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Implantable B32. Implantable Biomedical Devices
and Biologically Inspired Materials

Hugh Bruck

Experimental mechanics is playing an impor-
tant role in the development of new implantable
biomedical devices through an advanced un-
derstanding of the microstructure/property
relationship for biocompatible materials and their
effect on the structure/performance of these de-
vices. A similar understanding is also being applied
to the development of new biologically inspired
materials and systems that are analogs of bio-
logical counterparts. This chapter attempts to
elucidate on the synergy between the research
and development activities in these two areas
through the application of experimental mechan-
ics. Fundamental information is provided on the
motivation for the science and technology re-
quired to develop these areas, and the associated
contributions being made by the experimen-
tal mechanics community. The challenges that
are encountered when investigating the unique
mechanical behavior and properties of devices,
materials, and systems are also presented. Spe-
cific examples are provided to illustrate these
issues, and the application of experimental me-
chanics techniques, such as Photoelasticity, Digital
Image Correlation, and Nanoindentation, to un-
derstand and characterize them at multiple length
scales.

It is the purpose of this chapter to describe the
application of experimental mechanics in under-
standing the mechanics of implantable biomedical
devices, as well as biologically inspired mater-
ials and systems. In particular, the experimental
techniques used to develop this understanding,
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and the fundamental scientific and technical in-
sight that has been obtained into various aspects of
processing/microstructure/property/structure/ per-
formance relationships in these devices, materials,
and systems will be reviewed.

Mechanical forces play an important role not only in
synthetic materials and systems, but also in the natural
world. They have guided many aspects of the structural

development that is found in nature, primarily with re-
spect to their effect on non-mechanical processes. For
example, a plant must grow laterally in a manner that
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892 Part D Applications

the volume reduces the stress due to bending from
wind loading, but it must also distribute a sufficient
amount of this volume axially in order to have sufficient
surface area to gather sunlight necessary to support
photosynthetic chemical processes within that volume.
The need to understand the tradeoffs that natural sys-
tems make has provided an enormous opportunity to
the experimental mechanics community to modify tech-
niques normally used on synthetic materials to the study
of these natural systems. This knowledge of the re-
lationship between natural structure and functionality
can then be used to guide the way natural materials
are used in a diverse array of applications, ranging
from implantable biomedical devices to new materials
and systems that are referred to as Biomimetic or Bio-
logically inspired/Biologically inspired depending on
whether the concepts originating from nature used in
their developed are either copied (biomimetic) or serve
as inspiration (biologically inspired) [32.1].

One notable characteristic of natural materials that
is of interest to the experimental mechanics commu-
nity is the way in which the structure functions and
adapts at a wide range of length scales. Much of the
interaction that biological materials and structures ex-
perience occurs through mechanical contact. Therefore,
to develop biologically inspired materials and systems
it is necessary to process synthetic materials to adopt
the attributes of biological materials and structures that
affect mechanical behavior through similar microstruc-
ture/ property/structure/performance relationships. This
has also been synergistic with the development of
implantable biomedical devices, where it is essential
to process materials with appropriate microstructure/
property relationships that are biocompatible (bioma-
terials), and deploy these biomaterials in devices with
structure/ performance relationships that are appropri-
ate for mechanically interacting with the body of an
animal/human.

32.1 Overview

32.1.1 History

Engineering can be defined as the effort by human be-
ings to design and create materials and systems (i. e.,
technology) in order to improve their lives. Science
can be defined as the effort by human beings to ex-
plain natural phenomena. To develop new technologies,
Engineers employ scientific principles to manipulate
raw materials that are found within their natural en-
vironment. The first engineered structures discovered
by archaeologists were crude tools, utensils, and build-
ings consisting of natural materials such as stone, wood,
and clay that were initially not refined [32.2]. Of these
materials, only clay existed in both a liquid and solid
phase. Therefore, it was the first material to be refined
from its natural state by the addition of biological ma-
terials, such as straw, in order to form the first synthetic
material: a natural composite.

With the advent of the Bronze and Iron Ages, syn-
thetic materials refined from inorganic natural materials
became the focus for engineering many new technolo-
gies. Metallurgy became the foundation for the science
and engineering of materials. Although stone, wood,
and clay were still employed by engineers, they were
often used without additional refinement. The need for
a deeper understanding of these natural materials was
obviated by the ability to utilize extra quantities of ma-

terial in order to create more conservative designs. This
remained the case until the early 20th century, when the
advent of synthetic polymers began to herald a new age
in materials science and engineering: the age of plastics.

The development of plastics coincided with sci-
entific advances in the characterization of materials
through the use of microscopes. Characterizing the mi-
crostructure of materials enabled engineers to develop
new theories on the physical behavior of materials,
and to use these theories to alter the way these ma-
terials were refined in order to improve their physical
properties. Engineers returned to the concept of nat-
ural composite materials, and began to extend them to
new synthetic composites formed from metals, ceram-
ics, and plastics. The development of these composite
materials was critical to the greatest engineering feat
to date: landing a human being on the moon. Concur-
rently, these new materials were also having an impact
on another important scientific/engineering feat that
has transformed the lives of human beings: modern
medicine.

Much of the later half of the 20th century was fo-
cused on further development of advanced materials,
with substantial motivation from the needs of modern
medicine. One limitation of materials, which often re-
strict their applications in medicine, is the deterioration
of their structural integrity due to damage accumula-
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Implantable Biomedical Devices and Biologically Inspired Materials 32.1 Overview 893

tion. This problem, which exists to some extent in all
synthetic materials, has resulted in the extensive devel-
opment of advanced techniques for the measurement
and characterization of damage that have evolved from
Non-destructive Evaluation and Fracture Mechanics to
quantify and understand damage mechanisms in bio-
materials. On the other hand, natural materials and
structures have evolved to actively minimize the im-
pact of damage accumulation through processes such as
self-healing and remodeling, which have been widely
considered impractical in synthetic materials until only
recently [32.3, 4]. Adapting these natural processes to
synthetic materials has led to a new field of materials
and systems research near the end of the 20th century
known as biologically inspired materials and systems.

The development of biologically inspired materials
and systems has resulted from a new scientific and tech-
nical focus in materials research that has been placed
on microtechnology and nanotechnology. This has been
predicated by new characterization technologies, such
as Atomic Force Microscopy that enabled visualiza-
tion of natural phenomena down to the atomistic scale,
as well as microtensile testers and nanoindenters for
microscale and nanoscale mechanical characterization.
At these size scales, new phenomena were revealed
that presented scientists and engineers with a novel
approach to engineering advanced materials and sys-
tems, such as biocompatible materials (biomaterials)
for biomedical applications. Piehler has identified bio-
materials as the dominant area of focus for materials
research in the 21st century, one that will fuel signif-
icant economic expansion through the development of
new implantable biomedical devices and biologically
inspired materials and systems [32.5]. This new sci-
entific and technical focus in materials research has
provided a wonderful opportunity for experimental me-
chanics to play an important role in the understanding
of processing/microstructure/property/structure/ perfor-
mance relationships in implantable biomedical devices
and biologically inspired materials and systems that
are necessary for improving the development and de-
ployment of both conventional synthetic materials and
biomaterials.

Although there are many opportunities for experi-
mental mechanics in developing implantable biomed-
ical devices, the majority of research has primarily
focused on three technologies: prosthetics, biomechan-
ical fixation, and deployable stents. Similarly, the
development of biologically inspired materials and
systems has focused on four technologies: function-
ally graded materials, self-healing polymer/polymer

BiomedicalBiomedical
devicesdevices

Biological inspiredBiological inspired
materials & systemsmaterials & systems

Prosthetics

Biomechanical
fixation

Deployable stents

FGMs

Self-healing
materials

Active materials
and structures

Bioinspired
ceramics

Fig. 32.1 Relationship of implantable biomedical devices
to biologically inspired materials and systems that are the
current focus of applications for experimental mechanics

composites, active materials and structure, and bio-
logically inspired ceramics. The scientific and technical
relationship between these implantable biomedical de-
vices and biologically inspired materials and devices
that are the current focus for the application of ex-
perimental mechanics can be seen in Fig. 32.1. It is
the relationship that will serve as a basis for dis-
cussing the experimental techniques that have been
developed for addressing the challenges of apply-
ing experimental mechanics to understanding pro-
cessing/microstructure/ property/structure/performance
relationships in the implantable biomedical devices and
biologically inspired materials and system to be re-
viewed in this chapter.

32.1.2 Experimental Mechanics Challenges

Materials and Structural Characteristics
For implantable biomedical devices, the applications
are typically in vivo (i. e., within a living organism).
As such, biocompatibility plays an important role in
the use of materials for any implantable biomedical
device. Consequently, biomaterials are often selected
whose primary characteristic are chemical and mechan-
ical properties that are compatible with the biological
function of the organism. Unfortunately, biomaterials
do not often possess microstructures with chemical or
mechanical characteristics that are optimal for biomed-
ical applications. Therefore, designing new materials
with the constraint of biocompatibility is a challenge
that requires understanding the microstructure/property
relationships in biomaterials using novel experimental
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mechanics techniques, such as full-field deformation
measurement at multiple length scales.

In addition to biocompatibility of physical prop-
erties, it is also necessary for implantable biomedical
devices to have structural compatibility for optimal per-
formance, which requires geometric complexity. There-
fore, new testing simulators have also been developed
to accommodate these geometric complex structures in
order to determine the structure/performance relation-
ship for these devices. For example, For example, the
rigidity of deployable stents will determine the forces
that they apply to the plaque as they are being de-
ployed, as well as the arterial walls with which they
will have contact once they are fully deployed and the
plaque removed from the arterial walls. Therefore, point
or circular loads are applied to the stents to ascertain
the diametrical response in rubber tubes that model the
mechanical response of the arterial walls.

Similar to biomaterials for implantable biomed-
ical devices, biologically inspired materials and sys-
tems also require an understanding of microstruc-
ture/property relationships at multiple length scales
in order to duplicate the function of natural counter-
parts. For example, the fracture toughness of the rigid
biological ceramic composite microstructure found in
mollusk shells (nacre) is superior to synthetic mono-
lithic ceramic microstructures. Despite the inherently
brittle nature of the ceramic phase (aragonite) that com-
prises 95% of the nacre, the microstructure formed
when the aragonite is assembled in a mortar-and-
brick composite microstructure using a natural polymer
binder comprising the remaining 5% of the nacre
enables the material to provide excellent resistance
to crack initiation and propagation. The experimental
mechanics community has been able to quantify the lo-
calized properties of the nacre microstructure and the
transfer of load between the aragonite phases in or-
der to understand the impact of the microstructure on
crack growth mechanisms that has enabled the devel-
opment of biologically inspired materials with similar
improvements in fracture toughness.

Natural materials and systems have also evolved to
balance multiple functional needs. For example, the mi-
crostructures of bone and bamboo are not the same
throughout the structure. Instead, it gradually varies
depending on location in order to balance the distribu-
tion of load to resist failure, minimize the local mass
to optimize the volume and reduce energy consump-
tion, and to optimize transport and storage processes
necessary to support growth and repair of the struc-
ture. Similar multifunctional benefits are being realized

by grading the microstructure in synthetic materials to
create biologically inspired functionally graded mater-
ials. Therefore, the relationship between the gradient in
microstructure/properties and various facets of the mul-
tifunctional performance has required the development
of new testing and analysis techniques for experimental
mechanics.

Experimental Mechanics Issues
Based on the Microstructure, Property,
Structure, Performance Characteristics

It should now be evident that implantable biomed-
ical devices, as well as biologically inspired materials
and systems, have posed a variety of challenges to
the experimental mechanics community. Many of these
challenges arise from understanding the mechanical be-
havior of these devices, materials, and systems in the
context of their compatibility with and performance in
biological environments (in vivo) rather than just ex-
ternal to these environments (in vitro). It is also clear
that they are far more complex than the solid mater-
ials and structures that the mechanics community has
conventionally focused on, since their physical proper-
ties are derived from structural interaction at multiple
length scales through a wide variation in local physical
properties in order to satisfy multiple functional require-
ments. Thus, the challenges that must be addressed can
be generalized:

• wide range of physical properties,• wide range of length scales (hierarchical),• multifunctionality,• environmental constraints (in vivo).

Each of these will now be discussed in more detail.

Wide Range of Physical Properties. The development
of implantable biomedical devices involves working
with materials as soft as an elastomer to as rigid as
a ceramic. The design of implantable biomedical de-
vices, such as implants using hard metals, ceramics, and
composites for support and soft adhesives for fixation,
often require understanding the impact of the differ-
ences of these material properties on the performance of
the device, such as failure. To elucidate on the charac-
teristics of these wide property variations, experimental
mechanics approaches based on full-field deformation
measurement techniques and micro/nanoscale indenta-
tion techniques are being developed.

In nature, physical properties can also vary dramat-
ically within the microstructure of a given material.
For example, the seashell can have very hard arago-
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Implantable Biomedical Devices and Biologically Inspired Materials 32.1 Overview 895

nite phases surrounded by a very compliant organic
material [32.6]. Using standard experimental mechan-
ics techniques, such as indentation, to characterize the
wide range of properties, such as hardness, in these ma-
terials typically requires a transducer with high load
resolution over a large load range. Additionally, un-
derstanding the deformation response of these types of
materials can require techniques that have very high
strain and displacement resolution over very large strain
and displacement ranges, while having the additional
capability of resolving discontinuities that result across
the phase boundaries. These challenges are identical
to those that are faced when engineering biologically
inspired ceramics.

Wide Range of Length Scales (Hierarchical). The
unique mechanical behavior of biological materials and
systems and their potential biologically inspired coun-
terparts can be attributed to microstructures that bridge
many length scales (hierarchical) [32.8]. In calcified
tissues, like bone, these length scales start with the col-
lagen molecule at the nanoscale and organize into the
haversian system at the microscale (Fig. 32.2) [32.7].
In bone tissues such as teeth, there are additional mi-
croscale structures defined by a dentin-enamel junction
that serves as a natural barrier to cyclic fatigue crack
growth.

Using the seashell as a more detailed example of
the relationship of these length scales to mechanical be-
havior, there are biopolymer phases at the nanoscale
whose mechanical behavior is critical to providing
a crack-bridging mechanism that substantially increase
resistance to crack propagation through formation of

Nanoscale Microscale Mesoscale

Haversian
canal

Collagen
fibres

Osteocyte
lacuna

64 nm

260 nm

Hydroxyapatite
microcrystal

1 nm

Collagen
fibril

Collagen
molecule

Haversian
osteon

Lamella

Canaliculi

Cement
line

100 nm 1 μm
Size scale

10 μm 200 μm

286 nm

Fig. 32.2 Hierarchical structure in
bone [32.7]

a nanovoid between the biopolymer ligaments whose
growth is limited by a critical nanoscale crack tip open-
ing displacement (CTOD) (Fig. 32.3) [32.6, 9]. Locally,
on the nanoscale, the amount of resistance needs to be
characterized by the surface energy and strength of the
compliant organic material that are holding the arago-
nite phases together, as well as adhesive strength that
will prevent a less energy intensive debonding pro-
cess to occur. At the same time, the morphology of
the aragonite phases forms a lamellar brick and mortar
microstructure that distributes stress on the microscale
that needs to be characterized to determine the rela-
tionship between the energy that can be released during
formation of nanovoids and the direction of crack prop-
agation in order to reconcile this behavior with the
microscale distribution of resistance that is determined
by the platelet morphology and binder thickness of the
biopolymer. This behavior must then be reconciled with
variations in the size of the phases on a mesoscale
that can create further resistance to macroscale crack
propagation through a gradient in resistance and a re-
distribution of stresses near the crack tip to guide
energy away from the most favorable directions of crack
propagation through the thickness towards the surface
where a number of fine nanovoids are formed to dissi-
pate energy. These spatial measurement challenges are
identical to those faced when engineering biologically
inspired FGMs.

Multifunctionality. The hierarchical nature of natural
structures lead to an assembly of parts that make subsys-
tems and collections of subsystems performing a variety
of functions (i. e., multifunctional) [32.10]. Examples
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Fig. 32.3 Wide range of properties
and length scales associated with
fracture processes in seashells

of multifunctionality in natural structures can be seen
in Table 32.1. The salient characteristics of these struc-
tures often dictate structural performance. For example,
some natural objects are large and other objects are
small, but the size of the structure of a particular an-
imal does not necessarily have an influence on its
speed. The smallest animal is not the fastest or slowest,
and neither is the largest animal. The fastest mam-
mal is the cheetah, whose size is somewhere in the
middle. Having the right combination of skeletal struc-
ture for mechanical support and muscle structure for
power are the largest contributors to the speed of an

Table 32.1 Multifunctionality in natural structures

Biological material Multifunctionality

Bone Lightweight structural support for body

Storage of inorganic salts

Blood cell and bone formation

Chitin-based exoskeleton in arthropods Attachment for muscles

Environmental protection

Water barrier

Sea spicules Light transmission

Structural support

Tree trunks and roots Mechanical Anchoring

Nutrient transport

animal. This is why the average ant, even though it
has the same muscle strength as a human is able to
carry anywhere from five to over twenty times its body
weight because the muscle force scales with cross-
sectional area while the structural mass scales with the
volume (i. e., relative lifting force = muscle strength ×
cross-sectional area/(density × volume × gravitational
force)).

The multifunctional structural principles found in
nature can lead to new designs that are not just much
more efficient, lightweight, or responsive than tradi-
tional designs. They can also lead to multifunctional
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Implantable Biomedical Devices and Biologically Inspired Materials 32.1 Overview 897

structures that are capable of harvesting energy from the
environment, supporting mechanical and thermal loads
from the environment, transporting fluids, etc. For ex-
ample, the hierarchical-structure of wood enables the
trunk and roots of a tree to transport nutrients in so-
lution and gather solar energy to support growth and
repair processes while concurrently serving as the me-
chanical support (Fig. 32.4) [32.11]. For the trunk, this
support allows for the distribution of mass through
complex geometries during the growth of the tree that
increases the surface area of the tree both vertically
and horizontally needed for gathering solar energy used
in the chemical process known as photosynthesis to
drive the production of new organic matter required
for the growth. For the roots, complex geometries in-
crease surface area to allow for mechanical anchoring
of the tree in soils while increasing the absorption of
water and nutrients from the soil as well. Thus, new
power generation materials and systems can be de-
signed with hierarchical-structures for optimal power
generation and external anchoring to structures.

Another classic example of a multifunctional nat-
ural structure is bone. In a relative sense, bone can
be dense (cortical, aka compact) and harder, primarily
made up of collagen and calcium phosphate. However,
bone can also contain pores (cancellous, aka spongy or
trabecular) that reduce stiffness in a power law rela-
tionship with decreasing mass (e.g., Young’s modulus

Mesoscale

Microscale

Nanoscale

Tree

m mm μm nm Å

Plant cell walls

Macrofibrils in 
amorphous matrix

Secondary
cell wall

Primary
cell wall

Helicoidal transitions
(cellulose microfibrils)

Glycoproteins
Bundles of cellulose
in amorphous matrix

Amorphous domain
Crystalline

domain

Parallel
polymer chains

Pectins

Hemicellulose
Microfibril

Macrofibril

Scale

Microfibril

�-1,4-linked
D-glucose Fig. 32.4 Hierarchical structure of

woode that leads to multifunctional
behavior of tree trunk and root sys-
tem [32.11]

= 1240 × scaling factor × density1.8) that has also been
correlated with hardness, while aiding in storage of in-
organic salts and marrow for the formation of blood
cells (Fig. 32.5) [32.12, 13]. The result is a lightweight
microstructure with a balance of stiffness and strength
for structural support of a body, and whose mechanical
behavior creates low mechanical signals of 2000–3000
microstrain that can increase the rate of bone forma-
tion by 2.1-fold and the mineralizing surface by 2.4-fold
in cancellous (porous) bone to strengthen it [32.14].
By using experimental mechanics to understand the
mechanical principles of natural structures, new bio-
logically inspired multifunctional materials and systems
can be designed for optimum performance in a variety
of applications.

Environmental Constraints (In Vivo). The environ-
ments (e.g., the human body) under which implantable
biomedical devices, as well as some biologically in-
spired materials and systems, operate present a unique
challenge to the experimental mechanics community
in developing testing techniques that can be conducted
directly in these environments or in simulated environ-
ments for these materials and systems. For example,
an implantable biomedical device for a soft collage-
neous tissue application, like tissue scaffolding, can be
extremely permeable to water [32.15]. This degree of
permeability will have an affect on the transport of oxy-
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Fig. 32.5 Cross-section of a bone revealing porous and
ductile microstructure (cancellous) used for storage of in-
organic salts and marrow for formation of red blood cells
and dense and hard microstructure (cortical). Also seen are
typical nanoindentation measurements indicating a 4-fold
difference in stiffness [32.13]

gen and nutrients to the soft tissue interacting with the
device. Removing water begins a degradation process
in the interaction that can rapidly affect the functional-
ity of the device. However, the biological processes are
electrically-driven as well, so removing the device from
its living organism will also begin a degradation pro-
cess in the interaction, albeit the rate of decay is much
slower than when water is removed.

The degradation process can also be affected by
different environmental factors associated with the ap-
plications of these devices, materials, and systems. For
example, increasing the Ph and temperature associated
with implanting implantable biomedical devices, such
as polymer composites, in the human body can increase
the rate of degradation for the implant materials [32.16].

Therefore, it is preferred for the experimentalist to
conduct experiments on these materials in in vivo or
simulated in vivo environments, rather than in vitro.
The simulated in vivo environments are the easiest
since they do not require surgical procedures and are
more accessible to common experimental techniques
employed by the experimental mechanics community;
however they still present challenges when working
with certain techniques, like optical methods whose
noise level is very sensitive to the changes in optical
characteristics presented by the aqueous and thermal
conditions of these environments. For in vivo environ-
ments, it would be possible to utilize these techniques
if accessibility issues can be overcome. When it is
not possible to conduct experiments in either of these
environments, it will be necessary to assess how the
absence of an in vivo environment affects mechanical
response in order to develop appropriate in vitro test
methods.

Approaches for Addressing Issues
To address the experimental challenges posed by im-
plantable biomedical devices and biologically inspired
materials and systems, there are several general ap-
proaches being employed.

1. Characterization of mechanical properties and per-
formance using new/modified testing techniques
and simulators (e.g., modified screw pullout tests,
nano/microindentation).

2. Modeling of the devices, materials and systems to
analyze experimental results using new mechanics
principles (e.g., cohesive zone models for interfacial
crack growth).

3. Development of model structures and experiments
to ascertain mechanical performance of devices and
structures (e.g., simulators for prosthetics, model
arterial structures for deployable stents, model
metal-ceramic composites for functionally graded
materials).

4. Characterization of the processing/ microstruc-
ture/property/structure/ performance relationships
(e.g., determining temperatures to process self-
reinforced polymer composites for biomechanical
fixation).

These approaches represent application of the full
range of testing techniques and mechanics principles
employed by the experimental mechanics community.
It is the intention of this chapter to provide details of
the application of these approaches.
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32.2 Implantable Biomedical Devices

With the advancement of medical knowledge, the de-
velopment of implantable biomedical devices has also
advanced. In some cases, advancements in the knowl-
edge of the mechanics of materials and structures have
led to the development of new medical procedures. For
example, the ability to create metals with deployable
geometries transformed cardiac surgery by enabling the
developed of angioplasty for removing plaque buildup
in arteries by insertion of a thin metallic wire that ex-
pands to break up the plaque and debond it from the
arterial wall. Advances in materials and manufactur-
ing technologies have also had a tremendous impact
on replacing failed biological structures, such as pros-
thetics that have evolved from crude metal dentures
that are removable, to more modern ceramic implants
that are biocompatible and can be permanently fixated.
Many applications of these implantable biomedical de-
vices have required development and application of
experimental mechanics techniques to facilitate their
development, the details of which will now be dis-
cussed.

32.2.1 Applications

The primary application of implantable biomedical de-
vices is for insertion into human beings or animals. For
experimental mechanics, there are three primary classes
of implantable biomedical devices of particular interest:

1. prosthetics,
2. biomechanical fixation, and
3. deployable stents.

While the range of applications is limited, the ways
they are utilized inside of the human being are var-
ied. For example, prosthetics such as artificial bone and
teeth can be used in place of decaying natural counter-
parts. The placement of the prosthetics can also require
new biomechanical fixation technologies such as bio-
compatible adhesives.

While it is sometimes necessary to replace decaying
natural components of the human body, it is also possi-
ble to enhance their repair. For example, the removal of
plaque buildups in arteries through surgical procedures
such as angioplasty requires devices known as deploy-
able stents that can be inserted into the narrowed artery
and then expanded with pressures that are sufficient to
remove the plaque buildup without damaging the arter-
ial tissue. Furthermore, the stent can be left behind to

prevent further plaque buildup using drug-eluting coat-
ings to prevent re-stenosis.

The joining of hard materials associated with pros-
thetics with soft biological tissues, such as bone, has
also been enhanced through the development of new
biocompatible adhesives, such as injectable biodegrad-
able polymers for tissue scaffolding [32.17]. Most
biocompatible adhesives have the traditional mechan-
ics issues associated with their development involving
interfacial properties and stresses associated with dis-
similar materials. For new tissue scaffolding materials,
the adhesion concept involves using porous microstruc-
tures that have features that are compatible with the
growth characteristics of new cells to create adhesion.
By providing a flexible pathway for cell growth, ad-
hesion is achieved through rapid in vivo formation of
a more compatible interface with interfacial properties
that are a combination of the hard and soft materials
leading to improved performance. For example, tissue
scaffolding has been employed extensively in oral and
maxillofacial surgery to aid in regeneration of tissue
around dental implants.

32.2.2 Brief Description of Examples

Prosthetics
One of the most important applications of mechanics
in bioengineering has been in understanding the me-
chanical response of materials and structures that are
being developed for prostethetics. Prosthetics are ar-
tificial structures and devices that are used to replace
natural structures and systems in living organisms. They
can be used to replace damaged or missing body parts,
or to enhance the performance of the living organ-
ism. They are often deployed as bone implants, with
classic examples being ball and socket components for
hip replacements and dental implants for tooth restora-
tion.

From a mechanics perspective, the development
of prosthetics requires understanding the stresses that
evolve within the natural body part due to the loading
that that part will experience during use. This knowl-
edge can be used to design and/or select biocompatible
materials that will be sufficiently fracture-, fatigue-, and
wear-resistant at the corresponding in vivo stress states
and environment. One mechanics issue that has been
extremely complex has been to develop biocompatible
joining technologies for prosthetics that meet the afore-
mentioned mechanical requirements.
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Biomechanical Fixation
A critical issue for implantable biomedical devices such
as prosthetics is the ability to fixate the device to a nat-
ural structure through adhesion that is compatible with
the natural structure (biomechanical fixation) in order
for it to properly function. The mechanics issues in-
volved with biomechanical fixation fall into the more
traditional category of interfacial mechanics. For bio-
compatible fixation, the unique issue is balancing the
biocompatibility characteristics of the fixation device
with the mechanical characteristics necessary for op-
timizing the interfacial adhesion between natural and
synthetic materials.

A new biomechanical fixation device whose de-
velopment is being guided through a more intimate
understanding of mechanics is tissue scaffolding. To de-
velop tissue scaffolding, there is a need to understand
how the scaffolding can be designed to rapidly promote
the growth of mechanically-sound tissue. The mechan-
ical performance of this tissue is studied in an area of
bioengineering known as tissue mechanics. The charac-
terization of the evolution of the mechanical behavior of
the tissue scaffold and new tissue has presented unique
challenges for the experimental mechanics community
to resolve. The porous nature of the scaffolding makes it
difficult to measure the loads that are distributed within
it to optimize its design, while it is also necessary to
characterize in vivo the evolution of mechanical proper-
ties for the combined scaffold/new tissue system. Also,
the adhesion of cells to the scaffold material, and its im-
pact on the growth of new tissue, is also an area of active
research for the development of implantable biomedical
devices in general.

Deployable Stents
A very popular implantable biomedical device where
mechanics has played an important role is the de-
velopment of arterial stents. Arterial stents are small,
deployable metal structures with complex geometries
that enable them to expand after they are inserted into
an artery clogged by plaque build-up in order to break
up the plaque and restore the proper flow of blood. The
stresses experienced by the stent when it is expanded
must be characterized in order guide the design the geo-
metry of the stent to mitigate stress concentrations, and
to select appropriate biocompatible materials that can
withstand the corresponding stress state.

Originally, the pressures that induced the expan-
sion of the metal stents were generated by a balloon in
the center of the collapsed stent that could be pressur-
ized after insertion. However, more advanced materials

have been recently investigated for deployable stents
that are self-deployable. The mechanics of these ma-
terials, known as shape memory alloys (SMAs), are
vastly different than the original metals. Upon heating,
the SMAs can experience extremely large deformations
associated with martensitic phase transformations. Be-
cause of these large thermally-induced deformations,
SMAs are considered active materials, while the ori-
ginal metals are considered passive. Therefore, they just
need to be designed to deploy and achieve the desired
pressures within a very narrow range of temperatures
that will not harm the arterial tissue in the human body.

32.2.3 Prosthetics

Classification of Prosthetics
Prosthetics generally fall into two categories:

1. Orthopaedic (bone and joints),
2. Dental (teeth).

For orthopaedic applications, the structures are arti-
ficial load-bearing members designed to replace failed
natural counterparts. A critical mechanics issue is the
joining of these structures to the biological system,
which often entails additional mechanics issues in-
volving the joints themselves. In some cases, natural
joints may fail and be replaced with artificial ones that
may require modifying the natural structures that are
being connected to the joint (i. e., biomechanical fixa-
tion), where pull-out forces associated with interfacial
strength need to be characterized and will be discussed
in more detail in terms of biomechanical fixation in
Sect. 32.2.4. Finding materials and joining concepts that
are amenable to the cyclic transfer of loads across
the joints is usually the most important experimen-
tal mechanics consideration in developing orthopaedic
prosthetics.

Dental prosthetics differ from general orthopaedic
prosthetics in that they employ a dental implant to serve
as a root for a permanent tooth restoration known as
the crown. Typically, these implants are designed to in-
tegrate with existing natural structure (e.g., jawbone),
without need for a periodontal ligament. The interfa-
cial mechanics issues associated with this design are
typically the most important to understand, and will
be discussed in more detail in terms of biomechani-
cal fixation in Sect. 32.2.4. Additionally, the mechanical
performance of the tooth restoration is much different
than orthopaedic prostheses in that the surface is sub-
jected to compressive point loads rather than distributed
pressure loads. As such, the development of hard ma-
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terials that can bear these loads without failing while
being amenable to manufacturing technologies required
to create complex shapes from these materials is the
most important consideration.

Types of Prosthetic Materials
Prosthetic materials are generally made from:

1. metals,
2. ceramics,
3. polymers, and
4. composites.

The primary materials used in prosthetic applica-
tions are as follows (Table 32.2) [32.19, 20]:

Because of the time involved in approving new
materials for biomedical applications, many of the ma-
terials in Table 32.2 have been used for decades and
serve as the basis for much of the current research
into the mechanics of not only prosthetics, but of im-
plantable biomedical devices in general. The specific
selection of an appropriate prosthetic material for a par-
ticular implant application will require a balance of
mechanical properties, inert in vivo response, and avail-
ability [32.21].

Experimental Mechanics
Characterization Techniques

There are three techniques generally used for character-
izing prosthetics and their associated materials

1. Standard tension/compression testing.
2. Load frames with multiple degrees of freedom

(DOF).
3. Micro and nanoindentation.

Standard tension/compression testing can be con-
ducted to elucidate on the properties of biomaterials,
but they need to be modified to assess performance.

Table 32.2 Classification of prosthetic materials

Class of prosthetic material Type

Metal Ti6Al4V, CrNiMo stainless steel, NiTi, CoCrMo, gold

Ceramic Hydroxyapatite, alumina, zirconia, tricalcium phosphate, glass-ceramic,

pyrolytic carbon

Polymer Silicone, PMMA, polyurethane, polyethylene, acrylic, hydrogel, nylon,

polypropylene, polylactic acid, polycaprolactone, polyglycolides,

polydioxanone, trimethylene carbonate, polyorthoester

Composite Carbon fiber/epoxy, hydroxyapatite/PMMA, bioactive glass/PMMA,

self-reinforced PMMA, self-reinforced PLA

Fig. 32.6 Four DOF knee simulator from MTS (MTS Sys-
tems, Minneapolis) [32.18]

Load frames with multiple DOF are often employed to
simulate the cyclic loading conditions that a prosthetic
will be subjected to when it is deployed to deter-
mine its performance (Fig. 32.6) [32.18]. There have
also been unique test fixtures designed to simulate nat-
ural boundary conditions, such as a wear simulator for
shoulder prostheses, a new glenoid component test fix-
ture for force controlled fatigue testing through the
movement of the femoral head of shoulder prostheses,
and a transverse plane shear test fixture for knee pros-
thetics [32.22–24]. To further elucidate on the details
of the processing/structure/property relationship in bio-
materials at the micro- and nanoscales, indentation and
scratch tests can be employed.
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Strain
gauges

Fig. 32.7 Strain gages used to determine strain distribution
in femur after implantation of a hip prostheses [32.18]

Diagnostic techniques for mechanical testing of
prosthetics also cover a wide range of experimental
mechanics methods. For harder prosthetic materials,
standard strain gage technology will be employed to un-
derstand the strain distribution in the prosthetic and/or
the natural structure it is joined with, and can be used
in vivo (Fig. 32.7) [32.25]. Uniaxial strain gages are
also commonly used to characterize strains on the hard
biological materials, such as bone, to which prosthet-
ics are fixated, although triaxial rosettes are sometimes
needed for more complete information unless the prin-

z

x

0 200 400 600 800 1000 1200 1400 1600
Frequency (Hz)

–140

60
40
20

0
–20
–40
–60
–80

–100
–120

Magnitude (dB)

y

a)

b)

Fig. 32.8 (a) Modal testing system for composite femur, and
(b) comparison of experimental and numerical modal response in-
dicating good correlation [32.32]

cipal directions are along the axis of the bone, as
in the case of stress shielding for a fixator plate on
a femur [32.26]. For softer materials, video extensom-
etry techniques like DIC can be employed [32.27].
Maximum pressure distributions associated with load
transfer within articulating prosthetic joints are obtained
using pressure-sensitive films with microbubbles that
are designed to rupture and release liquids that for-
mer darker stains as the maximum pressure increases
locally [32.28]. Photoelasticity has also been popular
for characterizing the interfacial stresses generated at
the interface of the prosthetic and the natural struc-
ture [32.29–31].

Microstructure/Property/Structure/
Performance Relationships

Modal Response. The development of prosthetics us-
ing advanced materials, such as synthetic composites,
requires modeling tools to relate that need experimen-
tal validation for microstructure/property/structure/per-
formance relationships. It has been proposed that the
modal response of the entire prosthetic structure can
provide superior verification for these models over
strain gage measurements since modal parameters (fre-
quency, damping ratio, and mode shape) are intrinsic
properties of the whole structure (Fig. 32.8) [32.32].
Modal analysis can also be used to characterize perfor-
mance by detecting early loosening of prosthetics due
to interfacial failure as the modal response transitions
from linear to non-linear.

Interfacial Damage. Since prostheses can be modu-
lar (e.g., head-stem in hip implant), internal interface
integrity plays an important role in its performance,
the experimental characterization of the structure and
properties of the interface are important for under-
standing failure [32.33]. In particular, characteristics
of the modular interface, such as surface roughness,
can change due to fretting and corrosion from wear
at the interface causing inflammation [32.34]. As a re-
sult, the cyclic contact loading of modular orthopaedic
prostheses can decrease the size of surface asperi-
ties after a few cycles, but corrosion can increase
the size depending on the magnitude of the contact
load. Using finite element analysis, significant resid-
ual stresses have been predicted at the trough of
the asperities due to elastic interaction of plastically
deforming peaks. Thus, a damage mechanism was pro-
posed using the experimental and numerical results
that explained the evolution of the measured surface
roughness by incorporating the residual-stress devel-
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Fig. 32.9 Experimental and numerically-derived damage
mechanism at the interface of orthopaedic implants re-
sulting from residual stresses due to contact loading and
stress-assisted dissolution [32.33]

opment governed by the yield stress of the implant
material normalized by the contact stress, along with
the stress-assisted dissolution of the implant material
(Fig. 32.9).

Surface Damage. The performance of dental implants
also involves concentrated contact loading at the surface
of the tooth restoration instead of distributed loading
across the interface. This loading condition has been
found to be accurately emulated using Hertzian inden-
tation testing [32.36]. Using this testing technique, it
has been determined that there are two failure modes
of importance:

1. a fracture mode consisting of Hertzian cone cracks
that develop outside of the contact zone due to brit-
tle fracture in response to tensile stresses, and

2. a quasi-plastic deformation mode consisting of mi-
crodamage beneath the contact zone in response to
shear stresses.

There is a progressive transition from the first to
the second mode depending on the microstructural
heterogeneity, and is manifested through non-linearity
in the indentation stress-strain curve. Threshold loads
for the initiation of fracture and deformation modes
have been related to indenter radius in order to assess
prospective tooth restoration materials with different
microstructure/property relationships for various mas-
ticatory conditions.

Wrong method

Right method

Fig. 32.10 Compression across fracture produced by rigid
plate fixator [32.35]

Axial Flexibility. For temporary prosthetics, like a dy-
namic compression plate, the mechanics of the device
are designed to produce compressive stress on a fracture
to promote healing through membranous bone repair
(Fig. 32.10). For these prosthetics to work properly,
the fundamental principle is to keep the two pieces
of fractured bone from moving relative to each other
through rigid fixation. However, there are degrees of
this motion that need to be constrained less than oth-
ers, in particular the axial direction where the rigidity
can cause stress shielding during the healing process
that reduces the density of the remodeled bone. For ex-
ample, a thin Ti6Al4V plate that has low stiffness in
the axial and bending directions is not adequate, but
a thin tubular plate with low stiffness in the axial direc-
tion but moderate stiffness in the bending and torsional
directions produce superior mechanical and structural
properties that do not degrade even after the application
is prolonged for 9 months [32.35]. Composite materials
would seem to possess the ideal microstructure to tai-
lor the directional properties for this application. While
promising, conventional carbon-fiber/polymer compos-
ites have been found to be brittle and degrade rapidly
when exposed to body fluids [32.16, 37]. Alternatively,
the use of bioresorbable screws with rigid plates have
been found to potentially take advantage of the degra-
dation behavior in reducing axial stiffness as the bone
heals, while elastic inserts inside of the screw slots
have also been found to structurally produce an axially
flexible plate through the geometry of the slot and the
stiffness of the elastic insert [32.38, 39].
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32.2.4 Biomechanical Fixation

Types of Biomechanical Fixation
A critical issue for successful deployment of prosthetics
has been the development and characterization of fix-
ation concepts between the prosthetic and the natural
structure with which it functions, typically bone. These
concepts generally fall into two categories:

1. biocompatible adhesives,
2. mechanical fixation (screws, roots).

The biocompatible adhesives can take many forms,
and are most advantageous since they do not require
any modification of natural structures. For example,
the most common biocompatible adhesives are epoxies,
such as DePuy CMW or Zimmer bone cements, which
not only possess excellent biocompatibility, but can also
develop strong adhesion with metal, ceramic, and bio-
logical materials [32.40]. However, they are inherently
weak and can be exothermic when they set causing bone
necrosis. Alternatively, soft tissue scaffolding materials
have been developed to promote cell growth at the inter-
face between prosthetics and natural structures, and are
bioresorbable so they disappear once the desired growth
has been achieved.

While adhesive materials can be ideal for most join-
ing applications, it is not always possible to achieve the
desired performance. Therefore, more conventional me-
chanical joining techniques are often employed. These
include the use of screws as fixators, as well as rivets,
staples, and other fastening devices.

Experimental Mechanics
Characterization Techniques

The most common technique for characterizing biome-
chanical fixation performance is pull-out testing. In
pull-out testing, the need is to identify the critical force
required to exceed the interfacial strength and pull
out a screw, nail or root that is being used to anchor
a prostheses. The resulting pull-out response is a com-
bination of the interfacial properties, in particular the
shear strength, and the geometry of the interface. Al-
ternatively, lap-shear testing can be used to isolate the
shear strength component in the pull-out response.

Novel microscale testing techniques, such as micro-
fabricated arrays of needles, are also being developed to
better understand how the adhesion mechanics evolve
between new biomechanical fixation devices, such as
tissue scaffolding, and the biological materials, such as
individual cells and tissues. However, the more conven-
tional techniques of pull-out and lap-shear tests are still

needed to assess the interfacial properties and perfor-
mance.

Processing/Microstructure/Property/Structure/
Performance Relationships

Cell–Substrate Interaction. Because biomechanical
fixation is unique in that it involves bonding synthetic
biomaterials with biological materials, such as indi-
vidual cells and tissue, it is essential to develop an
understanding of the fundamental physics governing
the microstructure/property/structure/performance rela-
tionship involved in biomechanical fixation. In order to
develop this relationship, novel experimental mechanics
techniques have been developed, such as a microfab-
ricated array of elastomeric microneedles that isolate
mechanical force on deforming cells to study the me-
chanics of cell-substrate interaction and the effects of
the topology, flexibility, and surface chemistry of the
substrate on this interaction to establish the role that
cells play in the interfacial strength (Fig. 32.11) [32.41].
By measuring the deflection of the posts δ the con-
tractile forces F in cells can be quantified and related
to the cell morphology and focal adhesions using the
following standard bending equation

F =
(

3EI

L3

)
δ , (32.1)

where E, I , and L are the Young’s modulus, moment of
inertia and length of the posts.

Characterization of the scaffold itself usually in-
volves compression testing, and analyzing the results
for initial stiffness, collapse stress, and densification us-
ing a standard cellular solid model with an open-cell
tetrakaidecahedron microstructure to describe the scaf-
fold mechanics [32.42]. The collapse stress σcl depends
on the initial relative density of the scaffold ρ∗/ρs and
the yield stress of the scaffold material σy as follows:

σcl

σy
= 0.3

(
ρ∗

ρs

) 3
2

. (32.2)

The densification of the scaffold microstructure after
the collapse stress is exceeded provides insight into the
permeability changes that will occur according to the
formula [32.43]

k = A′d2
(

1− ρ∗

ρs

) 3
2

, (32.3)

where k is the permeability, A′ is a dimensionless sys-
tem constant, and d is the scaffold mean pore size,
and the relative density changes are obtained from the
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Fig. 32.11a–h Measurement of contractile forces in cells using a microfabricated array of elastomeric microneedles. The plot in
the lower left (e) is the plot of the force generated on each post as a function of the total area of focal adhesion staining per
post [32.41]

compression test. Changes in permeability are espe-
cially important since they affect scaffold performance
by controlling the transport of nutrients and waste prod-
ucts within the structure that affect processes like cell
adhesion and degradation [32.44].

Alternatively, the effects of scaffold properties and
microstructural characteristics on cell adhesion can be
qualitatively assessed by counting the number of cells
that adhere to a scaffold, where more cells imply
stronger interfacial adhesion [32.45]. From these stud-
ies, it was concluded that cell attachment and viability
are primarily influenced by the specific surface area
over a limited range of pore sizes (95.9–150.5 μm).
As a general rule, it has been determined that adhesion
rarely occurs when pore sizes are less than 20 μm or
greater than 120 μm [32.46].

Pull-Out Strength and Failure Mechanisms. More
traditional experimental mechanics testing techniques,
such as pull-out tests, have been employed to charac-
terize the interfacial strength and failure mechanisms

for conventional prosthetic biomechanical fixation, such
as bone fasteners. Using this test, it has been possible
to characterize the ultimate pull-out forces for com-
mercial orthopaedic self-tapping screws and machine
screws [32.47]. Three failure mechanisms were identi-
fied depending on the level of pull-out force.

1. Bone-thread shear (low);
2. Bone splitting (intermediate);
3. Bone fragmentation (high).

As expected, the ultimate pull-out force was max-
imum at the mid-length of a bone and minimum at
the distal end. With machine screws, the ultimate shear
stress ranged from 3.5 to 5.8 ksi depending on the size
of the screw and interference fit, which produced a max-
imum pull-out force at 50% difference between the
diameter of the screw and the diameter of the drilled
hole. Self-tapping screws produced about 50% greater
shear strengths than machine screws.

More advanced techniques are also being devel-
oped for characterizing the mechanics associated with
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biocompatible interfaces. Fiber bragg gratings (FBGs)
combined with strain gages have been employed to
characterize the strains associated with a fixator plate-
bone interface [32.48]. The plates are amenable to strain
gages, but the optical FBGs were determined to be
superior to electrical resistance strain gages because it is
less intrusive for biological materials and smaller. From
tests on a synthetic femur specimen, It was determined
that strain shielding is more pronounced in the distal
region of the plate, which is 130% higher than for the
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Fig. 32.12 (a) Comparison of new testing method for screw pullout
with the standard testing method, and (b) comparison of stiffness
and peak load measurements obtained from the two methods from
lumbar spines [32.49]

intact femur and is 640% higher at the medial-distal side
of the plated femur.

Another complication in assessing the pull-out
strength of screws is the complex mechanical be-
havior of bone. For example, the viscoelastic prop-
erties of bone can result in stress relaxation that
can affect the pullout strength of orthopaedic screws
(Fig. 32.12) [32.49]. The viscoelastic behavior is more
likely to be present in vivo, and will significantly re-
duce the pullout strength and stiffness compared to in
vitro tests where the behavior is more elastic. Thus,
in vitro tests will overpredict mechanical performance
due to the viscoelastic properties of bone in which the
screws are implanted. To quantify these differences,
a new screw pullout test was developed were the load
was periodically held in order to quantify the relaxation
effects and obtain the stiffness from the peaks of steps.

Stress at Geometrically Complex Interface. In contrast
to the biomechanical fixation obtained with screws, the
fixation of dental prosthetics requires understanding the
stresses and displacements associated with a wedge-
like root-periodontium interface that is geometrically
complex [32.30]. In this investigation, a photoelastic
specimen was prepared, and loading applied according
to a model of the loading condition on a tooth associ-
ated with orthodontic appliances (Fig. 32.13). Although
a 5◦ angle is more typical of the interface, a 15◦ angle
was employed for a valid photoelastic test. The vari-
ation of interfacial stress was correlated to theoretical
solutions obtained from elementary elasticity theory in
Timoshenko and Goodier. Although these results are for
a simplified 2-D model assuming elastic behavior, they
can still be used to gain insight into the critical loads
and displacements associated with the biomechanical
fixation of a dental prosthetic. Recently, more detailed
nonlinear two-dimensional interface element for finite
element analyses of the bone-dental prosthetic interface
have also been developed and validated using photo-
elasticity [32.31].

Processing/Microstructure/Property Relationship at
Nanoscale. While the structure/performance rela-
tionship for biomechanical fixation can be char-
acterized using novel microscale and conventional
macroscale testing techniques, more advanced tech-
niques, such as nanoindentation, have been used,
to extend this characterization to the understanding
the processing/microstructure/property relationship at
the nanoscale. Using nanoindentation across the sur-
face of a degradable polymer, polylactic acid (PLA),
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Fig. 32.13 (a) Model of loading conditions on tooth
from orthodontic appliance, and (b) experimental pho-
toelastic model used to measure the root-periodontium
interfacial stresses and displacements and resulting fringe
field [32.30]

which is being used for orthopaedic screws to provide
temporary biomechanical fixation, it was possible to
characterize that mechanical changes occurred sooner
at the nanoscale than at the macroscale in a phos-
phate buffered saline solution after 12 weeks [32.50].
There were also statistical differences between the hard-
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Fig. 32.14 Variation of the plastic deformation with pro-
cessing temperature in self-reinforced PMMA both parallel
and transverse to the fiber direction indicating increasing
resistance to plastic deformation at decreasing processing
temperatures due to molecular orientation [32.51]

ness at the surface and interior of the specimen. It
was concluded that nanoindentation can be used to
discern changes in mechanical properties sooner than
macroscale tests.

The effects of processing conditions on the me-
chanical behavior of polymer composites for prosthetic
applications have also been investigated using nanoin-
dentation [32.51]. A self-reinforced PMMA composite
was processed at a range of temperatures by laying
fibers in a mold and heating for twelve minutes. At low
processing temperatures, the fibers retain their orienta-
tion, and do not form a strong matrix bond. At higher
processing temperatures, the outer surfaces of the fibers
are able to bond better, at the expense of retained
molecular orientation in the fibers. The nanoindenter
was used to characterize these mechanical changes by
scratching parallel and perpendicular to the fiber direc-
tion (Fig. 32.14). Scratching parallel produced similar
amounts of plastic deformation as control specimens.
However, scratching perpendicular to the fibers re-
sulted in increased resistance to plastic deformation at
low processing temperatures. It was concluded that the
molecular orientation in the fibers can be indirectly as-
certained from the deformation induced by scratching.

32.2.5 Deployable Stents

Experimental Mechanics
Characterization Techniques

Deployable stents are geometrically complex tubular
structures that are designed to undergo very large de-
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Fig. 32.15a,b Variation of rigidity for SMA stents with
(a) wire diameter and (b) rise of the windings indicating
more sensitivity to wire diameter [32.53]

formations in order to expand and unblock clogged
arteries, or reinforce weakened arteries. They are cap-
able of being expanded up to 4 times their original
diameter. Mechanical testing of these stents usually
consist of applying point loads or circular loads to ob-
tain qualitative comparisons of different stent designs
through their diametrical response [32.52]. However,
this mechanical characterization is not adequate for pro-
viding the quantitative pressure-diameter relationships
necessary to analyze of the coupled artery-stent design
problem because it lacks the external resistance pro-
vided by the clogged artery.

To gain insight into these relationships, specialized
test methods have been developed where the stents are
inserted into rubber tubes that are used to simulate the
arterial wall [32.55]. When external pressure applied,
the resulting change in diameter can be measured and
related to the pressure. A more direct measure can be
obtained by placing a stent within a collar with tabs
that are pulled apart to contract the collar and apply ra-
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Fig. 32.16 (a) Fatigue test specimen design for deployable
stent, and (b) fatigue performance data [32.54]

dial pressure to the stint [32.56]. The resulting change
in load N with respect to stent diameter D can be
used to determine the stiffness of the stent K as fol-
lows:

K =
(

2

bD0

)
dN

dD
, (32.4)

where b is the width of the collar.
A test method has also been developed to ob-

tain pressure-diameter relationships by simulating the
in vivo mechanical response of stents using wrinkled
polyethylene bags that are capable of expanding without
stretching [32.57]. The bags could be placed internally
or externally to generate pressure, such that the resis-
tance from expansion comes only from the stent itself
and not the polyethylene film. The strains associated
with the change in diameter were measured and related
to the pressure and axial strain. From this experimental
method, it was determined that the stiffness of the stents
changed dramatically as they expanded, and could cause
excessive wall stress in an artery if it is overexpanded.
Using an analogous model of a beam on an elastic foun-
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dation and a thin-wall tube under pressure, the coupled
response of the stent and aorta could be modeled based
on the experimental data [32.58]. By formally stating
the coupled problem, the specific need has been estab-
lished for an appropriate pressure-diameter relationship
for the artery.

Property/Structure/Performance Relationship
Recently, interest in stent technology has shifted
towards shape memory alloys (SMAs). Mechanical test-
ing of these stents has focused on how the geometric
characteristics of the stents affect their rigidity [32.53].
These tests have determined that the diameter of the
wire plays a more important role in rigidity than the rise
of the windings (Fig. 32.15). The rigidity also increases
with increasing temperature due to the transformation
from Martensite to a stiffer Austenite phase. However,
the temperature at which this occurs increases as the

pressure on the stent increases, so that transformation
may be suppressed if too much force is required to
expand the stent in the artery.

Not only will the static performance of deploy-
able stents be important, but the fatigue performance
will also dictate the life expectancy of the stent, where
a pulse of 75 beats per minute over a 10 year period will
produce roughly 400 million cycles of service [32.54].
Therefore, a fatigue testing protocol has been devel-
oped to determine safety factors for stents made from
materials such as SMAs. Specimens are designed that
reflected the areas where there would be high strain,
so that the local testing conditions in the specimen and
the stent were identical (Fig. 32.16). Tests conducted
to assess the effects of mean strain on the fatigue life
of the stent material indicated that the mid- to high-
cycle fatigue life of the material appears to increase with
increasing mean strain in the range of 2–4%.

32.3 Biologically Inspired Materials and Systems

The science and engineering of synthetic materials
has been traditionally separated into classes of struc-
tures, length scales, and functionality that are used to
differentiate disciplines such as experimental mechan-
ics and materials science from each other. However,
biological materials do not conform to disciplinary
boundaries, since they possess structures that span
across a full range of length scales in order to re-
act to a variety of environmental stimuli with optimal
functionality. A number of technological breakthroughs
may be achieved through mimicry of the multi-scale
optimization of structure and functionality in natural
materials, such as material systems with morphogen-
esis capabilities and biomorphic explorer robots with
versatile mobility [32.59]. The translation of this multi-
scale optimization of structure and functionality to
the science of advanced materials is a part of the
new field where science and engineering are joined
together: biomimetics. Biomimetics refers to human-
made processes, substances, devices, or systems that
imitate nature, and has led to the development of
new biologically inspired materials based on bio-
logical analogs. The research in this area can either
be focused on the investigation of natural mater-
ials, or on the processes that optimize the structure
of materials in a manner similar to that occurring
in nature. Therefore, biology can become the basis
for developing new processes required for synthe-

sizing materials, while mechanics can be used to
interpret the manner in which the properties and
functionality associated with the structure of natural
materials have enabled them to adapt to environmental
stimuli.

32.3.1 Applications

The use of biologically inspired materials and systems
is quite varied, ranging from new adhesive materials to
specialized robotic applications. The primary mechan-
ical benefit in these applications often involves more
durable and reliable materials, structures, and systems.
For example, nacre-like ceramics are being developed
that can provide superior fracture resistance in appli-
cations such as ceramic armors and thermal barrier
coatings (TBCs). In the case of ceramic armors, the
constituents may consistent of synthetic ceramics and
polymers instead of natural. For the TBCs, it may even
require using a higher temperature metal in place of the
polymer, in essence resulting in a bio-inspired ceramic
matrix composite (CMC).

Not only can the properties of materials be im-
proved, but the joining of dissimilar materials can also
be enhanced. For example, it is possible to create new
adhesion concepts that mimic the behavior of gecko
feet by micromachining pillars on a flexible surface to
provide new mechanically-based adhesion mechanisms
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based on the pillar radius and aspect ratio for improved
joining to chemically inert materials, such as ceram-
ics [32.60]. Furthermore, the geometry of the interface
can be altered to provide mesoscale and macroscale
structural features that enhance joining, like the features
associated with the growth of tree trunks into soil and
around obstacles.

Structurally, the mechanical behavior of a com-
ponent can be enhanced through variations in the
distribution of materials. For example, the microstruc-
ture of a metal-ceramic composite can be gradually
varied from a strong outer surface, resistant to the high
stresses associated with loading events such as cut-
ting, to a more ductile inner surface, resistant to the
cracks that may grow from the global deformations as-
sociated with loading events such as flexural. This is
similar in principle to the way that bamboo distributions
strong fiber reinforcement from high concentrations at
the outer surface of a piece of culm to low concentra-
tions at the inner surface.

In addition to the improved mechanical behavior
that can be obtained from biological materials, it is
also possible to couple the mechanical response with
others, such as thermal or chemical, in order to create
new multifunctional structures that are more compact,
reliable, efficient, and autonomous by embedding sen-
sors, controls, actuators, or power storage elements
in polymers and polymer composites for applications
such as morphing structures or robotics. For exam-
ple, active materials such as shape memory alloys
(SMAs) can undergo very large deformations through
thermally-activated martensitic phase transformations
and generate very high thermomechanical contractile
forces when embedded in the form of a wire in-
side a polymer or polymer composite, much like the
chemomechanical contractile forces produced by mus-
cle tissues embedded within a body. This can enable
the structural support in a morphing or robotic structure
to change its shape for reduced aerodynamic resistance
or for locomotion to mimic the performance of natural
counterparts.

Materials can also be designed with entirely new
transduction principles as well. For example, microen-
capsulated monomers can be distributed in polymers
that are impregnated with a catalyst. When a crack be-
gins to grow in the polymer, the microencapsulation is
breached, releasing the monomer and initiating a poly-
merization reaction that self heals the surfaces of the
cracks, reversing the damage process. This is simi-
lar in principle to the self-healing of natural structures
through processes like bleeding.

32.3.2 Brief Description of Examples

Functionally Graded Material (FGMs)
In nature, many natural structures exhibit very com-
plex microstructural distributions. For example, the
connectivity and size of porosity will change from
the outer surface to inner volume of a bone. Simi-
larly, the concentration of fibers can change within the
cross section of plants like bamboo. The experimen-
tal mechanics community has attempted to quantify
and model the effects of these microstructures in or-
der to gain inspiration for developing new materials,
known as functionally graded materials (FGMs), for
optimal structural performance. In particular, these ma-
terials provide an optimal distribution of phases at the
microstructural level in order to minimize the amount
of material and weight needed to fabricate the struc-
ture. Furthermore, the microstructural distributions can
be tailored to minimize stress distributions around stress
concentrations, which nature has done with holes in
bones, known as foramen, and which bioengineers are
now doing with the interfaces of prosthetics implanted
in bone.

Active Materials
Conventional materials are characterized by mechani-
cal behavior that is fairly inert or passive (i. e., they
only move when a load is applied to them). Many
biological materials and systems do not display this be-
havior, with even single cells capable of locomotion.
This has led to a desire to engineer active materials,
which are synthetic materials capable of responding
to their environment. For example, one active material
known as a Shape Memory Alloy, can undergo a marten-
sitic phase transformation when heated that enables it
to undergo substantial structural reconfiguration not as-
sociated with conventional thermal expansion. Active
materials have also been synthesized from polymers
(electroactive), and ceramics (piezoelectric). Combina-
tions of materials, such as ferromagnetic particles and
a liquid, can be used to create magnetorheologic fluids.
For the experimental mechanics community, there has
been a great deal of interest in quantifying the mechani-
cal limitations of these active materials and overcoming
these limitations through composite structures.

Self-Healing Polymers/Polymer Composites
Just as many biological materials and systems are ac-
tive, they are also capable of self-healing. This behavior
makes it very difficult to permanently damage them. It
also enables them to be reconfigured, as is the case with
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bone tissue remodeling. Developing similar concepts
in synthetic materials has provided the experimental
mechanics community with a unique opportunity to
contribute to the engineering of these biologically in-
spired materials. In particular, efforts have focused on
quantifying the mechanics of the interactions of cracks
with microencapsulated monomers that are the healing
agent for the material in order to design an appropri-
ate size and thickness for the encapsulation in order for
the crack to penetrate the microcapsule and release the
healing agent [32.61].

Biologically Inspired Ceramics
One of the most unique materials found in nature are
seashells. Seashells are made from calcium carbon-
ate, which makes it chemically the same as chalk.
However, the mechanical behavior of shells and chalk
vary tremendously. Shells are very hard and difficult
to break, while chalk tends to be much softer and
more brittle. Thus, shells make very good protective
coatings for living organisms, while chalk is good to
write with on hard surfaces. The difference in the
mechanical behavior of chalk and shells is attributed
to the microstructures of the two materials. The cal-
cium carbonate atoms in chalk tend to arrange in more
of a granular, porous microstructure, exhibiting the
stochastic fracture behavior observed in conventional
ceramics and governed by the size of the pores. In
the nacre of mollusk shells, these same atoms tend to
configure into micron-sized, lamellar blocks known as
aragonite, which are held together with a nanometer-
thick compliant organic material in a brick-and-motor
microstructure. It has been of tremendous importance to
the experimental mechanics community to understand
the effect of this microstructure on crack initiation and
growth processes in order to quantify the benefits of
creating similar, biologically inspired microstructures in
conventional ceramics with processing techniques simi-
lar to biomineralization [32.62].

32.3.3 Functionally Graded Materials

Classes of Functionally Graded Materials
Biological materials have served as inspiration for a new
class of materials that has become of significant interest
to the mechanics and materials communities: func-
tionally graded materials (FGMs). FGMs are defined
as materials featuring engineered gradual transitions
in microstructure and/or composition, the presence of
which is motivated by functional requirements that
vary with location within the component [32.63]. Re-

cent advances in the selection of materials over the
past few decades have provided engineers with the
new opportunities to engineer materials using FGM
concepts. Currently, most structures are engineered by
using a large number of uniform materials that are se-
lected based on functional requirements that vary with
location. For example, hard and wear-resistant mater-
ials are used to keep the edge of a knife sharp for cutting
purposes, but to improve durability it is necessary to use
strong and tough materials for the body of the blade.
Abrupt transitions in material properties within a struc-
ture that result from these functional requirements lead
to undesirable concentrations of stress capable of com-
promising structural performance by promoting crack
growth along the interface. In nature, these stresses are
controlled by gradually varying the material behavior
through a structure, resulting in a FGM.

In a variety of biological structures, from insect
wings to bamboo, evidence can be found that func-
tionally graded materials have been selected through
natural evolution to optimize structural performance
through the unique coupling of material and stress
distribution [32.64, 65]. FGM concepts have also
been inadvertently exploited for years in synthetic
structural material systems as common as dual-hard
steels, through the use of surface heat treatment pro-
cesses [32.61]. However, the advent of new materials
and manufacturing processes now permit approaches
for developing engineered materials with tailored func-
tionally graded architectures, such as the inverse design
procedure [32.66]. Thus, component design and fabri-
cation have been synergistically combined, not just for
the manufacturing of FGMs, but for the establishment
of an entirely new approach to engineering structures.

Microstructure
(microscale)
Layering (mesoscale)
Interlayer thickness
(macroscale)

•

•
•

Mesoscale
Microscale

Macroscale

Discretely
layered

f = (x/t)p

f = 0 f = 1

f = 0

t
x

f = 1Continuously
graded

Fig. 32.17 Functionally gradient architectures and various
length scales related to the architectural features involving
microstructure, layering, and interlayer thickness [32.1]
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The end result is the capability of engineering parts that
correspond to designer-prescribed properties; e.g., parts
with negative Poisson’s ratios [32.67]. This approach
has already being used to accurately design FGMs for
aerospace applications [32.68]. FGMs have also been
successfully developed for bone replacement in pros-
thetic applications [32.69].

Property Distributions
The gradual material variation results in a function-
ally graded architecture described with a continuously
graded or discretely layered interlayer that has several
relevant length scales, seen in Fig. 32.17, and a varia-
tion in properties in the interlayer, typically denoted by
one of the following models [32.70].

f (x) = [x/t]p (power law) , (32.5)

f (x) = a0 +a1x +a2x2 (polynomial) , (32.6)

f (x) = a0 +a1 eδx (exponential) , (32.7)

where f (x) is the value of the property at a microscale
location x in the interlayer, t is the thickness of the in-
terlayer on the macroscale, and a0, a1, a2 and δ are
constants describing the magnitude and rate of change
in properties. When properties vary through discrete
layering, the resulting gradient architecture will no
longer have property variation on the microscale but
rather possess mesoscale variations that are controlled
by the number and relative thicknesses of the discrete
layers.

Experimental Mechanics
Characterization Techniques

A variety of experimental mechanics diagnostic tech-
niques are being employed to understand FGMs. These
include

1. x-ray diffraction,
2. neutron diffraction,
3. laser fluorescence spectroscopy,
4. digital image correlation,
5. coherent gradient sensing,
6. photoelasticity,
7. moiré interferometry.

These techniques are being employed on a full-
field or array basis to understand the thermomechanical
residual strain and stress distributions that form at the
graded interface, as well as at the tip of stationary and
propagating cracks.

To further advance the development of FGMs,
it will be absolutely essential to use experimen-
tal mechanics to characterize the coupling between
material and stress distributions. In particular, full-
field deformation measurement techniques, such as
Digital Image Correlation, combined with advanced
microscopy techniques, such as Electron Microscopy
and Atomic Force Microscopy, and localized prop-
erty characterization techniques, such as microtensile
testing and nanoindentation, are being developed to elu-
cidate on the unconventional structure/property/stress
relationship produced by this coupling. Non-traditional
testing methods, such as hybrid numerical-experimental
techniques, are also being developed because of the
inherent inhomogeneous behavior of these mater-
ials.

Failure Mechanics
Fracture Resistant Materials. Recently, material and
mechanical characterization of synthetic and natural
FGMs has become more extensive. Most of the work on
synthetic materials has focused on controlling stress and
crack growth in metal/ceramic composites for applica-
tions such as prosthetics, while the natural materials
have been limited to understanding the relationship be-
tween stress and microstructural distributions in bone,
bamboo, and shells [32.71–80]. Rabin et al. successfully
employed FGMs to minimize the peak axial thermal
residual stress that develops in metal-ceramic joints dur-
ing powder processing [32.81–83] (Fig. 32.18).

New theoretical concepts are also being developed
and experimentally characterized in order to understand
the fracture mechanics of FGMs. Eischen has shown
that conventional theoretical fracture mechanics con-
cepts, such as the stress intensity factor, can be used to
describe the stress fields around a crack tip in a FGM,
as [32.84]

σx +σy =
[

KI

2π
r−1/2 f0(θ)+C1 f1(θ)

]
+ O(r1/2) ,

(32.8)

where KI is the mode-I stress intensity factor, and
the functions of angle θ are identical to the homo-
geneous case. The J-integral concept has also been
modified in order to preserve the path independence
in the presence of the inhomogeneities occurring in
the interlayer [32.85]. At the microscale, Dao et al.
have focused on a physically based computational mi-
cromechanics model to study the effects of random and
discrete microstructures on the development of resid-
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Fig. 32.18 Schematic of design approach for minimization of peak axial stresses in powder-processed metal ceramic
FGM joints through an optimal gradient

ual stresses in functionally graded materials [32.86].
New finite element methods have also been developed
to provide insight into the complex stress distributions
that can develop within and near the graded interlayer
as [32.87]

Ke =
∫
Ve

BT(x, y)C(x, y)B(x, y)dV , (32.9)

where Ke is the element stiffness matrix, B(x, y) is the
matrix of shape function derivatives, and C(x, y) is the
compliance matrix derived from the property gradient,
E(x, y) = E0 e(αx+βy). FGMs have provided a plethora
of unique challenges that theoretical, experimental, and
computational mechanics have had to overcome in or-
der to characterize and model the behavior of these
biologically inspired materials.

Dynamic Mechanical Response. Gradient architectures
have also been developed to optimize the energy-
absorbing capabilities of armors, inspired by the super-
ior impact resistance provided by wood, bone, and the
shells of sea and land animals [32.88]. For these appli-
cations, it has been important to understand the dynamic
failure of gradient microstructures caused by impact
loading events. This failure is governed by the response
of stress waves generated by the impact loading as they
interact with the gradient microstrucure [32.89–94]. For
example, it was determined that a stress wave with mag-
nitude fi will reflect with magnitude fr at time t from

a graded interface as [32.89],

fr

fi
= 1

2

x
d∫

0

(κ̄ −1)nτn−1[1+ (κ̄ −1)τn]−1 dτ

= 1

2
ln

[
1+ (κ̄ −1)

( x

d

)n]
, (32.10)

tc0

d
= 2

x
d∫

0

[1+ (κ̄ −1)τn]−1 dτ , (32.11)

where d is the interlayer thickness, c0 is the wave speed
in base material 1, κ̄ is the acoustic impedance of base
material 2 normalized by the acoustic impedance of
base material 1. From (32.11), it was determined that
the gradient architecture creates a time delay effect that
allows for peak stresses to form more slowly and for
more energy to be absorbed before crack initiation when
a gradient microstructure is present versus a sharp inter-
face.

Once a crack initiates due to stress wave loading
and begins to grow, the mechanics governing crack
propagation differ substantially from static loading.
Higher order asymptotic analyses are required to in-
corporate the effects of gradient property distributions
into the localized stress fields around a dynamically
growing crack tip [32.95]. The results of this analy-
sis for various values of the material non-homogeneity
parameter, α = δ cos ϕ, where δ describes the gradient
in material properties in (32.7) and ϕ is the prop-
erty gradation direction, can be seen in Fig. 32.19. The
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Fig. 32.19a–d Maximum shear stress contours around crack tip at
(0, 0) with crack lying along the negative x-axis for (a) various ma-
terial non-homogeneity parameters, (b) for different crack speeds at
a non-homogeneity parameter of 0.57, (c) effect of rate of change of
dynamic stress intensity factor of 1 MPa m1/2 for crack velocity of
650 m/s, (d) various levels of crack acceleration [32.95]

data in Fig. 32.19a illustrates that for a homogeneous
material, the contours tilt backward due to inertial ef-
fects, but the material gradient can compensate and
tilt the contours forward. In Fig. 32.19b–d, it can be
seen that they will tilt forward more and decrease in
size as the crack propagates slowly, will tilt backward
more and increase in size as the stress-intensity fac-
tor changes, and tilt forward more and decrease in size
again as the crack accelerates. Numerical methods using
cohesive-volumetric finite elements have also been em-
ployed to model dynamic crack propagation in FGMS,
and parametric studies of dynamic fracture in Ti/TiB
FGM specimens have shown a great sensitivity of crack
motion to the gradient of bilinear cohesive failure pa-
rameters, σmax (the maximum stress in the CVFE) and
Δnc (the critical normal displacement component in the
CVFE) [32.96]. Cohesive failure parameters have been
measured using digital image correlation near slow-
speed cracks exhibiting stable growth in a poly(ethylene
carbon monoxide) copolymer, ECO, with a gradient in
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Fig. 32.20 Experimentally determined dynamic constitu-
tive fracture relationship between crack velocity and
dynamic stress intensity factor in FGMs that is distinctly
different in nature from homogeneous counterparts [32.98]

ductile-to-brittle transition controlled through UV ex-
posure [32.97].

A dynamic constitutive fracture relationship be-
tween the crack velocity and dynamic SIF has also
been established experimentally using photoelasticity
on polyester-based FGMs (Fig. 32.20) [32.98]. This re-
lationship has three regions:

1. a stem, which is nearly vertical and indicates that the
velocity is independent of the stress intensity factor,

2. a transition region, and
3. a plateau where the crack reaches a terminal veloc-

ity (usually around 0.6 of the shear wave speed) that
does not change substantially with stress intensity
factor.

Comparing the results of an FGM with a ho-
mogeneous counterpart in Fig. 32.20 indicates that at
a dynamic stress intensity factor approximately 10%
greater than the fracture toughness the crack speed in
the FGM increases to almost 2-fold of the speed in the
homogeneous counterpart. Experimental results from
a variety of experiments have indicated that this rela-
tionship is unique in nature for FGMs, and is distinctly
different from homogeneous counterparts [32.99]. The
dynamic stress intensity factor has also been experimen-
tally measured in compositionally graded glass-filled
epoxies at low impact velocities using the technique of
coherent gradient sensing [32.100]. Using the crack tip
stress field analyses from [32.84] and [32.95], it was
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observed that the dynamic stress intensity factor con-
tinuously increases with crack growth when the filler
volume fraction is monotonically increasing, and con-
tinuously decreases when the gradient is of the opposite
sense similar to a homogeneous material (Fig. 32.21).

Geometrically Complex Interfaces. Another area where
functionally graded materials have been making an im-
pact is to enhance the toughness of interfaces with more
geometrically complex features. For example, one of
the simplest geometrically complex interfaces is a cir-
cular inclusion. A classic circular inclusion is a hole,
which is conventionally characterized as an inclusion
with no mechanical properties. For a two-dimensional
elastic material, this case produces the classic stress
concentration of three times the far field stress applied
to the structure. In nature, holes exist within structures,
such as bones, in order to provide internal access for
arteries and veins. One such hole is known as a fora-
men, and the study of the graded material property
distribution around the foramen has become the ba-
sis for a new concept in stress concentration reduction
for holes in synthetic structures, like rivet holes in the
skin of aircraft structures [32.101–103]. Using the full-
field deformation technique of Moire inerferometry, the
strains around the foramen were characterized and were
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Fig. 32.21 Experimentally measured dynamic stress in-
tensity factor versus crack length in FGMs indicating
increases with increasing filler volume fraction (E2 > E1)
in and decreases when the gradient is in the opposite sense,
similar to a homogeneous material [32.100]

related to variations in the elastic modulus to determine
an optimal gradient for reducing the stress concen-
tration. Assuming a power law relationship between
density of the material ρ and the elastic modulus and
yield strength, E : ρb and σy : ρβ , the optimal gradient
was found to depend on the ratio of the power law expo-
nents, β/b. At some point (β/b ≈ 0.75), when strength
does not increase fast enough with density compared
to the modulus, then it pays to divert the stresses away
from the hole, as is the case of a foramen in bone
(β/b ≈ 0.5).

A variation on the use of FGMs at geometrically
complex interfaces has been the engineering of the
geometric complexity to increase the fracture resis-
tance of the interface by redistributing the stress and
strain at the interface. For example, development of
a new multi-material multi-stage molding technology
enabled the geometric features of the interface to be
precisely engineered at the milliscale [32.104]. Exper-
imental measurements of deformation fields associated
with circular and square features using DIC determined
that the strength of the interface could be enhanced
by 40% using the features to convert the failure mode
from the traditional K-dominant fracture to ligament
failure. It was also determined that mechanical inter-
locking mechanisms attributed to the geometric features
enabled the interface to retain at least 30% of its strength
in the absence of chemical bonding.

Another investigation conducted into free-edge
stress singularities associated with bio-inspired de-
signs for dissimilar material joints was conducted
based on the growth patterns when trees grow
around an obstruction [32.105]. Using photoelasticity,
model polycarbonate-aluminum specimens were pre-
pared with varying degrees of joint angles associated
with the free-edge of the interface between the dis-
similar materials. The convexity associated with these
angles was determined to eliminate the free-edge stress
singularity, increasing the tensile load capacity by 81%
and reducing the material volume by 15% over tradi-
tional butt-joint specimens with sever free-edge stress
singularities.

32.3.4 Self-Healing Polymers/
Polymer Composites

Microstructure/Property/
Performance Relationship

One of the most unique characteristics of biological
systems has been their ability to heal. Recently, ad-
vancements have been made in the formulation of
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Table 32.3 Summary of biological sources of inspiration
for self-healing and potential approaches using compos-
ite/polymer engineering [32.106]

Biological source Composite/polymer
of inspiration engineering

Molecular cross-linking Remendable polymers

Bleeding Microcapsules, hollow

microfibers

Blood clotting Nanoparticles, healing

resin

Bone reparation Short microfibers

polymers and polymer composites to impart this abil-
ity to synthetic materials [32.106]. Material heal thyself
has now become a reality. Most of the work con-
ducted on self-healing polymers/polymer composites
has focused on the impregnation of polymers with
a Rhuthenium-based catalyst known as Gibbs’ catalyst,
that will polymerize monomers that are microencap-
sulated and dispersed in the polymer. When a crack
propagates through the polymer, it breaks open the
microcapsules, and then enables the monomer to poly-
merize and heal the fracture surfaces in a process
inspired by bleeding. The size and concentration of
the microcapsules has a significant effect on the heal-
ing efficiency. Variations on this bleeding inspired
concept include vascular networks consisting of hol-
low microfibers instead of hollow spheres, and use
of microfibers or nanoparticles to mimic the behavior
of bone reparation or blood clotting [32.4, 106–108].
A summary of biological sources of inspiration for self-
healing processes and some potential approaches to
developing them using composite/polymer engineering
can be seen in Table 32.3 [32.106].

Remendable Polymers. Another attractive self-healing
approach for pure polymers is to use mending cross-
linked molecular chains activated by a thermal input
to remend the fracture surfaces [32.109]. Remendable
polymers have been engineered at the molecular level
to exhibit this self healing behavior. Using nuclear
magnetic resonance spectroscopy, the disconnecting
and reconnecting of intermonomer linkages have been
tracked during heating and cooling of the material.
These polymers are engineered by forming a macro-
molecular network formed in its entirety by reversible
cross-linking covalent bonds, where the degree of cross-
linking is so high that they are relatively stiff and

strong. Healing efficiencies of over 50% were reported
for these polymers. Photochemical healing has also
been achieved via re-photocycloaddition of cinnamoyl
groups that form during crack growth in a polymer en-
gineered using a tricinnamate monomer [32.110].

Microencapsulated Healing Agents. One characteris-
tic of natural materials that differs substantially from
synthetic is their ability to heal after small amounts of
damage. This ability is conveyed through the growth of
new tissue by a collagen-based DNA-controlled mech-
anism. While the building blocks of natural materials
has been inherently designed for this capability, there is
no such mechanism available in synthetic material sys-
tems. A bio-inspired alternative was developed in the
late 90s employing the technique of microencapsula-
tion to embed healing agents inside of polymers and
polymer composites that would be released whenever
a crack compromised the encapsulation, creating an au-
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Fig. 32.22 Fundamental concept for microencapsulated
healing agents and healing efficiency [32.61]
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tonomic healing response with efficiencies greater than
70% (Fig. 32.22) [32.3, 61, 111]. This novel approach
raised a number of mechanics issues to optimize the
design of this bio-inspired material that are being ad-
dressed by the experimental mechanics community that
will now be discussed.

For the design of microencapsulated healing agents
there are two fundamental mechanics issues:

1. how can they be compromised by propagating
cracks, and

2. what is their healing efficiency.

The first is a microscale issue while the second is
macroscale. For the first issue, there are a number of de-
sign characteristics for the microencapsulation that can
be optimally engineered:

1. thickness of encapsulation,
2. properties of encapsulation,
3. size of encapsulation, and
4. the dispersion of the microscapsules.

An additional issue that is being investigated in
order to enhance the commercial appeal of these
bio-inspired materials is replacement of expensive
ingredients, such as the Ruthenium-based Grubbs’ cat-
alyst.

Characterization of Fracture Mechanics
To determine the optimal design characteristics, the
fundamental interaction between microcapsules and
propagating cracks must be investigated. Currently,
computational experiments are being performed to un-
derstand this interaction at a very basic level. However,
the development of microscale and nanoscale mechan-
ical and microstructural characterization techniques,
such as microscale DIC, are now enabling the assump-
tions in these computational experiments to be verified
by direct measurement of mechanical properties on and
near microcapsules, by determining path of crack tips
near microcapsules, and by measuring the local defor-
mation fields near the crack tip and the microcapsules.

For the healing efficiency, very fundamental me-
chanical characterization experiments have been per-
formed using unconventional fracture specimens with
tapered geometries to arrest the development of cracks
in more brittle polymers [32.111]. The use of brittle
polymers is dictated by the interaction of the crack with
the microcapsules, where more ductile or rubbery poly-
mers permit cracks to deflect between microcapsules
rather than through them. The fracture resistance of
ductile or rubbery polymers also preclude the neces-

sity of healing agents at this time, unless an embrittling
mechanism is present such as an oxidizing atmosphere
like ozone or an aging mechanism like chain decom-
position. Cracks can be grown either monotonically
or fatigue, and then the change in load-bearing capac-
ity with respect to healing time can be assessed. For
optimal healing efficiency, almost 100% of the load
bearing capacity can be recovered. It has also been
demonstrated that the microencapsulation can be de-
signed such that the fracture toughness and strength of
the pure polymer is not compromised. In addition to
the healing efficiency, it is also desirable to increase
the speed of the healing process. For general fatigue
fracture, this is generally not an issue. However, for
overloads, significant crack propagation can be reversed
if the healing time is faster than the time between
overloads. Currently, healing agents can achieve near
optimal efficiency as quickly as a few hours. It is en-
visioned that healing times of minutes, similar to the
cure time of fast-curing epoxies, will be achieved in the
near future using cheaper ingredients then are currently
employed.

32.3.5 Active Materials and Systems

Classes of Active Materials and Structures
Active Materials and Structures (aka, smart or intel-
ligent materials and structures) are defined by their
ability to mechanically deform in response to an ex-
ternal stimulus such as an electrical signal, similar to
muscle tissue. They basically fall into three categories.

1. SMA and SMA composites.
2. Piezoceramics.
3. Electroactive polymers (EAPs).

Each class is essentially defined by the characteris-
tic of the main active material ingredient (i. e., metal,
ceramic, polymer). The active response of each class is
summarized in Table 32.4 and compared with muscle
tissue.

Table 32.4 Comparison of active response for each class
of active material in comparison to natural muscle tissue

Class of Active Active Frequency

active strain stress response

material (%) (MPa) (Hz)

EAP 300 10 1000

SMA 10 200 100

Piezo 1 100 100 000

Muscle 30 1 1000
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SMA and SMA Composites
In many experimental investigations of biologically
inspired materials and systems, characterization has fo-
cused on relating the distribution of material properties,
such as hardness, to the microstructure, independent of
the stress distribution in the structure. For advanced
structural systems, known as smart structures, the ma-
terial properties can actually depend on this stress
distribution. In particular, smart structures can be fab-
ricated from materials, such as shape memory alloys
(SMAs). SMAs experience martensite-austenite phase
transformations that enable them to fully recover in-
elastic deformations due to martensite detwinning when
they are heated above their austenite finish tempera-
ture (known as the shape memory effect), and will
exhibit pseudoelastic behavior when deformed above
these temperatures (Fig. 32.23). This novel thermome-
chanical behavior has led to extensive use of these
materials in biologically inspired and biomedical ap-
plications, such as deployable stents [32.53]. They can
also be embedded within other materials, such as com-
posites where functionally grading the distribution of
SMA wire reinforcement has been demonstrated to the-
oretically increase buckling strength by controlling the
distribution of recovery stresses that are generated when
the wires are heated [32.112].

By thermomechanically treating SMAs, they can be
trained to deform to two different states upon heating
and cooling, an effect known as the two-way shape
memory effect (TWSME), which is a deformation be-
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Fig. 32.23 Novel thermomechanical behavior of Shape Memory
Alloys exploited for numerous biologically inspired and biomedical
actuation applications. related to the deformation and transforma-
tion of martensite and austenite phases at different temperatures

havior similar to the chemomechanical constriction of
muscle tissue. Functionally graded smart materials are
now being fabricated on the microscale from SMA
thin films with compositional gradients for microelec-
tromechanical systems (MEMS) applications [32.113].
By grading these films, a unique coupling develops
between the microstructure and residual stresses that
enable these materials to exhibit thermomechanical
behavior as fabricated that would not otherwise be pos-
sible, such as repeatable actuation behavior (i. e., the
TWSME). Using the biologically inspired actuation be-
havior of these graded films, new biomimetic concepts
can be developed for novel structures fabricated from
these materials, such as micropumps for MEMS appli-
cations.

A similar coupling has also been achieved by
functionally grading the distribution of SMA wires
exhibiting the one-way SME in polyurethanes to pro-
duce an equivalent TWSME that mimics the actuation
behavior of biological structures such as the fibrous
muscle tissue found in a heart or a bird’s wings
(Fig. 32.24) [32.114]. The equivalent TWSME for an
SMA wire can be determined for wires embedded in
a beam structure from the bending curvature k2 and
elongation e of the beam associated with the location
of the SMA wire d the geometric properties of the
beam, and the properties of the wire and beam material
as [32.115]

k2 = αβdγ (γβ −γ −β)

(γ +β)γ −αβd2(γβ −γ −β)

[
εt +αa(T − T0)

]
,

(32.12)

e = γ 2β

(γ +β)γ −αβd2(γβ −γ −β)

[
εt +αa(T − T0)

]
,

(32.13)

where T − T0 is the temperature change in the SMA
wire, εt is the stress-free transformation strain, αa is the

Morphing wing

Flying bird

Fig. 32.24 Biologically inspired morphing wing struc-
ture using graded one-way SMA wire distribution in
polyurethane that reversibly deform when heated
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coefficient of thermal expansion, γ is the fraction of the
recovery strain transferred to the matrix, and

α ≡ A/I2 ,

β ≡ Ea Aa/(E A) , (32.14)

where A is the cross-sectional area of the beam, Aa is
the cross-sectional area of the wire, E is the Young’s
modulus for the beam, Ea is the Young’s modulus of the
beam, and I2 is the moment of inertia of the beam cross
section. The experimental mechanics technique known
as digital image correlation has been used to quantify
the transfer of the recovery strain between the SMA
wire and the matrix for comparison with 3-D thermome-
chanical finite element analysis (Fig. 32.25) [32.116].

Piezoceramics
Another active material system that has seen limited
use in biologically inspired structural applications has
been piezoceramics. Piezoceramics produce deforma-
tion by coupling electric fields with mechanical and
thermal loadings (piezoelectric effect). In reverse, they
can produce electrical signals upon mechanical loading
similar to act as a force sensor, similar to bone [32.117].
The deformations associated with these fields are very
fast (>10 kHz) and very small (<1%), but they can
be configured to amplify their relative displacement in
the form of stacks. However, because of the inherently
small strain associated with their piezoelectric response,
their experimental mechanics applications have been

DIC deformation measurements

SMA
wire

Finite
element
analysis

z

xy

Fig. 32.25 Quantification of the transfer of recovery strain between an SMA wire and matrix material using the experi-
mental mechanics technique of digital image correlation and comparison with 3-D thermomechanical FEA [32.116]

limited to primarily vibration control in the form of
patches which are attached externally to a passive struc-
ture [32.118]. They have also been popular as strain and
force transducers, where they exhibit greater sensitivity
and signal-to-noise ratios than conventional strain gages
or load cells [32.119].

In order to overcome some of these limitations
for applying piezoceramics, there has been a great
deal of historical work by the experimental mechan-
ics community to design mechanical amplifiers based
on flextensional principles for piezoceramic structures
to enhance the deformation of stacks for low-frequency
high-power applications such as sonar [32.120]. Ap-
plying these amplification principles at the microscale,
microamplifiers for piezoceramics have been fabricated
using LIGA with a mean static amplification factor of
5.48 and frequency response of 82 kHz [32.121].

In addition to the electromechanical strain limita-
tions, piezomaterials tend to be very brittle, with the
fracture toughness of the most common piezoceramic
(PZT) being below 1 MPa m1/2. Their fracture behavior
is also very sensitive to applied electric fields, such that
a positive electric field increases the apparent fracture
toughness for cracks propagating parallel to the poling
direction, while a negative electric field has an oppo-
site effect which can be modeled using a work energy
based criterion for domain switching and a Reuss-type
approximation for poly-domain piezoelectrics [32.122].
Thus, there is interest in the experimental mechan-
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ics community for better understanding these fracture
mechanisms in piezoceramics in order to increase their
fracture toughness, so they can be deployed in more
mechanically demanding applications. For example, the
addition of rare earth elements can increase the frac-
ture toughness above 1 MPa m1/2 without significant
effect on the piezoelectric properties [32.123]. The ad-
dition of Pt particles to PZT also enhances mechanical
properties, but at the expense of piezoelectric proper-
ties, which is minimized through the use of functionally
graded microstructures [32.124].

Electroactive Polymers (EAPs)
To complete the development of active materials, poly-
mers have also been developed to provide mechanical
behavior that can be altered with electrical sig-
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Fig. 32.26 (a) Microamplifier fabricated using LIGA sand-
wiched between piezoceramics, and (b) the static amplifi-
cation of the piezoceramic displacement [32.119]

nals [32.126]. These materials are called electroactive
polymers (EAPs). Electric EAPs also come in the fol-
lowing forms: ferroelectric polymers, electrostatic graft
elastomers, electrostrictive paper, electro-viscoelastic
elastomers, and liquid crystal elastomers (LCEs). Alter-
natively, ionic EAPs can produce significant volumetric
changes through reversible counter-ion insertion and
expulsion during redox cycling (reduction and oxidation
reactions through exchange of ions with electrolytes)
at low voltages (1–10 V). However, ionic EAPs are
a combined solid-fluid system, have slow response time
(>0.1 Hz), have difficulty holding their strain, and pro-
duce relatively low actuation forces. The forms of
ionic EAPs include ionic polymer gel (IPG), ionomeric
polymer-metal composite (IPMC), conductive polymer
(CP), and carbon nanotube (CNT).

EAPs can exhibit mechanical properties and actua-
tion behavior that are very close to muscle tissue. The
simplest design of an EAP is to sandwich a polymer
with a low elastic stiffness and high dielectric constant

Fig. 32.27 Strains associated with extensional activation of
a synthetic muscle formed from EAPs [32.125]
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in between two electrodes, creating an electric EAP
which is known as an electrostatically stricted polymer
(ESSP). By applying a high voltage V to electrodes
separated by a thickness t of a polymer with dielec-
tric constant ε and area A an actuation force F will be
produced as

F = εε0 AV 2

2t2
, (32.15)

where ε0 is the dielectric constant of a vacuum. The
resulting deformation will depend on the constitutive
behavior of the polymer. The response of these elec-
troactive polymers is fast (ms levels), and the response
can be held for long periods of time under DC acti-
vation. However, the required voltage levels are high
(≈150 MV/m), and the glass transition temperature is
inadequate for low temperature applications. Recently,
3-D digital imaging techniques have been employed to
look at the deformations associated with synthetic mus-
cles formed from EAPs (Fig. 32.27) [32.125].

32.3.6 Biologically Inspired Ceramics

Ceramics are a wonderful engineering material. Ex-
tremely hard, stiff, fairly light, chemically inert, and
thermally-resistant, they have found many uses, espe-
cially in harsh environments and protective applica-
tions. However, they suffer from a major drawback: they
are very brittle and easily fracture. This is due to the
bonding and microstructure of ceramics. Ceramics are
ionically bonded, which is a very strong and highly di-
rectional bonding. Thus, it takes a great deal of local
force to rearrange the bonding and to create defects,
which is necessary to generate plasticity through the tra-
ditional mechanisms of dislocation motion in a crystal.
However, the lack of defects creates grain morpholo-
gies that result in significant amounts of porosity in the
microstructure. This porosity becomes sites for initiat-
ing crack growth, and the strength of the material is
ultimately determined by the loading necessary to gen-
erate cracks from these pores rather than to propagate
dislocations through a crystal structure.

To overcome the drawback of brittleness manifested
through low fracture toughness, high-performance ce-
ramics are being engineered with reduced grain sizes
that reduce the size and amount of pores, as well as
to create more tortuous crack paths for intergranular
crack growth mechanisms that lead to more crack bi-
furcation and diffuse microcracking to consume more
energy through the formation of greater crack surface
area. While this significantly strengthens the ceramic, it

still does not permit the loads or generates the defects
that are necessary to initiate the motion of dislocations
to consume significantly greater fracture energy.

Nacre Inspired Ceramics
The inherent limitation on dislocation motion due to
the type of bonding present in ceramic has significantly
limited progress with the current ceramic engineering
approach Composites have been an attractive alterna-
tive, where very ductile, relatively strong metals, such
as aluminum, can significantly enhance fracture tough-
ness of ceramics, such as silicon carbide, at the expense
of thermal resistance, while ceramic-ceramic compos-
ites, such as carbon–carbon, can create mesoscopic
interfaces to provide additional surface area at another
length scale to consume more fracture energy. On the
other hand, rigid biological ceramic composites, such
as the nacre of mollusk shells, possess fracture mech-
anisms that increase the absorption of fracture energy
through the use of very thin layers of an biopolymer
(proteinaceous) phase between platelets of calcium car-
bonate known as aragonite that generate crack bridging
and tunneling mechanisms at the nanoscale through the
molecular strength of the molecules in the biopoly-
mer [32.5, 128]. Digital image correlation has been
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Fig. 32.28a–c Micrographs of (a) amorphous silica rod and
(b) a sponge spicule, along with the associated four-point bend data
(c) indicating a 4-fold increase in strength and a 3-fold increase in
failure strain [32.127]
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Actual bone 3D model created by scanning

MoldReplica of bone

Fig. 32.29 Replamineform inspired bone structures (RIBS) fabricated using a new multistage molding technology to
create geometric complex features on the milliscale and advanced ceramic gelcasting technology with carbon fugitives
that form replamineform inspired microstructures [32.130]

used at the microscale to determine that sliding of the
platelets during crack growth can give rise to a ris-
ing crack resistance curve characteristic of a material
that can stabilize and even arrest cracks [32.129]. The
geometric features of the ceramic platelets alone can
substantially alter the fracture resistance, as evidenced
by a 4-fold increase in strength and 3-fold increase
in failure strain when comparing a sponge specula
made of silica with a standard amorphous silica rod
(Fig. 32.28) [32.127].

At the nanoscale, the characteristics of nacre in-
spired ceramics leads to an insensitivity of fracture
processes to flaws that are present in the biopolymer
phase, which is governed by the aspect ratio of the
platelets ρ∗ and the shear strength of the biopoly-
mer τ f

p as

ρ∗ = 1

τ f
p

√
αEmγ

h
, (32.16)

where Em is the Young’s modulus of the platelet, γ is
the surface energy, h is the thickness of the platelet, and
α depends on the crack geometry [32.9]. Nacre also ex-
hibit a much higher fracture toughness in water, where
a ten-fold increase can occur through the activation of

more plastic work at the platelet interfaces normal to
the crack propagation, and are extremely temperature
dependent [32.6, 131]. Synthetic methods for process-
ing these lamellar microstructures have been developed
using Portland-cement to create a self-aligned calcium
carbonate plates or prismatic morphologies, however
they have yet to be mechanically characterized in a man-
ner similar to Nacre [32.132].

Replamineform Ceramics
Another natural ceramic that possesses unique mi-
crostructural characteristics is coral. It has been a source
of inspiration in bone healing and remodeling since
the 1970s due to the interconnected porosity that de-
velops during the biomineralization process [32.133].
Pores with the appropriate diameter (>100 μm) al-
low the in-growth of vascularized bone tissue for
prosthetics and prosthetic fixation [32.134]. The re-
plamineform process was developed to duplicate the
interconnected, controlled pore size microstructure of
particular coral species (such as Porites and Gonio-
pora) [32.135,136]. Processes have also been developed
to fabricate biologically inspired ceramics that are
potential prosthetic materials or structures using hy-
droxyapatite particles and taking advantage of the
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physics of ice formation [32.137]. These materials
are four times stronger than conventional prosthetic
materials. Also, replamineform inspired bone struc-
tures (RIBS) have been formed by combining a new
multi-piece molding technology for creating geomet-
rically complex milliscale features with an advanced
ceramic gelcasting technology using carbon fugi-
tives to create replamineform inspired microstructures
(Fig. 32.29) [32.130].

Experimental mechanics investigations on RIBS
have indicated that 35% total porosity in bone repli-

cas can decrease strength 86%, decrease stiffness 75%,
and reduce total deformation 30% in comparison to
bone replicas with 13% total porosity fabricated with-
out carbon. The reduction in stiffness was consistent
with a model developed from microscale finite ele-
ment analysis of overlapping solid spheres that produce
microstructures similar to those observed in these
specimens. Furthermore, the increased porosity of the
material permits axial cracks to grow and bifurcate more
easily at substantially reduced deformation and load
levels.

32.4 Conclusions

32.4.1 State-of-the-Art
for Experimental Mechanics

Experimental mechanics is being applied to the devel-
opment of new implantable biomedical devices through
understanding the processing/microstructure/property
relationship in biocompatible materials and the struc-
ture/performance of the devices that are being made
from them. It is also being used to provide insight into
the fundamental processing/microstructure/property/
structure/performance relationship at multiple length
scales for new biologically inspired materials and sys-
tems that are analogs of biological counterparts. To
elucidate on the synergy between the research and
development activities in these areas through the appli-
cation of experimental mechanics can be seen through
specific examples that are motivated by the following
challenges that are faced in understanding the mechan-
ics of these unique materials and systems: Wide range
of properties, wide range of length scales, thermal
and chemical constraints (in vivo), and multifunction-
ality.

The application of experimental mechanics to im-
plantable biomedical devices has accelerated their
development by understanding fundamental perfor-
mance issues. Prosthetics have benefited from a detailed
understanding of the microstructure/property relation-
ship in composites from which they are made, as
well as the development of simulators and testing
techniques for characterizing the structure/performance
relationship when they are deployed. Characteriz-
ing the processing/microstructure/property relationship
in biomaterials using micro/nanoidentation have fa-
cilitated the development of biodegradable polymer
composites for biomechanical fixation. The design

of deployable stents has been improved by charac-
terizing their performance using new test methods
and relating it to the materials, geometry of the
stents, and the mechanical interaction of system com-
ponents. The novel use of experimental mechanics
has also led to the development of new implantable
biomedical devices, such as SMA stents that can self-
expand through heating instead of requiring a balloon
as the original passive metal stents used in angio-
plasty.

All of the experimental mechanics knowledge ob-
tained from implantable biomedical devices and the
biological systems they are used in is now being
applied to developing new biologically inspired ma-
terials and systems. Graded natural structures formed
from adaptation to changing environmental conditions
and defects, such as foramen holes, have provided
inspiration for creating Functionally Graded Mater-
ials out of composites formed from polymers, metals,
and ceramics that provide greater fracture resistance
and tougher geometrically complex interfaces. The ac-
tuation behavior of soft tissues such as muscle is
providing inspiration to create active structures using
Shape Memory Alloy metals, piezoceramics, and Elec-
troactive Polymers that provide more compact, reliable,
efficient, and autonomous replacements for conven-
tional actuation systems. The self-healing behavior of
biological materials are also inspiring the develop-
ment of similar attributes in polymers and polymer
composites using engineered polymer molecules and
microencapsulated healing agents that mimic the bleed-
ing process. Finally, the microstructures of bone and
seashells are serving as templates for creating more
fracture resistant and biocompatible ceramics materials
and structures.
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32.4.2 Future Experimental Mechanics
Research Issues

It is clear from the experimental mechanics research
that has been conducted to date on implantable bio-
medical devices and biologically inspired materials and
systems, that the following research issues need to be
addressed to further the development of these devices,
materials, and systems.

1. Further development of 3-D measurement tech-
niques are required to understand the mechan-
ics associated with the geometric complexity of
biologically inspired systems and advanced im-
plantable biomedical devices.

2. Further development of non-destructive and non-
invasive sub-surface measurement techniques are

required to elucidate more directly on the inter-
facial interactions between natural structures and
implantable biomedical devices both in vitro and in
vivo.

3. Advancement of multiscale measurement tech-
niques to elucidate on the link between nanoscale,
microscale, and mesoscale mechanisms involved in
the transfer of load and resulting failure in biologic-
ally inspired materials.

4. More dynamic measurement techniques to resolve
time-dependent processes involved in polymer-
based implantable biomedical devices and biologic-
ally inspired materials and systems.

5. More advanced loading systems and test methods
are required for improved experimental in vitro
simulation of the performance of implantable bio-
medical devices.

32.5 Further Reading

• Overview of experimental mechanics testing meth-
ods for prosthetics [32.18].• Overview of tissue scaffolding [32.15, 17, 44].• Overview of biomaterials [32.8, 20].• Overview of hierarchically structured materials
[32.6, 10, 11].

• Overview of mechanics and fundamental principles
in biologically inspired materials and systems [32.1,
2, 21].• Overview of processing, characterization, and mod-
eling of FGMs [32.63, 70].• Overview of dynamic failure in FGMs [32.98].• Perspective on self-healing polymers/polymer com-
posites [32.106].
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