010]. Vacuum loading stiffens the core. Heavy loading damages the 
macroscopically stiff core by shearing the pile, without damaging the mesoscopic granules (Figure 4.3). 
Releasing the vacuum allows for the core to reform to an original unsheared state with a minimum of 
effort. Reapplying the vacuum heals the composite structure by forming a new stiff core. 

FIGURE 4.3 Vacuum healing granular core in unbonded composite panel. (a) Healthy condition with vacuum preload. 
(b) Damage dents composite wall. (c) Releasing vacuum frees granules and heals dent. (d) Reapply vacuum and return 
to healthy state (a). (Adapted from [Phillips 2010].) 
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4.3 Bonded Granular Materials 

Binding granular particles together forms composites with strength and durability. Most applications 
derive useful properties from the particles with collective interlocking of compression forces to provide 
shear stiffness, as with asphalt pavement or as individual agents, such as abrasive particles in a grind-
ing wheel. Sand, stones, metallic particles, and small nonmetallic crystals are common granules. The 
shape, size, and position of the particles are individually random within tightly controlled distributions 
and ranges. 

An important detail is the nonlinear contact force behavior between particles. Collectively, particles 
transmit large, combined forces, as long as the particles remain in contact. If the stress and kinematic 
state causes the particles to lose contact, then the transmitted force drops to zero. The amount of com-
pressive stress required to sustain contact and enable force transmission is relatively small when com-
pared to the force transmitting capacity. Often, only a soft enveloping binder material, possibly combined 
with fbers, or vacuum loading is necessary to sustain the contact. Binder systems often provide good 
opportunities for self-healing applications. 

Asphalt pavement is a matrix of petroleum-based tar binders that hold small stones together 
in a durable composite. While much of the strength derives from the interlocking of the aggre-
gate particles, the binder is also a significant contributor. Microcracking of the tar binder is an 
early-stage failure mechanism that leads to large cracks and potholes [Little 2001]. Tar being 
thermoplastic heals with the application of heat and/or mechanical loading (Figure 4.4) [Carpenter 
2006] [Kim 2006a] [Liu 2011b]. Temperature-dependent damage and healing phases acting over 
multiple spatial scales complicate the process [Qiu 2011] [Lytton 2001] [García 2012]. As long as 
the tar molecules and stones remain undamaged, cycles of thermomechanical healing may repeat 
indefinitely. 

Healing granular composites that do not use binders is also possible but requires heat or other 
stimuli. Sintering binds particles together with a combination of heat and pressure that activates 
van der Waals and interlocking forces. Inadequate pressure and heat during manufacture leaves 
sintered parts prone to cracking and damage. Reapplying heat and pressure can heal sintered parts, 
especially when the damage is small enough to allow for reconstituting a desired overall shape 
[Luding 2008]. 

FIGURE 4.4 Asphalt healing. (a) Initial healthy state with stones held together with tar binder. (b) Mechanical and envi-
ronmental loading damages tar. (c) The tar heals during rest periods, largely through diffusion. (d) Healed state almost as 
good as initial state. 
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4.4 Patching, Bridging, and Filling of Cracks 

Cracks are principal forms of macroscopic damage to structural elements. Cracks alter the load paths 
inside the element, which may promote more crack growth. Effective healing of cracks restores and 
promotes a healthy fow of loads inside the element. Some of the primary methods of healing macroscale 
cracks are as follows: 

1. Externally Bridge with a Patch: This usually works best if the patch gets loaded in tension. The 
ultimate strength depends on the weaker tensile strength of the patch, the shear strength of the 
patch, and the shear strength of the bond [Soutis 1999]. 

2. Internally Bridge: Fibrous material moves internally from the crack walls and bridges across 
the crack to connect to the wall on the other side. The bridging itself may be strong enough to 
transfer loads and stress across either by shear or by tension. An alternative is that the contact is 
weak but strong enough to act as a scaffolding to support more material inflling and promote 
interlocking of asperities. 

3. Externally Fill: Insert material that flls the crack. The material is typically elastomeric and 
prevents seepage while being compliant. 

4. Internally Fill: Concrete with unhydrated cement inflls cracks exposed to water. A primary 
mechanism is deposition of CaCO3 crystals in the cracks. Crack inflling decreases water per-
meability and strength, while increasing the strength of the cracked material [Granger 2007]. 

4.5 Heat-sensitive Functional and Multicomponent Materials 

Thermal cycling affects material properties in both reversible and irreversible manners, some of which 
promote healing. An advantage of reversibility is the ability to sustain multiple bouts of damage and heat-
cycle healing. The disadvantages of reversible processes are that the material deformations tend to be small 
and that the materials weaken when held above a critical healing threshold temperature. Irreversible ther-
momechanical processes often have advantages of larger material deformations and material toughness at 
temperatures above the healing activation threshold value but cannot heal over multiple cycles. 

Autonomic thermomechanical healing within a structural system requires suitable heat sources. 
Electric or magnetic heating has the convenience of easy embedment and the ability to heat local regions 
under control. Electricity that drives the heat is easy to control but requires power. Oscillating electro-
magnetic felds induce electric currents, or direct power, such as from batteries, to drive Joule heating in 
electrically conductive elements. A related but different technique uses oscillating electromagnetic felds 
to fip the magnetization of ferromagnetic solids back and forth, producing magnetic hysteresis heating. 
Some “inductive” electric household stoves use magnetic hysteresis for heating but require using ferro-
magnetic cookware. The following are the demonstrated self-healing uses of thermomechanical healing: 
(1) A multifunctional composite materials with functional electromagnetic metamaterial properties that 
incorporate thermally reversible DA reaction polymers [Plaisted 2003]; (2) Anneal healing of special-
ized electrically conductive polymers based on complexes formed between N-heterocyclic carbenes and 
transition metals, and aided by solvent vapors of dimethylsulfoxide [Williams 2007c]; (3) Asphalt pave-
ments with conductive fbers of graphite and steel wool inserted into binders to establish conductivity 
by a percolation effect [Garcia 2009] [Dai 2013b]; (4) Epoxy resins with embedded microparticles, such 
as polyethylene-co-methacrylic acid, that melt at relatively low temperature, refow across cracks, and 
solidify to heal upon cooling [Meure 2009]. 

Large-scale macroscopic material deformations promote healing. Heat shrink tubing is a geometrically 
irreversible material used to cover wiring and electrical connection assemblies [Nyberg 1977]. Shrink 
tubing is a composite with a radially expanded polymer bonded to an elastomer tube. Upon heating, 
the expanded polymer shrinks radially, but only minimally in longitudinal directions (Figure 4.5). 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

62 Self-Healing Structures, Machines and Systems 

FIGURE 4.5 Cross section of shrink tubing as a composite with a tough elastomeric layer bonded to a layer that shrinks 
irreversibly with application of heat. (a) Expanded composite tubing loosely slipped over wire. (b) Composite tubing 
shrinks with heat. 

The shrinkage is irreversible. The elastomer layer props open the expanded polymer for insertion of wires 
and then guides the shrinkage to envelope underlying wires upon application of heat. 

4.6 Active and Robotic Repair 

Robots and similar machines perform many repair processes. Cost, safety, and technical sophistication are 
factors favoring the use of robots over humans for repairs. The following are some situations to consider: 

1. Dangerous: The repair environment is dangerous, confned or otherwise for humans. 

2. Cost-effective: Robots are less expensive to use than humans. 

3. Simple Repairs: The repairs are simple enough to not require human cognition or dexterity to execute. 

4. Performance: The repair capabilities of robots outperform those of humans, both in physical 
capability, such as dexterity and strength, and in cognition, including intelligence, judgment, 
condition assessment, and planning. 

5. Robots improve with improved programming: A process that may continue indefnitely. 

The boundary delineating when robots outperform humans continues to shift. Semiautonomous repair 
robots presently appear in deep sea oil rig repair, buried pipe repair, spaceborne repair applications, and 
medical surgery. Fully autonomic repair integrates sensing damage conditions, deciding on a repair plan, 
executing the plan, and evaluating the result. 

Metallic structures with localized damage can lend themselves to robotic repair: 

1. Crack Tip Management: Most cracks grow at the tip. Managing the stress feld around the tip 
arrests the growth. For isolated large cracks, it is possible to drill a hole through the crack tip 
to increase the tip radius and reduce the stress concentration. For microscopic surface cracks 
grinding, polishing and peening reduces and even reverses surface tensile stresses. 

2. Material Change: Annealing and heat treatment with lasers, induction heaters, and other heat 
sources [Blackshire 2004]. 

3. Crack Bridging: Injection of material, such as epoxy, or welding to bridge and seal a crack. 

4. 3D Printing: 3D printing by extrusion and droplet deposition are becoming mainstream manu-
facturing and prototyping techniques. Printers and extruders can attach to robot arms to exe-
cute repairs [Brodbeck 2012]. 

5. Places Not Suitable for Humans: Many places are dangerous, geometrically awkward, or oth-
erwise unsuitable for human repair. Sophisticated robots can execute repairs in some of these 
situations. Examples include deep underwater structures, buried pipes, large fuel tanks, and 
spacecraft [Caron 2012]. 



 

 

 

 

 

 

5 
Surfaces: Healing, Sealing, and Cleaning 

Maintaining the cleanliness, functionality, and geometry of surfaces has advantages. The small volume, 
cost, weight, and overall importance makes surfaces excellent candidates for applications of self-cleaning, 
healing, and sealing techniques. 

5.1 Self-cleaning Surfaces 

Self-cleaning surfaces are an attractive alternative to those that require manual cleaning [Parkin 2005] 
[Bayer 2013]. Applications include circumstances where accumulation of unwanted surface material 
degrades both appearance and performance, and manual cleaning is expensive, dangerous, and/or inef-
fective. An example is dirt and debris that accumulate on the skin of an airplane. The dirt increases 
noise and fuel consumption and is unsightly [D’Angelo 2010]. Manual cleaning requires removing the 
airplane from service, is dangerous to both personnel and the aircraft, and is at best only intermittent. 
Self-cleaning airplane skins alleviate these issues. 

Figure 5.1 shows possible schemes for self-cleaning surfaces. These range from surfaces that actively 
prevent debris from accumulating to those that actively remove, breakdown, or consume unwanted mate-
rial. A wide range of liquid, solid, and chemical phenomena, often as performance-enhancing combina-
tions of effects promote self-cleaning [Genzer 2008]. 

Fluid-based cleaning methods clean both fuidic and particulate surface contamination. Particulate-

based cleaning methods have an advantage in cases where there is a minimum of available cleaning fuid, 

or fuids cause problems, such as smearing. Methods that prevent debris and contamination buildup may 

be even more attractive since they eliminate the need for cleaning. 

5.1.1 Debris-repelling Surfaces 

The following are methods of preventing and repelling debris buildup on surfaces. 

5.1.1.1 Electrostatic Methods 

Static electric charges produce forces large enough to move debris and particles. Opposing electric 

charges attract particles to surfaces for fuid cleaning and fltering applications. Like charges repel par-

ticles from a surface for cleaning. Dipole charges produce more complicated effects, but also spawn 

forces that move particles. Airborne oil droplet removal systems in commercial kitchens use electrostatic 

methods to charge, attract, and remove droplets from the air. 

5.1.1.2 Repelling Debris by Sweating, Eluting, and Slipping 

Self-cleaning slippery surfaces shed particles and prevent particle buildup on lubricated surfaces. 

Liquids seep through the surface and cause contaminants to slide off quickly (Figure 5.2). Many practi-

cal examples of lubricated systems remove surface debris as a secondary characteristic: (1) Porous Brass 

Bearings Laden with Oil and Grease: The primary use is in bushings and bearings with a minimal 

supply of lubricant. Articular cartilage and synovial fuid lubricate in similar manners. (2) Porous Air 

Bearings: These are often made of porous graphite pressurized on the backside to push air out through 
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FIGURE 5.1 Operating principles of self-cleaning surfaces. (a) Debris accumulates on ordinary surface, sometimes syn-
ergistically, as with flms and clumps. (b) Debris does not adhere, or surface repels. (c) Outer layer sloughs off to regenerate 

clean surface. (d) Mechanical, fuid-mechanical, and electromechanical forces remove debris. (e) Surface fattens liquid 

droplets. (f) Surface causes accumulated debris to break down. (g) Surface consumes debris. 

FIGURE 5.2 Sweating surface repels fuid to promote self-cleaning. (a) Slippery liquid embedded and eluting from 

micro- and nano-textured porous surface. (b) Slippery liquid pumped through porous surface. 
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the surface. Primary uses are low-friction and high-precision motion control applications. More aggres-
sive approaches design slippery surface behavior as a primary mechanism. 

Embedding slippery liquids in microstructure, nanostructure, and colloidal structure creates omnip-
hobic surfaces [Vogel 2013]. The slippery liquid produces a self-healing effect by fowing into damaged 

regions. A method inspired by Nepenthes pitcher plants is the slippery liquid-infused porous surface 

(SLIPS) [Kim 2012b] [Bohn 2004]. Being slippery has broad applicability to a variety of situations, 

including repelling immiscible liquid droplets [Smith 2013]. 

5.1.2 Mechanical Debris Removal 

5.1.2.1 Self-cleaning by Droplet Control 

Moving liquid droplets along and off surfaces can clean surfaces. Autonomic droplet control is com-

mon in nature. Water rolls off on duck feathers or combined water roll-off and debris removal on 

lotus fowers are examples [Cassie 1944] [Extrand 1995]. Surface tension drives many of the actions. 

Possible droplet movements are creeping, spreading, conglomeration, and roll-off. Bigger drops 

move and creep more readily than smaller ones. Spreading and conglomeration converts drops into 

a flm. Creeping and spreading tend to leave debris adhered to the surface (Figure 5.3). Rolling 

drops clean by picking up debris along the way (Figures 5.4 and 5.5) [Gould 2003] [Barthlott 1997] 

[Solga 2007]. 

FIGURE 5.3 Smooth and/or hydrophilic surface forms droplets that move and merge with other droplets. Creeping 

movement of droplets leaves debris adhered to surface. (Adapted from [Barthlott 1997].) 

FIGURE 5.4 Rolling droplets on roughened and/or superhydrophobic surface pick up debris, often by droplet surface 

adhesion. (Adapted from [Barthlott 1997].) 
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FIGURE 5.5 Dust removal by water droplets rolling down superhydrophobic paint. (From [Solga 2007].) 

Shape affects droplet movement and control. Figure 5.6 shows the general shapes of droplet that form 
on a horizontal surface. A key parameter is the contact angle θ. Fluid-phobic surfaces repel liquid fuids 

and have contact angles θ > 90°. Super fuid-phobic surfaces repel water with contact angles θ > 150°�
and usually have a minimum of line-movement hysteresis. Fluid-philic surfaces attract liquids by wetting 

with contact angles θ < 90°. Super fuid-philic surfaces aggressively attract liquids with contact angles 

θ < 150°. Fluid-specifc terminology uses hydrophobic, superhydrophobic, hydrophilic, and superhydro-

philic for water-sensitive surfaces; oleophobic, superoleophobic, oleophillic, and superoleophillic for 

oil-sensitive surfaces; and omniphobic, superomniphobic, omniphilic, and superomniphilic surfaces act 

on both water and oil-based liquids [Pan 2013]. 

Modeling droplet mechanics from frst principles is diffcult. Simplifed semiempirical methods 

incorporate thermodynamic considerations and feed into models based on Newtonian and continuum 

equilibrium mechanics [Tadmor 2004]. Surface Texture: Smooth, rough, or patterned is a primary 

consideration. The smooth surface is simplest. The model only has to account for intrinsic properties 

of liquid, solid, and air, which are macroscopic manifestations of molecular scale phenomena. Rough 

and patterned surfaces have more complicated interactions. Microstructures with large local curvatures 

FIGURE 5.6 Droplet shapes on horizontal surface. (a) Fluid-philic, θ < 90®. (b) Super fuid-philic, θ < 30®. (c) Fluid-

phobic, θ > 90®. (d) Super fuid-phobic, θ > 150®. 
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FIGURE 5.7 Two-dimensional geometry of solid–liquid–gas interfaces in a droplet resting on a smooth surface. 

introduce behaviors not normally observed in smooth surfaces, that is, super fuid-phobicity, and effects 

that depend on the history of previous droplet movements. 

The interfaces between the gas, liquid, and solid phases dominate droplet mechanics [de Gennes 

1985]. In 3D, the three material phases meet in pairs forming surfaces, that is, solid–gas, solid–liquid, 

and liquid–gas, or as a triplet forming a contact line. Figure 5.7 shows a 2D slice of the droplet 

interface geometry in both fuid-philic and fuid-phobic confgurations. The lines correspond to 

3D surfaces. Figure 5.8 shows the intersection point corresponding to the contact line. The ten-

sion forces acting at the three-phase contact point appear with θ0 = the equilibrium contact angle, 

γSL = solid–liquid tension, γ = gas–liquid tension (aka surface tension), γSV = gas–solid tension, and 

γCL = pinning contact line force. A consideration is whether the contact line is free to move along 

the surface or is pinned in place. Figure 5.8a represents the case of a negligible pinning force γCL. 

Neglecting the pinning force and summing the interface forces for equilibrium in the horizontal 

direction acting at the contact point leads to a static force balance equation, known as the Young 

equation: 

γ + γcosθ = γ  (5.1) SL SV 

Including the pinning contact force leads to a modifcation of the pinning force, as shown in 

Figure 5.8b, with 

γ  = γ + γcosθ − γ  (5.2) CL SL SV 

The pinning force grows to a maximum and then breaks away as the droplet moves. The magnitude of 

the breakaway force often depends on whether the droplet is advancing or receding. 

FIGURE 5.8 Two-dimensional force balance diagram of the solid–liquid–gas interfaces for a droplet. (a) Young’s model 

resting on a smooth surface without contact line forces surface. (b) Inclusion of a pinning contact line force. 
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FIGURE 5.9 Side view of a liquid drop on a tilted plane acted on by gravity and surface tension forces. (Adapted from 

[Extrand 1995].) 

Standard tests to measure droplet wettability, surface absorption, and surface adsorption place 

a droplet of specifed volume on a surface, and observe the resulting geometry, including contact 

angles (Figure 5.9) [ASTM 2008a] [ASTM 2008b]. These experiments fnd that the advancing angle θA 

is usually bigger than the receding angle θR and confrm the presence of a nonzero pinning contact force 

γCL and droplet movement hysteresis (Figure 5.10) [Gao 2008]. 

Droplets move when 

F = Σ Forces inducing movement > Σ Forces resisting movement (5.3) 

The forces driving movement include gravity, fuid drag, inertia, electrostatics, and surface effects. 

Hysteretic fuid–solid contact line effects are primary forces resisting movement. The critical force Fc 

required for the droplet to move depends on how strongly the drop pins to the surface. A semiempirical 

relation for the critical force is as follows [Extrand 1995]: 

FC = γk w(cosθ −R cosθA ) (5.4) 

Here, k is an empirical constant and w is the half-width of droplet footprint. Experiments on circular 

droplets generally confrm the theoretical value of k = 4/π, with droplets of other shapes producing 

similar values. 

An examination of (5.4) indicates possible means of reducing FC and enabling easy roll-off of droplets 

for self-cleaning. Reducing the size of the contact footprint w is a primary factor. The pinning force 

depends on material properties and the length of the wetting perimeter – smaller perimeters correspond 

to smaller net pinning forces. The small wetting perimeters explain much of why droplets on fuid-phobic 

and, even more so, super fuid-phobic surfaces have small net pinning forces and easily rolls off surfaces. 

Reducing the contact line hysteresis, as represented by the difference in θA and θB, is another path to 

promoting droplet roll-off. 

Electronic structure explains many of the mechanisms underlying hydrophilic and hydrophobic sur-

faces at the molecular scale [Azimi 2013]. Materials with surface electrons arrayed so that the OH 

FIGURE 5.10 Geometries of contact lines. (a) Droplet stationary in equilibrium. (b) Droplet advances to the left. 

(c) Droplet recedes to the right. 
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FIGURE 5.11 Two states of a liquid on a rough surface. (a) Wenzel state – the liquid completely wets the surface. 
(b) Cassie–Baxter state – the liquid partially wets the surface with air pockets in the valleys of the rough surface. 

portion of water molecules ft nicely in a coherent polarized arrangement set up a hydrogen bond network 

leading to hydrophilic surface, as in alumina (Al2O3) crystals. Conversely, if the electronic structure pre-

vents attaching the OH legs of water molecules, the surface becomes hydrophobic. Rare earth crystals, 

such as neodymia (Nd2O3), exhibit such hydrophobic behavior. 

Micro- and nanoscale features that roughen surfaces affect wettability [Blossey 2003]. A consid-

eration is whether the droplet completely wets the rough surface and forms the Wenzel state, or only 

partially wets the surface and forms the Cassie–Baxter state (Figure 5.11) [Wenzel 1936] [Cassie 

1944]. The energy level of the Cassie–Baxter state is higher than the Wenzel state. Both states 

are stable with an energy barrier separating the two (Figure 5.12) [Johnson 1964] [Dettre 1964]. 

Transitioning between the Cassie–Baxter and Wenzel states requires energy to break pinned lines 

of contact sitting on the crevice walls to wet the entire microtextured surface. Mechanical forces 

may provide the energy impetus, but other sources, such as electrowetting of saline solutions, also 

work [Heikenfeld 2008]. Moving from the Cassie–Baxter state to the Wenzel state is an irreversible 

process that breaks the pinned contact lines [Ren 2014]. Switching back from the Wenzel state to 

the Cassie–Baxter state is very diffcult and often requires evaporation or boiling to remove liquid 

bound in the crevices. Edge pinning and droplet mobilities are primary macroscopic properties 

resulting from the differences between the Wenzel and Cassie–Baxter models. The Wenzel state 

strongly pins the droplet in place. The Cassie–Baxter state is much more amenable to droplet move-

ment by unpinning followed by creep or roll-off [Lafuma 2003]. 

Some simplifed cases of surface roughness lend themselves to modeling with reasonable quantitative 

results. The Wenzel model begins by considering equilibrium on a smooth surface and a rearranged ver-

sion of Young’s equation (5.5): 

γ − γSV SL 
cosθ =  = A (5.5) 

γ 

FIGURE 5.12 Energy versus wetting confguration of Cassie–Baxter and Wenzel states of liquid on a rough surface. 
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Wettability of a rough surface modifes the roughness ratio r so that 

* cosθ = rA (5.6) 

θ* is the observed contact angle on the rough surface. r is nominally the ratio of the rough sur-

face to smooth surface areas so that r ≥ 1. The case of r = 1 corresponds to a smooth surface. When 

the smooth surface is hydrophilic, then θ < 90° and θ* < θ, that is, roughness enhances wettabil-

ity. Conversely, if the smooth surface is hydrophobic, then θ > 90° and θ* > θ, that is, roughness 

decreases wettability. 

The Cassie–Baxter model assumes that the droplet rests on a surface of two different materials with 

area fractions f1 and f2 such that f1 + f2 = 1 and contact angles θ1 and θ2 [Yoshimitsu 2002]. Energy con-

siderations predict the contact angle θ* to be 

* f1 cos( )1 f2cos( )θ2cosθ =  θ +  (5.7) 

When area 2 is flled with air, a droplet is spherical, and θ2 = π, then 

θ = − + f [1 cos1 + ( )  (5.8) cos  * 1 θ1 ] 

An examination of (5.8) confrms that textured fuid-phobic surfaces in the Cassie–Bassie state with 

π > θ1 > π/2 have increased fuid droplet mobility with increased contact angles, smaller wetting perim-

eters, and reduced pinning. Noting that 0 < f1 ≤ 1 in (5.8) leads to a condition of increased fuid-phobicity 

for the textured state, that is, 

*θ > θ1 (5.9) 

The development of (5.8) applies to both advancing and receding contact angles with the difference 

* * cos( )  ( )θ −R cos θ = f cos1  ( )θ −R cos( )θ  < cos( )θ −R cos( )θA (5.10) A  A  

Comparison of (5.10) with (5.4) leads to the conclusion that the textured-surface Cassie–Baxter state 

has smaller pinning forces than a smooth surface. This may be expected because there is a smaller 

amount of solid surface available for pinning [Quéré 2003]. 

The critical radius above which a drop rolls off is 

 3∆θε2 
1/2 

1Rc = κ− (5.11) 
 4sinα  

Here Δθ and θ are the difference and mean of the advancing and receding contact angles, respectively; 

ϵ = π – θ; α is the tilt angle; ρ is the mass density; γ is the surface tension; g is the acceleration due to 

gravity; and κ−1 is the capillary length = [γ/ρg]1/2 [Callies 2005]. 

The above description of droplet mechanics is largely 2D. Droplets are 3D objects. Interactions 

with solids occur along curved lines. The analysis of 3D droplet movements requires more detailed 

analysis. For example, the maximum volume V of a droplet that rests on an inclined surface without 

moving is 

3/2 3/4 33/2  1/2  
 ρgsinγ   96  (cR cA ) ( + A ) (1− 1.5cA + 0.5cA )− 1 c  

V ~  (5.12)     3/2 9/4 
σ cA + 1 cAπ ( 2) ( − ) 

Here ρ is the density; γ is the inclination angle; σ is the surface tension; cA is the cosine of the advanc-

ing angle of inclination; cR is the cosine of the receding angle of inclination; and g is the acceleration due 

to gravity [Dussan 1985] [Nguyen 1987]. 



   

 

 

 

 
 

 
 

 

 

71 Surfaces: Healing, Sealing, and Cleaning 

5.1.2.2 Hierarchical and Regenerative Fluid-phobic 
and Fluid-philic Surface Structures 

Hierarchical ganging of effects from different length scales creates surfaces with fuid-phobic perfor-

mances superior to those produced by any single effect using. Close-up examinations of superhydropho-

bic materials found in nature, such as the Lotus leaf, fnd hierarchical combinations of nanoscale and 

microscale textures. Experiments with artifcial materials made of similar hierarchical textured arrange-

ments confrm that such geometries do produce super fuid-phobic surfaces (Figure 5.13) [Koch 2009]. 

Combining materials with durable hydrophobic molecular surfaces, such as with a rare earth oxide, 

and then patterning the materials with a suitable fuid-phobic microtexture creates an abrasion-resistant 

hydrophobic surface system [Azimi 2013]. Plants with water-repellant self-cleaning surfaces typically 

use surface regeneration for long-term durability [Neinhuis 1997]. 

Custom hierarchical arrangements of micro- and nanoscale textures produce specialized fuid-phobic 

behaviors. A notable example is when nanoscale texture pins into place a droplet formed by superhydropho-

bic behavior. An example is the rose petal. Like the lotus, the rose petal has a microtexture with superhy-

drophobic behavior. Water droplets form with large contact angles in Cassie–Baxter states. Unlike the lotus, 

droplets pin to the surface of the rose, even when inverted. An explanation of the difference lies in nanotex-

turing of the tips of the microbumps on the rose. The nanotexture on the rose is sharp and pins the droplets 

while the microtexture still promotes Cassie–Baxter droplets [Law 2014]. The reason for roses and lotuses 

to have such different droplet pinning behaviors is not clear, but may lie in a complicated competitive eco-

logical landscape where water droplets on roses attract pollinators on a dry day and lotuses growing in wet 

conditions do not gain such an advantage. Another micro–nano specialization places a polymer layer on top 

of a microroughened fuoropolymer to enhance Cassie–Baxter effects for omni-phobicity [Coulson 2000]. 

A somewhat more complicated situation arises with hairy surfaces and fexible hairs. A droplet inter-

acts with hairs at contact angles of <90°, yet due to the fexing and clumping of the hairs, a large mac-

roscopic contact angle appears. Superhydrophobic hair plant leaves, such as the Lady’s Mantle, use this 

effect [Otten 2004]. These confgurations remove droplets that form by condensation – a microscopically 

driven process that wets most textured superhydrophobic surfaces into the Wenzel state. Water striders 

are insects that can walk on water. Their legs have specialized hairs and hair patterns that remove con-

densed water in a three-step process: (1) Conical hairs collect condensed water into droplets at the tips. 

(2) The water drops defect the hairs to contact neighboring hairs and to conglomerate the drops into 

bigger drops. (3) The arrangement of hairs into anisotropic spiral patterns moves the bigger drops down 

and off the legs [Wang 2015c]. 

The surface textures of many hydrophobic surfaces have spatial pitches on the order of wavelengths of 

visible light. Such surfaces can have bright colors due to optical interference while also being superhy-

drophobic for self-cleaning, as with butterfy wings [Gu 2003]. 

5.1.2.3 Fluid-phobic Applications 

Super fuid-phobic surfaces appear in multiple applications. An example is superhydrophobic coatings on 

solar cells that promote self-cleaning for optical performance [Zhu 2010] [Lin 2016]. A biofuid control 

example is hydrophobic surfaces on engineered nanoparticles that prevent the buildup of tough protein 

FIGURE 5.13 Droplet shape control with smooth, nanostructure, microstructure, and hierarchical superhydrophobic 

surfaces. (From [Koch 2009].) 



 

 

 

72 Self-Healing Structures, Machines, and Systems 

coronas and enable realizing functional properties [Moyano 2014]. Water-repellant organosilane coat-
ings combine antirefectant, wear-resistant, self-cleaning optical coatings [Nair 2014]. 

Much of the above discussion assumes that the super fuid-phobic surfaces behave in a quasi-static 

manner. Droplet dynamics introduce additional behaviors, such as hydrodynamics that favor droplets 

that normally stick to but instead bounce off surfaces [Bird 2013]. 

5.1.2.4 Superhydrophilic Applications and Antifogging Systems 

The buildup of micrometer-scale water droplets that scatter light causes fogging of optical surfaces. 

Evaporation, wiping, and/or merging of droplets are effective defogging. 

Forced evaporation defogs by forced convection of low-humidity air or by effects that alter surface 

temperature. Heating dehumidifes humid ambient air prior to convection. Forced convection of cool air 

cools the surface and alters the dewpoint in a manner that promotes evaporation. Electrical resistance 

heating of the surface with embedded or surface-mounted wires is another option. All three techniques 

are common options for defogging vehicular windshields. 

Merging droplets by hydrophilic effects eliminates fogging. Superhydrophilic coatings aggressively 

wet droplets so that they fatten upon contacting a wetting surface. The fat drops merge with neighboring 

fat drops to form a smooth fuid flm that allows for coherent light image transmission and refection. 

This approach mitigates fogging of optical surfaces by micrometer-scale water droplets, as in antifog-

ging rear-view mirrors in cars. A superhydrophilic method uses a titania surface that activates with 

incident light to free oxygen and leave binding sites for the oxygen in water [Fujishima 2000]. In a time-

dependent process, the binding of water reduces the surface tension contact angles to a nearly perfect 

superhydrophilic state. Surface wetting occurs by growing water droplets that spread over the entire sur-

face (Figure 5.14a). Durability of the hydrophilic surface can be an issue. Many are prone to washing off, 

faking off, scratching, and/or degrading with water absorption. Transparent hydrophilic cross-linked 

polyurethane surfaces resolve many of these issues [Rädisch 1986]. An alternative and potentially more 

durable approach uses a layer of gold nanoparticles sandwiched between two layers of titania [Haechler 

2023]. The nanoparticle density is suffcient to permit electrical conduction by percolation and broad-

band absorption of near-infrared light, but thin enough to be optically transparent to visible light. In 

sunlight, the infrared heats and defogs the glass (Figure 5.14b). 

FIGURE 5.14 Antifogging glass. (a) Superhydrophilic droplet spreading as optical defogging surface. (b) Gold nanopar-

ticle layer absorbs near-infrared light to heat the glass and evaporate moisture. (Adapted from [Haechler 2023].) 
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FIGURE 5.15 Hierarchical surface mimics antifogging capability of insect eye. (a) Uncoated and hydrophobic 
textured PDMS forms micrometer-scale water droplets that scatter light and fog optics. (b) Hierarchical surface of 
textured PDMS coated with hydrophilic SiO2 nanospheres forms transparent non-fogging water layer. (Adapted from 
[Gao 2007].) 

Superhydrophobic surfaces are typically not very effective for optical defogging applications as 
micrometer-scale fog droplets foul and prevent droplet roll-off. A biomimetic mosquito-eye-inspired 
workaround combines texturing at nano- and microscales to prevent fogging fouling of superhydropho-
bic surfaces (Figure 5.15) [Gao 2007]. 

5.1.2.5 Switching and Patterned Super Fluid-phobic 
and Super Fluid-philic Systems 

Actuating hierarchical texture switches between hydrophilic and hydrophobic states. An example is 
stearic acid atoms that are hydrophobic on one end and hydrophilic on the other end. Electrically 
stimulating copper surfaces immersed in stearic acid forms fower-like hierarchical micro- and nano-

structures and creates a superhydrophobic surface, with the hydrophobic tails pointing outward [Wang 

2013c]. Thermal annealing reverses the effect and causes the surface to become superhydrophilic. 

Reapplying stearic acid converts the surface back into a superhydrophobic state. Placing and then 

removing ink from titania nanopillar arrays produces similar switchable wetting behavior [Lai 2013]. 

Elastomeric materials with microtextured surfaces switch between phobic and philic states, and from 

optically opaque to transparent, by gross mechanical deformations that alter the pitch distances and 

fuid inflling of surface details [Yao 2013]. Rapid and spatially patterned switching is possible. The 

reversible switching of fat thin flms of ZnO, TiO2, and photochromic azobenzene from hydrophobic 

to superhydrophilic with UV illumination opens additional possibilities for hierarchical texturing and 

patterning [Sun 2001] [Liu 2004] [Ichimura 2000]. 

Patterning a surface with patches of fuid-philic and fuid-phobic regions creates a material with prop-

erties capable of spatially controlling fuid droplet formation and movement. One effect found in nature 

is the harvesting of water from morning fog by the desert-living Namib beetle. Small superhydrophilic 

patches collect and pin small airborne water droplets. The pinned microdroplets are points of coales-

cence for more droplets and grow into larger droplets. As the droplets grow, the boundary moves into a 

superhydrophobic region. Upon reaching a critical size, the droplet mobilizes and rolls off the surface 
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FIGURE 5.16 Patterned superhydrophobic and superhydrophilic surface harvests water drops from the atmosphere. 
(a) Patterned surface in humid air. (b) Droplets form at superhydrophilic patches. (c) Droplets grow. (d) Droplets grow, roll 
off, and grow while rolling. 

and into the beetle’s mouth. Artifcial materials patterned with fuid-phobic and fuid-philic regions 

provide a variety of means of droplet control, ranging from channels, roll-off, and mixing (Figure 

5.16) [Zhai 2006] [Feng 2015]. Impregnating the surface with a lubricant promotes the roll-off of small 

(100 μm) droplets that form by condensation [Anand 2012]. 

5.1.2.6 Active Mechanical and Electrodynamic Debris Removal 

Surfaces self-clean with mechanical motions and electrodynamic actions that propel debris along and 

away from the surface. At the molecular length scale, functionalized surfaces dislodge and push debris 

away from the surface with active structures, such as polymer brushes (Figure 5.17) [LeMieux 2007]. 

At the meso length scale, synchronized wave motions of actuated synthetic cilia readily move particles 

[Masoud 2011]. 

Mechanically active surfaces manipulate multiple fuid phases to produce useful damage mitigation. 

One example is the trapping of a thin layer of air or vapor in a Cassie–Baxter state on superhydrophobic 

surfaces. The thin layer prevents deleterious effects of direct liquid contact, such as excessive heat trans-

fer due to boiling [Vakarelski 2012]. 

Electrostatic and electrodynamic forces propel particles along and off surfaces. Charged surfaces 

projecting electrostatic felds repel like-charged and attract opposite-charged dust particles. Simple 

electrostatic repulsion is largely ineffective due to practical issues, including the need for particle 
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FIGURE 5.17 Temperature-sensitive active molecular brushes with potential to dislodge and push debris away from 
a functionalized self-cleaning surface. (Reprinted with permission from [LeMieux 2007]. Copyright 2007, American 

Chemical Society.) 

removal, not just repulsion. Properly timed relatively low-frequency (~60 Hz) quasi-static electric 
felds confgured to act as traveling waves repel and move particles to desired locations. Early appli-

cations of quasi-static electrodynamic effects removed charged airborne particles with traveling 

waves [Masuda 1973]. Later applications extend the technique to self-cleaning surfaces [Mazumder 

2005] [Mazumder 2007]. An issue is that most dust particles are only lightly charged and do not 

react strongly to electric felds. Slight dragging motions of dielectric particles along the surface 

introduces additional static electric charges by dielectrophoretic-triboelectrifcation. Similarly, 

induction–triboelectrifcation adds charges to conductive particles. The result is a positive feedback 

cycle that favors electrodynamic particle motions. A three-phase coordination of electrostatic waves is 

convenient for moving electrically charged dust particles across a surface, along with meshing nicely 

into standard three-phase power supplies (Figure 5.18). Estimated power requirements for solar panel 

cleaning operations run in the range of 10 W/m2. Combining superhydrophobic surface textures with 

controlled electric felds offers the possibility of enhanced control of droplet motions. 

FIGURE 5.18 Three-phase traveling wave quasi-static electric felds propel charged particles along a surface. 
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Traveling elastic waves produce surface motions that jostle particles sitting on the surface and pro-
pel them somewhat randomly from locations with large surface motions to quieter locations with rela-
tively small motions. Sand placed on a plate vibrating in resonance with a mode shape forms distinctive 
Chladni patterns that follow nodal lines with minimal modal motion. Traveling elastic surface waves 
produce a similar effect by propelling the particles along the direction of the wave propagation [Bar 
2012] [Kalkowski 2015]. 

A thermomechanical combined effect reduces the fouling of surfaces by condensation. Liquid droplets 
jump from the surface due to the conversion of excess thermal surface energy and then minimize the 
return of the droplets to the surface [Miljkovic 2013]. 

Surfaces can use fuid in active fows to remove debris. A diffculty is that steady fows build up bound-

ary layers which do not exert much shear at the surface for debris removal. Flow past macroscale features 

generates vortices that swirl and impact the surfaces to lift and propel debris [Slocum 2013]. 

5.1.2.7 Debris Breakdown and Consumption 

Active surfaces break down the chemistry of accumulated debris with catalytic and photocatalytic 

processes. Many materials are in a high-energy state, yet are nominally stable due to energy bar-

riers (Figure 5.19a). Catalysts sidestep the barriers, destabilize the chemical confgurations, and enable 

the material to move to a lower energy state with a different chemical state (Figure 5.19b). Nonetheless, 

catalytic processes are energy and material neutral. They need no additional energy to proceed and then 

leave the catalyst unaltered at the end of the process. Some catalysts, such as platinum, act on a wide 

variety of chemical species. Others are more specialized. 

Photocatalytic cleaning uses energy harvested from incident photons as a driver for cleaning 

favored chemical reactions (Figure 5.19c). The necessary ingredients are as follows: (1) Surface debris 

is amenable to photocatalytic breakdown, that is, many organic chemicals. (2) Surface contains pho-

tocatalysts. (3) Light energy is available. (4) Contaminant material breaks down under the action of 

photogenerated chemicals. The primary mechanism of photocatalysis is to split water molecules into 

a higher energy state of molecular hydrogen and atomic oxygen using energy from an incident photon 

with suffcient energy, usually in the UV range [Fujishima 1972]. Atomic oxygen being a strong oxi-

dizer breaks down many organic compounds, along with inorganic compounds, such as nitric oxide 

[Hüsken 2009]. Stains, oil-spills, dangerous organic chemicals, microbes, and the like fade away when 

attacked by atomic oxygen. 

Titania (TiO2), usually in the anatase crystal form, is the most common photocatalytic sub-

stance, but others, such as polyoxometalates, the semiconductors TiO2, SnO2, WO3, ZnO, CdS, 

ZnS, SrTiO3, and Fe2O3 are viable photocatalyzers [Kim 2004a] [Luo 2001]. Hybrid nanoclusters 

of MoS2, WS2, or gold nanoparticles with TiO2 enhance performance, such as extending the useful 

input light from UV into the visible range [Ho 2004] [Subramanian 2004] [Li 2001] [Lorret 2009]. 

2-Anthraquinone carboxylic acid has potential for facile insertion into cotton cloth that promotes 

the photoinduced production of reactive oxygen species and hydrogen peroxide from water [Liu 

2011a]. The most effective light wavelengths are usually the ultraviolet components of sunlight with 

wavelengths less than 400 nm for neap titania, and visible light for chemically modifed variants 

[Yuranova 2007]. 

Geometric packaging is an important concern for titania-based photocatalytic self-cleaning systems. 

A submicrometer size is good for titania particles to interact with material and to absorb light. Favorable 

FIGURE 5.19 Energy diagrams for material stability and degradation. (a) Stable material – potential barrier stabilizes 

system in high-energy state. (b) Catalytic degradation – catalyst provides path from high-energy state to low-energy state. 

(c) Photocatalytic degradation – photocatalyst provides energy to overcome potential barrier with move to low-energy state. 
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spatial distributions are near to the surface for absorbing the light, yet at a suffcient depth to be protected 

from wear and abrasion or distributed throughout the outer depths to achieve a regenerative capability 

with surface wear. The placement of titania in carbon nanotubes improves the packaging in cotton and 

clothing with organic stain-cleaning and antimicrobial capabilities [Qi 2006] [Lee 2004b]. Placement of 

titania on the outer surface of glass requires provisions for preventing sodium in the glass from interact-

ing with and fouling the titania [Greenberg 2000]. Titania photoinduced superhydrophilic wetting may 

occur simultaneously with titania photocatalysis used in self-cleaning surfaces. 

An example is the breakdown of organophosphorous pesticides on clothing with an embedded organo-

phosphorous hydrolase (OPH) enzyme. While simple in principle, the technique requires careful packag-

ing for the enzyme to stick to the cloth, survive through repeated wet–dry cycles, and remain active. A 

viable technique is with polyelectrolyte multilayers (PEMs) that encapsulate the OPH with a polystyrene 

sulfonate layer acting as a frst layer primer [Singh 2004]. Another possibility is a Cu-containing catalyst 

attached to single-wall carbon nanotubes to promote breakdown [Bailey 2014]. 

5.1.2.8 Surface Anti-icing Systems 

Operating machinery in subfreezing water-laden atmospheric conditions runs the risk of icing external 

surfaces. The mechanics of ice buildup on surfaces are complicated. Icing is a combination of water 

impact, subfreezing temperatures, and nucleation sites. Active anti-icing prevents and removes ice 

buildup. 

Bare hydrophobic surfaces repel liquid water and are effective for anti-icing due to supercooled liq-

uid water droplets, as in freezing rain [Mishchenko 2010]. Once ice forms on the surface, the texture 

changes and hydrophobic properties degrade. Ice formation requires a nucleation site. The critical radius 

for nucleation is on the order of 22 nm, which lies below the range of many superhydrophobic coating 

textures (Figure 5.20) [Cao 2009]. Hierarchical micro–nano textures effectively blunt the growth of ice 

through a combination of minimizing nucleation sites and the insulating effect of air trapped within the 

textured surface [Shen 2015]. The effect is strongest at moderate supercooled temperatures and mostly 

disappears when near to the homogeneous nucleation temperature [Alizadeh 2012]. 

FIGURE 5.20 Superhydrophobic anti-icing coating performance. (Reprinted with permission from [Cao 2009]. 

Copyright 2009, American Chemical Society.) 
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Methods of reducing existing ice built up on external surfaces: 

1. Mechanical: Flexing of a surface breaks off ice buildup. Infatable and deformable surfaces on 

the leading edges of airplane wings fex to break off ice buildup. 

2. Application of Deicing Chemicals: Halite and brine are roadway deicers. 

3. Thermal Melting: Concrete and composites with conductive fbers that produce electrical resis-

tance Joule heating melt ice on the surface [Chung 2004b] [Tuan 2008]. 

4. Change Atmospheric Conditions: Move the system to more favorable conditions, such as chang-

ing the elevation of an airplane, or cycling through a defrosting cycle in a refrigerator freezer. 

5. Slippery Surfaces: Slippery fuid-infused surfaces provide anti-icing functionality. Slippery liq-

uids need to remain liquid at subfreezing temperatures to mitigate icing [Subramanyam 2013]. 

Hydrophilic behavior, such as produced by a conjugate of poly(acrylic acid)–dopamine or 

water–glycerin mixtures, produces a slippery surface at subfreezing temperatures [Chen 2015a]. 

Sublimation from solid carbon dioxide (dry ice) avoids freezing of the fuid [Antonini 2013]. 

Applications of autonomous self-deicing systems include airplane deicing systems, frost-free refriger-

ators, windmill blades, overhead electric power lines, ships at sea, and automated bridge deck anti-icing 

systems. During winter weather, highway bridge decks can ice up before the approaching roadways, 

leading to treacherous driving conditions. Deicing salts are expensive, environmentally hazardous, pro-

mote corrosion, and require timely application. Self-deicing bridge decks are an attractive alternative, 

with Joule heating of specialized conductive concretes [Tuan 2008]. 

5.1.3 Self-healing Self-cleaning Surfaces 

Self-cleaning surfaces, especially those that rely on surface texture, are vulnerable to damage. Self-

healing of self-cleaning surfaces is the remedy. Replenishment of hydrophobic behavior brings active 

surfaces up from underneath as the top surface wears. For example, methacrylate-terminated dangling 

chains of perfuorinated poly(ethylene glycol diacrylate) replenishes hydrophobic functionality following 

wear of the top surface layers [Zhang 2015f]. 

Colloidal particles migrate to liquid–gas surfaces to produce a superhydrophobic surface upon cooling 

and solidifcation. When damaged by scratching and scraping, remelting allows more of the colloidal 

particles to migrate and heal the superhydrophobic surface (Figure 5.21). Perfuorinated wax with silane-

modifed silica particles exhibits this behavior [Puretskiy 2012]. 

FIGURE 5.21 Migration of particles to colloidal surfaces creates a self-healing superhydrophobic surface. (Reprinted 

with permission from [Puretskiy 2012]. Copyright 2012, American Chemical Society.) 
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5.2 Surface Crack, Scratch, Puncture, and Gouge Repair 

Cracks, punctures, and scratches are common forms of surface damage that affect both aesthetics and 
functional performance of structural elements. The techniques available for surface self-repair are well-
developed for organic coatings, primarily due to the relative ease of activation [García 2011]. Inorganic 
surface materials, that is, metals and ceramics, are more diffcult to activate and have more limited 

choices for self-repair. 

5.2.1 Material Remodeling 

Polyurethanes are a versatile family of tough organic polymers with a wide range of functionalities. 

Much of the original discovery of useful polyurethane compounds was empirical. More recent devel-

opments use molecular and nanostructure analysis. Surface coatings made of functionalized poly-

urethane compounds self-repair from small scratches and punctures through a remodeling process 

where the molecular structure of damaged material induces refow to fll the defect. Patent literature 

dating back to the 1980s discloses how to make scratch-healing polyurethanes, but it does not disclose 

the underlying healing mechanisms [Orain 1980] [Musil 1987]. More recent efforts using molecular 

designs achieve superior healing performance with complete scratch-healing at room temperature in 

2 hours (Figure 5.22). 

Microencapsulated liquid healing systems located near the surface provide an opportunity of 

self-healing. Surface damage ruptures the microcapsules and initiates a healing reaction. Size and 

placement of the capsules, along with chemical durability and timely activation, are key design 

challenges. Thin surface coatings increase the effective parasitic size of the capsules. Harsh envi-

ronmental loadings, including temperature swings and UV radiation while waiting for the time 

of repair, challenge the use of microencapsulated self-healing systems. Several systems provide 

surface self-repair with microencapsulated healing liquids, including two-part siloxane systems 

[Braun 2010]. 

Additional heterogeneous material techniques combine the strengths of the individual components, 

such as crack-healing capabilities of thermoplastics and load-bearing capacity and shape-recovery capa-

bilities of thermosets. A phase-separated mix of 10–30% crack-healing thermoplastic polycaprolactone 

inside a matrix of shape-recovery thermoset polyurethane produces a durable wood coating system [Ou 

2014]. The phase separation occurs during an initial reaction process and produces separate components 

with submicrometer dimensions for the material to be transparent. Adding clay nanoparticles toughens 

the thermoplastic. 

Polymer networks, such as cross-linking of poly(vinyl butyral) and hexamethylene diisocyanate, 

recover from surface scratches by a combination of solvent and thermal shape memory effects [Bai 

2014b]. The underlying mechanism is that the network of polymers retains a memory of the original 

unscratched profle to guide the reconstruction of a smooth surface. Similarly, the introduction of 

FIGURE 5.22 Polyurethane scratch-healing at room temperature in 2 hours using formulation based on a heterogeneous 

structure with soft segments containing polytetramethylene ether glycol and hard segments containing isophorone diiso-

cyanate. (From [Kim 2018].) 
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poly(aryl ether ketone) (12F-PEK) into epoxy resin produces a material that recovers from scratches, 
with the underlying mechanism presumably explained by the 12F-PEK competing with the epoxy for 
cross-linking sites at proportions that promote scratch-healing action [Brostow 2002]. 

5.2.2 Passivation and Accretion Healing of Damaged Surfaces 

The deposition of material from a fuid onto surfaces can fll, seal, and heal damage. Such deposition 

processes are often entropy-driven, self-limiting, and require the following: 

1. Fluid in contact with the damaged surface 

2. Material in fuid with suffcient mobility for deposition onto surface 

3. Thermodynamic processes that favor deposition or reaction onto damaged area 

4. Limiting process that prevents excessive accumulation. 

Passivation results from chemical deposition of a durable barrier on the outside of a solid (Figure 5.23). 

The outer molecular layers of the solid react with the fuid. The reaction products form an impermeable 

barrier that protects the solid from further penetration. An example is the corrosion-preventing alu-

mina (Al2O3) layer that forms on the outside of solid aluminum. Damage, such as scratches and gouges, 

expose pure aluminum which quickly initiates a new passivation reaction and heals the barrier. Titanium 

exhibits similar behavior. Passivation tends to be moderately robust and active only in specifc ranges of 

temperatures and chemistry. Other metals, such as plain steel, may or may not form an impermeable bar-

rier to corrosion. “Black rust” in the form of Fe3O4 exhibits anticorrosion behavior, while “brown rust” 

in the form of Fe2O3 does not. Aggressive environments, such as saline water, break down nominally 

impermeable oxidation corrosion barriers. 

Situations that promote the swelling of the top surface layer seal and close tight cracks and 

small punctures. The uptake of environmental material promotes the top surface layer swelling. 

A high-temperature application of the technique is spray-on ceramic coatings that protect steel 

from harsh thermal loading, such as is needed in a nuclear fusion reactor [Gao 2010a]. Multilayer 

coatings of TiC + mixture (TiC/Al2O3) + Al2O3 plasma-sprayed on martensitic steel have oxida-

tion-induced swelling in the TiC layer. This swelling produces an overall healing response in a 

coating system that survives 50 thermal cycles, or more, at over 800°C with minimal damage, not 

even pinholes. 

There are fortuitous situations where passivation acts favorably in aggressive environments, such as 

high-temperature refractory materials that self-heal by surface remodeling. For example, AlN, CaO, 

or Y2O3 acts as self-healing electrical insulators in liquid-lithium-cooled fusion reactor wall blankets, 

with operating temperatures ranging up to 500°C [Gohar 1995]. Similarly, thermodynamics favors the 

formation of an electrically insulating barrier on V–Cr–Ti alloys from calcium dissolved in the lithium. 

A damaged barrier reforms autonomically [Park 1996] [Park 2003b]. 

FIGURE 5.23 Oxidation of metal creates impermeable passivating layer that prevents further oxidation. (a) Metal (M) 

surface in the presence of oxygen (O2) and water (H2O) is prone to oxidation and damage that penetrates into the solid. 

(b) Metal oxidizes to form passivating impenetrable metal oxide (MO) layer. 
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Surfactants, that is, surface-active agents, are molecular structures that cling to surfaces and pro-
vide functionality, usually to reduce surface tension, often with molecules that are hydrophobic at 
one end and hydrophilic at the other end. Surfactants deposit from a bulk fuid onto either a fuid– 

solid or fuid–fuid interface. Surfactants are ubiquitous in everyday life and appear in consumer 

products such as soaps, detergents, and cosmetics. Many surfactants spread and cover broad surface 

areas, sometimes with long-range organized structures, such as micellar crystal layers. When dam-

aged or disrupted, the surfactant layers reconstruct through entropy-driven deposition from the bulk 

fuid, sometimes at a fast rate. Measured timescales of the reconstruction of micellar surfactant crys-

tals are on the order of 6 ms. A hypothesis is that surface molecular distribution drives high-speed 

reconstruction rather than bulk fuid deposition [Schniepp 2006]. Lipids are a subset of surfactants 

based on naturally occurring fats and waxes. Lipids form bilayers of hydrophilic ends on the outside 

and hydrophobic ends on the inside that exhibit robust healing of scratches by entropy-driven deposi-

tion [Creczynski 2009]. 

5.3 Surface Texture, Shape, and Reflow Repair 

5.3.1 Surface Texture Control 

Surface texture is an important functional property. Some surfaces should be smooth, others rough, and 

others patterned. Mechanical loading wear and chemical erosion degrades surface texture. 

Electromigration smooths wrinkled metallic surfaces by the forced movement of atoms due to 

momentum transfer from the wind of fowing electrons. High current densities, weak metallic bond-

ing (as in aluminum versus copper), and other available energy sources (heat, surface, and elastic) 

promote electromigration. Electromigration normally moves only small amounts of material but is 

a major source of failures in microelectronic circuits [Ho 2022]. Surface smoothing comes from 

disrupting the Asaro–Tiller–Grinfeld (ATG) instability that occurs when elastic strain energy and 

surface energy compete to form wrinkles as a preferred low-energy state. In a somewhat unusual 

role, electromigration is benefcial and disrupts the destabilizing competition to heal and smooth 

the surface [Tomar 2008]. 

5.3.2 Surface Reflow Repair 

Many surfaces are active, with material that fows, that is, refows, along the surface. Surface refow 

healing requires the following: 

1. Surplus material that fows to the damage without jeopardizing integrity of undamaged regions. 

2. Forces that drive material to fow across the damaged region. 

3. A templating or shape memory action that guides the refow to form a smooth surface. 

Shape memory drives many polymer-based repairs. Pinholes produced by mechanical puncturing 

leave residual stresses that drive and guide refow sealing of the pinhole damage. A simple version 

is stress relaxation that moves the walls to close the hole. Some crystalline polymers exhibit this 

behavior, possibly because the crystalline structure contains a templated memory of pre-damaged 

confgurations. Raising to elevated, but submelting, temperatures relaxes the prestress left by a 

puncture pinhole to close holes in crystalline photografted polyethylene-g-poly(hexyl methacry-

late) [Shimada 2004]. An empirical three-term exponential relaxation relation describes the hole 

closure: 

S t( )   t   t   t  
= A exp − A exp − A exp − (5.13) vf   + f   + s  S 0( )   Bvf   Bf   Bs  
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FIGURE 5.24 Time evolution photographs of the shape of a pinhole closed by shape memory recovery in PE-g-PHMA 
(GR 61%) at 335 K. (From [Shimada 2004].) 

Here S(t) is the area of the hole as a function of time; Avf and Bvf, Af and Bf, and As and Bs represent 
the very fast, fast, and slow relaxation constants, respectively (Figure 5.24). 

Some variants of polyurethanes heal surface scratches by a mechanism attributed to molecule 
slippage. Adjusting the mix and measuring the damping factor, tan(δ), while the curing polymer is 
in the glass transition region tunes the scratch-healing action [Ho 1998] [González 2011]. Damping 
factor values less than 0.4 correspond to materials that do not self-heal scratches. Materials with 
larger damping factors, a value between 0.7 and 0.9 being optimal, self-heal. Higher damping val-
ues correspond to more rapid healing, but the material may be too soft and prone to scratching. 
Presumably, the same molecular slippage behavior gives rise to self-healing, softness, and larger 
damping values. Similarly, adding ionic liquid to an epoxy mix creates a material that is softer and 
more prone to scratching. When scratched, the ionic-liquid-modifed epoxy refows back to form 

a smooth surface, while the neat epoxy being initially more diffcult to scratch does not heal and 

remains scratched [Saurín 2015]. 

5.3.2.1 Molecular Scale Surface Reflow 

Molecular monolayers and bilayers heal scratches by entropy-driven reformulations of the surface. The 

process is sensitive to the relative entropies of the coating and substrate. Octadecylphosphonic acid self-

assembled monolayers built with a drip coating method heal scratches from an atomic force microscope, 

but do not heal when created by crystal melting [Neves 2001]. 

5.3.2.2 Micro- and Nanoscale Surface Reflow 

Colloidal hydrogels formed on surfaces as thin film assemblies of submicrometer-scale gel par-

ticles undergo an initial fabrication step with entropy-driven self-limiting processes placing the gel 

particles in a smooth tightly packed surface-covering configuration. These hydrogels are normally 

soft and susceptible to mechanical damage. Changing the environment, such as adding water, 

reactivates forces that drive the gel particles so that they reflow back into a smooth surface con-

figuration [South 2010]. 

Preloading microcapsules of healing liquids into paints and surface coatings facilitates recoating and 

healing of scratches, prevents corrosion, and inhibits biofouling [Sarangapani 2007] [Samadzadeh 2010] 

[Sauvant 2008]. 



 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

83 Surfaces: Healing, Sealing, and Cleaning 

5.4 Active Anticorrosion and Antioxidation Coatings 

Oxidation and related electrochemical processes corrode metals. Corrosion transfers electrons from the 
metal to oxygen which induces ionic bonds that form metal oxides. Electrical conductivity of the metal 
is essential to the process, as it allows long-distance transfers of electrons. Uninterrupted, the fow of 

electrons leads to progressively larger amounts of corrosion. Impeding the fow of electrons impedes 

corrosion. The electrical fow can serve as trigger and power source for smart anticorrosion coatings that 

act only when corrosion is active. 

Some key issues to consider for mitigation and healing of corrosion: 

1. Corrosion is not a single process: Corrosion is a family of related processes that cause damage 

by oxidation. 

2. Oxidation is a thermodynamically favored state for metals: Oxidizing metals lowers the free 

energy. 

3. Various corrosion processes differ in complexity, aggressiveness, and mitigation techniques. 

4. Corrosion processes require multiple conditions to be in place for the process to move forward. 

5. Interventions stop corrosion at an early stage and prevent major damage. 

5.4.1 Physical and Electrochemical Corrosion Protection 

Electrochemical reactions comingle electromotive forces, electrically conductive paths, and fuid-borne 

mobile ions, often in competing and/or cooperating combinations. While some electrochemical reactions 

drive toward corrosion damage, others, such as cathodic protection (CP), mitigate and even heal damage 

[Perez 2004]. Passive CP methods use sacrifcial metals, such as zinc, to drive the reaction. Sacrifcial 

anode methods can be autonomous but require periodic replenishment of the sacrifcial material. Active 

CP methods use external electric power to drive the benefcial reactions. 

The controller for active CP must compensate for nonlinear percolative aspects of corrosion, espe-

cially when protecting surfaces on subsurface structures, such as steel pipes buried underground or 

steel reinforcing bars in concrete. The system may initially lack conductive paths and require high 

voltages and low currents to percolate the system. The applied voltage drives changes in the electro-

chemical structure of the system to create conductive paths, eventually leading to a percolated state 

with dramatic drops in electrical resistance and the ability to sustain a healthy corrosion-free state 

with lower voltages and currents. Excess currents produce hydrogen, which embrittles steel and can be 

an explosion hazard in confned environments. Pulsed current methods using square waves with duty 

cycles on the order of 50% and frequencies in the kilohertz range may be more effective at achieving 

the low-resistance conduction paths while avoiding deleterious side effects of continuous-current CP 

[Koleva 2009]. 

For CP in concrete applications, specialized conductive admixtures provide a conductive path without 

the need for a percolating break-in period [Yehia 2010]. Less common, but still useful, are a similar 

set of electrophoretic processes where mobile dipoles replace mobile ions. Retroft implementations of 

cathodic protection typically occur following severe corrosion. Including cathodic protection into the 

repair is often expedient, especially for aggressive corrosion environments, such as in fber-reinforced 

polymer wraps that reinforce underwater concrete columns [Sen 2010]. 

Electrical antiscaling devices for water pipes prevent the buildup of calcium carbonate and similar 

materials on the inside of water pipes. Scale buildup is a chemical precipitation process. Calcium and 

carbonate ions dissolved at unsaturated concentrations bond and adhere to existing scale layers on the 

pipe surface. Applied electromagnetic forces disrupt scale buildup by agitating the water-borne calcium 

and carbonate ions, breaking them free from surrounding water molecules, and enabling the formation 

of molecular calcium carbonate that is free and not bound to the pipe surface. Flushing of water removes 

the calcium carbonate from the system. Tuning and then varying the frequency and amplitude of the 

electromagnetic feld is often effective [Jefferson 1998]. 
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5.4.1.1 Physical Separation Barriers 

Epoxy coatings form tough physical separation barriers to protect steel from corrosive environments. 
Additives, such as alkoxy silanes, formulate an epoxy anticorrosion coating that is both hydrophobic and 
capable of refow self-repair of scratch damage [Shah 2008]. 

5.4.1.2 Enhanced and Active Passivation Barriers 

Releasing and electrochemically activating passivating reagents enhances passivation as corrosion initi-

ates. Conductive polymers have a potential role in this regard since they combine polymer and electro-

chemical functionality. Polyaniline in inherently conducting polymer flms releases benefcial anions 

when a breach in the coating causes it to become a cathode on aluminum [Kendig 2003] [Wessling 

1996]. Polyaniline doped with phosphonic acid forms a passivating iron-dopant salt barrier on the sur-

face of mild steels [Kinlen 2002]. Double-stranded polyaniline molecular complexes of noncovalently 

bound side-by-side pairing of polyaniline and a polyanion is electrically conductive, electrochemically 

anodic with respect to aluminum with layering that promotes oxidation passivation of aluminum sur-

faces [Racicot 1997]. 

Aggressive environments, such as those prone to saltwater spray, easily overcome oxide passivation 

in aluminum. More effective are multilayer and multicomponent active protective coatings. One system 

begins with surface mechanical attrition (SMAT) to harden the surface of the aluminum leaving it in a 

dense nanocrystalline state, followed by placing an outer microarc oxidation coating (MAC) [Wen 2011]. 

An aggressive environment may breach the outer MAC layer to expose the underlying SMAT layer. The 

edges of the SMAT and MAC layers interact to form a resilient oxide layer on top of the SMAT, which 

heals the system and impedes further corrosion (Figure 5.25). An alternative uses anodic porous alumina 

as a base layer on top of aluminum followed by an outer layer of zinc, aluminum-containing layered 

double hydroxide (ZnAl-LDH) flm grown in situ. This active coating heals scratches and gouges, even 

in a saline environment. A dissolution/recrystallization mechanism leaches ZnAl-LDH out of the neigh-

boring healthy crystals and grows new crystals onto the bare aluminum (Figure 5.26) [Yan 2013]. 

Functionalized surfaces inhibit corrosion. Many of these surfaces release a chemical inhibitor upon 

receiving a corrosion signal. Mechanical damage that exposes bare metal triggers the inhibitor to leach 

out of the coating onto the bare metal region, and then bind to form a healed impermeable barrier. 

Electrochemical processes induced by the bare surface drive the binding process, along with covering 

and completely healing the damage. Some schemes are as follows: 

1. Chromate-laced Coatings: Chromates are excellent corrosion inhibitors, even when applied 

with nanometer-scale thicknesses, but are environmentally toxic [Buchheit 2003]. 

2. Chromate-free Environment-friendly: Sol–gel-covered porous titania layer loaded with cerium 

nitrate and benzotriazole corrosion inhibitors to protect titanium [Lamaka 2007]. 

FIGURE 5.25 SMAT and MAC form active anticorrosion surface on 2024 aluminum immersed in 3.5% NaCl solution. 

(From [Wen 2011].) 
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FIGURE 5.26 Dissolution/recrystallization anticorrosion self-healing mechanism where ZnAl-LDH leaches out of the 
neighboring healthy crystals in a saline environment and grows new crystals onto the bare aluminum. (From [Yan 2013].) 

3. Micrometer-scale Cage-like Particles: Cages hold anticorrosion particles in reserve as part of a 
protective layer. Damage to the outer layer causes the particles to swell and open the cage pores, 
thereby releasing the anticorrosion particles, which deposit on the metallic object and form a 
new protective layer [He 2009]. 

4. Coated Steel: First with a layer of Al-Zn followed by second layer of phosphoric acid salt laden 
into an insoluble chromic organic coating [Matsuzaki 2003]. 

5. Magnesium and Vanadium Oxide: Nanometer-thick coatings form nanoscale fowering crys-

tals that heal pitting damage and restore corrosion resistance [Hamdy 2011]. 
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6. Linseed Oil: Embedded into paint is a coating repair and anticorrosion palliative [Suryanarayana 
2008] [Jadhav 2010]. 

7. Embedded Frangible Microcapsules: Microencapsulated corrosion inhibitor is an alternative to 
leaching with potential stabilization and release control capabilities [Bailin 1987] [Mehta 2009]. 

8. Alterations in the Electrochemical Environment: Shift in pH to corrosion-initiating values 
(high or low, depending on the details of the specifc corrosion environment) trigger the release 

of corrosion inhibitors. 

a. Molybdate-doped Polypyrrole Polymer Coatings: Inhibit corrosion in iron by releasing 

anions. The polymer oxidizes and the local pH moves to higher values. The release rate 

is reactive, that is, greater levels of corrosion lead to larger levels of release and corrosion 

inhibition [Paliwoda 2005] [Kowalski 2010]. 

b. Nanosized Molybdate Pillared Hydrotalcite: (HT-MoO42−)/ZnO incorporates composite 

(HTMZ) for protecting Mg–Li alloys. The ZnO promotes molybdate aggradation on alloy 

surface [Yu 2008]. 

c. Multilayer Stack: Built on sonicated aluminum surface, it forms a fresh oxide that facili-

tates top-layer binding of polyelectrolytes stack laden with corrosion inhibitors and a sol– 

gel top coating [Andreeva 2008]. 

d. Mesoporous Silica Microcontainers: Loaded with corrosion inhibitor benzotriazole and 

surrounded and plugged by pH-sensitive polystyrene sulfonate/benzotriazole for corro-

sion-initiated release that protects 2024 aluminum [Grigoriev 2009]. 

e. Chitosan Layer: Interacts synergistically for the release of embedded cerium nitrate to 

form self-healing anticorrosion coating system for aluminum [Carneiro 2012]. 

9. Chemical Conversion: Forms coatings directly on the surface of metals, some have excel-

lent anticorrosion properties. Silicate conversion coatings, often with additives, such as cerium 

nitrate, placed on top of zinc galvanic protection layers on iron and steel self-repair scratch 

damage by a lateral migration process, as shown in Figure 5.27 [Aramaki 2002] [Yuan 2011]. 

Primers loaded with magnesium protect aluminum in a two-stage process, frst with cathodic 

polarization and then with the formation of a porous magnesium oxide layer, driven by the 

leaching of material from the neighboring intact layer [Battocchi 2006]. Continuum-based 

fnite element methods are effective at modeling chemical transport and coating buildup related 

to corrosion protection, even in crevices [Wang 2004a]. 

FIGURE 5.27 Active anticorrosion barrier. (a) Coating forms a barrier to block aggressive environment from reaching 

metal surface. (b) Damage breaches protective barrier and exposes bare metal to aggressive environment. (c) Anticorrosion 

compounds leach out of coating, bind to bare metal, and regenerate barrier. (Adapted from [Yuan 2011].) 
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Oxidation also attacks nonmetallic materials such as semiconductors. Diamond oxidizes at high tem-
peratures (~1,000°C). Boron carbide coatings block the oxidation and self-heal by fuidic fow to fll pin-

holes and improve overall compressive strength of diamond [Sun 2016]. This may be superior to boron 

doping, which also limits oxidation, but distorts the crystal lattice of the diamond. 

5.5 Lubrication and Wear 

Smooth-running long-lasting machinery depends on wear-minimizing well-lubricated joints. Failure of 

wearing surfaces disables machines. Self-healing lubrication systems and wearing surfaces are a remedy. 

5.5.1 Lubrication Replenishment 

Lubricating fuids fll tight gaps between the moving parts of machines. The fuid separates the parts, 

allows low-friction and wear-minimizing movements, and removes debris. Breakdown and loss of lubri-

cating fuid damages and disables machinery. 

Hydrodynamic and hydrostatic processes pressurize fuids that keep parts separated. Hydrodynamic lubri-

cation uses the motion of the moving parts to create viscous drag forces and pressures that pull lubricating 

fuid into the joint. Hydrostatic lubrication pumps fuid under pressure into the joint, largely independent 

of the motion. Oil-flled journal bearings are often hydrodynamic, while air bearings are typically hydro-

static. Start-up and intermittent motions are concerns. Machinery that moves intermittently suffers from 

the problem of stiction where solid parts stick together, often unpredictably. A lubricant that remains in the 

gap between the parts while they are not moving minimizes stiction. An ordinary fuid with Newtonian 

viscosity bleeds out and causes solid-to-solid contact and stiction. Many modern lubricating fuids prevent 

stiction with a non-Newtonian formulation that has a portion of the fuid bind to the surface and not bleed out. 

Cartilage, brass bearings, and some plastic bearings are self-lubricating. The lubricating fuid fows through 

pores on the solid-bearing surface, usually in response to motion and pressure across the joint (Figure 5.28). 

Microelectromechanical systems with sliding parts are especially prone to stiction and other friction 

problems. This is largely a consequence of length scaling. Stiction and friction forces tend to scale as L2, 

with a characteristic length L as a critical dimension. Inertia forces scale as L3. At micrometer length 

scales the stiction and friction forces can dominate inertia forces. The materials (silicon, PMMA, etc.) 

commonly used in MEMs devices are a contributing factor. An obvious solution is to insert a lubricant 

between the moving parts and keep the solid surfaces separated. However, length scaling again is an issue. 

FIGURE 5.28 Hydrodynamic fuid-bearing settles under load. (a) Newtonian fuid fows out of gap and leads to solid-to-

solid contact. (b) Non-Newtonian fuid remains in gap and prevents solid-to-solid contact and easy start-up without stiction. 
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Viscous forces scale as L1 and become effectively quite large at the microscale. A workaround is to bind 
a thin layer of lubricant to the wearing surface. Surface-bound lubricants are vulnerable to scraping 
removal during wear cycles and typically need replenishment. Prepositioned surface-chemistry-bound 
lubricants can free the movement of silicon-based MEMs devices. Fluoropolymers and hydrocarbons 
act as autonomic mobile-to-bound replenishing lubricants [Eapen 2005] [Hsiao 2011]. Supramolecular 
techniques provide enhanced capabilities, such as with quadruple donor–acceptor moieties based on 
2-ureido-4[1H]-pyrimidone (UPy) [Li 2013b]. 

5.5.2 Seals for Lubricants 

Seals on bearings allow relative movement of machine parts while retaining lubricating fuid inside and 

keeping dirt and debris outside. Most bearing seals use tight gaps, labyrinths, and compliant materials 

as barriers that allow relative motion. Thermal expansion, damage, and wear to moving parts change 

shape and affect seal performance. A self-healing seal adapts to the shape changes and still performs as 

required. One possibility is leaf seal assemblies that use hydrodynamic lubrication to maintain the gap 

while actuating as needed to accommodate shape changes and maintain the seal [Grondahl 2013]. 

5.5.3 Controllable Sealing Surfaces 

Controlling surface permeability facilitates self-healing by regulating the fow of material through a 

structural system. Closing of pores reduces permeability and material transport. Biological systems 

maintain stasis by regulating fow-through pores. Plants control internal hydration with the opening and 

closing of stomata pores on the bottom side of leaves. Internal physiological signals promote internal 

swelling of guard cells against asymmetric constraints on the side of the stomata. Curling due to asym-

metric loading opens and closes the pore. 

Pore closing in engineered materials combines pore closing mechanics with stimulus-response behav-

ior. Pore wall and material matrix swelling is one of the primary methods of pore closing with potential 

to seal and open upon command. Numerical simulations confrm that artifcial lipid bilayer membranes 

create controllable pores with hydrophilic–hydrophobic Janus particles. Upon formation of a pore with 

excess tension, the Janus particles migrate to the perimeter with the hydrophilic tail pointing inward. As 

the tension releases, the pore closes, but the Janus particles remain in position. A smaller tension quickly 

reopens the pore due to the presence of the nanoparticles (Figure 5.29) [Alexeev 2008]. An irreversible 

FIGURE 5.29 Janus particles breach and then form controllable pores in lipid bilayer membrane. (From [Alexeev 2008].) 
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FIGURE 5.30 Liquid control of gating of pore. (a) Uncontrolled fuid with uncontrolled pore. (b) Controlled fuid with 

controlled pore. (From [Hou 2015].) 

one-use activation approach for controlled permeability is a dual-layer surface where one layer is porous 

and allows the fow of liquids and the other is impermeable. As long as the impermeable layer remains 

intact, the fuid does not pass through the surface. When environmental conditions change, a triggering 

action disintegrates the impermeable layer exposing the underlying permeable layer and allowing for the 

fow of healing liquid. 

Infusion of a porous surface with a controlling liquid dramatically affects the way that fuids – both 

liquid and gas – traverse the pores. Without the controlling liquid, gases fow directly through the pores 

and liquids penetrate when the differential pressure overcomes surface tension produced by the meniscus 

of the fuid. Length scaling favors surface tension forces over pressure differentials for small orifces. 

Tuning the surface tensions of the controlling fuid allows for the selective passage of gas, liquid, and/or 

a combination through the pores (Figure 5.30) [Hou 2015]. 

5.6 Optical Surfaces 

Self-healing and reconfgurable surfaces in optical instruments, in particular diffraction gratings, ben-

eft from control and reformation of surface texture. An example is azoaromatic polymer flms [Rochon 

1995]. High-intensity interference patterns from an argon laser produce a localized sinusoidal diffrac-

tion grating texture that is long-term stable. Heating the flm above the glass transition temperature of 

approximately 95°C smoothens the surface texture. Upon cooling, the surface rejuvenates and is capable 

of forming another diffraction grating. 



 

 

 

 
 
 
 
 
 

 

 

 

 
 

 

6 
Vessels and Containers 

6.1 Introduction 

Keeping materials separate is a vital task of many engineering systems. Among the applications are 
bulkheads in ships, dams, food storage containers, fuel tanks, liquid medicine dispensers, pneu-
matic tires, pressure vessels, and roofs. The following are the conditions that favor self-healing with 
material-separating barriers: (1) Small physical damage to a material barrier leads to a cascade of 
secondary failures that disable an entire system, for example, a nail puncture in an automobile tire 
forces the vehicle to stop. (2) Intervening early to arrest damage cascade scenarios is effective. (3) 
The material separation barrier is only a small part of the overall weight and cost of the system. 
(4) The barriers naturally set up a difference of free energy on opposite sides that may initiate and 
power the repairs. 

6.1.1 General Problem of Material Separation 

Material separation barriers often divide sealing and structural support into separate tasks performed by 
different components. It is common to place a relatively thin impermeable sealing layer on the outside 
of a thicker, structurally stiff, but perhaps not as impermeable, supporting layer. Damage to the sealing 
layer causes leaks. Material penetrates the barrier and damages the underlying structural layers. The loss 
of localized structural support exacerbates the leaks with positive feedback that cascades into a complete 
collapse of the wall. An example is the phenomenon known as piping at the base of earthen dams. Small 
leaks form self-reinforcing water passages, that is, pipes, that grow by erosion and lead to large-scale 
structural failures (Figure 6.1). Stopping piping early in the process with autonomous self-sealing tech-
niques has advantages. 

Material separation structures and tasks vary widely but have common issues. Unwanted material 
fows through a breach in the separation wall. The relative pressure across the barrier is a consider-

ation. Low differential pressures are generally less than 1 MPa (150 psi). The failure consequences 

of low-pressure systems are usually relatively mild, but occasionally are dangerous. High differ-

ential pressures, that is, those larger than about 1 MPa (150 psi), generally store large amounts of 

mechanical energy in both the contained materials and the vessel walls and have more severe failure 

consequences. 

The intent of most containment vessels is to maintain strict material separation. Sometimes the walls 

are functional and allow material to fow through under control. The control mechanism depends on the 

size of the fuid paths, the interconnection of the paths, and material properties, such as fuid viscosity 

and wetting. This fowing fuid can heal other structural components and may help to heal or clean the 

holes, pores, and fuid regulation processes themselves. 

6.2 Methods of Self-repair to Stop Leaks 

Multiple methods for self-stopping of leaks are available (Figure 6.2). Most rely on a vessel wall remain-

ing suffciently intact to support the patch, plug, or new seal. 
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FIGURE 6.1 Advantage of early leak sealing prevents cascading failure. 

FIGURE 6.2 Hole-closing leak stoppage methods. 
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FIGURE 6.3 Bulk material swelling plugging of holes. 

6.2.1 Closing of Leaks by Wall Action 

Porous solids permit the fow of liquid through the surface and then internally through the bulk solid, 

largely by percolation. Plugging and/or closing pores limits the fow (Figure 6.3). One method plugs 

pores with external agents, for example, penetrating, or preplaced low-viscosity and low-surface-tension 

liquids that enter and seal the holes. Another method changes the pore shapes to open or close as needed. 

Bulk volumetric swelling to stop leaks requires the following: 

1. Material: The material swells when stimulated but remains stable otherwise. 

2. Location: Prepositioning swelling material as a layer in the vessel wall. 

3. Timing: The swelling must occur following damage and not before. 

4. Direction: The swelling must move in a direction, perhaps anisotropically, to close the hole 

that causes the leak. 

5. Limited: Swelling is spatially and temporally limited to the needed healing action. 

6. Strength and Durability: Swelling material is tough enough before and after damage to serve as 

a structural material or can be packaged in a suitable stiffening composite structure. 

An important application is reinforced concrete exposed to harsh environmental conditions. The 

penetration of water leads to freeze-thaw, alkali-silica reactivity, and chloride-ion-induced corro-

sion vulnerabilities. Mixing water-swelling alumina silica and superabsorbent particles into con-

crete creates pore structures that swell with exposure to water and prevent further water ingress 

[Kishi 2012] [Jensen 2013]. An alternative is embedding releasable viscosity modifers into the con-

crete, which decreases the bulk diffusivity [Bentz 2009]. Embedded polymers using the fne light-

weight aggregates as internal reservoirs (FLAIR) technique reduced chloride penetration depths by 

up to 40%. FLAIR supports repeated wetting and release cycles. 

Many swelling-sealing material separation walls use a composite layered structure. The outer lay-

ers are normally stiff and impermeable. The inner layers can swell. Many fuel tanks use elastomers 

and cross-linked polymers for interior layers that swell when fuel leaks through nonswelling, yet com-

pliant and burst-resistant structural walls [Murdock 1921] [Kraft 1927] [Sullivan 1946] [Smith 1947] 

[Underwood 1970]. Precompressing elastomeric foam elements in an antagonistic confguration provides 

supplemental expansion that aids in closing holes [Holt 1947]. Modifed sol–gels act as absorbent and 

swellable materials [Edmiston 2013]. 

Isotropic bulk swelling of foams, elastomers, and gels is ineffcient. Much of the material movement 

does not help to close the hole. Mechanical devices, such as stiff layers, use swelling to urge the material 

directly into the gap instead of thickening the layer (Figure 6.4) [Cook 1972]. 

Sometimes plugged holes in a bulk solid are undesirable and represent a form of damage. An 

example is an oil well where the plugging of holes limits the production of oil. The insertion of 

downhole devices that produce mechanical shock waves can open the holes and increase productiv-

ity of the well [Ageev 2014]. 
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FIGURE 6.4 Swelling and movement due to relief of precompression plugs hole in fuel tank. 

A similar autonomic version combines a swellable material with a reticulated skin that opens 
and closes “scales”’ as it swells and contracts with the uptake or release of fuid (Figure 6.5). 

This includes nanocrack-regulated self-humidifying membranes [Park 2016b]. Swelling-plugging 

smaller holes is also possible. Nanoclay particles in concrete induce ettringite dendrite swelling that 

closes pores [He 2008]. 

Cellular materials have microscale degrees of freedom available for use in swelling sealing. Cork 

and stiffer forms of wood have sealed bottles, jugs, and barrels for millennia. As early as 1900, 

Cochrane patented a compressed sponge rubber layer to self-seal puncture leaks in tires, with pneu-

matic pressure providing the prestress [Cochrane 1900]. A patent from 1919 disclosed a self-sealing 

fuel tank with a multilayer wall with a precompressed rubber layer that expands to seal projectile-

induced leaks (Figure 6.6a) [Thacher 1919]. A patent from 1972 uses a layered structure with pockets of 

encapsulated material that expand into a sealing foam upon breaching of the pocket wall by the evapora-

tion of a volatile solvent [Olevitch 1972]. 

FIGURE 6.5 Reticulated skin on swellable bulk material for autonomic fuid-level regulation. (From [Park 2016b].) 
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FIGURE 6.6 Sliding and covering layer that forms a patch to seal leaks. (a) Intact wall seals against leaks. (b) Through-
wall puncture causes leak. (c) Layer slides and fuid pressure seals leak. 

An example of swelling-induced sealing is downhole-drilling petroleum mining which requires a good 

seal between a steel pipe drill string and geologic formations, usually with cement mix that has density-

modifying foam. Leaks of oil and water through the cement seal are undesirable. Compounds that swell 

in the presence of water and/or oil plug the leaks. One formulation uses dual oil/water swellable particles 

made of an oil-swellable material (latex rubber) and a water-swellable component (sodium bentonite) 

[Roddy 2011]. 

Foams that expand to fll voids and then stiffen have a broad potential for self-healing. Concrete 

mixes that include foaming nitrogen stabilizes deep sea well holes drilled through spongy and unsta-

ble geological structures. The foaming concrete flls the cylindrical hole surrounding the pipe. The 

fller sets up and forms a solid support casing that seals between the pipe and seafoor, while maintain-

ing proper buoyancy. An issue is variable and often unstable properties of the seafoor rock structures. 

Methane hydrates are particularly unstable. Pumping ordinary nonfoaming liquifed concrete into the 

drillhole produces large radial and circumferential stresses that quickly exceed the pressure tolerance 

of a borehole in weak earth. A sequence of short-length concrete pours set up and limit destabilizing 

hydrostatic pressures but are impractical and expensive due to time constraints and the risk of gas 

migration bypass problems. Foamed concrete is self-stabilizing with a much lower specifc gravity 

and with a volumetric compliant compressibility that controls the hydrostatic pressure and counteracts 

shrinkage and gas migration bypass problems associated with the shrinkage-curing of normal con-

crete [NAE 2010] [Olevitch 1972]. 

6.2.2 Patching 

Patches seal and stop leaks in fuid containment vessels. Impermeable sliding layers that move over a 

hole use differential pressure and fuid fow to close the opening in a manner like a fat rubber sink drain. 

Sliding and covering appears early in the self-sealing fuel tank literature [Garagnani 1925] [Pescara 

1944] [Wilson 1956]. A variation for tires has the covering layer moving normal to the leaking surface 

[Wilson 1941]. The initial placement of the sealing layer of foam was offset at a smaller radius from the 

tread to prevent damage and overheating during routine driving conditions. 
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FIGURE 6.7 Compliant wedge seals leak when jammed by pressure differential. 

6.2.3 Plugging and Jamming 

Plugging stops leaks with material placed inside the leak hole. Effective plugging requires that the plug 
be of suffcient strength to hold the pressure difference across the hole, attain a good seal between the 

plug and the leak hole, and be made of material that is impermeable and insoluble (Figure 6.7). Most 

plugging sealing systems rely on mechanical fuid forces to transport and jam plugs into the leaking 

holes. Plugging and jamming forces become more aggressive as the plug moves into the hole and jams, 

and then relax as the fow stops. Autonomous plugging requires prepositioning or transporting plugging 

material in the structure, such as with tethered plugs (Figure 6.8). The plugging material may be solid, 

conglomerate, or a liquid that solidifes in the hole. Wedging, compliance between the plug and the wall, 

and the possible insertion of gummy fuids all help to ensure a good seal. Convective fuid forces act 

strongly on plugs operating near leaks. 

It is possible to use a payout device to dispense and/or disperse plugging material into a leak. An 

advantage of controlled plugging material payout is that it can cause a gradual slowdown of fow, which 

may reduce the mechanical shocks and fuid hammer produced by rapid plugging. A method for plugging 

FIGURE 6.8 Tethered faps preposition plugs and patches for fowing onto and sealing leak. 
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downhole leaks in oil wells uses an internal spool to payout a flament. The flament tangles into a clump 

and forms the scaffolding for a plug [Slocum 2017]. 

The following are some of the effects to consider for elastomeric wedge plugs: 

1. Elastomeric Nature of Plug and Wall: Different stiffnesses in plug and wall material promote 

plugging. The usual confguration uses a stiff wall for structural integrity and a highly compli-

ant plug that fts into irregular holes. 

2. Differential Pressure: Pressure differences on opposite sides of the wall force wedging of the plug. 

3. Location: The plug must be placed near the hole so that fuid motion pushes and sucks it in. 

4. Coagulation and Conglomeration: Particles can form a plug. 

Floating and coagulating particles are generally smaller than wedges or tethered plugs. A fowing fuid 

leak drags particles into the confned quarters of the leak hole where they jam and conglomerate to form 

plugs in holes that are big enough to pass individual particles (Figure 6.9). Jamming particles forms plugs 

that stop leaks. Particles move with the fow into the leaking hole, conglomerate, and jam the hole. The 

following are some of the requirements for jamming with particles: 

1. Size: Particles must be smaller than the diameter of the hole, otherwise they will not ft into 

the hole and jam; also, they cannot be too small, otherwise they will not jam and stop the leak. 

2. Sticky: The particles must be sticky enough to stick to one another and jam. Heterogeneous 

mixes of particles and nonspherical shapes enhance jamming. When not plugging a leak, the 

particles should remain dispersed in the fuid, not conglomerate into large clumps, and other-

wise cause trouble. 

FIGURE 6.9 Plug formed by coagulation with tire inner tube sealant compound. 
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3. Dispersal: The particles must mix in and remain dispersed within the fuid so that when the 

leak occurs, the fuid carries the particles into the hole. 

4. Compatibility: The particles must be compatible with the rest of the system. They cannot clog 

or damage other parts of the system. 

Conglomeration enhances jamming, such as with inherently sticky particles, shear activation of sticky 

particles leading to coagulation, and heterogeneous particle jamming (Figure 6.10). Sticky particles 

signifcantly enhance particle conglomeration plugging. Conglomeration plugging differs from particle 

jamming plugging in that weak chemical and molecular intertwining bonds hold particles together rather 

than compressive stresses. Conversely, granular nonsticky materials lose shear strength and fow in a 

liquid-like manner in the absence of compressive forces. Following jamming and bonding, polymeriza-

tion can permanently solidify the plug. 

Reports of particle-conglomeration self-sealing date back to at least 1919 with a saw-dust-based stop 

leak formulation for aircraft fuel tanks [Murdock 1919]. Barton developed stop leak formulations in 

1952 for engine water cooling systems using ginger root ground into a fne powder dispersed in oil as the 

plugging agent [Barton 1952]. An alternative radiator stop leak formulation is a combination of organic 

pulp and sodium borate [Wynn’s 2008]. Similar products are in routine use today, such as for stopping 

leaks in tire inner tubes. Leak stoppage depends on the relative size of the particles and hole diameter. 

Some compounds fow into an inner tube through Schrader valves with an 8 mm outer diameter but clog 

smaller Presta valves with a 6 mm outer diameter. Presta valves require different formulations with lower 

viscosity and smaller particles, such as 0.01–0.5 mm diameter mica fakes mixed with hydrated bentonite 

clay particles and propylene glycol [True 2000]. 

Coagulation changes a liquid into a solid by microscale, nanoscale, and molecular scale effects. 

Possible transition mechanisms include non-Newtonian fuid mechanics, chemical reactions, and sol-

vent concentration changes. Both non-Newtonian thixotropic and anti-thixotropic fuids plug leaks. 

Thixotropic fuids become less viscous when subjected to shear deformation. Anti-thixotropic fuids 

become more viscous when sheared. The basis of thixotropy and anti-thixotropy lies in interactions of 

FIGURE 6.10 Damage causes leak, small particles individually pass through large hole, but can jam together to form plug. 
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micro to molecular length scale structures that organize and/or disorganize under shear loading. The 
Herschel–Bulkley model represents non-Newtonian fuid stress–shear rate behavior [Morariu 2009]. 

Kτ = τ + γ n 
0 (6.1) 

Here τ is the shear stress; τ0 is the yield stress; K is the consistency factor; and n characterizes the 

pseudoplasticity of the system. 

Coagulation converts a fuid into a solid or gelatinous state. Localized coagulation after liquid fows 

into a hole forms a leak-stopping plug. A three-step coagulation process is as follows: 

1. Initial Triggering Stimulus: Usually by either fuid shear rate or chemical signals 

2. Coagulation: Molecular entanglement and cross-linking, particulate conglomeration, and 

hybrid processes 

3. Termination: Removal or consumption of the triggering stimulus 

Effective coagulation requires that the clotting occurs reliably when and where a leak occurs, but not 

elsewhere. This follows a biomimetic analogy. Cuts in vascular plants and animals should clot at the 

wound site, but not elsewhere. Clotting in the wrong location causes ischemia, strokes, and heart attacks. 

Some methods of controllable coagulation are as follows: 

1. Solvent Removal: Certain materials reside in a fowable state due to the presence of a solvent. 

Removal of the solvent by evaporation, or by another fuid, such as aircraft fuel, causes the 

material to solidify [Cook 1974]. 

2. Thixotropic Non-Newtonian Behavior: The introduction of micro- and nanoscale particles into 

a fuid induces non-Newtonian behavior. Synthetic silicate nanoplatelets mixed into gelatin-

based hydrogels produces a shear-thinning effect that reduces the propensity for excessive clot-

ting [Gaharwar 2014]. 

3. Anti-thixotropic Non-Newtonian Behavior: Dispersed silica particles in polyethylene glycol 

produce a shear-thickening effect that promotes clotting [Decker 2007]. 

6.2.4 Systemic, Panoply, and Synergistic Leak-sealing Methods 

Systemic and panoply methods deploy multiple sealing and repair methods simultaneously. A simple 

approach inserts multiple effects that act largely independently. Total healing is the sum of the individual 

healing actions. More complicated and sophisticated systemic approaches synergize healing effects to 

produce actions that exceed the sum of individual effects. 

In the context of a self-sealing fuel tank, Figure 6.11 shows an integrated multi-active system that com-

bines (1) an elastomeric material that stretches by 300–400% before breaking, (2) swelling of imbiber beads 

with contact with leaking liquid, (3) a material that fows and coagulates upon contact with the leakage 

liquid, and (4) top layer that compresses the underlying layers to guide the material fow to close the hole 

[Monk 2007]. Similarly self-sealing spacesuits combine prestress, lightweight fller, and vacuum-solidifying 

binder to seal leaks (Figure 6.16). [Schwartz 1970]. The leak-stoppage materials are made to be soft and pli-

able, while other materials carry the bulk of the structural fuid load [McLaughlin 1948] [Underwood 1970]. 

FIGURE 6.11 Panoply approach to fuel tank leak stoppage following impact and penetration by high-velocity projectile. 

The system combines (1) an elastomeric material that stretches by 300–400% before breaking, (2) leakage-liquid contact 

swelling with imbiber beads, (3) a material that fows and coagulates upon contact with the leakage liquid, and (4) top layer 

that compresses the underlying layers to guide the material fow to close the hole. (From [Monk 2007].) 
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Electric batteries have undesirable failure modes. The amount of stored electrochemical energy makes 
for particularly dangerous fres [Peskar 2015]. Panoply approaches can counter dynamic damage events, 

such as projectile penetration. Skins made of self-healing ionomers quickly reseal an outer container fol-

lowing projectile impact. Resealing contains battery chemicals inside the battery and restricts the fow of 

fre-feeding oxygen from the outside. Internal phase change materials, such as microencapsulated wax, 

absorb heat, and prevent fres from spreading. 

6.3 Applications 

6.3.1 Fuel Tanks 

Leak-induced swelling is a principal method of stopping fuel tank leaks. Partially vulcanized rubber 

swells upon contact with petroleum-based fuels. The mechanism is like hydrogel swelling. The fuel 

penetrates the interstitial spaces between the elastomeric molecular network. 

Fluid-activated swelling foams seal leaks in perforated fuid containment vessels. A specifc applica-

tion for self-sealing aircraft tanks is an elastomeric polyurethane foam that swells up to 300% within 

5 minutes when the foam encounters jet fuel [Rosthauser 1988]. 

Sealing holes due to the penetration and passage of high-speed projectiles requires additional accom-

modations (Figure 6.12). A primary issue is the formation of sharp folded edges, known as petals, on the 

exit side of the hole. Petals impede the movement and placement of materials for covering and plugging 

the hole. Workarounds include inserting petalling-resistant laminates or a separating toughness-tuned foam 

layer between the tank wall and the sealing layer (Figure 6.13) [Baker 1971] [Harr 1971]. Another issue is that 

the impact of a high-speed projectile into liquids contained inside a vessel sets off a mechanical shock wave. 

Known as hydrodynamic ram, this shock wave causes rupturing and other damage (Figure 6.14) [Ji 2021]. 

FIGURE 6.12 Prepositioned faps serve as plugs to stop leaks in tank following penetration with a projectile. (From 

[Grosvenor 1983].) 

FIGURE 6.13 Projectile damages fuel tank. (a) Passage of projectile causes leaks. (b) Perforation of tank wall by projec-

tile leaves petal deformation in the wall, which aggravates self-sealing methods. (c) Fiber-reinforced elastomeric laminate 

suppresses petal formation. 
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FIGURE 6.14 Hydrodynamic ram due to projectile penetrating and passing through fuid-flled container. (From [Ji 2021].) 

6.3.2 Tank and Pipe Sealing, and Multi-active Methods 

Self-sealing fuel lines use many techniques similar to that of self-sealing fuel tanks [Heitz 1978] [Hall 

1978] [Wilkinson 1943]. 

6.3.3 Pressure Vessels 

Pressure vessels contain or exclude fuids at high differential pressures across the walls of the vessel. 

Boilers, compressed-gas fuel tanks, pressurized cabins in airplanes, hydraulic and pneumatic power 

system lines, and air-flled tires are examples. In most cases, the high-pressure fuid is inside of the 

structure, but many important applications, such as submarines and vacuum chambers, keep the fuid 

with high pressure on the outside. Failure of a pressure vessel can be catastrophic. The rapid release of 

large amounts of mechanical energy stored in the fuid and vessel walls causes injuries and damage. High 

temperatures and the containment of corrosive, fammable, and/or explosive fuids exacerbate many 

pressure vessel failures. 

The high cost and associated danger of failures in pressure vessels prompts consideration of self-

healing and sealing techniques. Self-healing pressure vessels face the technical challenges of sealing 

leaks with high-pressure differentials and high leak fow velocities, including those that are supersonic. 

A complicating issue is the potential of a naive application of self-sealing compromising the safety of 

the overall system. Pressure vessel design uses a leak before burst principle. Leaking is less dangerous 

than bursting. 

Typical features of pressure vessels are as follows: (1) minimal and controlled leaking; (2) contain the 

pressures through suitable means of carrying the forces; (3) suitable means of controlled movement of 

pressurized fuid into and out of the vessel; and (4) design for safe and fail-safe operation. The compo-

nents and features of pressure vessels are tightly coupled. Failure of one component induces a failure in 

another, which may cascade into a catastrophic failure. There is value in uncoupling the functionality 

and introducing self-healing at the component and feature level, with the recognition that systemic issues 

must be considered. 

6.3.4 Tires 

As soon as the internal combustion engine propelled society into the automotive era, there was an urgent 

need to plug leaks in pneumatic rubber tires. This spawned a series of self-sealing tire inventions dat-

ing back to as early as 1900. Self-sealing tire patents generally fall into the categories of plugging goo, 

plugging faps, and manufacturing techniques. Managing centrifugal forces, such as with macro- and 

mesoscale cellular constraints, is important. 

Preplacing plugs near potential leaks is a stop leak performance enhancer. It reduces the amount of 

parasitic plugging material and reduces the amount of fuid that leaks. One possibility is a shag rug-like 

array of plugging fbers (Figure 6.15) [Dirienzo 1920]. 
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FIGURE 6.15 Early (ca. 1920) shag rug arrangement of prepositioned plugs for self-sealing pneumatic tire. (From 
[Dirienzo 1920].) 

Mucilaginous goo fows into holes and forms plugs [Landis 1915]. An issue is that compliant gels or 

liquids move under the action of centrifugal forces of rotating tires and vibration that arise with driving. 

This requires special formulations, that is, non-Newtonian fuids that liquefy and spread uniformly under 

centrifugal force when the tire spins but congeal in place and resist gravitational creep when the tire is 

stationary [Yamagiwa 2008]. 

6.3.5 Space Suits 

Space suits are pressure vessels that protect astronauts from the near vacuum of outer space. Small 

leaks caused by high-velocity micrometeorites or space debris are a constant concern. Space suits that 

autonomously seal leaks have advantages. Figure 6.16 shows a space suit concept with a prestressed wall 

construction with an outer layer in tension and a fowable inner layer in compression. Perforation by a 

micrometeorite causes the inner layer to relieve the prestress by fowing to seal the load. 

FIGURE 6.16 Self-sealing spacesuit system that uses prestress (23) to drive a lightweight fller (22) and resin (21) into a 

hole. The external vacuum of space causes the resin to outgas leaving a solid plug (31). (From [Schwartz 1970].) 
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6.3.6 Radiators and Pressurized Heat Exchangers 

Radiators are heat exchangers that circulate hot-pressurized water, often mixed with additives, through 
grids cooled by convective air. Small leaks lose fuid and pressure. Loss of fuid reduces heat transfer 

performance. Loss of pressure causes boiling and further reduced capacity for heat transfer. 

Self-sealing additives to the cooling liquid such as liquid glass sodium silicate stop leaks. Dissolved 

sodium silicate and potassium silicate fow into the hot wall of leaking container. Heat evaporates the 

water and leaves a glassy solid. Eventually, the leak plugs. Glass sodium silicate appears in stop leak 

compounds for automobile radiators, as well as stopping the leaking of radioactive water following the 

Fukushima nuclear reactor accident in 2011 [Foster 2011]. 

The drilling fuids, that is, muds, used in petroleum mining are sophisticated liquids with anti-thixotropic 

sealing properties. Conditions are particularly severe in undersea drilling. As the drill penetrates through 

rock strata, the drill hole inevitably becomes fractured and permeable through which water and other 

unwanted liquids fow in and out. One method of controlling the leakage is to pressurize the shaft with a 

counterbalancing fuid pressure inside the shaft hole. Excessive internal pressure runs the risk of further 

fracturing soft soils and rocks. Coagulating anti-thixotropic sealing liquids added to the drilling mud are 

common sealing mechanisms. 

6.3.7 Self-sealing Medicine Jars 

Storing and dispensing liquid medicines for hypodermic injection are excellent opportunities for self-

sealing systems. Container systems must meet conficting constraints of holding the medicine separate 

from the external environment and biological contamination while allowing extraction of the liquid 

into the hypodermic needle through multiple penetration and extraction cycles. A 1933 patent for 

a valve stemless self-sealing pneumatic tire inner tube foreshadowed self-sealing medicine bottles 

[Richardson 1933]. The invention is to infate a tire through an inner tube by piercing with a hypoder-

mic needle and avoid using a valve with the tube resealing itself upon needle removal of the needle. 

Figure 6.17 shows a similar concept for self-sealing medicine bottles that dispense sterile liquids 

through a hypodermic needle. 

FIGURE 6.17 Self-sealing medicine bottle dispenses liquids into hypodermic needles and maintains a sterile seal. 
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6.3.8 Landfill Liners 

Modern landflls use impermeable barriers to prevent hazardous pollutants leaching into the earth. 

Breaches to these barriers defeat pollution containment and can be diffcult to repair. Self-sealing imper-

meable membranes mitigate these problems. Design issues include geometric scale and cost. A barrier 

with physically separated layers of lime and pozzolanic grains is effective. Mechanical breaches com-

ingle the lime and pozzolanic material, which in the presence of water solidify into an impermeable 

mass [Shi 2005]. Another design for a landfll liner is a multilayer structure that includes an impermeable 

clay layer. Cracking due to shrinkage and earth movement breaches the container wall and allows for 

the outfow of dangerous pollutants. Calcium-bentonite clays swell and plasticize under the weight of a 

confning layer of 0.75 m of earth. The combination of stress and confnement causes the clay to fow and 

seal cracks as they form [Egloffstein 2001] [Madsen 1998]. 

6.3.9 Joints, Seams, Seals, and Gaskets 

Fluid containment vessels inevitably have seams and seals, often with gaskets. The presence of seams, 

seals, and gaskets provides advantages, such as ease of assembly and material handling. Gaskets are 

sources of leaks and other failures. The relatively small size and importance makes seams, seals and 

gaskets potentially attractive options for self-sealing methods. 

Often inserting compliant materials between mating solid tank components helps to block fuid trans-

port in seams and seals. These inserted materials include putties, gaskets, swelling compounds, and so 

on. A typical gasket serves as a compliant layer between two stiff surfaces. Tight fuid seals require that 

the solid surfaces mate with minimal gaps. The mating of surfaces is statically indeterminate contact. 

Squeezing the parts together uses compliance to form the seal (Figure 6.18). 

Maintaining leak-free seals has competing requirements. The seal material must be suffciently com-

pliant or fuidic to fow and fll holes and gaps that cause leaks. Simultaneously, the seal must be strong 

enough to sustain the mechanical loads due to fuid pressure, container wall movement, and repeated 

seal–unseal actions. One solution is self-compensating seals with functional task separation into multi-

component, multilayer material (Figures 6.19 and 6.20). Some components and layers provide compliant 

FIGURE 6.18 Compliant gasket stops leak. (a) Loose joint allows fuid to fow freely. (b) Tightening joint slows fow, but 

stiff walls prevent complete closure. (c) Compliant gasket completely flls gap and stops fuid fow. 

FIGURE 6.19 Layered tape using stiff outer constraint layer to guide inner compliant layer into self-compensating seal. 

(From [Karrfalt 1998].) 
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FIGURE 6.20 Self-compensating pneumatic bladder gasket seals uneven gaps. 

material that fows and flls leaks, while the other components are stiff enough to sustain the pressure 

and associated mechanical loads. Including thick layered tapes and infatable pneumatic bladders inside 

the gasket produces a compliant, yet mechanically robust, self-sealing interface [Karrfalt 1998] [Paugh 

2006]. Self-relief seals in earth-boring drill bits expand an elastomeric seal with pressure from the fuid 

to get a good ft and then release when the pressure drops off [Neville 2008]. 

Compliant and rigid are varieties of mechanical seals. Compliant seals use an elastomeric material, 

typically in a gasket confguration, held in place by compressive stresses. Compliant seals offer resilience 

in the face of mechanical distortion but require a resilient elastomer. High temperatures, high pressures, 

and aggressive chemicals challenge the successful use of compliant seals. Rigid seals can offer a sealing 

solution for such demanding applications. However, rigid seals require matching of thermal expansion 

properties, tend to be brittle, and suffer from cracking. Borosilicate glasses satisfy rigid sealing require-

ments for fuel cells with high-temperature cycling and exhibit spontaneous healing of tight microcracks 

during high-temperature cycles that soften the glass [Liu 2008c] [Lu 2013]. 

A drawback to using ordinary elastomers as compliant sealing methods is that ordinary elastomers are 

isotropic and incompressible, that is, when squeezed in one direction, they expand in another. This may 

lead to awkward geometric behaviors, such as the swelling out of a gap into the travel surface of elasto-

meric gasket seals for expansion joints in bridge decks. Anisotropically constrained preprogrammed shape 

memory polymers resolve this problem with favorable anisotropic deformations (Figure 6.21) [Li 2012b]. 

FIGURE 6.21 Anisotropic programmed shaped memory polymer. (a) Prestressing above Tg creates anisotropic shape mem-

ory. (b) Installation at cold temperature below Tg. (c) Anisotropic contraction as temperature rises above Tg. (From [Li 2012b].) 
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6.3.10 Machinery Boots and Covers 

Moving machinery uses boots to separate the moving parts from the external environment. Boots are made 
of tough fabric, rubber, or a composite of the two. Failure of the boot allows contamination into the moving 
parts and exposes pinch points that risk ensnaring objects and limbs. Self-healing boots using a layer with 
microencapsulated healing liquids mitigate some of these issues by healing cracks as they grow [Kwon 2012]. 

6.3.11 Reinforced Concrete 

Concrete is an excellent opportunity for active pore closing methods. Hearn lists several proposed mechanisms 
for self-sealing in concrete, primarily through activity in the hydrated cement paste (HCP) [Hearn 1998]. 

1. Air in the HCP matrix – (a) incomplete saturation of the test specimen, and (b) dissolution of 
air under pressure, into permeating water 

2. Swelling of HCP 

3. Chemical interaction of water and HCP – (a) continued hydration of residual clinker, (b) dis-
solution and deposition of soluble hydrates, such as Ca(OH)2, along the fow path, and (c) car-

bonation of dissolved Ca(OH)2 

4. Osmotic pressure 

5. Physical clogging caused by downstream movement of loose particles in the HCP matrix in a 

process analogous to sediment transport and formation of a flter cake. 

Lining iron water pipes with concrete or mortar allows for the use of autogenous cementitious crack 

healing to stop minor leaks. Stagnant water conditions are more favorable than fowing. Observations 

fnd that cracks with widths up to 0.1 mm will heal shut over one year [Wagner 1974]. 

6.3.12 Particle Filters 

Fluid flters remove unwanted components, such as solid particulates, with a selective barrier that catches 

the particles but allows the fuid to pass. The performance requirements of fuid flters tend to be severe 

and often impose conficting design requirements. The flter must pass large quantities of fuid with 

minimal pressure drop, while removing small particles with a fne-holed mesh. Failure modes include 

leaking, crushing, plugging, improper bypass, and insuffcient particle removal – all of which may cause 

systemic failures. Filters with damage mitigating, fail-safe, self-cleaning, and self-healing features 

reduce the need for expensive maintenance shutdowns for flter replacements and machinery repairs. 

Methods for self-healing flters: 

1. Active Damage Mitigation with a Bypass: A clogged flter with impeded fow causes severe 

problems, including stopped fow and crushing of the flter. Bypassing the clogged flter main-

tains the fow with unfltered fuid – often a worthwhile trade-off. Pressure-difference-driven 

bypass valves are common additions to many flters (Figure 6.22). 

FIGURE 6.22 Fluid flter with overpressure bypass drain. 
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2. Backfow and Supplemental Fluid Motions: As a flter collects particles, the particles accumulate. 

Continued accumulation clogs the flter. One method of unclogging the flter is to replace it with 

a clean one. Backfow is an alternative method that reverses the fow of the fuid and removes 

particles from the flter mesh (Figures 6.23 and 6.24). Transverse motions then remove the loose 

debris as secondary step [Villares 2004]. Similarly, macroscale features generate vortices and 

nonsteady fows with swirls that impact the surface to lift and propel debris away [Slocum 2013]. 

3. Re-conglomeration: Many flters use conglomerates of particles embedded and attached to 

the flter mesh to flter additional particles. Moderate amounts of particle buildup produce a 

positive effect as part of an active fltering process. A common pre-conglomeration method is 

swimming pool flters that use diatomaceous earth. Initially, the diatomaceous earth forms a 

primer conglomeration layer on the flter paper. The primer layer helps to flter particulates in 

FIGURE 6.23 Filtering of particulates. (a) Normal operation. (b) Clogging and fouling by debris. (c) Backfow cleaning. 
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FIGURE 6.24 Water pump intake screen with integrated self-powered backwash self-cleaning system. (Adapted from 
[Hosford 2003].) 

the water. Subsequently, the primer layer aids cleaning flters once they are clogged. Reversed 

or tangential hosed fow of water easily dislodges the particles from the flter mesh. The cycle 

repeats with a new layer of diatomaceous earth. 

4. Self-cleaning Filter Media: A method of enhancing backfow cleaning and defouling of flters 

uses active media that pushes the clogging particles away from the flter surface. Thermally 

triggered shape memory nanobrushes when heated above a transition temperature, the nano-

brushes lengthen and push particles off the clogged flter surface [NASA 2012]. Lowering the 

temperature causes the flter brush surface to recover its original shape (Figure 6.25). 

Closely related to fuid flters are gas separation membranes that act at molecular level to selectively 

allow transport of different gas species. These membranes often operate under harsh conditions, pressure 

differentials, mechanical stresses, and inevitably sustain damage. Self-healing is a key enabler of this 

technology. Ionic polyamides demonstrate high CO2 selectivity, while being able to heal upon molecular 

scale and macroscale damages [O’Harra 2020b] 

FIGURE 6.25 Lynntech’s self-cleaning particulate air flter surface. (From [NASA 2012].) 



 

 
 
 

 

 

 

 

7 
Vascular Methods 

Vascular systems enhance material and heat transport within solid bodies. The following are the primary 
roles of vascular systems in self-healing – (1) facilitate repair of structures through enhanced material 
transport, and (2) repair vascular systems, typically the piping and tubing used in the operation of engi-
neered systems. 

Many configurations of engineered vascular systems mimic those found in nature. Configuration 
variables include vessel size, branching and circulatory topologies, and control methods (Figure 7.1). 
Closely related are vascular-like techniques using wicking, porous media, planar channels, and 
open channels. 

7.1 Biomimetics 

Biological vascular systems are generally either internal systems that circulate material or external sys-
tems that transfer material in and out of the organism. 

Some questions: 

1. Are there biomimetic or bioinspired principles that aid in the conceptualization and design of 
vascular systems for the support of self-healing? 

2. How to fabricate and operate vascular self-healing engineering systems? 

Diffusion is a macroscopic means of transferring mass and energy from regions of high concentra-
tion and temperature to regions of lower concentrations and temperatures. The mechanics of diffusion 
tie directly to the random nature of molecular motions. Diffusion is a primary material transfer process 
supporting the molecular-level metabolism of living biological systems. 

FIGURE 7.1 Combination variants of vascular confgurations. 
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FIGURE 7.2 Geometry of 1D diffusion. 

A 1D model of diffusion geometry appears in Figure 7.2. 
Material diffuses across a material at a rate q according to 

ρ − ρ1 q = −kA 2 (7.1) 
∆x 

Here k is the diffusivity; A is the cross-sectional area; ρ1 and ρ2 are the concentration of the mate-
rial on the left side and right side, respectively. Material fows from high to lower concentration. 
Altering the parameters in (7.1) alters the fow rate. Changing the diffusivity and geometric param-
eters of area and distance are often not easy. Equation (7.1) indicates that diffusion rates decrease 
as the distance Δx increases. Transfer of material depletes the gradient between ρ1 and ρ2, leading 
to a decrease in q. 

Larger organisms cannot thrive on diffusion alone due to the slow rate of diffusion transport over large 
distances. Most of the higher order plants and animals use vascular systems for the transport of materials 
within their bodies, especially for applications that require material transport over distances and at rates 
that are not practical by diffusion. Vascular systems replenish the concentrations ρ1 and ρ2 on opposite 
sides and maintain a high diffusion rate. 

Biological systems have wide varieties of vasculature. The different architectures depend largely on 
the metabolism rate, the distances covered, and the need for redundancy. The following are the two main 
classes: 

1. Circulatory Diffusion: Transport of chemicals to provide a macroscale down through molecu-
lar scale effcient transport of material. Blood circulation, lymphatic system, and xylem and 
phloem in plants 

2. Bulk Consumption or Excretion of Material: Lungs and gills, digestive tracts, stomata in 
leaves, kidneys and urinary tracts 

Most vascular systems are scale-dependent solutions to transport problems. The larger and more 
complex life forms, for example, trees and vertebrates, tend to have more sophisticated vasculatures 
that support their vital operations. An example is respiration, that is, the transport of gases to and 
from the atmosphere through the body of a creature or plant. Higher metabolic rates require higher 
respiration rates. Animals with high metabolic rates exchange oxygen and carbon dioxide with ambi-
ent air through lungs and gills using forced convection and then forced circulation of blood. Animals 
have higher levels of metabolism, the cold-blooded animals having lower rates than the warm-
blooded animals. Comparatively, high transport appears in gills in fsh. Water contains less oxygen 
than air, but the metabolism is relatively slow. Gills use an open-circuit pass through design that is 
aided by current fow and swimming. Lungs in mammals have an in–out structure with hierarchical 
branching. In a sense, this is suboptimal because the reversal of fow reduces the diffusive transfer 
rate. Lungs in birds combine in–out macro-aspiration with fow-through meso- and microscale aspi-
ration to achieve higher rates of transfer than possible with mammal lungs [Wrenn 2018]. Plants with 
lower metabolic rates use less-active means of gas transport. Leaves use small-scale stomata, with 
respiration driven at low rates. 

There are numerous constraints and design considerations with vasculature. One is the issue of leaks 
and open circuits that accelerate the delivery of material. Additional considerations are the ability to 
respond to damage by infammation and swelling. 
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FIGURE 7.3 Cracking time release system. (a) FRP composite forms microcrack. (b) Vascular system heals crack. 
(Derived from [Dry 1993b].) 

7.2 Non-branching Tubular and Nodal Vasculature 

A fuid-flled non-branching tube embedded in a structural element is one of the simpler engineered 
vascular topologies. Much of the early development and conceptual underpinning of self-healing non-
branching tubes arises from pioneering efforts of Carolyn Dry in the 1990s (Figure 7.3) [Dry 1992b, c; 
1993b; 1994; 1996b, c, d; 1997; 2001b; 2003b]. The single tube has conceptual simplicity and provides 
control over the fow. In many respects, this technique is a precursor to the micro- and nanoencapsu-
lation techniques discussed in Chapters 3 and 4. A difference is that the elongated shape of the non-
branching tube acts as both a reservoir of healing fuid and a vasculature enabling the long-distance 
transport of material. 

Primary steps of implementation: 

1. Embed Tubes: Fill with healing fuid into the structural element, usually during fabrication. 

2. Damage Scale: The structural element suffers damage of suffcient severity to require repair, 
but not large enough to destroy the structural element. Virtually any structural material that 
suffers from cracking damage, is repairable by healing liquids at ambient temperatures, and 
tolerates the embedment of tubes is a good candidate for this method. Concrete and fber-
reinforced polymer composites are candidate applications. 

3. Damage Transfer: Damage to the structural element propagates into the tube, causes it to crack, 
and then dispense healing liquids by leaking. 

4. Healing Fluid: Flows into the crack. 

5. Fluid Solidifes: Forms an effective repair in the crack. 

This process is conceptually straightforward, but technically nontrivial. Some items of concern are 
as follows: 

1. How to Get the Fluid to Flow? Most simple vascular confgurations do not have pumps and 
instead rely on other means of forcing the healing fuid to fow out of the tube and into the 
damaged region. 

2. How to Miniaturize? The Hagen–Poiseuille law fnds that viscosity dominates fow through 
small diameter tubes. The pressure drop due to viscosity increases as an inverse power of 
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4 relative to tube diameter. Questions arise as to how to miniaturize the vasculature to reduce 
parasitic loads, while maintaining adequate fowability. For example, viscosities on the order 
of 0.10 Pa-s are adequate for liquid to fow out of borosilicate glass microcapillary pipets with 
inner diameters on the order of 130–380 µm [Motuku 1999]. 

3. How to Get the Vessel to Crack and Release Healing Fluid at the Appropriate Time? This 
requires that the vessel wall material be tough enough to survive embedment and routine opera-
tional usage, yet readily crack open in the presence of nearby structural damage. Brittle glass 
tubes crack in complicated patterns, but are generally effective at releasing healing fuids into 
the correct location at the correct time [Li 1998a]. An alternative is vessel walls that leak when 
stretched. 

4. How to Minimize and Offset Parasitic Loads So As To Not Degrade the Overall Performance 

of the System? There are competing design objectives. Hollow fbers with diameters com-
patible with the free fow of most fuids in vascular systems are much larger than the 
load-bearing fbers in most FRPs, leading to stress/strain mismatches and the formation 
of damage initiation sites. While smaller diameter vascular tubes are readily available, 
flling the tubes and then inducing outfow when needed becomes increasingly diffcult as 
the diameter shrinks. One possibility is to cut the viscosity of the healing liquid with sol-
vents, for example, acetone for epoxy or cyanoacrylate liquids [Bleay 2001]. Combinations 
of dilution with geometric optimization enable fabrication of vascular self-healing FRP 
composites that recover up to 97% of the original strength with parasitic weight penalties 
as low as 1–2% [Pang 2005]. Miniaturization extends down to the nanoscale and molecu-
lar scale with the use of carbon nanotubes as vessels, containers, and structural flaments 
[Lanzara 2009]. Electrospinning with a functionalized fuid-flled core is a method of 
mass-producing vascular wadding [Kotrotsos 2021]. The tube can also act as a structural 
reinforcing flament. 

5. How to Maintain Healing Fluid Stability? The fuid must exert the desired healing action 
once deposited in the damaged region but remain liquid for long durations prior to the 
damage. The fuid must congeal once it fows into the crack, not before and not too much 
afterward. Possibilities are single-part materials that solidify when exposed to the air or 
the structural matrix. Solvent evaporation and air-induced polymerization are common 
solidifcation mechanisms. Ethyl cyanoacrylate (commercially available as Super Glue) 
polymerizes in the presence of moisture [Li 1998a]. Two- and three-part systems are pos-
sible [Dry 1996b]. 

6. The Amount of Healing Liquid Must Match the Crack Size [Li 1998]. Bigger cracks require 
more healing liquid. Mechanical wound closing reduces the amount of healing liquid 
required. 

7.3 Non-branching Vascular Cables 

Cables are elongated bundles of components that individually conduct electricity, light, fuids and/or 
forces. The addition of tubes for conveying healing fuids is straightforward. Figure 7.4 shows an early 
vascular system used to replenish dielectric fuid in high-power electric transmission lines. 

Vascular electric cable systems are often called “fooding cables” [ASTM 2013]. Applications of 
fooding wire repair are as follows: (1) Maintain and replenish dielectric layers surrounding conductors 
in high-voltage applications [Bennett 1932] [Bennett 1934], and (2) Self-sealing, primarily against water 
intrusion (Figure 7.5). 

Another non-branching vascular application protects cables that transmit mechanical forces, that is, 
parallel strand steel cables in tension. Corrosion is a problem, particularly corrosion stress cracking. In 
the absence of corrosion, excessive loads, and fatiguing loads, steel cables generally survive indefnitely. 
The traditional approaches of coating, sealing, and painting all prevent corrosion reasonably well, but 
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FIGURE 7.4 Early (ca. 1932) self-replenishing liquid dielectric system for high-power electric conductors. (From [Bennett 1932].) 

FIGURE 7.5 Flooding cable with viscous layer that fows and prevents water fowing to inner conductor when damage 
breaches outer jacket. 
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FIGURE 7.6 Circulating dry nitrogen gas prevents corrosion in steel cables. 

nonetheless eventually break down. An example is the cables in cable-supported bridges. Siting these 
bridges near marine environments with salt-laden ocean spray accelerates corrosion. Corrosion occurs 
in the subsurface, and is diffcult to detect and mitigate at early stages. An effective vascular corrosion-
prevention application uses circulating oxygen-free dry nitrogen gas in a vascular confguration that 
prevents corrosion in bridge stay cables (Figure 7.6) [Doe 2005]. 

7.4 Non-branching Layered Vascular Configurations 

Increasing the diameter of the coaxial channel eventually produces a planar vascular configura-
tion, with the fluid flowing in a confined layer. The effect is to provide a broad area of coverage 
for healing. Figure 7.7 shows a self-healing liquid container with a layered wall construction. 

FIGURE 7.7 Liquid solvent layer comingles with unvulcanized rubber following damage to induce swelling that plugs hole. 
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FIGURE 7.8 Cellular layer structure for two-part mixing coagulation plugging of spacecraft wall following penetration 
by micrometeorites. (From [House 1966].) 

Upon penetration through both layers by a projectile, a planar liquid solvent layer induces swell-
ing and then sealing in an adjacent rubber layer [Potters 1949]. The utility of solvent-sensitive 
layers arises in cases where the ambient fluids do not induce swelling with sufficient promp-
titude for sealing. Spacecraft penetrated by small high-velocity micrometeorites may benefit 
from similar configurations using cellular multilayer compartments that allow for the mixing of 
two-part fluid systems that then solidify to form a plug (Figure 7.8) [House 1966]. Strategically 
placing the vasculature in regions prone to damage enhances healing action. An example is 
fiber-reinforced foam composite panels. Impact damage often occurs at the interface between 
the FRP and foam layers. Placing a two-part epoxy-healing formulation in a parallel vascular 
structure in the damage-prone region between the FRP and foam heals the damage as needed 
[Chen 2013d]. 

7.5 Quasi-vascular, Wicking, Coaxial, and Layered 

Wicks are bundles of fuid-philic fbers that draw a fuid along the length, leading to a quasi-vascular 
fuid transport mechanism. Free energy from surface tension along hydrophilic fbers drives the motion, 
while viscosity and fuid body force resist. Paint brushes and candle wicks are common examples. The 
fber bundles can serve other purposes, such as structural reinforcement. 

An example of wicking for self-healing is heat-recovery tape used in insulating wire with a fiber-
based wadding backed by thermoplastic resins [Hanley 1941]. Excessive heat causes thermoplastic 
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FIGURE 7.9 Wicking promotes fow of healing liquid. (a) Healthy electrical cable. (b) Heat, damage, or manufacturing 
forms gap in insulation. (c) Heat melts and fbers wick thermoplastic to close gap. 

insulation to melt, flow, and expose electrical conductors. As a self-healing mechanism, fiber-based 
wadding wicks insulating liquids along the cable and heals the melted regions to prevent electrical 
shorts (Figure 7.9). A similar wicking approach with Kevlar™ strands transports and combines a 
two-part epoxy-healing system for wire insulation in cable bundles [Esser 2005]. Combinations 
of hydrophobic and hydrophilic fiber patterns confine the flow into predetermined channels with 
forces that are strong enough to counteract gravity (Figure 7.10) [Xing 2013]. Textured superhy-
drophilic surfaces operate as 2D wicking surfaces where drops spread as a quarter power of time 
[Kim 2013a]. 

FIGURE 7.10 Combination of superhydrophilic and superhydrophobic patterned yarns promoting controlled wicking 
fow. (a) Unpatterned hydrophilic yarn fabric. (b) Unpatterned superhydrophobic yarn fabric. (c–f) Patterns of hydrophilic 
and hydrophobic yarns promote controlled movement of drops. (From [Xing 2013].) 
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FIGURE 7.11 Branching and looped vascular topologies. (a) Branching. (b) Grid with loops and redundant fow paths. 

7.6 Topological Considerations 

Vascular topology is an important design consideration. Items of concern are the amount of branching and 
looping and whether the system is open or closed (Figures 7.11 and 7.12). Since most systems have open 
aspects, the defnition of open versus closed systems is largely a matter of descriptive convenience. Open 
systems in the human body include lungs, urinary tracts, the lymphatic system, and leaves. The circulation 
system for blood is largely closed but has some open-loop aspects. The liver and kidneys cleanse the blood 
and remove old dead cells. As needed, blood vessels become porous and allow for through-wall material 
transport. In an early development, Dry proposed a technique for vascular healing by through-wall material 
transport with porous vessels [Dry 1992b]. Controlling porosity controls the amount of material transport. 

An interesting item from the vasculature of the higher animals is the vital necessity of an open-loop 
lymphatic system in combination with the closed-loop blood-carrying hematic system. Principal tasks of 
the lymphatic system are immunological and the removal of waste tissue products. The number of reported 
applications to date of lymphatic-type vasculature in engineered self-repairing systems is limited. Most use 
systems to drain or otherwise remove unwanted liquids. One example is the use of fume hoods to remove 
noxious gases and particulates from buildings. Another is the use of a draining layer to remove salt-laden 
water from the top of bridge decks to protect the underlying reinforced concrete deck slab (Figure 7.13) 

FIGURE 7.12 Open, closed, and leaky vascular topologies. (a) Open for delivery. (b) Open for drainage or lymphatic 
removal. (c) Closed. (d) Closed with through-wall delivery. 
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FIGURE 7.13 Drainage systems in bridge deck pavements. (a) Traditional system with drain channel. (b) System with 
draining layer. (From [Kim 2009].) 

[Lee 2008]. A third example is the removal of leaking fuel and combustible fuids to prevent fres and col-
lateral damage. A gravity-fed lymphatic-type vascular system embedded into the wall of a fuel tank in the 
form of corrugated cardboard drains fuel from leaks [Ericsson 1921]. Another technique uses multilayered 
walls. When the leak penetrates through only one of the layers, an interior layer captures and drains the 
fuid into a location suitable for handling. Double-wall fuel tanks, double-wall container ships, and building 
façades use these methods. As early as World War I, Mougey and Jacobs used such methods to mitigate 
leaks in aircraft fuel tanks (Figure 7.14) [Mougey 1919]. Preconstructed berms that surround large chemical 
and fuel storage tanks are variants on the theme of fuid containment with drainage. 

FIGURE 7.14 Early (ca. 1919) self-healing airplane fuel tank using lymphatic-type drainage system to dispose of leaking 
fuel. (From [Mougey 1919].) 
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FIGURE 7.15 Irreversible triggered nonporous-to-porous transition that enables healing. (a) Metal oxide layer on top fexible 
polymer layer with hydrolyzable vascular system carrying metal oxide precursor. (b) Water fows into damage that breaches 
the metal oxide layer. (c) Water penetration hydrolyzes polymer to cause porous release of metal oxide precursor. (d) Precursor 
fows into the crack. (e) Second hydrolysis process forms a metal oxide layer that heals the crack. (Adapted from Liu 2008a].) 

Branches and loops provide options for enhanced material delivery. Non-branching tubes are good 
for the high-volume transport of materials over long distances but are not very effective at distributing 
material over surfaces or throughout volumes. Branching topologies offer potential advantages for mate-
rial transport into volumes and over areas. Branching comes in fve primary varieties: tubes, branches, 
loops, openings for release of material in and out of the vessels, and combinations of the above. Some 
underlying concepts are as follows: 

1. Branching of Flow: Distributes fow in a large channel to multiple smaller channels. 

2. Branching of Diffusion: Increases the ratio of wall surface area to internal volume. The 
increased area increases the potential for through-wall diffusion and reduces the effective 
length of small-diameter, high-viscosity resistance runs. 

3. Hierarchical Layering of Branches: Balance the needs of high-volume long-range transport 
over large channels with the localized diffusive transport of small amounts of material over 
short length scales. 

4. Functional Grading: Use different functionalization at different length scales. 

A selectively dissolvable impermeable barrier as the outer layer that covers a porous vessel wall imple-
ments an irreversible nonporous-to-porous vasculature triggering system (Figure 7.15). The imperme-
able layer does not dissolve in the presence of the internal healing liquid, but it does dissolve when a 
different damage-signaling liquid attacks the outside of the vessel. One scheme uses TiCl4 as the healing 
liquid and poly(lactic acid) (PLA) polymer as the impermeable layer [Liu 2008b]. The TiCl4 acts as a 
precursor for the formation of titania healing structures in composites. The PLA layer does not react with 
TiCl4 but does break down by hydrolysis in the presence of water or high humidity. This vascular system 
heals brittle materials when placed near a surface prone to cracking. 

7.7 Active Fluid Pumping and Control 

Actively forcing and controlling fuids to fow through vasculature directs material transport when and where 
needed. Possibilities include pumping, opening, and closing of valves, dilation of vessels, and surface effects. 

Electrodynamic techniques move electrically conductive liquids. Eutectic indium gallium, also known 
as Galinstan, is a room temperature conductive metal liquid. Applying an electric feld changes the surface 
tension from wetting to nonwetting. Switching between different states causes the fuid to fow [Tang 2014]. 
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7.8 Local Material Delivery and Resolution 

Local material delivery may be most effective with local control of delivery, including dispensing with 
through-wall diffusion, with orifces and leaky vessel walls, and porous networks of orifces. Through-
wall diffusion is common in biological systems, as is open channel in the lymphatic system. For example, 
the pumping of fuids through porous layers increases the level of heat transfer to create an active thermal 
insulation system that protects against intense long-duration thermal loads [Maruyama 1989]. 

Alternative means of stimulated fuid release also promote fuid healing [Dry 1996a]. Concrete dam-
age, such as reinforcing bar corrosion, cracking due to shape changes during curing, cracking due to 
alkali silica reactions (ASR), and freeze-thaw degradation benefts from liquid sealants, such as lin-
seed oil and sodium silicate; anticorrosion liquids, such as calcium nitrite; antifreeze agents, such as 
polypropylene glycol; crack-flling epoxies and urethanes; and solvents that soften or dissolve material. 
Alternative fuid release methods use coatings that degrade in the presence of particular external stimuli, 
such as heat, pH, specifc ions, acoustic waves, low-frequency waves, hydrostatic pressure, photosensitiv-
ity, electric currents, voltages, electrorheological excitation, and radiation. 

7.9 Support of Bio-based Healing Systems 

Vasculature provides nutrients to bio-based healing systems. Figure 7.16 shows vasculature used to pro-
vide nutrients for bacteria healing of reinforced concrete. 

FIGURE 7.16 Vascular system for providing nutrients to bacteria-based self-healing of concrete in diagonal tubes placed 
in formwork. (From [Paine 2016].) 
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7.10 Healing of Vasculature 

Vasculature is an important component in many engineered systems. This includes piping for cooling, 
lubrication, hydraulic power, pneumatic power, ventilation, and frefghting. Piping is often buried under-
ground or located inside machinery and walls in inaccessible locations. The self-repair of vasculature, 
that is, piping, in engineered systems is an important concern. 

Fluid-carrying pipes have multiple failure modes ranging from small leaks to big leaks and blowouts, 
cracks, erosion, corrosion, clogs, pump failure, loss of fuid, and breakdown of fuid. Vascular healing 
techniques: 

1. Damage Mitigation with Blowout Valves: Excessive pressure damages piping, valves, and other 
devices. Pressure release devices let the fuid escape upon receiving excess pressures. These include 
pressure relief valves, membranes that burst with excess pressure, freeze-out plugs in water-cooled 
engine blocks, and high-pressure transients in hydraulic systems mitigated by accumulators. 

2. Damage Mitigation with Check and Cutoff Valves: Automated sense, more sophisticated two-
way cutoff. 

3. Stop Leak Compounds: Many of the leak-plugging methods for pressure vessels discussed in 
Chapter 6 also work for piping. These generally use foating particles that jam and conglomerate 
in the hole. A concern is to select the sizes of the particles so that they are big enough to plug the 
leak, but do not clog the pump or foul ancillary equipment, such as pumps, valves, and sensors. 

4. Patches and Annular Walls: External patches on piping must contain the pressure of the leak-
ing fuid. Tension and shear with adhesives can get a grip onto the pipe, but a circumferential 
grip provides better mechanical force transfer and ease of positioning, such as annular wall 
patches for leaks in the casing string of downhole well pipes [Allison 2012]. 

5. Systemic Reconfguration: A signifcant leak at one location drains the working fuid and 
reduces pressure to levels that may disable an entire piping system. Closing the fuid fow 
to the piping with the leaks mitigates large leaks. This disrupts the local fuid fow on the 
cutoff branches of piping but leaves the rest of the system operable. Figure 7.17 shows a leak 

FIGURE 7.17 Two-way check valve for use in high-voltage liquid dielectric vascular insulation system closes in the event 
of a signifcant leak in the piping on either side. (From [Sarro 1994].) 
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mitigating cutoff valve for a liquid dielectric insulating system used in high-voltage power 
distribution [Sarro 1994]. This system uses an automated two-way check valve to close the 
pipe via secondary hydraulic connections that actuate in the event of a pressure drop due to a 
signifcant leak. 

6. Trenchless and Inside-out Methods: Trenchless methods repair buried pipe from the inside out 
without digging. Placing a new internal liner seals leaks, but also reduces the internal diameter. 
It is possible to increase the cross section along with relining on unreinforced pipes, frst with 
pressurized bursting and then relining [Lueke 2001]. 

7. Pipe Repair Robots: Use of robots to crawl inside, inspect, and repair pipes. The relatively 
simple geometry and confned spaces favor the use of robots. 

8. Futuristic: Angiogenesis, growth of new vasculature largely remains to be developed into a 
viable technology. 



 

 

 
 
 
 
 
 

 
 

 

 

8 
Multiscale and Multifunctional Methods 

8.1 Introduction 

This chapter addresses self-healing systems with interactions that occur over multiple length and 
time scales, often through the use of multiple functionalities. These multi-X approaches lead to better 
performing damage mitigation and self-healing systems. Scale-dependent effects selectively allow 
for some physical processes to dominate at some scales, while other processes at other scales. Mixing 
processes can scale these effects to act over multiple scales. Sometimes, the mixing cascades layer 
by layer up and down length and time scales, in a manner analogous to fully developed turbulence 
(Figure 8.1). Other times, mixing effects leapfrog over multiple length and time scales, as in molecu-
lar scale interactions producing macroscopically observable phase changes. Timing is especially 
important for materials with states that change signifcantly during their lifetimes, such as concrete 
that solidifes as it cures [Dry 1998]. 

8.2 Continuum Damage and Healing 

Many self-healing materials heal at small length scales, yet exhibit macroscopic behavior describable by 
models derived in the framework of continuum mechanics. Constitutive theory asserts that constitutive 
models of material behavior must follow the laws of physics, including thermodynamics [Eringen 1980]. 
Damage modeling describes the degradation of materials with observable macroscopic properties, such 
as deformation and temperature in terms of internal variables, such as energy, entropy, and damage. 

FIGURE 8.1 Interactions over multiple scales. (a) Cascade. (b) Leapfrog. (c) Fully mixed interactions. 
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FIGURE 8.2 Healing of microdamage modeled as a continuum process. (a) The bar in tension. (b) Damaged (nominal) 
confguration. (c) Healing confguration. (d) Effective (undamaged) confguration. (From [Abu 2012].) 

Adding healing as an internal state variable develops constitutive models that are consistent with the 
laws of physics and describe macroscopic damage and healing behavior (Figure 8.2) [Barbero 2005] 
[Voyiadjis 2011] [Miao 1995] [Abu 2012]. 

8.2.1 Viscoelastic and Creep Models 

Asphalt pavements sustain repeated loading due to the weight and traction of passing vehicles. Rest 
periods between loading allow mildly damaged asphalt to heal [Bazin 1967]. Even though asphalt is 
a composite of granular stones and tar, continuum models describe much of the macroscopic behav-
ior. A pseudo-stiffness model derived from viscoelastic material properties provides a reasonable 
semiempirical framework for explaining fatigue crack healing [Si 2002]. 

8.2.2 Micromechanics 

Simplifed models of micromechanical interactions in solids describe the healing effects of embedded 
fbers and inclusions. The models largely draw on the framework established for damage to microme-
chanical constituents with healing substituted for damage [Pugno 2011] [Bosia 2015]. Figure 8.3 shows 
the geometry of a micromechanical model of using embedded capsules of water to promote the autog-
enous healing of cracks in concrete by hydrating unhydrated cement [Huang 2012]. 
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FIGURE 8.3 Micromechanical model of concrete crack healing with hydration of unhydrated cement by internal release 
of water from microcapsules. (a) Pristine state. (b) Crack releases water from microcapsule. (c) Water hydrates cement to 
heal crack. (Adapted from [Huang 2012].) 

Asphalt concrete uses petroleum-based tar to bind small stones together. Mechanical and environmen-
tal loading damages the binder. Molecular viscoelastic effects heal moderate forms of this damage. A 
memory model based on a convolution integral can model the damage and healing processes [Carmona 
2007]. Equation (8.1) expresses the quantity p(t) as a von Mises-type damage for a beam specimen. The 
frst term contains the effect of axial strain, ε, with respect to a threshold value εth. The second term 
contains the effect of bending through the end rotations θi and θj, with respect to a threshold value θth. 
Equation (8.2) captures the healing effect with a fading memory in a convolution integral. The charac-
teristic time τ governs the rate of healing. Failure occurs when q(t) > 1. 

max( θ θ, ji )  
2 

p( )t =   + (8.1) 
 th  θth 

t 

q t( ) = p t  + 0 
− −(t t′)/τp t  (8.2) ( )  f e  ( )′ dt′∫ 

0 

Syntactic foams are composite materials made by mixing small hollow spheres and a binding matrix. 
The result is a multiphase foam material with tunable properties. Combining a shape memory polymer 
with hollow glass microspheres creates customized thermally active self-healing foam [Xu 2010b]. 

Halite is a rock crystal form of NaCl. It has inherent self-healing capabilities that makes it useful for 
large-scale sealing layers. A typical halite installation begins with rock salt granules that merge and 
heal into a solid mass by diffusive transport that largely squeezes out the open gaps and cracks. This is 
a multiscale process acting at molecular scale as well as micro-, meso-, and macroscales. Fabric tensors 
are second-order symmetric tensors that describe statistical properties of granular media as well as the 
micro- and mesoscale mechanics of these structures [Zhu 2015]. 
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Large earthquakes often coincide with the fracture of subterranean rack layers. High temperatures and 
pressures underground promote self-healing. Water permeability measurements in wells fnd that fault 
healing is a punctuated process with exponential time constants on the order of 0.6–2.5 years [Xue 2013]. 

8.2.3 Nonrational Models 

Rational mechanics is an approach to continuum and related applied mechanics problems based on for-
mal derivations from frst principles. The rational mechanics approach provides important insights, such 
as the role of thermodynamics in continuum models, but often has diffculty in capturing the behavior of 
complicated material systems. Nonrational methods combine experimental observations with heuristics 
and other subjective inputs to form models of expected behaviors [Arson 2012]. Fuzzy reasoning and, 
more recently, some artifcial intelligence methods, are examples. Fuzzy methods can provide insights 
into which parameters are important to describe the healing of asphalt mixtures [Huang 2016]. 

8.2.4 Percolation 

Percolation in heterogeneous material systems occurs when localized connections coalesce to form long-
range connections. Small changes in the rate of local connectedness sometimes cause large long-range 
changes, with the change having many characteristics of a phase change. Aside from a few simple cases, 
most percolation analyses use numerical methods based on simulations of random felds. Percolation 
describes some aspects of fatigue crack growth, suppression, and self-healing. Fatigue cracks grow 
through the connecting coalescence of smaller cracks. Bigger cracks connect to smaller cracks until a 
threshold is reached in which the part fractures. Embedded self-healing agents, such as liquids in micro-
capsules, heal and suppress the growth of small fatigue cracks before they start to percolate into bigger 
cracks [Dementsov 2008]. 

More complicated percolation dynamics arise with active materials. Gels with arrays of nematic 
tubules form hierarchical dynamic patterns of percolating bundled active networks comprised of micro-
tubule bundles [Sanchez 2012]. Such bundles are active, typically moving, fracturing, and self-healing 
in nonequilibrium processes. 

Percolation modeling describes the strength of polymer–polymer bonds with reptation interdiffusion 
in terms of the number of molecules that entangle across a bond through reptation diffusion [Wool 
2006]. If there are enough bonds of suffcient strength, the interface is strong enough to withstand the 
applied load. If the bond strength and density are insuffcient, the macroscopic interface cannot hold the 
load and fails. 

8.3 Multiscale Thermomechanical Healing 

It is possible to combine thermal and mechanical loading to induce multiscale self-healing interactions. 
Thermoplastic polymers when heated above their glass transition temperature Tg heal tight cracks by 
reptation. Being above Tg also weakens the material. Thermoset polymers are tougher, but do not readily 
heal by diffusion. The differences in thermomechanical properties of thermoplastic and thermoset poly-
mers result in big differences in damage processes and the ability to self-heal. Hybrid polymers combine 
thermoset and thermoplastic properties to produce unique energetic mechanical and thermomechanical 
loading properties. 

Custom networks of bonded polymer molecules change stiffness in response to a stimulus. A primary 
technique is to control the amount of polymer cross-linking. More cross-linking increases stiffness and 
less cross-linking softens the material. 

Antagonistic mixes of strong and weak bonding within the same material form highly tunable inter-
nal molecular structures. Stimuli-responsive behavior percolates across the material in gels and elastic 
solids. An example is a combination of ring-opening metathesis bonds with weak hydrogen bonding 
molecular motifs [Nair 2008]. 
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FIGURE 8.4 Elasto-plastic rebound hypothesis for thermoelastic healing with ionomers. (a) Initial contact with pro-
jectile. (b) Projectile stretches ionomer. (c) Projectile breaches ionomer. (d) Ionomer rebounds to close gap. (Adapted 
from [Varley 2010].) 

8.3.1 Ionomers with Nanoscale Thermomechanical Functionalization 

Adding sodium and other molecular species to polymers forms ionic bonds that alter the material at 
nanoscale and molecular scale. The result is hierarchical actions up through macroscales, including self-
healing compatible combinations of elastic rebound plus plastic reformability. 

Ionic polyamides demonstrate remarkable macroscale healing through nonbonding interactions. 
Observations of the response of the ionic polyamide Surlyn™ to penetrating ballistic impacts produce 
an impressive near-recovery of initial shape [Fall 2001] [Wool 2008] [Varley 2008]. Projectile penetra-
tion and pass-through stretches heat and tear the polymer. A combination of elastic rebound and viscous 
material effects, including a thermoelastic transition from hard to soft material acting at molecular scale 
as well as meso- and macroscales, causes the hole to close. At the molecular scale, ionic polymers are 
a mix of hydrophobic polymer components and hydrophilic ionic components that form into clusters 
[Tadano 1989]. Highly energetic damage, such as ballistic penetration or rapid saw-cutting, elastically 
distorts the material on a macroscale and melts the material in the immediate vicinity of the damage 
(Figure 8.4). The frst healing stage is an elastic rebound that closes much of the wound. The second stage 
is the thermal-melt-driven sealing of the hole. Less energetic damage, such as slow sawing and drilling, 
does not energetically excite the material and cause rapid healing [Varley 2010]. Measurements on the 
ionic polymer poly(ethylene-co-methacrylic acid), that is, Surlyn, and a nonionic copolymer with the 
trade name Nucrel™ exhibit similar behavior. Figure 8.5 shows an ionene-polyamide flm that recovers 

FIGURE 8.5 Macroscale healing with ionene-polyamide flm. (a) Perforation with drill. (b) Resealed hole following 
thermal cycling at 60 °C for 30 s. (From [Kammakakam 2019].) 
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FIGURE 8.6 High-strength polyamide elastomer that recovers from a cross-sectional cut. (Reprinted with permission 
from [Wu 2020]. Copyright 2020, American Chemical Society.) 

from perforation by a drill with 30 s of heating at 60 °C [Kammakakam 2019] and Figure 8.6 shows a 
high-strength polyamide elastomer that recovers from a cross-sectional cut [Wu 2020]. Another applica-
tion is noise-suppression systems on frearms where a self-healing ionic polymer captures particulates 
from each discharge to improve the performance and durability of the silencer [Oliver 2014]. Isolated 
mechanical or isolated thermal loading does not produce the same effect with these materials. 

Molecular scale descriptions (density functional theory, density functional tight binding theories 
[Vuong 2019], and classical molecular dynamics simulations) of the mechanics of healing with ionic 
polymers suggest that healing combines dissociation of ionic clusters and supramolecular backbone 
relaxation. The process has three timescales – the terminal relaxation time td; the supramolecular relax-
ation timescale τ; and the macroscopic healing timescale theal. Good healing seems to require a separa-
tion of timescales with terminal relaxation being fastest, followed by supramolecular relaxation and 
macroscopic healing. This separation enables dangling sticky molecules to form on freshly cut sur-
faces and promote adhesion, but also to fade with time so that normal exterior surfaces are not sticky. 
Experiments with poly(butyl acrylate-co-acrylic acid) ionomers using cobalt counterions in tempera-
ture ranges that promote self-healing found terminal relaxation times on the order of tens of seconds, 
supramolecular relaxation times of hundreds of seconds, and macroscopic healing times of thousands of 
seconds [Bose 2015]. 

The Eisenberg–Hird–Moore model combines multiplet clusters to form a more detailed explanation of 
some of the behavior of ionomers (Figure 8.7) [Eisenberg 1990]. The model considers ionomer molecules 
as long chains of nonionic mers with a small number of interdispersed ionic mers. Ionic components 
attract other ionic components and form ionic bonds as well as clusters of ionic bonds. Clustering leads 
to nanoscale heterogeneity with localized regions of ionic bonds restricting the mobility of polymer 
molecules interspersed in a matrix of thermoplastic nonionic regions. The heterogeneity combined with 
hierarchical clustering and the reversibility of the ionic cluster bonds explains the macroscale thermo-
elastic behavior of ionomers. Adjusting the level and type of ionic bonding affects performance. 
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FIGURE 8.7 Eisenberg–Hird–Moore model of multiplet clusters in ionomers. (From [Eisenberg 1990].) 

Too small of an ionic dose and insuffcient linking occur. Too large of a dose overly stiffens the material. 
An ionic loading of 15% methacrylic acid ionized with Na or Zn in an ethylene matrix produces a mate-
rial with high impact resistance [Akimoto 2001]. 

Hybrid compositions of elastomers and ionomers produce material systems with both the large revers-
ible deformation typical of elastomers and the elasto-plastic rebound of ionomers for self-healing. A 
combination of n-butyl acrylate as the elastomer with acrylate acids as the ionomer promoter produces 
a self-healing elastomer material system with adjustable properties [Hohlbein 2015]. A 5% molar ionic 
load may be optimal. 

Inserting nanoparticles into hydrogels produces composite material systems with tunable shear 
thinning and self-healing properties that are superior to neat hydrogel [Appel 2015]. Polymer mol-
ecules bind to the nanoparticles. Upon macroscopically stressing the material, the polymer molecules 
stretch and detach from the nanoparticles, as a toughening effect. The polymer molecules reattach to 
the nanoparticles in a subsequent self-healing process. Key features are to have the polymers noncova-
lently link to one another and to the nanoparticles. To promote percolation, the particles need to have 
average diameters smaller than the length of the polymer molecules, with an average number of inter-
actions between molecular and nanoparticle >2. Similarly, the introduction of pyrene-functionalized 
gold nanoparticles into a mixture with supramolecular pyrene-functionalized polyamide and poly-
diimide polymers produces recognition between the three components leading to a doubling of tensile 
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strength versus control without recognition, and the ability to heal with solvent and thermal cycling 
[Vaiyapuri 2013]. Numerical simulations indicate that the nature of the bond between the polymer 
and nanoparticles has a large effect on overall self-healing material performance. Catch bonds, that 
is, bonds that grow in strength with time and load, produced more robust material networks than slip 
bonds [Iyer 2015]. The technique requires polymer backbones with suffcient mobility and fexibility 
to migrate to the crack surfaces [Schäfer 2015]. 

Annealing for healing requires the following: 

1. Homogeneous State: The material has a nominal homogeneous state with no damage or stress. 

2. Minimal Energy: The homogeneous state has a minimum of intrinsic energy. 

3. Damage Raises Energy into a Stable State: Damage, cracking, distortion, residual stress, mag-
netization, and so on alter the internal energy, homogeneity, and entropy of the system. This 
altered state freezes the damage into a stable nonequilibrium confguration. 

4. Mobility: Adding energy that is just enough to mobilize the frozen degrees of freedom allows 
the material reconfgure to a lower energy healthy state. 

External heating as a means of promoting healing is the mainstay method of annealing. Additional 
techniques using other materials in multicomponent functionalized arrangements that activate with heat-
ing began to appear in the 1990s, such as materials with embedded epoxy particles in a state of localized 
high free energy, that repair damage in glass-fber-reinforced polymer (GFRP) composites with external 
heat [Zako 1999]. 

Some metal alloys solidify in a nonequilibrium state with excess free energy. Damage to the alloys, 
such as large mechanical deformation, raises the energy state to a level that releases the free energy, 
resulting in release of the free energy and phase changes, leading to precipitation at damage nucleation 
sites that heals the metal [Nosonovsky 2012]. Similarly, some materials remain stable in out of equilib-
rium conditions by multiphase effects that prevent decomposition. An example is gas hydrates which 
exhibit a self-preservation effect by forming an ice-like solid outer layer that prevents decomposition at 
temperatures above the melting point [Bai 2015]. 

Point defects arise in germanium crystals due to a variety of manufacturing processes. These 
defects degrade the performance of electronic devices, such as leakage currents from on/off action 
of n+/p junction diodes. Annealing between 550 °C and 650 °C heals point defects in germanium 
crystals [Shim 2013]. 

8.4 Granular and Cementitious Materials 

Asphalt, mortar, and concrete are granular composite materials that routinely self-heal, typically by 
inflling tight cracks. The self-healing behavior is not very aggressive, but nonetheless leads to long-term 
endurance, even with harsh environmental and loading conditions. 

Asphalt cement is a composite mix of small stones and tar-like polymer binders. A common damage 
mode is fatigue and cracking at the microscopic scale of the binder that appears on macroscopic scale 
as a reduction of stiffness and visible cracks. Most of the healing techniques use rest periods between 
loads. The healing phenomena depend on viscoelastic refow and molecular reptation diffusion healing 
of cracks in the binder matrix. The time constants of these thermodynamically driven healing processes 
are often several times longer than the damage-causing loads. The rate of healing activity increases with 
temperature. 

Many tests of healing performance measure stiffness, which damage reduces and healing increases. 
Testing applies mechanical loads of suffcient magnitude to damage the material, followed by rest peri-
ods with no loading. Subsequent testing evaluates the healing by measuring the material stiffness and 
the number of load cycles to failure. 

Concrete is a composite of stones, sand, and reinforcing elements held together by cementitious mate-
rial. The precipitation of calcium carbonate to fll tight cracks is a common self-healing mechanism. 
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FIGURE 8.8 Diffusion of H2O and Ca2+ forms CaCO3 to fll crack in concrete. (From Aliko 2015].) 

Figure 8.8 shows a simplifed model of the process where water diffuses through the cement, accumu-
lates Ca2+ ions, fows into the crack, and precipitates CaCO3 to fll the crack. A continuum model of the 
process describes the rate of CaCO3 formation. An ordinary differential equation (8.3) describes the 
formation rate. A partial differential equation (8.4) describes the spatial variation. Here, k is the kinetic 
rate constant; D is the diffusivity; H[x] is the Heaviside step function; and Ca2+ is the concentration of 
calcium ions (Figure 8.8) [Aliko 2015]. 

2− 2+ 2+[  k Ca  CaCO ] = −  Ca   H Ca  (8.3) 
d 

3
d 

 3  =   ⋅  dt dt 

d 2− 2 2− 2− 2+CO3  D ∇ CO3 − ⋅k CO3  H Ca  = ⋅    ⋅  (8.4)        dt 

8.5 Phase Change and Percolation Methods 

Phase changes are macroscopic manifestations of interactions initiated and thermally driven at the molecu-
lar scale. A macroscopic characteristic is that different phases of the same material, such as ice and water, 
coexist at the same temperature and pressure, yet have distinctly different internal energy levels and differ-
ent macroscopic properties. Adding or removing energy transforms the material from one phase to another, 
often crisply at specifc changes of temperature, pressure, or other physical parameters. Phase changes 
appear at the molecular scale with atomic reconfgurations, such as transforming from being immobilized in 
solids to being free to move in fuids. Phase changes act as large reservoirs (or sinks) of energy. For example, 
the amount of heat required to raise liquid water at atmospheric pressure from 25°C to 26°C without a phase 
change is 4.19 J/gm. A phase change, such as the amount of heat needed to melt ice into water at atmospheric 
pressure, is 335 J/gm. Vaporizing water by boiling at atmospheric pressure requires 2,250 J/gm. 

Thermodynamic properties associated with phase changes provide the impetus and/or store of avail-
able energy for damage mitigation and self-healing. Technical challenges arise due to hysteresis and 
nonlinear behavior, which favors systems with linear behavior. A notable exception is the use of a con-
denser by James Watt to heal steam by removing entropy. Thermodynamic healing of steam was a major 
innovation that continues to fuel the Industrial Revolution and sustain modern society. 

8.5.1 Liquid Phase Change 

The spontaneous formation of liquid phases can also play a role in healing. Methylamine gas at room 
temperature causes perovskite thin methylammonium lead iodide used in solar cells to heal solid defects 
by liquifying and then solidifying with the removal of the gas [Zhou 2015]. 
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8.5.2 Solid-to-solid Phase Change 

Void formation between crystal grains in metals is a principal mechanism of cracking. The application of 
external pressures closes and heals the cracks in a thermodynamically favored process [Wang 2003]. 

8.5.3 Shape Memory Materials 

Shape memory materials are integral components of multiscale healing systems, typically as inserted or 
interwoven components that actuate with thermal stimulus and change phase. SMA actuator and pseudo-
elastic behavior enable large deformations at constant temperature. A notable example is the expandable 
mesh arterial stent. Change in temperature changes the phase and creates macroscopic actuators – maybe 
capable of exerting 100 ksi. 

8.6 Heterogeneous Material and Structural Systems 

Another application of phase change for healing is a material that separates into a heterogeneous patchwork 
of different phases during manufacture. This occurs when thermodynamics has a nonconvex phase energy 
equilibrium diagram, with two or more valleys. One possible mechanism of the self-healing behavior of 
asphalt is a thermodynamically driven phase separation heterogeneity with a waxy buildup of bumblebee 
patterns (Figure 8.9) [Kringos 2011]. Reaction–diffusion effects are a means of introducing heterogeneity. 

8.6.1 Foams and Cellular Material Systems 

Foams and cellular solids are multiphase materials with arrays of fuid-flled compartments surrounded 
by stiffer solid or semisolid walls and struts. The combination of lightweight and the ability to imbue 
foams and cellular solids with a wide variety of customizable and functional properties makes them quite 
useful in a variety of sealing and healing applications. 

Some authors distinguish foams and cellular solids by the phase of the original source material. Foams 
come from liquids and cellular solids from solids [Gibson 1997]. The manufacture of foams and many 
cellular solids is a gas insertion process or supersaturated gas release with the initiator being heat, chemi-
cal reaction, or pressure release. High-performance materials produce high-performance foams and cel-
lular solids but are diffcult to fabricate. Examples include PTFE, which is diffcult to foam, because it 
does not melt, polyimide, and metals [Kolmschlag 2004] [Abdul 2008]. Material removal and assembly 

FIGURE 8.9 Microscale heterogeneities in asphalt bitumen with stores of free energy that enable self-healing. 
(a) Bumblebee heterogeneities observed by AFM. (b) Patchwork simulation of phase separation in thermodynamic valleys. 
(From [Kringos 2011].) 
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FIGURE 8.10 Hierarchical cellular fuel tank system mitigates projectile damage by absorbing shrapnel and leaking fuel. 
(From [Hietz 1982].) 

at the cellular level are alternative methods for making cellular solids. Syntactic foams are assemblies of 
individual spheroids. Some syntactic foams use spheroids flled with functional fuids. 

Thin wall cellular systems exhibit macroscale deformation and shape recovery through elastic buck-
ling interactions at the cellular level. Some of these materials can be stiff, compliant, and lightweight. 
An extreme example is a periodic tube metallic microlattice that is capable of 50% strain and full shape 
recovery while sustaining bulk densities of less than 0.9 mg/cm3 [Abdul 2008]. 

Hierarchical architectures that embed foams or other sealing compounds inside of structural cellular 
compartments provide enhanced functionality. Hierarchical cellular systems appear in a variety of self-
sealing systems. Hierarchical architectures separate the functions so that the macroscale cellular struc-
ture provides mechanical support while the embedded material (usually gel or foam) provides enhanced 
leak-induced sealing. One possibility is a cellular swelling foam self-sealing aircraft fuel tank system 
(Figure 8.10) [Hietz 1982]. This system sits underneath fuel tanks, mitigates shrapnel damage, and con-
tains fuel leaks. An embedded cellular gel structure for sealing leaks in tires appears in Figure 8.11 
[Knowlton 1934]. Cellular structures that mix vulcanized and unvulcanized rubbers require specialized 
manufacturing techniques [Waber 1939]. 

Some materials swell when exposed to solvents. Unvulcanized rubber, polyisobutylene, and neoprene 
swell when in contact with gasoline. Such materials tend to become weak and dissolve with long-term 
soaks in solvents. Blending the swelling-soluble material with an insoluble material, such as vulcanized 
rubber, produces a material that swells in the presence of the solvent and yet retains structural resilience. 
Foamed variants produce enhanced properties, such as more rapid swelling, lighter weight, and the 
ability to sustain larger deformations. Self-sealing fuel tanks are a primary application [Dasher 1940]. 
Open-cell polyurethane foams act as thermal insulating layers while also producing healing capabilities 
in thermal storage tanks for technically demanding applications, such as in aircraft [Cline 1968]. 

A multilayered self-sealing fuel tank places an elastomeric foam layer between polyurethane outer and 
metal inner tank walls in a confguration with the foam layer being several times thicker than the poly-
urethane or metal layers (Figure 8.12) [Baker 1972]. Fuel-induced swelling sealing and pressure-resistant 

FIGURE 8.11 Early (ca. 1934) cellular self-sealing tire tube with fowable gel inside the cells that provide sealing capabil-
ity and cell walls that provide a mechanical structure. (From [Knowlton 1934].) 
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FIGURE 8.12 Elastomeric foam layer in fuel tank provides mechanical resiliency, including sealing of ballistic 
penetration damage, especially when coupled with layers providing other functions, such as stiffness and sealing. 
(From [Baker 1972].) 
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layers provide supplemental functionality. When a high-speed projectile passes through the tank, the 
elastomeric foam stretches, accommodates petals formed by the stiff metal and polyurethane walls, 
allows the projectile to pass through with a minimum of tearing, and then largely returns to an original 
shape that either fully or partially seals the hole so that a supplemental sealing layer can complete the 
seal fber-reinforced cloth layers. 

8.7 Sealing against Fire and Heat: Intumescents, 

Char Layers, and Ablative Materials 

Fire and heat of suffcient intensity destroy almost any structure. One method of countering thermal 
loads is to use the heat to induce phase changes and other large-scale nonlinear effects to alter the physi-
cal state of structures. Intumescents, char layers, ablators, and ceramfables are classes of specialized 
materials that change phase under thermal loading to protect against thermal loading. Hypersonic air-
craft, rocket exhaust nozzles, spacecraft undergoing atmospheric reentry, buildings, and electric power 
lines are example applications. 

8.7.1 Intumescents 

Intumescents are solid or putty-like materials that swell in-place by spontaneously foaming when 
heated. A primary application is to swell, plug gaps between structural compartments, and stop 
the flow of fluids, particularly the flow of flames and hot gases. The process of intumescent swell-
ing begins at the molecular scale with the release of gases from the material matrix. The gases 
coalesce into internal bubbles. Multiple bubbles expand the material into a cellular solid with 
sufficient stiffness, yet compliant expansion to plug gaps in the structures and prevent the flow of 
hot gases. The result is a structural system that changes internal topology to mitigate the spread of 
fire. Properly placed intumescents significantly delay or arrest the progress of fires and extreme 
heat [Hering 2001]. 

Intumescents that swell with solid to gas phase changes use irreversible microstructural processes 
to create multicellular structures in a compliant polymer matrix. Multiple materials exhibit intumes-
cent behavior. Common intumescent materials are inorganic acids, such as phosphoric; carbon-rich 
polyhydric compounds, such as starch or phenol-formaldehyde resins; organic amine or amides, such 
as melamine; halogenated compounds; aromatic sulfonates in polycarbonate, and mixtures with inor-
ganic compounds and synthetic resins [Camino 1989] [Kobayashi 1995]. Halogenated compounds 
produce noxious gases and have fallen into disfavor. It is sometimes advantageous to microencapsulate 
intumescent materials for long-term stability. Ammonium phosphate in polyurethane or polyether– 
polyurethane shells reduce the fammability of bulk and fabric-coated polyurethane materials [Saihi 
2005] [Girand 2005]. 

Flexible fxtures enhance the fre-stopping performance of intumescents by providing an additional 
compliant structural support for elements that need to penetrate through foors and walls, such as wires 
and plumbing, while also supporting the swelling intumescent during a fre and guiding it to form a 
tighter seal (Figure 8.13) [Stahl 2008]. 

In a multifunctional method, the intumescent forms a char layer on the outer layers after swelling to a 
different geometry. Unlike those based on polyolefns, polyimide-based intumescents form char layers 
by the reduction in the rate at which material feeds and burns in the fre [Siat 1997]. Flame-retardant 
additives help. Modeling multiscale interactions is complicated, but there are some tractable approaches, 
most of which include detailed analysis of kinetic parameters and micromechanics of foaming and char-
layer formation [Butler 1997]. 

The parasitic load introduced by intumescent-active materials in bulk polymer material systems is 
small, often on the order of 1–2% by weight. The reduction in size of intumescent particles down to the 
nanoscale enables the graceful insertion of intumescents into materials in a variety of applications, such 
as clothing and FRP composites [Panse 2013] [Toldy 2011]. 



 

 

 

 

 

135 Multiscale and Multifunctional Methods 

FIGURE 8.13 Self-adjusting intumescent fre stop swells and seals gap in building wall to change gas exchange topology 
when heated by fre and prevents a confagration. (a) Gap allows small motions during routine use. (b) Fire heats and sends 
hot gases through gap. (c) Intumescent swells and plugs gap. (Adapted from [Stahl 2008.) 

8.7.2 Char and Self-passivating Layer Forming Materials 

Materials that form char layers are like intumescents. These materials use heat-induced swelling and 
material property changes to slow heat damage. The char layer forms as an impermeable outer layer 
that resists oxidation with an insulating porous sublayer that minimizes the fow of heat (Figure 8.14). 
Naturally occurring wood cork is an excellent char-forming material with multiple industrial and aero-
space applications. Several techniques produce similar effects: 

1. Doping Polymers with Silica and Other Ceramic Particles: Intense heat burns off, that is, 
ceramifes, the polymer matrix leaving a thin silicate layer that resists further degradation by 
heat [Vaia 1999]. Additives, such as phosphates, can enhance the durability of the ceramic 
layer following fre exposure [Alexander 2013]. Silicate-based ceramifable insulation provides 
a short-term shelf-healing capability for high-power electric power lines. The electrical resis-
tance stays intact following fres and prevents major electrical outages. 

FIGURE 8.14 Intense heat fux creates passivating char layer that insulates against further heat damage. 
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2. Polymer Oxidation Resistance with Embedded Silica Nanoparticles: Spacecraft in low earth 
orbit experience a very aggressive atomic oxygen oxidizing the environment. Polymers with 
embedded silica nanoparticles form char-like layers to resist aggressive oxidation [Fong 2001]. 
Inorganic cage structures, such as polyhedral oligomeric silsesquioxane, serve as delivery agents 
of the nanodispersed silica as part of a layered external spacecraft structure consisting of an SiO2 

outer coating on a polyimide (Kapton) layer. When micrometeorite damage breaches this outer 
skin, the nanodispersed silica particles quickly form an oxidation-arresting char layer [Tomczak 
2004] [Miyazaki 2010]. Supramolecular dynamers made from CO2 interacting with amines 
assemble into nanocages with capabilities for reversible release of caged material [Xu 2003]. 

3. Carbon Nanotubes (CNTs) Dispersed in a Polymer Matrix: Heat causes the nanotubes to jam 
into a percolated state to form a char-like gel, while also strengthening the polymer against 
mechanical loads [Kashiwagi 2005]. 

4. Platinum Particles in Silicone Rubber: Heat combined with platinum catalysis induces cross-
linking of molecules in the silicone matrix, which in turn forms a fame-retarding layer 
[Hayashida 2003] 

8.7.3 Foam and Cellular Material Applications 

Foams and cellular materials have microstructures with geometries that allow for insertion of functional 
capabilities, including self-healing. Syntactic foams are manufactured by frst making hollow spheroidal 
particles and then conglomerating the particles into what becomes a foamed solid. The process, while 
generally more expensive than in situ foaming, allows for a wider range of functionalization of the cells. 
A combination of glass microbubbles, shape memory polymer (SMP) matrix and CNTs forms a self-
healing syntactic foam [Li 2008a]. Placing the self-healing syntactic SMP foam in a sandwich composite 
produces a structural element that recovers from repeated impacts, with a heating cycle to activate the 
shape memory effect. The CNTs act both as micro-reinforcing and as a potential source of heat through 
external electrical or infrared optical effects. 

In concrete, active aggregates made of expanding material, such as clay, readily absorb and release a 
healing agent. Encapsulating the aggregate with a material barrier that breaks down with damage creates 
an active self-healing concrete system for blast furnace slag mortars, as shown in Figure 8.15 [Sisomphon 
2011]. Macroscale expanded clay aggregate particles contain and then release sodium monofuorophos-
phate (Na2FPO3) through micropores upon encountering a carbonation front. Combined interactions 
with calcium hydroxide released from the cement paste act to limit salt-scaling damage – a complicated 
process that depends on chemistry, stress, porosity, cracking state, and hydration. 

Metal organic frameworks (MOFs) are crystalline solids with a molecular framework structure that 
has internal pores big enough to contain small molecules. The internal stores of molecules fow out of 
the framework when needed and bond crystals together to produce macroscopically observable healing 
[Mondal 2022] [Półrolniczak 2021]. Copper MOFs heal at temperatures as low as −50°C, where the overall 

elastic modulus of healed crystals increases from 4 GPa to 12 GPa and hardness from 400 MPa to 

1,000 MPa [Chen 2013c]. This remarkable healing performance combines molecular diffusion effects to 

drive nanoscale crystal assembly, which then propels macroscale formation and stiffening of bulk crystals. 

8.8 Regeneration 

Regeneration reforms structures and surfaces by adding more material, typically by moving material up 

from the bottom of the surface. The method is to construct a surface with subsurface features that take on 

the appropriate functionality when exposed by erosion of top material. An example is a surface that uses 

covalently bonded pendant fuoropolymers to produce a desired hydrophobic effect [Dikić 2012]. It is 

possible to construct a material with a 3D structure that has pendant fuoropolymers bond to an internal 

network. Upon erosion of the top surface, the pendant fuoropolymers emerge to replenish hydrophobic 

functionality (Figure 8.16). 
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FIGURE 8.15 Encapsulated aggregate with a material barrier that breaks down with damage creates an active self-
healing concrete system. (a) LWAs impregnated with Na-MFP solution is prepared under vacuum. Then, the particles are 
encapsulated in a cement paste layer. (b) Encapsulated LWA embedded in the matrix. (c) Carbonation coarsens the matrix 
porosity. (d) Carbonation damages the coating layer. (e) Healing takes place. The microstructure of the matrix is improved. 
(From [Sisomphon 2011].) 

FIGURE 8.16 Surface replenishment system for functional material with dangling polymer chains. Damage removes the 

top layer and releases subsurface dangling molecular chains. (From [Dikić 2012].) 
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8.9 Crack-Bridging and Infilling 

Healing cracks in solids comprises a set of multiscale and multifunctional processes that sometimes 
restore all the original strength and functionality, and other times provide suffcient partial healing to 
restore of functionality. The frst steps in crack healing are commonly to bridge the gap across the 
crack surface with a new material. Closing the gap prior to bridging minimizes the amount of material 
required for healing and provides load transfer across the gap. Materials prone to cracking also possess 
the ability to heal tight cracks by inflling. Such material may beneft from the use of embedded fbers 
that hold cracks tight or even close the cracks once formed. Concrete, cementitious materials, and ceram-
ics are examples. 

Injecting liquids into cracks that subsequently solidify and form a bridge heals cracks. A complication 
is when the crack continues to grow as the healing process is underway. For a polymer composite, this 
requires consideration of both τHeal, the time it takes for the liquid to solidify and heal the crack, and 
τcrack, the time of crack growth. If the crack-healing time is shorter than the growth time, that is, 

τheal < τcrack (8.5) 

then the healing process stays ahead of the damage growth. Otherwise, the crack growth outpaces the 
healing. Numerical modeling beginning at the atomistic scale up through mesoscales for healing liquid 
gelation in epoxy composites has found that healing and crack growth follow the timescales of 

1
τheal = (8.6) 

B 

and 

lcτcrack = (8.7) da 
ω 

dn 

Here B depends on the specifc healing liquid, temperature, and amount of catalyst; lc is the cohesive 
length of the crack; da/dn is the amount of crack length advance per loading cycle; and ω�is the cyclic 
load frequency [Maiti 2006]. High loads and high cyclic rates reduce τcrack. An important issue to con-
sider is that the healing of the liquid may introduce wedging actions on the crack tip. 

Forcing healing material to migrate into tight cracks is a challenge. Encapsulated droplets of healing 
liquids containing nanoparticles are normally too big to penetrate tight cracks. A workaround process has 
the droplet adhere to the crack-opening through a combination of hydrophobic and hydrophilic effects 
for subsequent release through the thin capsule walls into the crack [Kratz 2012]. Another approach is 
autogenous crack-flling with the new material spontaneously forming inside the crack. The source of the 
healing material may be a fuid that flls the cracks, diffusion of material through the solid, fow of mate-
rial through pores in the solid, and/or combinations of these effects. A vascular system delivers adhesive 
polyurethane foams inside a solid structure by mixing two different liquids in situ [Patrick 2012]. 

Lubricants for heavily loaded sliding and rolling machine parts, such as cams or bearings, alter the 
growth of fatigue cracks on the surface. Many water-based lubricants accelerate fatigue crack growth, 
while others, such as white mineral oil, extend the life, with a hypothesis being that these oils promote 
the healing of fresh fatigue cracks [Galvin 1964]. 

Cracks in hydrogels heal by diffusion bonding and cross-linking that bridges the crack. Inserting 
cross-linked electrospun nanofber networks with embedded redox agents accelerates the healing and 
overall healing effciency [Fang 2013]. 

Tight crack healing in stone depends on the specifcs of the geochemistry. An example is the Longyou 
Caverns in Zhejiang Province, China. Humans carved the caverns out of argillaceous siltstone approxi-
mately 2,000 years ago. Situated near to the Qu River, the caves flled with water long ago and remained 
forgotten and unmolested underwater until being discovered in 1992 and subsequently pumped dry. As 
discovered, the walls of the caverns were largely uncracked, yet quickly cracked when exposed to air. 
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It is hypothesized that the slightly acidic conditions of the fooding water placed the siltstone in an autog-
enous self-healing state that removed any cracks that formed [Yue 2010]. Removing the acidic water 
removed the self-healing capability. Unlike siltstone, neutral pH or alkali conditions promote autogenous 
healing of tight cracks in concrete. Slightly acidic conditions prevent healing [Ramm 1998]. 

8.9.1 Ceramic and Crystalline Crack Filling 

The molecular structure of ceramics is arrays of alternately charged ions and covalent bonds (Figure 8.17). 
These bonds hold the solid together and prevent free movement of atoms and molecules, causing crack-
ing to be a principal damage mode. Healing by rearranging molecules and atoms with thermal and/or 
plastic deformation processes is not practical in most cases. Instead, many healing methods for ceramics 
combine a heat cycle with a gaseous-phase contributing material, typically through oxidation, to fll the 
tight cracks. Various forms of SiC, Si3N4, Al2O3, and other ceramics heal by gaseous solidifcation. 

Oxidation-driven inflling at elevated temperatures heals tight cracks in ceramics. Oxidation in air 
with temperatures as low as 800°C heals silicon nitride. Most ceramic oxidation healing occurs at 
higher temperatures (~>1,100°C) [Choi 1992]. Ternary carbide ceramic Ti3AlC2 flls cracks of widths 
less than 1 μm with Al2O3 [Song 2008]. Larger width cracks fll with increased levels of TiO2. The 
flling mechanism comprises the deposition of nanoscale particles at the crack walls and inflling until 
the crack is bridged, with observable layers appearing within minutes and flling completed within a 
couple of hours. Bulk SiC heals at temperatures between 600°C and 1,500°C with healing effciencies 
up to 75% for fatigue in bending. Ceramics, such as zirconium diboride or silicon nitride, reinforced 
with silicon carbide whiskers hold the cracks tight and promote inflling healing of the cracks [Zhang 
2008] [Yao 2000]. 

FIGURE 8.17 Ionic structure of ceramics, microcracking, and oxide healing. (a) Healthy state with no broken 
bonds. (b) Cracks diffcult to repair with rebonding. (c) Oxide inflling heals cracks. 
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Mechanical actions aid ceramic healing. If the cracks in a ceramic do not run all the way through 
the solid and are reasonably tight, it is possible to heal the cracks by inflling. Oxygen diffuses into 
the crack and then reacts with the ceramic properties to fll the crack. Si3N4 crystals fll in by form-
ing glassy silica (SiO2) [Korouš 2000] [Zhang 1998]. Stress relaxation, especially in the absence of 
oxygen, and the inclusion of composite materials and SiC whiskers aid in tight crack healing. The 
self-healing effect of tight cracks restrained by composite whiskers, such as SiC in Al2O3, signif-
cantly increases the endurance of the ceramic component by preventing small cracks from growing 
into large cracks [Sugiyama 2008]. Metamorphic ceramic surface layers with an inherent compres-
sive stress protect underlying ceramic crystals, such as NiAl/α-Al2O3 composites oxidized to form 
NiAl2O4 and Al2O3 grains. Oxidation at high temperatures recovers the strength of damaged surface 
layers better than in nonoxidizing Ar environments, up to 531 MPa versus 343 MPa as a recovery 
from a damaged 150 MPa [Abe 2006]. 

More complicated ceramic materials also heal by oxidation inflling. Mullite is stoichiometric mix of 
alumina (Al2O3) and silica (SiO2) ceramics. Cracks heal with a heat treatment of 1 h in air at 1,300°C 
[Chu 1995]. Composites of mullite reinforced with SiC whiskers exhibit similar healing behavior [Ono 
2005]. Oxidation of intergranular media in liquid-phase sintered silicon carbide ceramics provides heal-
ing of cracks through heat cycles in excess of 1,100°C [Kim 2003b]. 

TBCs are often thin ceramic layers bonded to a sturdy and high-temperature-tolerant substrate, such 
as a turbine blade. TBC durability depends in large part on strong adhesive bonds between the ceramic 
layer and the substrate. The diffusion of S and C atoms degrades the adhesion of the TBC. Al2O3 TBC 
layers grow on Ni/Al substrates [Bennett 2006]. Imbuing the TBC with reactive elements, such as Y, Zr, 
and Hf remediated the diffusion of S and C atoms by a scavenging process that ultimately preserves the 
integrity of the TBC bonding. Crystals of pure iron heal microcracks at temperatures elevated above 
1,000°C in low-oxygen environments, as oxidation prevents the healing [Gao 2001]. Radiation damage 
recovery in yttria-stabilized zirconia (YSZ) with aliovalent doping is possible with oxygen vacancy 
migration [Devanathan 2008]. 

MAX-phase metalloceramics are tough, high-temperature cycling-resilient materials that autono-
mously heal cracks in oxidative environments at elevated temperatures. These are ternary ceramics 
based on layered compounds of an early transition metal (such as Ti), a group IIIA or IVA element (usu-
ally Al or Si), and C or N; and called the M, A, and X layers, respectively. Ti2AlC is an example with 
repeated healing capabilities occurring above 1,000°C [Sloof 2016]. 

8.9.2 Concrete, Mortar, and Cementitious Material Crack Infilling 

Crack inflling in mortars is a self-limiting process. The growth of calcite blocks further growth by 
closing the crack and restricting access to air and water [Sanchez 2004]. In 1942, Anderegg reported 
that high lime content promoted the autogenous healing in mortars with the conclusion that the degree 
of healing is slightly greater with mortar made from hydrated dolomite than high-yield, high-calcium 
quicklime [Anderegg 1942]. The bond between cement and reinforcing in concrete can also heal 
autonomously – a phenomenon observed as early as 1913 [Gray 1984]. 

The presence of cracks, even small tight cracks, has a profound effect on the long-term endurance 
of concrete. Water infltration coupled with freeze-thaw cycles promotes cracking, which feeds back 
to promote more water infltration. Chloride ions and other corrosion-promoting agents accelerate the 
cracking-infltration cycle by the swelling of iron oxides. 

The healing of tight cracks in concrete is a combination of activation of unhydrated cement to produce 
calcium hydroxide and carbonation to produce calcium carbonate, particularly the stable polymorph 
calcite [Hannant 1983] [Edvardsen 1999] [Li 2007a]. Activation generally requires the presence of water, 
either by soaking or humid conditions. There are two primary sources of calcium and carbonate: (1) 
Leaching out of the walls of the concrete, largely from unhydrated calcium oxides. Precipitation pro-
ceeds fairly quickly, but then removes the available reagent and slows. (2) Diffusion through the walls 
of the crack is a relatively slow process that typically proceeds over several weeks or more. Minimizing 
water fowing through the crack aids in both of these precipitation processes. Fiber-reinforced concrete 
is a multiscale approach to crack sealing. Autogenic sealing of cracks is possible, as long as the crack 
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FIGURE 8.18 Interlocking, also known as topological bonding, of micro- and nanotexture followed by stress relaxation 
and intertwining of dangling polymer chains heals tight cracks in thermosets, such as epoxies. (a) Cross-linked epoxy– 
amine network. (b) Surface topology after fracture. (c) Intimate contact between crack interfaces. (d) Rearrangement of 
aligned free surfaces to cause mechanical interlocking. (From [Rahmathullah 2009].) 

widths remain small enough, typically less than 0.2 mm, for the microenvironment in the crack to sup-
port inflling [Mangat 1987]. 

Engineered cementitious composites (ECC) are custom cement-based materials like concrete, 
but with enhancements due to fber reinforcement and other supplements, and often with little or no 
aggregates. Conventional cementitious materials are generally weak in tension and fail by cracking. 
Fiber reinforcement prevents the cracks from opening wide by bonding to the cement, bridging across 
gaps that emerge and pulling across the gap with suffcient force to prevent the crack from opening 
wide. Polyethylene fbers are common as they bond well to cement and are mass produced at low 
cost [Homma 2009]. The remaining relatively tight cracks form a micro-environment where mate-
rial growth from the solid faces inside the crack flls the crack, especially when subjected to wet–dry 
cycles [Li 2009a]. The tight crack repair can be suffciently active to reduce the water permeability of 
the concrete [Ma 2014]. 

8.9.3 Crack Interlocking 

Interlocking and intertwining of crack surfaces are methods of mechanically gripping across a closed 
crack. Interlocking and intertwining are effective for materials, such as thermosets and epoxies that do 
not readily heal by reptation diffusion because the polymer chains are bound into the molecular matrix. 
Experiments with tight cracks indicate that some epoxy thermoset materials achieve healing effciencies 
of over 40%, even after multiple fracture-heal cycles [Rahmathullah 2009]. The intertwining of mol-
ecules, sometimes termed topological bonding, bound at one end to the matrix and dangling on the other, 
seems to explain some of the observed healing. The interlocking and relaxing of micro- and nanotextures 
at the crack surface provide additional mechanical strengthening (Figure 8.18). 

8.10 Composite Materials that Heal 

Composite materials contain nano-, micro-, and mesoscale heterogeneities. Collectively, these heteroge-
neous components act to form macroscopic materials with enhanced properties, including the possibility 
of self-healing materials. 

Composites effectively counter expected damage with a heterogeneous distribution of self-healing 
capabilities. An example is FRP laminate panels that are vulnerable to delaminations caused by impacts. 
Placing a thin self-healing layer in a strategic position facilitates delamination damage recovery that 
minimizes the parasitic costs of the healing system. A damaged layer releases encapsulated epoxy and 
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FIGURE 8.19 Interfacial vascular healing layer using two-part epoxy in a layered FRP composite panel. (From 
[Chen 2012].) 

hardener that comingle and then solidify to heal (Figure 8.19) [Fugon 2012]. Another approach uses a 
healable polymer, such as one that acts with a thermally remendable Diels–Alder mechanism preplaced 
with a 3D printer [Fleet 2015]. 

8.10.1 FRP Composites 

FRP composites use high-strength fbers embedded in polymer matrices to create structural elements 
with superior properties. The assembly is often hierarchical with fbers grouped into yarns and fabrics 
with macroscopic length scales. The diameters of the fber are on the order of micrometers. The binding 
of the fbers to the matrix occurs over molecular, nano, and micro length scales. Figure 8.20 shows some 
of the principal physical interactions and associated length scales in a fber-reinforced structural element. 

Delamination between fber layers is a common failure mode of FRP composites. The failure is a 
split in the polymer layer running between fber layers. Healing this split layer heals the delamina-
tion. Possible healing actions include the following: (1) Use of microencapsulated liquid healing agents. 
Healing effciencies exceed at least 80% [Kessler 2003]. (2) Molecular scale reptation-type healing of 
delaminations in PEEK polymer matrix layers, with the aid of external compressive forces normal to 
the delamination and heat [Laczynski 2002]. (3) Use of a thermally remendable DA polymer, aided with 
encapsulated solvents [Ghezzo 2010] [Peterson 2010]. 

FIGURE 8.20 Length scale interactions of microencapsulated healing of delamination. 
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8.10.2 Asphalt 

Conventional cementitious concrete and asphalt concrete are composite materials made from cement, 
binder, stones, sand, reinforcement, and chemical additives. The composite nature of these materials 
allows for the introduction of functional components to enable smartness, that is, sensors, actuators, and 
self-healing [Han 2015a]. 

8.11 Wound Closing 

Open wounds in a structure expose the subsurface to the external environment. Healing begins with an 
active subsurface that initiates chemical and mechanical action to close the wound (Figure 8.21). The advan-
tages for wound closing are as follows: (1) The contraction reduces the volume and area of the wound to be 
healed. (2) The closed wound requires less material for a more substantial healing, including subsurface 
structures. (3) Closing the wound reestablishes the barrier between the interior and the exterior of the system. 

Plants, animals, and even single-cell organisms are quite adept at closing wounds and healing. In 
animals, connective tissue matrix deposition, contraction, and epithelization act in concert to heal skin 
wounds [Diegelmann 2004]. Closing actions range in length from cellular membranes up through multi-
cellular tissue [Woolley 2000] [Braiman 2007]. 

Closing techniques vary in detail and yet have common features, including damage signaling that 
triggers a cascade of wound-closing mitigation and healing actions. A key feature is a compliant yet 
mechanically active substructure and inflling from the edges and below of healthy tissue. Sensing crack 
damage, closing the crack, and then healing the crack is a natural approach to building a multifunctional 
engineered self-healing skin system. 

8.11.1 Wound Closing by Prestress and Intrinsic Passive Mechanical Loads 

Prestressing predisposes a material to close wounds by passive mechanical methods. Applying prestress 
in a bulk heterogeneous manner across a structural member so that external regions are in compression 
with internal regions in tension prevents surface cracks from growing in glass and other brittle materials. 
In PMMA, methanol-induced swelling causes compressive stresses in a subsurface layer that frst arrests 
and then promotes healing of cracks [Kawagoe 1997]. Prestressed fbers, yarns, and tendons in cement 
close cracks after damage and restore shape, largely through an elastic rebound effect. Such healing is 
advantageous in thin-walled concrete structures [Hull 1969]. Tuning the stretchability and recovery of 
the fbers and tendons to the cracking behavior of the structure is crucial to success. Closing the crack 

FIGURE 8.21 Wound closing heals cracks, scratches, and gouges by a combination of deformation maneuvers and infll-
ing. (a) Solid surface with crack, scratch, or gouge. (b) Swelling closes the gap. (c) Dendrites, fbers, or stitches span the 
gap. (d) External agent or material transport flls the gap. (e) Material fows and flls the gap. 
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FIGURE 8.22 Internal pressure autonomically closes pressure wound due to convex curvature in the thick fexible wall 
of infated structure. (From [Rampf 2013].) 

generally requires the tendons to be able to stretch enough to survive as bridging elements during the 
initial opening and then pull all the way to crack closure. The superelastic behavior of shape memory 
alloys is well-suited for this application. Iron-based SMAs can be effective as post-tensioning strands to 
close cracks in concrete structural elements [Soroushian 2001]. 

Another prestressed example is a pressurized infatable structure made of a fexible multilayer wall 
with appreciable thickness. Internal pressure curves the fexible wall in a way that autonomically closes 
puncture wounds (Figure 8.22) [Rampf 2013]. 

8.11.2 Active Tendons and Actuators 

Active materials provide the impetus for many wound-closing actions. Embedding thermally sensitive 
shape memory materials as patterned microfbers in elastomeric materials creates stimuli-responsive 
macroscale material elements that deform in controlled patterns of both direction and location [Sakai 
2003] [Mather 2014]. Shape memory alloy wires shrink when heated above a phase transition tempera-
ture. SMA wires bridge across and then close cracks by shrinking upon heating (Figure 8.23) [Burton 
2006]. Piezoelectric materials with limited strain amplitudes available for actuation are best suited for 
small deformation wound-closing applications or for those that beneft from the introduction of stress 
with small associated deformations [Wang 2012e]. 

Embedded SMA wires, such as nitinol, Cu-Al-Mn, or heat shrink polymers, provide the tension needed 
to close cracks in concrete. The technique preplaces polymer fber tendons in the concrete before curing, 
and then heats the concrete post cure following crack formation. It is necessary to use materials that shrink 
at less than 100°C to avoid steam release cracking the concrete [Isaacs 2013]. Heat-shrink polymers offer a 
large deformation, one-time, thermally activated crack closure method for concrete [Jefferson 2010]. Vascular 
dispensing of healing liquids, such as epoxies, fnishes the repair (Figure 8.24) [Kuang 2008] [Pareek 2014]. 
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FIGURE 8.23 Closing cracks by heating and shrinking SMA wires that bridge across the gap. (a) Pre-notched initial 
confguration. (b) Propagating crack during loading. (c) Healed crack after heating. (From [Burton 2006].) 

Closing wounds with bridging and shrinking tendons followed by tight crack healing works in ther-
mally compatible metal systems. An example is Sn alloy that softens and melts at temperatures com-
parable to those that active shrinking phase transitions in nitinol SMA wires (450K approx.). Cycling 
through temperatures that both soften the Sn alloy and activate the SMA produces a healing system with 
effciencies more than 80% [Bernikowicz 1998]. 

Engineered systems can use similar wound-closing techniques but require mechanical devices to 
execute stress redistribution and material deformation. SMAs and SMPs exert the large deformations 
needed for wound closing. SMAs undergo large superelastic deformations that close wounds. An issue of 
concern is the tolerance of temperature changes. The wider temperature hysteresis NiTiNb SMAs favors 
their use over NiTi SMAs in civil structural applications [Choi 2010]. Embedding SMA fbers in dentures 
closes cracks after fracture for bonding repairs [Hamada 2003]. An issue is the maintenance of shape 
following the SMA crack closure contraction. Embedded SMA wires control stress intensity factors near 
crack tips [Shimamoto 2007]. Three-dimensional woven SMA fabrics recover shape to heal impact dents 
in FRP composites [Nji 2010]. An array of stimuli-responsive fbers inspired by spider silk demonstrated 
a thermally induced wound-closing healing system in composite polymer panels [Li 2012a]. A detail 
of concern is that SMA wires undergo large lateral dimensional changes along with the longitudinal 

FIGURE 8.24 Wound closing and repair in concrete beam. (a) Damaged condition. (b) Crack closed by SMA wires and 
healed by vascular delivery of epoxy. (From [Kuang 2008].) 
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FIGURE 8.25 Purse string method of wound closing and healing. (a) Fresh wound in structural panel. (b) Purse string 
knittle around wound in tension. (c) Compression and swelling against knittle closes wound. (d) Ingrowth heals closed wound. 

changes in martensitic–austenitic changes. This pseudo-Poisson ratio effect causes debonding of SMA 
wires in composite structures. 

Most conventional elastomers do not heal cracks autonomously. Mixing silicone elastomers with eth-
ylene vinyl acetate (EVA) creates an elastomer that heals cracks with heating to a temperature that 
activates the EVA and yet does not affect the elastomer. Since elastomers deform easily, an SMA spring 
actuates the wound closing to create a composite elastomeric system that closes and then seals wounds 
by thermal cycling [Wang 2012a]. 

8.11.3 Wound Closing by Purse String and External Actuation Techniques 

The purse string method acts on planar structures (Figure 8.25). A tension ring, that is, knittle, forms 
around the wound. Inside the knittle swelling induces compression, which closes the wound. Figure 8.26 
shows a test rig and results of a cellular actuated purse string method. 

FIGURE 8.26 Cellular mechanical wound-closing test rig. (a) Backside sensing and actuation mechanism. (b) Conceptual 
model. (c) Numerical model. (d) Wounds closed and then healed in neoprene skin. (e) Plan for scalable multicell system. 
(From Huston 2013].) 



 

 

 

 

  

  

 

147 Multiscale and Multifunctional Methods 

The purse string effect occurs automatically in certain dynamic thermomechanical healing processes. 
Thermal and mechanical healing on materials introduces molecular scale and long-scale interactions 
that combine to close the wound. Detailed studies of wound closing in multicellular organisms indicates 
that a mechanical model, including homogeneous purse string tensions around the wound with material 
inflling, is perhaps too simple and does not adequately describe the mechanics in detail. Instead, epithe-
lial wounds heal by a heterogeneous purse string that exerts dipole-like tension and compression forces 
to underlying tissue at localized anchors. The positive Poisson’s ratio of the substrate tissue subjected to 
heterogeneous tangential forces deforms into the wound and promotes cellular migrations to close the 
wound [Brugués 2014]. 

8.11.4 Three-dimensional Out-of-plane Delamination Closing 

Out-of-plane forces perpendicular to the plane of delamination close the defect. Foam core sandwich 
structures self-healing impact damage through out-of-plane motions actuated with SMP-based syn-
tactic foam [Li 2008a]. Mathematical models of out-of-plane closing based on SMA wires appear in 
Bor [Bor 2010]. 

Polyethylene fshing line twisted into a helix makes for suitable gap bridging actuators. The semi-
crystalline structure causes twisted helices to shrink when heated above the glass transition temperature 
of 31°C. Melting and fowing a thermoplastic polymer into a tight gap in an epoxy matrix with cracks 
bridged and then closed by the helix actuators creates an integrated thermally activated healing sys-
tem [Zhang 2015c]. Piezoelectric patches close, and even provide compressive stress, across cracks and 
delaminations in composites [Liu 2007a] [Alaimo 2013]. 

8.11.5 Wound Closing by Constrained Swelling 

Liquid that penetrates and then swells seals cracks. Clays, such as hectorite or montmorillonite, interact 
with water at the nanoscale and expand to fll small cracks or gouges [Hikasa 2004] [Cases 1997]. 

The geometry of a mathematical model of swelling–diffusion-based crack closing a 1D clay layer 
appears in Figure 8.27 [Miccichè 2008]. The water concentration versus position and time, C(x,t), fol-
lowing a step change in surface concentration follows a standard diffusion response: 

 2 
C x( , t  S C erf ) = C − (CS − 0 ) (8.8) 

 x Dt  

Here Cs is the moisture level at the surface; C0 is the moisture level initially in the clay layer; and D is the 
moisture diffusion coeffcient. For clays with approximately a linear relation between relative humidity 
moisture and volume and that erf(0.5) ≈ 0.5 

k
∆ =x Dt (8.9) 

2 

FIGURE 8.27 Geometry of 1D diffusion-driven swelling surface crack healing. (From [Miccichè 2008].) 
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FIGURE 8.28 Sandwich structure constrains swelling layer for anisotropic motion that closes the hole. (From 
[Ohnstad 2011].) 

Here k is the volumetric expansion. 

V%RH − V0k = (8.10) 
V0 

Here V%RH is the volume based on relative humidity and V0 is the volume when the clay is dry. Based 
on estimated values of D and k, an estimated closing time is 2 min for a 32 μm scratch, a value some-
what smaller than observed but suffciently close to lend credibility to the assumptions underlying the 
approximate model. 

The swelling of material for wound closing is much more effective when stiff layers constrain the 
swelling (Figure 8.28). Such a technique seals punctures in tires [Powell 1980]. Another wound-
closing method is a multilayer approach used in closing a hole in a fuel tank wall. The multilayer 
construction uses rigid walls to constrain a sandwich of elastomeric and a swellable layer made of a 
combination of elastomeric and swellable imbiber beads. Upon perforation, the fuel comingles with 
the imbiber beads. The sandwich construction constrains the swelling so that it fows anisotropically 
to fll the hole (Figure 8.28) [Ohnstad 2011]. Example applications include fuel tanks puncture-
sealing tires and electric wire repair patches [Nagaya 2006] [Reynaert 1990]. 

8.11.6 Infilling, Transient Softening, and Material Migration 

Materials that close wounds by mechanical deformation must be sufficiently compliant and 
deform without sustaining more damage. The combination of ferromagnetic properties into stiff, 
yet compliant, chitosan-based hydrogels creates a material that moves to conform to lower total 
energy shapes [Zhang 2012b]. The magnetic particles drive the hydrogel to close a circular hole 
(Figure 8.29). 

An FRP composite puncture-plugging application uses an embedded composite-layer microen-
capsulated system, based on liquid silanol-terminated PDMS resin and liquid tin catalyst. Upon 
puncture, the liquids fow from the capsules, comingle, solidify, and stop the leak [Beiermann 
2009]. 

Shape memory polymers swell upon heating to close damage in surfaces. This swelling com-
bines with embedded thermoplastic fibers to seal the closed crack [Luo 2013b]. Mixing shape 
memory and self-healing components formed separately by electrospinning into a heterogeneous 
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FIGURE 8.29 Wound closing in a chitosan-based hydrogel with embedded ferromagnetic particles. (From [Zhang 
2012b].) 

mesh creates a material that closes wounds by shape memory effects and heals the wounds by rep-
tation diffusion. Using poly(ε-caprolactone) as the shape memory material and poly(vinyl acetate) 
with a 25% by weight mix heals large wounds with thermal cycling over 75°C with 99% efficiency 
[Nejad 2015]. 

Sometimes, it is desirable to use tougher and more resilient polymer materials in shape mem-
ory applications that close wounds. Conventional mechanisms that toughen polymers also resist 
large-scale deformations. Mixing nanoparticles into polymers promotes shape-memory-driven 
deformations, such as SMPs made of polyurethane with embedded functionalized silica nanopar-
ticles [Jung 2010]. A 1% loading of nanoparticles may be optimal. A variety of fillers based on 
CNTs, clay, and SiC support noncovalent binding with shape memory behavior. Filler-particle-
based noncovalent shape memory effects occur more quickly than similar covalent variants 
[Gunes 2010]. 

8.11.7 Wound Closing by Transient Material Softening 

Compliant elastomeric, gel-like, or plastic materials are nominally compliant for wound-closing, 
but have the disadvantage of being too compliant after the repair. A biomimetic workaround uses 
a material that changes from compliant when closing wounds to stiff afterward. One possibility is 
a two-phase material made of a compliant skeleton surrounded by a thermally reversible matrix 
[Cheng 2014a]. Upon heating, the thermally reversible matrix softens, allowing for large deforma-
tion of the compliant skeleton. Upon cooling, the matrix stiffens, leaving a rigid structural element 
in a new deformed shape. The insertion of canted coil springs into elastomeric gaskets produces 
a similar effect due to the nonlinear spring stiffness providing a recoverable defection over large 
deformations [Balsells 1993]. 

8.11.8 Zippers and Active Patches 

Active zippers and sliding patches are direct mechanical means of closing wounds. A subsurface solid 
matrix with a homogeneous copolymer system containing isocyanate groups and covered by a surface 
fuorine-containing barrier layer heals surface cracks with a process initiated by exposure to moisture 
in the environment. The generation of amine groups that react with other isocyanate groups form urea 
crosslinks that heal the crack with a zipper-like molecular wound-closing effect (Figure 8.30) [Zhang 
2012c]. Similarly, azobenzene main chain polymers with side chains open and close as molecular zippers 
with UV light stimulation [Weber 2015]. 

Composites of metals with different melting points repair cracks by selective melting. Upon heating, 
the material with a lower melting point fows into damage in a material with a higher melting point mate-
rial. Eutectic indium tin is a low-temperature melting metal layer that heals cracks with temperature 
cycling in structural aluminum or titanium alloy elements [Smith 2014]. 



 

 

 

150 Self-Healing Structures, Machines, and Systems 

FIGURE 8.30 Molecular-based zipper wound-closing method. (From [Zhang 2012c].) 

8.12 Electrochemical Processes and Systems 

Electrochemical processes and systems, as appear in corrosion, batteries, and fuel cells, use coordinated, 
antagonistic, and synergistic effects that act over length scales running from molecular to macroscopic. 
These processes and systems are prime targets for multiscale and multifunctional self-healing methods. 

8.12.1 Corrosion 

Corrosion is a family of electrochemical processes that combine (1) electromotive force, (2) conductiv-
ity, and (3) suitable environmental conditions. Textural features in heterogeneous materials, such as 
pores, cracks, and wicks, provide supplemental forces acting over multiple scales to accentuate diffusive 
transport. 

Many corrosion damage processes are a synergistic combination of effects that at times can combine 
to rapidly degrade the concrete. An example is a steel-reinforced concrete bridge deck subjected to 
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winter environmental conditions with the application of deicing salts. Small cracks promote water and 
chloride ingress which promotes freeze-thaw and corrosion damage, which then promotes more water 
and chloride ingress and more damage. Autonomously arresting and recovering from these attacks, 
especially at early stages, signifcantly enhances the maintenance-free lifetime of concrete structures. 
Standard methods of preventing water-ingress-related damage are anticorrosion admixtures, surface 
sealants, and coatings on steel reinforcement bars [Cusson 2009]. 

8.13 Multifunctional and Multieffect Systems 

8.13.1 Multifunctional Materials 

Advanced high-performance multifunctional materials gain increased performance with the inclusion of 
self-healing capabilities [Nemat 2004]. Some of these materials take on life-like qualities. An example 
is the skin on a soft robot that provides proper mechanical action with embedded electronics for sensing. 
The skin should heal damage to both mechanical and electrical properties. An example is an artifcial 
skin with combined healing that uses a mixture of a urea supramolecular hydrogen bond dynamic and 
microscale conductive Ni particles [Tee 2012]. The dynamer delivers mechanical healing, while elec-
trical percolation through the Ni microparticles produces a crack-healable conductive material. Full 
mechanical healing requires about 10 min. Electrical healing effciencies of 90% occur in about 15 s. 

8.13.1.1 Thermal Multifunctional Healing 

Thermally active inclusions enhance the performance of thermally healable composites. The insertion 
of electrically and thermally conductive polymers sets up conductive paths for thermal mending of fber-
reinforced polymers. Inserting electrically conductive graphite particles and thermally conductive BN 
into a polysulfde elastomer forms materials that successfully undergo multiple debond failures and 
recovery [Kwok 2007] [Lafont 2014]. The inclusions appear to enhance thermal conductivity of the 
elastomer. 

Alternating magnetic felds heat magnetic nanoparticles by the hysteresis of switching the polarity of 
the magnetic domain [Schmidt 2006]. Mixing magnetic nanoparticles into a shape memory polymer with 
embedded mechano-chromic molecules makes a material system that changes color when deformed suf-
fciently large to cause damage and reversibly recovers shape and original color with magnetic nanopar-
ticle heating. Ferrite MnZn nanoparticles with a Curie temperature of 230°C are well-suited for this 
application with the shape-memory-active polymer polyethylene-co-vinyl acetate [Ahmed 2015]. 

Foams functionalized with thermal shape memory polymer integrate into self-healing material sys-
tems containing combinations of a stiffening grid and skin. Such systems can recover multiple times 
from impact damage through thermal cycling (Figure 8.31) [John 2010]. Three-dimensional confnement 
of the foam by the grid aids the healing response. Residual antagonism with compressive prestrain at an 
elevated temperature of 79.4°C of the shape memory polymer enhances the healing performance with 
a 20% prestrain exhibiting superior tolerance to impact and the ability to heal multiple damage over 
specimens with a 3% prestrain. 

8.13.1.2 Dynameric Multifunctional Healing 

Dynamers offer opportunities for multifunctional self-healing behaviors. 

8.13.1.2.1 Micro- and Nanoscale Features 

Dynamers can be stiff materials that mitigate against macroscopic damage and are self-healing. 
Figure 8.32 shows a stiff elastomeric thermoplastic material made of polystyrene backbone molecules 
with pendant dynameric hydrogen-bonded polymer brushes [Chen 2012]. The polystyrene collapses into 
hard nanodomains with the dynamer brushes pointing outward to form a two-phase material. The dyna-
meric matrix provides self-healing. The hard inclusions provide stiffness. 
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FIGURE 8.31 Thermally functionalized syntactic shape memory polymer foam integrated with stiffening grid for self-
healing panel. (From [John 2010].) 

FIGURE 8.32 Self-healing stiff elastomeric material with two-phase nanostructure. (a) Dynamer matrix self-assembles 
into heterogeneous mix of hard nearly crystalline and soft amorphous phases. (b) Hard phase stiffens material, yet remains 
a dynamer with reversible deformation behavior. (From [Chen 2012b].) 
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Thin flm hydrogels built up in a monolayer stacking process with alternating anionic and cationic 
polyelectrolyte process quickly heal scratches when placed in solvent. Experimental evidence suggests 
that swelling plays a signifcant role in healing [Spears 2014]. It is believed that the swelling relaxes the 
molecules and induces increased dynameric behavior that combines with molecular templating provided 
by the individual layers at the edges of the wound. 

8.13.1.2.2 Optically Transparent Polymers 

Dynameric processes heal optically transparent polymers. These include transparent electrically con-
ductive ionomer elastomers with ion–dipole interactions, and transparent PDMS that uses reversible 
imine reactions with dynameric self-healing [Cao 2017] [Zhang 2017]. 

8.13.1.2.3 Scratch-healing Hydrophilic Antifogging Coating on Glass 

The coatings recover from scratches by reforming both a smooth surface for optical transparency and 
hydrophilic properties for antifogging. Elastic polyurethanes with difunctional sulfonated polyether 
polyol heal surface scratches by elastic rebound, while also possessing a hydrophilic nature that is 
antifogging [Fock 1988]. A hydrogen-bond dynamer made of a mixture of partly cross-linked poly-
vinyl alcohol and polyacrylic acid exhibits both autonomous surface reforming and hydrophilicity 
[Zhang 2015d]. 

8.13.1.2.4 Scratch-healing Antibiofouling 

Hydrogel surface coatings with dynamic disulfde dynamers both self-heal scratches and resist the 
buildup of Gram-negative bacteria [Yang 2015c]. 

8.13.1.2.5 Self-lubrication 

Hydrogels with dynameric molecular structures contain and secrete liquids onto their surfaces to set up 
a feedback-stabilized equilibrium confguration with a layer of liquid sitting on top of a liquid-infused 
hydrogel. Removal of a surface layer of liquid induces a dynameric reconfguration of the hydrogel to 
contract and release more liquid onto the surface until equilibrium is reestablished [Cui 2015]. 

8.13.1.2.6 Multifunctional Nanocomposites 

Insertion of nanoscale structures into dynameric matrices creates composite materials with enhanced 
functionality. A nanocomposite formed from the hydrogen bond dynamer fatty di- and triacid and dieth-
ylenetriamine attached to exfoliated boron nitride nanosheets mends multiple cuts and maintains high 
dielectric breakdown strength [Xing 2016]. 

8.13.1.3 Photoactive Multifunctional Healing 

Light activates chemical bonds in cracks for mending and also activates shape memory action in poly-
mers, creating a multifunctional light-activated self-healing material system [Habault 2013]. 

UV light activates TiO2 which alters surface wettability and self-cleaning oxidizing chemistry. This 
functionality combines with other antagonistic functionalities to create highly responsive self-clean-
ing material systems. A hierarchically textured high-density polyethylene surface with embedded TiO2 

nanoparticles reversibly switches from superhydrophobic to superhydrophilic with oxidizing self-cleaning 
[Xu 2013b]. A sponge imbued with hydrophobic hydrocarbon and hydrophilic TiO2 nanoparticles ini-
tially absorbs oil and then desorbs the oil when exposed to UV light [Kim 2015b]. 

Inserting mechanophore molecules into self-healing polymers creates a material that changes color 
when overly strained and heals itself as needed. The covalent mechanophore spiropyran in copper-
catalyzed azide–alkyne cycloaddition-based tridentate ligand 2,6-bis(1,2,3-triazol-4-yl)pyridine pro-
duces such a material system. A nanoscale segregated soft–hard material structure forms with the 
color-changing mechanophores separating out into the soft regions. Macroscopic deformation of the 
material amplifes the deformation of the soft regions containing the mechanophore and activates 
the color change. The material heals damage, such as cutting with a solvent-based relaxation of the 
polymer backbone [Hong 2013]. 
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8.13.2 Materials with Self-healing Properties Organized 
at Molecular Scale, Nanoscale, and Microscale 

Combining sensing and damage repair requires multifunctional activity. CNTs inserted into fber-reinforced 
polymer composites have both sensing and repair functionalities. CNTs act as damage sensors through 
a change in resistance and as electrical conductors for thermal cycle repair of the thermoplastic matrix 
following cracking and delamination [Zhang 2007b]. 

8.14 Panoply Methods 

Combining different healing technologies into a panoply is effective for healing, usually with the design 
tuned to a specifc application. 

Some epoxies have shape memory. A large deformation imparted at a lower temperature reverts back 
to the original shape by placing the material at a higher temperature. Combining shape memory healing 
with damage mitigation produces a superior material system that resists scratching and then has an easier 
time of healing the smaller scratches that do occur [Xiao 2010]. Shape memory enables these materi-
als to recover smooth surface scratches with a heating cycle. Inserting a small amount (0.0125 vol%) of 
nanolayered graphene signifcantly mitigates scratching damage, presumably through crack pinning and 
similar deformation-arresting processes. Similarly, combining shape memory with reptation style heal-
ing into a single miscible polymer creates a material system that can close cracks and heals the cracks. 
Shape memory–assisted self-healing (SMASH) systems combines a cross-linked poly(ε-caprolactone) 
network (n-PCL) for shape restoration with a linear poly(ε-caprolactone) (l-PCL) as a interpenetrating 
network that heals the closed cracks [Rodriguez 2011]. 

8.15 Applications 

8.15.1 Fire and Thermal Protection Systems (TPSs) 

TPSs are specialized material systems that endure extreme high temperatures for high-performance appli-
cations, such as heat shields in spacecraft undergoing hypersonic atmospheric reentry. The requirements for 
these TPS systems are quite demanding because of the competing needs of lightweight, high strength, and 
thermal protection. Microcracking combined with oxidation facilitated by the microcracks is a common 
failure mode. Plugging the microcracks reduces oxidation and promotes endurance. Molten viscous glasses 
are good for fowing into and plugging the cracks but are heavy in bulk quantities. Placing glass precursors, 
such as B4C, into select places inside the TPS composite matrix is a lightweight alternative (Figure 8.33) 
[Keller 2006a]. Upon heated in an oxidative environment, the B4C converts into a glassy B2O3 and CO2. 
The B2O3 seals the microcracks in a process that works up to 1,300°C, above which two-part systems work. 

FIGURE 8.33 Ceramic B4C glass precursor placed into TPS composite matrix plugs microcracks and limits oxidation. 
(Adapted from [Keller 2006].) 
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FIGURE 8.34 Autonomic joining of pipes. (Adapted from [Stubblefeld 1998].) 

8.15.2 Piping 

Combining the molecular action of heat shrinking with other materials, such as thermosets, holds out 
the possibility of making superior mechanical joining and sealing systems by mechanical actions, such 
as squeezing the compliant uncured thermoset to fll gaps. Figure 8.34 shows a combined heater, heat 
shrink, and thermoset system for joining cylindrical rods in a butt joint arrangement. This is a heat-activated 
thermal coupling for joining composite-to-composite pipe using a combination of shrink tubing and 
thermoset resins for adhesion [Stubblefeld 1998]. 

8.15.3 Multiscale Patch and Plug 

Liquid leak plugging is a multiscale technique that bridges or partially closes leaking holes with large 
objects and elements, and then flls-in with smaller items. A plug forming system in fuel tanks uses a 
brush-like array of macroscale polymer fbers that bend and fow into a hole to provide scaffolding for 
smaller scale coagulation to occur in fuel tank leaks (Figure 8.35) [San 1978]. 

8.15.4 Corrosion 

Corrosion is a persistent multifaceted threat to the integrity of metallic structures. Small inroads of 
corrosion damage can alter structural and electrochemical environments in ways that accelerate cor-
rosion. Prevention and mitigation benefts from panoply methods that stop corrosion at multiple fronts 

FIGURE 8.35 Prepositioned macroscale fbers backfow and fll leaking hole to provide scaffolding for microscale coag-
ulant plugging. (From [San 1978].) 
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and multiple length scales. Possibilities include coatings that combine superhydrophobic outer skins to 
prevent water adhesion, impermeable barrier coatings that prevent water and oxygen from contacting 
the metal surface, passivating outer layers on the outer surface of the metal prevent further contact with 
water and oxygen, cathodic protection, and microencapsulated self-healing and anticorrosion agents that 
release upon scratch damage to the coating; and Al2O3-Nb coatings that combine low pinhole density 
with metallic layer deposition self-healing [Koene 2009] [Yasuda 2003]. 

8.15.5 Self-cleaning Machines and Systems 

Machinery and related mechanical systems often get clogged and jammed with debris and other detri-
tus. Self-cleaning machinery with supplemental devices and processes alleviates the need for manual 
cleaning operations. An example is a cutting machine for recycling tires that uses supplemental disks to 
remove excess material from an array of counterrotating cutters [Parke 2007]. 

8.15.6 Permanent Press Fabrics 

Permanent press fabrics are one of the most commercially successful self-healing materials. 
Wrinkled clothing heals itself into a smooth pressed state, normally through a thermal tumble 
dry cycle. The mechanics of self-pressing derive largely from antagonistic multiple length scale 
effects. The fabric must be stiff enough to recover creases during normal usage of wear, storage, 
and washing, and yet compliant enough for comfort [Holzman 1973]. Most permanent-press fabrics 
use a mixture with some fbers being stiff and others compliant. When combined as a mixture, the 
fabric is soft enough to wear with comfort. During normal usage, the compliant fbers crease and 
wrinkle. The stiff fbers maintain their original unwrinkled shape, but the wrinkled compliant fbers 
are collectively too strong and the material wrinkles. During washing and drying, the compliant 
fbers soften, and the stiff fbers dominate the mechanics and reproduce the unwrinkled state (Figure 8.36). 

FIGURE 8.36 Permanent press fabrics. (a) Original pressed fabric. (b) Wear wrinkles fabric. (c) Heat softens fbers to 
remove wrinkles. (d) Cooling sets fber and pressed fabric. 
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Wrinkle-free self-pressing fabrics require special handling and temperature control during spin 
wash and dry cycles, a feature included in modern laundry machines. More sophisticated perma-
nent-press fabrics use heat-activated SMPs [Hu 2010]. 

8.16 Bioinspired Fracture and Tear Mitigation and Healing 

Fracture and cracking processes comingle loads, stress, deformation, and material properties at multiple 
length scales. Biological systems counteract multiscale damage processes with multiscale mitigation and 
healing techniques. Bones, shells, wood, and other biological structures must resist and recover from 
routine and occasionally intense loads encountered throughout life, yet remain lightweight and minimize 
the consumption of resources, also while growing in place. 

Damage mitigation plays a key role. Limiting cracking damage during severe loading reduces the 
amount of healing required for restoration and reduces the need for being overly strong and heavy. 
Bone exhibits exceptional fracture toughness with viscoplastic fow, the formation of unconnected 
microcracks, crack bridging, and crack defection. These mitigation methods have fne-tuned opti-
mized location and direction dependencies (Figure 8.37) [Peterlik 2006]. At the molecular and nano 
length scales, bone crystals form with calcium-based platelets held together by citrates in disor-
dered arrays that promote fracture toughness [Davies 2014]. At the meso and macro length scales, 

FIGURE 8.37 Microscale methods of mitigating crack propagation. (a) Viscoplastic fow (gels). (b) Microcracking and 
crazing (ceramics and polymers). (c) Crack bridging (ceramic fber composites). (d) Crack defection (composites). (From 
[Peterlik 2006].) 
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fractures running in the direction of the bone axis propagate more easily than those running across 
the axis, with fber-bridging slowing the growth of larger fractures [Koester 2008]. 

It is possible for bone to carry reduced levels of loads while recovering from small mitigated levels of 
damage. Similarly, the shells that protect mollusks are impressive. They combine micro- and nanoscale 
brittle calcium carbonate crystals with relatively small amounts of polymers to form very tough mac-
roscale materials. The molecular structure of the polymer adhesives is inherently tough with normally 
folded structures that unfold, absorb energy, and yet remain intact when severely loaded [Bettye 1999]. 
Soft tissue, such as skin, benefts from embedded networks of fbers, often with micro- and nanoscale 
diameters, that prevent tearing while allowing for routine stretching and fexibility through network-
scale fber straightening and reorientation [Yang 2015b]. 

Introducing antagonistic micro- and nanoscale effects into engineered material systems mitigates 
fracture propagation. Dispersing ductile particles of brittle ceramics bridges cracks and toughens 
against cracking (Figure 8.37). The toughening performance increases if the particles undergo par-
tial debonding at the appropriate level – too much or too little debonding degrades performance 
[Tvergaard 1992]. 



 

 

 

 

 

 

 

 

 

9 
Coordinated Repair 

9.1 Introduction 

Coordination enhances self-healing with effcient use and allocation of limited resources. Applications 
of coordination range from relatively simple feedback and control strategies up through adaptive, antici-
patory, and cognitive self-aware systems (Figures 9.1 and 9.2) [Hurley 2011a]. Coordination promotes 
damage avoidance and mitigation, limping and reconfguration recoveries, effective repair processes, 
and apoptotic behaviors that include destroying and deleting components as needed. Modern sensing and 
control systems offoad the coordination tasks of self-healing from humans onto autonomous machines 
and materials. [Brandon 2011] [Mihashi 2012]. 

Some features of coordinated self-repair: 

1. Sense of Self: Systems and subsystems must distinguish themselves from non-self and other 
items in the environment. 

2. Sense of Health: The system has notions of an idealized self-state. 

3. Health Assessment: The system assesses its own condition and confguration to distinguish 
deviations of its self-state from ideal state. 

4. Healing Plan: The systems either have a preset plan for healing or formulate plans as needed. 

5. Healing Capability: The system can alter its state to move toward a more ideal confguration. 

Note that Step 5 can loop back onto and through Steps 1–4, sometimes spawning a multi-cycle self-
referencing feedback loop. 

FIGURE 9.1 Coordinated self-healing of structures, machines, and systems. (Adapted from [Hurley 2011a].) 

DOI: 10.1201/9781003396048-9 159 

https://doi.org/10.1201/9781003396048-9
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FIGURE 9.2 Active to passive levels of coordination of repair versus complexity. 

9.2 Enabling Technologies 

Effective coordination of healing requires tools for sensing, signaling, actuation, component switching, 
and decision-making. 

9.2.1 Damage Sensing 

Controlling, directing, and evaluating the effectiveness of self-healing actions benefts from sensors that 
determine the location and extent of internal damage [Thostenson 2006]. Detecting, locating, and assess-
ing damage is often nontrivial. Many forms of damage result from phenomena acting over multiple spa-
tial and temporal scales [Huston 2010]. Conventional health monitoring systems use networked arrays 
of sensors distributed throughout the structure. Nonconventional sensors and assessments, such as with 
chemical signaling, are also effective. 

9.2.2 Signaling: Chemical and Electrical 

The collection, transmission, and interpretation of information underlies many aspects of controlled 
healing. An intelligent coordinator needs to know the location and extent of the damage. This informa-
tion may regard external and internal states, or it may convey plans of action. 

Signals are nonequilibrium heterogeneous physical phenomena that carry information from a sender 
to a receiver. The sender encodes the information into a specifc physical state of a transmission medium. 
The receiver senses the physical state of the signaling medium and converts it back into information. 
Some attributes of effective signaling are as follows: 

1. Coding: Encoding and decoding information is effcient with a minimum of errors. 

2. Physical Layer: The physical realization of the signal minimizes material and energy costs. 

3. Noise Mitigation: Minimize and mitigate noise that corrupts the signal during transmission. 

4. Redundancy: The signal contains redundant information that allows for error correction. 

Chemical signaling uses the presence, concentration, and changes in concentration of chemical spe-
cies, to transmit information. Biological systems make extensive use of chemical signaling to sense, 
control, coordinate, and control activities – including self-repair and maintenance of internal stasis. 
Chemical signaling has challenges – (1) broadcasting of signals with sometimes specifc localized action 
requirements, (2) need for stabilizing feedback, (3) threshold response that is inherently nonlinear, (4) 
compatibility of signals, and (5) stability and ability to maintain in reserve, or to generate signals quickly. 
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9.2.3 Passive Switching of Loads, Load Paths, and Stiffness 

Relatively simple are passive methods where damage directly drives component switching to alter 
load paths and structural stiffness for healing. Redundant structural systems, with indeterminate 
mechanics, as in suspension bridge cables, are examples. Damage to a redundant element reduces 
the carried load, which then transfers onto other elements. These altered load paths may or may not 
be robust against additional damage. Coordination of changes in load paths enhances resilience and 
structural performance. 

Statically indeterminate systems often use prestress to aid in connectivity to ensure effective load 
transfer among the constitutive components. When localized damage breaks the load path continuity, 
it is sometimes possible to coordinate mechanical reassembly of the connection. Regenerative surfaces, 
such as tire treads, also heal by passive switching methods where the healthy surfaces emerge from 
underneath as the top surfaces wear. 

Thermal expansion is a viable method of controlling the stiffness and load paths in a structure. One 
method uses thermal expansion to alter in-plane compression or tension and the associated nonlinear 
geometric stiffness in elongated structural members. Self-tuning pianos alter string tensions by thermal 
expansion [Gilmore 2003]. 

It is possible to alter the stiffness of composite structures based on observed damage. Early demonstra-
tions used distributed sensors, such as optical fbers, to sense the damage, shape memory alloys (SMAs) 
to alter the stiffness in a favorable manner, and artifcial neural networks to perform the supervisory 
control of the system (Figure 9.3) [Degang 1999] [Shiammoto 2005]. The use of SMAs to alter stiffness 
relies upon a combination of antagonistic storage of prestrain in the fbers, and then on a combination of 
geometric stiffening in the concrete with closing of cracks and stiffening through fbers. 

Controlling the stiffness of structures improves resilience by engendering the ability to detune from 
dangerous vibrations, and to tune the mechanical properties to recover suitable overall stiffness following 

FIGURE 9.3 Distributed fber-optic sensing combined with SMA tensioning to stiffen concrete structural elements 
and recover from damage. (a) Healthy concrete beam with SMA tendons and fber-optic sensors. (b) Load cracks beam. 
(c) SMA tendons restores shape and stiffness. 
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damage. Using SMA wire in a heating-phase change mode alters preloads to induce nonlinear elastic 
effects resulting in a stiffness change. An example is geometric nonlinearity arising due to axial tension 
and compression in an elongated member. 

9.2.4 Damage Avoidance and Mitigation 

It is highly effective to coordinate the behavior of a system to avoid or mitigate damage-inducing pro-
cesses. Mitigation reduces the extent and consequences of damage-causing loads, which eases future 
repairs. Mitigation actions range from moderating the rate and type of damage growth to stopping 
growth to avoiding damage altogether. 

Cracking and delamination, being self-reinforcing phenomena, provide excellent opportunities for 
mitigation. The presence of small cracks and delaminations alters the mechanics to produce conditions 
that promote growth of cracks and delaminations. Sometimes, relatively small efforts can stop or pre-
vent small cracks and delaminations from forming. In the case of delaminations, it may be just a small 
compressive force applied across the layers that prevents formation. Figure 9.4 shows a situation where 
delaminations tend to form at the ends of FRP layers on beams in bending due to the formation of ten-
sion stresses transverse to the layers. Piezoelectric patch layers at the ends apply differential tension and 
compression parallel to the layer which cause a curling effect leading to transverse compressive stresses 
that prevent the delaminations [Rabinovitch 2007]. 

9.2.5 Graceful Damage Progression 

In cases where failure of a structure or system is unavoidable, graceful failure mitigates surrounding 
damage and costs. Graceful damage progression extends beyond mitigating against progressive damage 
to having the damage proceed in a manner that facilitates repairs. For example, it is possible to design 
automotive tires that fail by a slow leak, but do not blowout [Gramelspacher 1939]. Similar consider-
ations apply with safe designs of pressure vessels that leak before bursting. The safe design of reinforced 
concrete structures places steel in arrangements that promote relatively safe bending failures where steel 

FIGURE 9.4 Piezoelectric curling prevents delamination of composite strengthening layer on concrete beam. (a) Concrete 
beam reinforced with FRP layer that curls at ends. (b) Piezo patches counter-curling of ends of FRP layer. (Adapted from 
[Rabinovitch 2007].) 
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yields and concrete cracks before collapse, and avoids dangerous shear failures that lead to rapid col-
lapse. Another example is a control system with redundant sensors. Fuzzy-set voting systems are robust 
against individual sensor failures and provide graceful degradations of control system performance as 
individual sensors fail [Oosterom 2002]. 

9.2.6 Passive Damage Mitigation 

Passive methods use prepositioned elements to mitigate damage-causing loads. An example is fuel 
tanks penetrated by projectiles. Fluid shock wave loading, known as hydrodynamic ram, caused 
by the high-speed projectile passing through the fuel is a major design challenge for self-sealing 
fuel tanks. Failure to mitigate fluid shock loads causes the tank to burst. An early technique used 
a gelatin-coated rubber lining as a flexible shock-resistant and leaking-sealing structural com-
ponent of gasoline fuel tank for airplanes [Kraft 1927]. The gelatin prevents the gasoline from 
contacting the rubber, unless pierced by a projectile, which then leads to gasoline-solvent-induced 
swelling of the rubber for sealing. Flexible rubber walls resist bursting due to hydrodynamic ram. 
Compressible foam walls that crush with hydrodynamic ram provide a further degree of mitigation 
(Figure 9.5) [Dasher 1948] [Winchester 1974]. A similar issue arises in space-based vehicles with 
liquid fuel tanks. Small hypervelocity particles penetrate the tank walls to produce hydrodynamic 
ram. An outer layer of metal breaks up the projectile into smaller pieces and minimizes the ram 
[Fry 1976]. 

The folding back of metal tank walls into sharp petals or fowers surrounding the hole is a primary 
form of damage following projectile penetration. Petals aggravate leaking and cause diffculties with 
self-sealing. Fiberglass-reinforced hardboard layers resist petal formation [Hoover 1947]. Composite 
elastomer and fabric layer walls reduce the size of the bullet hole and leave the hole flled with wall-
attached fbers [Howard 1952]. In a manner that mimics fbrin in a blood clot, the fbers in the hole form 
scaffolding for self-sealing plugs. 

FIGURE 9.5 Crushing foam attenuates hydrodynamic ram in fuel tank subjected to projectile penetration and impact. 
(From [Winchester 1974].) 
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9.2.7 Active Mitigation 

Most cases of active damage mitigation are application-specifc. Nonetheless, most of these cases have 
common themes of decoupling from damaging forces, dissipating the energy of damaging forces that 
manage to couple into the structure, and arresting damage as it forms. Active mitigation often only 
requires relatively minor modifcations to the state of the system, but does require coordinating the tim-
ing and location of the efforts. Important steps are as follows: 

1. Preparation: The mitigation system must respond at a moment’s notice. This requires preposi-
tioning the energy, materials, and switching capabilities. 

2. Watchdog Sensing: The system must be alert and able to sense – even anticipate – damage-caus-
ing events that may occur randomly and unexpectedly. Minimizing false alarms is important. 

3. Decision-making upon Receipt of Signal: The need is for rapid and near real-time decision-
making. Analog systems, including preloaded mechanical elements, can be decisive. 

4. Timely Response: Early-stage mitigation prevents damage from growing at low cost. 

The following are some examples of arresting damage: 
Freeze-out Plugs: Used on engine blocks, these plugs release and leak cooling water if it starts to 

freeze, as is common when antifreeze solutions fail. The release of coolant fuid through freeze-out plugs 
prevents catastrophic engine block breakage by the expansion of freezing water. 

Decoupling: Decoupling from a large source of propagating mechanical energy prevents damage to 
the structure. An example from biology is conifer trees with specifc structural details at the roots of their 
branches that allow for the branches to detach under heavy loading, thereby decoupling the load from the 
rest of the tree, without causing much secondary damage [Müller 2015]. Branch root tracheid structures 
have a zigzag form that cracks with energy dissipation and heal rapidly when the limb is not fully detached. 

Joints, connection details and isolated structural members, and similar mechanisms in structures 
provide excellent opportunities for decoupling and altering the paths of potentially damaging loads in 
highly energetic events, such as earthquakes. The cost is relatively small. Fusing saves structures from 
severe damage and destruction, but often leaves the structures in altered and unusable states following 
the energetic event. Earthquake-resilient structures with mechanical fuses use recentering to stabilize 
post-earthquake confgurations. Nonlinear self-centering isolation systems are a more sophisticated 
alternative that returns the structure to a near original confguration following energetic shaking [Berton 
2007]. Joints with embedded shape memory alloys acting in a superelastic mode control the recentering 
[Shrestha 2015]. Hybrid design methods are available for specialized beam–column joint assemblies 
with machined fuse bolts that allow linear motions in earthquakes below a specifc level and nonlinear 
dissipative hysteretic behaviors when the motion exceeds a specifed limit [Solberg 2008]. 

A fag-shaped hysteresis curve captures the intent behind hybrid energy dissipation devices (Figure 9.6). 
This behavior minimizes plastic deformation in mild earthquakes while maintaining structural stability 

FIGURE 9.6 Linear to nonlinear hysteresis curve with dissipative fag ranges of motion. (Adapted from [Solberg 2008].) 
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in large earthquakes [Fortney 2007]. For small displacements, the mechanics are linear and nondissipa-
tive. Large displacements induce fag-shaped nonlinear hysteresis. The area inside the fags is the amount 
of energy dissipated each cycle. 

More general material confgurations are possible. Composites containing internal skeletons of stiff 
links held in place with rigid joints preferentially fail under large loads and then heal in a subsequent 
step, such as a heat cycle [Boncheva 2003]. 

Sometimes altering the stiffness detunes the dynamics of a system and prevents damage, such as due 
to resonance-type vibrations [Dry 1996e]. 

Feathering and/or furling windmill: Windmills have a severe design constraint of being light 
enough to turn in light winds, yet strong enough to withstand extremely strong winds. Feathering or 
furling the blades to disengage from strong winds is a common damage mitigation maneuver. The 
Ogallala windmill furls in strong winds to rotate about the vertical yaw axis to reduce exposure to the 
wind (Figure 9.7). A key feature is a hinged tail vane that provides a controlling yaw moment, typically 
with a gravity assist from a tilted hinge axis [Muljadi 1998]. 

9.2.8 Damage Isolation and Recovery 

For damage modes that are well understood, it is often possible to fabricate the structure so that damage 
remains isolated to a portion of the structure that can be repaired with ease. An example is the self-sealing 
fuel tank which separates the sealing and resealing functions from the structural supports [Davies 1948]. 

9.2.8.1 Arresting Active Damage 

Issues that favor arresting active damage are as follows: 

1. Self-propagation and Growth: Damage self-propagates and/or is growing. 

2. Signaling: Damage produces signals that can trigger a response. 

3. Competent Response: Response arrests the damage. 

Damage processes that are good candidates for active arresting include fres, fractures, corrosion, 
impacts, progressive collapse, and complicated damage scenarios that comingle these processes. 

FIGURE 9.7 Furling of an Ogallala windmill by rotation and moment balance about yaw axis rotates rotor into weak 
winds for maximum power harvesting while also rotating rotor out of strong winds to prevent damage. (a) Unfurled, no 
wind (top view). (b) Furled in wind (top view). (c) Inclined furl hinge (side view). (Adapted from [Muljadi 1998].) 
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9.2.8.2 Arresting at Damage Source 

Progressive damage occurs when a small amount of damage alters conditions with positive feedback that 
causes the damage to grow more quickly. In brittle fracture, a growing crack alters stress in a way that 
promotes more cracking. Altering stress patterns can arrest growing cracks, such as by drilling a hole at 
the crack tip, or using shape memory tendons and actuators [Garcia 2010]. Superelastic SMA tendons are 
useful retrofts for mitigating earthquake damage in historic masonry structures [Indirli 2008]. 

9.2.8.3 Arresting by Energy Dissipation 

Sometimes, it is possible to dissipate the energy in forces that cause damage. Passive energy dissipation 
devices include tuned mass dampers, damping layers, controlled plastic deformation of metal and con-
crete in structures, and SMA superelastic tendons. Active energy dissipation systems are less common, 
including controlled servohydraulic dampers [Dyke 1996] and piezoelectric dampers. 

Tuned mass dampers dissipate vibration energy with a vibrating auxiliary mass. Tuned mass dampers 
operate in either an elastic mode, where the tuned mass and spring combine to split and shift troublesome 
resonance frequencies away from that of a periodic input force, or in an inelastic mode where the auxiliary 
mass dissipates vibratory energy with damping in the support [Frahm 1911] [Ormondroyd 1928]. 

Shifts in the properties of the applied force or that of the primary structure detune a mass-damper 
and render it ineffective. Active vibration control with adaptive self-tuning compensates for frequency-
dependent changes that result from damage and degradation [Casado 2007]. An example is a self-heal-
ing servo-control system for a computer hard disk memory read/write head. Wear to the bearings and 
mechanical components causes mechanical defects, such as stiction, leading to dynamic feedback errors. 
An adaptive system detects incipient problems and extends the life of the hard drive by adjusting feed-
back gains and notch fltering specifc frequency bands [Dang 2005]. 

9.3 Mechanical Action 

9.3.1 Coordinated Tapping and Elastic Waves 

Judiciously applying mechanical forces and impulses, that is, hammer taps, resolves many mechanical 
faults in machinery, such as stiction and mechanical misalignment. Stiction prevents relative motion and 
leads to seizing in machinery, especially after sitting idle for extended periods. The issues of stiction 
become particularly acute with micromachines. Length scaling gives surface-based stiction forces an 
advantage over volume-based forces, such as inertia. The small size and delicate nature of the micro-
machine components render the traditional hammer tap impractical. It is possible to create hammer tap 
equivalents with alternative elastodynamic methods, for example, focused ultrasound with laser-gener-
ated thermoelastic waves [Cushman 2012] [Leseman 2007]. 

9.3.2 Controllable Surfaces 

Controlling surface conditions and functionality is a powerful self-healing tool. From a biomimetic point 
of view, functional surfaces are vital to virtually all living biological systems, which thrive through 
differentiated manipulations of conditions on opposite sides of surface walls. Engineered surfaces gain 
similar functionality from controllable surfaces. Surface charge, chemical diffusion, permeability, 
geometry, adhesion, and wettability all are possible controllable properties. Altering the surface texture 
and properties at microscale, nanoscale, and molecular scale often dramatically affects wetting. 

9.3.2.1 Controlled Accretion 

Switchable molecular recognition creates surfaces with switchable morphologies. One possibility is net-
works of molecules and nanoparticles switched into different confgurations by the presence of different 
chemical compositions. Dangling polymer chains with reactive hydrogen bonding between regions of the 
chain provide a wide range of reversible and controllable interactions. Elongated molecules assembled 
in a brush-like structure where molecular bristles change properties under different conditions produce 
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a surface with switchable properties [Minko 2003] [Sidorenko 1999]. Switching the hydrogen bonding 
on or off changes the shape of the dangling polymers, such as from helical coils to elongated blobs [Sun 
2011]. Changes in temperature, pH, or specifc chemical concentration reversibly changes the shape of 
the dangling surface molecules and the macroscopic physical properties such as wettability. Poly(N-
isopropylacrylamide) and its copolymer flms are an effective material for this smart behavior. 

The appearance of water or changes in relative humidity changes surface wettability of thin flms. In one 
example, poly(ethylene glycol) (PEG) with fuoroalkyl buries end groups to increase the contact angle in 
high humidity [Mackel 2007]. In a second example, hybrid polymer brushes made of poly(dimethylsiloxane) 
(PDMS) and a highly branched ethoxylated polyethylenimine exhibited similar macroscopic behavior with 
a microscopic behavior being the absorption of water and subsequent swelling of the layer [Motornov 
2007]. Water droplets also produce this change and induce a large contact line hysteresis that restrains 
receding droplets – a process that would tend to pin droplets to the surface, rather than shed them. 

Applying electric voltages changes the wettability of conductive liquids over ranges from superhydrophobic 
to superhydrophilic [Krupenkin 2004]. Electrostatic felds alter the geometry of surface-attached molecules 
from a stand-up to a bent-over confguration (Figure 9.8) [Lahann 2003]. The different molecular geometries 
produce different wettabilities. Electrostatic forces drive nonwetting liquids into yarns [Konstantin 2007]. 

Switching fuorinated polymers from an ordered smectic semicrystalline state to a disordered amor-
phous state switches a surface from smooth and hydrophobic to tacky over a small temperature range, for 
example, a 2°C range centered at 35°C [de Crevoisier 1999]. 

UV light alters the wettability of photoresponsive materials, such as pyrimidine-terminated mole-
cules with charged ends attached to a substrate [Abbott 1999]. A 280-nm wavelength UV light induces 
dimerization at the ends of the dangling polymers, causing the ends to join, eliminating the charge, and 
increasing wettability. UV light at a wavelength of 240 nm cleaves the dimers to reverse the process, 
including the change in wettability. 

An alternative approach to controlling surface behavior is to affect molecular accretion with environ-
mental conditions that alter the structure and behavior of chemical species. In a fnely tuned example of 
recognition, DNA-functionalized nanoparticles perform switchable recognition where they either repel 
or latch on to one another depending on the NaCl concentration. This affects the form and extent of 
nanoparticle assemblies that deposit on a surface (Figure 9.9) [Srivastava 2014]. 

9.3.2.2 Controlled Diffusive Permeability 

Regulating the diffusivity of membranes controls the through-surface fow of material. Regulating the 
temperature of materials with temperature-dependent pore sizes controls the permeability. Controlled 

FIGURE 9.8 Electrostatic felds alter macroscale surface properties, such as wettability, by switching the confguration 
of dangling molecules. (Adapted from [Lahann 2003].) 
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FIGURE 9.9 DNA molecules perform the switchable recognition and alter surface properties. (a) Charge-induced repul-
sion among dangling molecules. (b) Addition of NaCl enables molecular recognition and attraction between molecules and 
affect nanoparticle deposition at liquid interfaces. (Reprinted with permission from [Srivastava 2014]. Copyright 2014, 
American Chemical Society.) 

drug delivery using nanogels increases the porosity when the temperature rises above a threshold value 
[Hoare 2009]. Embedding superparamagnetic particles subjected to oscillating magnetic felds provided 
the heat source. Reversing the permeability requires supplemental cooling, such as the body of a warm-
blooded animal that acts as a temperature-regulated thermal reservoir. 

9.3.3 Controllable Mending and Material Properties 

Materials that mend under control enable a variety of controllable healing processes. Heat treatment con-
trols thermoplastics. Thermoplastics are typically not as strong as thermoset materials. One possibility is 
to form a solid solution of thermoplastic and thermoset materials [Jones 2009]. These blended materials 
are a compromise that readily fts into composite structures. 

9.3.4 Controlled Material Transport Systems 

Controlled transport affects healing processes with the buildup and/or removal of material from remote 
locations. Biological systems continually manipulate material fow rates to promote healing and growth. 
An example is the control of microvascular fow in biological systems. Tissue and vascular dilation to 
increase blood and lymphatic fow occur at the microscale as a part of infammatory response to injury. 
Doing the same in engineered systems requires fuid pumping and control of delivery. Somewhat biomi-
metic is a hydrogel-actuated microvalve in a component that responds to chemical stimuli by swelling 
that opens and closes a microvalve (Figure 9.10) [Baldi 2003]. 

Hollow tubes are natural building blocks for engineered vascular systems. They contain repair materi-
als for transport as needed. Hollow tubes also transport signals concerning the state of damage and self-
repair. An approach that integrates optics to control vascular healing uses the presence of liquid in the 
waveguide to guide the transmission of light down the core. Structural damage causes the fber to crack 
and healing material to fow. The change (usually negative) in the amount of transmitted light indicates 
the occurrence of a damage/healing event (Figure 9.11) [Dakai 1999] [de Vries 1994] [Kim 2004b]. 
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FIGURE 9.10 Hydrogel-actuated environment-sensitive microvalve for active fow control – open (a) and actuated (b) by 
diffusion of selected species and closed. (From [Baldi 2003].) 

FIGURE 9.11 Light sensing through liquid-flled vascular system that indicated presence of damage and prompts supply 
of more healing liquid. (a) Healthy concrete beam optical waveguide flled with healing liquid. (b) Damaged beam cracks 
waveguide to dispense healing liquid and reduce guiding of optical signal. 
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9.4 Limping and Component Switching 

Limping is a change in the operational behavior of a system following damage. The system still func-
tions, but often with reduced capability in a move that attempts to reduce further damage and facilitate 
repairs. Limping is common in injured animals. An injured animal may fnd it diffcult to run but may 
be able to walk slowly with an impaired gait. Pain minimization is a key parameter. In dire situations, 
the same animal can suppress the pain and run away, even if it causes further injury. Implementing 
similar limping behaviors in engineered systems offers similar modes of damaged-but-still-running 
operation. Most limping techniques need a means of switching components, and some sort of cogni-
tive map depicting the condition of the system to select a suitable gait. Selection methods include the 
following: 

1. Predetermined Map: The system has a map of how components interact and oper-
ate in degraded modes. This top-down approach is possible when the states comprise 
a known fnite set of conditions with selectable and predetermined confgurations. The 
system the self-monitors to determine its present state. When damage occurs, the sys-
tem uses a predetermined map to select and implement an operational limping mode. 
Predetermined maps work well when the number of operational states and damage modes 
is small. 

An important question is to decide which components to switch on and off and when. 
An early (ca. 1971) development by Beard enabled sensor–actuator linear systems that 
recover from damage [Beard 1971]. The method uses internal diagnostics based on state 
estimation techniques from the theory of linear systems to identify the damage-induc-
ing events and combines the results with internal maps of the dynamic behavior based 
on the observability and controllability of the systems. Important issues are setting of 
thresholds for deviations of signals from the baseline for recognizing damage and accom-
modating normal aging processes versus damage conditions. Since the basis of these 
techniques is linear time-invariant systems analysis, nonlinear and time-varying damage 
and resource reallocation limits the extensibility of the Beard technique. For cases with 
known failure modes and recovery scenarios, the use of predetermined switching pat-
terns, as in Automated Contingency Management, is a reasonable approach [Saxena 2007] 
[Pecht 2010]. 

2. Dynamic Reallocation: A cognitive alternative to static predetermined limping strategies 
is to develop a reallocation strategy in a dynamic manner based on self-observed behaviors. 
Self-mapping becomes more practical as the complexity and number of degrees of freedom 
increases the range of possible mappings of the system states and topologies. Self-mapping 
begins with measuring a baseline set of operational parameters while the system is in a 
healthy state. Such approaches are common in computer systems that self-diagnose and self-
repair [Ghosh 2007]. An incremental self-mapping technique for damaged systems explores 
the possible confguration space by initial steps that randomly select and activate degrees 
of freedom, followed by a performance evaluation. Those degrees of freedom giving good 
performance, that is, are healthy, provide the direction for further exploration in subsequent 
steps of random selection of activating and evaluating randomly chosen degrees of freedom. 
A greedy bias technique favors healthy degrees of freedom with biased random selection. 
The process repeats until it achieves a viable resource reallocation strategy (Figure 9.12). 
The advantage of self-mapping dynamic reallocation is that if the system is damaged, it can 
begin to explore the space of possible new maps through a combined process of modeling, 
testing, and prediction. It is possible to build a robot that is capable of developing a map of its 
own system confguration, with a minimum of prior knowledge and then walk, even in cases 
of damaged and inoperable actuators [Bongard 2006]. Such an approach develops limping 
strategies for walking robots with rewards based on the distance traveled in a fxed time 
[Christensen 2013] [Cully 2015]. 
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FIGURE 9.12 Self-healing gait through learning-based resource reallocation. (From [Christensen 2013].) 

9.4.1 Limping of Mobile Robots and Autonomous Vehicles 

Many mobile robots and autonomous vehicles use redundant components to retain functionality in loco-
motion and maneuver. A multi-legged robot that injures a leg needs to alter its gait. In general, more legs 
imply more stability and ease of control. Walkers with four or more legs are inherently stable as they can 
always keep a tripod of legs in contact with the ground. For example, a symmetric six-legged robot can 
lose up to two legs and still execute a statically stable walking gait [Yang 1998]. One-, two-, and three-
legged gaits are possible, but typically require sophisticated dynamic control, similar to that needed for 
running or galloping. 

Autonomous vehicles are specialized robots for transport and related activities. Mass production 
and mass usage affords the luxury of identifying many of the common failure modes and use of 
preprogrammed tree-like logic architectures to detect, diagnose, and recover from faults [Duan 
2005]. 

Modular robots are assemblies of modules that can attach and reattach to each other in different 
locations. Force, material, power, and signals pass through the attachment points. These robots can 
be highly redundant and are capable of self-repair through component switching and topological 
reconfgurations [Castano 2002] [Goldstein 2009]. The primary architectures of modular robots are 
as follows: 

1. Lattice: Robots aggregate into 3D lattices. 

2. Hard and Soft: Most robots are chains and trees of interacting hard (rigid) links. Movement 
comes from rotation and sliding between links. Soft robots do not contain rigid links. Movement 
comes from large deformation of soft elements, much like that of an octopus. Modular self-
repairing hard robots are more common than soft versions. 

3. Mobile: Robots can maneuver in a 3D environment to assemble into a structure [Yim 2007] 
[Jorgensen 2004] [Spröwitz 2014]. 

Primary forms of redundancy are as follows: 

1. Component Redundancy: Replace a failed component with a healthy one. Arrays of homoge-
neous modules facilitate the replacement. 

2. Functional Redundancy: Perform the same task with more than one confguration of robot 
components [Murata 2001]. 
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Attributes of self-repairing arrays of modular robots are as follows: 

1. Connectivity: Modules connect to other modules in specifed locations. 

2. Mobility: Modules move to different positions in the array. 

3. Redundancy: Redundant modules are available to use as replacement modules in a repair. 

The control strategies for modular robots are generally global top-down, local bottom-up, or hybrid 
combinations of global and local control. In general, selecting the optimum reconfguration plan for 
a modular robot is computationally intensive with the number of steps increasing exponentially with 
the number of modules, that is, it is NP-complete [Hou 2014]. Nonetheless, it is possible to obtain 
near optimal reconfguration solutions in a reasonable amount of time, using graph theory and related 
approaches. 

Top-down control runs into diffculties with communication and computational complexity. The 
number of possible confgurations versus the number of modules often grows faster than polyno-
mial rates [Chirikjian 1996]. Relatively simple local control schemes, such as those based on prepro-
grammed connectivity requirements for individual modules, along with dynamic stirring methods that 
prevent deadlocks, create self-healing and self-assembling structural arrangements [Yoshida 1999] 
[White 2009]. 

The following are the strategies and characteristics by which a team of robots act to maintain their 
capability through a combination of team-based diagnosis and repair [Kutzer 2008]: 

1. Robustness: The failure of a single robot does not disable the entire team. 

2. Diagnosis: Robots self-diagnose their own health and diagnose the health of other team 
members. Diagnosis checks the ability to perform test tasks and infers health from the 
results. 

3. Plan: Form a plan of repair, including a triage scheme for removal, repair, and leave as is the 
robot modules. 

4. Removal: Remove unrepairable robots from duty. 

5. Repair: Repairable robots undergo a repair in which other team members fetch replacement 
parts from a repository. The replacement parts are inserted into the damaged robots. 

9.4.2 Passive Modes and Component Switching 

Passive mode switching uses damage or deformation to drive the switching of the system behavior 
without direct cognitive intervention. Passive mode switching typically uses a direct cascading of 
load paths as damage occurs. A biological example is the byssus threads that latch mussels onto rocks 
in harsh surf conditions and use networks of stiff and compliant components. The stiff components 
require energy to break, and the compliant components hold the stiff components together after break-
age [Qin 2013]. 

9.4.3 Active Operational Mode and Component Switching 

Active operational mode switching senses damage, decides what to switch, implements the switch, and 
evaluates performance of the new confguration to see if the component swap is adequate. Alteration of 
operational behavior, that is, limping, requires more sophistication than passive techniques. Airplanes, 
having intense safety requirements, routinely use active switching techniques. If a hydraulic pump for 
aileron actuation fails, active switching swaps the failed pump with a redundant preconnected standby 
unit, and the fight may continue with minimal change in operation. However, the use of the redundant 
standby pump further reduces redundancy. Prudence may weigh in favor of quickly landing and replac-
ing the broken pump before proceeding further. 
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9.4.3.1 Contingency Planning 

Contingency planning identifes possible future faults and puts in place a plan for correcting and recover-
ing from the fault. The main steps are as follows: 

1. Identify possible future faults. 

2. Create a plan for recovering from a fault. 

3. Implement fault recovery capability into system. 

4. Operate the system. 

5. Check for and identify faults as they occur in operation. 

6. The system selects fault recovery based on an original map of fault onto contingency plans. 

7. System implements recovery plan. 

8. System operates in a recovered mode, possibly in a degraded limping mode. 

Contingency planning for redundant component switching works well for systems with well-under-
stood failure modes. Some examples: 

• Figure 9.13 shows an automated contingency planning system for aircraft propulsion systems 
through the integration of adaptive intelligent controllers (AICs) into an automated contingency 
and life management (ACLM) system [Kallappa 2005]. 

• Spacecraft use arrays of gyroscopic rotors for inertial navigation and orientation control. 
Determination of orientation and actuation used to point spacecraft in arbitrary 3D directions 
requires a minimum of three rotors with non-coplanar axes. Adding more rotors increases 
redundancy. An optimal confguration for six sensors and six gyroscopes aligns the axes as 
normal to the faces of a dodecahedron (Figure 9.14) [Gilmore 1972]. In the event of failure 
of one, two, or three rotors, the remaining components have an appropriate non-coplanar 
confguration to provide appropriate sensing and control. It is possible to regenerate levels of 
redundancy by simply adding a rotor back into the control system as it heals itself. 

• Cables with bundles of parallel electrically conductive wires support redundant switching for 
connectivity fault recovery. Damage to an individual wire may disable an entire system. Being 

FIGURE 9.13 Aircraft propulsion system contingency planning architecture. (Adapted from [Kallappa 2005].) 
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FIGURE 9.14 Optimal axis confguration for redundant rotation sensor and six-gyroscope inertial orientation control sys-
tem. The geometry is of a dodecahedron with axes aligned normal to the faces. (Adapted from [Gilmore 1972].) 

buried inside a cable bundle often makes it diffcult to diagnose and repair the faulty cable. 
Removing the system from service and replacing the entire cable bundle and harness may be 
more economical than debugging and fxing an individual wire. An alternative is a fault-detect-
ing and route-switching cable system that relies on redundant wires in the bundle to switch 
connectivity to carry the electric signals and power as needed [Medelius 2013]. 

The control and switching of multiengine airplanes with failed engines are complicated due to the 
number of possible scenarios. A map derived from graph theory provides guidance (Figure 9.15). An 
example is a multiengine airplane with three engines. A simplifed operational representation is that each 
engine is either ok (1) or not ok (0). There are 23 = 8 possible engine states and at least 4 different fight 
states – taxiing, takeoff, cruising, and landing, leading to a maximum of 8 × 4 = 32 operational states. 
Not all confgurations are viable, which reduces the solution space. An airplane cannot taxi or takeoff 
with all three engines in the 0-state, that is, not working. 

Implementing contingency planning has challenges: (1) Systems with even modest levels of sophisti-
cation quickly become complicated. (2) Fault diagnosis is not always straightforward, and instead uses 
reasoning based on information gleaned from uncertain sensor data. (3) It is diffcult to anticipate all 
failure scenarios in advance, even for well-studied systems. 

9.4.4 Mode Switching: Active Adaptive 

A third approach to operational mode switching is a hybrid of grossly defned predetermined behaviors 
combined with situational adaptive behaviors. This has the potential of converging more quickly on 
optimal behavior. An example is fault identifcation and control using linear flters [Mladenov 2008]. 

FIGURE 9.15 Predetermined self-referencing system operation that enables limping. 
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A more complicated problem for aircraft is coping with damage to fight control systems. Redundancy 
in the control system permits fying in severely damaged conditions by rapidly altering control algorithms. 
Motivated by cases of pilots successfully fying severely damaged aircraft in unanticipated manners, 
automated self-repairing fight control systems emerged with some efforts dating back to the early 1960s 
[Tomayko 2003] [Amin 2005] [Burken 2006] [Deng 2006]. This led to an effort to replicate the pilot’s skill 
with a neural network approach known as the damage-adaptive intelligent fight control system (IFCS). 

Shipboard electric power distribution systems use active mode switching to deal with power disrup-
tions and recovery. Disruptions to available power sources and/or the distribution network mandate 
selectively removing loads and/or sectors of the power grid. Similarly, power restoration selects which 
loads to add back to and the timing of the additions. Competing considerations complicate the choice. 
through Expert system, nonlinear optimization, and machine learning techniques can automate the pri-
ority ranking of loads [Ding 2009] [Bose 2013]. 

9.4.5 Hierarchical Actuators 

Recruiting redundant subcomponents to function as needed coordinates repair. One example is the bio-
inspired hierarchical actuator (HA) [Huston 2005]. An interesting feature of biological muscles is the 
coordination of individual molecular motors with triggered non-smooth pulsatile forces into an assembly 
with smooth, variable speed, and variable force motion. Enabling this force transformation is a multi-
scale hierarchical physical and functional organization that runs from the molecular scale to the mac-
roscopic with myosin molecular motors, sarcomeres, myofbrils, fbers, fascicles, and whole muscles. In 
addition to being actuators with unmatched capability, muscles self-heal through biological reconstruc-
tion, growth, and limping with load reallocation among the muscular subunits. HAs mimic the healing 
by limping and other aspects of control of biological muscles. 

HAs come in a wide variety of possible actuator and subactuator confgurations. One form is 
an actuator created from subactuators connected either in series or in parallel by whiffetree style 
links. Figure 9.16 shows 1-, 2-, and 3-level whiffetree actuators, along with a 3-level whiffetree in 
an asymmetric arrangement. 

FIGURE 9.16 Selected simple hierarchical actuators. (a) 1-level single actuator. (b) 2-level symmetric whiffetree. 
(c) 3-level symmetric whiffetree. (d) Asymmetric whiffetree. 
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A simplifed version of HA mechanics considers the lowest-level actuator to operate as either off and 

extended with the normalized displacement being 0 or on and retracted with the normalized displace-

ment being 1. Using the notation sj
i to indicate the state (displacement) of actuator i at level j, the displace-

ment D and state matrix [D] of 1-level single actuator is as follows: 

 s1  
 1  

1  0 OFF= 
D s ; D == =  1  

1 ON 
 [ ]  0  (9.1) 

=    
1   

A symmetric 2-level whiffetree has two subactuators and a displacement averaging lever (Figure 9.16c). 

The actuator has four possible states and three possible displacements with two states being redundant 

and producing the same displacement: 

 2 1 1 s s s1 1 2  
 0 0 0  

2 1 1 1  
D = s = s + s ; D = 1 ( 1 2 ) [ ]  1 / 2  1 0 (9.2)  2 

 1 / 2  0 1
  
 1 1 1   

( ) (9.3) D = 0 1  state 

D = 1 / 2 (2 states) (9.4) 

D = 1 (1 state) (9.5) 

The 3-level whiffetree actuator has two layers of subactuators. There are four 1-level subactuators, 

16 possible states, and fve different possible displacements. For an asymmetric 3-level actuator, as in 

Figure 9.16d, there are three 1-level actuators, eight possible states, and fve possible displacements. The 

redundancy of a hierarchical actuator enables recovery from a subactuator failure by recruiting addi-

tional subactuators in an on-demand fashion that mimics the control of muscles in animals (Figure 9.17). 

Experiments demonstrate recovery from selectively damaged subactuators (Figure 9.18). 

FIGURE 9.17 Algorithm for on-demand recruitment of subactuators in hierarchical actuator, as a muscle bio mimic. 
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FIGURE 9.18 Automated damage recovery by subactuator recruitment on demand for 2-level symmetric hierarchical actuator. 

Electronic systems implement similar strategies. Systems that switch at the component level pro-
vide a low-cost alternative to the high cost of fully replaceable redundant systems. Figure 9.19 is an 
example of a potentially viable switching strategy that considers known failure rates of components 
in a data acquisition system [Medelius 2002]: 

1. Determine Failure Rates of Individual Components: The failure rates may vary between com-
ponents. For example, components that comprise the analog inputs in a data acquisition system 
may experience unexpected transients and fail more often than internal digital signal process-
ing components. 

FIGURE 9.19 Electronic component switching matrix controlled by FPGA. (From [Medelius 2002].) 
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2. Balance the Selection and Number of Redundant Components: Select redundancy to compen-
sate for those components that fail more often. 

3. Detect Faults: Include self-calibrating and self-diagnostic circuitry. 

4. Use a Switching Matrix: A matrix controlled by a foating point gate array (FPGA) switches in 
healthy for damaged components [Akoglu 2009]. 

9.5 Connectivity and Topology 

9.5.1 Switching Capabilities and Strategies 

Possible component switching strategies range from relatively simple threshold techniques to sophisti-
cated and sometimes subtle alterations of the topological confguration of the system. The damage or 
intelligent controller drives the switching options and actuation. Component switching is hysteretic and 
history dependent. 

Aircraft and spacecraft employ redundant switching self-healing techniques to improve system reli-
ability [Eckhoff 2001]. The control systems are inherently complex, but open versions promote rapid 
development and programming [Wills 2001]. 

9.5.2 Component Switching, Connectivity Control, and Limping 

Switching loads from damaged to undamaged components restore health and functionality. The switch 
may be a physical replacement of the damaged component, may redirect the effort onto prepositioned 
undamaged components, or may be a change in task. Component switching may produce a system with 
fully restored functionality or may leave the system operational at a reduced level of functionality. In 
either case, if the system continues to operate without replenishment, it has reduced redundancy for 
future damage recovery efforts. 

In general, switching needs a plan. Otherwise, switching runs the risk of being ineffective, and even 
degrade the health of the system beyond that of initial damage. An important consideration is whether 
the component switches allow for a successive set of switches, that is, whether they are “safe” or do not 
allow for more switching and are “unsafe.” Bipartite graphs represent the switching strategy (Figure 9.20) 
[Libeskind 1995]. 

FIGURE 9.20 Bipartite graph switching strategy with vertices xi and yi representing primary and redundant processors, 
respectively. Solid boxes are failed processors. (a) Confguration of original system as bipartite graph with three of fve 
primary processors failed. (b) Replacement strategy that leaves x4 in an unsafe condition. (c) Safe replacement strategy that 
leaves both x4 and x5 in a safe condition. (Adapted from [Libeskind 1995].) 
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If switching is easy and low cost, then it is reasonable to switch quickly upon detecting an anomaly 
[Takahashi 2010a]. A concern is that sensor failure may cause a controller to misinterpret the state of 
the system and lead to a cascade of actions or inactions that disable the system. Rapidly detecting sensor 
anomalies and switching a redundant sensor into the control loop alleviates this vulnerability. If the sen-
sor detects an anomaly in the system, then switching in a new sensor provides the same information and 
the controller can act with confdence on correcting the situation. If the anomaly is in the sensor, then 
switching sensors gives a different signal and the controller ignores the signal from the frst sensor. This 
assumes that the second sensor is healthy. More complicated multi-sensor voting schemes and the use of 
heterogeneous sensor types with different operating principles and failure modes increases confdence 
in the results. 

Multi-legged walking robots with defective legs compensate to walk by gait alteration. Four-legged 
robots walk and run with three legs with a suitable change in gait. The kick-and-swing three-legged 
gait is in many aspects like running or galloping. The gait frst elevates the body with a kick to take 
the weight off the isolated leg and then swings it forward while airborne. Such a gait can be a prepro-
grammed contingency limping strategy [Lee 2002]. 

Systems that rely on the fow of material, forces, information, and/or energy between components 
are particularly sensitive to changes in topological and connectivity. Electrical systems rely on the 
fow of electrons or voltage between components for operation. Changing the connectivity of electri-
cal components may cause short circuits with rapid fows of current or create an open circuit where 
no electricity fows. In structural systems, the addition of a single connection may convert a stati-
cally determinant structure into a redundant statically indeterminant system. Conversely, breaking 
a single connection in a statically determinate structure forms a kinematic mechanism and may lead 
to collapse. 

Topological control that restores the connectivity to damaged components is a potentially powerful 
facilitator of self-healing. Sensing loss of connectivity feeds into a topological self-repair control loop. 
Connections that retain some degree of connectivity following damage may use the remaining connec-
tivity as a scaffolding for operations that restore full connectivity. Similarly, recovering from situations 
with complete loss of connectivity often benefts from frst establishing connectivity with a light pilot 
line as an initial scaffolding. 

Representations with graph theory describe and quantify the connectivity between components in a 
system. Bond graphs contain more information such as quantifying the fow of material, energy, and/or 
information between components. 

Possible autonomous changes to topological confguration include the following: 

1. Decoupling: Decouple components in a mitigation maneuver to prevent further damage. 
An example is breakaway lines on motor vehicle fuel dispensers, that is, gasoline pumps at 
flling stations. Excessive force causes the line to separate and a valve to trip and stop the 
fuel fow. These devices prevent large fuel spills that happen when a car pulls away from a 
pump with the fuel nozzle and line accidentally left inserted into the vehicle (Figure 9.21) 
[Healy 1994]. 

FIGURE 9.21 Breakaway valve on gasoline pump prevents major leak and possible fre. 
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2. Partial Decoupling: Decouple, or partially decouple, components, yet leave the system in a 
functional state, but with degraded performance. This is limping. An example is a two-engine 
airplane that loses power in one engine. The remaining operational engine has enough thrust to 
fy the airplane, but usually has degraded fuel effciency and fight characteristics. 

3. New Coupling: Heal by creating new connections. 

4. Altered Coupling: Heal by altering the strength of a connection. 

Bolted connections are an example. Bolts require preloading for solid mechanical contact and tolerance of 
fuctuating loads. Loss of preload causes rattling, fatigue, loss of friction in the joint, increased load on the bolt, 
and loosening of nuts. While there are a variety of passive techniques for tightening the bolt, these are almost 
all preventative and do not provide the means of autonomically recovering from lost tension. Automated tight-
ening systems recover bolt tightness, such as a combined system with piezoelectric sensors that detect loose-
ness and an SMA-laden washer to swell and tighten the connection [Peairs 2003] [Park 2003a]. Similarly, 
SMA bolt tightening suppresses transverse cracks in FRP airplane fuselage structures [Ogisu 2003]. 

Networked systems being intimately dependent on component connections routinely alter connectivity 
for damage recovery. How to choose an optimal solution for recovery? An example is electric power distri-
bution networks. Damage to power sources and the interconnections causes power outages. Recovery coor-
dinates combinations of topological reconfguration and fault-repair. Reconfguration with on/off switching 
operations isolates faults, restores power to nondamaged areas, and removes power from low-priority areas. 
Deciding how to switch is not always obvious. The controller can use predetermined criteria or can sense 
conditions and choose a more optimal confguration, perhaps by solving a nonlinear mixed-integer prob-
lem. An omniscient controller that knows the health and operation of all components of the network is 
effective, but diffcult to implement, especially with large-scale networks. Such optimization problems 
become intractable for large networks, but may be manageable for smaller networks, such as appear on a 
ship [Khushalani 2008]. Petri net models develop rules for recovery in electric power distribution systems 
based on sequentially connecting isolated, healthy, out-of-service lines (Figure 9.22) [Chen 2002a]. 

FIGURE 9.22 Colored Petri network (CPN) used to guide rule-based restoration of electric power distribution network. 
(a) Simple switch. (b) CPN abstraction with transition containing rule-based logic. (c) CPN of more complicated cascaded 
switch. (Adapted from [Chen 2002a].) 
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9.6 Networks 

Networks are distributed systems of interconnected components and subsystems. A feature of networks is 
that the interconnections between the various components govern large parts of the overall behavior. Small 
changes to the interconnections sometimes radically alter the behavior of the network. Such behavior enables 
switching to redundant transmission paths for self-healing. The following are some of the common issues: 

1. Redundant Capacity: Networks need redundant capacity for switching healing. 

2. Independence and Dependence: Network components are often independent in failure behav-
ior, but in many situations the unmanaged load switching causes a local failure of one compo-
nent to promote a cascading failure to other components. 

3. Self-diagnosis: The network detects failure of transmission in components. 

4. Plasticity: The network has the ability to reconfgure itself and direct fow in new directions. 

5. Timely Switching: The network switches in a timely manner to a healed state. 

6. Stability: The network has a stable and effective algorithm for assigning the new confguration 
when damaged. 

7. Hysteresis: Switching processes have suffcient hysteresis to prevent excess switching. 

9.6.1 Examples of Self-healing Network Systems 

1. Hybrid Fiber-Optic Coaxial Information Transmission: These networks use multiband trans-
mission and side leg transmission paths for redundant capacity [Bhagavath 1998]. 

2. Tensegrity Structures: These are active truss-like structural systems comprised of strut com-
pression members and actuatable cable tension members. The structural form is a complicated 
3D network that reconfgures itself by changing the lengths of the individual cables [Snelson 
1960] [Skelton 2001] [Sultan 2001]. Most tensegrity structures are statically indeterminate with 
redundant load paths (Figure 9.23). Following damage, reconfguration of the structural form 
and associated load paths sustains the load in stable confgurations. Selecting a control strategy 
is a challenge. A successful implementation is tube-shaped tensegrity structures used in foot 
bridges. The analysis considers damage scenarios and possible control strategies with multiob-
jective optimization methods [Korkmaz 2012]. The footbridge structure recovers to a safe and 
serviceable state for many, but not all, of the damage states considered. 

3. Wireless Sensor Networks: Such networks can change the connection confgurations with ease. 
Figure 9.24 shows a multi-hop mesh network that autonomously reconfgures itself following 
network damage to remove sensor nodes from operation based on a periodic, event-driven, and 
query-based protocol [Boukerche 2006]. 

The choice of switching strategy depends on the failure modes and task requirements. A versatile 
approach fts a system with a redundant array of identical programmable components, each of which per-
forms a variety of tasks. In a nonlimping mode, the system allocates separate tasks to the components. 

FIGURE 9.23 Tensegrity footbridge structure. (From [Korkmaz 2012].) 
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FIGURE 9.24 A multi-hop mesh network that autonomously reconfgures itself following network damage that removes 
sensor nodes from operation based on a periodic, event-driven, and query-based protocol. (a) Healthy signal path. (b) 
Damage blocks signal. (c) Rerouting heals path. (Adapted from [Boukerche 2006].) 

Some components may sit idle. When damage disables individual components, the system switches to a 
limping mode, discards or removes from duty failed components, and allocates tasks to the remaining 
components, some of which may multitask at reduced performance. Voting techniques help to identify 
failed components from faulty outputs [Shuler 2010]. 

9.7 Sense, Repair, Monitor 

9.7.1 Triggered Healing 

Simple controls trigger self-healing (Figure 9.25). 
When signals from damage exceed specifed threshold values, the sensing identifes and determines 

the location of the damage. The actuators release and direct healing action at the damaged location. 
Some example applications are as follows: 

1. Thermal Actuation of Healing: Thermal activation can be a simple healing technique. Upon 
sensing damage, the system triggers a heater that raises the temperature of a healing material to 
melt and fow or otherwise change state to heal the structure. Localized heating is favorable and 
must be at a level that does not damage the structure. Healing with heat-controlled refowable 
polymer, such as ethylene vinyl acetate (EVA), is viable for concrete beams and structural pan-
els. EVA melts at approximately 93°C, which is lower than the 100°C that boils entrained water 

FIGURE 9.25 Simple trigger and response coordination of health. 
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FIGURE 9.26 Localized heating due to damage of multipath conductor prompts vascular concrete repair. (a) Healing 
system. (b) Multipath conductor based on percolating conductive RuO2. (From [Nishiwaki 2006].) 

and damages concrete [Nishiwaki 2006]. Using EVA for healing runs into practical issues of 
sensitivity and control, that is, how, when, and where to heal? One solution uses logic inherent 
in the network with specialized multipath conductors, which lose some of the paths, but not 
all of the continuity, when damaged. The remaining conductive paths carry more current and 
produce Joule heating at locations corresponding to localized damage. This initiates a localized 
refowable repair (Figure 9.26). Similar systems use arrays of point sensors to locate the dam-
age and heating loops to provide localized heating and healing response through combinations 
of effects, such as annealing, shape memory materials, polymer refow, and increased reptation 
rates [Takahashi 2010b] [Hemmelgarn 2014]. 

2. Internal Forces: Placing piezoelectric patches on the outer faces of a composite beam with 
internal delamination provides an active bending moment to counteract the loss of stiffness 
[Wang 2004b] [Duan 2008]. 

3. Microencapsulated Delivery of Healing Liquids: Damage or damage precursors trigger the 
microcapsules to rupture and release the healing liquid. An example is capsules embedded in 
reinforced concrete that are functionalized to rupture in the presence of corrosion-inducing 
chloride ions [Xiong 2015]. 

4. Controlled Vascular Flow: Effective application of healing liquids requires methods of con-
trolling vascular fow, such as with localized or district pumping and/or damage-induced 
leakage. Fiber-reinforced composite panels often suffer from delamination. Integrated fber-
optic sensors or a network of electrically percolating carbon nanotubes track such damage 
and provide information for directing healing liquids through a hierarchical vascular system 
[Minakuchi 2014] [Wu 2012a]. 
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5. Self-infating Tires: A pneumatic tire equipped with a pressure sensor and high-pressure 
reservoir self-infates when the tire pressure drops below a threshold. Sequential opening 
and closing a valve that connects a high-pressure reservoir to the tire replenishes the air as 
needed [Olney 1994]. 

6. Self-cleaning Surfaces: Issues of sensing and feedback control arise in self-cleaning surfaces. 
An example is traveling wave electrostatic dust removal [Mazumder 2005]. Sensing dusty con-
ditions and then cleaning only when necessary reduces energy consumption. 

9.7.2 Repair Throttling and Limitation 

Throttling and termination of the repair process as needed prevents waste and harmful over repairs. 
Repair throttling has many biomimetic analogs ranging from the molecular scale where DNA 
repair machinery needs controls to prevent being overactive all the way up to the macroscale where 
the changing stress and geometry of a healing open wound governs the rate and type of healing 
[Ohouo 2013]. 

A convenient method of terminating a repair is to supply only a limited amount of repair materi-
als and then stop. This is typical of damage-initiated repair processes, such as microencapsulated 
liquid healing. An alternative that makes more effcient use of material is to monitor the repair as 
it proceeds and then terminates the repair once it is complete. Figure 9.27 shows a thermoplastic 
panel with controlled thermal refowing healing using subsurface optical sensing to detect the damage 
[Hurley 2011a]. Capacitive sensing combined with sunlight-activated ultraviolet curable epoxy is a 
viable approach [Carlson 2006b]. 

Light-induced plasmonic welding of silver nanowires illuminates a small gap between silver nanowires 
with broadband light from a tungsten–halogen lamp. The optics of the gap causes the light to concentrate 
and create a plasma of suffcient intensity to weld the nanowires together [Garnett 2012]. Completion 
of the welding process changes the optics of the gap so that it no longer concentrates the light and stops 
feeding the plasma, which then extinguishes. 

The living polymer technique provides a method of controlling and limiting the extent of heal-
ing reactions. Quenching living polymer reactions on cue is possible. ROMP is one of the possible 

FIGURE 9.27 Coordinated healing of a panel made of refowable thermoplastic. Subsurface optical sensors detect the 
damage, initiate a heating-controlled healing response, and then terminate once the sensors detect a healed condition. 
Sequence starts in top-left panel with (a) perforating gouge wound, and (b−e) proceeds sequentially to (f) a healed state. 
(Adapted from [Hurley 2011a].) 
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controllable reactions using the timed addition of a reagent that specifcally removes the metal cata-
lyst from the end of the polymer molecule and replaces it with a molecule that arrests the addition 
of more mers [Bielawski 2007]. 

9.7.3 Circadian Healing and Going Down for Repairs 

Healing a system while remaining operational is often impractical. Shutting down for repairs is an 
alternative. Shutdown may occur as needed or on a periodic basis, as with circadian sleep rhythms in 
biological systems. In particular, it appears that brains and neural systems need to sleep to function 
normally. The cross-layer accelerated self-healing (CLASH) system is a system that heals computer 
chips from bias temperature instability (BTI). CLASH uses an extended period of operation (31 h) fol-
lowed by a short repair cycle (1 h) with high temperatures and reverse voltage to heal BTI [Guo 2017]. 
Another example is copper-based SMA structural members that cycle through superelastic deforma-
tions and build-up damage with each load cycle. Thermal cycling heals the SMA. Built-in thermal 
cycling that activates after a present number of load cycles heals the system on a time of usage basis 
[Casciati 2007]. 

9.8 Wound-closing Control 

Wound closing uses mechanical forces, material deformations, and material movements to close cuts, 
perforations, and other forms of localized surface breaches. The intent is to accelerate repairs by mini-
mizing the volume of material repair required. Wound closing combines sensing and control [Duenas 
2007]. Subtleties include working with the statically indeterminate nature of autonomically generated 
internal stresses and deformation. 

Wound closing is bioinspired. Virtually all forms of life, unicellular and multicellular, use wound 
healing to survive from injuries that breach outer or internal tissue barriers. Wound healing in mam-
mals migrates epithelial cells from the edge of an open wound inward to cover and heal the wound. 
Experiments supported by agent-based numerical calculations indicate that much of the movement has 
the epithelial cells crawl on subcutaneous tissue into the unconstrained direction of the open wound as a 
mechanical wave [Bindschadler 2007] [Serra 2012]. 

Autonomic repair of delamination benefts from wound closing. Delamination between fber layers is 
a principal failure mode of fber-reinforced polymer panels. Closing a delamination requires applying 
forces with signifcant components directed perpendicular to the delamination. Closing the gap with 
intrinsic actions is challenging due to the typical geometry of elongated structural elements with delami-
nations running lengthwise (Figure 9.28). Weaving SMA wire into the fber layup that causes the wires to 
contract when heated and pull to close the delamination. This technique combines with reptation healing 
of thermoplastics for a synergistic healing effect (Figure 9.29) [Bor 2010]. 

FIGURE 9.28 (a) Fiber-reinforced composite element in healthy state. (b) Delamination forms between fber layers. (c) 
Closing of delamination by forces transverse to axis of element. 
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FIGURE 9.29 Shape memory alloy synergistically closes and refows polymer with thermal effects to heal delamination 
in composite. (From [Bor 2010].) 

9.9 Robotic and Robot Repair 

Modern trends point to ever-increasing sophistication and ubiquity of robots – including the use of robots 
for repair [Kurzweil 2006]. Robots embedded as subsystems in larger systems can be agents for auto-
nomic system repair, even forming self-repairing robots. Most of the reported repair robots for appli-
cations, such as bridge and spaceborne solar panels, are not yet fully autonomous, but instead rely on 
human intervention for operation [Lim 2008] [Oghenekevwe 2009]. 

Some principles for robot repair and maintenance: 

1. Competence: Robot must be able to execute the desired maintenance and repair tasks. 

2. Mobility: Robots must be able to move to damaged regions, and then vacate the premises, as needed. 

3. Safe: Robots should be inherently safe and pose minimal risk of collateral damage. 

4. Damage Assessment and Repair Planning: Autonomous robots must be able to assess the dam-
age and formulate a plan for repair. Semiautonomous robots that include humans as part of the 
control loop involve consideration of human factors and organizational factors, such as techni-
cal standards and allowing for redundant human controllers [Rembala 2009]. 

5. Quality Control: Robots need to conduct quality control and inspection procedures on their 
repairs [Höfener 2014]. 

6. Improvement by Learning: A major advantage of robots is the ability to be reprogrammed to 
perform new tasks or old tasks better without changes to the hardware. 

This raises the question as when to do robotic repair? Robotic repair systems are favored in those situ-
ations where the work is too dangerous, expensive, and impractical for humans, the damage modes are 
well-defned, and logistical considerations favor robots. Pipe networks are perhaps the most common users 
of robotic self-repair systems, largely due to inaccessibility to humans, well-understood failure modes, and 
relatively simple geometries [Ehsani 2010] [Goodell 2012]. Inserting infatable bladders and balloons into a 
damaged pipe, which can press repair patches against the interior walls and cure them in spot by heat or other 
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agents, is an effective repair technique [Blackmore 2006]. Pavement repair is dangerous and potentially well 
suited for robots. Automated pavement crack repair robots use machine vision and pattern recognition to 
detect cracks, and then use an articulated multi-nozzle spraying system to seal the cracks [Holmes 2010]. 
The robotic repair of in-orbit satellites is a challenging, but potentially valuable, use of autonomous systems. 

9.10 Universal Principles 

Coordination raises interesting, and perhaps fundamental, questions. 

9.10.1 Adaptability and Survival 

Systems that survive for long times in the face of unpredictable and changing environments often share 
multiple characteristics: 

1. Vigilance and Autonomy: Self-preservation requires vigilance and existing and emerging 
threats. Autonomy enables vigilance. 

2. Perception and Quantifcation of Safe versus Dangerous Conditions: This allows for the 
appropriate level of response. 

3. Multilayered Multi-agent Defense and Repair System: In humans, this consists of physical bar-
riers, and the immune system with B-cells, T-cells, phagocytes, and so on. 

4. Adaptive and Innate Capabilities: A suitable mix of adaptive and innate responses creates a 
highly resilient system. The continuous debate about the importance of nature versus nurture in 
the training of humans and animals confrms the strength of a combined approach. 

5. Self-recognition: The recognition of self versus non-self guides the planning and execution of 
self-repair. 

6. Reversibility: Perfect repair represents reversibility, even though intermediate steps are irre-
versible [Eppel 2014] 

7. Homeostasis: Maintaining a healthy internal state by exchanging material, energy, and entropy 
with the environment. 

9.10.2 Systems and Biomimetic Considerations 

Coordinating self-healing benefts from considerations of biomimetic analogs, self-awareness, and per-
ceived senses of healthy versus unhealthy states [Takeda 2003]. 

Idealized physical models consider time-invariant systems of infnite sources and sinks. Most real sys-
tems are nonideal and operate in environments with input and output actions that alter the surrounding 
environment and affect the internal state and performance of the system. Self-healing actions address the 
internal states. An important complication arises with uncertainty in the boundary between a system and 
the environment. A related important case examines the state and actions of healing subsystems within a 
system (Figure 9.30). Judiciously selecting the system boundaries is advantageous for analysis and design. 

FIGURE 9.30 Primary system with repair subsystem. 
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An example is a ship at sea. Virtually all ships leak. Normally, the leaks are slow and manageable 
with automatic bilge pumps. Larger leaks may require more aggressive actions, such as sealing internal 
compartments and rearranging fuel or ballast water to stabilize and minimize list. If the ship sinks, 
survivors may take to lifeboats. 

9.10.3 Sense of Self 

Distinguishing self from non-self is crucial to self-healing and self-maintenance. There may be subtle 
issues: 

1. If a system behaves as a set of agents acting together as a team, the team members must dis-
tinguish themselves in a threefold manner: (a) Distinguish themselves from members of other 
teams. (b) Distinguish themselves from members of their own team. (c) Recognize components 
and subsystems of themselves. 

2. A system that autonomously constructs a network by linking individual components should 
link components preferentially to other components in a pattern that matches the needs of the 
network. A biological example is the formation of a network of neurons by neurite intercon-
nections. A neuron must be able to distinguish between a neurite from itself and a neighboring 
neuron, even though both neurons come from the same cell line and have the same DNA. This 
is accomplished by the individual neurons identifying themselves as distinct with neuronal 
cell recognition proteins that differ from one another. The creation of these distinct proteins 
is a randomized combinational process that assembles proteins from thousands of isoforms 
[Hattori 2009]. A biomimetic variant is autonomic computer systems that use self-recognition 
as a basis for self-healing [Ganek 2003]. 

3. In an application aimed at protecting computer systems and networks, it is possible to use the human 
immune system to establish the framework of self-maintenance and resilience [Elsadig 2009]. 

4. A system for autonomous fghter aircraft uses an artifcial immune system, with different set-
tings corresponding to different levels of aggression [Kaneshige 2007]. 

The recognition of self from non-self is an inherent generator of complexity, [Zak 2007] [Hofstadter 
1999]. The use of a map of self and non-self induces a cascade of refective maps (Figure 9.31). Self-
refection produces complications and sometimes paradoxes (Figure 9.32). 

9.10.4 Self-Diagnosis and Homeostasis 

Systems that recognize their own state can interact with the environment to promote health. Relatively 
simple systems respond to external stimuli by time-invariant input–output relations (Figure 9.33). Such 
systems require an intelligent designer and builder. The design must perceive future conditions to be 
robust and resilient. 

FIGURE 9.31 Chain of self-refections. (From [Zak 2007].) 
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FIGURE 9.32 Chain of self-refections increases complexity of system. 

More sophisticated systems maintain homeostasis. Key steps include ingesting healing agents, storing 
healing agents, and exuding high-entropy waste material (Figure 9.34). Power management strategies 
for energy harvesting systems provide some guidance for designing and describing the behavior of these 
systems [Kansal 2007]. The available external supply of healing agents has the following forms: 

1. Uncontrollable but Predictable: The supply of external healing agents is uncontrollable, but 
predictable and usually of suffcient quality and quantity to be useful. 

2. Uncontrollable and Unpredictable: The supply of external healing agents is uncontrollable and 
unpredictable. Harvesting of healing agents is an adaptive and reactive process. 

3. Fully Controllable: The supply of external healing agents is fully controllable and usually of 
suffcient quality and quantity to be useful. 

4. Partially Controllable: The supply of external healing agents is partially controllable and usu-
ally of suffcient quality and quantity to be useful. 

FIGURE 9.33 System built by external intelligent designer. 
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FIGURE 9.34 Living system uses low-entropy environmental sources to maintain healthy state. The process increases 
entropy, which must be ejected into the environment to maintain a homeostatic state. 

Harvesting and ingesting healing agents makes them available for storage and then subsequently 
available for repairs as needed in manners similar to that of energy harvesting systems [Kansal 2007]. 
Possibilities for storage: 

1. No Storage: Harvesting system has no ability to store healing agents. The agents must be used 
immediately. 

2. Ideal Buffer: The harvesting system stores healing agents in a buffer that can store any amount 
of healing agent, release the agents for use whenever needed, and does not lose any healing 
capability in storage and release. 

3. Nonideal Buffer: Harvesting system with nonideal buffer, with potential limitations on storage 
capacity, limitations on healing release rates, and degradation of healing capabilities in storage. 

9.11 Templated Repair 

Templates are preformed patterns that provide a plan for repair. The template may be a physical struc-
ture with the plan directly encoded in the structure, or a plan stored in the memory of an active system. 
Templates may be isolated entities or may be diffused and stored collectively throughout the structure. 
An example is material systems that retain the pattern for the healed system within the molecular and 
crystal structures. Diblock copolymers, such as poly(styrene-b-methylmethacrylate), exhibit this behav-
ior with the formation of nanoscale crystalline patterns and structures form [Yufa 2009]. These materials 
recover completely from nanoscale damage, that is, a dent from a nanoindenter. A thermal cycle activates 
material degrees of freedom so that crystal patterns in the deformed polymer surrounding the dent pro-
vide the template to guide the recovery. 

9.12 Self-replication and Cellular Automata 

Self-replication of subsystems repairs damage to systems made of distinct subsystems. Multicellular 
biological systems routinely perform subsystem self-replication, but this remains a diffcult chal-
lenge for human-built systems. von Neumann espoused much of the early theoretical development of 
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self-replicating machines during the 1940s and 1960s [Neumann 1966]. The process has both physical 
and information components, many of which are inseparable. The machine must contain the informa-
tion required to build a copy of itself and must replicate the same (or improved) information in the new 
machine. Improvement in terms of ftness for survival and breeding a new generation often comes with 
increased complexity, as evidenced by the higher organisms. An important aspect of biological 
self-replication is that living systems do not replicate in isolation, but instead thrive in an environment 
with many complex molecules already available for absorption and incorporation into the system. It is 
possible for robots to assemble copies of themselves from prebuilt incomplete components placed in the 
surrounding environment [Freitas 1982] [Suthakorn 2003] [Park 2004b]. Both living and human-built 
self-replicating systems must follow the laws of physics. Statistical mechanics being closely related to 
information theory provides a framework for describing the kinetics of self-assembly and can put ther-
modynamic bounds on self-replication [Napp 2006] [England 2013]. 

Self-replicating modular robots have received considerable interest as possible self-replicating 
machines. The concept is for the robots to have enough information to self-replicate with prefabri-
cated parts available in the environment [Zykov 2007]. These efforts have been successful at relatively 
simple replications, usually in the form of snapping parts together. Measures of complexity, including 
Sanderson’s parts entropy, quantify the level of complexity in the assembled fnal robot [Lee 2008]. 

Embryonics and unitronics are electronic extensions of the concepts of von Neumann’s self-replicating 
machines to electronic systems [Mange 2000]. The approaches are biomimetic where the electronic sys-
tems act as multicellular organisms. These systems produce self-healing and fault-tolerant electronic systems 
based on mimicry of evolving biological organisms. Unitronic systems mimic the evolution and development 
of prokaryotic bacterial colonies, whereas embryonics mimic eukaryotic multicellular organisms [Samie 
2013]. The complexity of unitronic systems is less than that of embryonic systems, yet can produce similar 
self-healing and fault-tolerant behaviors. Individual cells in embryonics take on many of the traits of von 
Neumann’s self-replicating automata, both of which lie in a biomimetic hierarchy of four basic levels: 

1. Molecules: These are electronic building block elements of programmable circuits. 

2. Cells: Assemblies of molecules that make up a processor and memory. 

3. Organisms: Multicellular systems that can do specifc tasks. 

4. Populations: Collections of organisms. 

9.13 Chemical Control System 

Biological systems routinely exert nonlinear control through chemistry. An example is using thresholds 
to control coagulation through competing reactions (Figures 9.35 and 9.36). This approach satisfes the 
control requirements where coagulation should only occur when a particular damage signal exceeds a 
threshold value and is otherwise stable against perturbations. 

FIGURE 9.35 Crisp nonlinear coagulation response to change in conditions. 
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FIGURE 9.36 Competition of linear consumption with nonlinear production creates threshold trigger that works with 
chemical reactions, such as coagulation. Point A is a stable attractor. Point B is an unstable repeller. If [C] > [CB] triggers 
coagulation, [C] < [CB] moves to attractor point A. (Adapted from [Runyon 2004].) 

9.14 Apoptosis for Healing 

Apoptotic systems and subsystems self-degrade in controlled manners that improve overall health. 
Apoptosis is a ubiquitous healing technique in multicellular biological systems that removes infected, 
aged, excess, or otherwise undesirable tissue [Meyer 2014]. Apoptosis generally requires the following: 

1. Decision: Deciding when subsystems should self-destruct. Sometimes an entire system should 
self-destruct. This occurs in cases where the system can cause damage to the surrounding 
environment. 

2. Destructive Capability: A means of destroying unwanted subsystems. 

3. Removal Capability: A means of removing the defunct subsystems and detritus. 

9.14.1 Apoptotic Material Systems 

Heterogeneous apoptotic material systems typically need only a small fraction of the material to change 
state and cause disintegration. For example, introducing sucrose into the matrix of a PVA polymer results 
in a material with modest changes of properties, yet is long-term stable. Exposing sucrose-modifed PVA 
to water dissolves the sucrose and the entire material matrix [Acar 2014]. Varying the mixture propor-
tions provides different dissolution rates. Similarly, polystyrene self-folding origami robots self-degrade 
when placed in acetone [Miyashita 2015]. Another example formulates epoxies that solidify with DA 
reactions. The DA bonds break down by heating and application of a solvent to make thermally remov-
able epoxies [Loy 2002]. Additional examples include the controlled dissolution of material into a host 
fuid that lead to a variety of apoptotic effects. Examples also include a dissolvable silk fbroin substrate 
that enables the mounting and integration of ultrathin electrical wires into living biological tissue [Kim 
2010a] and the hydrolytic degradation of polyethylene glycol hydrogels containing encapsulated bioma-
terials for healing and growth [Hoffman 2014]. 

Thermally functional epoxy-based foams with DA adducts are mechanically resilient, yet easily 
removed with solvents, such as 1-butanol at 90°C [McElhanon 2002]. Another apoptotic approach 
is chemically inert and long-term stable thermosetting epoxy polymers made with cyclic anhy-
drides with cleavable acetal links that dissolve in solvents containing acids, such as carboxylic acid 
[Buchwalter 1996]. 

Living polymers grow or shrink by the addition or removal of mers onto the end of polymer chains. 
In certain temperature ranges, thermodynamic behavior can favor the dissociation of mers and a length 
reduction. Attaching specialized end cap mers stabilizes these unstable molecules. A trigger stimulus 
that removes or disables the protective end cap mers can disintegrate the molecules [Kaitz 2015]. 
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Biodegradable and biocompatible metal foils made of magnesium, iron, or tungsten packaged inside 
of biodegradable polymers, such as polyanhydrides, are suitable building blocks for biodegradable elec-
tronics, such as batteries for transient implanted electronic devices [Yin 2014a]. 

9.14.2 Apoptotic Systems 

Complex hierarchical systems and cyberphysical systems with embedded controllability provide 
multiple opportunities for self-improvement by apoptosis Enabling and then programming modular 
robotic assemblies to disassemble can help with more rapid reassembly into new confgurations 
[Gilpin 2008]. A cyberphysical example is a Shannon box that autonomically turns itself off when 
turned on (Figure 9.37). 

FIGURE 9.37 Shannon box exhibits apoptotic behavior by switching itself off when turned on. (a) Initially off. 
(b) External hand switches on. (c) Internal hand emerges to begin apoptotic maneuver. (d) Internal hand switches off. 
(e) Internal hand retreats. (f) Box reverts to off state. 
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Many missiles and rockets are apoptotic with internal self-destruct systems. A decision must be made 
if and when to self-destruct. A simple criterion is to trigger a self-destruct sequence when the fight path 
or fight characteristics deviate outside of a desired range. An autonomous method for pyrotechnic mis-
siles, that is, freworks, is to have the missile self-destruct after fying a desired distance by causing a 
shape alteration that leads to an aerodynamic instability and tumbling [Kim 2015a]. Reactive burning of 
the projectile body initiated at launch occurs at a suffciently controllable rate to cause tumbling after a 
preset distance. 

Selective removal of system components is an apoptotic action that aids healing actions. Softening 
and removing a tough protective layer enables the repair of sensitive underlying components, such as the 
components of an electric circuit board that have been encapsulated to protect them from a harsh operat-
ing environment [Small 2001]. 

9.14.3 Self-erasing Inks and Written Patterns 

Self-erasing inks are a specialized apoptotic material technology that eliminates printed features 
from the surface of documents. Self-erasing inks come in two main varieties – autonomic and 
stimulated. The autonomic varieties self-erase on a fxed schedule, usually due to slow chemical 
reactions. The externally stimulated varieties self-erase upon receiving an external stimulus, such 
as the UV radiation in sunlight. 

Much of the molecular and supramolecular machinery used in self-healing materials can be 
modified and harnessed for apoptotic and self-erasing ink applications. Some examples are as fol-
lows: (1) Supramolecular polymer gel made of triptycene-based bis(crown ether) and a copolymer 
containing dibenzylammonium (DBA) moieties that convert a material with self-healing capabili-
ties into a self-erasing material by the addition of spiropyran molecules [Zeng 2013]. (2) Controlled 
nanoparticle aggregation and disaggregation. Aggregated nanoparticles are visible, while the same 
nanoparticles in a disaggregated form are invisible [Klajn 2009]. A coating of trans-azobenzene 
on the nanoparticles changes state from nonpolarized to polarized with an isomer transformation 
upon UV light irradiation. The polarized form causes the particles to aggregate and form a visible 
ink. The polarized form is metastable and converts back to the nonpolarized form over a couple 
of hours. The nanoparticles follow suit and disaggregate to erase the visible pattern of writing. 
(3) Thin gold films on carbon-based pressure-sensitive adhesives heal damage corresponding to 
laser-written patterns of text [Alessandri 2010]. The thickness of the gold layer controls the rate 
of healing. 

9.14.4 Graceful Failure 

Closely related to apoptosis is the management of unavoidable failures. The progression of damage and 
failure is often complicated. Unexpected second-order effects exert confounding and counterproductive 
actions. An example is the leak before burst design guideline for pressure vessels. Leaks are annoying 
but generally preferred to bursting. 

9.15 Reactive Armor 

Reactive armor actively arrests the motion of projectiles before they impact and damage a structure. 
Reactive armor is effective in situations where passive armor is not practical or capable of withstanding 
the energy of extremely energetic impacts. Many details of this technology are not disclosed publicly, 
but some concepts can be gleaned from available sources. Reactive armor needs to be able to sense and 
react to incoming high-speed projectiles in a very short time frame. A space-borne application for coun-
tering micrometeorites uses a high-potential capacitor between two layers in an external skin. When a 
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FIGURE 9.38 Capacitive-type spacecraft micrometeor hypervelocity impacts protection system. (a) Healthy skin acts as 
charged capacitor. (b) Particle penetrates and breaks into ionized debris. (c) Electric discharge vaporizes debris. (d) Skin 
heals by reverting to capacitive state. (Adapted from [Edwards 2002].) 

micrometeorite strikes the layered capacitive skin, it disintegrates into a plasmonic conductive cloud. 
The conductive cloud connects the charged layers, causes electrical current to rush in, and vaporizes the 
projectile before it does any more damage (Figure 9.38) [Edwards 2002]. The action is similar to that of 
self-clearing electrodes. 

Shock waves due to nearby explosions also pose a high-speed mechanical threat to structures. It is 
possible to attenuate and defect shock waves with an electromagnetic arc launched on laser-ionized air 
or a rapidly infating protective airbag [Tillotson 2014] [Tillotson 2015]. 



 

 

 

 
 
 
 
 

 
 
 
 

 

10 
Electronics, Optics, and Functionalized 

Material Systems 

10.1 Introduction 

Electrical, optical, and related functionalized material systems have much in common. The confuence of 

concentrated energy and signal paths makes it possible for minor conduction path disruptions to disable 

an entire system, yet small amounts of healing to be highly benefcial. Multiphysics functionalization 

expands the activation of the material through combinations of thermal, electrical, optical, and magnetic 

effects that interact at multiple length scales to enable self-healing [Zhu 2014]. 

10.2 Damage Mitigation Devices and Systems 

Unmitigated faults in electrical and electronic systems cause serious damage. The actions of stray 

currents and voltages disable subsystems and components, and lead to overall system failures. High-

performance systems, such as aircraft, are prime examples. Minor disruptions to electrical wiring can 

cause severe problems. Autonomic recovery can prevent a catastrophe [Johnson 2000] [Stefani 2000]. 

Many simple and low-cost methods mitigate damage due to electrical faults. These include fuses, 

metal oxide varistors, surge suppressors, and supplemental conductive paths to ground. In a fuse 

(Figure 10.1), high current levels overheat a metallic element that burns out. The operation opens a 

circuit in the event of an electrical overload and prevents the overload from propagating elsewhere and 

causing damage. The metal oxide varistor (MOV) is an inverse where large electrical transients reduce 

resistance and cause a circuit to close and short the transient to ground. A ground fault current inter-

rupter (GFCI) acts as a smart fuse. The operational basis is that the current fowing through a closed 

circuit is conserved and equal at both the live and ground ends. When current strays from the closed 

circuit and returns to ground by an undesired path, such as through shorts, insulation breakdowns, 

and other dangerous conditions, a ground fault occurs. A GFCI device detects the missing current and 

FIGURE 10.1 Fuse acts to protect circuit and mitigate damage by opening when current exceeds a threshold. 
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FIGURE 10.2 MOV type distributed self-clamping wire insulation. (a) Healthy power cable. (b) Damage breaches insula-
tion. (c) Polymer conducts current to ground. (Adapted from [Fisher 2006].) 

trips a breaker to open the circuit. Effective usage requires setting the threshold to account for normal 
differences that result from reactive loads, such as from an electric motor. The fuse, MOV, and GFCI 
mitigate against serious damage by circuit topology changes, but typically leave a system in a disabled 
state. More sophisticated systems restore the functionality of the original circuit by restoring the origi-
nal topology, if it can operate fault-free. 

Fuses, MOVs, and GFCIs are usually discrete components. Distributed versions run continuously 
along the wires. When damaged, wire insulation causes electrical faults, a conductive polymer layer 
shorts faults to ground and mitigates against damage that may occur anywhere along the wire [Fisher 
2006]. A concentric vascular arrangement with a low-cost fowable conductive polymer ensures good 

contact with the wire (Figure 10.2). 

10.3 Electric Wire and Cable 

Loosely defned, wires and cables are often synonyms. A more accurate defnition provides distinction 

with wires being single strands and cables being bundles of strands. Braided-strand, parallel-strand, and 

combinations of material layers with wires all are cables. Waveguides are linear conductive elements, 

and/or cavities, that confne, guide, and propagate waves. 

The importance of signal and power transmission through wires and cables to modern engineered 

systems should not be underestimated. Relatively minor wiring faults receive blame in multiple aircraft 

failures, such as the Swiss Air Flight 111 and TWA Flight 800 calamities that resulted in hundreds of 

fatalities [Slenski 2004]. Faults in wiring are diffcult to repair. The replacement of entire bundles of 

cable, wiring, and wiring harnesses is often easier and less expensive than debugging and repairing a 

minor insulation breach, especially those that cause intermittent faults. Similarly, the failure of wires in 

implanted heart defbrillators has caused multiple deaths [Hauser 2012]. 

Typical electrical wires, optical fbers, and microwave waveguides are composite assemblies with 

a central conductor surrounded by guiding material on the perimeter. The central conductor in an 
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electrical wire is usually a conductive metal, but conductive polymers, ionic gels, and neural axons 
also appear. The outer material is an insulator that confnes the electric current wave to the central 

core. Since many insulators and outer jackets in electrical wires and cables are made of polymers, it is 

usually easier to imbue self-healing in outer polymer insulators than inner metal or optical conductors. 

Optical fbers and microwave waveguides use refective media on the perimeter to guide the waves. 

Self-healing of damaged waveguides may require regenerating the conductive core and/or the refec-

tive guiding perimeter layer. 

10.4 Insulation Damage and Healing 

External stressors such as mechanical loads, heat, fre, chemical, temperature, fungus, water, mois-

ture, and UV light damage electrical and optical wires and cables. Electrical and optical felds stress 

conductors from the inside. Sometimes the stresses couple and synergize with material breakdown to 

create aggressive localized damage processes. These include the following: (1) Hot spots where heat 

damages the wire and insulation and leads to more heat and damage. (2) Arc tracking where comin-

gling of saline water and electrical voltage damages the insulation along a linear track, with polyimide 

insulators, for example Kapton, being prone to this type of damage. (3) Water-tree (aka Christmas-

tree) damage arising due to electric feld interactions with water penetrating into microcracks and 

openings causing crack growth and more openings for water penetration leading to a repeating and 

often branching process that produces a branching Christmas-tree-shaped pattern of damage [Bahder 

1976] [Bulinski 1998]. 

Most electric current-carrying cables have dielectric insulating layers. Damage to the dielectric insu-

lation breaks down the ability to confne the conductive paths for the current, with short circuits, loss 

of functionality, and the ignition of fres being common outcomes. Due to the industrial importance of 

these techniques, much of the research and development occurred outside of academia, with many of the 

key developments appearing in patent literature. Appendix B lists selected patents used in self-healing 

wires and cables. 

10.5 Flooding and Vascular Methods 

Vascular approaches take advantage of the elongated geometry of wires and cables to run healing fuids 

in channels alongside the electrical and optical conductors often in a concentric arrangement. Flooding 

cables are a prepackaged subset of these techniques. 

A long-standing self-healing application is maintenance of the dielectric insulation surrounding 

conductors in high-voltage electric power lines. A typical vascular confguration is a coaxial arrange-

ment with replenishing dielectric fuid fowing around a center conductor [Whitehead 1968]. The 

motivation for a vascular system is that the transmission of high power electricity favors using high 

voltages to reduce the currents and losses due to current fow and Joule heating. High voltages break 

down most solid dielectric insulators. Recirculation of liquid or gas dielectric insulation heals by 

replenishment. 

Moderate-voltage electric power delivery systems place less demand on the insulation than high-volt-

age systems. Nonetheless, environmental loads and cost constraints lead to persistent performance chal-

lenges. Water penetration through polymer dielectric barriers is problematic, especially for buried cables 

carrying greater than 600 V. The water sets up a corrosive electrolytic cell driven by a rectifed portion 

of the alternating current in the wire that breaks down aluminum sheaths and conductors. Aluminum 

converts into aluminum hydroxide, a whitish chalky powder [Spruell 2013]. The chemical reaction also 

releases hydrogen gas – a potential explosion hazard, especially for wires contained in underground 

structures. For these medium- and light-duty applications, a viscous fuid or gel-like material in one 

of the layers acts as a self-healing agent. Unlike high-power cables that circulate the fow, the gels in 

medium power cables remain relatively stationary. In the event of damage to the outer jacket, the gel 
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FIGURE 10.3 Self-healing fooding cable for medium-power underground electric power distributions using viscous PIB 

to seal insulation breaches undergoing puncture test. 

fows into the gap, provides a dielectric barrier, and perhaps more importantly blocks the penetration of 

water. The requirements of the fooding fuid or gel are as follows: 

1. Insulating: Electrically insulating. 

2. Insoluble: Insoluble and impermeable with water-blocking capability. 

3. Adherence: Must adhere to inner and outer walls to prevent fow of water. 

4. Environmental Tolerance: Must exhibit appropriate viscosity under a moderately large range 

of conditions. 

5. Stability: Must retain water-blocking capabilities long term. 

Polyisobutylene (PIB) is a good candidate material for fooding cables [Reece 2002] [Ware 2005]. PIB 

is a versatile sticky polymer with many applications, including being a base ingredient in chewing gum 

(Figure 10.3). 

As with all vascular systems, actuating and controlling the fow of the liquid is key to success. One 

method is simply a fuid-flled concentric layer. Potential concerns are gaps and nonuniformity. Wicking of 

the fuid along braded fbers in an outer layer can promote uniformity. A fnned internal vascular structure 

enhances the fow of viscous fuid, while also armoring the cable (Figure 10.4) [Spruell 2003]. 

FIGURE 10.4 Cross section of electric power cable with extruded fnned layer providing both armor and vascular chan-

nels for fooding compounds. (Adapted from [Spruell 2003].) 
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FIGURE 10.5 Foam expands and flls cut in tube. (From [Esser 2005].) 

Expanding foams that fll damage are an alternative to fooding liquids or gels [Lucas 2001]. One 

method uses liquid foams to expand and then solidify in place. Laboratory experiments have demon-

strated the potential viability for use in wire and cable applications (Figure 10.5) [Esser 2005]. Joule 

heating of conductors provides a potential trigger and energy source to activate thermally refowable 

damaged insulation [Castellucci 2009]. 

10.6 Conductors 

The repair of conductive elements in electrical wiring requires reestablishing continuity of a desired 

conductive path and avoiding creation of unwanted paths. Most conductors are metals with melting tem-

peratures that are much higher than can be sustained by polymer insulators. 

Electrical conductors made of solid metals do not tolerate large deformations very well. Instead, metal-

lic conductors require a variety of mechanical strain relief methods to prevent damage during normal 

operations. Stretchable conductors and electronic devices offer an alternative in that they undergo much 

larger deformations without damage. In addition to playing a role in damage mitigation, stretchable elec-

tronics also enable large deformation damage recovery in smart healing systems. Some of the primary 

methods of achieving stretchability in modern electronics are as follows: 

1. Serpentine Patterns of Thin Metal Wires in a Compliant Elastomer Matrix: Thin metal wires 

placed in serpentine buckled and curled patterns can uncurl when loaded to produce large 

macroscale deformations, while keeping local deformations of the metal small. Placing an elas-

tomer capable of large deformations guides the deformation of the metal so that it is capable of 

repeated macroscale large motion deformations. The once ubiquitous helical telephone handset 

cord is an example. Miniaturization, customized fractal patterning, and advanced packaging 

methods extend the serpentine metal conductor technique to a wide range of fexible electrical 

interconnect applications [Xu 2012] [Fan 2014] [Lin 2014]. 

2. Adaptive Stiffness: Electrodes with adaptive properties, such as stiffness, can improve durabil-

ity. An example is a neural implant that connects to the brain. Electrodes that are stiff enough to 

penetrate a brain for insertion are too stiff for long-term compatibility with soft brain tissue and 

produce scars. There is a need for electrodes that soften after insertion, such as with desiccated 

hydrogels as stiffening elements that soften once inserted into a wet brain [Capadona 2012]. 
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Restoration of conductivity by depositing conductive material near to a break requires information 
regarding the desired confguration, a material system that places material at the correct location, rees-

tablishes conductivity, and does not allow conductivities to stray into unwanted areas. Some possibilities 

are as follows: 

1. Electrodeposition: Charge transfer salts, such as TTF-TCNQ (tetrathiafulvalene– 

tetracyanoquinodimethane), are potentially useful materials. They are nonconductive in solu-

tion, but become conductive upon evaporation of a solvent, often in a one-dimensional pat-

tern that follows crystal orientation, and may exhibit superconductivity at cold temperatures 

[Coleman 1973] [Ferraris 1973], for example, Electrodeposition of metals such as copper from 

a CuSO4 solution. It may be possible for the activation of electric potentials across the open 

circuit to drive the deposition to restore conductivity. Dielectrophoresis uses the large electric 

feld gradients formed on the tip of a charged nanowire to drive the deposition of conductive 

nanoparticles that lengthen the nanowire [Hermanson 2001]. 

2. Vascular Systems: Liquid metal conductors fow in vascular self-healing systems, such 

as antennas or specialized sensors. Liquid electrical conductors can restore conductivity 

by fowing into the gap of an open circuit but have potential diffculties with staying in 

place once deposited. Mercury is liquid at room temperature but is toxic. Eutectic indium-

gallium (EIG) is liquid at room temperature, is much less toxic, and forms an oxide skin 

when exposed to air that prevents leakage and aids with combined systems using self-healing 

polymers to heal electric circuits following a complete mechanical cut of the circuit 

[Palleau 2013b]. Ionic liquids, such as those based on imidazolium salts, are conductive, 

but not as conductive as liquid metals [He 2015]. EIG forms a thin oxide skin that makes 

it compatible with elastomers for large deformation antennas and clots small cuts through 

circulatory vessel walls [So 2009b]. The oxide layer also prevents the liquid from fowing 

through capillaries. Inserting supplementary electrolytes into the capillaries with an elec-

trowetting technique creates a slip condition at the wall. The slipping allows the EIG to 

fow freely and provides a means of fne-tuning antenna resonance frequencies as part of a 

healing process [Wang 2015a]. 

3. Microencapsulation: Liquid materials that restore conduction for release at damaged sites is 

a potentially viable delivery method. Tests with systems using charge-transfer salts and EIG 

demonstrate viability [Odom 2010] [Blaiszik 2012]. 

4. Shape Shifting and Healing Conductive Gels and Meshes: Composite materials and inks made 

of a matrix with embedded nanowires and particles are electrical conductors when the parti-

cles achieve density levels to sustain percolation-type continuity. Polyelectrolyte matrices with 

embedded Ag nanowires restore conductivity through cuts with a water-initiated reformation of 

the matrix [Li 2012d]. The integration of supramolecular Zn-polypyrrole hydrogels introduces 

conductivity at the molecular level. These gels restore electrical conductivity, even after mul-

tiple cut-and-heal cycles [Shi 2015]. 

10.7 Connectors, Contacts, Electrodes, and Switches 

Connectors, contacts, electrodes, and switches provide crucial links in continuity between components 

in electrical circuits. While failure of one of these components can disable an entire system, the amount 

of material movement and energy needed for repair is minimal. Connectors are integrated mechanical, 

electrical, optical, and/or fuidic devices that support and protect the contacts. Contacts are mating pairs 

of conductive components that provide for continuous fow of current when connected and prevent the 

fow of current when open. Electrodes are specialized contacts that provide electrical continuity between 

a conductive wire (usually metallic) and a semiconductive or nonconductive material, as in electrical 

batteries, other electrochemical devices, and capacitors. Switches open and close contacts in response to 

external commands or actuations. 
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FIGURE 10.6 Schematic of low melting point metal healing cracking in lithium battery negative electrode caused by 
charge–discharge lithiation–delithiation cycling. (a) Liquid metal electrode before electric cycling. (b) Electrode solidifes 

and swells during lithiation. (c) Delithiation causes solid electrode to shrink and crack. (d) Electrode returns to liquid state 

and heals cracks. (From [Deshpande 2011].) 

Electrodes lie at the interface of electrical conductors and other electroactive materials. The mismatch 

of material properties, electrochemical transport, and large deformations combine to produce severe 

loading requirements for the electrode. Cracking, shorting, and the combined degradation of electrical 

and mechanical performance are common failure modes. 

Materials that self-weld may act as self-healing electrodes. An example for harsh environments is to 

use lithium to promote electrochemical self-welding in silicon-to-silicon nanowire contacts in lithium-

ion batteries [Karki 2012]. Sometimes it is possible to fnd an electroactive effect to counter the damag-

ing effects and heal the electrode. Low melting point metals heal cracked electrodes by liquid migration 

and deposition. An application is lithium batteries that undergo charge–discharge lithiation–delithiation 

cycling to crack electrodes (Figure 10.6) [Deshpande 2011]. Oxide scales forming on the surface of liq-

uid electrodes have large electrical resistivities that impair self-healing performance. Alloying the base 

metal often resolves these diffculties [Aindow 2010]. 

Electrodes attach to materials that undergo large deformations, which raise issues of strain compatibil-

ity and material durability. A mitigating technique to accommodate the large deformations in electrodes 

is to place a metal conductor as a thin flm on top of a compliant elastomeric foam. Upon undergoing 

large deformation, the metal flm cracks, while the underlying foam layer remains intact. Properly siz-

ing the layers forces the metal flm to crack in controlled patterns that retain electrical conductivity 

[Vandeparre 2013]. 

Electrodes for dielectric electrically actuated polymer (DEAP) actuators face severe loading require-

ments due to the combination of large deformations in the elastomers and large voltages required to 

produce the deformation. Cracking is a common failure mode. The electrochemical deposition of copper 

from platinum–copper in electrodes is a healing mechanism for ionomeric polymer–metal composite 

actuators. Copper ions migrate into cracks in the electrodes [Johanson 2008]. 

High-performance electrical batteries pose another set of demanding requirements for electrodes. In 

addition to electrical, chemical, and thermal loads during normal operation, some batteries, includ-

ing lithium-ion batteries, undergo large mechanical deformation during charge–discharge cycling. Such 

deformations can quickly crack the electrodes. Wrapping the microparticles in a self-healing dynamer 

solves many of these durability issues in silicon microparticle anodes [Wang 2013a]. 

10.7.1 Self-Clearing Electrodes 

The spurious formation of shorts is a common failure mode of electrodes and capacitors. Self-clearing 

electrodes heal electrical shorts with short-duration high-current surges that oxidize and/or melt the short 

with Joule heating. Self-clearing electrodes are particularly useful when the electrodes span thin flms, 
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FIGURE 10.7 Self-clearing electrodes correct shorts in high-voltage devices. 

which have large in-service deformations, that combine large voltages and large deformations, such as in 
capacitors or DEAP actuators. A small, even pinhole size, breakdown of the dielectric causes large cur-
rent shorts. Such breakdowns normally disable a device. Following self-clearing, the electrode works but 
has a reduced area for operation, often only a negligible reduction (Figure 10.7) [Martin 2013a]. 

The dielectric material between the electrodes plays a large role in self-clearing. Self-clearing favors 
materials that form char layers, as in polymer/foil capacitors, but not in metalized foil capacitors [Reed 
1994]. Charcoal powder and silver layers create self-clearing electrodes for DEAPs with breakdown 
voltages of 10 kV and 1.9 kV, respectively [Lau 2012] [Low 2012]. A two-part electrode made of a sili-
con sponge flled with silicon oil self-clears with oil fowing out of the sponge into the gap [Hunt 2014]. 

Electrodes made of single-wall carbon nanotubes self-clear in DEAP actuators (Figure 10.8) [Yuan 

2008a]. Laser-assisted self-clearing heals DEAP actuators in fying microrobots [Kim 2023]. 

Organic light-emitting diodes have short-circuit failure modes that occur in transparent indium tin 

oxide (ITO) electrodes. Transparent metal nanomesh electrodes heal by ramping up the voltage to clear 

the short by burning the nanowires [Belenkova 2012]. 

Plasma arcing due to the opening of circuits damages the electrodes in switches and circuit breakers 

for high-power electricity transmission circuits. The self-blast interrupter mitigates spark plasma dam-

age by forcing a dielectric gas, typically sulfur hexafuoride (SF6), into the opening gap to limit and extin-

guish the electric arc. Active methods of forcing the gas to fow use pumps and represent a reliability 

concern. An alternative is the self-blasting circuit breaker. Energy of the electric arc heats the dielectric 

gas in a chamber in a rapid manner so that it blasts out of a nozzle into the arc for quick extinguishment 



 
 

 

204 Self-Healing Structures, Machines, and Systems 

FIGURE 10.8 Single-wall carbon nanotube self-clearing electrode performance in DEAP actuators. The 7.5 kV curve 
shows a spike corresponding to a short and then a self-clearing recovery. (From [Yuan 2008a].) 

[Sedlacek 2003] [Lee 2005]. Blast timing is particularly important for alternating current circuits. The 
blasting is more effective when launched as the spark plasma diminishes with the reversal of the current 
during the alternating cycle. 

Most integrated semiconductor microelectronic circuits, that is, chips, heal by combining inter-
nally driven fault diagnosis and switching of redundant components. Memory circuits are an impor-
tant application [Barth 2002] [Stauffer 2009]. Some self-healing memory circuits use programmable 
fuses to open a circuit path when stimulated and anti-fuses to close circuits on command [Lee 2001] 
[Geppert 2004]. 

Integrated circuits that combine digital and analog signal processing, as are common in radio and 
microwave electronics, introduce additional complications and failure modes. Damage may be cata-
strophic where the device fails to operate, or may be parametric where the device still operates, but 
degradation of the analog components inserts unwanted noise and distorts the signals. In the case of 
parametric damage, the introduction of onboard digital components allows for healing the performance 
through the adjustment of analog-operating parameters, along with the inclusion of digital compensa-
tion [Goyal 2012]. The process begins with a self-assessment of performance, followed by optimization 
algorithms that select corrective actions, implementation of corrective actions, and then reassessment 
of performance. Figure 10.9 shows a transmission line stub that shorts to ground in a stepwise manner 
that changes the length of the stub and enables self-healing by tuning [Bowers 2013]. Self-healing with 
redundant component swapping improves the yield of viable chips during manufacture at rates that may 
justify the parasitic costs (Figure 10.10) [Maxey 2012] [Chien 2012]. 

Electromigration is a primary failure mode of microelectronic circuits. The fow of electrons in DC 

currents exerts forces by momentum transfer on the atoms of the conductor. Over time, electron forces 

combine with thermal stresses and diffusive motions to change the shape of the conductor resulting in 

whiskers, hillocks, and voids [D’Heurle 1971] [Ren 2006] [Ho 2022]. Discontinuities in the conductive 

paths, such as crystal grain boundaries and thin metal flms, are particularly prone to electromigration 

damage [Ogurtani 2005]. Occasionally, electromigration-based material movement improves the condi-

tion of an interconnect, that is, the interconnect self-heals. An example is the favorable electromigration-

driven diffusion of Cu through an Ag passivation layer into Cu in Cu–Cu hybrid bonding used in 3D 

heterogeneous packaging of computer chips [Chou 2021] [Hong 2023]. The diffusion improves the inter-

connect and allows for bonding with little or no need for annealing. Similarly, a self-healing scheme for 

through-silicon vias rendered defective by electromigration combines diagnosis, isolation, and reversal 

of DC current [Cheng 2016]. 
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FIGURE 10.9 A transmission line stub that shorts to ground in a stepwise manner to change the length of the stub and 
enable self-healing tuning. (From [Bowers 2013].) 

Additional cases arise where nonequilibrium thermodynamic processes drive a material system into a 
conductive state. An example is electrorheological fuids containing wiggling carbon nanotubes [Belkin 

2015]. The application of an electric feld to the fuid causes the movement of the nanotubes to confgure 

in patterns that reduce conductivity, increase Joule heating, and maximize entropy production. 

FIGURE 10.10 Recovery of power amplifer performance on microwave SoC chip following laser damage. (From 

[Maxey 2012].) 
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FIGURE 10.11 PCM read, write cycling with a higher voltage RESET pulse that melts and heals the material. (From 
[Burr 2010].) 

Thermal cycling induces annealing-type processes that heal microelectronic circuits. Bandgap-
engineered silicon oxide–nitride oxide–silicon (BE SONOS) fash memory degrades with repeated 

cycling by tunnel oxide formation. Localized micro-Joule heaters with short (~ms) on/off cycles 

heating above 800°C anneal to heal the BE SONOS, while not damaging the rest of the chip 

[Lue 2012]. 

Phase change memory (PCM) is a solid-state memory storage technology that uses thermally induced 

phase changes to transform amorphous to crystalline structures. The memory information encodes as 

electrical resistivity with that of the amorphous state being much higher than that of the crystalline state. 

Sending suitable amplitude and duration current pulses through the memory cell controls the phase 

state switching. The discovery of PCMs (Ge2Sb2Te5 and/or Ag- and In-doped Sb2Te) that switch phases 

in less than 100 ns makes them suitable candidates for high-speed nonvolatile memory applications 

(Figure 10.11) [Burr 2010]. The technique requires switching endurances that exceed competing meth-

ods. Electromigration and segregation are principal failure modes that leave a memory cell stuck in a 

state of high resistance. The sensing of this failed condition followed by the cycling of currents suff-

ciently large to melt the PCM heals damaged states [Du 2012]. 

10.8 Flexible Electronics 

Flexible electronic circuits are an emergent technology for applications that can beneft from large defor-

mations without damage. Wearable electronics are an important application. 

Electronics built from polymers introduce mechanical fexibility. These include conductors and semi-

conductor devices, that is, diodes, light-emitting diodes, and transistors. It is possible to introduce self-

healing into these polymer devices. Methods include the following: 

1. Dynamers as Organic Electronic Polymers: Modifcations of semiconductor polymers to 

reduce the glass transition temperature to room temperatures can convert them into dynamers 

with self-healing capability [Huang 2015b] [Oh 2016]. 

2. Conductive Hydrogels: Hydrogels are fexible materials comprised of intermeshing molecu-

lar networks and fuids. Many hydrogels are electrically conductive and self-healing, but typ-

ically lack robust mechanical strength. The addition of stiff and loose molecular networks, 

such as Ca2+ alginate and ionic pair cross-linked polyzwitterion as the frst dense network, 

provides a mix of fexibility, electrical functionality, self-healing. and mechanical strength 

[Chen 2022]. 

3. Organic Semiconductors: Charge traps disrupt the ordered fow of charge, even in opti-

mized single-crystal devices. Inert dipolar liquids, such as perfuoropolyether (PFPE), that 

is, Fomblin, neutralize the charge traps to produce better performing semiconductor crys-

tals [Lee 2013b]. 
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10.9 Optics 

Optical beams are collections of electromagnetic waves that travel in the same direction, often 
defned by a central axis. Optical beams that propagate through free space can self-reconstruct 

much of the shape and intensity pattern following a partial obstruction through clever exploitation 

of the geometry of scalar diffraction. 

10.9.1 Self-reconstructing Light Beams 

The beam shape favors self- repair by scattering from small objects in a manner that reconstructs the 

waveform. Diffraction-free, that is, propagation-invariant, and related beams form the basis of these 

methods. The propagation-invariant effect produces an intensity pattern in a propagating beam that 

does not change, even though diffraction processes are active in the propagation. Diffraction mixes and 

spreads the waves as they propagate, but the kinematics leads to beams with specifc patterns that do not 

change with propagation. These include Bessel and Airy beams. True propagation-invariant beams have 

infnite lateral spreads. The amplitudes decline with lateral distance slowly enough to prevent conver-

gence of a total energy integral and lead to physical unrealizability. Accelerating the decline of ampli-

tude with lateral distance using Gauss–Bessel and Gauss–Airy patterns produces physically realizable 

truncated beams that are approximately propagation-invariant with an initial pattern that heals and per-

sists for signifcant distances. (More details in Appendix C.) 

The propagation-invariant beams and their truncated physically realizable counterparts reconstruct 

the intensity pattern following partial obstruction of the beam by an opaque object. The qualitative 

explanation for this self-reconstruction effect is that the light at each point in a beam is the superposi-

tion of light diffracted from points upstream. The farther the point moves away from an obstruction, 

the larger the contribution from transverse points that are independent of the shadow produced by the 

obstruction. Babinet’s principle uses linearity and superposition to provide a quantitative explanation 

[Bouchal 1998]. Figure 10.12 shows a nondiffracting beam propagating in the z-direction and interacting 

with an opaque obstruction at z = 0. A broad class of z-direction propagation-invariant beams, including 

plane waves and Bessel beams, have a complex scalar wave feld amplitude, U(x, y, z), of the form 

U (x, y,z) = u(x,y exp) (i zβ ) (10.1) 

For these beams, the intensity feld, I(x,y,z) = UU*= |U2|, is independent of the propagation coordinate 

z, that is, 

*I x,y,z U2 = ( ) ( )x,y exp( ) (  )i z exp i− z I x, y (10.2) u x,y u  β β = ( )  ( ) = 

Here, β�is a propagation constant. When a beam with wave amplitude UI(x,y,z) propagates in a posi-

tive direction from z <�0 and impinges on an absorbing obstruction at z = 0, the result is a beam with 

an altered pattern for z > 0. Corresponding to the obstruction is the complementary wave amplitude 

FIGURE 10.12 Babinet’s principle explains reconstruction of propagation-invariant beam. 
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UC(x, y, z > 0) defned as the feld produced by a uniform illumination source from z < 0 impinging upon 

a perfectly absorbing wall at z = 0 with an aperture matching the geometric outline of the obstruction. 

Babinet’s principle states that the disturbed feld, UD, due to the obstruction is 

UD = U I − UC (10.3) 

The intensity of the disturbed feld, ID, is 

* * *I = U U = I + I − U U  − U U (10.4) D D D I C I C C I 

As z increases, UC decreases as 1/z. Hence, in the limit as z →�∞, UC → 0 and ID ≈ II. This allows for 

the propagation-invariant beam to reconstruct after an obstruction. 

The reconstruction of a beam beyond an obstruction is not unique to the propagation-invariant beams. 

In fact, Equation (10.4) applies to all propagating beams, but it is the propagation-invariant beams that 

create a framework for easily visualizing the Babinet reconstruction. The supporting structures for many 

optical elements create unavoidable obstructions. Babinet’s principle guides the placement of these 

obstructions so that the shadows defocus and do not appear in the image. For example, a Newtonian 

refective telescope places internal optics in the beam line, but these defocus from the image plane and do 

not appear. Similarly, optical semiconductor lithography uses thin transparent pellicles to protect mask 

structures by picking up dust particles that do not image in the projected optics. 

An example is the diffraction pattern behind a circular disk lying in the x–y plane with center 

at the origin produced due to a plane wave propagating in the z-direction. Babinet’s principle frst 

calculates the complementary wave amplitude as the diffraction pattern behind a circular hole in 

an opaque plane. 

A handful of beam shapes have been found that are self-reconstructing. Perhaps the most common are 

the Bessel beams [Durnin 1987a] [Durnin 1987b]. The form of Bessel beams is axisymmetric: 

EB ( ≥ ) = exp i (β −z ωt) J0 ( )  x,y,z 0, t  αR 

Here, R is the radial distance in the x–y plane. α and β are wave parameters with units of length−1. J0 is 

a Bessel function of the frst kind. ω is the circular natural frequency. The wave speed is c, leading to 

the constraint: 

2 2  ω 
2 

β + α =   (10.5)  c  

The intensity IB of the Bessel beam depends on the radial distance R, but is independent of the propa-

gation distance z, that is, it is propagation-invariant: 

1
I = J0 (αR) 2 

(10.6) B
2 

The Bessel beams have an intensity that decreases with radial distance from the beam center. Like 

plane waves, the beam spreads, that is, diffracts, in a perfectly balanced manner so that the intensity 

pattern does not change with propagation in the z-direction. Bessel beams scatter off nonhomogene-

ities in a manner that reconstructs the beam. True Bessel beams, like true plane waves, require inf-

nite energy and are physically unrealizable. A viable alternative is to use an approximate Bessel beam. 

Methods for creating approximate Bessel beams include fber-optic devices that initially collimate light 

into phase-coherent beams into a fber Bragg grating and selectively form an azimuthally symmetric 

higher order mode that then launches out through an aperture at the end face [Ramachandran 2013]. Self-

reconstructing propagation-invariant beams appear in optical instruments with challenging conditions. 

Bessel beams increase the performance of microscopy of biological tissue heavily laden with scatterers 

[Fahrbach 2010] and optical tweezers [Garcés 2002]. 
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FIGURE 10.13 Experimental confrmation of the self-healing of the main lobe of the transverse pattern of an Airy beam. 

(From [Broky 2008].) 

Self-healing capabilities of Bessel beams extend to the quantum domain with the healing of the 

entanglement orbital angular momentum following an obstruction [McLaren 2014]. The healing is more 

robust when measured in a Bessel versus a Gauss–LaGuerre basis. Diffraction-free self-healing beams 

appear in other domains, such as cosine-Gauss beams in the 2D domain of propagating surface plasmons 

on metallic surfaces [Lin 2012]. 

In contrast to the circularly symmetric Bessel, the Airy beams represent a class of propagation-

invariant diffraction beams without circular symmetry [Broky 2008] [Bongiovanni 2015]. The principal 

beam pattern is the product of two Airy functions. This beam pattern regenerates and preserves itself 

approximately by linear passive diffraction with propagation, but the position moves transversely, that 

is, it accelerates (Figure 10.13). 

Airy beams transfer photons from the side lobes to the main lobe in the corner, while the whole pat-

tern, including the main lobe, moves laterally in a parabolic path. Momentum transfer from the photons 

can move small particles from the side lobes to the main lobe and then laterally out of the feld as a self-

cleaning effect [Baumgartl 2008]. 

In addition to the Bessel and Airy beams, several other waveforms exhibit self-focusing and self-

healing. General forms include superpositions of Bessel and Airy beams that move and spin as they 

propagate, as well as caustics associated with Pearcey beams and axicons [Piestun 1998] [Ring 2012] 

[Anguiano 2007]. Self-healing light bullets are short pulses of light that do not spread and recover 

after passing through small obstructions. A viable form of light bullet operating in a linear medium 

uses a Bessel pattern in the transverse direction and an Airy pattern in the direction of propagation 

[Chong 2010]. 

10.9.2 Waveguide Repair 

Light propagates through a vacuum and through transparent media. A vacuum exerts little infuence 

on propagating light. Non-vacuum transparent media, such as air, water, or glass exert a large effect on 

the propagation. Spatial gradients of the refractive index focus, guide, and refect light. Damage to the 
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FIGURE 10.14 Taxonomy of self-reconstructing beams. 

transparent medium alters the refractive properties and may make it lossy so that it absorbs the waves. 
The net effect is an undesired distortion and diminution of the beam leading to a loss of functionality. 
Waveguides transmit optical beams, with spatially varying refractive indices that guide waves along a 
particular direction. In general, waveguiding occurs when the index of refraction of the central core is 
higher than that of the periphery. 

Optical beams propagating in free space and in waveguides are open to self-healing with a handful of 
different techniques. These techniques segregate by whether they reconstruct the optical beam, trans-
mission medium, and/or waveguide (Figure 10.14). Optical waveguides use a central core to carry the 
bulk of the light and an outer region that confnes and guides the wave back to a central core for propa-

gation. Low loss transmission over appreciable distances requires precisely fabricated components and 

tight control over material properties. Damage to the waveguide affects beams that propagate through 

confned waveguides, such as optical fbers. Damage to either the central core, or to the outer guiding 

region results in the loss of transmission. Scattering off particles, refractive index inhomogeneities, and 

absorption all are effects that cause a cleanly launched beam to fail to reach the intended target in a suit-

able form. 

10.9.2.1 Self-generation of Waveguides 

Self-guiding waves use the energy in a light beam to alter the transmission medium in a way that pro-

duces a waveguide. The typical approach alters the refractive index so that it is higher inside the wave-

guide than outside. The light channels inside along the waveguide axis, often by reinforcing the change 

in refractive index properties. 

In air, self-guiding waves occur when the intensity of the light is suffciently high to cause weak 

ionization. The threshold is ~1013 W/cm2. Under normal nonionizing conditions, diffraction causes a 

collimated light beam to spread with distance and the intensity to decrease. Focusing and high power 

increase the intensity. The associated large electric feld activates the optical Kerr effect to increase the 

index of refraction of the air. The nonlinear effect of altering refractive index acts as a lens to focus the 

beam. Further increases in the intensity ionize the air which competes with the Kerr effect by reducing 

the index of refraction and defocusing the beam. When properly tuned, the combination of Kerr and 

ionization effects produces a confned self-generating channel through which laser beams propagate 

unimpeded and without spreading. This effect is known as “optical flamentation,” with “optical bul-

lets” being suggested as a more descriptive term of the light pulses (Figure 10.15) [Couairona 2007] 

[Lim 2014]. Supplemental dressing beams further extend the range [Scheller 2014]. Such lasers have 

the potential to transmit light at high intensities over extended distances. The resulting ionized air path 

forms a channel capable of carrying high-current electrical beams, including high-voltage discharges 

and lightning strikes (Figure 10.16) [Rodriguez 2002] [Rubenchik 2014]. 
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FIGURE 10.15 Competing focusing Kerr and defocusing ionization effects create self-focusing beam. (a) Radial intensity 
of laser beam at launch. (b) Kerr effect focuses laser beam to ionize air. (c) Ionized air defocuses laser beam. (d) Combined 
effect is self-focusing beam. (Adapted from [Couairona 2007].) 

FIGURE 10.16 Self-guiding flamentary beam directs high-current electrical charge. (a) Schematic of experimental 

setup. (b) Discharge without guiding. (c) Discharge with guiding. (From [Rodriguez 2002].) 
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FIGURE 10.17 Photoactive cladding heals break in fber-optic waveguide used in microbend sensor. (a) Microbend sen-

sor. (b) Cracking causes sensor loss. (c) Photoactive cladding restores sensor. (Adapted from [Li 2008d].) 

Self-guiding also occurs in photoactive solids. The technique generally uses the energy present 

in a light beam to produce refractive index changes to steer the light beam in a self-reinforcing 

process. A key effect is that light with spatially localized energy produces a corresponding local-

ization of the refractive index. If the change increases the refractive index, then an increase in the 

gradient focuses the light at the center of the spot, similar to the Kerr effect in Figure 10.15. This 

in turn localizes the refractive index increase at the center of the spot, leading to self-reinforcing 

propagation of up taper and a filamentous waveguide. Among the possibilities are UV-curable 

epoxies stimulated by UV light, silica glasses subjected to femtosecond laser pulses, and photosen-

sitive polyimide resins [Frisken 1993] [Yamada 2001] [Kagami 2001]. It is possible to align fiber 

cores that transmit light with UV-curable epoxies to create self-aligning optical waveguides [Song 

2011] [Jradi 2008]. Preplacing photocurable material on the periphery of an optical fiber enables a 

more aggressive self-healing approach where damage to the fiber, including cracking, causes light 

to leak, which initiates a localized healing reaction to reconstruct the waveguide (Figure 10.17) 

[Li 2008d]. 

Lasers use specialized waveguides made of matter which receives and releases electromagnetic energy 

at specifc wavelengths and phases to produce coherent beams of light. Lasing molecules often suffer 

damage from heating and radiation, leading to spectral broadening and loss of coherence of the laser 

beam. Sometimes, as with Rhodamine 6G, the damage appears as a reconfguration of the molecules 

into a higher energy state. Turning off the laser and letting the system rest permits the laser molecules to 

revert to a desired low-energy state, which heals the laser performance [Anderson 2015]. More aggres-

sive healing uses the lasing medium in a metal organic framework hydrogel that self-heals (Figure 10.18) 

[Zhu 2023]. 

There are advantages to combining multiple laser beams to create a more powerful laser. This is a non-

trivial task due to phase, wavelength, and mode shape differences between the different beams. Lack of 
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FIGURE 10.18 Self-healing hydrogel laser. (From [Zhu 2023].) 

coherence, cross talk, and feedback among the laser beams limits performance. Coupling the beams with 
evanescent waves introduces a healing effect that separates the combined beam into a coherent multi-
laser strong beam and a separate multi-laser beam that dissipates the noncoherent parts. Supersymmetry 
provides a framework for explaining this beam-healing effect as a stable dissipative structure far from 
equilibrium [El-Ganainy 2018] [Qiao 2021]. 



 

 

 

 
 
 

  

 

 

 

  

 

 

 

 
 

 
 

       
 

11 
Systems and Networks 

11.1 Introduction and General Principles 

Systems and networks are collections of entities that interact in largely predictable and controlled 
manners. The collective behavior differs and may be superior to the sum of the individual com-
ponent behaviors. The distinction between a system and a network is not crisp. Systems tend to 
have distinct boundaries that separate themselves from an environment. Networks have less distinct 
boundaries. The interconnections between components in a network often dominate behavior and 
performance. 

Autonomous systems operate and maintain themselves without human intervention. Features that aid 
in the long-term endurance of autonomous systems are as follows [Truszkowski 2009]: 

1. Self-confguring: Confgure operational modes, geometries, and topologies as needed by the 
circumstances. 

2. Self-optimizing: Learn and improve from experience. 

3. Self-healing: Recover from damage. 

4. Self-protecting: Protect themselves from potential damage-causing threats. 

Networks are loosely defned as systems comprised of interconnecting subsystems. Examples include 
public utilities, communication networks, social interactions, sensor grids, and protein networks in bio-
logical systems. Damage to the subsystems, interconnections, or organization degrades the performance, 
operation, and resilience of a network. A variety of techniques enable networks to self-heal. Many heal-
ing techniques reconfgure the interconnection topology. 

Desirable features in a resilient and self-healing network are as follows: 

1. Lightweight: The overall network is lightweight in terms of resources needed to construct. This 
reduces the cost of original construction and repair. 

2. Robust: Local nodes and links are inherently robust. 

3. Graceful Failure: Failure of local nodes leads to a graceful redistribution of function, while not 
causing propagating failure modes. 

4. Self-preserving Large Load Responses: Macroscopic responses to large-scale loads act to miti-
gate the possibility of macroscopic damage while preserving functionality. 

An example from nature is the spider web [Cranford 2012]. Trapping insects with minimal biological cost 
is a primary function. A web is an exceptionally light heterogeneous network of silk threads. Spider silk is a 
lightweight, highly resilient material that resists axial tension loads with a steep nonlinear stiffening behav-
ior (Figure 11.1). The properties of the radial and spiral threads differ. Application of a point load to a strand 
induces nonlinear geometric and material behaviors. The compliance of the silk at low strains combined 
with geometric rotation enables large movement of the applied load before stiffening occurs – a behavior that 
helps to trap insects, while dissipating and/or redirecting severe loads to localize onto a small part of the web. 
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FIGURE 11.1 Nonlinear stiffening behavior of spider silk thread with the radial threads being stronger than the spirals. 
(From [Cranford 2012].) 

If the load is too severe, the silk breaks and confnes the point load damage to a small region. The web usu-
ally retains span-wise continuity, which allows for easy reconstruction of damage (Figure 11.2). 

Stable networks have interconnection topologies that tend to not change when stressed. Dynamic net-
works add, delete, or otherwise alter the characteristics of the interconnections as needed. Examples 
include transportation or other distribution networks. Sometimes small changes dramatically alter the 
behavior of networks. Potential network failure modes include (1) inability to deliver services and goods, 
(2) collapse, (3) partial degradation, and (4) overgrowth. Networks with nodes that fail randomly, and 
fail when neighboring nodes fail, may be fragile and undergo catastrophic collapse. Networks that are 
close to tipping points of collapse exhibit precursor behaviors such as slow recovery for minor perturba-
tions [Veraart 2012]. Conversely, networks with nodes that both fail and heal randomly, and fail when 
neighboring nodes fail, can undergo phase-change-type swings between collapse and recovery. Financial 
markets and brains seizures are examples [Majdandzic 2014]. Anti-fragile systems thrive on environ-
mental variabilities [Taleb 2013]. Some even get stronger. 

A wide variety of systems and networks self-heal. Each differs in detail. Some general principles are 
as follows [Xiao 2007]: 

1. Detection: Sensors measure quantities generated by fault conditions. 

2. Assessment and Prognosis: Intelligent condition and prognosis assessments based on sensor 
data and system information. 

3. Recovery Capabilities: Method of recovering from damage, including switching loads onto 
redundant standby subsystems and operations continuing, but at reduced levels of performance. 

FIGURE 11.2 Geometric and material nonlinearity focuses severe point loads on radial arms of spider wed, which leads 
to localized failures that preserve continuity of the web. (From Cranford 2012].) 
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Factors favoring standby subsystem switching for healing are the availability of relatively low-cost and 
lightweight standby systems and the ability to insert sensory, diagnostics, and control methods, also at 
low cost, into the standby system. Standby switching generally requires the following: 

1. Mild to Moderate Damage: Damage is suffciently mild and does not disable supervisory con-
trol of the system. 

2. Damage Identifcation: The ability to identify damaged or underperforming subsystems. 

3. Reconfguration Planning: The ability to determine suitable, alternative confgurations using 
redundant subsystems that can still do the desired tasks. The strategy may be to use a pre-
planned approaches for relatively simple confgurations or may be adaptive based on local or 
global rules [Quattrociocchi 2014]. 

4. Ease of Switching: Relatively easy switching between confguration states. 

Network self-healing metrics include the following: 

1. Performance of a Task: Distribution or uptake of a material commodity. Is it being delivered 
as desired? 

2. Use Redundant Connectivity to Reroute Transport in the Event of an Outage: Statically inde-
terminate structures that gracefully shift loads are an example. 

3. Strength of Connectivity: Measures of the ability to modify strength of connectivity. 

4. Node and Connection Addition: Measure of the ability to add new nodes and connections. 

Some approaches to dynamic reallocation are as follows: 

1. Peer-to-peer Network: Graph measures, such as path length between two nodes, width and 
nodal degree, quantify the health of the network. One mode of damage to peer-to-peer networks 
is the removal of nodes and the associated edges. If a network has the ability to respond by 
adding edges, but not new nodes, then it is still possible to recover health metric. The Forgiving 
Graph algorithm assigns new edges based on need [Hayes 2012]. 

2. eDNA: A biomimetic architecture for fault-tolerant switching between subsystems. eDNA is 
viable in applications that include the control of a liquid-crystal interferometer for space-borne 
sensing applications, but exhibits a high parasitic computational load [Boesen 2011]. 

3. Digital Twin: A system can run an external simulation of its operating behavior and confgura-
tion known as a digital twin. If deviations of the simulated versus observed behaviors occur, 
twins help to diagnose the fault and recover [Garlan 2002]. 

11.2 Communication Networks 

A communication network graph consists of nodes with attributes of being sender, receiver, transceiver, 
data buffer, data processor, and edges as communication channels that connect two nodes allowing one-
way or two-way communication through a variety of physical layers. Damage to digital data communica-
tion networks often appears as inoperable data transmission links and routers. Redundant transmission 
paths enable network healing by rerouting around damaged nodes and links. Different network topolo-
gies facilitate healing. A self-healing metric is the ability to switch connections between nodes within 
the context of constraints, such as the number of connections per node and the total number of nodes. 
Some switching modalities are as follows: 

1. Nonlocal Free Space: Any node can connect to any other node. 

2. Local Free Space: Any node can connect to any other node within a local neighborhood. 

3. Wired: Physical constraints of wiring fx the connections in place. Rerouting is the option. 
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FIGURE 11.3 Ring network for digital communications. (a) Healthy network provides connectivity to all nodes and 

external network. (b) Damage restricts connectivity. (c) Redundant rerouting restores connectivity. (d) Apoptotic actions 

fush data from nodes and remove ring from external network. (Adapted from [Lee 2012b].) 

The ring topology links nodes into a ring arrangement (Figure 11.3). When fully connected, the ring 
offers two different communication paths between nodes. Damage to a single link or node leaves a redun-
dant path, around the other way, for connectivity, but in a degraded performance mode. Damage to more 
than one link leaves functional subnetworks. Intersecting links improves redundancy. When needed, 
apoptotic actions fush data from the nodes and remove the ring from communications with external 
network. Modifed priority protocols improve communication performance [Lee 2012b]. Placing a mesh 
network into a 3D surface with topology equivalent to that of a sphere or torus opens modalities for addi-
tional reconfguration self-healing [Wu 2010a] [Perez 2012]. 

Ad hoc wireless communication networks form from spatially distributed transmitter/receiver nodes. 
These nodes generate information for their own signals and then transmit the signals to neighboring 
nodes. Alternatively, the nodes receive information in signals from neighboring nodes and retransmit the 
signal to neighboring nodes on the other side. Flexibility as to which nodes talk to other nodes creates 
possibilities for autonomously reconfguring transmission paths. It is possible to accommodate chang-
ing node confgurations, alleviate information traffc jams, and heal to recover from damaged nodes. 
Technical challenges facing the formation of ad hoc networks are channel access arbitration and routing 
determination [Elliott 2000]. Channel access arises as an issue when more than one node tries to trans-
mit at the same time over the same node. Protocols for arbitrating between nodes mostly have one of the 
nodes wait for a random period and then try to resubmit to fnd an open channel. Waiting methods sacri-
fce overall transmission rate performance for the ability of nodes to transmit in arbitrary asynchronous 
manners. These network-healing protocols accommodate the insertion and removal of nodes and devices 
from the network [Pandey 2014]. 

Network coding uses redundant information streams to combine multiple data streams on a single 
physical transmission path as an alternative to redundant path routing. Figure 11.4 shows the case where 
a network needs to transmit data “a” from A to T1 and data “b” from B to T2. Direct paths from A to T1 
and from B to T2 are available. The intermediate paths A-C-D-T1 and B-C-D-T2 are also available. The 
network coding approach for node C combines a and b and sends it as a +�b to D, and then as a +�b to both 

T1 and T2. The receivers decode the streams to select and choose only the data that are needed, that is, 

T1 selects a from a +�b, and T2 selects b from a +�b. Sending the same combined data over different data 

paths produces a communication network that self-heals following damage. The network recovers from 

damage to lines B-T2, C-D, and A-T1 [Aly 2012]. 
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FIGURE 11.4 Network coding technique combines multiple data streams over single physical connection to increase 
overall network redundancy for self-healing capabilities. (a) Undamaged network with primary data paths B-T1 and B-T2 
and encoded redundant path. (b) Damaged network recovers by using encoded path B-C-D-T2. (Adapted from [Aly 2012].) 

11.3 Information Systems and Networks 

Modern information systems and networks are dynamic and self-heal through internal state sensing and 
reconfguration. Most of the techniques activate redundant network components as needed. 

Sensor networks collect and transmit distributed measures of physical quantities. When the physical 
placement of the sensors is dense enough for the spatial domains of sensitivity to overlap, the sensor 
network acquires a degree of redundancy. Healthy redundant sensors provide similar readings. Defective 
sensors disagree with others. This creates the opportunity to remove defective sensors from the network 
while still maintaining adequate sensor coverage. The decision to remove sensors is easy if the sensors 
fail completely and give no reading. If the sensors do not fail, but instead give possibly inaccurate read-
ings, then the decision to remove or perhaps deemphasize by weighting factors is not so simple. Sensor 
voting and fuzzy information combination techniques help to provide arbitration [Yen 2001]. 

Control systems with networks of sensors and actuators beneft from self-healing behavior. Many 
systems, such as airplane fight control systems, are too complicated for healing strategies based on con-
sideration of every possible contingency. Neural network methods of reconfguring the control system 
network may be practical [Urnes 2001] [Shin 2005]. 

Digital computers represent some of the most sophisticated human-built systems with large number 
of components, subsystems, and complicated operating systems. Digital computers capable of self-diag-
nosis and dynamic switching of failed subsystems appeared as early as 1971 with the STAR (self-testing 
and repairing) architecture [Avizienis 1971]. Operating systems are complex and present many possible 
failure and recovery scenarios. Some possible self-healing techniques are as follows [David 2007] [Saha 
2007] [Appavoo 2003]: 

1. Exception Handling: The system identifes fault events and throws the result to a handler with-
out aborting the program. This requires prior knowledge of potential fault events and behaviors. 

2. Component Isolation: The system encapsulates individual components and processes to isolate 
them from the rest of the system to prevent propagating faults. 

3. Code Reloading: Random faults contaminate codes. Reloading and rerunning the code afresh, 
that is, rebooting, leads to recovery. 

4. Automatic Restarts: Restarting the operating system on scheduled or random intervals recovers 
from faults that hang up the system. 

5. Watchdogs: Internal monitors with autonomy and self-awareness that watch for fault or hang-
up conditions and restart or initiate a recovery process. 
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6. Adaptability: Modifcation of system structure and topology to cope with faults. 

7. Observability and Traceability: Tracking of faults and recovery techniques to enable continued 
improvement of system resilience. 

Recovery of information systems, from worms, viruses, and cyberattacks, requires similar automated 
healing methods. It is essential to learn from attacks to adapt and repel similar attacks in the future 
[Brumley 2007]. 

11.4 Electrical Networks 

The following are items that favor self-healing techniques in electric power grids: 

1. Small Faults Cause Large Failures: Repairing the faults may not require much capital effort. 

2. Switching Techniques Isolate Faults: Aggressive, agile, and intelligent methods localize the 
isolation to only small parts of the network surrounding the fault. 

3. Distributed Intelligence, Control, and Power Supply: Isolated systems and network sectors 
recover independent of centralized control. 

4. Multipath Redundancy: The grid topology of electric power distribution sets up redundant 
paths for power delivery and recovery. 

Things that complicate using self-healing in electrical grids: 

1. Cascading Failures: Local failures unbalance the grid, often with excess power that leads to 
propagating and cascading global failures. 

2. Legacy Technology: Electric power grids are built over decades with equipment deriving from 
multiple technology nodes. Implementing new technologies, such as self-healing, is a challenge. 

3. Minimal Redundancy: Electric power grids often run at near capacity. 

4. Decentralized Control: Networks not under unifed control, which confounds centralized self-
healing techniques. 

5. Outages Disable Self-healing: Damage to the electric power grid may disable self-healing sys-
tems that rely on electric line power. 

6. Zero Tolerance: Customers have little tolerance for outages, even those of short duration. 

The topology of electric circuits has a large infuence on resilience. A simple version arises in serial 
versus parallel networks. In a serial network, the failure of a single component or interconnect disables 
an entire system (Figure 11.5). In a parallel network, failure of a single component causes only a local 
failure (Figure 11.6). 

The operation, failure, and recovery of an electric power grid is complicated. Figure 11.7 shows a high-
level view of four main states and transitions [Ćurčić 1996]. Power restoration efforts require selecting 
and implementing a combination of power supply, intact power lines, and choice of switching sequence. 
The restoration sequence is not unique. Optimization rules and algorithms guide selection of the best 
sequence [Hou 2011] [Miu 1997]. The following are the items to consider: 

1. Isolation: Progressive detection and isolation of faults into smaller spatial domains that sur-
round the fault 

2. Good Neighbors: Finding neighboring parts of the grid that are energized with viable transmis-
sion paths 

3. Limited Power: Determining acceptable operating points for the network during transient lev-
els of recovery and restoration 

4. Limited Transients: Determining how to manage transients during load restoration 

5. Priorities: Restoring service to priority customers on a timely basis 
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FIGURE 11.5 Single-component failure disables entire system in a serial network. (a) All components healthy and work-
ing. (b) Single-component failure disables entire system. 

FIGURE 11.6 Parallel circuit is resilient and operates even if individual components fail. (a) All components healthy and 
working. (b) Single component failure does not disable entire system. 

FIGURE 11.7 Electric power grid system operating states, with failure and recovery transitions. (Adapted from [Ćurčić 1996].) 
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FIGURE 11.8 Flowchart for a shipboard self-healing power system using combination of automated failure assessment and 
graph-based failure recovery strategies to restore power to critical systems in a prioritized sequence. (Adapted from [Butler 2004].) 

Use of fault detection, isolation, and restoration schemes reduces average power restoration times for 
undamaged parts of the electric grid from hours to minutes [Angelo 2013]. 

The electric power systems that run ships at sea use self-healing as a built-in feature. Ships use three-
phase electric power grids with multiple redundant power generators. Parallel confguration of the cir-
cuits combined with intelligent switching enables recovery from faults. While humans normally sense 
and assess damage, develop reconfguration plans, and implement reconfguration, many of these steps 
can be automated (Figure 11.8) [Butler 2004]. One is formulating an optimal reconfguration plan that 
both satisfes the physical constraints of power fow restoration and prioritizes the limited power distribu-
tion. Due to the complexity of the interactions, it is often not practical to preplan for every contingency. 
An effective alternative solves the optimization problem quickly using modest computing resources, 
such as with mixed integer and graph-based methods. 

The following are some of the considerations for the healing of electric power transmission networks: 

1. Continuity: Electrical systems need continuous paths for the current to fow. 

2. Danger: The amount of power transmitted is large enough to do serious damage to equipment 
or cause personal injury. 

3. Synchrony: The fow of electricity through the various components on the network are syn-
chronized and tightly coupled. For example, the North American electric power grid operates 
at 60 Hz, with large sectors operating in phase synchronization. Tight coupling means that con-
nected components must stay connected with synchronized frequency and phase for everything 
to work. The drop of a single connection or component may cause unfavorable buildups of 
electricity or loss of synchronization elsewhere in the network, sometimes leading to cascading 
failures, that is, blackouts. 

4. Transient: Electricity is transient and diffcult to store in bulk. 

5. Uncoordinated Autonomy: Networks have multiple users and generators that sometimes act 
independently, and other times act cooperatively and coherently, in often uncontrollable and 
marginally predictable manners. 

6. Diffcult Geometry: Geometric constraints make it diffcult to repair wires. 

7. Live Switching: Dynamic load allocation systems and live network confguration are possible 
forms of self-healing. 
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The importance of a self-repairing electrical grid was recognized in some of the earliest days of 
electric power generation and transmission. Much of the modern interest initiated at the turn of the 
millennium with the Complex Interactive Networks/Systems Initiative (CIN/SI), a joint Electric Power 
Research Institute–US Department of Defense program initiative (Figure 11.9) [Amin 2000]. This ini-
tiative examined the electric power grid as a complex adaptive system with a mix of tightly and loosely 
coupled agents that generate, consume, and regulate electric power. The grid exhibits collective and 
diffcult to control emergent behaviors. Power failures seemingly arise with little warning from minor 
events, often at speeds related to the 50 Hz or 60 Hz alternating cycles. Using global top-down control 
of these networks with predetermined strategies is impractical. Instead, networks use hybrids of local 
and global control, along with the ability to rapidly isolate and reconnect parts of the system for failure 
mitigation and recovery. 

FIGURE 11.9 Self-healing grid as a set of interacting semiautonomous agents. (From [Amin 2001].) 
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11.5 Pipeline Utilities 

Important commodities, that is, drinking water, wastewater, storm water, steam, gas, and petroleum 
products, move through pipeline networks as liquids, slurries, or gases. Damage to fuid-carrying pipe-
line networks causes leaks, failure to deliver material as needed, and contamination by leakage into and 
out of the pipes. At a network level, the primary means of autonomic repair is to shut off leaking sections 
and to switch into service preexisting redundant network components. 

11.6 Swarms and Flocks 

Flocks of birds, schools of fsh, ant colonies, and feets of autonomous vehicles are cooperative groups 
with local agents acting both autonomously and collectively. An interesting feature of many collec-
tive systems is that the sensing, intelligence, and control are distributed among the various individual 
agents, with no strong leader. In both the animal and plant kingdoms, collective groups are very effec-
tive in accomplishing and/or adapting to diffcult tasks. In many respects, multicellular organisms are 
also collective groups. The notions of self-repair and self-identifcation apply to both the group and the 
individual cells. Engineered swarms of cooperating and autonomous agents appear in a variety of appli-
cations. An interesting biomimetic example is fre ants that form rafts, bridges, and bivouacs by linking 
onto one another [Foster 2014]. The heterogeneous size distribution of fre ants allows for smaller ants 
to ft in between bigger ones and to increase the average number of links per ant and the overall strength 
of the structure. 

There are several strategies available for organizing kinematics and control of swarms of coop-
erating autonomous vehicles. These range from a global supervisor and controller that coordinates 
all of motions of the vehicles to local control where each vehicle has a control law that causes it to 
form into a fock. An intermediate level of control has the vehicles coordinate by communicating 
among themselves. 

Possible uses of cooperative agent collectives in self-healing are as follows: 

1. Self-healing of the Collective: A desirable characteristic of robot swarms is that the individual 
robots have simple localized systems for control, communication, and movement, while the 
swarm executes robust programmable macroscopic behavior. For example, experiments with a 
1,000-robot swarm indicated the ability to assemble into preprogrammed shapes using robots 
with the three simple behaviors of edge-following, gradient formation, and localization along 
with a bitmap of the desired shape [Rubenstein 2014]. Key to success is the ability to identify 
and move around defective immobile and sluggish robots, and to recover from damage to the 
collective shape. Figure 11.10 shows some of the robust shape forming capabilities of the 
1,000-robot swarm. 

Load-responsive control is an alternative control scheme for modular robots. Rather than 
striving to achieve or maintain a particular geometric confguration, load-responsive control 
moves robot modules in a manner that alters the internal loads. A typical maneuver adds mod-
ules on demand at stress concentrations, in a manner that mimics Wolff’s law for bone remodel-
ing (Figure 11.11) [Suzuki 2011]. 

2. Collective Performance of a Repair: Such situations appear in biology, especially with 
social insects where simple local rules enable the seemingly uncoordinated construction of 
structures signifcantly larger than the builders, that is, ant colonies, beehives, and termite 
mounds. Teams of robots mimic preprogrammed behavior that follows local rules and 
respond to the present confguration to build large structures [Werfel 2014]. Embedded in 
each robot is information, perhaps only localized, regarding the fnal desired structural 
confguration. 
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FIGURE 11.10 Robust assembly with embedded self-repair of 1,000-robot swarm, with each dot representing a single 
autonomous robot. (From [Rubenstein 2014].) 

3. Hybrid Performance of a Bigger System: Structural systems with arrays of active struts col-
lectively move to a position of homeostasis by relatively simple rules and local communica-
tion between struts. An example is a structure that maintains a specifc shape even though 
certain elements have externally varying loads or displacements (Figure 11.12) [Huston 
1998] [Yu 2006]. How to control? One method is an abstraction based on the concepts of 

agents and homeostasis. The agents ai are the active struts that can change length or angle. 

The agents also sense their position relative to the neighboring connecting agents (xi–xj), 

FIGURE 11.11 Concept of stress-based remodeling with modular robots that mimics Wolff’s law for bone growth and 

remodeling. (From [Suzuki 2011].) 
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FIGURE 11.12 Structural system with active struts acting as agents preserving homeostasis, with a self-leveling bridge 
that compensates for movement of the legs. (From [Yu 2006].) 

and then make simple calculations for adjusting the lengths or angles. The structural system 
is given a particular confguration that it attempts to maintain, that is, preserve homeostasis 
by attempting to maintain Δij. External disturbances, such as base motions or applied forces, 
deform the structure into a confguration that differs from homeostasis. The agents detect 
the disturbance as motion relative to their neighbors and correct the disturbance by local 
behaviors. A simple control law produces an overall system that is robust and reconverges 
to homeostasis under a wide range of conditions: 

x (t 1  x t( )+ α∑ x t  − ( )− ∆ + =)  ( )  x t  * (11.1) i i j i ij 

a Nj ∈ i 

Here, Ni is the set of neighboring agents that connect to ai, with total number of members │Ni│. The 
parameter α is a constant with value 0 < α < 1/│Ni│. 

Apoptotic behavior heals swarms by removing defective members from the swarm, leaving the swarm 
with fewer members, but with an overall better state of health [Truszkowski 2009]. 



 

 

 

 

 

 

12 
Biological Hybrids 

12.1 Introduction 

Biological material forms the basis of bioengineered hybrid self-healing systems [Brochu 2011]. Some 
uses are as follows: (1) Nonliving biomass as scaffolding for self-healing action in engineered systems. 
(2) Engineered systems using living biological systems. (3) Biological systems using engineered materi-
als and components. 

Biomaterial may come from wild, domestic, or synthetic sources. Wild systems thrive in natural envi-
ronments with genetic makeup that is largely independent of human activity. Harvesting from wild sys-
tems is often a low-cost source of robust material but can be diffcult to control. Wild biological systems 
have evolved materials and functional structural behaviors that promote individual survival and species 
propagation. Serving the needs of humanity is a matter of happenstance. For example, trees use wood to 
stand up and thrive. These requirements make wood an excellent material for buildings, furniture, and 
baseball bats. Domestication by selective breeding, genetic engineering, or behavior modifcation alters 
the characteristics of the wild system to be more compatible with human needs. Successful domestica-
tion generally follows the “Anna Karina” principle. The domesticated life-form must satisfy simultane-
ously numerous functional criteria to synergize with human society [Diamond 2005]. It is only possible 
to domesticate those wild systems that are suffciently close to meeting multiple criteria of compatibility. 
For example, wild horses, canids, apple trees, and Indian elephants are readily domesticated, but zebras, 
raccoons, oak trees, and African elephants are not. 

12.2 Homeostasis Driving Healing 

The exceptional functionality of living biomaterials, organisms, and ecosystems makes for useful self-
healing materials. Figure 12.1 shows some possible combinations. Maintenance of homeostasis, that is, 
keeping internal chemical, mechanical, and thermal states within acceptable ranges, is the universal fea-
ture of living biological systems. From a thermodynamic point of view, the difference between homeo-
static internal states and the external environment represents a state of lower entropy (higher negentropy) 
[Schrödinger 1944]. Homeostasis transports entropy produced by internal engines of life out into the 
environment. Some of the by-products of these processes heal inanimate systems. 

FIGURE 12.1 Some possible combinations of living biological systems used in self-healing. 
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FIGURE 12.2 Saw cut geometry in wood log affects warping and swelling anisotropy. (a) Plain sawn boards swell 
nonuniformly when wet and warp. (b) Rift or radial sawn boards swell uniformly when wet and tend to not warp, but 
waste wood. 

12.3 Nonliving Biomass Materials 

Nonliving materials derived from the formerly living often retains functionality with potential for adap-
tation to self-healing. An example is water-induced swelling of wood that self-seals containment vessels, 
for example, ships, barrels, and pipelines. The amount of swelling is anisotropic and depends on the 
direction of the grain. Most logs have circular symmetry. Radial cuts form boards with homogeneous 
anisotropic properties to provide uniform and controlled swelling, with minimal warping, at the expense 
of wasted material (Figure 12.2). The more common plain sawn or bread loaf cut is less wasteful, but the 
boards warp when soaked in water. 

Plant-derived fbers are strong and pliable. Cellulose fbers reinforce cement mortar and adobe 
bricks. Unreinforced cement mortar is strong in compression, but weak in tension, which leads to 
cracking, especially drying shrinkage cracking. Inserted plant fbers minimize cracking rates and 
crack widths, and promote autogenous crack healing, especially in moist atmospheric conditions 
[Toledo 2005]. 

Collagen is a matrix of animal-derived connective tissue protein. It is a coating in a variety of appli-
cations requiring biocompatibility. Abrasion wears collagen coatings, which then self-heal through a 
water-induced swelling-driven regeneration of subsurface material [Kim 2016a]. 

12.3.1 Engineered Systems Using Living Biological Systems 

Nonliving biomaterials self-heal at the molecular scale. One set of techniques uses the orthogonal bind-
ing nature of DNA molecules to build useful molecular structures. An example is a tensegrity struc-
ture built out of DNA molecules (Figure 12.3) [Liedl 2010]. These molecular structures have many of 
the properties of macroscale tensegrity structures with compression struts and tension members and 
structural-kinematic self-healing properties. Molecular functionality extends to other DNA-based appli-
cations, such as self-assembling and self-directing conductive nanowires [Chen 2010]. DNA also forms 
dynamers with reversible bonds in the backbone molecules of linear polymers [Xu 2004]. 

12.4 Living Biohybrids 

These are self-healing biohybrids using living organisms. 

12.4.1 Bacterial Hybrids 

At the microscale, sulfur-oxidizing bacteria, such as Thiobacillus, reduce and remove black organic 
lichen buildups from concrete [DeGraef 2005]. The bacterium Bacillus subtilis binds to metals and 
nucleates reactions that form metal phosphates, metal sulfdes, and organometallic polymers, producing 
diagenetic solidifcation of soils [Beveridge 1983]. 
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FIGURE 12.3 Molecular scale DNA-based tensegrity structures. (From [Liedl 2010].) 

12.4.2 Entire Organisms 

Entire multicellular organisms may be self-healing or self-cleaning components of larger systems. Living 
snow fences (LSFs), that is, trees, shrubs, and standing corn rows, prevent the buildup of snow on adja-
cent roads during winter conditions. The living fence is less costly than snow removal [Wyatt 2012]. The 
primary competition with LSFs are wood slat fences. LSFs have some advantages. The service life of an 
LSF is 50–75 years versus 20–25 years for a slat fence. The overall lifetime cost of ownership is less than 
that of a slat fence. Living mature trees provide up to 12 times more snow capture but require an offset 
from the road into the adjacent feld of 35–70 m [Sundstrom 2015]. A different cleaning application is air 
inside buildings. Plants remove volatile organic compounds from the circulating air [Darlington 2001]. 

12.4.3 Ecosystems 

At a high level of organization, ecosystems of organisms may collectively affect the health of struc-
tures. Bioflms with multiple species of bacteria and other small organisms are particularly active in 
corrosion acceleration and/or prevention. Harnessing the activities of a bioflm can be advantageous. 
Steps to help form a bacterial bioflm on a surface are as follows: (1) Reversible attachment of cells 
to the surface. (2) Use of extracellular substances to create an irreversible attachment of the cells. (3) 
Cells proliferate and form encapsulating layers. (4) The cell community grows into a 3D structure. 
(5) The community releases cells into the surrounding fuid so as to populate and create new bioflm 
communities [Renner 2011]. 
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12.5 Anti-biofouling 

Anti-biofouling is a self-cleaning process that removes and/or prevents the buildup of unwanted organ-
isms, both single and multicell. Environmental compatibility is a concern. Anti-biofouling activity 
should be limited to the local material and structure to prevent collateral injury to non-fouling organisms 
[Almedia 2007] [Yebra 2004]. The variety of organisms often precludes a single universal effect from 
limiting adhesion. Some species adhere strongly to surfaces that prevent the buildup of other species. 

12.5.1 Mechanical Anti-biofouling 

Mechanical action prevents biofouling. Most organisms fnd it diffcult to attach and thrive on fexing 
elastomers [Shivapooja 2013]. Being slippery prevents organisms from getting a good grip onto surfaces. 
Oil-impregnated silicone is a possibility for marine structures [Stein 2003]. 

12.5.2 Microtextured Surface Anti-biofouling 

Most organisms thrive within specifc ranges of geometric and mechanical milieu. Specialized sur-
face textures are anti-biofouling. Examples include biomimetic surfaces with microtextures similar to 
sharkskin or insect wings [Diu 2014]. This sharklet texture on an elastomeric surface is highly resistant 
to bioflm formation [Chung 2007] [Schumacher 2007]. Black silicon surfaces with a microtexture that 
absorbs most visible light are also bactericidal [Ivanova 2013]. Vertical arrays of silicon nanowires pre-
vent biofouling while also providing a means of slow drug delivery [Brammer 2009]. Hydrophobic and 
omniphobic surfaces prevent bacterial buildup on medical devices, such as catheters, without resorting to 
toxic chemicals [Ding 2012]. Nano- and microtextured perfuorocarbon surfaces combine anti-biofoul-
ing geometry with a relatively bio-inert material [Leslie 2014] [Gudipati 2005]. 

The design of anti-biofouling microtextured surfaces is complicated. The design must accommodate 
multiple competing interactions. The use of artifcial intelligence and neural network techniques shows 
promise. One approach yields a microtexture pattern for urinary catheters with texture that confounded 
the movement of Escherichia coli bacteria that swim upstream. The texture creates vortices that redirect 
the bacteria downstream, unlike a smooth surface that encourages the bacteria to swim upstream and 
cause infections [Zhou 2024]. 

12.5.3 Energetically Active Surfaces Incompatible with Biofilm Growth 

Materials with energetic and active surfaces resist biofouling. Zwitterionic molecules have separate 
negative and positively charged regions that form hydrated anti-biofouling [Chen 2007] [Cheng 2007b]. 
Similarly, attaching PDMS to amphiphilic fuorinated block copolymers creates a material that prevents 
the adhesion of both zoospores and diatoms in marine environments [Sohn 2006]. 

Light-sensitive coatings exert bactericidal effects. While UV light is often used, it is possible to create 
surfaces that activate under a broad spectrum of light using gold nanoparticles and multiple wavelengths 
of dye sensitizers [Noimark 2014]. 

Filters made of electrically activated silver nanowires combined with carbon nanotubes and cotton 
kill and/or flter waterborne bacteria with >98% removal rates [Schoen 2010]. Janus particle microrobots 
with bactericidal silver nanoparticles swim and kill 80% of E. coli bacteria versus 35% for nonswimmers 
[Vilela 2017]. 

12.5.4 Slow Exposure and Controlled Release of Toxic Reagents for Anti-biofouling 

Loading small amounts of toxic material into solid matrices for slow release to the environment creates 
durable antibacterial material systems. Weaving antibacterial and insoluble silver nanowires into yarns 
creates antibacterial fabrics [Davoudi 2014]. Single-walled CNTs form a protective scaffolding for the 
slow release of the ova-antimicrobial enzyme lysozyme [Nepal 2008]. Rosin-based coatings impregnated 
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FIGURE 12.4 Active elastomeric liquid trilayer system delivers biocide to damage sites that breach an outer skin 
layer. (a) Unconstrained system does not deliver biocide. (b) Elastic constraints deliver biocide in the proper direction. 
(From [Sonntag 2004].) 

with ivermectin inhibit the growth of barnacles on ship bottoms by both mechanisms as do selenium 
nanoparticles [Pinori 2011] [Tran 2013]. At a larger length scale, microcapsules release liquid by rupture 
with mechanical damage or may slowly release the chemicals through diffusion – a trait that is useful 
in environmentally safe anti-biofouling coatings [Szabó 2011]. Vascular systems and liquid-flled layers 
deliver biocidal liquids upon breaching of an outer skin layer (Figure 12.4) [Sonntag 2004]. 

12.5.5 Biological Anti-biofouling 

Extracorporeal membrane oxygenators (ECMOs) are synthetic externally attached surrogates for lungs. 
Gas exchange through thin membranes oxygenates blood. Biofouling is a very dangerous condition. The 
addition of titania (TiO2) to the membrane surface promotes the buildup of a single cell endothelial layer. 
This layer prevents biofouling at a cost of a reduction in oxygen transmissivity of 22%. The layer is self-
healing and reconstructs by growing new endothelial cells [Pfaum 2017]. 

12.6 Prosthesis Structures 

A prosthesis is an artifcial component that replaces or augments the functional action of defective or 
missing tissue in living systems. The loading on many prostheses is severe. Imbuing prosthetic structures 
with self-healing capability extends operational lifetimes. 

12.6.1 Prosthesis and Tissue Ingrowth 

Prosthetic implants must be compatible with living biological tissues. Complex interactions can be a 
challenge [Anderson 2008]. Compatibility generally takes on one of the following forms: 

1. Prosthetic Material Is Inert and Is Largely Ignored by the Tissue: Inert materials are particularly 
useful for implants that are intended for long-term usage. 

2. Tissue Grows into and Adapts to the Implant: The implant serves as scaffolding and reinforce-
ment of the tissue as it heals. Implant geometry, both macroscopic and microscopic, along with 
mechanical stiffness has a big infuence on success. 
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3. Implant Dissolves and Absorbs Prosthesis: The implant serves a temporary purpose and slowly 
dissolves or resorbs as the tissue heals. Controlling the rate of dissolution is important. Hydrogels, 
for example, provide a long-term slow release of drugs in a particular location, and then resorb 
slowly as their effectiveness wanes [Rahaman 2014]. Tissue growth matrices based on natural 
polymers, such as alginate, chitin, collagen, glycerol, sebacic acid, and silk have an inherent 
advantage over many artifcial polymers in that they degrade slowly in a biocompatible manner. 

12.6.1.1 Orthopedic Implants 

Resorbable bone implants combine fast and slow resorption rates, such as a fast-resorbing bioac-
tive glass that promotes pre-osteoblast infltration combined and slow-resorbing calcium phosphate 
core for bone ingrowth. Laser sintering and 3D printing fabricate custom shapes for the implants 
[Comesaña 2015]. Severe shot peening of stainless steel bone implants produces a surface texture that 
promotes the ingrowth of bone-forming osteoblast cells while also reducing the growth of several 
bacterial species [Bagherifard 2015]. Microencapsulated healing liquids enhance the durability of 
bone cements [Wilson 2010]. 

12.6.1.2 Electronic and Neural Implants 

Interfacing electronic devices with living tissue, including neural tissue, requires mechanically compli-
ant electrodes. Conventional metal and semiconducting electronics are too stiff. Soft electrically conduc-
tive polymers provide a suffciently compliant interface [Martin 2015]. 

12.6.1.3 Vascular Implants 

Replacement vasculature in animals with implants requires biocompatibility, including minimiz-
ing clot formation, matched mechanical compliance, and potential for resorption as the vessel heals. 
Thermoplastic polyurethane grafts manufactured by electrospinning leaves suffcient porosity for cell 
migration to fll most of these requirements [Bergmeister 2015]. Magnesium is a nontoxic metal that 
resorbs and is suitable for coronary artery stents [Erbel 2007]. 

A combination of silk-fbroin and chitosan shows promise as ingrowth scaffolding for vasculature [She 
2008]. Poly(glyceral sebacate acrylate) combined with a photoinitiator makes a hydrophobic elastomer-
like resorbable adhesive that joins cardiac and vascular tissue without stitches [Lang 2014]. 

12.7 Applications 

12.7.1 Concrete, Stones, and Soil 

Bacteria modify local environments to promote homeostasis. A by-product of these processes for bacte-
ria living in concrete, stones, and soil is to heal the material by plugging pores and microcracks. Some 
bacterial species precipitate carbon dioxide as solid crystals, usually calcite, and sometimes vaterite 
[Stocks 1999] [Rivadeneyra 1991]. Calcite deposition follows a urease-based pathway with the bacte-
ria exuding both urea and the enzyme urease that breaks down the urea into CaCO3 and ammonia. 
The ammonia raises the pH of the extracellular medium, which drives the calcite to precipitate and 
form extracellular crystals [Bang 2010]. Wild bacteria, including Bacillus pasteurii and Sporosarcina 

ureae, follow the urease pathway and deposit calcite that plugs holes in concrete and geologic structures 
[Gollapudi 1995] [DeJong 2010]. 

It is possible to domesticate organisms to deposit calcite for self-healing. Bacillus tequilensis isolated 
from concrete kiln dust promotes the self-healing of foamed bricks, mainly through CaCO3 deposition in 
pores [Alshalif 2022]. E. coli bacteria recombinant-modifed from B. pasteurii exude urease deposit cal-
cite, as will urease extracted from the bacteria and embedded in polyurethane foam [Bachmeier 2002]. 
Industrial by-products, such as lactose mother liquid, can feed the process [Achal 2009]. 
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A disadvantage of urease-based pathways for CaCO3 deposition is the release of ammonia. An alterna-
tive pathway metabolizes calcium lactate with the reaction using strains of Bacillus pseudofrmus and 
Bacillus cohnii isolated from alkaline soils [Jonkers 2010] [Wiktor 2011]. 

CaC H  O6 + 6O  2 → CaCO3 + 5CO2 + 5H O26  10  

Bacteria can provide seed crystals for an accelerated plugging process in liquids saturated with ions. 

Bacterial plugging of oil wells is an example [Ferris 1992]. 

The plugging of holes with CaCO3 may not always be desirable. Sometimes stones and masonry struc-

tural materials do better with open surface pores that allow passage of fuid and vapors. Strengthening 
the pore walls while leaving them open strengthens overall material. Myxococcus xanthus fulflls this 
need in ornamental limestone with carbonate depositions that cement existing calcite crystals [Rodriguez 
2003]. The mechanism appears to be an intermixing of calcite and vaterite polymers to form nano- and 
microstructures that follow the geometry of bacterial skeletons. 

The delivery of bacteria into concrete for self-healing requires predispersal of seed bacteria, or spores, 
and survival through the harsh environments of mixing and curing. Packaging the bacteria in suitable 
water-soluble containers provides a viable solution. The packages disintegrate and release the bacteria at 
appropriate times and locations [Wang 2012c]. Water-soluble polyurethane packaging produced healing 
responses, with effciencies approaching 60%. 

12.7.2 Corrosion Inhibition 

Many corrosion processes occur on surfaces. Surface-attached microorganisms may either promote or 
inhibit corrosion. Typical interactions are complicated metabolic and electrochemical interactions across 
a multi-species community [Little 2006] [Herrera 2009] [Shi 2011]. Neutralizing corrosion chemistry or 
creating a protective impermeable barrier are possible protective mechanisms. 

12.7.2.1 Neutralizing Corrosive Chemistry 

Aerobic bacteria such as Pseudomonas fragi form bioflms that scavenge oxygen from the environment 
and prevent corrosion of mild steel [Ismail 2002]. Engineered and wild versions of Bacillus lichenifor-

mis secrete γ-polyglutamate, which inhibits anionic pitting corrosion aluminum [Örnek 2002]. 

12.7.2.2 Impermeable Biofilms Isolate Surfaces from a Corrosive Environment 

Bacteria that metabolize iron inhibit the corrosion of steel through combinations of metabolic activity and 
the formation of bioflms with favorable properties [Videla 2009]. A principal metabolic reaction is the 
reduction of ferric iron (Fe3+) to ferrous (Fe2+) with anaerobic respiration. Ferric iron ions form insoluble 
corrosion-inhibiting iron oxide compounds, such as magnetite (Fe3O4). Conversely, ferrous iron forms 
iron oxide compounds, such as hydrated ferrous oxide (Fe2O3⋅xH2O), which are soluble in water and pro-
vide minimal corrosion protection. Bacteria such as Shewanella oneidensis reduce ferric to ferrous iron, 
and accelerate corrosion, especially steels with passivating layers of magnetite. S. oneidensis bioflm com-
munities break down H2 passivating layers that form on iron surfaces in oxygen-deprived environments 
to promote corrosion [De Windt 2003]. Sometimes these bioflms collectively form passivating layers 
and protect metals against corrosion (Figure 12.5) [Dubiel 2002]. Related are the iron and manganese-
depositing bacteria that create pipe-clogging extracellular iron hydroxide and manganese oxide structures 
[Ghiorse 1984]. Similarly, iron-reduction processes in bacteria stabilize the remediation of soils and sedi-
ment contaminated with metals, radionuclides, and noxious organic chemicals [Fredrickson 1996]. 

12.7.3 Digestion for Self-cleaning 

Living organisms ingest material from their surroundings. Digestion breaks down the material into 
simpler chemical compounds. The organism then uses the simpler compounds as building blocks for 
the functions of life, including energy harvesting and building molecular structures and tissues. These 
chemical processes are notable for their effciency, specifcity, and locality of action. There is a wide 
range of self-cleaning and similar biohybrid structural and machine applications based on digestion. 
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FIGURE 12.5 Bioflms form local surface environments that affect corrosion growth rates. (a) Enhanced corrosion. 
(b) Inhibited corrosion. 

Digesting particulates to alleviate clogging of plumbing and flters with conglomerations of partially 
digested and decomposed biological structures and molecules, that is, sludge, is an application. Bacteria 
digest sludge into simpler chemical compounds that sustain growth and reproduce bacteria, all while 
preventing and alleviating clogging [NASA 2007]. Figure 12.6 shows a bacteria-based self-regenerative 
system for sludge removal from sewage wastewater. 

Microbes, primarily bacteria, digest metals by lowering the redox state [Lovley 1997]. Amassing and 
removing the microbes through focculation followed by mechanical removal remediates metal-laden water. 

12.7.4 Fire Prevention 

Alkaline deacetylated mycelium fungus is a fre-resistant insulating and flling material that replaces 
fammable polyurethane foams. The fre resistance largely comes from the formation of char layers 
[Chulikavit 2023]. 

FIGURE 12.6 Bacteria digestion of sludge alleviates clogging to create biohybrid self-regenerating flter. (a) Side view with self-
regenerating flter holes. (b) Axial view with clogged hole. (c) Axial view with unclogged hole. (Adapted from [NASA 2007].) 



 

 

 

 

 

 

 

 

 
 

   

13 
Design, Performance, and Manufacturing 

13.1 Design 

The design of engineering systems – including those that self-heal – typically starts with high-level con-
ceptual designs and moves through subsystems and the detailed design of individual components [Pahl 
1988]. Successful designs reduce cost, ease manufacture, and increase performance. 

13.1.1 Overall Design Issues 

The following are the high-level concepts to consider in the design of self-healing systems: 

1. Importance and Need for Self-healing: Important systems that have diffculty enduring without 
self-healing and self-healing does not impose large costs. 

2. Role of Mitigation: Should mitigation methods and/or robust components be used instead of, or 
in conjunction with self-healing? 

3. Choice of Self-healing Technique: Polymers provide a variety of self-healing methods [Yuan 
2008b]: (i) Crack healing effects based on molecular chain interdiffusion and entanglements, 
catalyzed polymerization, post-curing of residual functional groups, and Diels–Alder (DA) 
reactions. (ii) Crack-induced damage of 3D microvascular networks, releasing healing liquid 
that solidifes by ring-opening metathesis polymerization. (iii) Crack-induced rupture of micro-
encapsulated healing liquids. 

4. Compatibility of the Self-healing Material: Self-healing materials satisfy a variety of appli-
cation-specifc constraints, for example, aerospace applications require resistance to radiation 
and thermal stressing and minimal outgassing [Bererton 2002] [Semprimosching 2006]. 

5. Parasitic Loads: Self-healing imposes parasitic loads that may degrade the performance and 
reliability of a system. In general, the benefts of using self-healing should outweigh the costs. 

6. Cost: Considerations include the fabrication and material costs, the parasitic loads on per-
formance, the benefts of failure avoidance, and the cost of timing of entry into the market 
[Huang 2007]. 

Some cases are as follows: 

Microencapsulated Healing Agents: Microencapsulation is one of the more thoroughly studied 
techniques for self-healing. Microencapsulation provides high-performance self-healing, but 
also presents challenges. The inclusion of microencapsulated agents may weaken a bulk mate-
rial by (1) reduction in the bulk material being able to carry the load, (2) inclusion of a small 
radius introduces possible stress concentrations crack initiation, and (3) nonhomogeneous 
bunching of inclusions introduces larger faws. 

Studies addressing these concerns conclude that they are often manageable. A biomimetic approach 
provides mitigation of weakening due to inclusion of microstructures. Bones and teeth have many holes 
but they do not suffer from stress-riser cracking. In bones, millimeter-scale holes, known as nutrient 
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foramina, allow for fuid to fow through the bone wall and sustain life. Observations indicate that nutri-
ent foramina holes are rarely the site of bone fractures and do not produce a combination of weaken-
ing and stress concentration commonly found with holes in homogeneous materials. Reasons for the 
mechanical resilience of bone tissue around a foramen include the following: (1) Stress concentration 
reduction due to an increased compliance (reduced stiffness) of the bone near the foramen, which blunts 
the sharp stress discontinuity due to the hole. (2) A reinforcing ring of increased stiffness placed at some 
distance from the foramen. (3) A ring of lamellar bone placed along the foramen inside edge, which may 
prevent crack formation [Götzen 2003]. This contrasts with the introduction of holes in FRP composites 
which for the inclusion of fber-optic sensors typically reduces the strength of structural elements by 
values running from 10% to 40% [Shivakumar 2004]. 

Introducing micro- and nanoscale solid inclusions into polymer matrices may strengthen or 
weaken the material. Stiff particulates in polymer composites increase the tensile strength by val-
ues up to 50% when volume packing ratios reach over 20% and there is a good transfer effciency 
of stress between the particles and polymer matrix [Sudduth 2006]. Numerical simulations of the 
effect of breaking of capsules indicate that nonlocal effects can lead to an amplifcation of the heal-
ing [Privman 2007]. 

Vascular self-healing systems may introduce large quantities of parasitic material. The potential loss 
of strength is correspondingly high. For example, losses of compressive strength in fber-reinforced poly-
mer composites range up to 30% for 0.25 mm and 0.5 mm vessels in panels with nominal thicknesses of 
1 mm [Norris 2011]. Conversely, the judicious removal of material creates high-performance cellular and 
metamaterial systems out of solids [Gibson 1997]. 

13.1.2 Taxonomy Approaches 

Taxonomy approaches aid conceptual design by organizing concepts in a hierarchical framework. A 
self-sealing spacesuit may make use of multiple technologies to manage leaks. Possibilities are microen-
capsulation, foaming, moving gels, and actuated wound closing, either individually or as a combination. 
A taxonomy table presents the information in a convenient format (Figure 13.1) [Ferl 2007]. 

FIGURE 13.1 Taxonomy of self-healing concepts for space suits. (Adapted from [Ferl 2007].) 
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13.1.3 Multiscale and Multifunctional Methods 

Controlling Wall Thickness and Strength: Customized confgurations of microencapsulation tai-
lor the capsules to react to specifc types of damage. An example is impact damage that causes 
delamination in an FRP composite. Repairs require bridging the delamination or crack. A 
semiautonomic technique combines microencapsulated healing with post-damage compression 
forces transverse to the delamination and fber ply layers [Yin 2008]. The addition of microen-
capsulation bruising agents produce recognizable optical signatures, for example, fuorescence, 
upon impact, provides further functionalization. 

Supplemental Effects Causing Rupture: Chemical effects, including chemically amplifed reac-
tions and signaling, augment mechanical rupture. 

13.1.4 Optimization 

Optimization follows concept selection. Typical steps are as follows: 

1. Set a Goal: Optimal designs achieve goals within constraints. Conventional optimization 
begins with the selection of a scalar measure, that is, a cost function, for comparing various 
design alternatives. The typical cost function combines multiple requirements, including spe-
cifc measurable quantities, such as weight, and more holistic measures, such as robustness, 
durability, serviceability, and lifetime cost of ownership [Dry 2000]. Constraints restrict the 
optimum design space. 

2. Performance Assessment: Numerical simulations assess performance. Particularly challenging 
are large-scale or long-lived systems subject to various and unpredictable operating conditions 
and stressors. 

3. Optimization Strategy or Algorithm: Many conventional techniques for the optimization of 
engineering systems extend directly to the design of self-healing systems. 

4. Available and Controllable Degrees of Freedom: Optimization requires a suffcient number of 
adjustable degrees of freedom to produce the desired performance. 

A variety of tools can fnd optimum confgurations in the available solution space: 

1. Continuous Variation of Scalar Parameters: These methods range from relatively simple calculus-
based methods and experimental designs to sophisticated computer- and AI-based search methods. 
An example is optimizing the diameters of embedded microcapsules for supplying healing agents to 
support autonomic fracture repair. Design degrees of freedom are both the size of the microcapsules 
and the density of capsule dispersion in the matrix. Good healing performance requires that the cap-
sules rupture and release the healing liquid with the passage of a crack in the matrix (Figure 13.2). 
The amount of healing liquid released into the crack depends on the volume of the capsule and the 
probability of intersection of a crack with a capsule, which in turn depends on the capsule disper-
sion density, capsule geometry, and cracking patterns [Lv 2014]. Using arguments based on length 
scaling, the mass of healing liquid released per crack area, m, is the product of the capsule diam-
eter dc, sample density ρs, and the mass fraction of microcapsules, Φ: [Rule 2007]. 

m = ρ Φd (13.1) s c 

This relation indicates that healing favors larger diameter capsules for a fxed capsule disper-
sion density and microcapsule mass fraction. Experiments examining the healing effciency of 
samples with different microcapsule diameters and mass loadings largely support this conclu-
sion. Conversely, other design considerations, such as localized weakening due to stress risers, 
stress fow disruptions, and bulk material costs, favor smaller diameter capsules. 

2. Number and Combinatorial Optimization: Degrees of freedom often vary discretely rather 
than continuously. The design of vascular self-healing systems with the choice of number and 
topology of vessels benefts from discrete approaches. The branching of vasculature produces a 
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FIGURE 13.2 Intersection of crack surface with randomly distributed capsules. (From [Rule 2007].) 

tree-like structure. Recirculation requires return paths. Connecting tree canopies for outbound 
and return fows offers additional design degrees of freedom in terms of the number and com-
bination of the links [Kim 2006b]. 

3. Combined and Mixed Optimization: A consideration is to reduce the parasitic mass of a vascular 
self-healing system [Williams 2008a]. It is also important to maintain connectivity in the event of 
damage through the loss of vascular links. If the fow and network confgurations are stable, then 
a hierarchical architecture with larger pipes branching into smaller pipes in tree-like fashion may 
be optimal. Distribution networks with tree-like architectures are susceptible to widespread fow 
loss in the event of damage to lower level primary pipes. Biological systems can provide some 
clues as to how to proceed – they use loops when needed to provide redundancy and/or respond to 
uneven load demands, as in the leaves of deciduous trees [Katifori 2010]. Since looping comes at 
a cost, many biological systems use a mix of branching and looped architectures. The loops serve 
only in critical regions. In humans, loops, also known as circulatory anastomoses, appear in the 
brain as the circle of Willis, around the knee and in the hand [Williams 2008a]. Numerical studies 
of loop architectures indicate that they impose an overall penalty of fow resistance, but readily 
maintain fow following the removal of conductive links [Wechsatol 2005]. 

Optimal designs of self-healing systems for multifactor compatibility consider combined effects. An 
example is selecting a polymer for use in medical and rehabilitation applications that is compatible with 
living tissue, such as human skin, but resists the buildup of bacteria and bioflms. A design challenge 
is that the wide choice of polymeric materials is daunting and prohibitively expensive, especially from 
a testing point of view. A workaround is automated machines that perform empirical testing at high-
throughput rates and lower costs. The selection of materials for antibacterial coatings based on a com-
bination of esters and cyclic hydrocarbon moieties in silicone automated combinatorial methods arrived 
at a material solution in a time frame not possible with conventional screening methods with reports 
of 30-fold reductions in pathogenic bacteria (Pseudomonas aeruginosa, Staphylococcus aureus, and 
Escherichia coli) versus commercial silver-hydrogel coatings [Hook 2012]. 

13.1.5 Liquid-to-solid Healing Methods 

Converting a liquid into a solid is the basis of multiple material healing methods. Success with liquid-to-
solid healing requires the following: 

1. Delivery: Liquid delivery to damaged region, perhaps fowing into a tight crack and similar 
confned regions in an on-demand basis. 

2. Stickiness: Liquid wets and sticks to the solid at the damaged site. 
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3. Timely Solidifcation: Liquid solidifes with suffcient mechanical strength and mechanical 
compliance to complete the repair and survive future loading. 

4. Stiffness Compatibility: Healing system matches the stiffness of the solid repair to that of the 
base solid and does not excessively weaken or burden the structural system [Dry 2001a]. 

5. Cost Compatibility: Cost-effcient and cost-effective methods of manufacture. 

6. Design Compatibility: Suffcient knowledge of performance and reliability to establish design rules. 

Catalytic and two-part mixing are primary variants of polymer systems for use in liquid-to-solid 
healing [White 2005]. Catalytic variants include the following: (1) Cyclic olefns – dicyclopentadiene 
(DCPD), norbornene, and cyclooctadiene polymerized by ring-opening metathesis polymerization 
(ROMP) with Schrock and Grubbs catalysts or two-part catalysts. (2) Lactones polymerize into polyes-
ters and nylons with cyclic ester and cyclic amide catalysts. (3) Two-part catalysts, such as those based 
on tungsten and aluminum compounds for cyclic olefns. Two-part mix variants include the following: 
(1) Unsaturated compounds, such as acrylics, styrene, isoprene, and butadiene polymerized by two-part 
atom transfer radical polymerization with organohalides and peroxide compounds. (2) Isocyanates and 
compounds with hydroxyl groups. 

Several norbornene-based healing liquids solidify by ROMP in the presence of Grubbs catalyst, 
including 5-ethylidene-2-norbornene (ENB), endo-DCPD, exo-DCPD, and mixtures of these three 
(Figure 13.3). Different mix ratios take advantage of the different properties of the individual compo-
nents. ENB tends to have the fastest polymerization kinetics, offers superior cold temperature perfor-
mance, and requires less catalyst [Lee 2006] [Sheng 2009]. endo-DCPD solidifes at 30°C. Self-healing 
composites made with ENB have high dynamic elastic moduli in the temperature range between −50°C 
and 70°C and glass transition temperatures of 110°C [Raimondo 2013]. Aerospace applications require 
operation in wider temperature ranges of −150°C to +150°C and in a vacuum. Embedding the catalyst in 
a mixture of oil, perfuorinated solvents, and hydrophobic ionic liquids enables healing in these demand-
ing conditions [Merle 2014]. 

13.1.5.1 Design of Microencapsulated Liquid Healing Systems 

Success with microencapsulated healing systems accommodates multiple issues of chemical and 
mechanical compatibility. 

Microcapsule Size and Dispersion Distributions: Measuring size distributions is often a mat-
ter of relatively straightforward micro-optical methods that image sets of capsules and then 
determines the diameters of individual capsules. Similar optical methods determine statistical 
distributions of the dispersion of capsules throughout a matrix. Uniform dispersions may be 
favored over purely random or aggregating distributions. 

Induced Rupture: A strong bond between the capsule wall and surrounding matrix serves two 
purposes: (1) Transfer the propagation of cracks from the matrix to the capsule wall to induce 
capsule rupture and healing liquid release at the proper time. (2) Produce a stronger composite 
capsule–matrix structure. Typical capsule walls are urea formaldehyde, which do not readily 
bind to many composite matrix materials, such as epoxy. Functionalizing the capsule walls, 
such as with silane-based coupling agents, increases the bond strength [Wang 2009] [Li 2008b]. 

FIGURE 13.3 Monomer structures of norbornene-based healing liquids. (a) ENB. (b) endo-DCPD. (c) exo-DCPD. 
(Adapted from [Larin 2006].) 
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Long-term Stability of Encapsulated Healing Fluid and Polymer Matrix: An encapsulated heal-
ing liquid typically has high available energy so that it can heal when needed. These liquids 
may not remain stable in the capsules. The use of solvent-based healing liquids suffers from 
diffusion of the solvent through the capsule wall [Neuser 2013]. 

Thermal Stability: Temperature extremes adversely affect microcapsules and healing liquids. 
DCPD has a melting point of 19.5–33.0°C and breaks down at 170°C. Some epoxy healing liq-
uids are stable at temperatures over 200°C. PUF wall thickness, size, and surface morphology, 
along with choice of healing liquid, affect the resiliency. Smooth PUF walls with a thickness of 
30.5 ± 5 μm may be optimal for thermal stability [Yuan 2006]. 

Chemical Stability: Liquids that solidify primarily in the presence of a catalyst have enhanced 
long-term chemical stabilities. An example is a healing liquid comprised of hydroxyl-end func-
tionalized PDMS and poly(diethylsiloxane) and catalyzed by dibutyltin dilaurate. Placing the 
healing liquid mixture and catalyst in separate, but intermingled, capsules that rupture with 
damage to the surrounding matrix creates a healing system that is stable at temperatures over 
100°C [Cho 2006]. Similarly, the capsule wall must be stable with respect to both internal 
chemistry and external chemistry. Some curing agents in epoxy–amide matrices attack capsule 
walls leading to premature release in microcapsule-based anticorrosion coatings [Kashi 2009]. 
A compromise is a matrix with a less aggressive cross-linker that spares the capsule coating, at 
the expense of a weaker cross-linked epoxy matrix. 

13.1.5.2 Vascular System Design 

The ability to fll cracks is a primary performance target for vascular healing systems. The optimization 
of a vascular network combines the confguration topology with the variation of a parameter. This is a 
complicated problem with few closed-form solutions. A dimensionless parameter for the global fow 
resistance of a network is f. 

∆P V2 

f = (13.2) 
m πυ 38 R  

Here ΔP is the pressure drop across the network, V is the volume of the network, m  is the mass fow rate, 
and R is the tube radius [Wechsatol 2005]. Figure 13.4 shows a vascular grid with independent damage 

FIGURE 13.4 Geometry for evaluating healing performance of vascular grid systems. (Adapted from [Bejan 2006].) 
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sites, separated by a minimum radius of infuence, d. An important parameter is the grid pitch δ. The 
healing liquid fows out when the crack traverses a vessel. The speed of fuid dispensing depends on the 
effective permeability K of the grid when damage extends across vessels. Higher values of K correspond 
to more rapid dispensing. Based on fow calculations at the loop level, triangular loop meshes have faster 
dispensing rates than either square or hexagonal meshes. 

Using meshes with a heterogeneous set of tube diameters, including those with tree-like architectures, 
increases performance (Figure 13.5) [Bejan 2006] [Wang 2007a] [Lorente 2009]. Some confgurations 
have fow rates m  that exceed that of equivalent parallel grids m ref , with the performance ratio r: 

m 
r = (13.3) 

mref 

Favorable designs are those with r >1 [Zhang 2007a]. 

FIGURE 13.5 Multiscale grids and trees for vascular coverage of a disk with the grids (a) requiring 3.7–6.8 times the 
pressure drop for equivalent fow to the trees (b). (From [Wang 2007].) 
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In a seminal paper, Murray determined the optimum confguration of a network of capillaries for 
blood circulating in animals [Murray 1926]. The following is a synopsis of Murray’s development: 

The total work per unit time, E, performed by blood in a circulatory system is the sum of the mechani-
cal power, P, that moves the blood and the work to support living metabolism. The mechanical work 
operates on a capillary with surface area s and volume V: 

= π  (13.4) s 2 rl 

sr
V = πr l2 = (13.5) 

2 

Here r is the radius. l is the length, and Q is the volumetric fow rate: 

Q u= πr2 (13.6) 

Here u is the fow velocity. nf is the total rate of blood fow in a body. 
Poiseuille’s law mechanical power is 

8Q2lη 
P = 4 (13.7) 

πr 

Here η is the viscosity. When the metabolic power and other energy expenditures are proportional to the 
volume of blood with b as constant of proportionality, the total power is as follows: 

8Q2lη 
E = 4 + πbl r2 (13.8) 

πr 

Minimizing E by differentiating with respect to the radius leads to the optimal criterion: 

16Q2η 
b = 2 6  (13.9) 

π r 

Alternatively, optimizing with constant surface area s begins with rewriting the total work in terms of s: 

2Q s4η brs 
E = + (13.10) 

π2 5r 2 

Differentiating to obtain the optimal criterion for b: 

40Q2η 
b = (13.11) 

π2 6r 

Using nominal values of physiologic parameters, Murray concluded that the constant surface area 
criterion (13.10) provides a better match to existing data. Supporting this result is the notion that capil-
laries do much of their important work via chemical diffusion through the walls. An examination of the 
optimum conditions (13.9) and (13.11) indicates that the fow through a vessel is proportional to the cube 
of a radius. Combining with a continuity assumption appearing in a branch from a parent vessel with 
radius rp to a set of child vessels with radii rci leads to 

n 

Q k= rp
3 = k∑rci

3 (13.12) 
=i 1  

The ZKM model describes branching vasculature with consideration of stems and crowns [Zhou 
1999]. A stem is the top tube in a branched hierarchy (Figure 13.6). The crown is the collection of smaller 
branching tubes that attach to a stem. A branching vasculature is a cascade of stems and crowns with 
each crown branch forming a smaller new stem and crown. 
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FIGURE 13.6 Stem and crown hierarchical structure of vasculature. (From [Kassab 2006].) 

The ZKM model predicts the following relations [Kassab 2006]: 

5 

V  L  ′+1 

= (13.13) 
Vmax   Lmax  

3′−2 

D  L  4(′+1) 
= (13.14) 

Dmax   Lmax  

4(′+1) 
Q  r  3′−2 

= (13.15) 
Qmax   rmax  

The subscript max denotes the maximum value. є′ is the ratio of metabolic to viscous power dissipa-
tion in the crown with typical values running from 2.5 to 3.5. A separable convex approximation yields 
optimal results – including a confrmation of Murray’s law [Klarbring 2003] [Sherman 1981]. Genetic 
algorithms are effective at solving such mixed optimization problems [Aragon 2007 

13.1.5.3 Solid and Surface Design 

Resilience-based Design: Failure mode, effects, and criticality analysis (FMECA) (aka fail-
ure mode effects analysis [FMEA]) assesses resilience. The intent is to consider the full 
spectrum of possible failure modes followed by the possible cascading consequences. A 
FMECA for a vascular self-healing system examines the following: (1) Pump/reservoir 
underperformance or complete failure. (2) Fluid leakage. (3) Vessel blockage or constric-
tion by cured resin or debris. (4) Failure to rupture and bleed from a vessel on cue from 
damage. (5) Healing resin cured properties degraded. (6) Healing resin performance 
degraded [Williams 2008b]. 

Brittle Material Healing Design: Brittle materials are prone to cracking. Successful crack repairs 
need to close the cracks while accommodating post-repair loading and movement. If the repair 
is too stiff, it breaks away leading to more cracking [ACI 2010]. 
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Ceramics are fracture-prone. Most self-healing techniques for ceramics use oxygen as a pro-
moter of in-flling. Surface cracks connected with ambient oxygen can heal, but internal oxy-
gen-starved cracks cannot. A recommendation is to adopt a combined healing +�proof testing 
+ in situ healing methodology to ensure better endurance of ceramic parts [Ando 2005]. The 
initial healing process corrects cracks while the part is out of service or being prepared for ser-
vice. The proof testing identifes internal cracks that cannot be corrected by oxygen-based self-
healing. In situ healing allows for cracks to heal while the part is being used, even under cyclic 
loading. Some Mullite/SiC and Si3N4/SiC ceramics exhibit excellent in situ healing properties. 

Artifcial Intelligence and Machine Learning (AI and ML): Concrete is a multicomponent mate-
rial that self-heals through multiple mechanisms, including hydration, carbonation, swelling, 
precipitation of impurities, and biochemical activity. The interactions of healing with damage 
are suffciently complex that AI/ML methods of modeling are effective [Suleiman 2017]. 

Wound-closing Design: Mechanically actuated closing of wounds for healing with discrete actua-
tors requires consideration of load paths and actuator sparsity. For example, if shape memory 
alloy (SMA) actuators close wounds, then the entire load path, including bonding anchorages, 
must be strong enough, and have enough discrete actuators to actuate and then carry the loads 
[Wang 2002]. 

Superhydrophobic Surface Design: The design of superhydrophobic surfaces is often an issue 
of mixed discrete and continuous optimization that considers the size, scale, and arrange-
ment of micro- and nano-features as variables. Such approaches achieve multifunctionality 
from a textured surface, such as a combination of self-cleaning super-hydrophobicity and 
omnidirectional broadband optical super transmissivity [Park 2012]. Synergistic designs 
with multifunctional micro- and nanotextured surface effects create high-performance 
systems, such as micro- and nanotextured surfaces that combine “Lotus leaf” self-cleaning 
superhydrophobic behavior with “shark skin” low fuid dynamic drag characteristics 
[Bixler 2012]. 

The mechanics of superhydrophobic surfaces is suffciently well understood to design droplet-
shedding surfaces from fundamental principles [Patankar 2004] [Tuteja 2008] [Bartolo 2006] 
[Extrand 2006] [Liu 2014] [Yang 2006]. Materials with smooth surfaces may be either hydro-
philic or hydrophobic. Micro- and nanoscale textures combined with hydrophilic materials cre-
ate superhydrophobic materials. The principle is to trap air under a droplet with microtexture, 
in a combined concave and convex, that is, reentrant, microtexture (Figure 13.7). Hydrophilic 
forces on reentrant surfaces pull droplets away from the surface and trap air underneath in a 
Cassie state. 

Eluting Self-cleaning Surface Design: Eluting surfaces with designs inspired by nepenthes pitcher 
plants combine surface texture and specialized surface-embedded lubricating liquid to repel 
impinging liquids, as with the slippery liquid-infused porous surface (SLIPS) (Figure 13.8) 
[Wong 2011]. Design considerations include the following: (1) The surface must have microtex-
ture and material properties that enable the liquid to fow, infuse and lubricate the surface, and 
then stay in place. (2) The lubricating liquid must wet the surface. (3) The lubricating liquid and 
impinging fuids need to be immiscible. 

FIGURE 13.7 Cassie state resulting from hydrophobic and hydrophilic wetting with different values of the contact angle 
θ and pillar texture angle ψ. (From [Tuteja 2008].) 
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FIGURE 13.8 Slips surface design with functionalized porous surface flled with inert lubricating liquid creates a solid 
that easily sheds drops of immiscible liquid. (From [Wong 2011].) 

Design criteria based on surface energy differences are as follows: 

∆ = E − E = R (γ cos  B − γ cos A ) γ  > 0 (13.16) E1 A 1 B θ A θ − AB 

E = E − E = R (γ  θ − γ cos ) γ −∆ cos  θ +  γ > 0 (13.17) 2 A 2 B B A A A B 

Here EA, E1, and E2 are the surface energies for the cases of being wetted with an arbitrary 
impinging liquid, lubricating liquid, and combined lubricating and impinging liquid, respec-
tively. R is a surface roughness parameter. γA, γB, and γAB are the surface tensions for the imping-
ing liquid, lubricating liquid, and interface between impinging liquid and lubricating liquid, 
respectively. 

13.1.6 Redundant System Design 

A cognitive approach to redundancy assesses the present situation and uses onboard intelligence to select 
a workable, optimized, and new operational confguration. An alternative preassembles a library of con-
fguration graphs of possible operational confgurations and uses sequential confguration switching and 
checking to arrive upon an acceptable confguration. Sequential confguration state switching methods 
can be slower than cognitive approaches but are simpler (Figure 13.9) [Peng 2006]. More complicated 
approaches combine offine diagnostics and tuning of analog components and operating parameters with 
component switching [Sylvester 2006]. 

Microelectronic ICs self-repair by swapping the loads carried by damaged components onto healthy 
equivalents. Successful component swapping and healing requires (1) an IC with redundant components, 
(2) switching circuits that alter the topological confguration of components, (3) fault detection system, 
and (4) decision-making process that selects new healthy confgurations. 

FIGURE 13.9 Scheme for component swapping to self-heal integrated circuits. (Adapted from [Peng 2006].) 
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13.2 Self-healing Performance Evaluation 

Many self-healing performance evaluations are modifed conventional performance assessment tests 
[Takahashi 2003]. Some are specialized. 

13.2.1 Metrics for Self-healing Performance Evaluation 

Performance metrics quantify the behavior and properties of a system. Ideal metrics evaluate and enable 
comparing a wide range of technologies. Simplicity and ease of use favor condensing multifaceted effects 
into scalar metrics. Healing effciency η is the ratio of a post-damage recovered property, θHealed, to that 
of an original pre-damaged property, θPredamage: 

θHealed η =  % (13.18) 
θPredamage 

Systems with 100% effciency completely recover from damage. A variant defnition is the ratio of the 

change in structural property due to damage, θDamage, and healing: 

θHealed − θDamage η =  % (13.19) 
θPredamage  − θDamage 

The choice of parameter θ depends on context. Crack-healing effciency is the percent healing ratio 

based on the fracture toughness parameter KIC [Brown 2011a] [Brown 2002] [Boresi 2002]. Other vari-

ants use measures of structural ftness, such as the resonant frequency of concrete test bars, the elastic 

energy stored in a structural member under load, and the tear strength [Lepech 2006] [Park 2009] 

[Keller 2007]. Two viable healing indices are HI1 and HI2 [Tan 2012b]. HI1 is essentially the η effciency 

of (13.1) using the dynamic shear modulus G* for θ: 

G* 

after HI1 = ×100 (13.20) 
G* 

initial 

HI2 accounts for the terminal shear modulus following rest cycle with inclusion of the number of cycles 

before, Nbefore, and after, Nafter, the rest period: 

 G* )(Nafter  − Nbefore 

It is possible for healing effciencies to exceed 100%. An example is a report of a healing eff-

ciency of 800% in concrete beams. The healing process (encapsulated three-part methyl methac-

rylate) converts material with inherently weak tensile strength into one that better tolerates tension 

[Dry 1996b]. 

Combining several parameters into more holistic measures often has value [Laver 2009]. Fidelity is 

the ratio of the number of desired features realized in the structure to total desired features. Fidelity 

describes supramolecular assembly performance based on the ratio of the concentration of desired com-

plexes to all complexes [Todd 2005]. Fidelity extends to graphs of topological confguration, where fdel-

ity is the ratio of number of desired links to total number of links. Similar are control strategies in the 

self-repair through tendon actuation of tensegrity bridges [Korkmaz 2012]. Healing in asphalt, being a 

2 terminal HI 
 


 

100 (13.21) ×= 
* NG before 

initial 
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complicated interaction of material and mechanical effects acting over multiple timescales, is natural for 

holistic measures of healing performance. S is a healing effciency for asphalt, ηA is 

Sf − Si
ηA = ×100 (13.22) 

Si 

where Sf and Si are the fnal and initial damage indices for a given rest period. The index S depends upon 

pseudo compliance derived from curve fts to mechanical compliance test data [Palvadi 2012]. 

The width heal ratio (WHR), defned as average width of damage before, wb, and after, wa, healing 

quantifes the materials with cracking or similar line-shaped damage [Sundaresan 2013]: 

wb − wa
WHR = (13.23) 

wb 

Caution should be exercised when interpreting performance based on healing effciency, as defned in 

(13.18). The deleterious effects of parasitic weakening of the undamaged material by the addition of self-

healing agents may bias the healing effciency metric by reducing the overall strength term appearing in 

the denominator of the healing effciency ratio [Sanada 2006]. Certain systems with large parasitic loads 

appear favorably, such as a mercaptan–epoxy microencapsulated liquid healing system which achieves 

105% healing effciency with only a 5% by weight parasitic load of healing [Yuan 2008b]. 

Functional effciency metrics provide the framework for evaluating reconfgurable versus dedicated 

nonreconfgurable systems [Siddiqi 2009]. The functional effciency ηf of a generic system is the ratio of 

functional capability to resources, such as cost, mass, or energy: 

Total functional capability
ηf = (13.24) 

Resources 

The functional effciency of a reconfgurable system, ηfR, is 

m∑ υi 1ηfR = = i 
(13.25) 

ρ 

Here m is the number of confguration states; υi is the capability of confguration i; and ρ is the resources 

consumed. The functional effciency of a dedicated system is 

k∑ υi 1  iηfD = 
k 

= 
(13.26) 

∑ ρ= ii 1  

Here k is the number of dedicated systems; υi is the capability of confguration i; and ρi is the resources 

consumed by the ith system. The ratio of the functional effciency of the reconfgurable system to that of 

the dedicated systems is the relative functional effciency ratio Ξf: 

Ξ =
ηfR 

(13.27) f 
ηfD 

The ratios of Ξf > 1 favor reconfgurable systems. 

13.2.2 Methods of Assessing Self-healing Performance 

13.2.2.1 Long-term Stability 

Establishing long-term durability of engineered materials with long-term performance testing is often 

impractical. An alternative is to conduct short-term accelerated tests under aggressive stress conditions 

that mimic the effects of long-term tests. Highly accelerated life testing (HALT) and highly accelerated 

stress screening (HASS) are standardized approaches [Hobbs 2000]. 



   

  

  

 
 
  

 

247 Design, Performance, and Manufacturing 

13.2.2.2 Methods of Determining the Self-healing Performance 
of Polymers – Diffusion and Dynamers 

Quantitative measures of the self-healing properties of polymers include dynamic modulus, fracture 
toughness, fracture energy, and rehealing velocity. Many of these start with conventional damage assess-
ment tests and then allow for healing in a rest period. Specifying details on the controlled production of 
damage is important, such as using knife edges or lasers [Shen 2002]. 

Tests to measure dynamic modulus apply dynamic loads to materials or structures and measure the 
response. Sinusoidal shaking measures the elastic modulus as a complex frequency-dependent quantity. 
The real component represents conservative forces, that is, stiffness. The imaginary component repre-
sents losses. The dynamic shear modulus G* is 

G* = G′ + iG′′ (13.28) 

The loss factor δ is 

−1  G′′ δ = tan (13.29) 
 G′ 

The loss tangent is tan(δ). 
Measurements of the frequency dependence of the complex elastic modulus of dynamers and polymers 

with reversible bonds and gelation quantify the healing performance [Liu 2012c]. Increases in the real 
part and decreases in the imaginary part of the modulus correspond to healing. Conversely, decreases in 
the real part and increases in the imaginary part correspond to damage. 

Crack-healing tests frst initiate and open cracks with applied loads and then relax the load to allow 
the cracks to close tightly, while providing an easy measurement of the crack size versus loading his-
tory. Many fracture-healing test instruments reduce the variability of crack formation with specialized 
geometries and load paths. 

The four-point torsion test measures the fracture energy of undamaged and rehealed polymers fol-
lowing cracking (Figure 13.10). Advantages of this test include the ease of setup, control of loading rate, 
ease of data interpretation, the formation of cracks that do not run entirely through the specimen, and 
the tight closing of the crack upon unloading. Early (ca. 1969) measurements on epoxy resin polymers 
examined the rate at which cracks heal, that is, the healing velocity. Observed healing velocities range 
from 5 × 104 cm2/s to 32 × 104 cm2/s, with little temperature dependence once above the glass transition 
temperature [Outwater 1969]. 

Double cleavage drilled compression (DCDC) is a reversible fracture test. The test specimen geom-
etry is a short column with a transverse hole passing through at midspan (Figure 13.11). Loading the 
column in compression produces hoop stresses on the circumference of the hole. The maximum hoop 
tension is at the crowns, that is, top and bottom of the hole. Notches machined into the crowns are stress 
risers that combine with the hoop stresses to initiate cracks to propagate along the axis of the specimen. 
Internal gradients reduce tensile stresses with distance from the hole and limit the lengths of the cracks. 

FIGURE 13.10 Four-point panel torsion test to measure fracture energy. (Adapted from [Outwater 1969].) 
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FIGURE 13.11 DCDC crack test specimen. (a) Unloaded pristine condition. (b) Axial loading opens cracks that initiate 
at crown notches. (c) Unloading closed cracks for healing. 

Releasing the compression load releases residual elastic energy and closes the cracks. The DCDC method 
relies on geometric nonlinearities to open and close the cracks. Sensitivity to these nonlinearities poses 
potential diffculties with control. 

The double cantilever beam (DCB) provides improved reversible control of the gap-opening 
geometry and stress with tapered cantilever beams and polyimide tape inserts as crack initiators 
(Figure 13.12) [Meiller 1999] [Raghavan 1999]. The overall concept is that the moment arms of the cantile-
ver increase as the crack grows. Constant cross-sectional beams increase the stress intensity at the crack tip. 
Tapered cantilevers compensate by increasing the cross section and reducing the intensity [Marcus 1971] 
[Mostovoy 1976] [Tsangouri 2015] [Blackman 2002]. Different shapes fulfll this requirement, including 
specialized short beam variants for testing inside of climate-controlled chambers [Beres 1997]. 

A combination of a nanoscratch tester and an atomic force microscope (AFM) assesses nanoscale and 
molecular scale healing behaviors of dynamers and similar noncovalent and thermally reversible healing 
systems. The AFM measures the rate of healing by observing a scratch as it spontaneously disappears 
[Brancart 2014]. 

FIGURE 13.12 Double cantilever beam test specimen. Pulling vertically through the pin holes introduces cantilever style 
loading on the material in the joining strip between the beams. The varying beam geometry aims to produce uniformly 
controlled loading of the crack as it grows or heals. (From [Tsangouri 2015].) 
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Dark feld microscopy and light-transmission photometry measure micrometer-scale voids that form 
and heal in transparent materials [O’Connor 1980]. Small internal damage, that is, voids and crazes, 
clouds the transmission of light through transparent polymers. Polymer-based healing, such as reptation, 
repairs materials and recovers transparency. 

Polymers with reversible-bonding molecular healing often display complicated and subtle material-
dependent effects that are diffcult to predict a priori. Differential scanning calorimetry (DSC) pre-
screens candidate polymer materials by examining the specifc heat versus temperature to identify glass 
transition temperatures [Nielsen 2010]. DSC is not always a reliable predictor of self-healing capability. 
Favorable DSC results require confrmation with subsequent mechanical testing. 

Dynamic tests assess ionomers that heal by dynamic thermomechanical effects. Impacting stationary 
plates with projectiles of various speeds and diameters provides dynamic loading. Outcomes are vis-
ible appearances of hole closure and pressurized leak testing across the hole. Leak testing is the more 
demanding test. Experiments on the ionomer Surlyn™ confrm that both low-velocity (180 m/s) and high-
velocity (400 m/s) projectiles produce healing in specifc ranges of plate thickness to projectile diameter 
ratios. A ratio of 0.2 or greater heals in the low-velocity case [Grande 2012]. 

Polymers with noncovalent bonds that detach and reattach without breaking other molecular bonds are 
a class of materials capable of multicycle healing. Measuring the strength of attachment over a number of 
healing cycles is a healing effciency performance metric. Microscopic optical imaging of the attachment 
surface texture reveals patterns of texture. Regular fringes of equal chromatic order correspond to elastic 
materials. Blotchy patterns indicate materials with more viscous behaviors (Figure 13.13) [Faghihnejad 
2014]. High-speed imaging clarifes the impact and recovery dynamics. Infrared imaging quantifes 

FIGURE 13.13 Measurement of strength of interpenetration and reversible attachment of noncovalent bonds with load 
test apparatus combined with interferometer. Results shown from testing 2-ureido-4[1H]-pyrimidinone quadruple hydro-
gen bonding groups. (From [Faghihnejad 2014].) 
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thermodynamics and helps to assess the material ejected by the projectile in polymer-based structural 
elements that recover from ballistic impact [Zavada 2015]. 

13.2.2.3 Methods of Determining the Self-healing Performance of 
Materials with Microencapsulated Healing Liquids 

Microencapsulated liquid self-healing is a multistep process with multiple demanding performance 
requirements. Success requires addressing a host of practical issues, including overall durability of the 
healing system, damage to the matrix properly triggering the rupture of the capsules, and the healing 
liquid properly fowing into the damaged region. 

Microcapsule strength is an important performance parameter. The capsule should be strong enough 
to survive manufacturing and routine operational use of the structure, yet frangible enough to release 
with loads that damage the structural element. Specialized apparatuses determine the strength of isolated 
capsules [Liu 1996]. The load force f versus deformation Δ, in terms of Young’s modulus E, Poisson’s 
ratio ν, wall thickness h, and sphere radius R, for a permeable membrane sphere with, and stretching only 
deformation, is as follows (Figure 13.14) [Dubreuil 2003]: 

∆Eh2 

f = (13.30) 
R 1( − ν) 6 1( + υ) 

For shear only, 

∆Eh2 

f = (13.31) 
R 1( + ν) 6 1( − υ) 

Based on the relative defection, ε = 1 – H/(2R0), defned in terms of the geometry of Figure 13.15, and 
assuming constant volume of interior liquid, the force defection relation for a spherical microcapsule is 
as follows [Lulevich 2004]: 

∂Gs E 1 R+ 0 / 2Rs ) 
2

3(  
s = −  = π2 hR0 4 ∈ (13.32) 

∂H 1 v− (1 R+ / R  )0 s 

FIGURE 13.14 AFM with glass sphere probe combined with scanning confocal microscope to determine stiffness of 
fuorescein-labeled microcapsule. (Adapted from [Lulevich 2004].) 
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FIGURE 13.15 Geometry of load and defection of a microencapsulated sphere. (Adapted from [Lulevich 2004].) 

Capsule rupture and release of healing liquid are central to microencapsulated liquid healing. It is 
diffcult to ascertain whether the capsules rupture on cue. One option for assessing rupture timing and 
extent is to supplement the healing liquid with chemical agents that signal the presence of rupture with 
easily observed techniques, such as fuorescence under exposure to UV [van den Dungen 2010]. 

Using microcapsule loading and a membrane model of the elastic mechanics (ignores wall bending 
stiffness) leads to typical values of the mean elastic modulus of urea-formaldehdye capsules running 
from 3.6 to 3.9 GPa, and rupture strengths ranging from 0.14 MPa for 213 μm diameter wet capsules to 
0.8 MPa for 65 μm dry capsules [Keller 2006b]. 

Elastic fuid-flled spheres buckle according to a linear theory when the exterior pressure exceeds the 
interior pressure by the critical difference pcr [Timoshenko 1961]: 

2E  h 
2 

pcr = 1/2   (13.33) 
2  R 3 1( − ϑ  )  

Here E is the elastic modulus; t is the thickness; and R is the radius. Buckling measurements help to 
determine the elastic properties of spheres, such as polyelectrolyte multilayer microcapsules [Fery 2004]. 

13.2.2.4 Methods of Determining the Self-healing Performance 
of Superhydrophobic Surfaces 

High-speed optical imaging reveals the dynamics of droplet interactions with superhydrophobic surfaces 
[Brown 2011b]. 

13.2.2.5 Methods of Determining the Self-healing Performance of Asphalts 

The dynamic modulus and number of load cycles to failure are principal parameters that help to assess 
the fatigue performance of asphalt [Daniel 2001]. Cyclic testing readily measures the maximum shear 
stress load τ0 and maximum shear strain γ0. The ratio of the two is the amplitude of the complex-valued 
shear modulus [Kim 2003a]: 

2 2 τ0G* = G′ + G′′  
1/2 

= (13.34) 
γ 0 

Dynamic tensile testing quantifes microdamage healing [Chen 2013b]. Four-point bending fxtures 
apply uniform bending moments across the center of a beam for both dynamic and fatigue testing. Four-
point bending tests also provide access to the asphalt specimen during healing, as for the case of induc-
tion heating healing [Liu 2012b]. 
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FIGURE 13.16 IDT system for testing fatigue and self-healing of asphalt. (a) Test setup. (b) Specimen geometry. 
(From [Lee 2015.) 

Direct tensile testing is impractical with composite granular materials, such as concrete and asphalt. 
Indirect tensile testing (IDT) methods with transversely loaded cylinders are effective in such cases. IDT 
applies compression to the edges of a cylindrical disk. Stress sets up in the disk to induce a correspond-
ing tension stress at the center of the cylinder (Figure 13.16). It is necessary to avoid creating excessively 
open cracks, as they will not heal. A haversine load of 0.1 s followed by a 0.9 s rest period works well for 
split cylinder fatigue testing of asphalt [Li 2009b]. 

The dynamic shear rheometer provides controlled loading for the determination of the intrinsic heal-
ing properties of asphalt binders [Bommavaram 2009]. 

13.2.2.6 Methods of Determining the Self-healing Performance of Concrete 

Autogenous self-healing of concrete uses crack in-flling and closing. Three-point bending combined 
with crack opening displacement (COD) measurements is compatible with environmental test chambers 
[Ferrara 2014]. 

Water permeability can measure crack healing in concrete and mortars [Roig-Flores 2016]. Healing 
and closing of the cracks decrease permeability. The test is to frst introduce controlled cracks in a 
concrete specimen by the split cylinder method or a beam in three-point bending. The cracks should be 
kept small, preferably with a width of less than 0.3 mm. Next, water permeability testing measures the 
rate of water fow using gravity and capillary action as the motive force. The healing rate quantifes the 
amount of healing. 

Final flow 
Healing rate = −1 (13.35) 

Initial flow 

An alternative measure is the increase in mass of the specimen by the amount of water absorbed into 

the beam [Park 2016a]. 

Static and dynamic assessments of autogenous concrete crack-healing strength require that the cracks 

remain tight for the healing process to occur. Studying a specifed crack under controlled static load 

conditions requires test apparatus that isolates and controls the loading on the crack, such as with an 

apparatus shown in Figure 13.17, or with four-point bending measuring the healing recovery of more 

diffuse and uncontrolled cracking [Schiessl 1996] [Qian 2010]. Dynamic measurements of the natural 

frequencies of concrete beams determine strength and readily extend to measuring the performance of 

self-healing in concrete and cementitious materials [Herbert 2013]. Ultrasonic pulse velocity (UPV) is a 
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FIGURE 13.17 Test setup for assessing reinforcement corrosion during autogenous healing of concrete. (Adapted from 
[Schiessl 1996].) 

similar dynamic test. Damage reduces the elastic wave velocity. Higher velocities correspond to higher 
strength and healing. The damage index D, in terms of the original undamaged velocity v0 and the pres-
ent damaged v, is as follows: 

v
D = −  (13.36) 1 

v0 

13.2.2.7 Methods of Determining the Performance of Corrosion Self-healing 

Electrochemical impedance spectroscopy measures the frequency response of electrochemical reac-
tions with a three-probe system. Fitting curves to frequency domain data identifes the action, perfor-
mance, and synergistic self-healing of separate corrosion inducing and inhibiting processes [Tan 1996] 
[Montemor 2012] [Macdonald 2006]. Figure 13.18 shows a setup that bathes the material under test in a 
saline solution, while three electrodes probe and measure electrochemical behavior. The working elec-
trode attaches to the material, by a coated metal sample with scratch damage. An inert platinum plate 
acts as a counter electrode to complete the circuit with the working electrode. An Ag/Ag-Cl reference 
electrode provides a stable reference voltage. Both static and dynamic measurements produce useful 
data. Tafel diagrams represent the static data, normally in a semi-log plot of applied voltage versus 
current through the electrodes. Bode plots present the dynamic data. The area under the Bode plot 

FIGURE 13.18 Electrochemical impedance spectroscopy unit used to assess corrosion healing. RE is reference elec-
trode. CE is counter electrode. WE is working electrode. (Adapted from [Kouhi 2012].) 
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FIGURE 13.19 Combination of bioreactor with electrical impedance spectroscopy to measure corrosion inhibition and 
promotion by bacterial bioflms. (Adapted from [Ismail 2002].) 

quantifes the performance of active anticorrosion coatings, such as those with microencapsulated lin-
seed oil [Kouhi 2012]. Combining a bioreactor with electrical impedance spectroscopy creates a system 
for measuring the ability of a bioflm to suppress, or accelerate, corrosion (Figure 13.19). 

13.2.2.8 Methods of Determining the Self-healing Performance 
of Vascular Healing 

The following are the performance tests for fooding self-sealing electrical power wire [Sasse 2005]: 

1. DC Impulse Overvoltage Recovery: Insert high-voltage spikes (>70 kV) into the conductor to 
break down the insulator. Allow the insulator to heal by sealant fow. Retest the breakdown 
voltage of the insulator. 

2. Fish Tank Wedge Cut Test: Cut a wedge out of the insulator down to the central conductor. 
Bend the wire to open the wedge cut. Place the cut wire in a tank, for example, fsh tank, of salt 
water. Run current through wire and measure the amount that leaks into fsh tank versus time 
as fooding proceeds. 

3. Sealant Downhill Runout: Expose a section of the insulation at one end of a wire. Hang the 
wire so that gravity drives the sealant downhill and out of the exposed section. Cycle through 
high temperatures, for example, 90°C. Measure the amount of material that runs out the bot-
tom end. 

13.2.2.9 Methods of Determining the Self-healing Performance 
of Composites 

Principal types of impact-induced damage are (1) matrix mode-cracking parallel to the fbers, (2) delam-
ination, (3) fber breaking and buckling, and (4) penetration [Richardson 1996]. High-velocity impacts, 
perhaps faster than 100 m/s, often penetrate the material. Low-velocity impacts do not penetrate and 
often leave delamination-type damage that spirals into the material. Through-thickness stress waves do 
not play a signifcant role in low-velocity impact damage tests. 

13.2.2.10 Methods of Determining the Self-healing 
Performance of Self-sealing Systems 

Self-sealing material and structural systems prevent the unwanted fow of fuids by (1) sealing leaks and 
breaches that allow the fuid to fow, (2) restricting the fow of fuids across defned surfaces, and (3) 
restricting the fow of fuids through porous, semiporous, cracked, and seamed solids. 

https://13.2.2.10
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Performance tests include puncturing or cutting a small hole in a self-sealing barrier wall, fol-
lowed by allowing it to heal under no pressure and then measuring the ability to hold differential 
pneumatic pressure across the wall [Beiermann 2009]. The nail test measures self-sealing in tires 
[Schutz 1959]. 

13.2.2.11 Methods of Determining the Performance 
of Self-cleaning Surfaces 

Durability tests of self-cleaning surfaces include fnger wipe, sandpaper abrasion, scratch, and oil con-
tamination. Anti-biofouling surface tests on ships include applying pressurized water jets to see how 
much scours from the surface and conducting shear strength measurements of scrape off strengths of 
macroscale infestations, such as barnacles [Lu 2015] [Swain 1996]. Instrumented analysis, such as with 
scanning electron microscopes and energy-dispersive X-rays, assesses surface cleaning and anti-biofoul-
ing at microscopic and submicroscopic length scales [Fay 2005]. 

The contact angles between a liquid drop and solid surface assess the strength of hydrophobicity 
or hydrophilicity. The contact angles for advancing and receding droplets assess movement hysteresis 
[Chen 1999]. 

The following is the procedure to measure the performance of superhydrophobic droplet roll-
off-based self-cleaning surfaces: (1) Place fluorescent and luminescent particles on the surface 
under test in a controlled manner with an air-fan-driven deposition. (2) Apply fog and/or rain 
treatment to induce water droplet formation and roll-off cleaning. (3) Sputter coat the surfaces 
to fix the remaining particles to the surface. (4) Use a scanning electron microscope with custom 
cathodoluminescence sensing capability to examine the surface and distinguish the contaminant 
particles from the surface. (5) Measure the tilt angle of a flat plate that causes a premeasured 
drop to roll off the surface due to gravity forces [Fürstner 2005]. More detailed measurements 
account for texture geometry on area calculations, and electron microscope imaging of the pinning 
and depinning interactions of droplet edges with microtexture as the droplet moves [Lee 2010a] 
[Paxson 2013]. Magnetic actuation of resonant and decaying oscillatory behaviors of droplets laced 
with superparamagnetic nanoparticles provides additional insight into the mechanics of roll-off 
[Timonen 2013]. 

Rough or soft surfaces often make it diffcult to measure contact angles. In such cases, the dimension-
less wetted area Aw is a useful measure of superhydrophobic performance: 

a
A = w (13.37) w 2/3 V 

Here aw is the wet contact area and V is the volume of the droplet [Marmur 2004]. Values of Aw less than 
about 0.5 correspond to superhydrophobic surfaces with contact angles in excess of 150°�. 

Scratch, indent, and similar mechanical tests quantify the durability of superhydrophobic surface 
textures. Droplet loadings in the quasi-static regime with relatively slow impacts leave large opportu-
nities for air to remain entrapped in the micro- and nanotextures to produce a Cassie–Baxter confgura-
tion. High-speed droplets may have suffcient kinetic energy to drive the liquid through surface tension 
and residual air pressures to wet the surface and form a Wenzel state. The ratio of kinetic to surface 
energy in a liquid droplet, that is, the Weber number, characterizes the infuence of dynamic effects on 
superhydrophobicity: 

ρRVi
2 

We = (13.38) 
σ 

Here ρ is the mass density of the liquid; R is the radius of the droplet; Vi is the droplet impact veloc-
ity; and σ is the surface tension. Experiments on surfaces with polymeric micropatterns and car-
bon nanofber features fnd that droplets behave quasi-statically for We < 120 and dynamically for 
We > 120 [Tsai 2009]. 

https://13.2.2.11
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FIGURE 13.20 Multiring electrode detects electrolyte penetration into concrete with hydrophobic surface. Each ring 
reports conductivity at a depth. (From [Raupach 2005].) 

Hydrophobic surface treatments prevent liquid penetration into naturally porous materials. An embed-
ded multiring probe assesses the performance of electrolytic fuid-blocking surface treatments with 
depth-dependent electrical resistance measurements (Figure 13.20). 

13.2.2.12 Methods of Determining the Self-healing Performance 
of Electrical Systems 

Scintillation measurements monitor the performance of self-healing in capacitors. The tests apply a con-
stant current load to the capacitor and measure the resulting voltage. A healthy capacitor charges with the 
current load and increases the terminal voltage up to a preset limit. An unhealthy capacitor may suffer 
from incipient dielectric layer insulator breakdowns in the form of rapid voltage drops and scintillating 
fashes at the location of a short. The capacitor recharges if self-clearing healing occurs at the hot spots 
(Figure 13.21) [Teverovsky 2021] [Prymak 2006]. 

FIGURE 13.21 Testing of capacitor with short leading to voltage drop, scintillation ramp, and hot spot self-clearing heal-
ing. (Adapted from [Prymak 2006].) 

https://13.2.2.12
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13.2.2.13 Methods of Determining the Self-healing Performance of Systems 

Complicated and unpredictable situations prevent comprehensive testing self-healing performance in 
all possible damage and healing scenarios. Complicated cases beneft from the use of alternative 
performance evaluation strategies. Intelligent airplane systems, including those that reconfgure from 
unexpected damage, recommended the following considerations [Crum 2004]: (1) Mixed Criticality: 
Since not all components of the system are critical for survival, it may be advantageous to use a 
mixture of testing protocols. (2) Multi-entity: Consider multiple interacting systems in the context 
of mitigation, healing, and limping. (3) Mixed Initiative/Authority Management: Components and 
subsystems operate under a mixture of local autonomy and centralized supervision. When and under 
what circumstances should the exertion of control be local or central depends on considerations of 
situational/environmental awareness, present state of health, and response time for corrective action. 
(4) Sensor Fusion: Integrate multiple sensors, sensor types, and sensor health measurements to pro-
duce information in a condensed form for decision-making. (5) Adaptive Learning, and Multimodal 

Functions: The system should adapt and learn from experiences in the environment. Ideally increased 
knowledge can be passed from system to system. 

13.2.2.14 Methods of Determining the Self-healing Performance of Biohybrids 

Evaluating the performance of biohybrid healing systems may adapt conventional healing performance 
tests to the specialized conditions of engineered biosystems. Examples include measuring crack healing 
by Bacillus subtilis bacteria in mortars and concrete and multivariable lifetime assessments of energy 
and resources consumed by green façades on buildings [Yamasamit 2023] [Ottelé 2011]. For living and 
green facades on buildings, the living skin acts as an insulating layer and windbreak keeping excess heat 
out in the summer and heat in during the winter. The live biomass purifes the air through metabolic 
processes and helps to reduce heat island effects, especially in urban environments. 

13.2.2.15 Material Property Testing with Healing 

Observations of healing processes provide information on the underlying properties of materials and 
provide tools for studying materials. An example is the measurement of reptation healing with molecular 
chain scission corresponding to the molecular basis of tensile strength and fracture energy in polystyrene 
[Mohammadi 1993]. Similarly, rates of annealing-type healing of fssion track damage in rock crystals 
containing trace amounts of uranium provide information about the age of the rocks [Dumitru 2013]. 

13.2.3 Selected Self-healing Performance Results 

13.2.3.1 Self-healing Performance of Polymers with Diffusion and Dynamers 

The dynamic nature of dynameric versus diffusion healing affects the results of rate-dependent tests 
with dynameric healing being rate-independent and diffusion healing being rate-dependent. For exam-
ple, when split-anvil testing of solid polymers formed by Diels–Alder reactions is able to recover virtu-
ally all of the pre-damaged strength independent of time, the conclusion is that this polymer exhibits 
dynameric behavior as the cracking was largely a breakdown of DA bonds that reversibly rejoin upon 
reclosing the crack [Plaisted 2007]. Cases with time-dependent healing may heal by reptation-type dif-
fusion processes. 

13.2.3.2 Performance of Self-healing Shape Memory Materials 

The healing performance of shape memory materials depends on the temperature at which switching 
of geometric and mechanical states occurs. The amorphous molecular structure of most polymers leads 
to gradual temperature-dependence of behaviors. Many applications require a crisper switching tem-
perature. Isolating the molecules that switch into crystalline domains and attaching the domains to the 

https://13.2.2.15
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rest of polymer matrix with fexible elements provides the order necessary for a well-defned switching 
temperature [D’Hollander 2009]. An increase in the enthalpy required to switch states indicates a crisper 
phase change, with values on the order of 10 J/g for co-block polyurethanes. 

13.2.3.3 Microencapsulation Self-healing Performance Results 

Microcapsules placed in polymer matrices alter the strength and fracture toughness. Liquid droplet 
inclusions affect the stiffness of elastic solids. Based on energy considerations that extend Eshelby’s 
inclusion model, the surface tension ϒ, of a dilute distribution of small liquid inclusions of radius R and 
solid with elastic modulus E, stiffens the material when R < 1.5 ϒ/E and softens otherwise [Style 2015]. 
With regard to fracture, a series of experiments dating back to the 1970s indicates that the insertion of 
sub-100 μm particles with volume ratio loadings of 15–20% increases fracture and fatigue resistance. 
Adding rubber or hollow microparticles increases the fracture toughness and fatigue resistance of epox-
ies. Volume ratio loads ranging from 5% to 15% seem optimal for fracture toughness with increases of 
up to 300% observed with 40 μm diameter particles [Bagheri 1996] [Azimi 1996]. The fatigue resistance 
of highly cross-linked epoxy composites increases with the Paris law exponents reducing from 9.7 to 4.5 
in 10% by weight loading of microcapsules [Brown 2006]. A plausible explanation is that microcapsules 
arrest, pin, and blunt the formation of early-stage fatigue microcracks. However, measurements on com-
posites with embedded, hollow microspheres did not fnd any fracture pinning toughening mechanisms 
[Kim 2001]. Microencapsulated DCPD increases the resistance to fatigue with boosts in the number of load 
cycles to failure by factors of 5 or more [Jones 2007]. Loose bonding between the particle and the matrix 
favors fracture toughness [Broutman 1971]. Tight adhesion increases compression strength [Cardoso 2002]. 

The toughness and strength of microcapsules controls the overall performance of a microencapsulated 
liquid-healing system. Mechanical testing indicates that poly(urea–formaldehyde) (PUF) capsules rup-
ture by brittle fracture with a strength that decreases with diameter following a power law with exponent 
n = −0.77 [Yang 2008]. The insertion of nanoparticles, such as carbon nanotubes and nano alumina, 
increases the stiffness of PUF microcapsules by up to 46% and the plasticity ratio from 0.23 to 0.54, with 
0 corresponding to perfectly elastic and 1 corresponding to perfectly plastic [Ahangari 2014]. 

Heat damages microcapsules. Thermal breakdown mechanisms for epoxy-flled PUF capsules below 
251°C are thermal expansion mismatch between the wall and encapsulated material and diffusion 
through the walls; above 251°C are largely the breakdown of the wall material [Li 2006]. Thickening the 
walls increases endurance. The addition of melamine to PUF capsule walls increases resistance to water, 
heat, acids, and alkalis through the action of a triazine ring in melamine [Tong 2010]. 

The ability of microcapsules to fracture and release liquid on cue with crack formation affects heal-
ing. A study using high-resolution X-ray imaging observed the release and fow of microencapsulated 
liquid with crack formation, 60 μm solvent-laden capsules ruptured preferentially within a thin 75 μm 
layer next to the crack [Mookhoek 2010]. The solvent fows into the crack and provides partial, but not 
complete, coverage of the crack surface. Related studies using microencapsulated DCPD and matrix-
embedded Grubbs catalyst as the healing method and optical microscopy to observe capsule rupture and 
healing agent activation also found that the capsules ruptured in a thin layer near to the crack surface 
[Thoma 2003]. Sometimes the healing liquid fows properly into the crack for healing, other times the 
liquid does not fll and bridge across the crack, causing the repair to fail. 

DCPD is a principal liquid in many microencapsulated healing systems. DCPD is a low-viscosity 
liquid at room temperature formed from a pair of small organic ring molecules, that is, norbornene, a 
six-sided ring, and cyclopentene, a fve-sided organic ring. Upon encountering ruthenium-based Grubbs 
catalyst, the norbornene rings open to reveal active binding sites that bind to similar open rings. The pro-
cess, known as ring-opening metathesis polymerization (ROMP), creates polymer chains and networks 
of molecules that solidify the liquid [Grubbs 2004]. Multiple variants of ruthenium catalysts for ROMP 
curing of DCPD are available, including frst-generation Grubbs, second-generation Grubbs, and sec-
ond-generation Hoveyda–Grubbs. The different variants have different reaction rates and temperature 
sensitivity. Second-generation catalysts have faster reaction rates and provide better high-temperature 
performance [Wilson 2008]. The increased reaction rates of the second-generation catalysts do not pro-
vide an improvement in healing performance. 
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Since ruthenium-based catalysts are expensive, an important question is the sensitivity of the ROMP 
reaction and bulk solidifcation to the amount of catalyst. Experiments involving Raman and Brillouin 
scattering indicate that the reaction and reaction rate are sensitive to the amount of catalyst, with the 
degree of cure and elastic modulus varying by amounts of 10% and 15%, for catalyst concentrations 
varying from 0.35% to 0.50% by weight, respectively [Aldridge 2010]. The rate of DCPD polymeriza-
tion induced by ruthenium indenylidene catalysts, such as the frst Grubbs catalyst, is highly sensitive to 
isomer variation. The endo-isomer of DCPD heals 20 times faster than the exo-stereoisomer, but with 
a lower healing effciency [Mauldin 2007]. N-Heterocyclic carbine and Schiff base–substituted ana-
logs show superior chemical compatibility and healing effciency for epoxy-based self-healing systems 
[Öztürk 2015]. Including wax particles in self-healing composite materials protects the Grubbs catalyst 
[Moore 2009]. 

Microencapsulated epoxies in cementitious composites have healing effciencies of up to 60% [Li 
2013a]. Acrylics, such as those used in dental restorative materials, do not fare as well as epoxies with 
standard urea-encapsulated DCPD healing systems with 50% versus 100% effciencies for equivalent 
epoxy-based systems [Wertzberger 2010]. 

Studies on the long-term performance of microencapsulated liquid healing reveal the following: (1) 
Aging Has a Negative Effect: Long-term ambient condition storage caused the healing effciency to drop 
from an initial 85% to 68% over the frst month, and then plateau at that value for the next fve months 
of tests. (2) Elevated Temperatures Cause Rapid Aging: Short-term elevated temperature stress at 121°C 
causes a reduction in healing effciency from an initial level of 85% to 45% after 1 h, and with smaller, 
but signifcant, reductions appearing in subsequent hours [Jin 2012]. Microscopic examination reveals 
that one mechanism of thermal breakdown is the high-temperature disintegration of amine capsules 
containing the hardener component. 

13.2.3.4 Asphalt Self-healing Performance Results 

Two complementary mechanisms for damage healing in asphalt are viscoelastic recovery and frac-
ture healing. Reports dating back to as early as 1967 find that adding rest periods between load-
ing increases the fatigue life of bituminous asphalt pavement. Values range from 8.7% to 23.9% 
[Kim 2003a]. 

Asphalt binders with minimal self-healing capabilities perform poorly under feld conditions. Cracks 
appear in nonhealing pavements after one or two years, especially in cold climates. Binders that heal and 
reverse aging perform much better. Measurements of the non-Newtonian thixotropic properties of the 
binder help with identifying molecular healing proclivities [Shan 2010]. 

The following are the effects of rest periods on the fatigue life of bituminous mixes [Bonnaure 1982] 
[Hesp 2007]: 

1. Overall Performance: The insertion of rest periods between loading cycles improves the 
fatigue life of asphalt pavements. 

2. Optimum Rest Duration: A rest period equal to about 25 times loading cycle or longer produces 
the maximum healing beneft. 

3. Temperature Dependence: Healing is more active at higher temperatures. 

4. Stiffness Dependence: Healing is more active with soft, rather than stiff, binders. 

5. Molecular Structure: High levels of waxy and linear molecules exert a negative effect on 
performance. 

Miner’s rule quantifes the fatigue performance for cases of loading with cycles of different amplitudes 
with fatigue index M: 

q 
n

M = ∑ i 
(13.39) 
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Here q is the total number of different amplitudes in the load regime; Ni is the total number of cycles 
needed to produce fatigue failure for repeated loads at level i; ni is the number of cycles experienced at 
load level i; fatigue failure occurs when M = 1. A generalized fatigue index M′ includes the effect of rest 
periods [Francken 1979]. 

I J 
f i, j  

M′ = N ∑∑ ( )  
(13.40) T 

N M( )ji
i 1= =j 1  

A simplifcation is to use load levels that vary by equal increment ε1 (i = 1, 2, …, I), and with rest 
periods that vary by an equal increment TL (j = 1, 2, …, J). NT is the total number of cycles required to 
produce fatigue failure for an initial strain level ε1. Experiments determine values of f(i, j) and M(j) for 
rest periods TR. A curve ft for M(j) is as follows: 

M j( ) = M(TR ) = 1+ 2.8(TR )0.44 

(13.41) TL TL 

Aging appears as a slowdown of healing recovery rates with repeated loading and healing cycles 
[Roque 2012]. Eventually, the healing cannot keep up with the damage and the material fails. 

A modifed Avrami equation includes measurable parameters that describe healing during rest periods: 

rt = R + − ) 1 exp(−qt ) (13.42) Rh ( )  0 (1 R0  −  

Here Rh is the rate of healing; R0 is the instantaneous state of healing; and q and r are empirical param-
eters. Measurements on typical binders give values of R0 in the range of 53–95%, q in the range of 0.002 
to 0.38, and r running from 0.2 to 1.02, with t in minutes [Bhasin 2011]. These experiments support the 
hypothesis that healing rates increase with temperature and decrease with age. 

It is possible to separate the effects of viscoelastic recovery from fracture healing by assuming an 
additive model of viscoelastic recovery and fracture healing effects, and that creep measurements pro-
vide an equivalent measure of viscoelastic recovery [Shen 2014]. Steric hardening stiffens the binder 
matrix with molecular interactions caused by repeated loading and may confound healing matrix perfor-
mance measurements [Santagata 2013]. 

13.2.3.5 Concrete Self-healing Performance Results 

Concrete and cementitious materials are composites of sand and gravel aggregate held together 
by cement. Unreinforced, these materials tend to be strong in compression, but are prone to ten-
sion cracking. The immersion of concrete with unreacted calcium hydroxide into water containing 
calcium carbonate and other dissolved mineral electrolytes inflls cracks and grows protuberances 
[Haegermann 1930]. Early tests (ca. 1956) achieved healing effciencies in tensile tests of up to 25% 
[Kenneth 1956]. 

UPV experiments indicate that autogenous healing works best when the damage is below a threshold 
value. For normal concrete, the threshold value is D ≈ 0.6–0.7, and for high-strength concrete D ≈ 0.4 
[Zhong 2008] [Aldea 2000]. 

Expansive and swelling agents, such as hauyne, anhydrite, free lime, and montmorillite, increase the 
effectiveness of autogenous healing [Ahn 2010] [Jiang 2014]. Actuation to close cracks also enhances 
healing. Cement mortar beams reinforced with 0.5% by volume of nitinol SMA fbers exhibited super-
elastic recentering recovery of 60% following large deformations versus minimal recovery in similar 
beams reinforced with conventional steel fbers [Shajil 2012]. 

When the source of corrosion is penetration of water through a covering layer to the rebar, the seal-
ing of cracks with carbonate reduces the rate of corrosion. Tests of mortars with water, alcohol, and gas 
indicate that the permeability declines with water, less so with alcohol and not with gases. These results 
confrm the hypothesis that water-based carbonation reduces permeability. Resting periods between 
freeze-thaw cycles increase durability up to 90%, an effect attributed to autogenous crack healing 
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preventing the ingress of liquid water [Sukhotskaya 1983]. Nonetheless, carbonate sealing of cracks 
does not provide much mitigation against corrosion when the water contains chlorides [Schiessl 1996]. 
Customized encapsulated healing systems are more effective. Cylindrical borosilicate glass capsules 
(length: 35 mm, internal diameter: 3 ± 0.05 mm, wall thickness: 0.175 ± 0.03 mm) flled with one com-
ponent polyurethane-based healing agent reduces chloride concentration near cracks by 75%, leading to 
a predicted tenfold extension of the life of concrete structures in aggressive marine environments [Van 
Belleghem 2017]. 

Engineered cementitious composites (ECCs) are specialized cementitious materials with customized 
functionalities, including self-healing. Hydration flling of tension cracks produces resonant frequency-
healing effciencies in ECCs in excess of 100% [Kan 2010] [Yang 2009a]. Hydration flling of micro-
cracks reduces chloride diffusivity by 4× versus mortar [Sahmaran 2007]. 

13.2.3.6 Ceramic Self-healing Performance Results 

Multiple cycles of cracking and healing are possible with ceramics that oxidize and fll cracks. Ti2AlC 
ceramics heal up to seven cracking cycles by the formation of α-Al2O3 and rutile TiO2 through oxidation 
at elevated temperatures [Li 2012c]. 

13.2.3.7 Corrosion Self-healing Performance Results 

Microencapsulation supplies healing liquids to damaged surface coatings. One example is a sealant 
overcoat that prevents the release of lead dust pollution from lead-based paints. Damage to the overcoat 
causes dust to shed from the undercoat. Microencapsulated sealing liquids, such as polybutene, calcium 
hydroxide, tung oil, and spar varnish, suppress dust. In general, the larger the microcapsule, the more the 
sealing liquid available upon rupture. However, the thickness of the overcoat layer constrains the maxi-
mum size of the capsules. Diameters of 63–150 μm may be optimal [Kumar 2008]. 

13.2.3.8 Vascular Self-healing Performance Results 

Performance testing of a two-part vascular healing system reveals crack healing, with effciencies 
starting at 85% for an initial loading-healing cycle and up to 60% over 16 healing and damage cycles 
(Figure 13.22) [Hamilton 2009]. 

Vascular systems need to dispense healing liquids, when and where needed. Short tubes with 
sealed ends create back pressure that restricts the fow. Low-viscosity single-agent materials, such 
as cyanoacrylate adhesive, are good for capillary-driven fows in borosilicate glass tubes in concrete 
[Joseph 2008]. Murray’s law sets a standard for optimal fow resistance minimization of a vascular 
network [Wu 2010b]. 

FIGURE 13.22 Close-up scanning electron micrograph view of fracture surface in DCDC testing with vascular healing 
after ten damage healing cycles. (From [Hamilton 2009].) 
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Vascular hollow glass fbers embedded into CFRP composite panels deliver premixed two-part 
epoxy-healing liquid in a technique that repairs delamination and shear cracking due to impact damage 
[Williams 2007a]. A layup with a tight pitch of vessels (70 μm) heals up to 98% fexural stiffness and 
89% of baseline interlaminate performance. Increased levels of wetting between the epoxy and glass 
increases the healing performance [Motoku 1999]. 

The post-cure stiffness of the healing liquid has a modest effect on the performance of vascular crack 
repair. The effects are modest for concrete repair [Dry 2003a]. Liquids that turn into stiff materials, such 
as cyanoacrylates, provide a repair strong enough for new damage to appear in new locations upon reload-
ing. More fexible materials, such as two-part epoxy, also perform well. A hypothesis explaining the good 
performance of fexible materials is that the crack surface constrains Poisson-type deformations and effec-
tively stiffens the more fexible polymer repair material. Penetration into tight cracks and the ability to 
tolerate opening and closing of crack widths as the system continues to operate are also important factors. 
Carbon nanotubes mixed into healing liquids increase the performance of repairs [Aissa 2012]. Expanding 
polyurethane flls, bridges, and adheres across relatively large crack gaps to produce healing effciencies in 
excess of 50% in three-point bending and split-cylinder laboratory tests [Van Tittelboom 2011]. 

An embedded vascular system carries with it many of the same issues of parasitic weakening as embed-
ded microencapsulation healing. In general, the strength and stiffness of composite members decrease 
with increased vascular material due to combinations of fber ply waviness, reduced load bearing area, 
and reduced fber volume [Kousourakis 2008]. Experiments confrm that increasing the vessel diameter 
weakens the composite material, with compressive strength reductions of 13–70% [Huang 2010]. Vessels 
with axial directions nonparallel to the FRP fber grains create points of structural weakness, often as resin 
pockets (Figure 13.23). Table 13.1 lists selected performance results for FRP composite repair techniques. 

FIGURE 13.23 Formation of resin pockets around vessels in FRP vascular healing seeds potential failure sites. 
(From [Huang 2010].) 
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TABLE 13.1 

Reports of the Performance of Self-Repair of FRP Composites 

Type of 

Material Damage Mode Healing Type Healing Measure Performance References 

GFRP Matrix cracking Thermoplastic diffusion Impact effciency 65% frst healing, [Hayes 2007a] 
by impact in thermoset 30% second [Hayes 2007b] 

healing 

GFRP Matrix cracking Microencapsulated Crack width 51% reduction [Patel 2010] 
by impact DCPD with fuorescent reduction 

bruise indicator 

GFRP with Cylinder drop Two-part premixed Load-displacement 100% [Williams 2007b] 
foam core impact damage epoxy vascular effciency 

GFRP with Double cantilever Microencapsulated Load-displacement 1–10% [Manfredi 2014] 
woven fabric cracking solvent effciency 

13.2.3.9 Biohybrid Self-healing Performance Results 

• Bacteria fll cracks and plug holes in concrete by excreting urea and urease that react extracel-
lularly to produce CaCO3. An advantage of bacterial versus autogenous CaCO3 in-flling is the 
potential to provide a more uniform coverage of cracks (Figure 13.24). The high pH of ordinary 
Portland cement concrete and modern low carbon footprint concrete mixes hinders most bacte-
rial activity. Encasing spores of spore-forming bacteria in compatible materials, such as silica 
or polyurethane, both immobilizes the bacteria and provides an environment in which they 
thrive. Bacillus sphaericus encased in a silica sol–gel with calcium-based additives, such as 
Ca(CH3COO), performs better than neat epoxy or mortar [Van Tittelboom 2010]. B. sphaericus 

decreases carbonation rate and chloride migration by about 25–30% and 10–40%, respectively, 
versus untreated Portland cement concrete [De Muynck 2008]. An alternative technique uses 
porous clay particles laced with calcium lactate and activated by soaking in water [Jonkers 2011]. 

FIGURE 13.24 Bacteria versus autogenous CaCO3 in-flling of cracks where the bacteria provide more uniform coverage 
of crack. (From Jonkers 2011.) 
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Bacteria flms may promote or impede corrosion. Thin flms of Pseudomonas fragi attach to mild 
steel along with planktonic suspensions of bacteria to decrease corrosion activity by 10× [Campaignolle 
1997]. Conversely, marine sulfate-reducing bacteria increase the electrical potentials that drive corrosion 
[Sahrani 2008]. 

At the higher organism level, using plants as living fences limits wind-blown material transfer, while 
providing carbon sequestration and biomass. Living fences require maintenance, proper siting, and 
proper species. The regenerative capability of shrub willows makes them economically competitive for 
controlling snow drifts, particularly on roadways [Zamora 2015]. 

13.2.3.10 Surfaces and Sealing Self-healing Performance Results 

Tests confrm that self-sealing surfaces can hold differential pressures. FRP composite panels with 
embedded encapsulated DCPD monomer liquid and wax-protected Grubbs catalyst seal fully following 
indentation-induced microcracking, as does the use of refowable thermally activated polymers [Moll 
2010] [Hurley 2011b]. 

Low earth orbit (LEO) is a very aggressive environment that works against surface durability, largely due 
to the presence of atomic oxygen. Polyimide-block-PDMS copolymers provide effective self-healing coat-
ings for LEO applications. The atomic oxygen interacts with the PDMS during erosion to produce a smooth 
toughened silica layer in a process analogous to forming a char layer on TPS materials [Fischer 2010b]. 

13.2.3.11 Self-cleaning Surface Systems Performance Results 

Superhydrophobic surfaces increase the durability of structures by preventing damage due to water 
ingress, such as freeze-thaw. Cementitious composites with superhydrophobic surfaces show an increase 
in freeze-thaw durability of over 100% [Muzenski 2015]. Concrete with hydrophobic surface treatments 
reduce chloride ingress to values on the order of 20% of that of untreated concrete [De Vries 1997]. 

The following are some of the techniques for increasing the durability of superhydrophobic surfaces, 
especially those with functionalized and easily abraded micro- and nanoscale textures: 

1. Alteration of Manufacturing Process Parameters: Tuning of process parameters when using 
microwave-assisted chemical vapor deposition optimizes both mechanical durability and water 
repellency [Wu 2004]. 

2. Sacrifcial Surface Elements: Large-scale sacrifcial surface elements, such as bumps and pil-
lars, protect fragile fne-scale surface textures [Huovinen 2014]. 

3. Dual Length Scale Texture: Superhydrophobic surfaces with texture at the micro- and 
nanoscales have mechanical stability superior to that of stand-alone micro- or nanotextures 
[Groten 2013]. 

4. Recovery from and Avoidance of Water and Ice Condensation: The condensation of water and 
ice onto a superhydrophobic surface negates the effects of surface texture. Recovery is possible 
through evaporation, but preventative mitigation has advantages [Yin 2011]. Superhydrophobic 
surfaces delay the condensation of ice, that is, frosting. Preventing the initial ice formation at 
seed points, such as due to dirt and debris, further delays frosting [Hao 2014]. 

5. Solvent-based Treatments: Laboratory tests of the durability of hydrophobic treatments on 
concrete surfaces in aggressive weathering environments fnd that solvent-based and heavily 
concentrated surface treatments perform better than the water-based treatments. The effect 
seems to be confned to the surface [Raupach 2005]. Increasing the binding of microtexture 
with solvents, such as tetrahydrofuran (THF), increases the durability of polycarbonate sur-
faces [Rios 2008]. 

Temperature affects the ability of superhydrophobic surfaces to repel water penetration by roll-off 
and droplet impact resistance. The increased viscosity of supercooled water causes droplets to stick to 
superhydrophobic surfaces more readily than those at room temperature [Maitra 2014]. 
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For photocatalytic self-cleaning surfaces, doping with low valence (Fe3+; Co2+; and Ni2+) and high 

valence (Mo5+; Nb5+; and W6+) cations improves the performance of photocatalytic titania-based surfaces 

that break down unwanted organic chemicals [Park 2004a]. LiNbO3 improves air quality better than 

TiO2 [Nath 2014]. Al +�W additives increase hydrophilicity while maintaining photocatalytic properties 

for applications, such as antifogging optical surfaces [Lee 2003]. 

13.2.3.12 Active Matter Self-healing Performance 

Origami usually folds materials along predetermined lines. The material must be thin enough to fold as 

a planar sheet, but thick enough to provide structural rigidity, along with carrying sensing and actuation 

mechanisms. Thickening with compound folding, that is, the folding of a fold, is a signifcant complica-

tion [Hawkes 2010]. 

Active origami material micropatterned with an internal anisotropic swelling actuation layer has a 

fgure of merit A/W2. A is the area of the fat sheet. W is the width of the folds. Values on the order of 
5,000 enable complex bending patterns, including the Miura-ori tessellation and Randlett’s bird [Na 
2014]. Shear and torsion are often superior methods of actuation, due in part to the homogeneous loading 
of the material [Liu 2013]. 

Many SMAs suffer from both functional and material fatigue. The introduction of Ti2Cu into pre-
cipitates increases the fatigue life of nitinol SMA up to 107 cycles by acting as sentinels that guide the 
phase transitions [Chluba 2015]. Fe-Mn-Si-based alloys have potential advantages over nitinol due to 
the increased temperature ranges and lower costs [Lee 2013d]. Ionic polymers recover shapes with hole 
closure effciencies ranging up to 80–95% over several hours [Huber 2005]. 

SMPs are sensitive to temperature extremes. Polyimide materials are durable high-temperature poly-
imides that are stable over temperature ranges of +150°C to −150°C [Xiao 2015]. 

13.3 Manufacturing of Self-healing Systems 

A complication with self-healing material systems is that many of the material transformations of manu-
facturing mimic damage processes. For example, high-performance FRP structural composites undergo 
heat-cure cycles during manufacture that may damage many liquid-healing agents. A workaround is 
vascular systems with two-part liquid-healing agents that withstand heat cycles up to 300°C [Dry 2008]. 

13.3.1 Self-healing Bulk Polymer Manufacturing Techniques 

The wide range of polymer types with potential for self-healing include crystals, liquid crystals, linear 
molecules, branching molecules with star and more complicated dendrimer shapes, supramolecular net-
works, and block copolymers. Controlling polymer variations generally comes from control of process 
conditions, especially those that affect hydrogen bonds with potential for self-healing [Montarnal 2009]. 

13.3.2 Microencapsulated and Heterogeneous Material 
Systems Manufacturing Techniques 

The mass production of microencapsulated material started in earnest in 1954 at the National Cash 
Register Corp. following the invention of formaldehyde shell strengthening by Barrett Green, originally 
for carbonless carbon paper applications [Gardner 1966]. 

The manufacture of microencapsulated liquid healing agent capsules requires the following: 

1. Emulsifying the Healing Liquid into Microdroplets: Rapid stirring is simple but results in a 
large variance of the droplet diameters. The Shirasu porous glass method forms droplets by 
pushing the healing liquid through a porous glass material producing droplets with a more 
uniform size distribution [Liu 1987]. 
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2. Encapsulating the Microdroplets: Placing a capsule around the microcapsule. 

3. Hardening and Strengthening of the Capsule Walls: Process the capsule to strengthen the walls 
so as to survive until needed for dissolution. 

4. Incorporating Functionality into Capsule Wall: Functionality increases the performance of the 
capsule, such as with temperature-dependent poly(N-isopropylacrylamide) that controls shape 
[Cheng 2007a]. 

Concrete is a composite material with properties that favor microencapsulated liquid healing to solid 
healing. The fabrication conditions are reasonably mild. The composition includes stones, sand, rein-
forcing, cement, multiple chemical admixtures, and microfoaming air-entrainment components. The 
chemical composition is an alkaline mixture of several constituents that hydrate and cure into a solid 
paste after mixing with water. Temperatures range between 0 and 50°C. An expedient formulation for 
concrete applications uses two-part microencapsulated system based on an oil core/silica gel process to 
encapsulate methylmethacrylate monomer as the healing agent and triethylborane as the catalyst, with 
an average capsule size of 4.15 μm (Figure 13.25) [Yang 2009b]. Encapsulation uses sulfonated latex 
particles to self-assemble into a formwork to create an encapsulation layer. A subsequent step releases 
the encapsulating formwork leaving a thin encapsulation layer of silica gel. 

The manufacture of microencapsulated liquid healing systems presents several practical issues: 

1. Dimension Control of Encapsulation: Key dimensions are wall diameter, wall thickness, and 
amount of encapsulated material. Capsule diameter and wall properties ranging from stiff to 
supple and smooth to spongy depend on controllable process parameters, such as temperature 
and surfactant concentration [Frère 2008]. 

2. Wall Toughness: Microencapsulation forms thin walls between two distinct liquid phases. 
Urea-formaldehyde capsules precipitate from an aqueous phase to the interface surrounding 
microdroplets of dispersed healing liquid. Success depends on proper interactions of reagent 
dispersal, stirring speed, and temperature [Cosco 2006]. 

FIGURE 13.25 Schematic illustration of the formation of the passive smart microcapsules. (From [Yang 2009b].) 
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3. Functionalized Wall Properties: Capsules with heterogeneous wall structures provide 
specialized functionality but require additional manufacturing steps. Microcapsules made with 
a layer-by-layer polyelectrolyte process provide highly selective triggers for release of the inter-
nal contents [De Geest 2007]. An alternative is electroformation to produce capsules with het-
erogeneous wall properties, including Janus particles [Rozynek 2014]. Electroformation uses 
capsules with mobile nanoparticle and/or colloidosome wall structures made of two or more 
different varieties. In a frst step, a DC electric feld rearranges the surface structure into an 
equatorial confguration. A second step merges the different types of microcapsules with elec-
trohydrodynamic fows. Merging particles leaves the spatial structures formed in the frst step 
largely intact but merged into a larger capsule. 

4. Dispersion Control: Proper dispersion in the material matrix controls overall healing system per-
formance, with the usual preference being a widespread uniform distribution, not aggregated. Silica 
coatings on microcapsules minimize aggregations [Jackson 2010]. Molecular scale dispersion of 
Grubbs catalysts improves the effciency of DCPD polymerization healing [Guadagno 2013]. 

13.3.3 Vascular Systems Manufacturing Techniques 

Vessel wall material is an important consideration. Success requires placing tubes in suitable locations, 
geometries, interior smoothness, wettability, fuidic conductivity, and leak integrity [Olugebefola 2010]. The 
walls may be neat solid matrix or may be lined with a different and potentially functionally active material. 

The following are some of the methods of manufacture: 

1. Insertion of Hollow Tubing: Place hollow glass fbers into the solid matrix concurrent with 
a liquid-to-solid matrix manufacturing step [Motuku 1999] [Trask 2007a]. Tube insertion 
helps with forming vascular channels, such as for cooling, in microelectronic or microelec-
tromechanical devices. An issue is that many manufacturing techniques derive from planar 
geometries, while vascular systems beneft from 3D architectures. Preplacing through-plane 
microfuidic channels in planar micro-manufactured systems is an alternative [King 2008]. 

2. Subtractive: Subtractive processes, such as laser ablation, cut vascular channels into an initially 
homogeneous solid. The geometry of subtraction favors 2-D over 3-D network structures [Qi 
2009]. A semiautonomous 3D subtractive process forms Lichtenberg trees inside solids with 
the discharge of high-electric-voltage potentials. The discharge burns a branching pattern that 
forms a viable vascular network [Huang 2009]. 

3. Additive then Subtractive: An additive process initially assembles the solid two-part mix 
of an insoluble solid matrix and a soluble vascular-forming material, such as wax or sugar. 
Dissolution removal of the wax or sugar leaves the solid matrix with hollow vascular network 
[Therriault 2005] [Lewis 2006] [Toohey 2007] [Bellan 2009]. Additive then subtractive meth-
ods allow for creating a material with two interpenetrating networks to supply two parts of an 
epoxy-based healing liquid system [Hansen 2009]. Tests with dual-component healing liquid 
vasculature show an ability to heal repetitively up through 30 damage cycles. 

4. Molding and Imprint: Templated molds allow for the mass production casting, embossing, and 
imprinting of features that form microchannels in solids. Patterning photoresist on fat surfaces 
produces molds with micrometer-scale features that readily print onto PDMS, which effectively 
seals with joining top and bottom pieces to form an elastomeric structure with microchannels 
[Duffy 1998]. 

5. Multicomponent Extrusion and Electrospinning: Flooding cables use self-healing liquids in 
a parallel-channel vascular arrangement. Multicomponent and multivoid extrusion produces 
cables with these confgurations in large quantities [Maunder 2007]. Related is electrospinning 
which uses high electric voltages to drive a thin flament of liquid out through a nozzle that then 
solidifes quickly. Electrospinning in a two-component core–shell arrangement makes hollow 
tube fbers with inner and outer layers and 5–10 μm diameters with PMMA/PAN solutions in 
dimethylformamide to precipitate tube-forming PMMA droplets [Bazilevsky 2007]. 
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FIGURE 13.26 Lithographic manufacture of superhydrophobic surface using PS-PMMA base. (From [Checco 2013].) 

13.3.4 Surface Manufacturing Techniques 

Manufacturing functionalized self-cleaning surfaces places micro- and nanostructures with emboss-
ing, imprinting, paraffn-coated thin wire arrays, and electrospinning of fuorinated polymers [Agarwal 
2006] [Li 2007b] [Ma 2006]. Figure 13.26 shows lithographic techniques. Table 13.2 lists manufacturing 
methods for self-cleaning micro- and nanoscale patterned superhydrophobic surfaces. 

13.3.4.1 Manufacture of Photocatalytic Self-cleaning Surfaces 

Most photocatalytic self-cleaning surfaces use particles of titania or similar semiconductors for activa-
tion. Standard manufacturing processes fx the titania to the outer layer of the surface. A method for 
antirefective coatings combined with photocatalytic self-cleaning inserts titania in micelles that self-
assemble into a coherent matrix layer held together by copolymers [Guldin 2013]. Steps must be taken 
when working with soda-lime glass to reduce the infuence of sodium oxide which lowers the photoef-
fciency of the titania [Paz 1997]. 

Process fexibility combines self-cleaning with other properties, such as optical transmittance. Most anti-
fogging surfaces use superhydrophilic techniques, typically with titania. Depositing a mixture of titania and 
a fuidic ester on glass at temperatures over 600°C produces an antirefective self-cleaning surface [Hurst 
2005]. Spin-coating SiO2 particles in an SiO2 sol combines antifogging and antirefective optical coatings 
[Zhang 2012a]. Another example is antirefective surface coatings with hierarchical layers of silica particles. 
Such coatings may be both optically transmissive and either superhydrophobic or superhydrophilic [Li 2010b]. 

13.3.4.2 Manufacture of Self-cleaning Fabrics 

Photocatalytic self-cleaning fabrics remove stains, deactivate chemical toxins, and exert bactericidal 
effects. The methods of manufacture are as follows: 

1. Binding: Bind particles to the surface, such as anatase nanocrystalline titania particles attached with 
a low-temperature sol–gel process followed by heat treatment with boiling water [Daoud 2004]. 

2. Additive: Nanoscale layer-by-layer additive technique with the possibility of functionalization 
and inclusion of nanoparticles. Radiation, such as UV, cross-links and toughens the interfaces 
between layers. Adding a durable superhydrophobic multilayer coating of photoreactive azido-
containing silica nanoparticle/polycation onto cotton fabrics [Zhao 2012]. 

3. Functionalizing: Functionalize polymer layers with covalent binding and stabilization of reac-
tive metal oxides, such as TiO2 [Drechsler 2009]. 
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TABLE 13.2 

Methods of Manufacturing Superhydrophobic Surfaces 

Approach Technique References 

Surface deformation Embossing [Thieme 2001] [Vorobyev 2015] 
[Guo 2004] [Telecka 2016] 

Wrinkling [Zang 2013] 

Removal of materials Lithography [Checco 2013] 

Plasma etching [Vourdas 2007] 

Laser etching [Nayak 2013] 

Electrolytic etching and machining [Ohkubo 2010] [Yang 2016] 
[Ruan 2013] 

Solvent etching [Erbil 2003] 

Addition of materials Electrochemical growth of porous layers [Vorobyev 2015] 

Dipping glass to coat with mix of polymer and [Sasaki 1998] 
silica particles 

Plasma deposition and roughening [Woodward 2003] 

Multilayer self-assembly with clay, Janus, and [Jisr 2005] [Zhang 2014] [López 2016] 
latex layers 

Molding [Zhang 2006] 

Functional nanoparticle layer, including Janus [Gao 2010b] [Yang 2015a] [Artus 2012] 
particles, silicone nanoflaments, etched silica, [Du 2011] [Lee 2013c] 
silica-fuoropolymer hybrids 

Covalently attached slippery liquids [Wang 2016] 

Combined methods with Chemical vapor deposition on micropattern with [Ma 2005] [Lau 2003] [Shibuichi 1996] 
deposition of material on hydrophobic fuoropolymers, PTFE on carbon [Kemell 2006] [Jeong 2012a] [Spathi 
micro- and nanopatterns nanotube forests, wax on fractal surface 2015] [Wong 2015] [Zhang 2011] 

patterns, pillar on pore anodizing and stearic 
acid on paper sludge ash, and nanoporous 
polymer chalk 

Combined methods with Erodible colloids in PTFE, etching of steel [van der Wal 2007] [Wang 2015b] 
removal of material in followed by silane surface layer addition 
micro- and nanopatterns 

13.3.4.3 Self-cleaning during Manufacture 

Self-cleaning of components during manufacture enables high-performance assembly and minimizes 
the need for subsequent cleaning process steps. Self-cleaning benefts the epitaxial assembly of 2D mate-
rials for micro/nanodevices [Kretinin 2014]. Graphene self-cleans surfaces by attaching to clean materi-
als with high carrier mobilities (60,000 cm2/(V s)), such as hexagonal boron nitride and tungsten and 
molybdenum disulfdes. The attachment kinetics are strong enough to squeeze contaminants into island 
pockets that minimize deleterious effect on device performance. Graphene does not self-clean materials 
with low carrier mobilities (1,000 cm2/(V s)), such as the fat-layered oxides mica, bismuth strontium 
calcium copper oxide, and vanadium pentoxide. 

13.3.5 Tank, Tire, and Vessel Manufacturing Techniques 

The manufacture of self-sealing fuid containment vessels, for example, fuel tanks and pneumatic tires, 
generally adds the capability as integrated manufacturing steps. Many processes use layup techniques 
that add materials to an inner mandrel, followed by a curing or fxation step, with the layup process 
inserting the functionality. Appendix B lists selected patents for the manufacture of self-sealing fuel 
tanks and tires. 
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13.3.6 Self-healing Wiring and Cabling 

Elongated cylindrical geometries drive much of the technology underlying self-healing wires and 
cables. Many techniques add active components around central conducting cores with tape wrap-
ping, exterior braiding, or extrusion. A primary advantage of tape wrapping and braiding is the 
fabrication of high-performance, possibly functionalized, materials as a separate preliminary step. 
Extrusion has the advantage of supporting long continuous production runs but requires the simulta-
neous addition of high-performance and/or functional components as part of the process. Expanded 
polymer foams are extrudable materials with versatile properties that can be used in self-healing 
cables. Water-induced swelling heals medium-power underground electric power transmission 
cables [Belli 2006]. 

13.3.7 Biohybrid Manufacturing Techniques 

Most biohybrid self-healing systems and materials are heterogeneous arrangements of materials. As 
an example, spinal implants beneft from the properties of high-performance polymers, such as PEEK, 
while also benefting from bone in-growth properties of ceramic hydroxyapatite. A manufacturing chal-
lenge is that ceramics require higher processing temperatures, motivating the use of bonding and ther-
mal protection layers, such as yttria-stabilized zirconia [Rabiei 2013]. Similarly, materials that promote 
tendon ingrowth have a geometry similar to tendon, that is, an aligned fbrous form. Electrospinning 
biocompatible and degradable polymers forms tendon scaffolding [Hakimi 2013]. 

13.3.8 Self-healing during Manufacture 

Manufacturing processes modify and assemble raw materials and components into fnished products. 
Many of these processes cause dramatic changes to materials and run the risk of introducing unwanted 
damage. Self-healing during manufacture can be very useful. Some examples are as follows: 

1. The in-place manufacture of concrete structures uses hydration processes in cementitious 
materials to solidify, that is, cure. Uneven distributions of water, especially at exposed surfaces, 
causes uneven swelling, which leads to cracking. Concrete with specialized additives, such as 
glycol and alcohol, absorbs moisture from the surrounding air and releases the moisture during 
cure to prevent cracking [Jau 2011]. 

2. Exfoliated hectorite clay heals defects in the manufacture of multilayer nanostructured materi-
als with new layers that expand and heal incompletely formed underlying layers using UV-based 
cross-linking [Vuillaume 2002]. 

3. The joining of polymers by reptation and similar diffusion processes is a healing tool for manu-
facturing. One application uses polymer diffusion to heal a skin of discrete latex-PMMA par-
ticles with a thermal annealing process [Canpolat 1996]. 

4. Directed self-assembly processes, including 3D printing, rapidly create a wide variety of useful 
shapes. Self-healing melds separate parts together at room temperature, such as ionic polyam-
ides [O’Harra 2020a]. Self-healing can also aid self-assembly based on minimizing free energy 
that produces localized defects with trapped free energy. Relieving these defects is possible 
with process-specifc solvent and thermal annealing [Hur 2015]. Small, even molecular scale, 
material bridges across the barrier reduce the required activation energy and promote defect 
healing. 

5. The manufacture of FRP composites is often a layup process that inserts components in 
heterogeneous arrangements to create parts with enhanced capabilities. It is possible to 
fabricate a composite with islands of thermoplastic and thermosetting plastic using a heat 
cure cycle that hardens the thermoset while the thermoplastic island remains largely intact. 
Such an arrangement heals damage, including delaminations, by thermoplastic refow 
[Hodzic 2016]. 
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6. Electronic components provide multiple opportunities for self-repair during manufacture. 
Tantalum capacitors with magnesium dioxide (MnO2) cathodes suffer from a failure mode 
where large surging currents form a localized conductive path that heats the dielectric 
matrix to over 480°C and converts Ta2O5 from an insulating amorphous state into a crys-
talline conductive state. The phase change leads to positive feedback with increased con-
ductivity that increases the heat load and causes ignition. It is possible for the capacitor 
to self-heal with a cathode that seals off the conductive path through the formation of an 
insulating Mn2O3 cap when temperatures go over 380°C. Scintillation conditioning during 
manufacture accentuates the healing by applying microampere-level constant current load-
ing to the capacitor to induce insulator breakdown that then self-heal forming a scar that 
resists future breakdowns [Fritzler 2014]. 



 

 

 
 

 

 

 

 

 

14 
Future Directions 

This chapter contains a selection of present-day trends, potential tools, and opportunities for future 
developments in self-healing technologies. 

14.1 Materials with Agency for Wound Healing 

Materials with agency, that is, programmable and active matter, change shape, properties, and overall state 
in response to a stimulus by acting with a purpose [Ball 2023]. Imagination and the laws of physics are 
perhaps the only limits on the possible uses of these versatile material systems [Meng 2010] [Popkin 2016]. 

Living biological tissue is an extreme example of active matter with agency. Living tissue transduces 
available chemical energy into actuation, growth, and healing [Ramaswamy 2010]. In some animals, 
such as salamanders, the loss of a limb produces biochemical and mechanical signals to induce cells 
to transform from a differentiated state to a germ-like state, which then initiates regenerative healing 
growth and future differentiation [Zhu 2012]. Plants have stronger abilities to change and adapt body 
form to heal injuries and adapt to local circumstances. 

Softening, swelling, fowability, and solubility are possible state changes that promote healing on 

the scale of large wounds. Change in shape and stiffness combined with growth closes wounds and 

regenerates damaged components. The statistical mechanics of active matter extends simple collision 

and interaction behaviors between particles to describe emergent macroscopic behaviors. For example, 

angle-dependent interactions between flamentary particles that align particles at the molecular scale 

produce polar vortex-type patterns at the macroscale [Suzuki 2015]. Antagonism and prestress enhance 

the performance of active material systems [Baumann 2018]. 

14.1.1 Programmable and Active Matter: Enabler of Wound Closing 

14.1.1.1 Stiffness Change 

Solids with strength and stiffness that change when needed enable large material movements needed 

to support wound closing. Molecular scale, nanoscale, and microscale mechanisms lead to stimulus-

response stiffness change [Flores 2013]. Controlling the percolation of mechanical contacts between 

embedded stiff particles switches a material matrix between soft and stiff states [Shanmuganathan 2010]. 

The biomimetic approach of adding and removing materials, as in Wolff’s law description of load-driven 

remodeling of bones, is conceptually simple but challenging to execute with most materials. Anisotropic 

material property change may be easier to implement. Table 14.1 lists additional possibilities. 

14.1.1.2 Shape Changing Solids that Undergo Large Controlled Deformations 

Wound closing, load shifting, topological change, and movement of healing materials all are possibilities: 

1. Volume Changes with Minimal Shape Distortion: These are isotropic shape changes in a mini-

mally constrained homogeneous body. Possible mechanisms are as follows: (a) Changes in 

temperature that cause thermoelastic swelling or contraction. (b) Swelling by imbibing liquids. 

(c) Molecular cleavage and/or cross-linking of isotropically oriented molecules [Shi 2008]. 

2. Shape Distortion with a Relatively Small Volume Change: Many elastomers and gels deform 

by distortion with minimal volume change. Liquid crystal elastomers change shape with aniso-

tropic and spatially varying patterns due to micro- and nanoscale features with macroscopic 

orientations [Pei 2014]. 
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TABLE 14.1 

Selected Stimulus-Response Stiffness Changes in Solids 

Material Stimulus Response References 

Mix of thermoplastic with Thermal cycles Reversible softening and stiffening of [Koerner 2004] 
elastomer thermoplastic component combined 

with elastomer 

Cross-linked shape memory Thermal cycles Reversible alteration of cross-links [Gheneim 2002] 
polymer (SMP) softens and stiffens [Leng 2009] 

SMP with magnetic Cyclic magnetic felds Heating of nanoparticles induces thermal [Kumar 2010] 

nanoparticles shape memory alteration of stiffness 

Liquid crystal elastomers with Repetitive low-frequency Stiffens by up to 90% with alignment of [Agrawal 2013] 

a nematic phase compressive loads the nanocrystal structure 

Composite metal mesh with Electrical stimulation Strength changes up to 45% and [Jin 2011] 

electrolytic phase localized self-healing 

Elastomers with embedded fbers External neural mimic Reversible softening and stiffening that [Trotter 2000] 

that reversibly cross-link mimic echinoderms 

Deep subsurface printing- Acoustic and ultrasonic Self-enhanced thermal acoustic absorber [Kuang 2023] 

patterned solidifcation with thermal initiator for thermosetting 

hydrogels and nanocomposites 

Rat and human fbroblasts Cyclic stretching Anisotropic frequency-dependent [Jungbauer 2008] 

reorientation 

3. Volume and Shape Distortion with Constraining Layers: Materials with embedded anisotro-

pic molecular structures, nanostructures, and/or microstructures change macroscopic shape in 

response to simple bulk deformations, such as swelling. Specifc geometric arrangements of 

layer plies produce specifc movements, with dimensions that are often smaller than that of the 

overall macroscopic motion (Table 14.2). Flat rectangular members with swelling layers run-

ning as stripes at 45° cause a fat plate to curl into a helix (Figure 14.1). 

TABLE 14.2 

Controlled and Anisotropic Deformation of Materials and Structures with Homogeneous Swelling and 

Heterogeneous Stiffness Constraints 

Material or Structure Constraint Geometry Motion References 

Flat plate 

Swelling needle tip to 

produce strong mechanical 

interlock 

Bands with 45° alignment 

Stiff inner layer with compliant 

outer layer that guides swelling 

intermediate layer 

Plate curls into helix 

Bulbous swelling of tip 

[Wu 2012b] 

[Yang 2013] 

Elastomeric pneumatic Elastomer chamber walls Anisotropic motions [Liu 2012a] 

actuator, pneumatic springs, constrained with stiff material [Shepherd 2011] 

McKibben actuators, soft 

robots, and bimorphs 

Thermoresponsive actuation Hydrogel with layered nanosheets Electrostatic actions cause gels to [Kim 2015c] 

resist compression, but deform 

easily in shear 

SMP Internal anisotropic patterns of rod Enhanced anisotropic motion, [Xu 2010a] 

and fber-shaped nanoparticles, actuation [Behl 2013] 

and crystal structure 

Dielectric polymer actuator Internal fbers and molecular Controlled deformation and [Koh 2011] 

structures improved performance of 

actuator motion 

Crystalline solid Nanolattice fence Collosal anisotropic negative and [Goodwin 2008] 

positive thermal expansions 

Soft solid Tying with loops, knots, and Constrained movement of soft [Wisner 2002] 

stitches material 
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FIGURE 14.1 Striped layers with different swelling convert fat plate into helix. (From [Wu 2012b].) 

An example application of state change for healing is the binding of soft materials together 

with an active barb needle that initially penetrates as a sharp point and then swells to introduce 

a strong interlock (Figure 14.2) [Yang 2013]. 

4. Stimulated Shape Changes: External stimuli, such as electric felds, magnetic felds, and 

illumination, lead to large shape changes (Table 14.3). 

5. Prestressed Solids with Elastic Shape Change: Internal prestress in solids alters mechani-

cal behavior and failure modes. Prestressing eliminates tension stresses that may cause 

cracking and accentuates self-healing through both antagonistic and material bias effects. 

The release of prestress activates large healing actions, such as wound closing or shape 

recovery. 

Prestress spans molecular to macro length scales. Polybutadiene treated with difuorocar-

bene is a polymer with antagonistic tension-induced contraction properties [Lenhardt 2010]. 

Stretching the polymer triggers a transition to a shorter isomer, which promotes macroscopic 

shortening. Inserting cuts with coherent aligned patterns during specifc thermal cycle phases 

introduces large prestresses into SMPs that improve and dramatically alter performance 

[Viry 2010]. 

FIGURE 14.2 An active barb swelling needle tip produces a strong interlock into a soft material. ([From Yang 2013].) 
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TABLE 14.3 

Electric Field, Magnetic Field, and Illumination Stimulated Large Deformations of Solids 

Material or Structure Stimulus Motion References 

Elastomer Large electric felds inducing Large deformations in directions [Anderson 1986] 

Maxwell stresses normal to electric feld vectors [Rasmussen 2012] 

Perovskite multiferroic crystal, Electric feld Shape memory martensitic [Zhang 2013] 

bismuth ferrite transformations with strains up 

to 14% 

Carbon nanotubes (CNTs) in Thermal or electrothermal Shape memory transitions into [Aliev 2009] 

aerogel matrices torsion and axial motions of 

coiled spirals 

Stimulus-responsive polymers Electrochemical Molecular folding and unfolding [Ionov 2010] 

of polymer chains 

Protonated oxides or solid acids Infusion of water between Anisotropic swelling of 100×� [Geng 2013] 

with nanolayered structure layers and long-range 

structuring of H2O 

Graphene-elastic composite Light with spatial patterns Finger-like fexing and crawling [Wang 2013b] 

hydrogel 

Photosensitive reticulating Light with spatial patterns Spatial control of actuation of [Li 2015] 

polymers polymer gels 

14.1.2 Intermediate 2D and 3D Foams and Cellular Materials 

Cellular macroscopic materials are made of small cellular components. Cellular materials may undergo 

large, rapid, adaptive, and tunable material property changes while retaining all the underlying cellular 

structure. Internal mechanical structures in cellular solids, such as latches and shape memory effects, 

control deformations that may be relatively small at the cellular level yet manifest as large deformations 

at the macroscopic scale (Figure 14.3) [Mehta 2008]. 

SMPs provide thermomechanical functionalization for active foam materials [Di Prima 2007]. This 

includes foams that can undergo 90% volume deformation while retaining original foam structure and 

containing viable with living cells [Bencherif 2012]. It is challenging but possible to make cellular mate-

rials out of tough and durable materials such as polyimides (KaptonTM), PTFE (TefonTM), and metals 

[Vazquez 2005] [Weiser 2000]. 

FIGURE 14.3 Cellular material with large deformation constrained by contact mechanism to produce combined compli-

ant and stiff material. (Adapted from [Mehta 2008].) 
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14.1.3 State and Property Changing Gels, Blobs, and Liquids 

Gels have a microstructure consisting of a flamentary cross-linked network supported by interstitial 

molecules. This heterogeneous structure provides a platform for a variety of functional behaviors [Oh 

2008]. Most gels, liquids, and blobs of soft material deform easily under load, with small expenditures of 

energy. As such, these materials have a large capacity for advanced self-healing (Table 14.4). Toughening 

the materials and controlling the behaviors remains a challenge. 

Stiffness, Viscosity, and Flowability: The stiffness and fowability properties of liquids, gels, and 

blobs derive from interactions at the molecular, nano, and micro levels. Altering these small-

length-scale interactions alters the macroscopic stiffness and fowability properties. 

Conglomeration and Growth: Controlled conglomeration at point of damage heals the damage. 

Liquids that are normally free-fowing repair damage by conglomerating to fll a wound with 

a solid mass of healing material. Control requires particles that conglomerate only near to an 

unhealed wound. Figure 14.4 shows muscle-like self-healing and growth of a complex gel fol-

lowing mechanical loading. Table 14.5 lists active conglomeration systems with potential for 

self-healing. 

TABLE 14.4 

Selected Gels and Blobs with Controllable Shape and Material Property Changes 

Possible Healing 

Material or Structure Stimulus Motion Action References 

Soft material inside Electric feld Shape change driven by Wound closing [Trau 1995] 

another soft material Maxwell stress 

Blob with printed ionic Electric feld Controllable shape change Wound closing [Palleau 2013a] 

patterns driven by ionic patterns 

and feld 

Active skin surrounding Skin movement and Controllable area and Wound closing [Arroyoa 2014] 

blob shape change volume preserving shape 

changes, as in 

euglenoids 

Myosin molecular Activation of myosin Shape change and even Wound closing [Alvarado 2013] 

motors in cytoskeletal motors damage to blob 

meshes 

Metallo-supramolecular Thermal cycling Reversible large changes Wound closing [Beck 2003] 

Polymers in stiffness 

Cross-linked molecular Change in chemical Change in stiffness Wound closing [Scott 2005] 

networks environment cleaves 

cross-links 

Cross-linked molecular Change in chemical Release of trapped Signaling [Oh 2008] 

networks environment functional molecules 

into environment 

Lipid vessels with Topological defects Formation of dendritic Crack, tear, and [Keber 2014] 

nematic flms formed by aligning elements mimicking wound bridging 

fbers on surface flopodia protrusions 

Gel with secondary Changes in capillary Large changes in stiffness Wound closing [Koos 2011] 

immiscible fuid forces among particles of primary gel 

of secondary fuid 

Gel with micelles that Addition of Factor of 5,000 decrease Delivery of healing [Molchanov 2007] 

change shape from hydrocarbon switches in viscosity liquids 

worm-like to spherical micellular shape 

Generic simulated Mechanical Oscillatory Mechanical damage [Kuksenok 2007] 

active gel deformation mechanochemical stimulates healing [Yashin 2007] 

Belousov–Zhabotinsky chemical reaction 

waves 
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FIGURE 14.4 Self-growth of complex gel material by mechanical loading that introduces local damage and then stimu-
lates conglomeration growth. (a) Mechanical training of a muscle. (b) Self-growing materials. (c) Mechanical training of a 
double-network gel. (From [Matsuda 2019].) 

TABLE 14.5 

Active Conglomeration Systems with Potential for Healing 

Material or Possible Healing 

Structure Stimulus Action Action References 

Gel that dissolves and 
reforms as a gel 

Transmutable 
nanoparticles 

Linear co-block 
polymers with 
differing solubility in 
blocks 

Living supramolecular 
polymer 

Gel with electrically 
sensitive ellipsoidal 
Janus particles 

Complex fuid with 

active nanoparticles 

Complex gel 

Star-shaped polymer 

molecules with 

functionalized arms 

Programmable DNA 

response 

Temperature change 

Artifcial prion 

infection 

Electric feld 

High shear rate with 

leak 

Mechanical loading 

Switching stickiness of arms 

switches gel to solution and 

back to gel 

Reconfgurable surface ligands 

Thermoresponsive aggregation 

and focculation 

Porphyrin-based monomers form 

nanoparticles and nanofbers 

Stiffness and shape change 

Jamming and gripping of 

particles 

Conglomeration after local damage 

due to mechanical loading 

Release of gel to 

fow into wound 

and re-gel 

Damage-specifc 

conglomeration 

Clotting 

Clotting 

Electro-coagulation 

and wound healing 

Mimic clotting to 

stop leaks 

Muscle-like repair 

and growth 

[Kamada 2010] 

[Kim 2016b] 

[Skrabania 2007] 

[Wang 2012f] 

[Ogi 2014] 

[Shah 2015] 

[Chen 2013] 

[Matsuda 2019] 
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Complex materials such as foams, gels, and porous solids house healing agents for release when and 
where needed. Critical design considerations include the dimensions that control the release. Systems for the 
controlled release of large molecules, such as proteins, in biomedical applications could provide guidance 
[Baldwin 2012]. Larger items, such as nanoparticles, need larger apertures to fow. An interesting aspect of 

these complex materials is the potential for decoupling and separately controlling the macroscopic material 

properties and the micro- or nanoscale actions that release internally stored healing agents [Grindy 2015]. 

14.1.4 Topological Manipulation and Healing 

Control over internal connectivity of structures and machines, that is, the topology, has profound effects on 

the overall stiffness, mechanical mobility, and degrees of freedom of structures and machines. These tech-

niques include internal latching – as shown in Figure 14.3; origami – the folding and unfolding for deploy-

ment of planar elements into 3D structural and machine element systems; kirigami – the closely related set 

of processes that also includes cutting and gluing operations; and stitching, bridging, and weaving. 

14.1.5 Origami and Kirigami 

Origami and kirigami appear in biological structures, art forms, and deployable engineered structures. 

Simple methods fold and unfold plate-like forms along linear hinges or creases. More complicated forms 

use fexible cloth-like members and even ones that grow. Protein folding is an extreme example of what is 

possible – something that is at present only crudely represented by polymer and supramolecular systems. 

Applications range from nanoscales to macroscopic scales (Table 14.6) [Stellman 2007]. 

TABLE 14.6 

Engineering and Self-healing Applications of Folding and Origami 

Material Fold Type Product or Action References 

Submillimeter scale Hidden DOF with geometrically Mechanical metamaterials [Mahadevan 2005] 

self-folding polymer gel restricted square Miura-ori 

folds 

Thermoresponsive polymer Reversible curling of sheets Thermal actuator that causes [Simpson 2010] 

(PDMS) constrained by materials to bend and curl 

insensitive material layer 

Silicon nitride plates with Elastocapillary folding Actuated reversible folding of plates [Legrain 2014] 

fexure hinges with addition and removal of water 

Submillimeter scale planar Enzyme-specifc triggered shape Mesoscale mechanical actuation with [Bassik 2010] 

devices with lithographic changing material layers chemical stimulus 

pre-patterning of fold 

geometry 

Composite panels with Origami for functional devices Actuated folding of plates with shape [Felton 2014] 

embedded electronics memory composites 

Microscale silicon ribbons Multi-wave buckling Self-assembling micro spirals, [Xu 2015] 

waves, and structures 

Elastic structure with Hinged joint and buckling with Rapid out-of-plane motions, for [Holmes 2007] 

in-plane stress snap-through elastic instability example, Venus fy trap and lids on 

baby food jars at macroscale, and 

active materials at microscale 

Buckliball spherical Snap through folding buckling Reversible collapse to smaller [Shim 2012] 

structures volume 

Planar structures with Curling and warping of edges, Spontaneous regenerative formation [Shenoy 2012] 

in-plane deformations and often with fractal geometries of favorable edge geometries [Sharon 2004] 

compliant free edges [Kim 2012a] 

Living animal tissue Tissue folding Apoptotic epithelial cells pull and [Monier 2015] 

induce cellular remodeling at 

creases 
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14.1.5.1 Kinematic Synthesis 

The sequence of folds, cuts, and gluing of joints to produce desirable outcomes with origami is relatively 
easy to reproduce. It is generally much more diffcult to do the inverse, that is, synthesize a sequence 

with desired properties [Hawkes 2010] [Castle 2014]. While methods of determining favorable folding 

sequences largely remains more of an art than matters of scientifc investigation and engineering analy-

sis, recent advances are moving toward more systematic approaches [Silverberg 2015] [Rafsanjani 2017] 

[Walker 2022] [Liu 2024]. 

14.1.5.2 Activation and Regulation of Origami Folding 

Autonomous origami systems require the means to actuate folding. Folding and latching into 

place results in an equilibrium state that minimizes potential energy. The changed geometry 

creates new vistas of energy minimizing configurations for subsequent folding actions [Hawkes 

2010]. Random agitation with selective click binding, often with DNA molecules, implements 

origami at the molecular and nanoscale (Figure 14.5) [Rothemund 2006] [Wei 2012] [Douglas 

2009] [Zhang 2015a]. 

Similar to folding, unfolding produces large shape changes. Prestress and antagonism, largely imple-

mented through elastic and plastic deformations, promotes unfolding [Arora 2007]. Looping of poly-

mers, such as with quadruple hydrogen bonding of 2-ureido-4-pyrimidone (UPy), creates a designer 

molecule that unloops when loaded, but remains intact, allowing for large and potentially recoverable 

deformations [Guan 2004]. Likewise, enzyme activation of spatially selective material swelling induces 

folding for submillimeter scale gripper actuation [Bassik 2010]. 

FIGURE 14.5 Control of binding at vertices leads to formation of polyhedral molecular shapes. (From [Zhang 2015a].) 
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FIGURE 14.6 Coiling, unfurling, and recovery of planar SMP shapes actuated by soaking in warm water. 
(From [Wang 2018].) 

Chiral wrapping and unwrapping of structural elements from arrays of central spools is a hinge 
less folding and unfolding technique. Inspiration comes from seed husks of arid condition plants that 
open when wet conditions favor germination. A hierarchical microscale anisotropic cellular structure 
swells anisotropically when wet. Arrays of tubular structures constrain the swelling material to exert 
a macroscale hinge actuation. Water also softens the material to aid in the actuation [Harrington 2011] 
[Rossiter 2012]. Figure 14.6 shows a system using SMPs that coil, unfurl, and recover shape by soaking 
in warm water [Wang 2018]. 

14.1.6 Distributed in-plane Deformations 

In-plane deformations and stresses cause compliant planar sheets to curl and warp. Controlling the 
distribution and magnitude of the in-plane forces controls the deformation. Localized contraction of 
thin layers placed offset from the centroidal plane cause out-of-plane curling that appears macroscopi-
cally as folding at a crease, or as bucking. This curling−folding effect causes local geometric stiffen-
ing, which increases the buckling wavelength, causing a hierarchical cascade of buckling wavelengths. 
Leaves, fowers, and a variety of engineered sheets, including torn plastic, may take on these forms 

(Figure 14.7) [Sharon 2004]. 

FIGURE 14.7 Hierarchical edge buckling pattern on edge of torn and stretched sheet of plastic. 
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FIGURE 14.8 Temperature-controlled inflling and plugging of pores with nanoscale polymer brushes: (a) T >�Tc fbers 

curl and pores open. (b) T < Tc fbers unfurl and pores close. (From [Lokuge 2007].) 

14.1.7 Controlled Porous Solids 

Solids that switch between different states of fuid permeability are useful in a variety of self-

healing, self-sealing, and self-cleaning applications. Pores vary in size from the molecular to mac-

roscopic scale. 

Molecular scale opening and closing of pores through torsional motions of peptides arranged in a 

crystalline structure is a viable gating technique. Pressure and the presence of chemical species controls 

the torsional confguration and porosity of the solid [Rabone 2010]. 

Combinations of active gels and mesoporous networks switch permeability. Hybrids made of 

ordered nanoparticles (silica) with interstitial active polymers (poly(N-isopropylacrylamide)) form a 

porous network that regulates by thermally activated swelling and shrinking polymers [Fu 2007]. 

Nanoparticles act as keys to open and close pores while providing specifcity as to which molecules 

traverse the pores [Astier 2009]. Thermally switchable nanopore plugs made of nanoscale polymer 

brushes seal and open surfaces to material transport (Figure 14.8). Magnetic felds control the porosity 

of gels made of ferrous material [Zhao 2010]. 

Chemically selective switchable surface permeability enables chemically stimulated delivery of heal-

ing agents. For example, the presence of sugar on colloidal particles makes them sticky so that they form 

surface flms that differentiate protein adsorption [Bae 2005]. Stimuli responsive behavior with respect 

to pH, ionic strength of the colloidal solution, and temperature governs the formation of the sugar-

colloidal protein selective flms. 

14.1.8 Yarns, Textiles, Basket Weaving, and Stapling 

Yarns are twisted strands of fbers. Yarns comprise hierarchical layers in fabrics, ropes, and cables. Some 

functional materials twist and braid into yarns. Others require assistance, such as rolling sheets of thin 

material into spirals with layers of guest particles much like a stromboli [Lima 2011]. Figure 14.9 shows 

the 3D printing of helical multi-material flaments using a rotating print head. 

The geometry of a helix converts torsional deformations and motions into length changes, and vice 

versa. Axial stretching or compression of a coil spring corresponds to torsional deformation of the spring 

wire. Twisting active materials into yarns and then into hierarchical helical arrangements creates length-

changing string actuators with high-performance long-length strokes driven by a wide variety of physical 

mechanisms, that is, light, electricity, chemical reagents, solvents, and vapors [Lima 2012] [Chen 2015c]. 

DNA assembly of particles with unique programmable click binding between particles promotes the 

molecular scale assembly of a variety of sophisticated molecular structures, including those built with 

molecular scale basket-weaving techniques [Ke 2011]. 

14.1.9 Functionalized Surfaces 

Surfaces between structural components and the environment and are the site for many self-healing 

applications. Surfaces selectively transport materials, stress, and heat. Functionalized surfaces enhance 
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FIGURE 14.9 Three-dimensional printed helical structure using rotating multimaterial print head. Scale bar is 1 mm. 
(From [Larson 2023].) 

self-healing by changing properties under control, such as adherence, porosity, stiffness, shape, and 
color, as needed (Table 14.7). 

14.1.10 Highly Integrated Synthetic Skins 

Material systems with many of the properties of animal skins, for example, mechanical compliance, 
controlled permeability, sensation, regeneration, and self-healing, have many advantages. Technical 

TABLE 14.7 

Selected Mechanically Active Surfaces 

Surface Type Product or Action Potential for Self-healing Reference 

Self-assembled molecular Molecular motor that switches from Capture or release of specifc [Bunker 2007] 

layers that contain functional capturing specifc molecules to self-healing reagents, 

supramolecular structures releasing them possibly as chemical signals 

Photochromic diarylethene UV light reversibly switches from Nanotexture change affects [Irie 2001] 

single crystal smooth to nanotextured surface hydrophobicity and 

self-cleaning of surface 

Hydrogel with switchable Thermally switchable hydrophobic phase Self-cleaning surface [Chang 2007] 

surface friction collapse switches surface friction 

Hydrogel with switchable Functionalize the surface with Active patches for hydrogels [Rose 2014] 

adhesion nanoparticles 

Dry adhesive combined with Thermally reversible peeling Active patches for solid [Xie 2008] 

SMP patch elements 

Graphene oxide membrane Electric feld creates ionized Active delivery of liquids [Zhou 2018] 

with switchable liquid nanochannels that allow liquid through membranes 

permeability to fow 
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FIGURE 14.10 Circuit boards with capability of transitioning from stiff to soft and compliant using combination of 
organic thin flm transistors and SMP substrates. (From [Reeder 2014].) 

advances toward this end include (1) a nanowire active-matrix circuitry for low-voltage macroscale arti-

fcial skin based on a grid of addressable crossing arrays of parallel strand nanowires [Takei 2010] and 

(2) electronic circuit boards made with organic thin flm transistors and SMP substrates that transition 

from stiff to soft and compliant electronic systems (Figure 14.10). 

14.2 Active Agents 

14.2.1 Active Dendrite Growth 

Dendrites are elongated micro- and nanoscale features that grow from solid surfaces, sometimes with 

branching. Dendrites usually grow by adding material at the free end, but sometimes grow by adding to 

the base. Dendrites that grow long enough to span from one structure surface onto another change struc-

tural topologies and exert self-healing action with minimal material transport. Dendrites bridge cracks, 

establish electrical conductivity, and aid in the jamming of granular media. 

Molecular scale dendrites, known as dendrimers, aid in controlled adsorption, release of chemicals, 

ease of access to molecules by diffusion through bulk materials, and the formation of fractal-like 

hierarchical structures with branching structures for releasable adhesives [Svenson 2005] [Yu 2012] 

[Suh 2000]. 

Controlling geometric patterns of dendritic growth facilitates healing with the following: (1) Crystal 

Orientation: When dendrites grow out of a crystal, the underlying orientation controls the direction of 

growth [Sone 2007]. (20 Mechanical Loading: Mechanical loads induce a gradient of the internal stress 

distribution inside of a flament to alter the direction and location of new fber growth. The effect occurs 

at the nanoscale with actin flament. New fbers grow by bending and spawn on the convex side of the 
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FIGURE 14.11 Twisting and bending of nanoscale actin flament spawns new flaments. (From [Risca 2012].) 

curved section of bent fbers (Figure 14.11) [Risca 2012]. This leads to stress- or strain-adaptive flamen-

tary growth response. 

Active crack bridging is a fruitful line of self-healing development (Figure 14.12). Small-scale bridges 

are those that are smaller than the crack length. A large-scale bridge has dimensions on the order of the 

crack length [Tan 2012a]. 

Some methods of active bridging are as follows: 

1. Fluctuating Conditions Shepherd Particle Conglomeration into Dendrites: Dendritic struc-

tures formed by the conglomeration of particles attaching particles to the end. Entropy may 

drive the attachment process. A complication is that the entropy landscape changes as each 

particle attaches to the chain. Periodically altering the environmental conditions injects free 

energy into the system. The free energy mobilizes the particles and makes them more suscep-

tible to falling into an energy well by dissipative processes and attaching onto the end of the 

dendrite. Alternating magnetic felds act on suspended magnetic particles to produce dynamic 

self-assemblies of wire and arrays of spinners [Kokot 2015]. 

2. Crack Surface Formation: Crack surface free energy initiates dendrite. 

3. Electrochemical Conditions: Crack surface chemistry and electrochemical environment in 

tight cracks promote dendrite formation. 

4. Stress Modulated: Stress provides free energy for dendrite formation. 

5. Network Formation inside the Gel-like Material: Complex liquids, colloidal suspensions, and 

gels are soft materials made of multiple interdispersed and organized constituents. Growth and 

formation of networks of internal flaments alters the strength and stiffness of the material, 

often in a tunable manner [Köhler 2011] [Karan 2016]. 

FIGURE 14.12 Dendrite crack bridging relieves stress at tip. (a) Crack forms. (b) Dendrites grow. (c) Dendrites bridge. 
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FIGURE 14.13 Formation of dendritic elements, that is, streaming flopodia-like protrusions, out of lipid vesicles at topo-

logical defect sites in nematic flms consisting of microtubules with molecular motors. (From [Keber 2014].) 

6. Filopodia-like Protrusions: Grow out of lipid vesicles by nematic flms consisting of microtu-

bules with molecular motors (Figure 14.13). The impetus of dendrite formation is topological 

defect that inevitably arises as a center when aligning fbers on the surface of a sphere. 

7. Molecular Self-assembly: Chains of macromolecular structures form spontaneously as part 

of a thermal phase change. Small peptide molecules initially assemble into a lamellar plaque 

structure that upon cooling converts into macroscopic fbrils [Zhang 2010]. 

14.3 Healing Networks 

14.3.1 Vascular Control 

Vascular healing systems typically need to regulate the amount of fowing material to heal when and 

where needed. Table 14.8 lists some of the possibilities. 

TABLE 14.8 

Active Vascular and Fluid Transport Systems 

Vascular System 

or Component Product or Action Potential for Self-healing Reference 

Vessel walls Swelling and deswelling surface- Regulate fow to mimic [Gabriel 2007] 

attached polymer brush molecules infammation 

Flexible polymer vessel walls External mechanical actuation alters Regulate fow to mimic [Gray 2012] 

fow infammation 

High-fow resistance of viscous Thixotropic, non-Newtonian shear Easy fow for better material [Zhao 2004] 

fuid in narrow vessels thinning transport with narrow vessels 

Surface with pre-patterned Movement of droplets by selective Localized transport of healing [Ko 2014] 

electrodes electrowetting droplets 

Liquids with permanent Cage pores with potential chemical Facile delivery of healing [Giri 2015] 

porosity due to molecular species selectivity and solvent- chemicals 

cages controlled bulk viscosity 
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FIGURE 14.14 Shear-induced conglomeration of particles with sticky polymers. (a) Non-shearing fow with low viscosity 

carries particles and nonsticky folded polymers. (b) Shearing fow unfolds polymers to become sticky. (c) Sticky polymers 

conglomerate particles and jam fow. 

14.4 Healing Tools 

14.4.1 Jamming 

Complex fuids containing sticky polymers and colloidal particles conglomerate in shear fows that 

mimic aspects of blood clotting (Figure 14.14) [Chen 2013a]. Active particles accentuate jamming by 

congealing and attaching to one another in response to specifc cues. One possibility is sensitivity to 

deformation that alters the shape and sticking activity of molecules. Soft hydrogels bind and release syn-

thetic microparticles coated with antigen bioproteins triggered by deformation [Galaev 2007]. 

14.4.2 Active Wicking 

Wicks transport fuids through capillary actions. Active wicks provide enhanced functionality, such as 

increased transport and triggered responses. The wicking transport of material through spatially peri-

odic structures at micro- and nanoscales benefts from periodic contractile actions that tune micro- and 

nanoscale fow dynamics to the spatial structure [Ahn 2015]. For example, oil-absorbing magnetic par-

ticles remove unwanted oil from bird feathers in a two-step process where the particles frst absorb the 

oil and then magnetic felds remove the particles [Orbell 1999]. 

14.5 Coordinated Signaling and Repairs 

14.5.1 Directed Assembly 

Coordination accelerates and accentuates self-healing. Simple coordination uses damage-triggered 

repairs. More complicated coordination includes competing antagonistic and cooperating synergistic 

effects [Heuser 2015]. An overarching theme of self-healing in living biological systems is a damage-

scale-dependent response with integration over length scales ranging from the macroscopic all the way 

down to the molecular. These natural actions inspire future directions for the control and coordination 

of human-built self-healing systems. Enabling technologies, that is, sensing, signaling, actuation, and 

repair, combine with holistic control systems. 
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14.5.2 Signaling 

Advanced domain-specifc signaling techniques may prove advantageous for engineered self-healing. 

Signaling sends information from a sender to a receiver in the form of physical quantities that differ 

from naturally occurring random confgurations. Signaling in biological systems occurs through both 

biochemical and neurological pathways. In machines, structures, and systems, the signaling paths are 

electronic with optical, fuidic, and acoustoelastic pathways. 

14.5.2.1 Damage-driven Signaling 

Transducing and signaling damage are important components of self-repair processes. Many forms of 

damage growth comprise multiple competing and cooperating physical processes. This leads to multiple 

opportunities for chemical, electrical, mechanical, and optical damage-driven signaling (Table 14.9). 

Ideally such signals should identify the type, location, and extent of the damage. An example is cyclobu-

tane-containing polymers of tricinnamates. Cracking of the material breaks the tricinnamates molecules 

into detectable fuorescent submolecules residing at the crack interface (Figure 14.15). Networks of 

molecular rotors transmit signals by a stimulated rotation of one molecule infuencing neighboring par-

ticles to rotate, leading to a chain of rotations and long-distance transmission of a signal [Zhang 2016b]. 

14.5.2.2 Special Opportunities for Signaling 

Multicellular organisms, including bacterial and bioflm communities, broadcast signals among the cells 

across the organism, such as by circulating chemical signals in a vascular system. Effective broadcasting 

benefts from high sensitivity and high selectivity. Biological systems solve the challenges of signaling 

through a variety of reactions, often nonlinear. 

TABLE 14.9 

Potential Damage Signaling Techniques 

System or Component Signaling Product or Action Potential for Self-healing References 

Biological molecules, such 

as DNA, RNA, and 

proteins 

Recognition-induced 

polymersomes 

Dicyanocyclobutane 

mechanophores placed near 

to the center of polymer 

chains 

Protein disulfde molecules 

Flexible materials with 

mobile ionic component 

Ionic polyelectrolyte brushes 

tethered onto surfaces 

Flexoelectric liquid crystals 

Materials laden with 

mechanophores 

Synthetic molecules using 

noncovalent binding of custom 

side link molecules 

Microvesicles with a highly 

selective binding of 

diamidopyridine and thymine 

gold 

Sonication releases 

cyanoacrylates 

Mechanical stress stretches and 

unfolds molecules 

Ionic gradients in bone due to 

cracks 

Compression of the brushes 

alters chemistry 

Deformation of elastomeric 

matrix containing liquid 

crystals 

Sonication with ultrasonic 

pressure waves deforms or 

splits molecules internal to 

structure 

Precise signaling of state 

Precise signaling of state 

Polymerization promotes healing 

Change in molecular confguration 

promotes chemical reactions 

Gradients drive healing agent into 

crack 

Chemical signaling based on 

compression, for example, 

bruising 

Material that sustains large 

deformations and produce 

electrical signals 

Initiation of chemical reaction, for 

example, precursors for the 

cyanoacrylate polymers 

[Hashidzume 2006] 

[Thibault 2002] 

[Kryger 2010] 

[Garcia 2009] 

[Yadav 2013] 

[Azzaroni 2006] 

[Chambers 2009] 

[Cravotto 2007] 

[Kryger 2010] 
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FIGURE 14.15 Cracking breaks tricinnamate molecules into fuorescent submolecules. (From [Cho 2008].) 

14.5.2.3 Repair Initiated by Chemical and Molecular Scale Signaling 

Chemical signaling transmits information through the presence and interaction of molecules. Chemical 

signaling requires (1) the production and/or release of specifc chemicals by a transmitter, (2) the 

transport of the chemicals from the sender to the receiver, and (3) reception and recognition by the 

receiver. Most research to date focuses on unraveling the complicated nature of chemical signals in 

biological systems. Chemical species that are unique to the signal being transmitted enhance specifc-

ity and sensitivity. Sometimes relaxing specifcity has the advantage of promoting the use of crosstalk 

between multiple signals and receptors. Wounds in plants cause internal water depletion stresses and 

increased susceptibility to fungal and insect attack. As part of a coordinated response, wound-signaling 

chemicals, such as oligopeptide systemin, oligosaccharides, abscisic acid, and jasmonates, all induce 
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damage-amount-sensitive responses that regulate wound healing, water control, and anti-infestation 
response [Leon 2001] [Wasilewska 2008]. 

Plug and play chemistry uses molecules with complicated structural forms to produce highly 
specifc binding reactions, typically through non-covalent binding. While relatively simple in con-

cept, executing plug-and-play chemistry is sophisticated. Many methods use organic biochemical 

molecules with patterns of weak hydrogen bonds between hydrophobic and hydrophilic regions 

[Ilhan 2001]. The abstraction of networks theory simplifes understanding some of the complicated 

interactions. 

Chemical amplifcation increases sensitivity. Biological systems routinely increase the response to 

signals with chemical amplifcation. An example is the competing coagulation and anticoagulation pro-

cesses with nonlinear trigger thresholds that regulate blood clotting following injury and in healthy 

systems [Mann 2009]. A relatively mature, yet far less sophisticated, human-engineered chemical ampli-

fcation technology is the chemically amplifed photoresists used in microlithography. UV light cleaves 

molecules in resists to produce acids that catalyze further reactions [Ito 1985]. 

Mechanophores are molecules that react to mechanical stimulus, often by scission into function-

ally active groups. A goal is for mechanical damage to activate a mechanophore, which in turn 

initiates a catalyzed cascade of healing reactions. Sonication with ultrasonic pressure waves pro-

vides suffcient controlled and localized energy to drive mechanophore reactions [Cravotto 2007]. 

Suffciently high-energy densities cause cavitation and bubble collapse in liquids leading to local-

ized heating that stimulates reactions. An alternative mechanism has polymers with specifc pendant 

shapes that deform under sonication and focus the motion to break specifc bonds in the molecule. 

Dicyanocyclobutane is a potentially viable healing-response-initiating mechanophore. It cleaves 

under sonication into cyanoacrylate monomers that are precursors for the cyanoacrylate polymers, 

including superglues [Kryger 2010]. 

14.5.2.4 Bioelectric and Ionic Signaling and Computing 

Voltage potentials and charge movements are alternative to chemistry for signaling and control. 

Metal conductors are the prevalent signal path in synthetic systems. Biological systems often trans-

port electric charges as ions through liquids, gels, and across membranes. The conventional repair 

of solid metallic conductors melts metals at high temperatures to rejoin breaks with repair that 

solidifes upon cooling. Electrochemical deposition, metal particle percolation, and diffusion are 

alternative methods to repair metal conductors at lower temperatures. Biological systems repair 

conductive paths through tissue growth and electrolytic rebalancing at low temperatures compatible 

with life. 

The versatility of biological signaling systems motivates developing synthetic versions. Biological 

systems read and output chemical signals in a digital logic fashion, including bio-based orthogonal AND 

NAND gates. One manifestation is Escherichia coli with a hetero-regulation module from Pseudomonas 

syringae [Wang 2011a]. Receiving both of the input signals and conditioning the signals with promot-

ers produces an output. This thread of development holds potential for increasingly complex and pro-

grammed interactions, such as the genetic reprogramming of bacteria to control robotic machinery and 

controllable oscillator circuits [Heyde 2015] [Stricker 2008]. 

14.6 Active and Remote Control Capsules 

Active and remotely controlled capsules provide high-performance dispensing of healing liquids. 

Table 14.10 lists some of the possible techniques that with further development may apply active capsule 

techniques to engineered self-healing systems. Energy approaches describe many aspects of the mechan-

ics of active capsules. The total free energy F of a membrane is as follows [Smith 2007]: 

F = Felastic + Fbend + Fadhesion (14.1) 
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TABLE 14.10 

Active Release Microencapsulation Methods with Potential for Use in Damage Signaling and Self-healing 

Release of Signaling Product 

Encapsulation System or Action Potential for Self-healing References 

Micelles made with 
antagonistic oppositely 
charged block ionomers 

Capsules with lenticular 
walls and weak points 

Capsules with smart stitches 
that hold walls in place 

Ultrathin wrapping with 
thickness <100 nm 

Thermally sensitive capsule 

Thermally sensitive capsule 

Photolabile capsule 

Photolabile capsule 

Photolabile capsule 

Chemically sensitive 
nanocages 

Stimulus, such as temperature 

Weak meridional layer ruptures in 
shear 

Chemical triggers release stitches 
and rupture capture 

Asymmetric capsules with ultrathin 
walls 

Rupture of capsule fne-tuned to 

specifc temperature 

Magnetic hysteresis heating of 

ferromagnetic particle in core 

UV light with high-energy photons 

selectively breaks down capsules 

Nanoparticles and dyes absorb 

specifc wavelengths 

IR-sensitive capsule 

Palladium and platinum nanocages 

break down with specifc 

chemical stimuli, for example, 

trimethylamine 

Controlled release of healing agent 

Mechanical distortion of controlled 

magnitude releases healing agent 

Chemically induced self-

immolation rupture of capsules to 

release healing agent 

Asymmetric geometry may enable 

smart and facile release of 

healing agents 

Control of dispensing healing 

agents 

Rapid triggered release of healing 

agent 

Remote control triggered release 

of healing agent 

Remote control triggered release 

of anticorrosion agents 

IR penetrates deeper than UV to 

release healing agents 

Chemical remote control of release 

of healing agent 

[Park 2007] 

[Holme 2012] 

[Esser 2010] 

[Gunawan 2015] 

[Paulsen 2015] 

[Farra 2012] 

[Barani 2008] 

[Loiseau 2016] 

[Kim 2010b] 

[Coleman 2011] 

[Skorb 2009] 

[Yavuz 2009] 

[Pirondini 2002] 

Here Felastic is the free energy of in-plane elastic deformation. Fbend is the free energy of bending. Fadhesion is 

the free energy of particles adhering to the surface and for the surface to adhere to itself. Different values 

of these free energy functions lead to different behaviors: 

Change Shape: Controlling of the shape of the capsules, such as with elongated forms, may pro-

mote specifc capsule packing patterns [Calle 2015]. 

Drug Delivery Systems: The mature technologies of drug delivery systems provide guidance 

[Chen 2011a]. Vesicles are hollow bilayer containers with hydrophilic cores. Micelles are sin-

gle-layer containers with hydrophobic cores. Hydrogels entangle three-dimensional networks 

of molecules to carry molecules interstitially; protein-based systems use intramolecular self-

assembly with hydrophobic cores. Payload-stabilized systems use molecule-to-molecule 

stabilization. 

Engulf Material while Remaining as a Capsule: Molecular recognition methods promote cap-

ture within capsules of specifc molecules, such as proteins. Vault nanocapsules with gold 

nanoparticle probes recognize specifc proteins and capture them with shuttle methods 

[Goldsmith 2009]. 

Internal Organization: Increased functionalization, such as increasing durability with support 

provided to the capsule walls with oriented molecules linked by hydrogen bonds, increases the 

sophistication of wall rupturing triggers [Atwood 2002]. Gel-like biological tissue, including 

the protoplasm inside of cells, transmits mechanical forces from the exterior to the interior for 

sensing purposes through nanoscale-embedded struts and flamentary structures of myosin 

and actin [Luo 2013a]. A collection of stiff rods derived from actin flaments forms a band-pass 
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FIGURE 14.16 Self-immolative programmable microcapsule. (Reprinted with permission from [Esser 2010]. Copyright 
2010, American Chemical Society.) 

metamaterial structure that transmits specifc frequencies of external motion to the interior of 

the cell [Shafrir 2002]. Fabricating gels with similar internal nanostructures produces similar 

mechanical behavior [Kouwer 2013]. 

Multi-capsule Interactions: Possible interactions include the breakup into a set of smaller cap-

sules, capsules that merge with other capsules into a bigger capsule, and further clump together 

or form other patterned groupings of capsules. 

Reactive Materials: Similar to microcapsules are micro- and nanoscale tubules that contain reac-

tive materials, that is, healing agents, in the lumen. Natural halloysite clay nanotubes have 

lumen diameters on the order of 15 nm and lengths about 1,000 nm [Lvov 2013]. These tubes 

are easy to load with functional chemicals and to mix into polymers. The slow outfow of mate-

rial through the ends controls delivery of the functional chemicals. 

Release Material while Remaining as a Capsule: Microcapsules change surface permeability 

upon receipt of a signal, such as a change in pH, to release or absorb material, while remaining 

as an intact capsule [Ignacio 2013]. 

Smart Rupture: Biologic-derived molecular recognition methods provide highly specifc activa-

tion for microcapsule wall breakdown and dissolution. An example is the use of two proteases 

in AND-gate logic to activate virus capsids [Judd 2014]. Many of these capsules use antago-

nistic effects to store free energy. A threshold exceeding stimulus destabilizes and ruptures the 

container (Figure 14.16). 

14.6.1 Micro- and Nanorobots 

Until recently, molecular robots have been the lore of science fction. Technical advances are chang-

ing this paradigm to reality. Molecular biosystems inspire molecular robot technology. The healing of 

wounds to skin is an example. Keratinocyte cells on the periphery of wounds change their character 

when an injury breaches the skin. The cells stop differentiating and start migrating to fll the center 

of the wound [Henry 2003]. Molecular scale robots differ from ordinary chemistry by the appearance 

of control and information processing. The distinction is not crisp. Many actions in chemical thermo-

dynamics take on information, and programmable control capabilities, especially when dealing with 

supramolecular chemistry. 

Primary requirements of micro- and nanoscale robots are movement, actuation, sensing, control, and 

assembly. The mechanics scale down geometrically to submicron dimensions with inertia forces varying 

according to L3 and actuator forces often scaling according to L2. (Appendix D has more details on the 

effects of dimensional scaling.) Many small robots are similar to large robots. As the dimensions shrink 

even further, continuum approximations break down. Thermal oscillations and molecular forces play 

more dominant roles. It is at these smaller dimensions that robot designs may differ dramatically from 

the macroscale versions. 

Microscale swimming robots must solve the problem of overcoming effectively large viscous forces. 

A biomimetic approach is with artifcial fagella, similar to those in bacteria. Undulating irreversible 

motions for propulsion are simple in concept, but technically challenging to implement. Artifcial fagella 
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TABLE 14.11 

Energy Harvesting Microrobots with Engines for Actuation 

Robot Type Energy-harvesting Technique Engine and/or Actuation Reference 

Microscopic swimmers 

Microscopic swimmers 

Microscopic swimmers 

Microscopic swimmers 

Magnetic dipole microbeads 

Magnetic dipole microrods 

Molecular ring moving on a 
thread molecule 

Hydrogen peroxide released by 
platinum catalyst 

Carbon dioxide from carbonate 
in tranexamic acid 

Hydrolytic reaction of surfactant 

Carbonic anhydrase-
functionalized micromotor 
using CO2 hydration 

External fuctuating and rotating 

magnetic feld 

External fuctuating and rotating 

magnetic feld 

Alternating Coulombic attraction 

and repulsion due to alternating 

oxidation and reduction states 

Asymmetric energy absorption 

propels swimming in pattern that 

amplifes Brownian motion 

Asymmetric gas ejection propels 

swimmers that deliver 

therapeutics into the vasculature 

of wounds 

Generation and asymmetric motion 

of lipophiles propels droplets 

Micromotor propels CO2 scrubbers 

Beads assemble into controllable 

shapes, such as helices 

Rods rotate and break up blood 

clots by accelerating therapeutics 

Tetracationic rings ratchet along a 

polymethylene chain 

[Yamamoto 2013] 

[Baylis 2015] 

[Toyota 2009] 

[Uygun 2015] 

[Cheang 2016] 

[Cheng 2014b] 

[Chuyang 2015] 

with soft magnetic heads attached to helical tails, or snake-like magnetic nanoparticle arrangements, 

twist and wiggle so as to move under the power and control of external oscillating magnetic felds [Zhang 

2009a] [Dreyfus 2005]. Ultrasonic acoustic excitation propels nanorods in living cells. Another method 

uses asymmetric 300 nm long gold nanorods, with motion bias-inducing concave and convex ends that 

translate and spin with 4 MHz excitation [Wang 2014]. 

Actuation requires an engine to convert available energy into desired motion. Table 14.11 lists some 

methods of harvesting free energy from the environment or working fuid by microrobots. 

Molecular robots require structural elements, actuators, and controllers. DNA-based and supramo-

lecular approaches provide large molecules as components in molecular robots. Small-molecule systems 

are also viable. Table 14.12 lists some possibilities, including molecular variants of conventional mecha-

nisms, walkers with programmable paths, and robots that transport material under control. 

14.6.2 Robot Teams, Crystals, Flocks, Swarms, and Mobs 

Some tasks are easier with teams of simple robots than with individual sophisticated robots. Teams 

coordinate actions to build and repair structures, much as social insects build hives [Augugliaro 2014]. 

Individual robots use their bodies as structural elements and assemble with other robots to form 

permanent or temporary components of collective structures [Rus 2001]. The topology of the linkage 

determines whether collective structures are kinematic mechanisms, such as a chain, or effectively 

rigid bodies, as a tetrahedron. Collective robots build new structures, rebuild existing structures, and 

bridge patches across damage. Conversely, a collective structure disintegrates on cue for benefcial 

apoptotic applications. An example is clumps of therapeutic nanoparticles that conglomerate or dis-

integrate for the specifc application of dissolving clots and blockages in blood vessels or stopping 

hemorrhages [Korin 2012]. 

Molecular scale structures, such as microtubules in living cells, impose directional and nonhomoge-

neous pathways for active molecules to follow. Such structures bias the direction and amount of material 

transport to avoid following the diffusion dynamics of Brownian motion. If the molecular structures 

provide runways for rapid directional motion, then positive feedback causes the transport to self-organize 

into a truncated Lévy walk that favors the effcient transport of material [Chen 2015b]. 
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TABLE 14.12 

Molecular Robot Techniques 

Robot Structure Actuation Control Reference 

Molecular linkage formed by base 
pairing of DNA 

DNA walker with spider geometry 

Walking DNA molecular robot 

Ring molecules encircle and move 
on larger ring molecules 

Rotary DNA molecular motor with 
feet 

DNA-based container robot that 
attaches to surface 

DNA-based container and reactor 
robot swarms with molecular 
operations inside animals 

Simple mechanisms – four-bar and 
slider crank 

Supramolecular assembly with gold 
atoms and adatoms on gold surface 

Small-molecule robot arm that picks, 
moves, and places molecular cargo 

Organic molecule with four 
paddle-wheel molecular 
appendages 

Disassembly and reassembly in 
different cation concentrations 

Catalytic capture and release of 
legs on surface 

Catalytic capture and release of 
legs on surface 

Sequence of chemical reactions 
as small ring moves on big ring 

Feet with DNA bases selectively 
catalyze to block and unblock 
react for motion along track 

DNA aptamers latch container 
open or closed 

Protein-specifc opening of gate 

changes shape of container to 

release molecules 

Stiff double-strand DNA 

combined with fexible single 

strand 

Pulsed voltage at electronic 

resonances exerts work by 

tunneling of current intensity 

Hydrazone-based rotary switch 

with protonated change in 

confguration 

Electrostatic actuation of 

isomeric confguration changes 

Click chemistry with DNA 

base pairing 

Track of available catalytic 

sites on surface guides 

motion 

Molecular track with 

switches controls direction 

of movement 

Kinematic constraint of 

motion around ring 

Internal and external DNA 

codes program switching 

movement along tracks 

Two distinct antigen 

molecules with AND-gate 

logic opens latch 

Interaction between different 

robot types creates 

logic-based release of 

molecules into animals 

DNA inputs open and close 

with zippered energy 

release 

Supramolecular structure 

guides rotation or 

translation 

Selective protonation 

determines switching 

direction 

Four-wheel motion for 

rolling along a surface 

[Gerling 2015] 

[Lund 2010] 

[Muscat 2011] 

[Wilson 2016] 

[Wickham 2012] 

[Douglas 2012] 

[Amir 2014] 

[Marras 2014] 

[Ohmann 2015] 

[Kassem 2016] 

[Kudernac 2011] 

Actively controlled droplets clean and heal surfaces. Droplets of two miscible liquids, such as pro-

pylene glycol and water, infuence the behavior and motion of neighboring droplets by affecting surface 

tension through vapor pressure and evaporation [Cira 2015]. Surface tension propels droplets of room 

temperature liquid metal (eutectic indium gallium) in a mollusk-mimicking motion that digests alumi-

num fakes available in the ambient environment as fuel [Zhang 2015b]. Structured light spatiotempo-

rally activates photoactive liquid crystal elastomers to control swimming and locomotion of soft robots 

[Palagi 2016]. Modular soft robots are rare but offer intriguing possibilities for future development. 

14.7 Improved Tools for Repair 

14.7.1 Remote Delivery of Energy for Repair with Ultrasound 

Ultrasonic elastic waves deliver energy to remote locations for molecular and thermal healing. It is pos-

sible to direct and focus the waves on specifc regions. Certain molecules have a sensitivity to ultrasound 

that differs from that to thermal, light, and electrical stimuli. Scission by ultrasound breaks covalent bonds 

to form new chemical species. A polymer system based on isomers of benzocyclobutene undergoes an 
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isomer-independent ultrasonically induced ring opening reaction [Hickenboth 2007]. Ultrasound induces 
reactions that seed further reactions. Proof-of-concept demonstrations, that is, ultrasound-induced color 
changes, confrm the validity of remotely triggering cascades of healing reactions [Davis 2009]. 

14.8 Self-assembly 

Self-assembly combines physical assembly of simple components with information regarding structural 

form to make more complicated structures. The information fow in self-assembly processes ranges from 

being entirely directed from a high level to being unsupervised with spontaneous free-form assembly, 

with many cases of hybridized directed and free-form control. 

14.8.1 Directed Self-assembly 

Directing the assembly of components to fow into a repair uses resources effciently. The traditional 

approach to directed repair is human in the loop, with manual or machine-aided repairs. Directed repair 

extends to robots, such as those that inject structural foams, assemble, and repair structures [Revzen 2011]. 

A physical artifact, such as a template, or a data bank, such as DNA in biological systems, houses the 

information needed for self-assembly (Table 14.13). Templates have the advantage of quickly transducing the 

plan into a physical embodiment but are limited in the delivery of complex forms. Data banks provide more 

complex information but require encoding and decoding apparatus for transduction into physical forms. 

An advantage of templates is the possibility of mass production of structural units with the num-

ber of structural units increasing linearly with time, especially if the template releases from the newly 

assembled structure and recycles for making additional parts. If a new part also acts as a template for a 

copy of itself, then the growth rate switches from linear to exponential. Self-replication of useful parts 

remains a technical challenge that has yet to be fully achieved. A demonstration at the molecular level is 

self-replication using seven-tile DNA motifs [Wang 2011b]. 

TABLE 14.13 

Selected Reports of Templated Self-assembled Systems 

Scale Template Assembly References 

Molecular Gold, Au(111) 

Molecular DNA 

Molecular Supramolecular orthogonal 

noncovalent bonds 

Molecular Alkyl-bridged di(8-

hydroxyquinoline) ligands; 

metal–ligand preorganization 

Molecular Liquid crystal topological defects 

Microscale to Prepatterned solder bumps 

mesoscale 

Microscale to Prepatterned surface 

mesoscale 

Microscale to Prepatterned surface 

mesoscale 

Molecular to Biohybrid hydrogel with living 

macroscale fbroblasts dumping vascular 

growth factor into microchannels 

Molecular to Diffusion of chemicals into gradient 

mesoscale patterns through microchannel walls 

Mn12(acetate)16 with hybrid 3D effects on 

top of 2D template 

Templated assembly of molecular structures 

with orthogonal click bonds 

Functionalized polymer structures 

Templated assembly of helicate triple-

stranded molecular structures using 

size-selective cations 

Amphiphiles 

Joining of electrical contacts and components 

with eutectic Bi-Sn solder in glycerol 

Assembly of micro-objects on pre-patterned 

surface followed by fxing step 

Assembly of colloidal crystals and capsules 

by colloidal assembly on patterned 

surfaces and shapes 

Patterned growth of blood vessels 

Patterned assembly of free-swimming 

bacteria through chemotaxis 

[Saywell 2010] 

[Yin 2014b] 

[Hofmeier 2005] 

[Wood 2015] 

[Chen 2017] 

[Morris 2007] 

[Jonas 2002] 

[van Blaaderen 1997] 

[Cayre 2004] 

[Jeong 2012b] 

[Ahmed 2010] 
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14.8.2 Free-form Self-assembly 

Free-form self-assembly builds structures without a template. Table 14.14 lists techniques [Whitesides 
2002b]. 

TABLE 14.14 

Free-form Self-assembled Systems and Components 

Static versus 

Scale Technique Dynamic References 

Molecular 

Molecular 

Molecular 

Molecular to nanoscale 

Molecular to nanoscale 

Molecular to microscale 

Molecular 

Molecular 

Molecular to nano 

Molecular to nanoscale 

Molecular to nanoscale 

Molecular to mesoscale 

Nanoscale to microscale 

Microscale to mesoscale 

Nanoscale to microscale 

Micro 

Molecular to microscale 

Molecular to microscale 

Nanoscale to microscale 

Nanoscale to microscale 

Microscale to 
macroscale 

Microscale to 
macroscale 

Microscale to mesoscale 

Microscale to mesoscale 

DNA into polyhedra with hierarchical and fractal 
structures assembly 

Numerically designed protein assemblies 

pH-programmed sorting of two-component gelator 
assembly 

Programmed molecular recognition with DNA 
nanostructure geometry 

Ambiphillic organic molecules into nanotubes 

Kinetic manipulation of block co-polymers for different 
nanostructure shapes and assemblies 

Programmed arrays of donor/receptor hydrogen bonds for 
site-specifc binding 

Helical dimerized polymer chains using hydrogen bonds 

and controlled hydrophobicity 

DNA click binding assembly of gold nanoparticles into 

clusters 

Hierarchical molecular assembly up through micelles by 

avoiding kinetic traps 

Assembly of linear structures using particles with 

controllable hydrophobic patches 

Custom DNA glue selectively assembles meso-scale 

components 

Assembly of variety of microlattices from binary 

nanoparticles 

Triblock Janus particles in colloidal suspension form 

Kagome lattices and more complicated patterns 

Hierarchical assembly of colloidal octapod nanopod 

crystals into chains and superlattice sheets 

Biohybrid self-assembly of muscle cells on microactuator 

Formation of asters and swirls of microtubules by 

molecular motos 

Swirling collection motion of concentrated F-actin 

flaments 

Complex flamentary colloidal structures resulting from 

dynamic electric felds 

Gold nanoparticles assemble into patterns and arrays on 

liquid surface in response to dynamic surfactant stimulus 

Asters of magnetic particles in slow oscillating magnetic 

felds with controlled manipulation 

Topological defects leading to organized structures 

Janus particles assemble into tubes under oscillating 

magnetic felds 

ATP-powered microtubules reptate and assemble into 

hexagonal arrays of vortices 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Static 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

[He 2010b] 

[Shang 2015] 

[King 2014] 

[Morris 2013] 

[Woo 2011] 

[Bayer 2011] 

[Cui 2007] 

[Beijer 1998] 

[Hirschberg 2000] 

[Mirkin 1996] 

[Gröschel 2012] 

[Lee 2014] 

[Qi 2013] 

[Shevchenko 2006] 

[Chen 2011b] 

[Mao 2013] 

[Miszta 2011] 

[Xi 2005] 

[Ndlec 1997] 

[Schaller 2010] 

[Leunissen 2009] 

[Demortière 2014] 

[Sapozhnikov 2003] 

[Sashuk 2013] 

[Snezhko 2012] 

[Shi 2013] 

[Yan 2012] 

[Sumino 2012] 
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14.8.3 Hybrid-directed and Free-form Self-assembly 

Hybrid-directed and free-form self-assembly forms coherent structures from incoherent arrangements 
(Table 14.15). Random agitation brings different components together in different orientations, but only 
specifc sides of components ft together and assemble into a structure. Multiple methods provide site-

specifc joining. Surface tension and compatible wettable surfaces adhere parts together in the hybrid 

assembly of electrical components (Figure 14.17) [Morris 2007] [Srinivasan 2001]. Lock and key meth-

ods provide highly specifc joining capabilities (Figure 14.18). 

Janus particles are microparticles with a dipolar distribution of functional properties, such as one side 

being hydrophilic and the other hydrophobic. Dipolar interactions produce orientation-specifc particle 

binding and conglomeration. Complicated and controllable interactions between Janus particles lead to 

emergent collective patterns and behaviors [de Gennes 1992]. Asymmetric nanoparticles interlock and 

self-assemble into a variety of shapes, including capsules [Evers 2016]. 

TABLE 14.15 

Selected Hybrid-directed and Spontaneous Self-assembled Systems 

Scale Process Assembly References 

Molecular DNA DNA polyhedral and bricks [Iinuma 2014] 

[Ke 2012] 

Molecular Size selectivity Triple-stranded helicate-type 

complexes 

[Albrecht 2002] 

Molecular to microscale pH-induced assembly of peptide Nanostructured fbrous scaffold 

followed by hydroxyapatite 

mineralization 

[Hartgerink 

2001] 

Molecular to microscale Switching of electrolytic growth 

conditions 

Controlled hierarchical assembly 

of carbonate silica 

[Noorduin 2013] 

nanostructures 

Molecular to microscale Lock and key Molecular binding and assembly 

of microparticles in colloidal 

[Sacanna 2010] 

system 

Molecular to microscale Hydrophobic and hydrophilic 

patterning 

Assembly of arrays of 

micropieces onto surfaces 

[Bohringer 2003] 

Molecular to microscale Complementary DNA combined 

with complementary shapes in 

microparticles 

Brick and mortar assembly of 

microstructures 

[O’Brien 2015] 

Microscale to mesoscale Mesoscale parts self-assembly 

through selective microscale 

patterns and surface tension 

Microelectronic assembly of 

discrete components, for 

example, LEDs 

[Zheng 2006] 

Microscale to mesoscale Movement of identical microrobots 

with simple latching rules 

Tuning of rules directs robots to 

swarm into polygonal shapes 

[Arbuckle 2009] 

Macroscale Electronic sensing and control of 

latching parts together using local 

graph grammars 

Tiling assemblies of geometric 

shapes containing electric 

circuit boards 

[Klavins 2007] 

Molecular to nanoscale Elastin-like peptide membranes Shape modifed by peptide 

amphiphiles, including 

self-healing 

[Inostroza 2015] 

Molecular to microscale Molecular cages of hydrophobic or 

hydrophilic cages oligomeric 

silsesquioxane assemble into 

tetrahedra 

Tetrahedra use differences in 

hydrophobic and hydrophilic 

behavior to guide selective 

assembly into microscale 

[Huang 2015a] 

structures 

Molecular to macroscale Hybrid mix of mussel and bacterial 

proteins 

Hierarchical assembly of strong 

underwater adhesive 

[Zhong 2014] 
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FIGURE 14.17 Microscale self-assembly using surface tension and capillary forces as sticky components. (From 
[Morris 2007].) 

Biological tissue regeneration is sophisticated hybrid-directed and free-form self-assembly. 
Regeneration combines cell growth, differentiation, and spatial confguration – often through coop-

erating and antagonistic interactions (Figure 14.19). DNA and protein networks provide much of the 

information directing assembly, often through reaction−diffusion kinetics. Synthesizing materials with 

regenerative capabilities may use similar molecular building blocks and bind them together in specifc 

multiple length scale arrangements. 

FIGURE 14.18 Lock and key selective binding of microparticles with selective molecular binding drives coordinated 

colloidal assembly. (From [Sacanna 2010].) 
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FIGURE 14.19 Coordinated cell replication, differentiation, and maturation in regeneration of bone following limb ampu-
tation in a zebrafsh through antagonistic activities of the Wnt/b-catenin that promotes epithelial to mesenchymal transfor-

mation and bone morphogenetic protein (BMP) that promotes osteoblast differentiation. (From [Stewart 2014].) 

14.8.4 Self-assembly for Healing and Functional Structures 

Self-healing with self-assembly requires materials and components. Molecules with potential for healing 

often have excess free energy, which renders them long-term unstable. On-demand techniques increase 

stability by manufacturing relatively unstable healing molecules when needed from long-term stable 

feedstocks. 

A challenge for self-assembly is to join crystalline structures with polymeric materials. Plug and play 

methods bind supramolecular assemblies in specifc orientations onto the face of a lattice [So 2009a]. 

DNA works well for molecular scale plug and play self-assembly. DNA binds selectively with orthogonal 

matching. Hierarchical variants running from the molecular to macroscale use molecular scale recogni-

tion to adhere macroscale material pieces together into desired patterns. Complementary DNA nucleo-

bases selectively join blobs of different types of acrylamide-based gels [Harada 2011] (Figure 14.20). 

14.8.5 Entropy and Nonequilibrium Thermodynamics of Self-assembly 

Designing a process for subcomponents to self-assemble into the desired patterns and not into messy and 

worthless conglomerates is often nontrivial. Free-form self-assembly may be either static or dynamic. 

Static structures assemble into a fxed state, such as crystals. Dynamic structures simultaneously add and 

remove material in nonequilibrium processes that maintain stable overall structural forms. Entropy and 

nonequilibrium thermodynamics describe some of the overall behavior of these processes. Equilibrium 

thermodynamics methods achieve a desired pattern with a system that falls into a state of minimum 

free energy. Nonequilibrium thermodynamics approaches use notions of causal entropic forces in which 

microstates emerge from macrostates in an adaptive manner that mimics aspects of cognitive adaptive 

behavior [Wissner 2013]. 

Dynamic dissipative structures respond to small disturbances by healing and converging back to 

the same form [Prigogine 1981]. Strong perturbations may move structures to different stable forms 

[Winfree 2006]. Living cells and hurricanes are examples. An interpretation of this behavior is that 

energy dissipation drives the structure into fractal subspaces of the possible phase space with processes 

that have negative Lyapunov exponents [Fialkowski 2006]. Another is systems that encircle non-Hermitian 

degeneracies, known as exceptional points [Berry 2004]. Many cases have a steady input of energy com-

bined with a dissipation sink. 
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FIGURE 14.20 Molecular scale to macroscale recognition for directed self-assembly of macroscale acrylamide-based 
gels functionalized with different pairs of DNA nucleobases. (From [Harada 2011].) 

Hierarchical structural forms appear when the assembly occurs on small length scales, which then 
assembles into larger units in a cascade of length scales up to the fnal assembly. The details of the 

assembly steps may vary with length scale, but the effect is to funnel the range of possible assembly 

confgurations into the fnal form (Figure 14.21). Assembly is a reduction in the number of degrees of 

freedom in a process that maximizes the entropy of the entire system, but perhaps not at the local level 

[Onsager 1949]. 

Designing a material system to assemble into a desired pattern from frst principles based on the 

geometry of the original shapes is complicated. Sometimes, it is possible to catalog possible shapes. 

Figure 14.22 shows part of a catalog of two-dimensional and three-dimensional shapes, including poly-

hedral and networks, based on square molecular building blocks and variations in process parameters. It 

enables self-assembly design for larger structural forms [Eddaoudi 2002]. 
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FIGURE 14.21 Hierarchical funnel of self-assembly reduces the number of degrees of freedom. (From [Gröschel 2012].) 

FIGURE 14.22 Catalog of shapes and networks formed from square molecular building blocks. (From [Eddaoudi 2002]. 
Copyright 2002, National Academy of Sciences, USA.] 
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14.9 Biohybrid Structures and Systems 

14.9.1 Biohybrid Tissue 

The incredible functionalization and versatility present in biological tissues opens wide ranges of biohy-
brid applications for self-healing. 

14.9.1.1 Metastability 

Many biomolecules are metastable, which implies that they react with other biomolecules at relatively 
small activation energies, and are easily damaged and self-repaired. Prepositioning repair-assisting mol-
ecules near to potential damage sites helps with mitigation. Photolyase UV damage to DNA creates the 
photoproduct (6-4PP) between two adjacent pyrimidine rings. Unchecked, the formation of (6-4PP) may 
be fatal. Flavoenzymes harvest energy from blue light and drive palliative reactions to repair the damage 
and restore vitality [Li 2010a]. The repair uses a template to provide confgurational information with 

a sister chromatid that primes the repair with 3′ single strands of DNA to identify the proper template 

location [McAleenan 2013]. 

14.9.1.2 Assembly and Patterned Growth 

Molecules extracted from formerly living tissue play key roles in material assembly for repair. The 

bacteria-derived protein Mrns6 guides forming high-quality magnetic nanoparticle crystals onto sur-

faces with feature sizes in tens of microns [Galloway 2012]. Chitosan is a polysaccharide derived from 

shrimp and other crustacean shells. The molecular structure consists of mers with NH2 appendages that 

change hydrophobicity in response to pH and other stimuli, such as temperature. These changes affect 

hydrogen-bond linking among the polymer chains at the molecular scale and the density and overall 

size at the macroscale. High pH leads to shrinking. This thermal and pH-sensitive stimuli-responsive 

behavior fuels applications ranging from coagulating sealers with focculation of polyaniline colloidal 

particles to shrinking fber reinforcement in cementitious materials, such as concrete, that activate with 

high pH during cure [Cruz 2007] [Kim 2017]. 

Patterned assembly techniques extend to the growth of layered and structured materials. Controlled 

switching of pH and alcohol baths creates multilayer gels with onion-like structures, confrming that 

switching chemical environments creates patterned growth [Ladet 2008]. 

14.9.1.3 Synthesis and Synthetic Tissue 

Many methods of developing biomimetic and biohybrid materials are tedious and time-consuming 

trial and error approaches. Quicker methods are appearing. One family of methods integrates RNA-

seq to tease out favorable protein sequences and create customized materials, such as self-healing bio-

elastomeric membranes from proteins that mimic the mechanically robust byssal threads of mollusks 

[Guerette 2013]. 

Large-scale biohybrid systems beneft from vasculature. It is generally easier to insert vessels during 

initial material system assembly than with a post-fabrication step. A viable approach is to build vascular 

scaffolding, such as with a 3D printer, and then seeding it with endothelial cells [Miller 2012]. The cells 

in and near the vessel walls thrive under suitable conditions, including angiogenesis (formation of new 

vessels), perivascular interactions with cells near to the vessels, and a prothrombic behavior (promotion 

of blood clotting) when exposed to infammatory stimuli [Zheng 2012b]. 

Structural confgurations in living systems are exceptionally complicated. Nonetheless, creating 

organisms from scratch that produce specifc tasks is a reality. A major milestone was building viable 

organisms by synthesizing DNA for bacteria lacking a nucleus [Gibson 2010]. Computer-based methods 

are now able to manage the information to a level of sophistication that enables designing reconfgurable 

organisms [Kriegman 2020]. 
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FIGURE 14.23 Effect of different micropillar compliances on different behaviors of human mesenchymal stem cell 
growth and differentiation scale bars: 100 μm (a−c), 50 μm (d), 30 μm (e), and 10 μm (f). (From [Fu 2010].) 

14.9.1.4 Biohybrid-induced Healing 

Living bio-tissue spontaneously heals damage on scales that range from the molecular to macroscale 
organs. How to get biohybrid material to induce healing? Some amphibians regenerate entire limbs 
[Brockes 1997]. Mammals largely lack such capabilities, except for the tips of the limbs, where intact 
nail tissue contains stem cells that orchestrate and regenerate the tips of severed fngers and toes 

[Takeo 2013]. 

14.9.1.5 Modulated Growth 

Stress modulates the growth of biological tissue. The elastic compliance of microtextured elastomeric 

pillar array substrates modulate the growth and differentiation of human mesenchymal stem cells [Fu 

2010]. Different compliances of the micropillars alter differentiation behaviors (Figure 14.23). 

14.9.1.6 Active Materials 

Living biological tissue is an extraordinary, sophisticated form of active matter. Genetic engineering 

programs organisms to exude chemicals that act as self-healing agents and scaffolds [Magennis 2014]. 

Programmed DNA-coated nanoparticles switch states to induce phase transitions in superlattices and 

colloids [Zhang 2015e]. Byssal thread biochemistry, especially the use of nitrocatecholamines, creates 

biocompatible underwater self-curing, self-healing, surface-reactive, and photodegradable materials 

[Shafq 2012]. 

Biohybrid actuators provide systemic integration and control beyond that available with ordinary actu-

ators. Incorporating living cells with biomechanical engines into actuators can be fairly simple – harvest 

and place cells of cellular components into compliant structures. The mechanisms that propel single cell 

organisms to move also propel micro-objects and micromachines. A system based on a metal-organic 

framework collects and organizes motions, as in the hydrophobic peptide molecular motor shown in 

Figure 14.24 [Ikezoe 2012]. Algae with fagella act as micro-oxen to transport small objects, such as 

polystyrene microspheres, in response to light stimuli [Weibel 2005]. Mobile gliding bacteria can turn 

rotors in micrometer-sized sweeps (Figure 14.25) [Hiratsuka 2006]. 
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FIGURE 14.24 Organized metal peptide molecular motor biohybrid actuator. (From [Ikezoe 2012].) 

Cells that self-organize into synchronized contractile units produce macroscale contractions. An 
example is cardiomyocytes that beat with collective frequencies on the order of 1.5 Hz. Similar to heart 
muscles, such actuators need supplemental restoring forces to return to an extended position for 
another contraction cycle [Chan 2012]. Bacillus spores are shrunken, desiccated, and relatively inert 
states of bacteria. When hydrated, the outer cortex of the bacillus spores swells with a mechani-
cal energy density of 10 MJ/m3 – a value two orders of magnitude greater than synthetic alternates. 
Genetic modifcations create strains of bacillus with cortex material that is more active than natural 

variants [Chen 2014]. 

Active fuids stiffen, relax, and coagulate under control. Coagulation is particularly useful for food-

ing-type self-sealing electrical cable insulation where a breach in the outer insulation layer causes the 

sealing fuid to fow out of the gap and prevent the ingress of noxious fuids, such as water. Typical sys-

tems use polyisobutylene (PIB) as a gummy and viscous fuid. Triggered cross-linkable PIB may provide 

coagulating functionality [Desai 2014]. 

FIGURE 14.25 Bacteria as micro-oxen power micro rotary motor. (From [Hiratsuka 2006]. Copyright [2006], National 

Academy of Sciences, USA.) 
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14.9.1.7 Biohybrid Electronics 

The role of electric felds and currents on the growth and behavior of living bio tissue is long studied 

yet has many remaining unknowns and opportunities. The fow of electric felds and currents in living 

systems generally follows ionic transport, which differs from conventional electron transport in metal 

conductors. Electric felds infuence cell growth and healing. The autonomic generation of electric felds 

in human skin directs healing through epithelial cell migration [Zhao 2009] [Gumus 2010]. 

Interconnects, that is, wiring, between embedded electronics, sensors, actuators, and power sup-

plies are vital but technically challenging aspects of biohybrid electronics. The wires are of small 

diameter (usually measured in units of French, 1 mm = 3 French), fexible, biocompatible, and dura-

ble. Some wire failures, such as the leads on heart pacemakers, have serious consequences [Rordorf 

2013]. The long-term durability of electrical wires requires both biocompatibility and the ability 

to survive breakdown in the harsh physiological environment. Possibilities for boosting durability 

include specialized coatings on top of conductors, such as metal oxide shells on nanowires [Zhou 

2014]. Electrodes coated with interleukin-1 receptor antagonists prevent scarring when placed in 

the central nervous system [Shacham 2012]. Organic electronics, made of conductive polymers that 

transport both electrons and ions, are alternatives with potential for biocompatibility and minia-

turization [Owens 2010]. An interesting possibility is to exploit tunneling nanotubes that provide 

long-distance cell-to-cell electrical signaling [Wang 2010c]. Attaching graphene quantum dots to the 

surface of a single bacterial spore, such as Bacillus subtilis, creates an interface with electromechani-

cal systems based on changes to the surface of the spore in response to changes in environmental 

conditions (Figure 14.26) [Sreeprasad 2015]. 

Multicellular biological tissue and entire organisms gain considerable functionality, including self-

healing by heterogeneous structuring of properties at micro- and nanoscales. Can biohybrids provide 

such functionality? One possibility uses microbes to control the growth of the electrode material with a 

smart connectivity approach. At the molecular level, most proteins and bioflms are electrically insulat-

ing, but certain variants, including bioflms from Geobacter sulfurreducens and pilin nanoflaments, 

are conductive and may grow biohybrid electrical networks [Malvankar 2011]. Virus-derived templates 

grow gold and silver nanowires [Lee 2010b]. While not yet demonstrated for healing processes, the virus 

templates grow onto lithium anodes, something that is normally diffcult to do with gold and silver. 

Adding surfactants improves growth performance. Most species of bacteria are electrically insulating, 

but some, such as Shewanella oneidensis, reduce metals through an extracellular transfer of electrons. 

Transferring this physiological mechanism to other bacteria, such as E. coli, produces hybrid bacteria 

that both thrive and produce electrical conductivity [Goldbeck 2013]. 

FIGURE 14.26 Functionalized bacteria spore interfaced with electromechanical system through quantum dots. 

(From [Sreeprasad 2015].) 
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14.9.1.8 Higher order Biomimicry 

Multicellular life forms thrive with complicated and organized multiscale physical structures and inter-
actions. It is natural to expect that engineered self-healing biological hybrid structures beneft from 

similar multiple-scale physical structures and interactions. Photosynthetic foam places many of the pro-

teins and enzymes required for photosynthetic carbon fxation and sugar synthesis into an aspirating 

cellular matrix [Wendell 2010]. A key enabler of this is the use of the túngara frog surfactant protein 

Ranaspumin-2. The surfactant helps to concentrate lipid vesicles and coupled enzyme activity to boost 

the conversion effciency of the photosynthetic activity to levels approaching 96%. 

14.9.1.9 Complex Vascular Systems 

Biological vascular systems are more than simple pipes. They actively manage the transport of materials 

through dilation, constriction, and diffusion. Higher order animals use a three-circuit system with fractal 

geometries of positive pumping (arterial), direct return (venous), and indirect cleanup return (lymphatic). 

Fabricating biohybrid vasculature often starts with scaffolding that approximates the correct geometry 

to support the seeding and growth of vascular endothelial cells [Leong 2013]. 

One potential area of future development for self-healing is a synthetic vascular system that includes a 

lymphatic system. In mammals, the lymphatic system is an open drainage system that removes material 

from tissues. The material being removed is detritus from healthy biological function, injury, and illness. 

The lymphatic system is also key to maintaining interstitial fuid levels and pressures. Damaged and 

defective lymphatic systems lead to disease and/or damage and death to tissue. An engineering applica-

tion that mimics some of the action of lymphatic systems is conventional hydraulic power delivery and 

recirculating liquid lubricant systems in machinery. The working fuid, often with embedded detergents, 

dislodges, carries away, and flters out dirt and deleterious wear particles. 

14.9.2 Biohybrid Controllers, Computers, and Quorum Sensing 

Many aspects of biological life are computation and control. Organisms combine sensing of external 

conditions with internal states to make decisions and control actions to live, heal, and thrive. Such com-

putation and control capabilities make superior artifcial self-healing systems. 

Molecular computers operate at a scale where the presence of specifc chemicals causes reactions 

with measurable outputs. Different input chemicals produce different chemical outputs. One architec-

ture mimics the operational steps and components of conventional computers and controllers, such as 

binary logic gates – NOT, AND, NAND, and N-IMPLY – in digital computers using synthetic molecular 

RNA–protein interactions inside living cells [Ausländer 2012], timescale control with genetic load-driver 

circuits [Mishra 2014]. 

Bacteria and other microbiota interact through chemical signaling, local feedback, and collective 

decision-making to form cooperative communities. In a sense, the individual cells vote. When enough 

cells vote to raise the chemical signals above a threshold value, the community responds collectively – a 

process known as quorum sensing. 

Communities of microbiota are self-healing, highly resilient, and inspire engineering similar systems. 

A design constraint affecting both natural and artifcial systems is the slow pace of direct diffusion of 

sensory and feedback chemicals which leads to desynchronization of behaviors over distances as small 

as 8 μm [Connell 2014]. Vascular systems help coordinate signaling, collective decision-making, and 

control. Experiments demonstrate the viability of controlling engineered biohybrid systems on spatial 

scales exceeding diffusion spatial limits by supplementing chemical signaling through rapid vascular 

transport. As an example, an arsenic-sensing system uses an array of up to 50 million small colonies of 

E. coli bacteria that interact by rapid gaseous transport to form a large colony. The frequency of quorum 

sensing synchronizes oscillations among the colonies. LED lighting indicators correspond with the pres-

ence and concentration of arsenic [Prindle 2012]. Communities of cells of different lineages that interact 

through activator and repressor signaling between the lineages may lead to more complicated and con-

trollable behaviors, such as emergent oscillations [Chen 2015d]. 
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14.10 Cognition, Self-reference, and Consciousness 

Biological computers, that is, the brain in higher animals and the distributed coordinated intelligence 
in plants, are in many respects much more capable than human-built artifcial computers. Biological 

computers are capable of cognition, self-reference, and the poorly understood process of consciousness, 

all while consuming orders of magnitude less energy than synthetic computers. There are many ques-

tions concerning intelligence, self-awareness, and consciousness. The present state of understanding is 

somewhat limited, but advances continue to be made on multiple fronts, and are largely beyond the scope 

of this discussion. The intent here is to discuss the possibilities of harnessing these powerful ideas and 

techniques for self-healing structures, machines, and systems. 

Cognition involves thought processes that are more than reactive feedback control, and simple trigger 

response. Cognition implies additional considerations of sensing converted into meaning, that is, percep-

tion, memory, reaction, and anticipation [Haykin 2012]. With memory, when two nominally identical 

cognitive machines have different experiences, they exhibit different behaviors. At a higher level of 

cognition lies conscious systems. 

What is consciousness? One of the greatest present-day scientifc challenges is to explain the sub-

jective experience of consciousness. This is a problem that has tantalized thinkers since the earliest 

days of philosophical and religious thought. Chalmers divides the problem of consciousness into two 

classes: the “easy problem” and the “hard problem” [Chalmers 1995]. The easy problem is the deter-

mination of physical processes that give rise to sensations. When a photon of light interacts with the 

retina in the eye, it triggers an electrochemical cascade of events that leads to the stimulus of specifc 

regions in the brain. Tracing the pathway and understanding the electrochemical reactions, including 

automated signal processing along the way, is not trivial but appears to be scientifcally achievable. 

The hard problem is to explain what happens when the brain perceives light and colors and an indica-

tion of the surrounding reality. Chalmers argues that this hard problem is not tractable in terms of 

present scientifc tools. 

Much research is presently underway attempting to use the scientifc method to answer these 

questions, mostly through applications of the notion of multilevel hierarchies of function and infor-

mation abstraction throughout a central nervous system, with self-consciousness appearing in those 

systems with higher degrees of complexity [Crick 1998] [Feinberg 2009] [Koch 2012]. Dimasio 

through detailed studies of the brain suggests that part of the explanation lies in that the brain and 

body are not separate. Key to cognitive perception and perhaps consciousness lies in the abstract 

projection of images of the body and surroundings as maps in the brain [Damasio 2010]. Suffciently 

complex versions of this self-mapping process lead on a path to an understanding of self-conscious-

ness. Nunez suggests that consciousness represents a form of yet undetermined superinformation 

[Nunez 2010]. Tononi developed a quantifable set theory extension of Shannon’s information theory 

to hypothesize that consciousness is the process of information integration [Tononi 2004]. Penrose 

suggests that the problem of consciousness aligns with some of the fundamental unresolved ques-

tions of quantum mechanics, such as the collapse of wave functions and the relation to quantum 

gravity [Penrose 2016]. 

Zombies are a gedanken-type tool used by philosophers to probe questions of consciousness. 

Zombies are fctitious entities with no subjective conscious experiences that give outward responses to 

external stimuli that match and are indistinguishable from the responses of a conscious being. In many 

respects, studying zombies replaces the religious question of whether someone has a soul. Zombies 

have experiences, memories, and autobiographies, and become cognitive. If they can have feelings, 

and subjective experiences, they may gain a soul. The spine and the digestive and immune systems 

of vertebrates possess many zombie-like characteristics. It remains an open (and perhaps fundamen-

tally unresolvable) question as to whether an inanimate machine can move beyond a zombie-type 

existence into one with subjective conscious experiences [Kurzweil 2006]. In another gedanken-type 

exploration of the possible thought processes of bats, Nagel argues that subjective conscious experi-

ences are impenetrable to those outside of the experience [Nagel 1974]. Humans can never truly know 

what it is like to be a bat because they cannot experience what a bat sees, hears, smells, and feels. 
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A counterargument is that there are many commonalities of some experiences. Bats feel pain as do 
apparently even the lowest order animals. 

Nonetheless, within the context of these deep and perhaps impenetrable problems, there are practi-
cal situations where approaches based on cognitive self-referencing systems work for self-healing sys-
tems. The autotelic self-referencing approach to artifcial intelligence leads to self-regulating robots 

[Steels 2004]. 

Computing systems and networks with high degrees of coordinated complexity and low capital costs 

are natural testbeds for developing self-aware machines and systems. Key attributes of self-aware sys-

tems are as follows [Agarwal 2009]: 

1. Introspective: Observes itself, refects on its behavior, and learns. 

2. Goal-oriented: Tell the computer what you want. The job of the computer is to fgure out how 

to get there. 

3. Adaptive: The system analyzes the observations, computing the delta between the goal and 

observed state, and takes actions to optimize its behavior. 

4. Self-healing: The system continues to function through faults and degrades gracefully. 

5. Approximate: The system does not expend any more effort than necessary to meet goals. 

An achievable goal is for a system to extend its survival even though there is the possibility of degraded 

performance. 

An important subset of these topics is the role of pain. Pain is complicated with vastly different levels 

of sensitivity observed across individuals [Woolf 2010]. While progress has been made in identifying 

specifc regions of the human brain and the nervous system associated with gating and pain intensity, 

understanding the subjective conscious and subconscious experience of pain remains a major unresolved 

challenge [Tölle 1999]. Nonetheless, pain seems to be necessary for the survival of animals. Pain helps 

with injury avoidance and taking actions that minimize reinjury. People with neurological diseases 

that suppress pain inadvertently injure themselves and do not survive very long [Cox 2006]. It remains 

unclear whether the sensation of pain is a useful contributor to healing. Other (primarily biochemical) 

signaling pathways are possible. One argument against the need for subjective feelings of pain lies with 

the plants, which may not feel pain in the subjective sense, yet have healing capabilities that often exceed 

that of animals. 

Possible roles of pain related to self-healing and overall health management are as follows: 

1. Rapid Reaction: Invoke rapid reactions that prevent serious injury 

2. Signaling: Signal need for repair actions 

3. Behavior Modifcation: Modify behavior following injury to avoid more damage 

4. Motivation: Provide strong motivation to avoid dangerous conditions in the future 

5. Confrmation: Confrm healing by disappearance of pain 

Damage and repair are nonlinear memory-dependent processes. It is not surprising that pain is 

also nonlinear. A combination of interacting activation and inhibitory actions fnely tunes pain 

sensations. A conceptual model for pain regulation is the Melzack–Wall pain gate (Figure 14.27). 

Such gates may be active at substantia gelatinosa and frst-stage transmission cells in the central 

nervous system [Melzack 1965]. The gate combines large and small pain fbers with inhibitory and 

activation effects to regulate the passing of pain signals to the brain. Strong non-pain sensations on 

large fast neural pathways inhibit pain sensations that travel on smaller slow neural pathways with 

logic-based gating. In the absence of non-pain sensations to activate gating, the pain signals move 

onward for perception by the brain. 

Attempts to create artifcial sensations of pain in the control of autonomous machines include moti-

vated learning [Starzyk 2012]. A combination of rewards and pain trains a machine to interact with an 

unknown environment. Pain acts as an event-driven bias of the learning process, with multiple pain centers. 
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FIGURE 14.27 Melzack–Wall pain gate explains many aspects of pain perception. (a) Pain-inhibited – large non-
pain sensations traveling along large fast neural pathways suppress the transmission of pain signals to the brain 
that travel along small and slow neural pathways. (b) Pain-transmitted – small non-pain sensations traveling along 
large fast neural pathways allow the gate to open for the transmission of pain signals to the brain. (Adapted from 
[Melzack 1965].) 

The context of specifc events affects and inhibits the degree of bias of particular pain paths in a manner 

inspired by the Melzack–Wall pain gate. Simulations indicate that such a learning system is superior to 

a rewards-only process. 

Related to pain is the distinct sensation of itch [Bautista 2014] [Lee 2013b]. In mammals, acute itch 

sensations are histamine-dependent responses to noxious stimuli, such as mosquito bites, or can be 

histamine-independent, as in cases of chronic itch [Jeffry 2011]. From a biomimetic point of view, 

the advantage of separate itch and pain sensations is not clear but may lie in the use of overlapping 

fne and coarse measures of deleterious stimuli, along with different degrees of limbic interactions, 

that is, it is diffcult to ignore pain, while most cases of itch are annoying, but not dominant, mental 

processes. 

14.11 Special Opportunities and Applications 

14.11.1 Very Large Structures 

Earthquakes and related seismic events result from cracking and movement of subsurface geological 

structures. Pressure and heat-driven fusion of asperities heals the cracks, which may play a signifcant 

role in the occurrence rate and magnitude of earthquakes. Seismic observations are a viable method of 

assessing the healing of cracks along faults in the Earth’s surface. Laboratory experiments indicate that 

the frequency content of seismic elastic waves increases with the amount of healing – an observation that 

may translate to other large structures [McLaskey 2012]. 
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14.11.2 Self-cleaning Cities, Infrastructure, and Orbits 

Poor sanitation is one of the most accurate indicators of urban poverty and health problems. Self-cleaning 
city infrastructure has the potential for large impact on prosperity and health for all segments of society. 
Self-cleaning city infrastructure runs from self-cleaning surfaces to sweepers and cleaners to urban-scale 
coordinated efforts, such as smart robotic trash pickup and disposal. An overall approach combines mul-
timodality sensing, heterogeneous networking, data fusion and analysis, actuation, automated control, and 
mapping technologies to measure and promote urban sanitation and hygiene. It may be possible to take 
advantage of the Rapid Cleaning Positive Feedback Hypothesis where rapid cleaning alters physical and 
social dynamics such that it takes less overall effort to stay clean. An example is a storm sewer clog. Debris 
can catch and accumulate in a storm sewer. The debris restricts and alters the fow so that more debris accu-

mulates and clogs form. A second example is graffti. Rapid cleaning and/or repainting of graffti discour-

ages the placement of more graffti through alteration of social dynamics and reduced satisfaction of graffti 

artists/vandals. A potential consequence is for self-cleaning cities to be cleaner at lower cost. 

Satellites in orbit about the earth tend to occupy specifc orbital ranges for a variety of operational 

reasons. Inevitable accidents and uncontrolled trash release flls these favored orbits with high-velocity 

material that can do severe damage to vehicles in orbit. There is a serious need for systematic methods 

to clean these orbits. 

14.11.3 Self-cleaning and Self-healing Feathers for Airplanes 

Fixed wings on aircraft are highly effective in fight but are unable to take advantage of the nonlinear 

aerodynamics routinely used by birds with fapping and morphing wings. The original Wright brothers’ 

airplanes used shape-morphing wings for steering and control. The advent of ailerons supplanted morphing 

wings and enabled building stronger yet rigid wings. The technology of morphing largely lay dormant for 

over a century. Recent advances are prompting a resurgence in morphing wing technology. A key technical 

challenge is how to make the wing surface sustain aerodynamic fows and carry loads while undergoing 

large shape changes. Solid materials (aluminum, composite, wood, etc.) are too stiff. Fabrics and elastomers 

may deform but lack stiffness. Articulated and reticulated underlying mechanical structures covered in 

engineered feathers may provide both stiffness and smooth aerodynamic form. Feathers need to be inher-

ently lightweight and will beneft from self-healing and self-cleaning, perhaps with regenerative techniques. 

14.11.4 Industrial Fluids 

Many industrial processes and machines use fuids. Liquids with custom formulations heal and replenish 

the machinery as part of the process. How to make a liquid that heals machinery? One line of develop-

ment mixes active particles into lubricating and cooling fuids. Passive microspheres mixed into drilling 

fuid enhances (reduces) the density of drilling fuid [Shinbach 2010]. A fuid mixed with collapsing 

micro balls provides more aggressive active density changes [Shim 2012]. 

Healing liquids should fow easily from reservoir to damaged sites for healing. The healing liquid 

could do more than just solidify into a plug. There is a need to condition and deal with the damaged 

site, such as by softening and breaking down, congealing and lysis, as needed to promote repair. 

Blood is a prime example of a high-performance congealing material. Upon receiving specifc 

chemical signals, it forms clots consisting of complicated conglomerations of fbrin fbers, plate-

lets, and other material. Fibrin has extraordinary mechanical properties. Fibrin fbers can undergo 

strains of up to 180% without permanent deformation and strains of 525% without rupture [Liu 

2006a]. These strain levels are the highest known for proteins. It may be possible to engineer similar 

materials for artifcial sealing compounds. 

Additional directions for healing liquids formulate complex fuids with active microstructure. The 

functionality of the microcapsules may extend to the realm of mechanobiological mimicry by thromboti-

cally glomming onto to one another when signaled and have controlled/tuned mechanical properties that 

alter the fow characteristics through microvessels [Merkel 2011]. 
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14.11.5 Thermal Protection Systems 

Thermal protection systems (TPSs) are vital components of multiple high-performance systems, such 
as spacecrafts that undergo hypersonic atmospheric reentry. Failure of a TPS component may cause 
catastrophic system-wide failure. Localized damage, such as from impact by debris or the incipient 
formation of hot spots, may heal through aggressive self-repairs. Possible healing actions include the 
following: 

1. Thermal Healing: Repair the damage during a high-thermal loading cycle as with hypersonic 
atmospheric reentry. Heat drives the self-healing action during these transient events. 

2. Cold Healing: Self-repair during a cool period before the next thermal load. 

3. Mitigation: Survival-type mitigation actions during dangerous hypersonic maneuvers. 

4. Intumescent Healing: Inject foaming intumescents as an uncured foam. Then, cure in place 
by the heat. Ceramics, such as SiC, with an internal blowing agent, such as polyurethane are a 
possibility [Stackpoole 2008]. 

14.11.6 Electrical Conductors 

Multiple issues make self-healing of electrical conductors technically challenging opportunities. Most 
conductors are metallic – a relatively diffcult material for autogenous repair because of the high melt-

ing point of metallic conductors. Additional challenges are the possibility of miswiring in cable bundles 

forming shorts or crossing signal connections. Conversely, the availability of electric current and power 

at the point of failure is an opportunity to drive self-healing. 

The failure of electrical conductors is a major source of failure in modern engineered systems. Most 

electrical conductors are metallic. Failure of metal conductors results from mechanical stressors, such 

as fatigue due to excessive fexing, or trauma; electromechanical stressors, such as corrosion; electrical 

stressors, such as high-current surges and electromigration; and the failure of electrical solder contacts 

and conduction lines in printed circuit boards. 

14.11.6.1 Self-assembling Percolating Conductors 

Embedding metallic particles into an elastomer makes for a compliant solid conductor. If the mix load-

ing of conductors is large enough, the individual particles contact one another and form conductive paths 

through the solid by percolation. Large deformations of the elastomer break the conductive paths, which 

reform and heal upon relaxation of the deformation. Certain geometric arrangements and distributions 

of the particles favor the formation and recovery of conductive paths, such as self-assembling networks 

of conductive nanoparticles in a polyurethane elastomer [Kim 2013b]. 

Applying an electric feld to a conductive gel causes ionic components to migrate in a process called 

electrophoresis. The migration alters and controls the conduction paths set up by nanoparticle percola-

tion [Nakanishi 2011]. 

CNTs are individually good conductors of electricity. High-junction resistivities hamper the use of 

percolation to form bulk conductive materials. It is possible to reduce the bulk resistance by an active 

growth process that exploits the Joule heating at junctions conducting electric currents to solder and 

deposit vaporized metals [Do 2013]. Magnetic particles suspended onto a surface formed by a liquid−air 

interface create a dynamic system with oscillating magnetic felds forming hydrodynamic vortices that 

cause the particles to move and conglomerate into snake-like patterns [Belkin 2007]. 

14.11.6.2 Conductive Liquids 

It may be possible to repair metallic conductors using room temperature liquid conductors, such as mer-

cury, eutectic gallium indium, and electrolytic conductors. An elastomeric tube flled with conductive 

liquid is a damage-mitigating conductor [Zhu 2013]. The tube stretches multiple times the original length 

while maintaining conductivity. The resistance changes with stretching and allows for using conductive 
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liquid tubes as large deformation strain gages for applications, such as plethysmography (the measure-
ment of volume changes in body parts) [Youdin 1976]. 

Using a liquid as a regenerator of conductive paths requires getting the liquid to stay in place at the 
damaged site and not migrating to undesired locations. It may be possible to heal with a two-step process: 
frst, form the vessel wall and then fow the liquid conductor. Possible uses are liquid metal conductors 

as regenerative components in high current and heat applications, such as metal contacts in large DC 

motors, or large electrical switches. Gallium-based metals liquefy at room temperatures and then form 

oxide layers with high surface tension at metal−air interfaces. The application of small voltages on the 

order of 0.6 V removes the oxide layer, dramatically lowers the surface tension, and enables controlled 

movements of liquid metal droplets [Khan 2014] [Dickey 2014]. Microencapsulation stores and then 

releases electrically conductive liquids [Haishima 2001]. 

14.11.6.3 Whisker and Dendritic Growth 

The growth of conductive dendritic structures is a potential means of restoring conductivity in dam-

aged electrical wiring (Figure 14.28). One approach grows out with probing dendritic structures until 

a conductive path is achieved, and then rapidly grows in a reinforcing manner, possibly enhanced with 

chemical or electrochemical guidance. 

How to grow and restore electrical conductivity: 

1. Dendrites: Under the appropriate circumstances metal whiskers and dendrites grow out of a 

metal conductor, span across a gap, and form electrical contacts with other conductors. Perhaps 

the best documented case is the growth of tin whiskers out of lead-free solders. Tin whisker 

growth is normally undesirable. It causes electrical shorts and other problems in electronic 

packages, often at great expense [Karpov 2014] [Mathew 2011] [Fukuda 2006] [Han 2010]. 

Accentuating rather than suppressing tin whisker growth reconnects broken electrical wires 

and contacts. One method may be to use a protective coating, such as a tin−lead solder on top 

of tin wires. The tin−lead solder inhibits whisker growth. Lead-free solder promotes whisker 

growth. Cutting a coated wire exposes the tin and grows whiskers, perhaps outward, to contact 

another exposed tin surface. Adding rare earth elements and electric felds accelerates tin whis-

ker growth [Dudek 2009] [Vasko 2015]. 

2. Conductive Nanoparticles: Form chains of conductive nanoparticles. Gold and silver nanoparticle 

chains, including those with an encapsulating flament, form nano peapod structures [Hu 2006]. 

3. Electrolytic Nanowire Growth: The fow of electrons through conductive media provides activ-

ity for growing or repairing conductive paths. One possibility is to deposit copper conductive 

connections out of a copper sulfate liquid bath. Another is a combination of light and electric 

felds that causes triarylamine to self-assemble spontaneously into conductive supramolecular 

nanowires between narrow submicron gaps [Faramarzi 2012]. 

FIGURE 14.28 Crack bridging of conductors driven by electric potential. 
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FIGURE 14.29 Stretching of a conductive liquid drop in a compliant dielectric by the application of a large electric volt-
age. (From [Wang 2012d].) 

4. Bacterial Growth: Some bacteria that produce extracellular appendages to form electri-
cally conductive nanowires. These nanowires may be healing agents for electrical contacts 
[El-Naggar 2010]. 

5. Hierarchical Arrays: Dendritic electrically conductive molecular molecules make effective 
electrical contacts between dissimilar materials, such as closely packed viologens that anchor 
onto gold surfaces [Kawauchi 2015]. 

6. Electric Fields: These stretch and control electrically conductive droplets to make an electrical 
connection (Figure 14.29) [Wang 2012d]. 

14.11.7 Electrochemical Chloride Extraction 

Chlorides from deicing salts, ocean spray, and contaminated mixed ingredients migrate by diffusion 
through concrete, promote corrosion of the reinforcing steel, which swells to crack the concrete, and 
promote more chloride penetration and damage. Electromigration drives corrosion inhibitors into chlo-
ride-laden concrete [Pan 2008]. Electrochemical chloride extraction (ECE) is an active electromigration 
method that drives deleterious ions out of materials. The method places a steel or titanium mesh anode 
on the surface of the concrete and uses subsurface reinforcing steel as the cathode. Forced electrical cur-
rents cause the chloride ions to migrate to the surface and out of the concrete. Reduction of chloride load 
by over 60% and reversal of half-cell potential over the critical −200 mV threshold for 95% reduction of 

While often used as an ad hoc manually applied repair technique for distressed concrete, ECE may 
be very effective in aggressive corrosion environments, such as salt water, when built into the structure 
during fabrication. This is similar to the use of galvanic protection systems. 

14.11.8 Granular, Cementitious, and Bricklike Materials 

Remarkable physical materials at relatively low cost arise from the composite assembly of strong build-
ing blocks, such as bricks and stones, held together with weaker, more fexible, and geometrically 

corrosion risk are possible [Kim 2007]. ECE has value in those situations where the chloride penetration 
is severe, but cracking damage has yet to occur. If cracking, delamination, and spalling damage are pres-
ent, these need to be fxed frst.
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accommodating materials, such as mortar or cement, and often strengthened with tension-based rein-
forcing material. These materials are low cost and easy to assemble into wide varieties of shapes while 
exhibiting exhibit high strength and mechanical properties. The matrix acts as a binder to hold the 
aggregate particles in place. Binders tend to be weak but are initially fowable to allow enveloping the 

aggregates before solidifcation. Biomimetics holds promise for these materials. Bone and abalone nacre 

are largely calcium carbonate but are remarkably tough [Du 2023]. 

Concrete provides mechanical strength in compression, largely through force transmission via a net-

work of interacting stones (aggregate) and sand particles held together by cement. Ordinary Portland 

Cement (OPC) is a common cement in concrete. Polymer-based or polymer-inclusive concrete systems 

are increasingly being used in high-performance applications, where traditional ceramic-type cements 

are inadequate [Dinitz 2008]. The addition of polymers opens opportunities for creating more aggressive 

self-healing concretes. 

Alkali-silica reaction (ASR) is a serious damage mode for concrete that may take years and decades 

to develop. The high pH of OPC interacts with some silica aggregates to form a gel that expands and 

causes the concrete to crack. At present, there are few remediation methods other than the use of aggre-

gates that are not susceptible to ASR activity. An exception is the use of fy ash from coal plants in the 

concrete. Although the underlying mechanism is not entirely understood, large concrete structures built 

with aggregates known to be susceptible to ASR have largely avoided damage by the fortuitous inclusion 

of fy ash in the concrete mixes [Thomas 2012]. The fy ash intervenes to mitigate damage. Accentuating 

this effect could enable better preventative treatments and the use of more ASR-susceptible aggregates 

without jeopardy. 



https://taylorandfrancis.com


  

 

 

  

 

 

  

  

  

 

 

 

 

 

  

 

 

  

 

 

  

  

  

  

 

 

  

  

  

 

  

  

 

  

 

  

 

  

 

  

 

 

  

 

 

  

  

Appendix A: Acronyms and Abbreviations 

1-D One-dimensional 
2-D Two-dimensional 
3-D Three-dimensional 
ACLM Automated Contingency and Life Management 
AFM Atomic Force Microscope 
AI Artifcial Intelligence 
AIC Adaptive Intelligent Controller 
ASR Alkali Silica Reaction 
b. Bacillus 

BCC Body-centered Cubic 
BE SONOS Bandgap-engineered Silicon Oxide–Nitride Oxide–Silicon 
BTI Bias Temperature Instability 
CLASH Cross-layered Accelerated Self-healing 
CNT Carbon Nanotubes 
COD Crack-opening Displacement 
CP Cathodic Protection 
DA Diels–Alder 
DBTL Dibutyltin Dilaurate 
DC Direct Current 
DCB Double-cantilever Beam 
DCDC Double-cleavage Drilled Compression 
DCPD Dicyclopentadiene 
DEAP Dielectric Electrically Active Polymer 
DNA Deoxy-ribonucleic Acid 
DSC Differential Scanning Calorimetry 
e. Escherichia 

ECC Engineered Cementitious Composite 
ECE Electrochemical Chloride Extraction 
ECMO Extracorporeal Membrane Oxygenator 
EIG Eutectic Indium Gallium 
FCC Face-centered Cubic 
FLAIR Fine Lightweight Aggregates as Internal Reservoirs 
FMEA Failure Mode Effects Analysis 
FMECA Failure Mode, Effects, and Criticality Analysis 
FRP Fiber-reinforced Polymer 
GFCI Ground-fault Current Interrupter 
HA Hierarchical Actuator 
HCP Hydrated Cement Paste 
IDT Indirect Tension 
IFCS Intelligent Flight Control System 
ksi Kilopounds per square inch 
LSF Living Snow Fences 
MAC Microarc Oxidation Coating 
MEMS Micro-electromechanical System 
ML Machine Learning 
MOF Metal–Organic Framework 
MOV Metal Oxide Varistor 
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OPC Ordinary Portland Cement 
OPH Organo-phosphorous Hydrolase 
PAN Polyacrylonitrile 
PCM Phase Change Memory 
PDES Poly(diethylsiloxane) 
PDMS Polydimethylsiloxane 
PFPE Perfuoropolyether 
PIB Polyisobutylene 
PLA Poly(lactic acid) 
PMMA Poly(methyl methacrylate) 
PUF Poly(urea-formaldehyde) 
rms Root Mean Square 
ROMP Ring-opening Metathesis Polymerization 
SLIPS Slippery Liquid-infused Porous Surface 
SMA Shape Memory Alloy 
SMAT Surface Mechanical Attrition 
SMM Shape Memory Material 
SMP Shape Memory Polymer 
STAR Self-testing and Repairing 
TBC Thermal Barrier Coating 
TPS Thermal Protection System 
UPV Ultrasonic Pulse Velocity 
UPy 2-Ureido-4[1H]-pyrimidone 
UV Ultraviolet 
WWI World War One 
WWII World War Two 



Appendix B: Self-healing Patents 

TABLE B.1 

Selected Self-sealing Fuel Tank Patents 

Inventor Year Patent Number Title Invention Technique 

Ohnstad, Monk 2011 US 8,043,676 Sealing-reaction, Layer- Synthetic fuel sealing, and constrained 
effective, Stealth Liner for layer anisotropic swelling 
Synthetic Fuel Container 

Bennett, 2007 US 7,220,455 Material-selectable, Self- Method of making multilayer swelling 
Ohnstad, Monk healing, Anti-leak Method for elastomeric sealing 

Coating Liquid Container 

Grosvenor 1983 US 4,422,561 Fuel Tank Component Flaps that plug holes 

San Miguel 1978 US 4,088,240 Fuel Tank Leakage Fiber Flow Wall-attached fbers fow into hole form 
Sealant scaffolding for plug 

Cook 1974 US 3,801,425 Self Sealing Container Liquid sealing layer solidifes by fuel 
solvent removal of liquefers 

Baker, Fogarty, 1972 US 3,698,587 Self Sealing Composite Elastomeric foam layer provides 
Slagel resilience and shape rebound 

Baker, Cook, 1971 US 3,577,306 Polymer Laminate to Prevent Fiber-reinforced elastomeric layer 
Slagel Severe Metal Petalling prevents petalling 

Damage 

Stedfeld 1968 US 3,379,336 Self-sealing Tank Integrated wall faps that plug pressure 
vessels 

Boger 1951 US 2,715,085 Fuel Container Nitrile layer separates gasoline from 
sealing layers 

Gerke 1951 US 2,626,882 Self-healing Fuel Cell Butyl rubber for low temperatures 

Frolich 1950 US 2,497,123 Fuel Cell Polymerized conjugated diolefn for low 
temperatures 

Merrill 1948 US 2,440,965 Improved Tank for Hydrocarbon Nylon barrier separates aromatic fuels 
Fuels from sealing layers 

Dasher 1948 US 2,438,965 Self-sealing Fuel Tank Foam layer mitigates hydraulic ram 

Hershberger 1947 US 2,430,931 Laminated Fuel Tank Polyvinyl acetal barrier separates 
aromatic fuels from sealing layers 

Gray, De Weese 1947 US 2,421,613 Plastic Liner for Containers Impermeable nylon layer separates fuel 
from active swelling sealing layers 

Sanz 1942 US 2,411,116 Self-healing Container Forming Multilayer rubber 
Material 

Dasher, 1940 US 2,425,515 Self-sealing Fuel Tank Layer of impervious rubber with 
Crawford, solvent-swelling foam 
Colley 

Foges 1936 US 2,039,401 Automated Sealing Device Adhesive layer sticks to projectile and 
drags into hole-forming plug 

van Orman 1928 US 1,662,018 Leakproof Tank Cover Gasoline-induced swelling of rubber 
layer 

Friant 1922 US 1,436,985 Self Sealing Reservoir Feathered array of faps 

Murdock 1920 US 1,349,290 War Aeroplane Fuel Tank Rubber balls in compressed layer 
comingle with fuel and plug holes after 
bullet penetration 
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TABLE B.2 

Selected Patents for the Manufacture of Self-sealing Fuel Tanks 

Inventor Year Patent Number Title Invention 

Hietz, Hill 1982 US 4,352,851 Void Filler Foam Fire Foam-flled cells mitigate damage 
Suppression System 

Villemain 1982 US 4,345,698 Aircraft Self-sealing Fuel Assembly using prefabricated self-sealing 
Tank panels 

Hollis Sr. 1976 US 3,969,563 Protective Wall Structure Metal plate composite with rectilinear wire 
mesh for resilient lightweight wall fabrication 
for self-sealing tank 

Bailey 1951 US 2,558,807 Method of Making Flexible Spray on layering of material simplifes 
Fuel Tanks fabrication 

Crawford 1948 US 2,466,811 Self-sealing Fuel Tank Multilayer fber-reinforced polymer wall 
Construction construction for self-sealing tank 

Cunningham 1948 US 2,439,562 Fuel Tank Stiff projectile resilient wall panel inserts that 
allow folding of tank for airplane insertion 

Blanchard 1947 US 2,426,384 Manufacture of Flexible Breakable frame of paper and plaster of Paris 
Containers as removable mandrel for layup of self-sealing 

tank 

Crawford 1945 US 2,374,332 Self-sealing Fuel Tank T-shaped mounting brackets for baffes inside 
self-sealing tank 

Rethorst 1946 US 2,406,903 Fuel Container and Method Multilayer fabrication with chemical 
of Making Same mastication of intermediate unvulcanized 

rubber layer 

Eger 1946 US 2,401,626 Method for Forming Tanks Collapsible and removable frame as a mandrel 
for multilayer self-sealing tank construction 

Eger 1946 US 2,401,625 Method of Making Puncture Method of precompressing elastomeric foam 
Sealing Material for puncture sealing 

Imber 1921 US 1,392,892 Tank or Receptacle for Interior frame holding baffes supports 
Combustible or Other construction of self-sealing tank on periphery 
Liquids 

TABLE B.3 

Selected Patents for the Manufacture of Self-sealing Pneumatic Tires 

Inventor Year Patent Number Title Invention Technique 

Semegen 1954 US 2,827,098 

Placentino 1953 US 2,632,492 

Iknayan 1943 US 2,332,913 

Carnahan 1942 US 2,283,183 

Eberhard 1937 US 2,099,514 

Waber 1936 US 2,033,962 

Ott 1931 US 1,818,349 

Armstrong 1919 US 1,311,738 

Oberfelder 1917 US 1,244,236 

Article of Manufacture and 
Method for Making the Same 

Pneumatic Vehicle Tire Inner 
Tube 

Method of Manufacturing 
Puncture Sealing Inner Tube 

Method of Producing Self 
Sealing Tubes 

Puncture Sealing Inner Tube 
for Pneumatic Tires 

Punctureproof Tube and 
Method of Making Same 

Method of Manufacturing 
Inner Tubes for Pneumatic 
Tires 

Method of Making Puncture 
Proof Tire Tubes 

Puncture Proof Tube and 
Process of Producing Same 

Layup process for acrylate sealing layer 

Layup process for foam-sealing layer in inner 
tubes using standard equipment 

Layup of compartmentalized self-healing inner 
tube 

Layup procedure for self-sealing inner tube 
shield 

Method of extruding and joining vulcanized 
and unvulcanized layers in an inner tube 

Vulcanizing accelerant to speed multilayer 
self-sealing tire tube manufacture 

Procedure for creating unvulcanized healing 
layer in vulcanized inner tube 

Rolling layup of tube with self-sealing layer 

Layup procedure for foamed tube with 
precompressed layer 
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TABLE B.4 

Selected Patents and Published Applications on Self-healing Wire and Cable 

Inventor Year Patent Number Title Invention 

Alexander et al. 2013 US 8,409,479 Ceramifying Composition for Fire Environmental activation – heat 
Protection causes silicone insulation with 

phosphate-enhanced strength to 
ceramify and survive fres 

Jolley et al. 2012 US 20120321828 Self-healing Polymer Materials for Flowable insulation – heat and/or 
Wire Insulation, Polyimides, Flat microencapsulated solvent causes 
Surfaces, and Infatable Structures insulation to soften and fow into 

damage 

Stanley et al. 2011 US 8,393,802 Cleanable and Self-cleaning Fiber Self-cleaning fber-optic connector – 
Optic Connector mechanism wipes contact paths 

clean with connector mating 

Noddings KC 2011 US 8,050,527 Self-healing Optical Fiber Cable Flowable layer – heat-activated 
Assembly and Method of Making polymer seals cracks and defects 
the Same in fber-optic cables 

Easter 2010 US 7,666,503 Self-healing Cables Swelling insulation – water-
swellable polymer gel plugs water 
leaks 

Kauffman 2008 US 2008/ Water-soluble Polymer Coating for Environmental activation – 
0210453 Al Use on Electrical Wiring water-soluble polymer can fow 

after damage to heal insulation 

Huston and 2007 US 7,302,145 Self-healing Cable Apparatus and Swelling insulation – swelling 
Esser Method material repairs insulation damage 

Parrish 2007 US 7,285,306 Process for Self-repair of Insulation Microencapsulated healing 
Material insulation – healing liquid for 

polyimide layers 

Belli et al. 2006 US 7,087,842 Electric Cable Resistant to Water Swelling insulation – water-
Penetration swellable powder in expanded 

polymer blocks water leaks 

Belli et al. 2003 US 6,664,476 Electrical Cable with Self-repairing Flooding insulation – refowable 
Protection dielectric polymer layer repairs 

insulation 

Watkins Jr. and 1999 US 5,862,030 Electrical Safety Device with Mitigation – cable overheat and 
Morris Jr. Conductive Polymer Sensor mechanical damage mitigation 

with distributed sensing system 

Freeman CS, 1995 US 5,461,195 Filled Telecommunications Cable Gel layer heals water-induced 
and Davis LE Having Temperature Stable Mutual shorts in telecommunications 

Capacitance cable 

Priaroggia 1986 US 4,602,121 Oil-flled Electric Cable with Oil-flled electric power cable with 
Alternate Layers of Plastic and paper insulation 
Paper Tape Insulation 

Edwards 1974 US 3,844,860 Method of Making an Electric Flooding insulation – pre-swelling 
Power Cable of paper tape wrap layer to aid 

making oil-flled power cable 

Horton 1974 US 3,784,959 Self-healing Electrical Connector Self-sealing connector – electrical 
Means contacts penetrate conformable 

dielectric 

Zinser Jr. and 1973 US 3,775,548 Filled Telephone Cable Flooding insulation – petroleum 
Connelly jelly and PIB fooding compound 

Whitehead 1968 US 3,391,243 Enclosed Electric Power Flooding insulation – gas-based 
Transmission Conductor vascular insulation 

Kemp AR 1939 US 2,181,188 Insulated Cable Flooding insulation – undersea 
cable using PIB for pressure 
equalization 
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TABLE B.5 

Selected Self-sealing Tire Patents 

Inventor Year Patent Number Title Invention Technique 

Yamagiwa et al. 2008 US 7,316,253 Sealant for Prevention of Blowout, Non-Newtonian sealant adapts to 
Tubeless Tire, and Tire Tube spinning tire dynamics 

True and Glaser 2000 US 6,013,697 Tire Sealant Composition Internal mixture of water, mica 
fakes, clay, and propylene 
glycol 

Powell et al. 1980 US 4,186,042 Puncture Sealing Tire Thin layer under tread fows into 
hole 

Sweet and 1962 US 3,048,509 Puncture Sealing Means for Butadiene-styrene sealing layers 
Kyriakides Pneumatic Tires enable retreading 

Schutz 1959 US 2,905,229 Self-sealing Pneumatic Tire Butadiene styrene sealing goo 
for wide temperature range 

Iknayan 1956 US 2,756,801 Puncture-sealing Pneumatic Article Modifed butyl rubber-sealing 
goo for wide temperature range 

Knill 1956 US 2,752,979 Puncture Sealing Inner Tube Partially vulcanized sealing goo 
with fewer pores 

Hardman 1953 US 2,657,729 Puncture Proof Tube and Sealing Depolymerized rubber for 
Material high- temperature durable 

sealing goo 

Tilton Jr. 1947 US 2,566,384 Self-sealing Article Butyl rubber lightweight sealing 
layer 

Loomis 1936 US 2,055,797 Inner Tube for Tires Sealing layer that resists fow 
under centrifugal force 

Foges 1936 US 2,039,401 Automated Sealing Device Adhesive layer sticks to 
retracting puncture, dragging 
into hole, and forming plug 

Knowlton 1934 US 1,977,281 Inner Tube and Method of Cellular sealing compartments 
Manufacture 

Richardson 1933 US 1,930,182 Valve Stemless Inner Tube, Self Replaces valve stem with 
Sealing Section and the Like self-sealing tube and 

hypodermic needle for infation 

Landis 1931 US 1,156,155 Pneumatic Tire Tube Mucalagenous layer for sealing 
puncture holes 

Waber 1931 US 1,808,091 Pneumatic Tire Tube Conformal self-sealing layer 
inner tube 

Privett 1921 US 1,453,949 Inner Tube Gummy inner tube with stiffener 
presses against tire 

Jeffries 1918 US 1,285,719 Air Tube for Pneumatic Tires Feathered faps for sealing 

Armstrong 1918 US 1,257,780 Plastic Composition Rubber-oil plastic goo for 
sealing 

Clare 1915 US 1,137,461 Self Healing Composition for Inner Nonvulcanizable petroleum-
Tubes of Tires based rubber sealant layer 

Cochrane 1900 US 642,838 Pneumatic Tire Precompressed sponge rubber 
layer 



 

 

  

 

  

    

  

    

  

Appendix C: Supplemental Engineering 

Analysis and Science 

C.1 Thermodynamics and Entropy 

Thermodynamics and entropy are universal organizing principles for processes that combine stability, 
transformation, and information. 

C.1.1 Classical Thermodynamics 

Classical thermodynamics describes macroscopic transformations of isolated systems in terms of mea-
surable complementary extensive and intensive physical properties [Callen 1960] [Fermi 1956]. Extensive 
quantities add and depend on the amount of material, such as volume V and mass M. Extensive proper-
ties of composite systems are the sum of the properties of the component subsystems. Intensive physical 
quantities are independent of the amount of material. Examples are temperature θ and pressure p. A 
fundamental relation among extensive quantities is as follows: 

( 1 … r ) (C.1) U = U S, V, N , , N 

Here, U, S, V, and Ni are energy, entropy, volume, and molar quantity, respectively, of chemical species i. 
Small changes in the energy dU are as follows: 

∂U ∂U
r 

∂U
dU = dS + dV +∑ dN i (C.2) 

∂S ∂V 
=

∂N ii 1  

The partial derivatives of the energy U with respect to the extensive variables are intensive quantities, 
with common names. 

 ∂U  
  = θ = Temperature (C.3) 
 ∂S  V,Ni 

 ∂U −   = =  (C.4) p Pressure
 ∂V  S,Ni 

 ∂U  
 = µ i = Electrochemical potential (C.5)  ∂N i  S,V,N j≠ i 

If a system with potential energy U(xi) is in a stationary confguration at xi = xi0, then the system is at 
a point of equilibrium: 

∂U 
= 0 (C.6) 

∂xi =x x0 
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FIGURE C.1 Equilibrium point stability viewed in terms of energy with a ball rolling on a hill. (a) Stable. (b) Unstable. 
(c) Neutrally stable – equivalently as entropy in a thermodynamic system. (d) Stable. (e) Unstable. (f) Neutrally stable. 

A ball rolling in a variable height gravitational landscape provides a conceptualization (Figure C.1). 
A ball is in a position of equilibrium at the bottom of a valley, on top of a hill, and on a fat. The valley 
position is stable, while the hilltop and fat points are respectively unstable and neutrally stable. A local 

2 2quantifcation of stability depends on the curvature of the potential energy hill, that is, the sign of d U  / dx 
in a neighborhood of an equilibrium point (Figure C.1a–c). An alternative, but largely equivalent, point of 
view is that a thermodynamic system is stable when the entropy is at a local maximum (Figure C.1d–f). 

Legendre transforms convert U (or S) with combinations of extensive and intensive variables to create 
useful equivalent representations: 

h = +  (C.7) U PV 

Small changes in h are as follows: 

dh = dU − PdV Vdp− (C.8) 

At equilibrium, the entropy and molar concentrations are stationary in Eq. (C.2), that is, dS = dNi = 0, and 

dh = −Vdp (C.9) 

Enthalpy facilitates representations of constant pressure processes. Similar Legendre transforms facil-
itate examinations of constant temperature and volume, and constant temperature and pressure process 
with the Helmholtz free energy F and Gibbs free energy G: 

F = −U θS (C.10) 

= − θSG h  (C.11) 
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At equilibrium, 

dF = −Sdθ − pdV (C.12) 

dG = − θ (C.13) VdP Sd 

The application of energy, substance, heat, and work transforms a system from one state to another. 
Equations of state relate independent physical quantities during these transformations. An equation of 
state for a mechanically and chemically homogeneous fuid system is 

f p, V, θ =0 (C.14) ( ) 
As a system moves from one state A to another state B, the work done W and heat transferred Q are 

as follows: 
B B 

WAB = dW  = − pdV (C.15) ∫ ∫ 
A A 

B B 

QAB = dQ  = θdS (C.16) ∫ ∫  
A A 

Callen (1960) states that the fundamental problem in classical thermodynamics is to determine the 
movement of an isolated composite system following the removal of an internal constraint. 

Being isolated, the total system does not exchange energy, substance, heat, and work through the 
system boundary, but it may exchange such quantities between subsystems (Figure C.2). The trans-
formation of an isolated system following the release of an internal constraint maximizes entropy. 
A reservoir is a subsystem that is much larger than other subsystems. The large size of the reservoir 
causes specifed thermodynamic properties to not change appreciably with the release of an internal 
constraint. The effect is to convert an isolated composite system into one where the small subsystem 
effectively acts as a nonisolated system with idealized external interactions with the large reservoir 
acting as the external environment. 

The frst law of thermodynamics for a quasi-static process that moves a system from state A to state B is 

∆UAB = WAB + QAB (C.17) 

A cycle is a process that starts at A and then brings the system back to A, that is, A = B, ΔUAB = ΔUCycle = 
ΔUAA. This leads to restating the frst law of thermodynamics as the conservation of energy. 

−WCycle  = QCycle (C.18) 

FIGURE C.2 Composite isolated system moves to new equilibrium upon release of internal thermodynamic constraint 
between subsystems. (a) Initial state. (b) Final equilibrium state. 
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FIGURE C.3 Conversion of phase A into phase B by the addition of energy. 

There are multiple equivalent statements of the second law of thermodynamics. 

1. Heat fows from high temperatures to low temperatures. 

2. No perpetual motion machines exist. 

3. It is impossible to create a heat engine without a temperature difference. 

4. Entropy increases in all processes. 

An unstable energy versus state landscape causes homogeneous material systems to separate into 
two or more phases. Two phases coexist when each phase has the same average kinetic energy for each 
mechanical degree of freedom at the molecular scale. This appears at the macroscopic scale as both 
phases being at the same temperature. The addition, or removal, of energy from the combined two-phase 
system adds or removes potential energy, yet leaves the average kinetic energy, that is, temperature, of 
the two different phases equal. Conservation of energy converts one phase into the other (Figure C.3). 
Upon complete conversion of one phase into another, the material restabilizes in a single phase. Adding 
or removing more energy changes the temperature of the material (Figure C.4). More complicated phase 
transitions occur when multiple phases are present, such as water with three phases (gas, liquid, and 
solid) and mixtures of different chemical species, and metal alloys. 

The concepts of classical thermodynamics extend to describing the behavior of continuous materials 
with an assumption that energy and entropy are continuous spatial and time varying quantities [Eringen 
1980]. The frst law of thermodynamics for a continuum (using indicial notation) is as follows: 

ρε = t v  + q + ρh (C.19) kl l,k  k,k 

FIGURE C.4 Temperature changes with the addition of energy into single phase system (A or B), but is constant in two 
phase system (A and B) as it converts from A to B. 
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Here ρ is the mass density, ε is the rate of change of energy at a point, vl,k is the spatial gradient of veloc-
ity, tkl is the stress tensor, qk  is the heat fux vector, and h is the internal heat generation. The second law 
of thermodynamics for a continuum is as follows: 

 ε  1 1 kl l.k  k ( l k  (C.20) ργ = ρ η−   + t v  + q logθ)v ≥ 0
 θ θ θ 

Here ϒ is the total rate of entropy production and η  is the local rate of entropy production. 
Unstable homogeneous states may segregate into spatially heterogeneous forms with localized regions 

of different states and thermodynamic properties. Turing examined spatial localization of chemical spe-
cies with competing diffusion and reaction effects [Turing 1952]. The goal was to explain the formation 
of patterns in biology, for example, spots on animals and the morphogenesis of embryos. The reaction– 
diffusion equations governing the spatial and temporal distribution of species Xi are as follows: 

∂X i 2(X , X2 ,… +) D ∇ X i= ν  1 i (C.21) 
∂t 

Here ν(Xi) is a spatially varying parameter, often a polynomial that introduces nonlinearity, and Di is 
a diffusion coeffcient. Perturbation methods linearize the equations for stability analysis and indicate 
the presence of bifurcation-type instabilities, known as Turing bifurcations. A characteristic feature 
of these bifurcations is the formation of spatially periodic patterns of chemical species concentrations 
(Figure C.5). 

C.1.2 Statistical and Quantum Thermodynamics 

The notions of equilibrium thermodynamics govern many physical processes. Largely beginning 
with the development of the kinetic theory of gases, it was recognized that matter consists of atoms 
and molecules and that all kinetic degrees of freedom, including – but not limited to –those of 

FIGURE C.5 Spatial patterns of concentration formed by Turing bifurcation in reaction–diffusion equations. 
(From [Turing 1952].) 
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atoms and molecules, are constantly in random motion. A result due to Einstein is that the ran-
dom motions, that is, fuctuations δXi, about most stable conditions of thermal equilibrium, follow 
Gaussian distributions. 

N N 1 
p(δX ,1 δX ,2 … δ, XN ) = Ω1exp  ∑∑S Xijδ δi X j  (C.22) 

 2kB 
 = j 1= i 1  

p(δ1, δ2, …, δN) is a multivariate probability distribution. Ω1 is a normalization constant. N is the number 
of dynamical degrees of freedom. kB = 1.38 ×10−23 JK−1 is Boltzmann’s constant. Sij are second-order 
coeffcients in a power series expansion about equilibrium of the entropy S(δ1, δ2, …, δN). A geometric 
interpretation is that the Sij coeffcients represent curvatures in the entropy surface, as shown in 
Figure C.1. Sharper curvatures represent increased dynamical stiffness, smaller fuctuations, and stabil-
ity. Flatter curvatures represent decreased dynamical stiffness, larger fuctuations, and instability, such 
as when a system approaches a phase change. 

Boltzmann’s law indicates that when a system is in thermal equilibrium, the average kinetic energy 〈E〉�
in each molecular degree of freedom is proportional to temperature: 

1
〈 〉E  = kBθ (C.23) 

2 

Higher temperatures increase the fuctuations of these degrees of freedom with increased mobility of 
molecules and atoms. The increased mobility manifests itself as increased diffusion rates. This allows 
chemical reactions to proceed that do not occur at lower temperatures. 

The Gibbs entropy SG of a system with moving components expressed in terms of the probability of 
the system being in state pi is as follows: 

S = −k ∑p ln p( )  (C.24) G B i i 

i 

The von Neuman entropy SVN is an extension into the quantum realm [Sagawa 2011]. The general 
state |ψ〉�of a quantum system is a superposition of N possible states | ψ 〉i each with probability pi. The 
density matrix ρ is 

and 

N 

pρ = ∑ i 

i 1= 

iψ ψ i (C.25) 

S = −tr lnρ ρ  (C.26) VN ( ) 
tr(…) is the trace of a matrix, that is, sum of diagonals, and ln(…) is a matrix logarithm. 

C.1.3 Nonequilibrium Thermodynamics 

Describing nonequilibrium processes typically extends and modifes the formulations of equilibrium 
thermodynamics. Many aspects of nonequilibrium thermodynamics are principal unresolved fundamen-
tal problems of scientifc inquiry. At the forefront is the issue of the direction of time. Newton’s law of 
motion and almost all other fundamental laws of physics are symmetric with respect to time, that is, the 
laws appear the same if t is replaced by −t. For example, a linear single degree of freedom undamped 
oscillator has the equation of motion: 

2 

m
d x  

+ kx = F t( )  (C.27) 
dt2 
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Here m is the mass, x is the displacement, k is the spring stiffness, and F(t) is the applied external force. 
For the case of zero external force and nonzero initial conditions x(0) = x0 and dx(0)/dt = 0, the motion 
is a sinusoid: 

x( )t = x0cos t( )ω (C.28) 

Here ω�= (k/m)1/2 is the circular natural frequency. This solution is physically unrealizable because it cor-
responds to oscillating motion that does not stop. Macroscopic observation indicates unforced motions 
of oscillators due to nonzero initial conditions eventually dissipate and die out. A convenient mathemati-
cal model is to achieve physical realizability that introduces viscous damping, c > 0, to the equation of 
motion. 

2d x  dx 
m + c + kx = F t( )  (C.29) 

dt2 dt 

The response of the unforced system to the same initial conditions is an exponentially decaying sinu-
soid as t increases. 

ct    c2   
x( ) = x0exp  −   1  t  cos  ω −  t (C.30) 

2m  4mk   

The distinction between the two cases is that the undamped oscillator has only even powers of deriva-
tives of x in Eq. (C.27), whereas the damped oscillator has a mix of even and odd powers of derivatives 
in Eq. (C.29). Even power derivatives are symmetric with respect to a sign reversal in time. Odd power 
derivatives are antisymmetric. Reverse the direction of time in Eq. (C.28) and the motion does not 
change. Reverse the direction of time in Eq. (C.30) and the motion changes to exponentially growing 
oscillations. 

Recognizing that dissipation is a universal process, Rayleigh formulated a set of phenomenological 
equations with frst-order time derivatives of extensive physical quantities in the form of fuxes Ji, applied 
forces Fj, and coupling coeffcients Lij. 

N 

Ji = ∑L ijFj (C.31) 
=j 1  

The frst-order time derivatives in the fuxes Ji introduce irreversibility and time-reversal asymmetry. 
Onsager assumed that the microscopic processes driving irreversible fuctuations are time-reversal sym-
metric. This led to the conclusion that the coupling coeffcients Lij show that the coupling coeffcients are 
symmetric with respect to degree of freedom indices i and j. 

L ij = L ji (C.32) 

Experiments confrm that these relations are valid for many irreversible processes operating near to 
equilibrium [Katchalsky 1965]. 

Active materials are examples of irreversible thermomechanical systems that derive action from free 
energy stored in the material. For example, an active gel consists of a fuid with an embedded net-

awork of active microflaments [Prost 2015]. The stress tensor tij separates into passive tij
p and active tij 

components: 

p at = +  (C.33) t tij ij ij 

The active stress represents the conversion chemical energy into mechanical energy by forces exerted 
among the embedded network of microfbers. 
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Most human-built and biological living systems distinguish themselves by an orderly nonequi-
librium arrangement of constituents. In a discussion of the thermodynamics of living biological sys-
tems, Schrödinger introduced a normalized sign-reversed version of entropy called the negentropy, J(x) 
[Schrödinger 1944]. Other authors suggest that free energy may be a more appropriate term [Ho 2008]. 
In an infnite domain with a Gaussian distribution as the representation of a purely random case with 
minimum negentropy, 

J x( ) = H x( Gauss ) − H x( )  (C.34) 

H(xGauss) is the entropy of the Gaussian variable with the same mean and variance as x. Properties of 
negentropy are as follows: (1) It is always nonnegative. (2) Gaussian distributions have zero negentropy 
(for infnite domains). (3) Negentropy of a Gaussian distribution is invariant under a linear transforma-
tion of coordinates. (4) Non-Gaussian variables have positive negentropy. 

Dissipative structures are central to irreversible open systems that operate far from equilibrium 
[Prigogine 1981]. Local irreversible processes dissipate free energy while performing actions that stabi-
lize and heal the structure (Figure C.6). Aeroelastic vortex shedding lock-in, hurricanes, cyclic chemical 
reactions, and living creatures are example stable dissipative systems. 

Exceptional points are closely related to dissipative systems [Berry 2004]. Exceptional points are 
points in a 2D or higher parameter space for dynamic systems where the system operator is non-Hermi-
tian with exceptional degenerate eigen-structures, that is, repeated eigenvalues with parallel instead of 
typically orthogonal eigenvectors. Exceptional points typically represent linearized operating points of 
nonlinear systems and describe a range of observed behaviors, such as the stabilization of lasers, micro-
waves, and bicycles [Kirillov 2018]. 

C.2 Logarithmic Measures and Information Theory 

Shannon introduced entropy as a logarithmic measure of information and uncertainty in transmitted 
and received signals [Shannon 1949]. Logarithms transform multiplications into addition – a convenient 
property for probability-weighted representations of information. The analysis considers a signal with n 
possible outcomes and n associated probabilities p1, p2, …, pn. The signal has entropy H, with the follow-
ing properties: (1) H changes continuously with changes in pi. (2) An increase in the number of possible 
outcomes increases entropy. When all pi are equal, that is, pi = 1/n, then H increases monotonically with 
n. (3) Entropy sub-adds in sequential choices when weighted with the probability of the outcomes. These 
assumptions lead to the discrete variable formulation of H: 

n 

H = −K∑p  ln(p ) (C.35) i i 

=i 1  

FIGURE C.6 Stable dissipative structure far from equilibrium facilitates reactions that stabilize and heal structure. 
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FIGURE C.7 Probabilities (in bold font) associated with three outcomes. (a) One choice and three outcomes with equal 
probabilities, H = 1.099. (b) One choice and three outcomes with unequal probabilities, H = 1.012. (c) Two successive 
choices and three outcomes with unequal probabilities that match b. Cases (b) and (c) have the same entropy. 

For continuous variables, 

H = −K p( )x ln p[ ( )x dx]∫ (C.36) 

K is a constant (often set = 1). The properties of entropy are as follows: (1) H = 0 if there is complete 
certainty in the outcome, that is, if one of the pi = 1 and the rest of the pi = 0. 2. H is a maximum if there 
is maximum uncertainty in the outcome, that is, pi = 1/n for all i. As an example, Figure C.7 illustrates 
different outcome probabilities affecting the entropy and invariance under sub-addition with three dif-
ferent cases, each with three outcomes. 
Case a – One choice and three outcomes with equal probability of occurrence, that is, p1 = p2 = p3 = 1/3: 

1  1  1  1  1  1  
H = −  ln   + ln   + ln    = −  −( 0.366 − 0.366 − 0.366) = 1.099 (C.37) 

 3  3 3  3 3  3  

Case b – One choice and three outcomes with unequal probability of occurrence, that is, p1 = 1/2, 
p2 = 1/3, p3 = 1/6. 

 1  1  1  1  1  1  
H = −  ln   + ln   + ln    = −  −( 0.347 − 0.366 − 0.299) = 1.012 (C.38)  2  2  3  3 6  6   

Case c – Two sequential choices with frst choice probabilities, p11 = 1/2, p21 = 1/2, and local second 
choice probabilities, p12 = 1, p22 = 2/3, p23 = 1/3, leading to the same unequal global probabilities as 
Case b. 

1  1  1  2  1  1  1  
H = −  ln   + ln   + ln   = −  − 0.347 + 0.5(−0.732 − 0.597) = 1.012 (C.39)  2  2  2  3  3 3  6   

C.3 Graphs, Networks, and Percolation 

Graph theory, network theory, and percolation modeling are interrelated mathematical tools based on 
abstractions of connectedness of entities. Networks are collections of interacting entities. The intercon-
nections, number, and types of entities may change with time. The underlying theory of networks dates 
back to Euler. Much of the following describes more modern representations, with a tilt toward results 
with potential for self-healing [Lewis 2009] [Strogatz 2001] [Sporns 2004]. 

Connections enabling the fow of physical quantities and information among components and systems 
affect and often dominate the behavior of self-healing structures, machines, and systems. A judicious 
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FIGURE C.8 Two-dimensional representations of various types of graphs. (a) Simple graph. (b) Non-simple graph with 
loop back edge. (c) Non-simple multigraph. (d) Directed graph. 

choice of the level of abstraction enables graphs, networks, and percolation models to capture qualitative 
and quantitative essences of the behavior of interconnected systems of subsystems. 

C.3.1 Graphs 

A graph is a sparse binary description of connectedness between pairs of entities in a set. Graph theory 
literature refers to the entities as vertices and the connections as edges. Network literature often instead 
refers to the entities as nodes and the connections as links. A 2D graphical depiction of a graph draws the 
nodes as big dots and connects the nodes with line segments representing the edges. 

C.3.1.1 Simple Graphs 

Within this framework, a wide variety of distinct graphs and classes of graphs arise, most based on the 
patterns of interconnecting edges between vertices (Figure C.8). Simple graphs allow for the intercon-
nections between pairs of vertices to be either connected by an edge or disconnected. Graphs with edge 
connections from one node back onto itself or with multiple edges between the same pairs of vertices are 
non-simple graphs. The former are loop graphs and the latter multigraphs. Graphs with edges that are 
directed rays are directed graphs. Figure C.9 shows some notable graph types. 

The degree is the number of edges connecting to a vertex. The total number of distinct graph confgu-
rations Cn,r of n vertices and r edges is as follows: 

 


Cn,r =  
 
 

n 
2 

 
 

  (C.40) 

 r 

 

FIGURE C.9 Various notable graph types. (a) Connected. (b) Disconnected with vertices and subgraphs (SGi) labeled. 
(c) Tree. (d) Complete. (e) Bipartite. (f) Star. 
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with the combination operator defned as 

 n!
 n   n m  

 ( − ) > 
(C.41) = m! n m ! 

 m  

 0 n < m 

C.3.1.2 Random Graphs 

Deterministic graphs have known confgurations of vertices and edges. There are many situations where 
the arrangement of nodes and edges is random. Nondeterministic or random graphs prove useful in many 
applications. The modern study of random graph theory traces back to seminal papers by Erdős and 
Rényi [Erdős 1960]. An Erdős–Rényi graph has a fxed set of vertices, N, and fxed set of edges, k, with 
the distribution of edges being random with an independent and uniform distribution. The probability of 
an edge connecting two vertices is p, with 0 < p < 1. The degree distribution P(k) is the probability of a 
node having degree k. The random assignment of edges to vertices, while avoiding multiple edges, leads 
to a binomial probability distribution [Newman 2001]. 

 N  k N k
P( )k =   p 1( − p) − 

(C.42) 
 k  

When p = z /  N with N being large, the binomial distribution becomes a Poisson distribution: 

( )exp z  
P( )k = zk − 

(C.43) 
k! 

Many important networks have nodal distributions that depend on the presence and connectivity of 
other nodes, which lead to different network structures than the Erdős–Rényi graphs. Power law dis-
tributions of random network properties result when highly connected nodes tend to gain new connec-
tions more rapidly than nodes with lower connectivity [Blundell 1982] [Albert 2002] [Pastor-Satorras 
2003] [Wu 2015]. The nodal degree distribution, P(k), for a power law distribution for a parameter q 
is as follows: 

P( )k = k−q (C.44) 

C.3.1.3 Quantitative Measures of Graph and Network Characteristics 

Connectivity is the basis for multiple quantitative descriptions of graphs [Tsai 2001]. A walk is a sequence 
of alternating nodes and edges that begins and ends with a node. Walks include the possibility of back-
tracking. Trails are walks that do not repeat edges. A circuit is a walk with no repeated nodes, except 
the frst and last node which coincide. A connected graph has a walk between every node. A tree is a 
connected graph with no circuits. A spanning tree connects all of the nodes in a graph. A component is 
a connected subset graph that does not connect with the rest of the graph. 

Matrix methods assess the connectedness of graphs. Underlying many of these methods is the 
Adjacency Matrix [A] with elements Aij that equal 1 when an edge connects vertices i and j, and 
0 if they do not connect. For simple graphs with no loop edges, the diagonal elements equal zero. 
Figure C.9b shows a disconnected graph with 6 vertices, 5 edges, a subgraph SG1 (a.k.a. compo-
nent) that is fully connected with 4 vertices and 4 edges, and subgraph SG2 with 2 vertices and 1 
edge, respectively. [AG], [AS1], and [AS2] are the corresponding adjacency matrices. [AG] partitions 
into a form with the disconnected subgraphs on the diagonal. Raising an adjacency matrix to the power n 
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leaves a matrix with entries corresponding to the number of possible walks of length n between 
nodes i and j. Note that the diagonals of [Aij]n correspond to walks of length n that start and return 
to the same node: 

(C.45) 

(C.46) 

(C.47) 

(C.48) 

0 1 
1 0 

AG ] = 

0 1 1 0 0 0 
1 0 1 0 0 0 
1 1 0 1 0 0 
0 0 1 0 0 0 
0 0 0 0 0 1 
0 0 0 0 1 0 

AS2and  

2 3 4 1 
3 2 4 1 
4 4 2 3 
1 1 3 0 

AS1 0 

0 AS2 

0 1 1 0 
1 0 1 0 
1 1 0 1 
0 0 1 0 

A complete graph, as in Figure C.9d, has Lc edges connecting all N nodes to all (N − 1) other nodes: 

N N  −( 1)
Lc = (C.49) 

2 

In a network, some nodes may be more important than others. The arrangement and number of links 
refect the importance and form the basis of node importance metrics. 

Cluster Coeffcient: An individual node u has a degree d(u). The neighborhood of node u consists of 
the d(u) nodes that connect to u. The neighboring nodes may also be interconnected, with LNu indicating 
the total number of links in the neighborhood for node u. The maximum possible LNu occurs when the 
neighborhood forms a complete graph: 

d u  [d u( )  ( )−1]
LNu max = (C.50) 

2 

The cluster coeffcient of node u, Cc(u) is the ratio of the number of links in the neighborhood to the 
maximum number of links [Lewis 2010]: 

LNu 2LNuCc u( ) = = (C.51) 
L d u( )  ( )d u  −1Nu max [ ] 

The cluster coeffcient of an entire graph, Cc(G) is the average cluster coeffcient: 

N 

Cc( )G = 
N
1 ∑Cc(ui) (C.52) 

=i 1  

AS1 

AS1 
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FIGURE C.10 Regular, small-world, and random graphs (From [Watts 1998].) 

Sparseness versus being fully connected and the average maximum of the minimum path length 
between two nodes of connected graph leads to the notion of big and small worlds. Small-world graphs 
have cluster coeffcients that are much higher than random graphs but have similar degree distribution 
histograms (Figure C.10) [Watts 1998]. 

Link effciency of a graph, E(G), depends on the number of links m and the average path length, 
Avg_path_length(G): 

avg _  path _ length ( ) = −  (C.53)E G 1 
m 

Graph entropy I(G) measures the randomness of graphs. Larger entropy corresponds to more random-
ness. There are multiple defnitions available [Mowshowitz 2012] [Dehmer 2011] [Li 2008c] [Wilhelm 
2007]. Most variants use a version of the entropy measured on the nodal degree sequence distribution. 

max d  

I G( ) = −∑h ln h( )ii (C.54) 
=i 1  

When applied to networks, entropy quantifes the complexity and growth of networks, along with the 
spreading or contraction of information fows in directed graphs. 

Entropy of Structural Organization: Graph models as abstractions of structures, machines, and sys-
tems enable entropy measures of the organizational and topological complexity of a structure. Possible 
measures drawn from molecular structures [Bonchev 1995] are as follows: 

1. Kolmogorov Complexity: The length of the shortest string of 1’s and 0’s that a program can con-
vert into a representation of the original structure, that is, the adjacency matrix. Asymmetric 
structures have a higher Kolmogorov complexity than symmetric variants of the same size. 

2. Shannon Entropy: This is the probabilistic entropy measure due to Shannon adapted to struc-
tures by grouping structural features and attributes into classes and then tabulating the prob-
abilities of fnding structural components in the classes. Calculations based on the degree 
(number of edges per node) lead to branched structures having a higher entropy than cyclic 
structures. 

3. Topological Complexity: Originally developed to assess the complexity of molecules, this met-
ric, TC(G), tabulates the connected subgraphs in the original structural connectivity graph G. 
Ak is the tally of connected subgraphs with the number of edges, k. For a graph with n nodes 
and subgraphs with connected edge counts Nk, described by the adjacency matrix aij the topo-
logical complexity is 

n n Nk Nk 

TC G  A = a (C.55) ( ) = ∑ k ∑∑∑ ij 

k 0= k 0  = j 0= i 0  = 
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C.3.2 Networks 

Networks are abstractions of the structures coordinating interactions and passage of material, energy, 
forces, and/or information. Network domains are ubiquitous – social, utility, protein, transportation, etc. 
The modern study of networks largely emerged at the turn of the millennium with the representation of 
networks as being dynamic graphs with the number of nodes and links that vary with time [Lewis 2009]. 
Some features and characteristics are as follows: 

1. Nature: Nature of what transfers between nodes can be durable physical material, such as water 
in a piping network; transient, such as electricity; or ephemeral, as in information or social 
interactions. 

2. Dynamism and Growth: Behavior in the nodes and links, and the number of nodes and links 
vary with time and conditions. Networks often grow from the bottom-up, leaving a long-term 
imprint of early age development on network structures. 

3. Patterns: Arrangements of subsystems and interconnections form patterns, including groups 
that act as subsystems. Patterns often repeat over space and timescales. 

4. Topology: Global structure, including cycles, can have profound effect on network behavior. 

5. Nonlinear Infuence: The power of individual nodes depends in a nonlinear manner on the 
degree of the node, interconnection range (small versus large world), and topology. 

6. Stability: Network structure may be stable with time or may be unstable and undergo large 
rapid changes. 

7. Emergence: Large-scale structures with distinctive behaviors emerge in stable systems and 
presage instabilities. 

C.3.2.1 Network Metrics, Taxonomy, and Topologies 

Many aspects of networks are complicated. Qualitative descriptions tend to be taxonomic. More quanti-
tative descriptions often use methods of statistical graph analysis. 

Timescales of concern are as follows: 

1. Operational Timescales: These derive from activity and interactions between entities. An 
example is electric power distribution networks that need to maintain frequency and phase 
stability with operational timescales ranging from milliseconds to days. 

2. Confgurational Timescales: These correspond to changes in topology of the network, that is, 
the addition and/or removal links and/or nodes. 

Scale-free networks have degree sequence distribution P(k) that follow the power law form of Eq. (C.44) 
with the exponent 2 < q < 3. A scale-free network has nodes with high degree numbers, but not many. 

The properties of connected neighboring nodes have a large infuence on overall network behavior 
[Aguirre 2013]. The pagerank algorithm quantifes the importance of nodes in networks describable 
by directed graphs. For a directed network with N nodes, adjacency matrix aij, kout(j) as the number of 
outgoing links at node j, and random jump reset parameter α, 0 ≤�α�≤ 1. The algorithm ranks the impor-
tance, pt(i), of node i, with an iterative, or equivalently eigenvalue, formula [Brin 1998]. 

1− α  N 
A pij − ( )

pt ( )i = + α∑ t 1  j (C.56) 
N kout ( )j

j 1= 

The pagerank formula ranks important nodes as those with more nodes pointing to it, with a 
weighting based on the importance of the pointing nodes. The rank increases if an important node 
points to the node, but is reduced by the fraction of outgoing nodes. The reset parameter α allows 
for random jumps in the referrals with a small α�corresponding to a larger probability of random jumps. 
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Pagerank is stable in scale-free networks but is less stable and subject to perturbation in other net-
work architectures [Ghoshal 2011]. 

C.3.2.2 Networks with Weighted Connections 

Conventional graph theory uses a binary measure of connectedness between vertices and tallies items 
such as the path length between interconnections, but generally does not provide a description of the 
strength and type of a connection. Weighted graph techniques include the strength of the connections, 
at the expense of increased complexity. Some weighted connected graph and network techniques are as 
follows: 

Bond Graphs: Directed graphs with specialized symbols to represent the fow of energy and 
related quantities in systems [Blundell 1982]. 

Petri Nets: Directed graphs with added information that enable them to change state with a sequen-
tial progression of events [Murata 1989]. The underlying structure is a directed, weighted, and 
bipartite graph. The bipartite nature separates the nodes into places and transitions with edges 
connecting the places to the transitions. The states evolve with time in a manner based on the 
network topology, structural properties, and predefned rules. 

Weighted Networks: The strength of the weight between each node is given a value wij. In an 
unweighted network, wij is either 0 or 1. In a weighted network, wij is usually a positive number 
corresponding to the capacity or the amount of transport across the link. The degree of weight-
ing of the links between clusters and overlapping clusters is a characteristic of different classes 
of complex networks. Many cases, such as cell phone and social and neural networks have 
strong links between nodes with overlapping neighborhood clusters [Pajevic 2012]. 

C.3.2.3 Networks with Static Topologies and Dynamic Nodal Properties 

Dynamic networks change with time. A subclass is the networks with nodal properties that change with 
time but have fxed confgurations of nodes and connections. Denoting ni(t) as the values of a property of N 
nodes, i = 1, 2, …, N, a general description of the evolution of a fxed node dynamical system is as follows: 

N
dni = W n[ i ( )t ]+ A Q n i t ,n t  (C.57) ij  ( )  j ( )dt ∑ 

=j 1  

Here W is the interaction of nodal properties with themselves. AijQ describes cross-interactions between 
nodes. The nature of W and AijQ affects stability in manners that capture the stability of a wide range 
of phenomena, including population dynamics, protein–protein interactions, and queuing theory [Barzel 
2013]. A simple version for discrete time denotes {n(t)} as a state vector and [M] as an N × N state transi-
tion matrix with the positive property Mij ≥ 0, and a unit time step [Aguirre 2013]. 

n t  ) [ ]  (C.58) { ( +1 } = M {n t( )} 

In the long term, the system state converges to the eigenvector {u1} corresponding to the largest eigen-
value of [M]: 

lim {n t( )} = { }u1 (C.59) 
t→∞ 

A consequence of positive nature of [M] is that the components of the eigenvector {u1} are also posi-
tive, that is, u1i ≥ 0, i = 1, 2, …, N. A form of [M] tied to network connectivity is 

[ ]M = (R − µ) I +
µ

A (C.60) [ ]  [ ]
S 
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Here R >�1, 0 < μ�≤�1, and S >�0 are scalar constants representing the dynamics of the system nodal val-
ues, and [I] and [A] are identity and adjacency matrices, respectively. In Eq. (C.60), the adjacency matrix 
[A] and the transition matrix [M] differ by a matrix proportional to the identity matrix. The result is that 
[A] and [M] share the same eigenvectors, and the eigenvalues differ by a constant. The component value 
u1i is the centrality of node i and is a measure of the importance of node i corresponding to λ1. Centrality 
describes networks with propagating properties, such as epidemics and rumors. 

Network stability is an important consideration. Dynamical systems, including those described by net-
work models, can be stable or unstable against small perturbations. Classical methods useful with generic 
systems, such as equilibrium points near basins and hilltops and Lyapunov functions, also address many 
stability questions related to networks. 

Based on the concepts of linear systems, the stability of networks of synchronized oscillators should 
favor random interconnections. However, observations of real-world networks, such as electric power, 
ecosystems, and nervous systems indicate that more regular arrangements favor stability. The discon-
nect between the model predicted by the linear model, as shown in Figure C.1, and observations led 
to an expanded notion of stability as similar to a ball rolling down in a basin flled with viscous fuid 
(Figure C.11) [Menck 2013]. The bigger the volume in the basin, the more robust the stability becomes. 
The nonlinear basin approach helps to explain the increased stability of regular over irregular topologies 
in synchronized networks. 

The convergence of complex networks to stable states often depends on the appearance of multi-scale 
organizational structures. Network motifs based on scalable 3 and 4 node structures inside of large com-
plex networks exploit the inherent stability of certain motifs to stabilize large networks [Angulo 2015]. 
Modular network structures also enable rapid evolutionary adaptation to external changes in environ-
mental conditions [Clune 2013]. 

A wide class of stable systems fuctuate about an equilibrium point due to external and internal distur-
bances. Changes in system parameters normally alter the location of the equilibrium point in a smooth 
manner. Occasionally, a change in system parameters leads to a large jump in the position of the equi-
librium points, in phenomena known as tipping point instabilities or fold bifurcations. Detecting these 
instabilities before they occur has advantages. The self-organization and slower recovery of spatially 
distributed fuctuations portends such instabilities [Moon 2015] [Dai 2013a]. 

Are some network topologies more adaptive than others? An examination of the role of topology 
in enzyme networks and adaptability establishes that a network requires a minimum of three nodes 
for adaptation [Ma 2009]. More complicated adaptive networks use three node network motifs as sub-
units. Stable adaptive networks are inherently dissipative, that is, they continuously absorb and dissipate 
energy to remain at a stable state. This leads to a trade-off of energy, speed, and accuracy [Lan 2012]. 

FIGURE C.11 Basin stability uses a nonlinear and nonlocal metric that is more robust than linear local curvature at 
equilibrium points as measures of stability. (From [Menck 2013].) 
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C.3.2.4 Control of Networks 

Networks behave as dynamical systems when the nodes interact with one another and vary with time, 
possibly through the application of external control forces. In linear state space systems notation, the 
state of each node evolves according to a frst-order differential equation: 

 dx( )t 
  = [ ]{ } + [ ]B {u t( )} (C.61) A x( )t 
 dt  

Here {x(t)} is an N × 1 column vector representing the state of each node. [A] is an N × N state transition 
matrix. [B] is an N × M control matrix. {u(t)} is an M × 1 control vector, where M ≤ N. Networks are 
controllable when a suitable combination of inputs {u(t)} can control the value of every node [Kailath 
1979]. The network is controllable if the N × NM controllability matrix [C] is of full rank: 

[ ]  2 N−1C = [B AB A B   A  B] (C.62) 

Determining the rank of [C] for large systems is tedious, if not intractable. The following is a proce-
dure for shortening the calculation: (1) Directed graphs provide abstracted representations of most net-
works. (2) The controllability versus noncontrollability of a network is the same as that of the abstracted 
system based on the equivalent directed graph. (3) Establishing the controllability of the equivalent 
directed graph network is simpler and requires O(N1/2L) steps, with L as the number of links [Liu 2011c]. 
Nonetheless, the size of the matrices in large-scale complex networks largely prevents using the rank 
of the controllability matrix to determine the controlling nodes. An alternative is network statistics. 
Calculations based on nodal degree distributions indicate that dense and homogeneous networks are 
easier to control than those with a heterogeneous structure [Liu 2011c]. A counterintuitive result is that 
the controlling nodes are not necessarily those with the highest number nodal degrees. The average 
degree 〈k〉 of the nodes is an important parameter. Controllable networks with 〈kcr〉 above a critical value 
of approximately 9 tend to split into two forms – centralized and distributed control [Jia 2013]. 

Controlling the edges (links) between nodes in a directed network by correlating the input and output 
edges for specifc nodes is an alternative [Nepusz 2012]. Edge control opens the possibility of robust 
controllability by edge removal. 

C.3.2.5 Networks with Dynamic Topologies 

The behavior of a network often depends on how it was built. Many networks form through dynamic 
building processes that sequentially add and remove nodes and links. In spite of the seemingly wide 
variety of possible dynamical behaviors in networks, there tends to be commonalities and universal 
behaviors. For example, biological systems use networks of regulatory signaling and control pathways as 
integral features of life. At the cellular level, networks that express genes through the production of pro-
teins drive metabolism. These networks are complicated, stochastic, and temporally varying. Temporal 
Logic Analysis abstracts gene regulatory networks into discrete state space systems with structures that 
vary with time and enforce liveness by pruning confgurations that converge to static states [Batt 2007]. 

C.3.2.6 Percolation 

Percolation is a specialized application of network theory that describes cases where changes in param-
eters regarding near neighbor connections leads to dramatic changes in long range effects. The term 
“percolation” derives from an original problem concerning whether a liquid can percolate through a solid 
containing small pores, holes, and passages. Percolation occurs when there is suffcient connectivity 
between the holes. Changes to underlying features of construction can change the qualitative behavior of 
percolation. Many percolation phenomena change with behaviors reminiscent of phase changes. Below 
a critical value of the parameter, p, the connectivity is localized, and the path lengths of connections 
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remain fnite with a probability of 1. Above the critical value, the connectivity becomes long range and 
the path lengths become infnite with a probability of 1. 

Percolation as a feld of study largely began in 1957 with seminal work of Broadbent and Hammersley 
examining 2D lattices [Broadbent 1957] [Grimmett 1999]. A small number of relatively simple cases 
have known analytic solutions. Most other cases are intractable and instead rely upon numerical Monte 
Carlo–type simulations. Pike and Seager outlined a broader framework for percolation problems in 
which the locations of the constituents may be random, and the possible connectivity depends on the 
geometry and orientation of the constituents [Pike 1974]. The analysis uses a lattice of points with ran-
dom connections between neighboring points and assumes that the near neighbor connections have a 
probability p of being connected and probability p−1 of being disconnected. When p = 0, there are no 
connections. Conversely, when p = 1, all neighboring points are connected. If there is a connected path 
between opposite sides, the lattice percolates. A goal is to determine which conditions of connective 
probabilities and lattice geometries cause the lattice to percolate (Figure C.12). Table C.1 shows the 
percolation threshold probability for lattices with random interconnections between neighboring nodes 
in selected regular lattices. 

Dynamic networks may be steady and stable or may exhibit rapidly changing and complicated behav-
iors that occasionally result from relatively modest changes in structural assembly rules. For example, 
percolation modeling describes electrical conductivity in solids containing conductive nanowires in an 
insulating matrix. Numerical simulations indicate that restrictions on the orientation of wires affects 
macroscale conductivity, such as by the introduction of anisotropy and the identifcation of states where 
partially random wire orientation provides superior conductivity over fully random or fully ordered 
states [Jagota 2015]. 

Classical percolation theory considers cases of short-distance nearest-neighbor interconnections of 
nodes arranged in a fxed lattice. If the interconnections expand to longer distances, then it is possible 

FIGURE C.12 Two-dimensional percolation based on nearest-neighbor connectivity. (a) 12 × 12 square lattice with ran-
dom arrangement of dark and light cell types, with p = 0.40 dark cells. (b) Connectivity of p = 0.40 dark cells with the 
bottom edge. Dark cell ratio is less than critical value of 0.593 and connectivity does not percolate from bottom to top. 
(c) 12 × 12 square lattice with random arrangement of dark and light cell types, with p = 0.65 dark cells. (d) Connectivity 
of p = 0.65 dark cells with the bottom edge. Dark cell ratio exceeds critical value of 0.593 and connectivity percolates from 
bottom to top. (Adapted from [Peanasky 1991].) 
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TABLE C.1 

Percolation Thresholds in Selected Regular Lattices [Pike 1974] 

Lattice Type Probability of Connection, pc 

Square 0.59275 

Triangular 0.50000 

Simple cubic 0.3117 

Body-centered cubic 0.245 

for discontinuous, that is, explosive, growth of interactions with slight changes in the value of the prob-
ability of connection [Boettcher 2012]. Networks that grow according to an Erdős–Rényi model exhibit 
a continuous phase-change connectivity percolation, whereas networks with different growth models, 
such as product or sum, produce different behaviors, with small changes in the growth rules, sometimes 
lead to big changes in the percolation behavior [Achlioptas 2009] [Radicchi 2013]. Another example of 
explosive growth occurs with the addition of a single link in percolation processes in fnite systems. A 
competitive, rather than purely random, process governs the addition of links [Nagler 2011]. The process 
is continuous but can be quick enough to appear discontinuous [da Costa 2010]. 

c.4 Mechanics of Continua and Granular Systems 

C.4.1 Non-Newtonian Fluids 

Non-Newtonian fuids resist shear deformation with strengths that are not proportional to the rate of 
shear deformation. Useful in many descriptions is the rate of deformation tensor, D, defned as the sym-
metric portion of the velocity gradient tensor [Malvern 1969]: 

 ∂vx 1  ∂vx ∂vy  1  ∂vx ∂vz  + +  
 ∂x 2  ∂y ∂x  2  ∂z ∂x   
  
 1  ∂vx ∂vy  ∂vy 1  ∂vy ∂vz  D = + + (C.63)      2 ∂y ∂x ∂y 2 ∂z ∂y  
 1  ∂vx ∂vz  1  ∂vx ∂vz  ∂vz  
  +

  +
 

2 ∂z ∂x 2 ∂z ∂x ∂z   

Here vx, vy, and vz are respectively the x, y, and z components of the fow velocity. Off-diagonal terms in 
the rate of deformation tensor, D, quantify the rate of shear deformation. 

An experimental setup that isolates shear rate effects uses cross-shaped converging–diverging fow, 
as shown in Figure C.13. Typical experimental setups permit optical and other instrumental access from 
the top (z direction). The nominal velocity feld is 

˜°̃ ˜ ˜ ˜ ˜
 v =  xSi +  ySj  +  0k  = v i  + v j  + v k  (C.64) x y z 

with the corresponding D as follows: 

 S 0 0 
 
 
 

 
 
 

D = 0 −S 0 
0 0 0 

(C.65) 
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FIGURE C.13 Crossed fow channels produce fow with controllable shear rate. (Adapted from [Keller 1985].) 

Transforming D to a coordinate frame rotated 45°�about the z-axis leads to a rate of deformation tensor 
that represents pure shear deformation in the x′–y′ plane. 
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D = D = (C.66) 

Shear rate is an important factor in the use of coagulation processes to stop leaks. Some reasons are 
as follows: (1) High shear rates are characteristic of the fow through a leaking hole. (2) High shear rates 
provide available mechanical energy to convert the fuid from a liquid to a gelatinous state. (3) Plugging 
the leak reduces the rate of or eliminates entirely the shear deformation, which reduces or terminates the 
coagulation process. The practical use of shear rate–activated coagulation balances the kinematics of 
shear deformation with the kinetics of gelation processes. 

C.4.1.1 Granular Mechanics and Jamming 

The mechanics of loading and movement of granular material are distinctively nonlinear, leading to 
properties rarely seen in continuous media. Occasionally with minimal visual precursors, smooth fows 
quickly jam, and seemingly stable structures quickly avalanche. These nonlinearities interact over mul-
tiple length scales ranging from microscopic up through macroscopic. 

Zero temperature is the term for when the kinetic energy of the granules is zero and the system is in 
a static or quasi-static state. For static jammed states, the equations of motion are those of static equilib-
rium but are indeterminate. There is a need for additional constitutive relations between stress and defor-
mation. Granules interact with one another by forces that repulse when in close contact and vanish once 
the separation distance exceeds a threshold defned by the effective radii of the granules. A general rela-
tion for the force between particles i and j in terms of potential energy V(rij) is as follows [O’Hern 2003]: 

 α
 (1 rij / σ ij ) / α for  rij ij( )ij 

− < σ 
V r = (C.67) 

 0  for rij ≥ σ ij 

Here  is an energy scaling factor, rij is the center-to-center distance of the particles, and σ ij is the sum 
of the radii of the two particles. Different values of the exponent α gives rise to different types of 
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FIGURE C.14 Alignment of jammed or interlocking particles leading to directional stress. (a) Chain of rigid particles 
carries load on axis. (b) Chain of compressible particles carries on-axis and transverse loads. (c) Idealized grid of jammed 
particles in shear. (d) Nonuniform array of jammed particles in shear. (Adapted from [Cates 1998].) 

interactions. If α = 2, the interactions are those of a linear spring. If α = 3 /  2, the interactions are those 
of a stiffening nonlinear spring. If α = 5 /  2, the interactions are those of Hertz contact forces. When the 
granules are hard and essentially rigid, then the relation is one of either contact or noncontact, often 
supplemented with ad hoc assumptions concerning relations between the stresses. 

A granular system in a jammed state forms a network of transmitted forces that carry shear stresses. 
Compression stresses dominate jammed states, which favors using a pressure tensor pij as the negative 
of the stress tensor σij, that is, pij = −σij, to represent stresses. A unidirectional constitutive model super-
poses an isotropic pressure term P and stresses aligned with a jammed chain of particles pointing in the 
direction ni (Figure C.14) [Cates 1998]. 

pij = δ  ij + Λ  i j  (C.68) P n n 

Such a jammed state is fragile. It cannot sustain signifcant shear or transverse loads relative to ni. 
Three non-colinear chains of particles in directions ni, mi, and li stabilize a material into 3D stiffness 
with pressure tensor pij. 

pij = Λ n n  + Λ2m m j + Λ3 i  (C.69) 1 i j i l l j 

Studies of the network in a jammed granular medium reveal mechanical behaviors that differ from 
ordinary homogeneous solids. An example is the very noisy transmission of acoustic waves with the for-
mation of spectra that span multiple frequency decades and have a spectral response of 1/fa with f as the 
frequency and a ≈ 2.2 [Liu 1992]. The transition from a fowing unjammed state into a jammed state is in 
many respects similar to a phase transition in materials. The phase diagram depends on volume density ρ, 
temperature T, and applied shear stress σ (Figure C.15a) [Olsson 2007] [Heussinger 2009] [Majmudar 2007]. 

FIGURE C.15 Flow phase diagrams for granular and particulate media. (a) Jamming and (b) Clogging (Adapted from 
[Liu 1998] [Trappe 2001] [Zuriguel 2014].) 
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Detailed analysis of jamming behavior indicates the presence of complicated nonlinear scale-dependent 
dynamics near to the jamming transition [Banigan 2013]. The ratio of shear modulus G to bulk modulus 
B as a function of statistical measures of order provides insight into the mechanics of granular material 
near to the jamming transition and into the mechanics of disordered solids [Goodrich 2014]. For rigid 
spheres packed into a perfect crystal, G/B = 1. At the transition from jammed to unjammed, the material 
loses shear stiffness and G/B = 0. 

Particle shape has a large effect on jamming transitions. Some shapes soften the aggregate, while 
other shapes stiffen. The nonlinearity of the interactions makes it diffcult to predict behavior from frst 
principles. A study of 145 polyhedral shapes, including the Platonic, Archimedean, Catalan, and Johnson 
solids along with zonohedra, prisms, and antiprisms, yielded four primary groupings of packing behav-
ior: (1) Liquid Crystals: The assembly can shear. (2) Plastic Crystals: Individual granules can rotate. 
(3) Disordered. (4) Solid Crystals [Damasceno 2012]. Shapes that are largely symmetric tend to assemble 
into solid and plastic crystals. More asymmetric polyhedra form disordered states. Some fat elongated 
polyhedra form liquid crystals. Numerical models using the discrete element method capture some of the 
essential behavior of these granular healing systems [Herbst 2008]. Vertex models of cell-to-cell adhe-
sion describe liquid to rigid transitions in single layers of biological tissue [Bi 2015]. Numerical methods 
that use nonlinear techniques, such as artifcial evolution, are effective in exploring this design space 
[Bi 2011] [Miskin 2013]. 

Sand piles and sandstone are closely related cases of granular mechanics (Figure C.16). When the 
directions of the principal stresses in a sand pile are at a constant angle with respect to the central 
vertical axis, a continuum of internal stress arches forms [Wittmer 1996]. The stresses at the bot-
tom depend on the diagonal length of the above arch, leading to a minimum value at the center. 
This stress fow leads to the interesting case of sandstone landforms, including arches, pedestal 
rocks, and pillars [Bruthans 2014]. Stress induced by gravity increases the interlocking of sand 
grains, which makes portions of the stone in compression more resilient to erosion and weathering. 
Subsequent erosion of regions with lesser compressive stress transfers the gravity load to the regions 
with higher compressive stress. The positive feedback of stress and erosion leads to the elongated 
arch shapes and pillars, in a manner somewhat similar to Wolff’s law for the formation of bone 
structures (Figure C.17). 

The fow of granular material through a constriction depends on relative size. A loose constriction 
leads to free fow that in many respects appears fuidic. A tight constriction causes jamming. In between 
the fow is intermittent with bursts of fow mixed between slowdowns. Oscillatory forcing, such as 

FIGURE C.16 Stress forms inside a sandpile as a set of nested arches with a minimum weight on the bottom at the center. 
(From [Wittmer 1996].) 
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FIGURE C.17 Jamming processes lead to the formation of sandstone arches through positive feedback that localizes 
jamming and erosion. (a) Natural stone arch. (b) Laboratory demonstration of arch formation. (c) Numerical model. 
(From [Bruthans 2014].) 

shaking, increases the rate of intermittent fow. Such behavior seems to be universal and spans inanimate 
phenomena, such as grains of salt in a shaker, to living creatures, such as sheep going into a pen. The 
fowing parameter Φ is a measure of intermittency defned in terms of the average clog time 〈tc〉 and the 
average fow time 〈tf〉 as follows: 

tf
Φ =  (C.70) 

t + tcf 

Clogging occurs when Φ = 0, free-fowing when Φ > 1, and intermittent with jamming when 
0 < Φ < 1. The intermittent behavior of the fow is random. The tail of the cumulative probability dis-
tribution follows the power law τ−α with power law distributions for the normalized time τ. Capturing 
this behavior is a 3D phase diagram with length parameter α, incompatible load parameter (promotes 
jamming), and reciprocal of a load parameter (promotes fow) as the axes (Figure C.15b) [Zuriguel 
2014]. Attraction between particles accentuates jamming phenomena in a manner similar to applied 
stress [Trappe 2001]. 

The sticky colloid model captures a wide range of jamming behavior of colloidal particles held 
together by a polymer that activates under shear deformation. Originally posited for intercellular 
adhesion in biology, the model assumes that long-range electrodynamic forces cause particles to 
clump together while short-range electrostatic forces separate the particles, leaving them trapped 
close to one another (Figure C.18) [Bell 1984]. 

FIGURE C.18 Bell model of sticky interparticle attraction. Distant cells do not interact. Initial contact raises free energy 
and cells repulse each other. Long-term contact causes dangling binder molecules in outer glycocalyx layer to migrate, 
bind, and form attractive sticky forces with a free energy minimum. (Adapted from [Bell 1984].) 
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FIGURE C.19 Energy minimization and entropy maximization interpretation of crack growth. (a) Low crack surface 
energy promotes crack growth. (b) High crack surface energy arrests crack growth. 

C.4.1.2 Crack Tip Mechanics 

Fracture is a complicated multiscale phenomenon. Internal macroscopic stresses fracture solids by 
breaking bonds between atoms and molecules in an organized manner. A crack will grow if there is 
suffcient mechanical energy available to supply the energy needed to form a new fracture surface 
(Figure C.19). Materials that require large amounts of energy to form cracks are tough and fracture-
resistant. Conversely, brittle materials require less energy to form crack surfaces and fracture easily. 

The stress intensity factor Ki is a constant in a semiempirical model, inspired by the mechanics of 
Figure C.19, for determining whether a crack is stable or will grow [Boresi 2002]. Ki combines geometry, 
crack mode, and applied stress, with many formulas for particular situations tabulated, with the units 
being stress × (length)1/2. The subscript i denotes crack mode with typical values being I (opening), II 
(in-plane shear), and III (tearing or out-of-plane shear). KI for a mode I elliptical, also known as Griffth 
crack, of width 2a in an infnite plate with nominal stress σ is as follows (Figure C.20): 

K I = σ  πa (C.71) 

Standardized experiments measure the critical stress intensity factor Kic for a particular material at a 
specifed temperature. Cracks are unstable and grow if Ki > Kic. Conversely, cracks are stable and do not 
grow if Ki < Kic. 

The J-integral is a path-independent line integral in a 2D plane that quantifes the strain energy near 
to a crack tip in planar elements with 2D geometry [Rice 1968] (Figure C.21). The J-integral vanishes 
when calculated over a closed contour of a simply connected region. The difference in the integrated 
values along sub-contours, that is, Γ through an elastic region far from the crack tip and Γt through a 

FIGURE C.20 Elliptical or Griffth crack of width 2a in infnite plate with nominal in-plane uniaxial stress σ, perpen-
dicular to crack line. 
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FIGURE C.21 Contour of invariant J-integral contour that surrounds crack tip. (Adapted from [Rice 1968].) 

plastic region near to the crack tip, provides information regarding the propensity of crack growth and 

Here W is the strain energy density. T = σ  j is the stress (or traction) vector with unit normal vector 
 

stress intensity factors. 

 

 ∂u
J = ∫Wdy − T ⋅ ds

∂x 
Γ 

(C.72) 

 
ijn n. u 

is the displacement. 
Bridging across a crack with material and/or mechanical devices to impose tensile closing stresses 

reduces the intensity and growth at the crack tip. Hardened particles, fbers, growing dendrites, and 
elastic springs are possible methods for bridging cracks. Figure C.22 shows the case of bridging with 
linear springs. As the gap of the crack opens, the springs pull harder to close the crack. Calculations with 
J-integrals fnd that bridging reduces the crack stress intensity factor by the ratio λ = K / Km. K is the 
unbridged stress intensity factor. Km is the bridging-modifed stress intensity factor [Budiansky 1988]. 
Reduction factors in excess of 11 are reported. 

The mechanics of fber action across a crack are complicated, with debonding, friction, and stretch-
ing [Bennett 2008] [Seshadri 2007]. A model of debonding mechanics appears in Figure C.23. For 
simplicity, pullout is considered only in the bottom block, which separates from the top block by a 
gap opening Δ. The fber debonds when the developed force F exceeds the debond strength FD. As the 
fber debonds, the free length L increases, which decreases the stiffness k of the fber. If the bonding 
strength is too large, no debonding will occur. The opening crack causes large, localized strain in the 
fber and it breaks. If the bonding strength is too weak, pullout occurs, and the fber fails to deliver 
load across the crack. It is possible to tune the strength of the bonds with surface treatments to the 
fbers [Li 1998b] [Lin 1997]. 

FIGURE C.22 Linear springs bridge across a crack. (Adapted from [Budiansky 1988].) 
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FIGURE C.23 Fiber pullout geometry. 

Meso-, micro-, and nanoscale heterogeneity affect crack propagation by both tip blunting and crack 
bridging. Bone is a heterogeneous material with properties optimized to reduce dynamic fracture propa-
gation. Bones use a combination of mineralized collagen ligament crack bridging and time-dependent 
crack blunting [Nalla 2005]. A semiempirical model for crack-bridging stress uses the following formula 
[Foote 1986]: 

σbr  X  p 

= 1− (C.73)  σmax L 

σbr is the bridging stress. σmax is the maximum stress occurring at the crack tip. X is the distance 
behind the crack tip. L is a length parameter. p is a curve shape parameter determined from compli-
ance data. 

C.4.2 Growing Materials 

Materials grow by accretion on the outside and by addition to the inside. Growth can be relatively simple, 
as in the case of macroscopic deposition of bulk materials, or quite complicated as in the molecular to 
macroscopic organization of biological tissue. From a macroscopic point of view, growth appears to vio-
late macroscopic conservation laws – mass, energy, and entropy production. While it is not possible to 
violate these conservation laws, microscopic processes, especially those that involve transport into and 
out of the solid, along with microscopic organization produce what often appears to be a nonconserva-
tive process. 

C.4.2.1 Growth Models 

Continuum models of material growth generally differ from conventional continuum solid mechanics 
through modifcations to the conservation of mass, that is, continuity, equations. A generalized continu-
ity equation with added mass replaces zero on the right side with ρc. c is the mass growth rate factor 
[Mase 2010]. 

ρ+ ρvk,k = (C.74)  ρc 

Here Vk,k is the trace of the velocity gradient tensor. Living biomaterials differ from nonliving materials 
in that they can grow and adapt to mechanical loads while providing exceptional strength and function-
ality [Thompson 1992]. Naumov (1994) considered a broad class of simple accretion growth problems 
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based on the assumptions: (1) Material adds to the exterior of the body. Internal interstitial material 
addition does not occur. (2) The material and growth process are continuous. The body and surface 
forces act on the body as it grows. It is possible to model some aspects of growing materials by adapting 
conventional methods [Rausch 2014]. The addition of material alters both the mass and elastic nature 
of solids. Decomposing the deformation gradient tensor F into a product of an elastic-dependent tensor 

e gF  and a growth tensor F  simplifes the analysis, yet leaves the model capable of describing growth as a 
thermodynamically consistent dissipative system [Loret 2010]. 

F F F= e ⋅ g (C.75) 

A probabilistic and antagonistic model of growth by accretion of a surface of height h(x, y, t) is as fol-
lows [Kardar 1986]: 

∂h 2 λ 2
= ϑ∇ +  ( hh ∇ ) + η(x,y, t) (C.76) 

∂t 2 

On the right side, the frst term, ϑ∇
2h, represents surface tension relaxation. The second term, 

λ (∇h)2
,

2 
represents nonlinear growth that favors local variations in height. The third term, η(x,y, t), is a zero 
mean Gaussian noise process. 

Many biological structures adapt to environmental loads and stresses by adding and removing 
material. Wood and bone are well-studied examples. Hsu proposed a linear load adaptive model in 
which the applied stress results in anisotropic growth, perhaps similar to that exhibited by wood 
growth in trees [Hsu 1968]. Bone follows the remodeling process qualitatively described by Wolff’s 
law in which loaded portions add material and get stronger, while unloaded portions resorb mate-
rial and get weaker. Cowin and Hegedus proposed a load adaptive growth model for bone in which 
bone is a porous solid that adapts to load by changing the amount of porosity, but not the overall 
dimensions [Cowin 1976]. Adding material in response to loading increases the thickness of the 
pore walls and strengthens that bone. Carter quantifed the concept by decomposing the stress state 
into the distortional octahedral, Si, and mean dilatational, Di, stress invariants and arguing that the 
distortional stresses promote bone growth, and compressive (negative sign) dilatational stresses 
promote bone resorption. The model formulates the stress index I for a set of c variant discrete load-
ing conditions, with ni being the number of load cycles per variant, and the empirical dilatational 
parameter k [Carter 1987]. 

c 

I = ∑ni (Si + kDi ) (C.77) 
=i 1  

C.4.2.2 Mechanics of Wound Healing 

Epidermal wound healing in biological systems moves cells, grows new cells, grows supporting vascular 
and neural structures, synthesizes extracellular matrix proteins, and forms scar tissue. 

Simple models of wound repair track the concentration, C(x, y, z, t), of growth factor (GF) which pro-
motes cell proliferation and healing (Figure C.24). A 1D model of the decay, diffusion, and production 
of GF is as follows: 

∂C 
∂t

2 = ( ) (C.78) − ∇D C  + λC PS x,y,z 

Here D is the diffusion coeffcient. λ is a decay factor. P is a production rate factor. S(x, y, z) is a source 
term which usually takes on values of 1 in active growth regions, and 0 elsewhere. Similar models apply 
in 2D and radial symmetry domains [Adam 1999] [Arnold 1999]. Note that Eq. (C.78) is a linearized 
nonhomogeneous form of the reaction–diffusion model in Eq. (C.21). 
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FIGURE C.24 Simple wound geometries. (a) 1D. (b) Circular with radial symmetry. 

In wound healing, the rate of ingrowth normal to the boundary vn is assumed to be of the following 
form: 

vn = α + βκ( )H c( − θ) (C.79) 

Here α and β are parameters such that α�≥ 0, β�≥ 0, and α + β > 0. κ is the local curvature of the wound. 
H is the Heaviside step function. Numerical simulations with this model indicate that healing occurs 
faster in regions of high local curvature with a large dependence on the choice of parameters α and β�
[Javierre 2009]. 

Control of healing is an antagonistic interaction of stimulation and inhibition with a nonlinear depen-
dence on cell population density. The production of chemical stimulants requires living cells, with more 
cells being able to produce more stimulant. Cells actively produce stimulant at the low cellular popula-
tion densities characteristic of an unhealed wound. The rate of stimulation wanes at the higher densities 
corresponding to healthier or healed conditions. A functional form for activation is 

λc n   n2
0 + α2 

f n( ) = 0 ⋅ (C.80)  2 2 n0  n + α   
and for inhibition 

0f n( ) =
λc n  

(C.81) 
n0 

Here λ, c0, and α are rate constants. n is the cellular density. n0 is the density corresponding to a healthy 
steady state [Sherratt 1991]. 

A high priority is to close the wound quickly to establish and maintain an epidermal barrier between 
living tissue and the external environment. Epithelial bridges can span gaps to maintain tension across 
the gaps with actin flaments while facilitating cellular migration underneath [Vedula 2014]. 

C.5 Gaussian and Bessel Beams 

A beam is a feld with an intensity that takes on a maximal value along an axis of propagation and dimin-
ishes to zero in transverse directions [Durnin 1987a]. The ideal beam travels in a straight line, maintains a 
coherent phase front, and does not spread out. Such ideal behavior does not occur in practice. The under-
lying wave nature of many beams causes them to spread and distort in a process known as diffraction. 
Huygens’ principle is a geometric framework for describing many aspects of diffraction (Figure C.25) 
[Born 1999]. The concept is that each point in a continuum converts an incoming disturbance into an 
outgoing spherical wave. Superposing waves emanating from neighboring points form macroscale wave-
fronts. Rays are directed lines normal to the wavefront. 
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FIGURE C.25 Huygens’ principle with spherical waves emanating from points along a wavefront form envelope that is 
new wavefront. Rays are normal to wavefront. 

Waves are propagating disturbances in a feld. Mathematical models range from simpler scalar and 
geometric representations to more sophisticated vector and quantum variants. The wave equation for 
propagation of a continuous and second-order differentiable scalar function E ( r, t) in a linear isotropic 
homogeneous medium with no sources: 


 

2∇ −
∂2 

 


E r, t  ( ) = 0 (C.82) 
1 
2 ∂ 2tc 

   
Here c is the wave speed. t is the time. = (x, y,z  = r ( , ,z r r  ) ρ θ ) is a position vector in Cartesian and cylin-
drical coordinates, respectively, with ρ = (x2 + y2 ) and tan( )θ = y  / x. 

Diffraction effects cause a Gaussian beam to spread as it propagates. A beam of uniform intensity 
launches cleanly through a circular aperture and turns into a Gaussian beam [Verdeyen 1989]. 

Steady monochromatic light, such as from an ideal laser, separates as a product of harmonic oscilla-
tions with stationary spatial distributions. Complex numbers provide a convenient representation. 

  
E r, t  = exp(− ωi t)H r  = E r;ω (C.83) ( ) ( ) ( )


Here i = −1; ω = 2πf is the circular frequency; f is the frequency; T = 1/f is the period; H ( )r  is a com-
plex-valued function of position; E ( r;ω) indicates that the feld is now a complex function of the spatial 
coordinates with the frequency as a fxed parameter. 

The intensity I r( ) is the time-average of the amplitude of the feld at a point. The intensity of a har-
monically oscillating feld is as follows: 

T 
 1  2 1  *I ( )r = Re E r, t(  ) dt = H r( )H r( )  (C.84) ∫T 2 

0 

The assumption of harmonic standing waves allows for converting the time derivatives into algebraic 
terms of k = (ω/c). The result is a conversion of a space-time differential equation into a simpler space-
algebra differential equation, that is, the Helmholtz equation. 

2 2( ) ( ω =) 0 (C.85) ∇ + k E r; 

A plane wave solution to the Helmholtz equation is in many respects a specialized beam with infnite 
transverse spread. The amplitude is equal for all points in a transverse plane. A plane wave propagating 
in the z-direction is as follows: 

 
=  ( t E ( r, t) exp i kz  − ω ) H0 (C.86) 
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Here k is the angular wavenumber, such that k = 2πυ= 2π/λ. υ is the wavenumber. λ is the wavelength. 
H0 is a constant (possibly complex) corresponding to the amplitude of the wave. The intensity of the feld 
has a constant value I0: 

1
I = 0

* 
0 I(x,y,z) = H H0 (C.87) 

2 

The paraxial approximation to the Helmholtz equation is useful for describing beams [Kogelnik 
1966]. The approximation assumes a feld of the form: 

E 
 
r;ω = ψ ( ) ( )  (C.88) ( ) x,y,z exp ikz 

Substitution of Eq. (C.88) into the Helmholtz equation leads to 

2 2 2 ∂ ψ  ∂ ψ  ∂ ψ  ∂ψ  
2 + + 2 + ik  exp ikz( ) = 0 (C.89)  2 ∂x ∂y ∂z ∂z  

Key assumptions are that the spatial term ψ (x, y,z) varies slowly enough in the direction of propaga-
2tion, z, for the second derivative ∂ ψ  ∂/ z2 to be negligible. The result is the paraxial differential equa-

tion, with a form similar to the time-varying Schrödinger equation: 

2 2∂ ψ ∂ ψ  ∂ψ 
2 + 2 + i2k = 0 (C.90) 

∂x ∂y ∂z 

Solutions to the paraxial equation include beams with Gauss profles, and those with self-healing dif-
fraction properties, that is, Airy, Bessel, and orbital angular momentum (OAM) beams. 

Recasting the Helmholtz differential equation into an integral equation provides qualitative insights 
and quantitative tools for calculating diffraction and near-feld effects. The technique begins with two  
scalar felds: E ( r;ω) and E′ ( r;ω). Both felds are continuous and of second order differentiable on 
and inside an enclosing surface S, with unit normal vector n as positive pointing inward (some authors 
reverse the direction of n 


). Green’s second identity applies. 

2 2  ∂E′ ∂E 
E E E′∇ E dv = − E − E′ dS∇ ′ −∫∫∫ ( ) ∫∫   (C.91) ∂n ∂n 

v s 

If both E and E′ are valid solutions to the Helmholtz equation, (C.85), the left side of Eq. (C.91) van-
ishes by direct substitution, forcing the right side to also vanish: 

 ∂E′ ∂E 
E − E′ dS = 0∫∫   (C.92) ∂n ∂n 

S 

Using E as the unknown feld to be determined, E′ as a singular integrating kernel, and S as a surface 
with defned conditions in Eq. (C-92) forms the basis of a useful integral equation with the geometry of 
Figure C.26. A suitable E′ is as follows: 

ikr e
E′ = (C.93) 

r 

Here r is the distance from a fxed point P(x, y, z) to the variable position point Q(ξ, η, ζ), with 

2 2 2 
=  x − y z ζ  (C.94)r ξ +  − η + −  (  ) ( ) ( )  

1/2 
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FIGURE C.26 Geometry of Green’s integral of Helmholtz equation. 

E′ is a solution to the Helmholtz equation everywhere, except at the local origin P, which has a 1/r 
singularity. Using spherical coordinates (r, θ, φ) with an origin shifted to P, the Laplace operator ∇2 

becomes 

 1 ∂  ∂  1 ∂  ∂  1 ∂2 
∇ =  2 r 

 + 2 sinϕ 2 2 2  (C.95) 2 

 r ∂r  2 

∂r r sinϕ ∂ϕ  ∂ϕ 
+ 

r sin ϕ ∂θ  

Since E′ is isotropic, the derivatives with respect to θ and φ vanish. Substitution verifes E′ as a solu-
tion of the Helmholtz equation throughout the volume with r ≠ 0. 

ikr 

 



 
∂ ∂ 


+ 

The Green’s surface integral in Eq. (C.92) avoids the point P where E′ is singular with r = 0 by using a 
small spherical surface S′ of radius ε and unit inward normal n′ (Figure C.26). 

ikr  ikr  ∂  e  e ∂E  
E  dS = 0 (C.97) ∫∫  

−
∂n r r ∂n 

S S′  + 

∂r
On S′, r = ε, = 1, Ω is a solid angle so that dS = ε2d Ω and 

∂n′ 

ikr  ikr ikε ikε ∂  e  e ∂E   e  1 e ∂E  2∫∫ E 
 

−  dS = −∫∫ E  ik −  −  ε Ω  (C.98) d
∂n r r ∂n ε ε ε ∂r 

S   S 
  

Terms linear in ε vanish as the size of the S′ sphere shrinks. The remaining terms with E and eikε being 
smooth on S′ go to E(P) and 1, respectively. Combined with a total solid angle of 4π this forms the inte-
gral theorem of Helmholtz and Kirchoff (aka Kirchoff’s diffraction formula): 

ikr  ikr 1 ∂  e  e ∂E
E ( )P = 


E 

 
dS (C.99) ∫∫  

− 
4π ∂n r r ∂n 

S   

A standard method of producing a structured beam traveling in the +z-direction begins with a beam 
of known properties propagating from z = −∞�and intersecting with an aperture surface at the x–y plane 
(Figure C.27). 


 

1( 2 2∇ +k ) e2 2′E k 0  for r 0  (C.96) = =≠r2r ∂ ∂r r r 
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FIGURE C.27 Uniform beam propagating in z-direction, interacting with aperture or obstruction at z = 0 and diffracting 
for z > 0. 

An assumed form for E on SA is 

ikzE (x,y,0) = ψ (x,y,z)e 
= 

(C.100) 
z 0  

This boundary condition approximates many felds that produce beams that propagate in the +z-direction. 
It is assumed that the integral vanishes on a surface with z > 0 and distant from the origin SB. This cor-
responds to the assumption that no waves come from the +z-direction. An examination of Figure C.28 
indicates that on the z = 0 plane, 

∂r −z 
= = −cos (θns )

∂n r 
(C.101) 

Applying Eq. (C.101) to Eq. (C.100), 

∂E −iEkz 
= 

∂n r 
(C.102) 

The surface integral Eq. (C.99) reduces to 

1 eikr  1 −z
E( )P = ∫∫ E  i2k −  dS (C.103) 4π r r r 

SA 

The action of Eq. (C.103) is diffraction. The portion of waves from z <�0 that pass through the aperture 
SA superpose to form diffracted patterns of feld and intensity for z > 0. 

Direct integration of Eq. (C.103) is possible in only a small number of cases. Many approximate 
methods apply in regions where P is multiple wavelengths distant from the x–y plane and the lateral 

FIGURE C.28 Diffraction integral geometry for beam moving along +z-direction. 
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position offsets are small, that is, r > λ = 2π/k and θns ≪ 1. A large value of r reduces the bracketed 
term in Eq. (C.103): 

1
i2k − ≈ i2k (C.104) 

r 

On SA, 

2 1/2 
2 x − ξ  y − η 

z z 


  +


 

 


 


z 1  

Expanding in a binomial series with θns ≪ 1, 


 

(C.105) +=r 

2 2 2  2 2
 

x − ξ  y − η  x − ξ  y − η  
 +  + 

The successive terms in Eq. (C.106) decrease in size and decrease more rapidly as z increases. 
Truncating converts the Helmholtz–Kirchoff integral into a form of a Fourier transform, known as the 
Fraunhofer approximation: 


 

k   x2 + y2    k ) exp ik z    ∫∫ (  ξ + η) d dE (x, y,z =  + E ,ξ η,0)exp i− (x y  ξ η  (C.107) 
2 izπ  2z   z   SA 

Including an additional higher order term leads to the Fresnel approximation. The Fraunhofer 
approximation works well for effects that lie multiple wavelengths distant from the x–y plane. The 
Fresnel approximation is more complicated but yields results for felds that are closer to the x–y 
plane. 

Many beams have circular symmetry. Using circular coordinate transform relations 

= θ y = Rsinθx Rcos  
(C.108) 

ξ = ρcosϕ η = ρ ϕsin 

leads to the Fraunhofer approximation in cylindrical coordinates (Figure C.29). 

k   R2  
2π

 kR E(R,θ,z) = exp ik z  + E , ,0)exp i−ρ cos( ϕ − θ) d d   (C.109) 2 izπ  2z  ∫ ∫ (  z    
0 0  


 


 

1 1
 


 


 


− z 1  (C.106) 

 

 


 


 

+ +=r 
2 8z z z z

 

FIGURE C.29 Normalized signal strength versus radial position for Fraunhofer approximation of transmission through 
a circular aperture 
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The diffraction formula for cylindrical symmetry becomes a Hankel transformation with use of the 
Jacobi integral formula [Hildebrand 1976]. 

2π 

Jn ( )  ∫β =  exp i sin  (β θ n− θ) d  θ 
0 (C.110) 

Jn(β) is the Bessel function of the frst kind of order n. 

E R,z ( ) = k 
iz 

 
exp ik z   + 

 

∞
2R 

 E ∫ ( ) J0
2z  

0 

kR 
z 

 d (C.111) 

(E R,θ,z) = (E R,z) and E (ρ ϕ, ,0  ) = ρE( ). 

A cylindrical Gaussian beam propagating in the z-direction and arriving at the z = 0 plane creates the 
SA boundary condition in the form of a Gauss function with polar symmetry. 

 

 

2 2 − ρ  


 

G ( ),0  = E0 exp
 2  

(C.112) E ρ a 
  

The Hankel transform of a Gauss function produces another Gauss function, typically with different 
scaling. 

 − ρa2 2   1  1  β 
2  

exp  J0 βρ ρ ρ = 2 exp −   (C.113) ∫ ( ) d 
   2  a 2 a

0   

This result confrms that a beam with Gauss-shape intensity at z = 0 propagates for z > 0 with β = kR/z 
is another Gaussian. 

exp ik z  
2

 
 2 kE R 1 kR( ) = 0 −E R,z (C.114) + 
 







exp G 
iza2 2z 2 za 

With the intensity distribution IG(R, z), 

2 *  * k E0 0E kR  2 

G (R,z  ) = ( ) ( ) = 2 4  exp − 
   (C.115)I E R,z E R,z 

z a  za  

The downrange centerline intensity, IG(0,z), is 

2 * 
0 0I G (0,z  ) = k E

2 4

E 
(C.116) 

z a  

A defnition of the width WG of a Gaussian beam is the diameter at which the intensity drops to 1/e2 

of the centerline value. 

za2 2
WG = (C.117) 

k 

Figure C.27 concerns the diffraction pattern produced by an opaque object and the pattern formed by a 
complementary opaque sheet with a matching hole. A primary assumption is the boundary conditions where 
transparent regions do not alter the incoming waves and the opaque regions cause the feld to vanish at z = 0. 
The linearity of the Helmholtz equation implies that the sum of the feld diffracted from the opaque object, 
UD, and the complementary hole UC should equal that of the illuminating undisturbed wavefeld UI, that is, 

UD + UC = U I (C.118) 
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The aperture function, aper(x, y), describes ideal apertures: 


 1,(x, y) ∈transparent region 

aper x,y( ) =  (C.119) 
 0,(x,y) ∈opaque region 
 

The aperture boundary condition imposed by a planar surface with an aperture at z = 0 onto a scalar 
wave propagating in the +z-direction is 

ikz E (x,y,0) = aper x,y)H x,y( e 
= 

(C.120) ( ) 
z 0  

The circ(r) function is a circular aperture function. 

 1,ρ < 1 
circ( )ρ =


 (C.121) 

0,ρ > 1

 

The incidence of a cylindrically symmetric wavefront onto a circular aperture of radius r leads to the 


 

boundary conditions: 

ikzE C (ρ,0) = circ( )r H ( )ρ e 
= 

(C.122) 
z 0  

For a plane wave, the SA boundary condition is 

ikz EC (ρ,0) = circ( )r E0 e 
= 

(C.123) 
z 0  

and 

k   R2 
∞ 

kR
E (R,z) = exp ik z  + circ( )r E J dC   ∫ 0 0   (C.124) iz   2z  z   0 

Integrating with the formula 

∫ J0 ( )  d J1 ( )  Cρ ρ  ρ = ρ ρ + (C.125) 

leads to a cylindrical beam with shape Ec(R, z): 


 

2 rE R rkR ( ) = 0



exp ik z  

The intensity distribution I(R,z) of the circular aperture beam is as follows: 

E E   r  rkR  
2 

C ( ) = 0 0
* 

1 (C.127) I R,z J  2  R z  

Applying L’Hôpital’s rule to a series expansion of the Bessel function gives the centerline intensity 
Ic(0, z): 

 1 * 4 2  1
I 0,z( ) = E E  r k  2 (C.128) C 0 0

 8  z 

A defnition of the width Wc of the circular aperture beam is the diameter associated with the frst zero 
in intensity: 

 7.662 WC = z (C.129)  
rk  

E R,z J1 (C.126) + 
 

C 
iR 2z z  
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Equations (C.116), (C.117), (C.128), and (C.129) indicate that both the Gauss and circular aperture 
beams have a centerline intensity that drops off as 1/z2 and a width that increases with z, that is, the 
beams spread out and weaken as they propagate. Since both beams exhibit similar spreading behavior, a 
question arises as to whether this is a common feature of all beams, or do beam shapes exist that do not 
change shape with propagation? The plane wave is a counter example. It starts out with a lateral spread 
that goes to infnity and does not spread or change with propagation. Durnin discovered a wider class 
of beams with intensity distributions that do not change with propagation [Durnin 1987a, 1987b]. These 
beams, known as diffraction-free or propagation-invariant, have the general form: 

2π 

E x,y,z 0, t) = exp i z t) A ϕ exp i xcos( ϕ + ysinϕ  dϕ (C.130) ( ≥  (β − ω ( )   α )∫ 
0 

with the constraint 

2 2  ω 
2 

β + α =   (C.131)  c  

A(φ) is an arbitrary complex integrable function. Direct substitution of Eq. (C.130) verifes that the 
diffraction-free beam is a solution to the Helmholtz equation. A simplifcation that fxes A(φ) as a con-
stant creates a subset of solutions, known as Bessel beams, with feld EB: 

2π 

EB x,y,z 0, t) = exp i (β −z ωt) exp i α (xcosϕ + ysinϕ)( ≥  dϕ∫ 
0 (C.132) 

Converting into cylindrical coordinates produces a form that readily integrates. 

2π 

EB (x,y,z 0, t≥ ) = exp i ( z t) ∫ exp i{ α Rcos(ϕ − θ)}dϕ β − ω  
(C.133) 

0 

EB (x,y,z 0, t≥ ) = exp i (β −z ωt) J0 (αR) (C.134) 

These are Bessel beams, which have an intensity distribution IB that is invariant with propagation: 

1
IB = J0 (αR) 2 

(C.135) 
2 

If α= 0, then J0(αR) = 1, and the Bessel beam reverts to the special case of a plane wave. 
Bessel beams are axially symmetric self-reconstructing, that is, self-healing, systems. Airy beams are 

a class of diffraction-free beams that differ from the Durnin class of beams, and typically have bilateral 
symmetry. The shape of the diffraction pattern does not change with propagation, but the position does 
[Berry 1979]. The derivation makes use of the paraxial approximation, as in Eq. (C.90), for small-angle 
optical beam propagation, which leads to a 1D normalized Schrödinger equation [Siviloglou 2007]. 

2∂ψ 1 ∂ ψ
i + = 0 (C.136) 

∂ξ 2 s∂ 2 

s = x/x0 is a dimensionless transverse dimension. ξ= z/kx0
2 is the dimensionless dimension in the 

direction of propagation. Solutions take the following form: 

3  ξ 
2    sξ ξ  

ψ (  )ξ = Ai s −    exp i  −  s, (C.137) 
 2   2  12      

Ai(x) is the Airy function defned as a solution to the Airy differential equation: 
2d y  

− xy = 0 (C.138) 
dx2 
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FIGURE C.30 Airy function and corresponding intensity I s( ,ξ).A 

The intensity pattern, IA(s, ξ), formed by the 1D Airy beam is as follows (Figure C.30): 

1 * 1   ξ 
2  

2 

I s,ξ =  ψ s,ξ ψ  s, ξ = Ai s − (C.139) A ( )  ( ) ( )     
2 2  2    

The intensity pattern remains invariant with propagation in the ξ-direction, but the location shifts by 
(ξ / 2)2

 in the s-direction. This movement has the curious property that the beam appears to move trans-
versely as it propagates, even though there is no transverse infuence. 

Many authors denote the Bessel and Airy beams as being diffraction-free because the intensity dis-
tribution does not change with respect to propagation, except for perhaps with a superposed translation, 
rotation, or scaling. The phrase “diffraction-free” is a misnomer. The physical process of diffraction still 
occurs but results in an intensity pattern that does not change. Some authors prefer the phrase “propaga-
tion invariant.” 

The Bessel beams, including plane waves, are physically unrealizable. Like the plane wave, the 
required amount of energy in the beam is infnite due to the amplitude of Bessel functions dropping a off 
as R−1/2 for large R [Hildebrand 1976]. It is possible to create optical beams with approximately invariant 
distributions over fnite ranges. An example is the axicon cylindrical lens element [McLeod 1954]. Airy 
beams have fnite energy [Besieris 2007]. Other propagation-invariant beam shapes are possible, includ-
ing hollow beams with dark centers and hexagonal symmetry [Han 2015b]. 



https://taylorandfrancis.com


 

 

 

 

 

 

 

 

  

 

  

  

  

  

Appendix D: Dimensional Scaling 

of Physical Effects 

D.1 Dimensional Scaling 

The behavior of physical phenomena depends heavily on the dimensions of the interactions. Some phe-
nomena change little with size, others dramatically. Simple scaling rules often provide a good explana-
tion. The frst step establishes the dimensional units of interest, usually length or time, and occasionally 
others. The US National Institute of Standards and Technology recognizes six fundamental dimensional 
units to describe physical quantities: 

1. Length (L) 

2. Time (T) 

3. Luminous intensity (I) 

4. Temperature (T) 

5. Mass (M) 

6. Amount of substance (A) 

These units provide a compact representation of physical units as follows [Hamilton 1996]: 

a b c d e fQ = L T I K M  A (D.1) 

The exponents a–f are usually integers or rational fractions. Equation (D.1) is useful for describing the effect 

of a change in scale of a dimensional unit, when the same physical phenomena dominate at both scales. 

An example is the mechanics of animals. The strength of muscle and bones, S, largely depends on the 

cross-sectional area of limbs and torsos, and scales as the square of length L: 

S ~ L2 (D.2) 

The weight W depends on the volume of the animal: 

W ~ L3 (D.3) 

Small animals, such as ants, can lift several times their weight. Larger animals, such as humans, often 

struggle to lift a fraction of their body weight. Small animals, for example, insects and hummingbirds, 

tend to move quickly and with agility. Big animals are nominally sluggish. Those that can move quickly 

with agility, for example, the hippopotamus and bear, can do so only for short durations. An explanation 

considers the motion of an animal as the translation of a particle of lumped mass. Newton’s second law 

of motion relates applied force and motion: 

d s2 

F = m
2 

= ma (D.4) 
dt 

Here F is the applied force, m is the mass, s is the displacement, t is the time, and a is the acceleration. 

Integrating the acceleration twice with respect to time for constant force and mass, following quiescent 

initial conditions, leads to 

s = 1 
at2 (D.5) 

2 
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and 

2ms 
F = ma = (D.6) 

t2 

A conclusion is that moving a mass with constant acceleration over a specifed distance and time 

implies the dimensional scaling relation: 

4 −2F ~ L T (D.7) 

Different physical circumstances can lead to different dimensional scaling effects for applied forces. 

For example, surface tension forces depend on the length of the contact area. Fluid pressures forces 

depend on the applied area, that is, the length squared. Gravity and inertial forces scale according to the 

amount of mass, that is, length cubed. 

When the dimensional scales run over a wide range, it is often useful to use logarithms, exponents, or 

power scaling. Many manufacturers of physical devices scale their model sizes according to a power law 

rule [Pahl 1988]. Similar examples are denominations of circulating currency, the distribution of wealth 

in most economic systems, and the decibel scale in acoustic measurements. 

The Buckingham PI theorem outlines a nonunique choice of dimensionless parameters to be used for 

maintaining dimensional similitude. Practical situations limit the ability to match dimensional simili-

tude across the entire range of variables. For example, in aeroelastic wind tunnel testing, it is nearly 

impossible to satisfy both Reynolds number and reduced aeroelastic frequency scaling. Selecting which 

dimensionless parameters to match typically is an ad hoc process. It is possible to extend approximate 

similitude matching techniques by using specifc criteria, such as energy dependence, to emphasize the 

more active variables in similitude [Kittirungsi 2008]. 

D.2 Trimmer Vectors 

The Trimmer vector is a compact representation of the effect of different scaling exponent relations 

[Trimmer 1989]. The original use was to aid in the design of micro-electromechanical systems. The 

standard Trimmer vector, {T}, is a 4 × 1 column vector. Row i describes the effect of scaling a base 

dimension d raised to the ith power: 

 
T d1 

 
 ( )  T1   

2 
 

 T2   T d( ) 
{T} =   =   

 T3   T d( )3  (D.8) 
 T4 

   
   4 T d( )

  

The algebra of Trimmer vectors follows the rules: (1) Raising {T} to a power, raises the individual 

components to that power. (2) Multiplying {T} by a scalar, such as dm, multiplies each component 

by dm: 

  

n
T dm{ } = 

 
 
 
 
 
 

n mT d1 

n mT d2 

n mT d3 

n mT d4 

 
 
 
 
 
 

(D.9) 



  

    

    

    

    

  

  

  

  

 

Appendix D 361 

A Trimmer force scaling vector {LF} represents the effects of forces that scale according to an integer 

power of length L. 

   

F{L } = 

 
 
 
 
 
 

LF
1 

LF 
2 

LF 
3 

LF 
4 

 
 
 
 
 
 

= 





 

L1 

L2 

L3 

L4 







(D.10) 

  
Some examples: 

LF
1 =  L1 = Liquid surface tension along a perimeter (D.11) 

LF 
2 =  L2 = Pressure over area (D.12) 

LF
3 =  L3 = Inertia force acting on volume (D.13) 

LF 
4 =  L4 = Centrifugal body force with constant angular velocity (D.14) 

Algebraic manipulations of {LF} produce vectors that represent the scaling of other physical effects. 

An example from solid mechanics is the defection of a cantilever beam with a length-scale-dependent 
load applied to the end (Figure D.1). The dimensionless length-normalized defection δ is 

d F −2δ = = 
3

 ~ FL (D.15) 
L L 3EI / L( ) 

Here d, L, b, h, I, and E are the end defection, length, width, height, area moment of inertia, and Young’s 
modulus, respectively. 

The Trimmer vector for defection, {δ}, is F ~ {LF}. 

   −1δ1 L    
 δ   2 F −2 L{ } = L L  

0 

δ =   { } =   
 δ3   L1  (D.16) 
   2 δ4 L    

An example from rigid body dynamics is the acceleration a of a uniform density mass m, under con-
stant force F. 

F 
a = (D.17) 

m 

The acceleration length scaling Trimmer vector {a} becomes 

 a1   L−2  
  

−1 
 

a2 L  F −3  {a} = = { }L L  = (D.18) 
 a3   0  
   L

1 
 

a4   L  

FIGURE D.1 Length-scale-dependent force F applied to the end of cantilever beam of length L with defection d. 
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The time t required to move a rigid body through a distance s with constant acceleration is 

 2s 
1/2 

t = (D.19) 
 a  

The associated Trimmer vector {t} for constant acceleration maneuvers is 

 t1   L 3/2 
1/2   1 3   

1 
 t2 L L  L   {t} = =   = (D.20) 

 t  { }LF  L1/ 2 3       
0 

 
 t4   L   

The power density π for a constant acceleration move scales according to 

P Fs
π = = (D.21) 

V tV 

P, V, F, s, and t are mechanical power, volume, force, distance, and time of movement, respectively. 
The associated length scale Trimmer vector {π} for power density is 

   −5/2 π1 L  
F 1 F 3/2  

 π2  L  L  L  L    −1 π = = = ={ }   2 −F 1/2 3 4  1/ 2  (D.22) 
 π3  L  L  L  L  

L 


 π4   L2    

D.3 Multi-scale Interactions 

Multi-scale interactions drive many phenomena. Linear time-invariant systems do not alter the fre-
quency content of input signals and generally do not support multi-scale interactions. Nonlinear interac-
tions transfer energy from one time or spatial scale to another. Fractional dimensional scaling techniques 
take advantage of combined effects that scale with different dimensional powers. 

D.3.1 Nonlinear Harmonic Distortion and Mixing 

Harmonic analysis and balancing methods explain many aspects of multi-scale phenomena in nonlinear 
systems. The proportional system is a linear time-invariant system that converts an input, x(t), into an 
output, y(t), through the stiffness k. 

y tL ( ) = kx( )t (D.23) 

If the input to a linear system is a single sinusoid, expressed in complex numbers with cc denoting 
complex conjugate, that is, 

x( )t = X1 exp i2 f( π 1t)+ cc (D.24) 

then the output is a sinusoid at the same frequency, usually with an amplitude and phase shift 
(Figure D.2a). 

y t( ) = kX  ( π )+ cc (D.25) L 1 exp i2 f t1  
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FIGURE D.2 Spectra of input and output signals of linear system. (a) Single-frequency input with single-frequency out-
put. (b) Two frequency input with two frequency output. 

When the input to a linear system is the sum of two sinusoids, that is, 

x t = X1 exp i2 f tπ ) + X2 ( π 2 ) + cc ( )   ( 1 exp i2 f  t  (D.26) 

there is no mixing or alteration of the frequency content of input signal by the linear system. The output 
is the sum of two sinusoids at the same frequencies as the input (Figure D.2b). 

L { 1  ( 1  + 2 exp i2 f( 2t  + } (D.27) y t( ) = k X  exp i2 f tπ ) X π ) cc 

Nonlinear systems do not follow the frequency superposition shown in Figure D.2 and instead 
create signals yN(t) at frequencies that multiply and mix those of the inputs. Cubic nonlinearities 
are perhaps more common, but quadratic nonlinearities demonstrate many of these features with 
simpler algebra. 

y t( ) = kx( )t 2 (D.28) N 

The quadratic nonlinearity converts a single-frequency input, as in Eq. (D.31), into an output contain-
ing a component at twice the original frequency and a DC component. The result, sometimes termed 
harmonic distortion, when combined with a linear term appears in Figure D.3a. 

N { 1
2 

exp i4 f t1 + + cc}y t( ) = k X   ( π ) 1 (D.29) 

The quadratic nonlinearity converts a double-frequency input, as in Eq. (D.26), into an output with 
multiple mixed harmonics, as shown in Figure D.3b. 

y t( ) = k X2 ( π + 1 + X X  exp i2 f( + f t  exp i2 f( − f tN  1 {exp i4 f t1 ) } 1 2 {  π 1 2 )  +  π 2 1 ) } 
(D.30) 

2+ X exp2 { (i4πf t2 ) + 1} + cc 

Adding feedback to a nonlinear system converts a single-input signal initially into one with a har-
monic, as shown in Figure D.3b. Passing through the feedback loop mixes to form a cascade of higher 
harmonics to produce a frequency comb, as shown in Figure D.3c. 

D.3.2 Branching and Fractal Scaling 

Simple length scaling suggests that for biological systems, volume-based phenomena, such as overall 
energy consumption, should depend on L3; and area-based phenomena, such as strength, should depend 
on L2. Observations indicate that many phenomena, such as metabolic rate, vary according to M3/4, with 
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FIGURE D.3 Spectra of input and output signals of system with quadratic nonlinearity. (a) Single-frequency input with 
harmonic output at twice the input frequency. (b) Two-frequency input with harmonic mixing of frequencies as output. 
(c) Single-frequency input with feedback produces cascade of harmonics, that is, a frequency comb. 

M as the total mass. Fractal and hierarchical organization of biological systems following rules based on 
minimizing energy consumption while flling volumes is an explanation for these 3/4 power allometric 
scaling laws [West 1997]. 

D.4 Selected Scaling Examples 

D.4.1 Fluid Flow in Small Pipes 

The nature of the fow of viscous fuids in pipes depends on dimensional scaling, especially at smaller 
dimensions (Figure D.4). The Hagen–Poiseuille law describes laminar fow in circular pipes based on 
the following assumptions: 

1. The pipe is a long and slender cylinder with a smooth circular bore and constant diameter. 

2. Fluid is incompressible, has uniform density, is linear viscous, that is, Newtonian, and does not 
slip at the pipe wall. 

3. No external forces, for example, gravity. 

4. Pressure varies with axial position but is constant across a circular section. 

5. The fow is laminar and axially symmetric. 

FIGURE D.4 Cross section of pipe, control volume, and resulting parabolic velocity profle in small-diameter pipe. 
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The analysis considers a cylindrical control volume in the pipe with radius ρ and length L. The absence 
of external forces leaves pressure and shear stress as the active forces. Since the fow is steady, the net 
force on the control volume is zero. 

Steady fows, pipe-axis cylindrical symmetry and assumptions 1–4 imply that the pressure P depends 
on axial position x, but not with radial position ρ and angular position θ. 

P (x, ρ θ =, ) P( )x (D.31) 

The kinematic assumptions imply that the velocity u, velocity gradient du/dρ, and shear stress τ depend 
on radial position ρ, but are independent of axial and angular position. 

u x( , ,ρ θ) = u( )ρ (D.32) 

τ(x, , ) ( )  (D.33) ρ θ  = τ ρ 

Viscous shear stresses develop for a Newtonian fuid: 

τ = µ  du 
(D.34) 

dρ 
Since the fow is steady, inertia forces vanish. Integrating the pressure and shear stress on the control 

volume surface produces a net of zero forces. In the radial direction, the control volume cylinder side 
wall pressures being radially symmetric for a given axial position integrate to zero. In the axial direc-
tion, the end face pressures P1 and P2 are uniform with radial position and the net end-face forces are 
the product of the pressure and face area. The control volume side wall axial stress arises due to viscous 
shear, producing a term equal to the product of shear stress and the circumferential surface area of the 
control volume. Summing the axial forces, 

( 1 − 2 ) ρ + τ πρ = 0P P  π 2 2 L  (D.35) 

Inserting Newtonian viscosity produces a differential equation: 

(P P2 )ρdu 1 −= −  (D.36) 
dρ µ2 L  

Integrating from the central axis out to radial position ρ and applying a no slip boundary condition 
u r( ) = 0 at the pipe wall produces a velocity feld with an axisymmetric paraboloidal shape. 

P P21 − )
u( )ρ =

( (r2 − ρ2 ) (D.37) 
µ4 L  

The volumetric fow rate Q is the integral of the velocity over a pipe section: 

(P P− )1 2 4Q = πr (D.38) 
8 Lµ 

The average volumetric fux q is 

Q P P2 )( 1 − 
q = = r2 (D.39) 

A 8 Lµ 
The pressure difference ΔP is 

8QµL 8qµL
∆ =P P1 − P2 = 4 = 2 (D.40) 

πr r 

This result is the Hagen–Poiseuille law. The total fow rate depends on the fourth power of the tube 
diameter, which leads to the conclusion that smaller diameter tubes severely restrict fow rates. 
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FIGURE D.5 Surface tension draws fuid into capillary to height h against gravity reaching static equilibrium. 

D.4.2 Capillary and Wicking Effects 

Capillary fows and wicking occur when tension forces form on the surface of liquids in contact with 
solid bodies. The infuence of surface tension forces on free surfaces and lines of contact increases 
with reduction in feature dimensions in comparison with volume-dependent gravity and inertia forces. 
Hollow tubes, fber bundles, porous solids, and textured surfaces all exhibit distinctive behaviors when 
contacting liquids. Surface tension forces draw liquids into tubes or onto the outside of fbers by capillary 
or wicking forces. A liquid that wets a solid surface pulls with a force per unit contact length γ, forming 
an angle of contact θ, relative to the surface. The net surface tension T exerted on a liquid in a tube of 
radius r is the product of the tension per unit length and the length of the contact line (Figure D.5). 

T = π γ  ( )  (D.41) 2 r  cos θ 

Gravity, with acceleration g, pulls down on the fuid column with mass density ρ. The height at static 
equilibrium is h. 

2 cosγ ( )θ
h = (D.42) 

ρgr 

Solids imbibe fuids with a surface-tension-activated process known as wicking. The Washburn model 
of wicking assumes that capillary surface tension, pressure differentials, gravity, and viscosity combine 
to induce fuid to fow quasi-statically into the solid [Washburn 1921]. The model combines capillary 
surface tension forces with Hagen–Poiseuille laminar viscous fow mechanics. Pressure differentials 
and gravity forces superpose to promote or suppress the fow, based on the specifc circumstances. An 
illustrative case is the wicking of fuid into a capillary tube by surface tension, with negligible gravity 
and differential pressure effects. When balanced against viscosity, the surface tension draws the liquid 
into the tube such that static equilibrium does not occur. Instead, a quasi-static situation forms where the 
liquid column h(t) grows with time, as does the viscous force (Figure D.6). 

FIGURE D.6 Washburn model of capillary wicking. Surface tension draws the fuid into the tube. Viscous forces resist 
the fow. Gravity and inertia forces are negligible. 
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The Washburn model assumes that the surface tension force for the capillary acts as an effective dif-

ferential pressure in Eq. (D.40), and the effective pipe length L equals the time-varying length of the 

fuid column h(t). 

2 rπ γcos( )θ
∆ =  2 (D.43)P 

πr 

The volumetric fow rate Q is 

2 dh
Q = πr (D.44) 

dt 

The Washburn-modifed form of the Hagen–Poiseuille law is 

dh γ ( ) r32 cos θ π 
πr2 = (D.45) 

dt µ8 h  

The height as a function of time is 

 r cosγ ( )θ t 
1/2 

h( )t =   (D.46) 
2µ  

V(t) is the volume of liquid absorbed into a capillary. 

5 
2  r cosγ ( )θ t 

1/2 

V( )t = πr h t( ) = π   (D.47) 
 2µ  

The volume of liquid absorbed into a porous surface with an array of N holes of diameter ri is 

1/2 N
 γ cos( )θ t   

5/2 
 

V( )t = π  ∑ri (D.48)  2µ
=   i 1  

Darcy’s law is a continuum model of the fow through a porous medium based on mass and force 
balance. 

 κ  
q = −

µ
(∇ − ρp g) (D.49) 

Here, q 


 is the velocity of fow expressed as a volumetric fux. κ is the fuid permeability. µ is the viscos-
ity. p is the pressure. ρ is the mass density. g 


 is the acceleration due to gravity [Bird 1960]. An advantage 

of Darcy’s law is the ease of insertion into 3D numerical models of liquid imbibition into porous and 
swellable solids [Masoodi 2010]. 

Other geometries, such as patterned arrays of nanopillars or cracks, promote wicking in controllable 
directions (Figure D.7) [Zhou 2011] [Gardner 2014]. 

FIGURE D.7 Nanopillar array wicking of fuids. (Adapted from [Zhou 2011].) 
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FIGURE D.8 Combined effect of droplet spreading and fber coalescence due to wetting and fber stiffness. (a) Stiff 
fbers bend little and droplet wicks to free end. (b) Moderately fexible fbers that bend with droplet that partially 
spreads to free end. (c) Flexible fbers bend easily and coalesce as droplet spreads along entire length. (Adapted from 
[Duprat 2012].) 

An additional, but common, complication arises when liquids wet fexible microfeatures, such as fber 
arrays. An example is for wetting to cause the fbers to bend and coalesce, while simultaneously causing 
an impinging droplet to spread (Figure D.8) [Duprat 2012]. 
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A 

Ablation, 134 
Accretion, 80 
Actin flament, 284 
Active agents, 283–285 
Active and complex fuid, 303, 309 
Active barb swelling, 274 
Active matter and materials, 265, 302–303, 327 
Active skin, 276 
Adaptive learning and multimodal functions, 257 
Agent, 224–225 
Airplane, 172, 174 
Alkali-silica reaction (ASR), 313 
Ammonium phosphate, 134 
Annealing, 24, 129 
Antagonism, 3, 5, 18, 125, 153, 158, 278, 290, 297–298, 

347, 348 
Antibiofouling, 153, 229–230 

biological, 230 
energetically active surface, 229 
ivermectin, 230 
mechanical, 229 
microtextured surface, 229 
toxic reagents, 229–230 

Anisotropic swelling, 275 
Antifogging, 72–73, 153, 254 
Anti-fragile, 215 
Anti-icing, 77–78 
Anti-scaling, 83 
Anti-thixotropic 97, 102 
Apoptosis and apoptotic behavior, 159, 192–194, 225 
Artifcial immune system, 188 
Artifcial intelligence and machine learning, 243 
Asphalt, 60, 124, 129, 131, 143, 251–252 
Atomic force microscope (AFM), 248 
Autonomic and Autonomous, 2 
Avrami equation, 260 
Axicon, 209 

B 

Bacillus 

licheniformis, 232 
pasteurii, 231 
sphericus, 263 
spores, 303 
subtilis, 257, 304 
tequilensis, 231 

Ballistic, 134 
Bearings, 7 
Belousov-Zhabotinsky wave, 276 
Binomial distribution, 331 

Bipartite graph, 178 
Biohybrids and biological hybrids, 18, 226–233, 

301–305 
Anna Karina principle, 226 
assembly and patterned growth, 301 
bacterial, 227 
biocide, 230 
bioflm, 228, 233 
biomaterials, 226 
computers and controllers, 305 
digestion for self-cleaning, 232–233 
domestication, 226 
ecosystems, 228 
electronics and neural implants, 231, 304 
entire organism, 228 
hydrogel templated self-assembly, 294 
living biological systems, 226–227, 278 
living fence, 228, 264 
microoxen, 302 
micropillar compliance, 302 
modulated growth, 301 
molecular motor biohybrid actuator, 303 
mycelium fungus for fre resistance, 233 
neutralizing corrosive chemistry, 232 
nonliving biomass, 226–227, 296 
orthopedic implants, 231 
quorum sensing, 305 
signaling and computing, 289 
synthesis and synthetic tissue, 301 
templated growth of metals, 304 
vascular implants, 231 

Biomimetic and bioinspired, 18, 108–109, 157, 185, 187, 
191, 234, 305 

Blob, 276 
Bode plot, 253 
Bolted connection, 180 
Bond 

click, 279 
covalent, 34, 35 
hydrogen, 34 
lock and key, 296–297 
noncovalent, 249 
plug and play, 289 

Bond graph, 179, 335 
Bone, 234 
Boron nitride, 153 
Break-in, 7 
Bridge deck, 117 
Brittle material, 243 
Brownian motion, 292 
Buckliball, 278 
Buckling, 278, 280 
Byssal thread, 40 
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460 Index 

Cage, 85, 136, 285, 290, 296 
Calcite, calcium carbonate, and CaCO3, 231, 263 
Calcium bentonite clay, 103 
Calcium lactate, 263 
Calcium oxide, 140 
Capillary, 297 
Carbon nanotube (CNT), 136, 154, 183, 205, 229, 258, 

269, 275, 310 
Cascading failure, 219 
Cassie-Baxter state, 69–70, 243, 255 
Catalyst, 21 
Catalytic, 21, 238 
Cellular automata, 190–191 
Cellular, 131–132, 136, 275 
Cementitious material, 138, 140 
Ceramic, 135, 139–140, 154, 243 
Chalmers, 306 
Char layer, 134–135 
Chemical amplifcation, 289 
Chemical control system, 191–192 
Chemical conversion, 86 
Chemotaxis, 294 
Chiral, helical, and twisting assembly, wrapping and 

unwrapping, 280–282, 295 
Chitosan, 86, 231, 301 
Clay, 136 
Clotting, 18, 309; see also Coagulation 
Coagulation, 18, 96–97, 102, 191–192, 277, 301, 309 
Cognition and cognitive, 3, 306–309 
Complex and complexity, 5, 188–189, 191, 277, 295, 

305–307, 309, 333, 336 
Compliant seal, 104 
Composite, 57, 141 

elastomer and ionomer, 128 
fber reinforced polymer (FRP), 59, 141–142, 145, 148, 

162, 262–263 
micro, 53 
nano, 53 
skeleton, 165 

Computer 
biohybrid, 305 
coordinated complexity, 307 
self-testing and repairing (STAR), 218 

Concrete, 13 
active aggregates, 136 
calcium carbonate, 129–130 
chitosan shrinking fber, 301 
crack flling and inflling, 45, 138, 140 
lime clasts, 45 
microencapsulated liquid healing, 266 
pore closing, 105 
pozzolonic, 45 
Roman, 45 
stones and soil, 231 
wound closing, 145 

Conductor, 200–201 
electrodeposition, 201 
gel, 201 
liquid vascular, 201 

serpentine, 200 
stretchable, 200 

Conglomeration, 96–98, 277, 284, 286, 310 
Connectivity, 178–180 
Connector, 201 
Consciousness, 306–309 
Constraint 

internal, 323 
layer, 103, 230 

Contact, 201–203 
Container, 90–107 
Contingency planning, 173 
Continuum damage and healing, 122–123 
Controllable action 

accretion, 166–167 
diffusive permeability, 167 
material transport system, 168–169 
mechanical 166–167 
mending and material properties, 168 
porous solids, 281 
surfaces, 166 
switchable liquid permeability, 282 
tapping and elastic waves, 166 

Coordination, and coordinated signaling and repair, 10, 
18, 159–195, 286–289 

Copper, 136 
Cork, 135 
Corrosion, 11, 49, 83–87, 150–151, 261; see also Oxidation 

barriers, 84 
biohybrid inhibition, 232 
chromates, 84 
multiscale, 155 
passivation, 80, 84 

Crack 
bridging, 46, 54, 61, 136, 158, 284, 345–346 
flling and inflling, 46, 54, 138–141 
interlocking, 141 
J-integral, 344–345 
opening displacement (COD), 252 
patching, 61 
stress intensity factor, 344 
tip mechanics, 344 

Cross-layer accelerated healing (CLASH), 185 
Cyberphysical system, 192 
Cyclooctadiene, 238 

D 

Danglers and dangling molecules, 33, 167 
Darcy’s law, 367 
Dark feld spectroscopy, 249 
DC impulse overvoltage recovery, 254 
Debond, 158 
Debris removal 

active mechanical, 74–76 
breakdown and consumption, 76 
droplet control, 65–72, 293 
electrodynamic, 74–76 

Decentralized, 219 
Decoupling, 179–180 
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Deicing, 77–78 
Dendrimer, 283 
Dendrite, 53, 276, 283–284, 311 
Design, 234–244 

eluting self-cleaning surface, 243 
liquid to solid, 237 
microcapsule, 238 
multifactor compatibility, 237 
multiscale and multifunctional methods, 236 
optimization, 236 
overall issues, 234 
redundant system, 244 
resilience-based, 242 
self-assembly with catalog, 299–300 
stability, 239 
superhydrophobic, 243 
taxonomy, 235 
vascular system, 239–242 
wound closing, 243 

Dicyclopentadiene (DCPD), 238, 258, 264 
Dielectric Electroactive Polymer (DEAP) actuator, 

204, 273 
Diels–Alder (DA), 35, 37, 142, 192 
Differential scanning calorimetry, 249 
Diffraction and diffraction-free beams 

Airy beam, 357 
aperture function, 355 
beam width, 355 
Bessel beam, 357 
circ function, 355 
Fraunhofer approximation, 351 
Fresnel approximation, 351 
Green’s integral of Helmholtz equation, 349 
Hankel transformation with Jacobi integral formula, 

354 
Helmholtz equation, 349, 354 
Huygens principle, 348–349 
Integral theorem of Helmholtz and Kirchoff (aka 

Kirchoff’s diffraction formula), 351 
intensity, 349, 355 
paraxial approximation, 350 
rays, 348–349 
Schrödinger equation, 350 
structured beam, 351 
waves, 348–349 

Diffusion, 147, 149, 166, 169, 204, 230, 239, 241, 247, 
257–258, 263, 270, 283, 289, 292, 297, 305, 
312, 325–326, 347 

Dimensional scaling of physical effects, 359–368 
branching and fractal scaling, 363–364 
Buckingham Pi theorem, 360 
capillary and wicking effects, 366–368 
dimensional scaling, 359–360 
fuid fow in small pipes, 364–364 
multi-scale interactions, 362–363 
Trimmer vectors, 360–362 

Dimensionless wetted area, 255 
Directed assembly, 286 
Dislocation evaporation, 25 
Dissipative fag, 164 
Dissipative structure, 298, 328 

Distributed in-plane deformation, 280 
Disulfde, 153 
DNA, 21–22, 227–228, 278, 287, 292, 295, 301–302 
Double cantilever beam (DCB), 248 
Double cleavage drilled compression (DCDC), 247 
Drilling fuids, 102 
Dynamic modulus, 251 
Dynamic reallocation, 216 
Dynamic shear rheometer, 252 

E 

Earthquake, 164 
Einstein, 28, 326 
Eisenberg-Hird-Moore model, 127–128 
Elastomer, 132, 146, 151, 154, 275 
Electric battery, 99 
Electric power transmission, 12, 112 
Electric wire and cable, 197–198, 270 

fooding, 112, 198–200 
insulation, 198 
templated biohybrid conductor growth, 304 

Electrochemical impedance spectroscopy, 253–254 
Electrochemical processes and systems, 83, 150 
Electrode, 201–203 

self-clearing, 202–203, 256 
transparent metal nanomesh, 203 

Electrodynamic debris removal, 74–76 
Electrolytic nanowire growth, 311 
Electromagnetic arc, 195 
Electromigration, 81, 204 
Electronic circuit boards, 194, 283 
Electronics, 196–213 
Electrospinning, 268, 270 
Electrowetting, 285 
Embryonics, 191 
Encapsulated, 141 
Energy 

conservation, 323–324 
Gibbs free, 322 
harvesting, 292 
Helmholtz free, 322 
remote delivery with ultrasound, 293–294 

Engineered cementitious composite, 141, 261 
Engines for actuation, 292 
Enthalpy, 322 
Entropy, 190 

Gibbs, 326 
graph, 333 
increase, 324 
logarithmic measure of information, 328–320 
maximize production, 205 
negentropy, 226, 328 
Sanderson’s parts, 191 
self-assembly, 298 
structural organization, 333 
transport, 226 
von Neuman, 326 

Escherichia coli, 237, 289, 304 
Ethylene vinyl acetate (EVA), 146 
Euler, 329 
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Exceptional point, 298, 328 
Exfoliated hectorite clay, 270 
Extensive quantity, 321 

F 

Fabrics, 14, 268 
Feathering, 165 
Feathers, 309 
Fiber Bragg grating, 208 
Fiber coalescence due to wetting, 368 
Filopodia protrusions, 276, 285 
Fire, 134, 154, 233 
Fire ants, 223 
Fireworks, pyrotechnics, missiles and rockets, 194 
Fishtank wedge cut test, 254 
Flagella, 291, 302 
Flaps, 99 
Flexible electronics, 206 
Floating point gate array (FPGA) 177 
Fluid-philic, 67, 71, 73–74 
Fluid-phobic, 67, 71, 73–74 
Fluids, 24 
Fluorescein, 20 
Foam, 94, 131–132, 136, 200, 275 
Fomblin perfuoropolyether, 206 
Four-point torsion test, 247 
Free form assembly, 295 
Freeze-out plug, 164 
Frequency comb, 363–364 
Fuel lines, 100 
Fuel tank, 12, 93, 97, 99, 117, 132–134, 269 
Functional and functionalized materials, 196–213 

active and remote control capsules, 289 
heat sensitive, 61 
microcapsule walls, 267 
shrink tubing, 62, 155 
surfaces, 281 

Fundamental questions, 4–7 
Furling and unfurling, 165, 278 
Fuse, 196–197 
Future directions, 272–313 

G 

Gallium based metals, 311 
Gas hydrate, 129 
Gaseous solidifcation, 139 
Gasket, 103–104 
Gasoline pump, 179 
Gel, 43–44 

colloidal crystals, 54 
conductive, 201 
functionalized microgels, 53 
sealing, 132 
shake, 54 
state and property changing, 276–278 

Geobacter sulferreducens, 304 
Germanium, 129 
Glass, 30 
Going down for repairs, 185 

Graceful damage progression and failure, 162, 194, 214 
Granular material, 129–130, 252 

bonded, 60; see also Asphalt; Concrete; Mortar; sandstone 
jamming and clogging, 341–343 
liquid, plastic and solid crystals, 342 
mechanics, 340–343 
sandpiles and sandstone arches, 342–343 
sticky colloid model, 343 
unbonded, 59 
zero-temperature, 340 

Graphs and graph theory, 179, 330–333 
adjacency matrix, 331 
bipartite, 178, 330, 335 
cluster coeffcient, 332 
complete, 330, 332 
component, 331 
connected, 330–331 
connectivity, 331 
degree, 330 
directed, 330 
disconnected, 330 
edge, 330 
Erdős-Rényi, 331 
grammar, 296 
graph entropy, 333 
Kolmogorov complexity, 333 
link, 330 
link effciency, 333 
node, 330 
non-simple, 330 
random, 331, 333 
regular, 333 
simple, 330 
small world, 333 
star, 330 
subgraph, 330 
topological complexity, 333 
trail, 331 
tree and spanning tree, 330–331 
vertex, 330 
walk, 331 

Graphene and graphene oxide, 275, 282, 304 
Graphite, 151 
Ground fault current interrupter (GFCI), 196 
Growing materials 

epithelial bridging, 348 
growth factor, 347 
growth models, 346 
wound healing, 347 

Grubbs catalyst, 42, 238, 258 
Gyroscopic rotors, 173 

H 

Hagen-Poiseuille law, 364–365 
Halite, 124 
Healing 

agent buffer, 190 
apoptotic, 225 
autonomic, 2; see also Healing, intrinsic 
biohybrid induced, 302 
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catalyzed, 41, 50 
circadian, 185 
collective, 223 
craze, 29 
cross-linking, 42 
dual material diffusion, 29 
elastomers, 31 
extrinsic, 1; see also Healing, nonautonomic 
functionalized crack surface, 29 
hybrid weak and strong bond, 30–32 
intrinsic, 2; see also Healing, autonomic 
liquid to solid, 14, 41–42, 234 
molecular stretching, 42 
networks, 285–286 
nonautonomic, 1; see also Healing, extrinsic 
oxidation, 27, 140 
oxide, 139 
precipitation, 129 
rate, 252 
resting, 129, 212, 260 
self-assembly, 298 
solvent, 153 
thermomechanical, 125–126 
tools, 286 
topological manipulation, 278 
triggered, 182–183, 290 

Health, 1 
Heat, 134 
Heat exchangers, 102 
Heterogeneity and heterogeneous, 3, 131, 143, 192, 223, 

240, 265–267, 270, 273, 304, 325, 346 
Hierarchical actuators, 175–177 
Hierarchical, 17, 71, 118, 134, 193, 280, 283, 295–296, 

299–300, 312 
Hoveyda-Grubbs catalyst, 258 
Hybrid bond, 204 
Hydrodynamic ram, 99, 163 
Hydrogel, 138, 153 

conductive, 206 
laser, 213 
switchable surface friction and adhesion, 282 

Hydrophilic, 68, 153, 265, 296 
Hydrophobic, 68, 153, 256, 296 
Hysteresis, 164; see also Dissipative fag 

Indent, 255 
Indirect tensile testing, 252 
Induced rupture, 238 
Infated structure, 144 
Information systems and networks, 218–219 
Intensive quantity, 321 
Intumescent, 134–135 
Ionomer, 127–128 
Itch, 308 

J 

Jamming, 95, 286, 340–343 
Janus particles, 88, 277, 295 
Joints, 103–104 

K 

Kerr effect, 211 
Kinematic synthesis, 279 
Kirigami, 278 

L 

Landfll liners, 103 
Large biomolecule, 21 
Laser supersymmetry, 213 
Lasing molecules, 212 
Leak, 90–99 

fber fll, 155 
FLAIR, 92 
hole closing, 91–92 
patching, 94, 155 
payout plugging, 95–96 
plugging, 95–98, 155, 281 
sliding and covering, 94 
sodium silicate plugging, 102 

Legendre transform, 322 
Lévy walk, 292 
Light and electromagnetic beams, 207–209 

Airy, 207–209, 350, 356–357 
Babinet’s principle, 207–208 
beam width, 355 
Bessel, 207–209, 348–357 
diffraction free, 356–357 
Gaussian, 348 
orbital angular momentum (OAM), 350 
Pearcey 209 
propagation invariant, 207, 356 
self-reconstructing, 207 
structured, 351 
taxonomy, 210 

Light bullet, 209 
Light transmission photometry, 249 
Limbic interactions, 308 
Limping, 1, 7, 159, 170–180 

automated contingency management, 170 
dynamic reallocation, 170 
predetermined map, 170 
robots and autonomous vehicles, 170–172 
self-mapping, 170 

Liquid delivery 
encapsulated, 14 
vascular, 14 

Living systems, 18, 328 
Load responsive control, 223 
Longyou Caverns, 138–139 
Loss factor and loss tangent, 247 
Low earth orbit (LEO), 264 
Lubrication, 87–88 

dynameric, 153 
machinery crack healing, 138 
replenishment, 87 

Lyapunov exponent, 298 
Lymphatic, 112, 117, 305 
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M 

Machinery boots and covers, 105 
Magnesium, 85 
Magnetic felds, 151 
Manufacturing, 265–271 

biohybrid, 270 
bulk polymer, 265 
composites, 270 
electrochemical growth, 269 
electronics, 270 
embossing, 269 
fabric, 268 
heterogeneous material systems, 265–267 
lithographic, 268–269 
microencapsulated material systems, 265–267 
photocatalytic, 268 
self-cleaning during, 269 
self-healing during, 270 
surface, 268 
tank, tire and vessel, 269 
vascular systems, 267 
wiring and cabling, 270 

Mastication, 23 
Material transport, 16 
Materials with agency for wound healing, 272–283 
MAX-phase metalloceramic 
McKibben actuator, 273 
Mechanophore, 153 
Medicine jars, 102 
Melzack-Walls pain gate, 308 
Metal organic framework, 136 
Metal oxide varistor (MOV), 196–197 
Metals, 24 
Metastability, 301 
Metric 

fdelity, 245 
functional effciency, 246 
healing effciency, 2, 232, 245–246 
healing rate, 252 
network, 216 
width heal ratio (WHR), 246 

Microcontainer, 86 
Microdevice, 56 
Microelectromechanical system, 87 
Microelectronic integrated circuits, 244 
Microencapsulated and microencapsulation, 46–53 

catalyst-free, 51–52 
catalytic activation, 50 
conductor, 201 
corrosion, 183 
design, 234 
dimension control, 266 
dispersion control, 267 
dual component, 51 
early developments, 48 
extrinsically activated, 50 
frangible, 250 
functional capsule wall, 266–267, 289–291 
intrinsically activated, 50 
intumescents, 134 

micelle, 52, 268, 276, 290, 295 
microcapsule strength, 250–251, 266 
passive smart microcapsule, 266 
single-component, 49 
surface repair, 79 
wall toughness, 266 

Micrometeorites, 101, 114, 136 
Miner’s rule, 259 
Mitigation, 8, 159 

active, 164 
arresting active damage, 165–166 
avoidance, 162 
blowout valves, 120 
check and cutoff valves, 120 
design, 234 
devices and systems, 196 
passive, 163 
tear, 157 

Mixed criticality, 257 
Mixed initiative/authority management, 257 
Mollusk shell, 158 
Montmorillite, 260 
Mortar, 129, 140 
Mullite, 140 
Multieffect, multifunctional and multiscale methods, 

122–158, 362–363 
creep model, 123 
design, 236 
dynameric, 151 
ionomers with nanoscale thermomechanical 

functionalization, 126–129 
micromechanics, 123–124 
nanocomposites, 153 
non-rational models, 125 
patch, 155 
photoactive, 153 
plug, 155 
thermal, 151 
viscoelastic model, 123 

Multi-entity, 257 
Myosin molecular motors, 276 

N 

Nagel, 306 
Namib beetle, 73 
Nanodevices, 56 
Nanoparticle 

clumps of therapeutic, 292 
conductive, 311 
functional, 269 
gold, 56, 128, 295 
hydrogel property tuning, 128 
magnetic, 151, 301 
superparamagnetic, 55 

Nanopillar wicking, 367 
Nanoscratch tester, 248 
Network, 180–182, 214–225 

ad hoc, 217 
coding, 217–218 
communication, 216 
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Complex Interactive Network/Systems Initiative 
(CINS), 222 

complex, 336 
control, 337 
coordinated complexity, 307 
dissipative, 336 
dynamic topologies, dynamism and growth, 334, 337 
electrical, 219–222 
formation, 285 
metrics, taxonomies and topologies, 334 
molecular, 276 
motif, 336 
pagerank algorithm, 334–335 
parallel, 220 
patterns, 334 
phase change, 215 
pipeline utilities, 223 
recovery transitions, 220 
ring, 217 
sensor, 218 
serial, 220 
stability, 334, 336 
static topologies and dynamic nodal properties, 335 
swarms and focks, 223–225, 292–293 
synchrony, 221 
timescales, 334 
topology, 334 
uncoordinated autonomy, 221 
weighted connections, 335 
wireless sensor, 181–182 

Nodal degree distribution, 331 
Nonlinear harmonic distortion and mixing, 362–362 
Non-Newtonian; see also Anti-thixotropic; Thixotropic 

converging-diverging fow, 339 
crossed fow, 340 
Herschel-Bulkley model, 98 
rate of deformation tensor, 339 

Norbornene, 238 
Nutrient foramina, 234–235 

O 

Observability and traceability, 219 
Ogalala Windmill, 165 
Omniphobic surfaces, 65 
Optics, 196–213, 207–209 
Origami, 192, 265, 278–279 
Ostwald ripening, 26 
Oxidation, 11, 87 

P 

Pain, 307–308 
Panoply methods, 98, 154 
Parasitic load, 134, 234–235, 246, 262 
Particle flters, 105–107 
Passivation, 84, 135 
Patents, 317–320 

fuel tank, 317 
manufacture of self-sealing fuel tanks, 318 
manufacture of self-sealing pneumatic tires, 318 

tire, 320 
wire and cable, 319 

Patterned growth, 301 
Penrose, 306 
Percolation, 125, 130, 183, 310, 337–339 
Performance evaluation, 245–265 

active matter, 265 
asphalt, 251, 258 
biohybrids, 257, 263–264 
ceramic, 261 
composite, 254, 262–263 
concrete, 252, 260, 270 
corrosion, 253, 261, 264 
dynamer, 257 
electrical systems, 256 
engineered cementitious composite, 261 
generalized fatigue index, 260 
living fence, 264 
material property testing with healing, 257 
methods, 246 
microencapsulated liquid healing, 250, 258 
polymers, 247, 249, 257 
polyurethane, 262 
self-cleaning surfaces, 255 
self-sealing systems, 254, 264 
shape memory materials, 257–258 
stability, 246 
surface, 264 
systems, 257 
vascular, 254, 261 

Permanent press fabrics, 156 
Permeability to water, 252 
Petal, 99, 163 
Petrie net, 180, 335 
Phase change memory (PCM), 206 
Phase change, 130–131, 134, 324 
Phosphate, 135 
Photoactive cladding and solids, 212 
Photocatalytic, 76, 265, 268 
Photolabile, 290 
Photolyase UV damage, 301 
Photosynthesis, 22 
Piezoelectric, 144, 162 
Pipes and piping, 155 
Platinum, 136 
Poisson distribution, 331 
Polyamide, 126–127 
Polycarbonate, 20 
Polydiimide, 128 
Polydimethylsiloxane (PDMS), 148, 153, 264, 278 
Polyether ether ketone (PEEK), 142 
Polyethylene, 153 
Polyethylene glycol, 192 
Polyimide, 136, 265, 275 
Polyisobutylene, 31, 199 
Polymer 

crystalline, 38, 342 
dynamer, 30, 136, 151, 206, 257 
electrolytic-sensitive, 38 
ionic, 107, 126–129 
living, 52, 184, 192, 277 
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optically transparent, 153 
organic electronic and semiconductor, 206 
thermoplastic, 26 
thermoset, 26 
water soluble, 38 

Poly(methyl methacrylate) (PMMA), 143 
Polyphenylene, 24 
Polystyrene, 151, 192 
Polyurethane, 82, 134, 138, 153, 232 
Polyvinyl alcohol (PVA), 192 
Power law distribution, 331 
Precompression, 92 
Pressure vessels, 100 
Prestress, 101, 143, 274, 278 
Protonated oxides, 275 
Pseudomonas aeruginosa, 237 
Pseudomonas fragi, 232, 264 
PTFE, 131, 275 

Q 

Quantitative measures of graph and network 
characteristics, 331 

R 

Radiator, 97, 102 
Rapid cleaning positive feedback hypothesis, 309 
Reaction-diffusion equation, 325 
Reactive armor, 194–195 
Reactive processes, 10 
Recovery rate, 28 
Regeneration, 9 

cell and bone, 298 
conductive paths, 311 
encapsulated aggregate, 137 
fagging brush bristle, 57–58 
fuid-philic, 71 
fuid-phobic, 71 
pendant fuoropolymers, 136–137 
tire tread, 58 

Repair throttling and limitation, 184–185 
Reptate and reptation diffusion, 9, 13, 27–29, 270, 295 
Resin pocket, 262 
Reticulated polymers and skins, 93, 275 
Ring opening metathesis polymerization (ROMP), 

184–185, 238, 258 
Robotic and robot repair, 62, 121, 186 

crystals, focks, mobs, swarms and teams, 292–293 
energy harvesting microrobots with engines for 

actuation, 292 
micro, 291–292 
mobile, 171 
modular, 171–172, 191, 223 
molecular, 292–293, 296 
nano, 291 

S 

Sandwich, 12 
Saw cut geometry, 227 

Scales 
macro, 57–89, 295–296, 299 
meso, 57–89, 295–296, 346 
micro, 82, 295–297, 346 
molecular, 20–45, 82, 127, 295–296, 299 
multiple scales, 15; see also Corrosion, multiscale 
nano, 82, 295–296, 346 
scaling, 15, 236, 359–360 
supramolecular, 20 
vascular, 108 

Schrock catalyst, 238 
Schrödinger, 328, 350, 356 
Scintillation, 256 
Scratch, 153, 255 
Sealant downhill runout, 254 
Seals, 88, 103–104 
Seams, 103–104 
Self-assembly, 18, 294–300 

catalog for design, 299–300 
directed 270, 294, 299 
entropy and thermodynamics, 298 
free form, 295 
gel, 299 
hierarchical funnel, 300 
hybrid directed and free form, 296 
molecular 285, 294–296 
templated, 294 

Self-aware, 307 
Self-blast interrupter, 203–204 
Self-centering, 164 
Self-cleaning 

backfow and backwash, 106–107 
cities, 309 
debris breakdown, consumption and digestion, 64, 

232–233 
droplet control, 65–72 
electrostatic methods, 63 
eluting, 63, 243 
flter media, 107 
healing, 78 
infrastructure, 309 
machines and systems, 156 
orbits, 309 
oxidizing, 153 
slippery liquid-infused porous surface (SLIPS), 243 
slipping, 63–65 
surface texture, 66 
sweating, 63–64 

Self-compensating pneumatic bladder, 104 
Self-erasing inks, 194 
Self-growth, 277 
Self-immolative, 291 
Self-recognition and self-referencing, 3, 188, 306–309; 

Self-replication, 190–191, 298 
Semiconductor, 26 
Sensing, 160 
Sensor fusion, 257 
Shag rug plug, 101 
Shannon, 306, 328, 333 
Shannon box, 193 

see also Self-aware
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Shape changing solids, 272–275 
Shape memory material, 39–41, 131, 136 

alloy (SMA), 144–146, 180, 185, 260, 265 
assisted self-healing (SMASH) 
polymer (SMP), 145, 148, 151, 265, 273–274, 280 
programmed polymer, 104 
recentering joint, 164 
surface, 81 
titin-mimicking, 41 

Shewanella odeidensis, 232, 304 
Ships, 18 
Shock wave, 195 
Signaling, 143, 160, 287–289 

bioelectric, 289 
cracking into fuorescent molecules, 288 
damage-driven, 287 
initiates repair, 288 
ionic, 289 
molecular stress, stretching and unfolding, 287 
selective binding, 287 
sonication, 287 
special opportunities, 287 

Silica, 135 
Silica sol gel, 263 
Silicate, 135 
Silicon carbide, 139 
Silicon nitride, 139, 278 
Silk fbroin, 192, 231 
Siltstone, 139 
Solid shape recovery, 39 
Solid strength recovery, 39 
Sources of energy, 34 
Space suit, 101 
Spacecraft, 114 
Special opportunities and applications, 308–313 

cities, infrastructure and orbits, 309 
conductive liquids, 310 
electrical conductors, 310 
electrochemical chloride extraction, 311 
granular, cementitious and bricklike materials, 312 
industrial fuids, 309 
self-assembling and percolating electrical conductors, 

310 
self-cleaning and self-healing feathers for airplanes, 

309 
signaling, 287 
very large structures, 308 
whisker and dendritic growth, 311 

Spider web, 214–215 
Split cylinder, 252, 262 
Sporosarcina ureae, 231 
Stability 

equilibrium point, 322 
fuctuations, 335 
network, 334 
non-equilibrium dissipative structure, 328 
three node network motif, 335 
tipping point, 335 

Staphylococcus aureus, 237 
State and property changing gels, blobs and liquids, 

276–278 

Stiffness change, 272–273, 283 
Stimuli-responsive materials, 34, 125, 273, 275 
Stress-based remodling, 224 
Stress-riser, 234 
Striped layers with different swelling, 274 
Super fuid-philic, 66 
Super fuid-phobic, 66 
Superelasticity, 39 
Superhydrophilic, 72, 115, 153 
Superhydrophobic, 77, 115, 153, 243, 255, 264, 268 
Supplemental engineering analysis and science, 321–357 

Gaussian and Bessel beams, 348 
graphs, networks, and percolation, 329 
logarithmic measures and information theory, 328 
mechanics of continua and granular systems, 339 
networks, 334–337 
thermodynamics and entropy, 321–328 

Supramolecular 
assemblies and structures, 23, 282, 293–294 
lubrication, 88 

Surface, 14, 79–82 
material remodeling, 79 
optical, 89 
pore gating, 89 
refow, 81–82 
sealing, 88 
tension, 297 
texture, 81 

Surfactant, 81 
SurlynTM, 126 
Suspension bridge cables, 8 
Switch, 201 
Switching; see also Limping 

component switching, 170, 172, 178–180 
electrically conductive cable, 173 
electronic system, 177 
gyroscope, 173 
live, 221 
matrix, 177–178 
modality, 216 
mode, 174 
network recovery, 215 
passive load 161–162 
safe, 178 
subsystem, 216 

Synergistic methods, 98 
Syntactic foam, 124, 152 
System, 214–225 

composite, 321 
heterogeneous, 325 
homogeneous, 323, 325 
irreversible open, 328 
isolated, 321, 323 

T 

Taxonomy, 7, 235 
Teeth, 234 
Templated repair, 190, 301 
Tensegrity, 181, 227–228 
Ternary carbide, 139 
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Thermal actuation, 182–183 
Thermal barrier coating (TBC), 27, 140 
Thermal protection system (TPS), 154, 264, 310 
Thermally reversible materials, 36 
Thermodynamics, 16, 321–327 

Boltzmann’s law, 326 
classical, 321–325 
continuum, 325 
cycle, 323 
equilibrium, 321 
frst law, 323–324 
fuctuations, 326 
nonequilibrium, 298, 326–328 
Onsager’s symmetry relation, 327 
Rayleigh’s phenomenological equations, 327 
second law, 325 
self-assembly, 298 
statistical and quantum, 325–326 
time reversal symmetry and asymmetry, 326–327 
valleys, 131 

Thermoplastic, 13 
Thixotropic, 42, 97, 285 
Three-point bending, 262 
Through silicon via, 204 
Tire, 12, 13, 96–97, 100–101, 134, 162, 269 
Titania, 76, 84, 139, 153, 230 
Tononi, 306 
Topology and topological, 178–180, 214, 219, 278, 292, 

294–295, 333–337 
Transmission line stub, 205 
Tribology, 54 
Triggering multi-parameter, 42 
Turing bifurcation, 325 

U 

Ultrasonic pulse velocity, 252–253 
Ultrasound, 23 
Unfolding, 40 
Unitronics, 191 
Universal principles, 187–190 

adaptability and survival, 187 
homeostasis, 187–190, 224–226 
reversibility, 187 
self-diagnosis, 188–190 
sense of self, 159, 188, 306–309 

Urease, 231–232 

Vanadium oxide, 85 
Vascular, 13, 108–121 

active pumping, 118, 285–286 
angiogenesis, 301 
bio-based healing, 119 
branching, 116 
cables, 111–114 

closed, 116 
coaxial, 114–115 
complex, 305 
concentric, 197 
controllable, 168–169, 183 
design, 235 
fooding cable, 112, 198–200 
grid, 116, 240 
healing of, 120 
hierarchical, 183 
high-power electric, 112, 120, 198–200 
leaky, 116; see also Lymphatic 
local material delivery, 119 
loop, 116 
Murray’s law, 241–242, 261 
nitrogen for steel cables, 113 
non-branching layered, 113–114 
non-branching tubular, 110, 142 
open, 112 
quasi-vascular, 114–115; see also Wicking 
reconfguration, 120 
replenishment, 198 
topology, 116–118 
tree, 240 
trenchless, 121 
ZKM model, 241–242 

Very large structures, 308 
Vessel, 90–107 
von Neumann, 190 

W 

Washburn model, 366–367 
Watchdog 

self-aware, 218 
sensing, 164 

Waveguide, 197–198 
optical flamentation, 210–211 
repair, 209 
self-generation, 210 
self-guiding, 211 

Wenzel state, 69–70 
Whisker, 139–140 
Wicking, 114–115, 286, 366–368 
Wolff’s Law, 224 
Wood vessel, 11 
Wound closing and healing, 143–150, 243 

active patches, 149–150 
active tendons and actuators, 144 
cellular mechanical structure, 146 
concrete, 145 
constrained layers and swelling, 147–148, 273 
control, 185–186 
external actuation, 146–147 
inflling, 148–149 
infatable structures, 144 
material migration, 148–149 
mechanics, 347 
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prestress and intrinsic passive mechanical 
loads, 143 

programmable and active matter, 272–275 
purse string, 146–147 
rate of ingrowth, 348 
three-dimensional out-of-plane delamination 

closing, 147 
transient softening, 148–149 
zippers, 149 

Y 

Yarns, Textiles, Basket Weaving, and Stapling, 281 
Young equation, 67 

Z 

Zirconium diboride, 139 
Zombies, 306 
Zwitterion and polyzwitterion, 44, 206 
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