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3.1. INTRODUCTION

Mechanical behavior is crucial to the performance of biomaterials used in most
biomedical implants and devices. In many cases, the importance is obvious and
the connection direct. The femoral stem of a total hip replacement must bear
static and cyclic loads imposed by body weight and muscle forces without
failure for the lifetime of the implant. In other cases, the importance of
mechanical behavior is less obvious and the connection is indirect. If the
aforementioned femoral stem is too stiff, cells in the adjacent bone tissue are
shielded from mechanical stimuli by the implant, which can ultimately lead to
implant failure via osteolysis, bone resorption, and loosening of the stem in the
femur [1]. Thus, in almost all cases, including the femoral stem, optimum
device performance is predicated by optimum mechanical properties, which
involves design tradeoffs.

In other examples, middle-ear implants may preferably utilize biomaterials
rigid enough to readily transmit sound waves, but ductile enough to permit
intraoperative shaping [2]. A contact lens is designed to be “soft” for user
comfort and is minimally loaded in use, but should not tear during repeated
handling and placement [3]. Biomaterial mechanical properties may also
involve spatiotemporal variations. Sutures and fixation screws used, for
example, in arthroscopic reconstruction of a torn anterior cruciate ligament,
may have mechanical properties that intentionally degrade over a desirable
time scale after implantation [4]. Thus, the design of biomedical devices almost
always involves some form of mechanical characterization of biomaterials.

Therefore, the objective of this chapter is to provide a broad overview of
experimental methods and important considerations for the mechanical char-
acterization of biomaterials. Note that the purpose here is not to cover the
mechanical behavior of biomaterials, including structure-property relationships
and deformation mechanisms. For this, the reader is referred to a welcomed
new textbook focused on the mechanical behavior of biomaterials [5], and other
excellent textbooks on the mechanical behavior of engineering materials [6–8].
Instead, this chapter is intended to address the practical needs of engineers and
scientists who encounter a need to characterize the mechanical properties of
a biomaterial, but may not know where to begin or what the key considerations
should be. Of course, individuals and companies without expertise in
mechanical characterization are wise to collaborate with colleagues or hire
consultants who possess this expertise. However, delegation does not abdicate
responsibility. The author has encountered multiple examples where a lack of
basic knowledge on the part of the primary stakeholder allowed a consultant or
collaborator to provide misleading or even incorrect mechanical character-
ization. Therefore, this chapter is also intended to be useful for those who may
not perform mechanical characterization themselves.

Finally, many details are necessarily omitted from this broad overview, but
references are provided to direct the reader seeking greater technical depth on
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a particular topic. Of particular note, common methodologies are standardized
and published by the American Society for Testing Materials (ASTM) and
International Standards Organization, which provide a wealth of mechanical
testing procedures and guidelines. Any laboratory or institution is wise to adopt
or develop internal standard operating procedures in order to ensure the
repeatability and reliability of test results, while demonstrating transparency
and a mechanism for corrective measures.

3.2. FUNDAMENTAL CONCEPTS

3.2.1. Stress and Strain versus Force and Displacement

Mechanical properties of biomaterials are almost always characterized by the
stresses and strains in a material that result from applied loads and displace-
ments. Consider the schematic depiction of two different interbody spinal
fusion cage designs shown in Fig. 3.1. Interbody spinal fusion cages are
designed to alleviate back pain caused by a degenerated or herniated inter-
vertebral disc by restoring the intervertebral height and facilitating the
formation of bony fusion in the disc space between two vertebral bodies [9–11].
Bone formation is guided through a center cavity shown in each device.

Suppose device (1) is designed with a larger cavity in the center and
a smaller cross-sectional area (A) compared to device (2), but both are
composed of the same material (Fig. 3.1). If the same load (P, e.g., body
weight) is applied to each device, the stress (s ¼ P/A) acting on the material
in device (1) will exceed that in device (2), inversely proportional to the ratio of
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FIGURE 3.1 Differences between stress (s) and strain (ε) versus force (P) and displacement

(Dh) are introduced using the example of two interbody spinal fusion cages, where device (1) is

designed with a larger cavity in the center and a smaller cross-sectional area (A) compared to

device (2). For the examples described, each device has the same height (h) and the same applied

load (P, e.g., body weight). The mechanics of the device, including the device stiffness (k), is

shown to be governed by both the device design (e.g., A, h) and material properties (e.g., E).
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cross-sectional areas (Fig. 3.1). Therefore, while it may be desirable to increase
the size of the cavity for a greater fusion volume, the engineer must also
consider whether greater stress in the device could result in implant failure
before a fusion is achieved, or whether greater contact stress between the device
with reduced cross-sectional area and adjacent bone tissue could result in
subsidence of the implant into the adjacent bone tissue with loss of vertebral
height [10]. On the other hand, the potentially deleterious effect of the reduced
cross-sectional area on device failure can be mitigated by utilizing a material in
device (1) that exhibits a greater failure strength (or stress) compared to the
material used in device (2). In summary, internal stresses are related to applied
loads by the inverse of the cross-sectional area (Fig. 3.1).

Deformations are also related to the applied load and cross-sectional area,
as well as the material’s stiffness. The amount of elastic (recoverable)
deformation (Dh) due to the applied load will also be greater in device (1)
compared to (2) if composed of the same material because device (1) will
exhibit a lower stiffness (k, analogous to a spring) than (2) due to the smaller
cross-sectional area (A) (Fig. 3.1). Internal material strains (ε) are calculated
by normalizing deformations by an initial dimension (e.g., Dh/h). Therefore,
a device with reduced stiffness may be advantageous for transmitting greater
osteogenic strains to the bone tissue forming within the center cavity.
However, notice that a reduced stiffness could also be achieved while main-
taining the same cross-sectional area in device (2) by utilizing a different
material to achieve a reduced stiffness (elastic modulus, E, explained below).
Thus, themechanics of a device are governed by both the device design (e.g.,A, h)
and material properties (e.g., E). Moreover, from a different perspective, the
above example also demonstrated that the mechanical properties of materials
should always be characterized using stress and stain, instead of force and
displacement, in order to avoid the influence of specimen size and facilitate
interstudy comparison.

3.2.2. Mechanical Properties on a Stress–Strain Curve

The most fundamental mechanical properties of materials are measured from
a stress–strain curve (Fig. 3.2), which is calculated from the measured load and
deformation during the course of a quasistatic (time-independent) test as
described above. For example, consider a simple and reproducible specimen
geometry, such as a right circular cylinder or a rectangular prism, loaded in
quasistatic uniaxial tension. The stress–strain curve shows that this material
(e.g., a metal) exhibited three regimes of deformation (Fig. 3.2a). Elastic
deformation is fully recoverable, meaning that upon unloading the specimen
returns to its original size and shape (Fig. 3.2b, Dεe). At the yield point (y),
deformation is no longer fully recoverable but plastic, including permanent or
inelastic deformation. Unloading at a point in the plastic range of the stress–
strain curve will result in a return to zero stress but a permanent strain
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(Fig. 3.2b, εp), typically following the slope of the elastic region. After reaching
the ultimate point (u), deformation becomes unstable due to a localized
reduction in cross-sectional area (necking) and fracture ( f ) is imminent.

The slope of the linear elastic region of the stress–strain curve (Ds/Dε) is
termed the elastic modulus (E), or Young’s modulus, and reflects the material’s
stiffness (Fig. 3.2a). Elastic moduli should be reported in units of Pa, typically
GPa for most materials, although highly compliant materials such as foams and
hydrogels are more conveniently reported in MPa or kPa. In polymers or ductile
metals where a linear region is not readily apparent, a tangent or secant
modulus may also be measured [12]. Note also that in order to facilitate
accurate and repeatable measurement of strain-based properties, the presence
of a “toe” region (observed as nonlinear region of increasing slope) at low stress
and strain if often removed by extrapolating the measured elastic modulus to
zero stress and setting strain equal to zero at that point.

The stress at the point of yielding (y) is termed the yield strength (sy or Y),
and is typically reported in MPa or kPa (Fig. 3.2). Identification of the yield
point is often not obvious due to a gradual transition from elastic to plastic
deformation. Therefore, the yield stress is often more accurately and repro-
ducibly measured using a line parallel to the measured elastic modulus but
offset by a set amount of strain, typically 0.2% and thus termed the 0.2%-offset
yield strength. Notice that due to a phenomenon termed strain hardening the
yield strength may be increased upon reloading a specimen previously
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FIGURE 3.2 Schematic stress–strain (s–ε) curves for a right circular cylinder or a rectangular

prism of a material (e.g., a metal) loaded in quasistatic uniaxial tension showing (a) three regimes

of deformation (elastic, plastic, and unstable) separated by critical points (y ¼ yield,

u ¼ ultimate and f ¼ fracture), fundamental material properties, and (b) the difference between

recoverable elastic deformation (Dεe) and plastic or permanent deformation (εp). Fundamental

material properties include the elastic modulus (E), yield strength and strain (sy, εy), ultimate

strength and strain (su, εu), fracture strength (sf), strain-to-failure (εf), modulus of resilience (Ur),

and modulus of toughness (Ut).
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plastically deformed (Fig. 3.2b). The stress at the ultimate point (u) is termed
the ultimate strength or ultimate tensile strength (su or UTS), and is typically
reported in MPa or kPa (Fig. 3.2a). Similarly, the stress at the point of fracture
( f ) is termed the fracture strength (sf), and is typically reported in MPa or kPa.
Note that brittle materials may not exhibit a yield or ultimate strength, but only
fracture strength (Fig. 3.3).

The corresponding strains measured at the yield strength, ultimate
strength, and fracture strength are termed the yield strain (εy), ultimate strain
(εu), and strain-to-failure (εf), respectively (Fig. 3.2), with the latter being
most commonly reported as measure of ductility. Strains are reported either in
nondimensional units of the change in length divided by the original length
(mm/mm), as a percentage (mm/mm � 100), or in microstrain (mε ¼ mm/
mm � 1000). Ductility is also commonly reported by the percent elongation
(%EL) in tensile tests, which is the same as the percent strain-to-failure, and/or
the percent area reduction (%AR), which is the percent change in cross-
sectional area divided by the original cross-sectional area. Poisson’s ratio (n)
is the negative of the ratio of a strain normal to the applied load relative to
the strain in the direction of applied load. Poisson’s ratio can range from
�1.0 < n < 0.5 for an isotropic, linear elastic material, but is typically
near 0.3 for most materials.

The area under a force–displacement curve represents the amount of work
(w) to deform the material and is typically reported in N-m or N-mm; the area
under the stress–strain curve represents the total strain energy per unit volume
(U), or strain energy density, of the material, and is typically reported in J/m3.
The total strain energy up to the yield point and fracture is termed the modulus
of resilience (Ur) and modulus of toughness (Ut), respectively (Fig. 3.2). While
these properties provide important and useful measures of material toughness
or energy absorption, they should not be mistaken or substituted as a measure of
fracture toughness, which is introduced in Section 3.2.6.
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3.2.3. Material Classes

The main classes of engineering materials with respect to mechanical behavior
are ceramics, metals, polymers, and composites thereof. Schematic tensile
stress–strain curves for examples from each class show general differences in
behavior (Fig. 3.3). Under ambient and physiological conditions, ceramics
typically exhibit the highest elastic modulus and high strength, but are brittle,
fracturing during linear elastic deformation. Note, however, that ceramics
exhibit even greater strength, by up to an order of magnitude, in compressive
loading rather than tensile loading. Therefore, ceramics are typically only used
in applications designed for primarily compressive stresses. Metal alloys
typically exhibit a relatively high elastic modulus, the highest strength in
tension, and ductility ranging from relatively brittle to highly ductile. Note that
pure metals (not shown) exhibit significantly lower strength and greater
ductility than metal alloys. Finally, polymers typically exhibit the lowest elastic
modulus and strength. Thermoplastics (e.g., ultrahigh molecular weight poly-
ethylene (UHMWPE)) may exhibit the greatest ductility, while thermosets
(e.g., epoxy) may be stiffer and stronger, but more brittle. Composite materials
exhibit properties characterized by a rule of mixtures for two or more
constituent phases [13,14]. Note that all the above generalities can have
exceptions. For example, ceramics can exhibit ductility at high temperature,
and polymer fibers (e.g., Kevlar� or spider silk) can be prepared to exhibit
extremely high strength. Nonetheless, the general differences in mechanical
properties between material classes have profound influences on the methods
and analyses used for mechanical characterization, which will become evident
throughout the remainder of this chapter.

The reasons for these general differences in mechanical properties are
many and a primary subject of textbooks on mechanical behavior [5–8], but
a few general points are worth pointing out here. Differences in the elastic
modulus and strength reflect differences in atomic bonding. In fact,
mechanical properties like the elastic modulus and fracture strength can be
predicted from first principles through atomistic/molecular modeling incor-
porating bond strengths and atomic/molecular structure [15]. The large
difference in electronegativity between metal and nonmetal atoms in ceramics
results in strong covalent or ionic bonding, due to electrons being shared or
donated, respectively, to fill the outer shell. A small difference in electro-
negativity between metal atoms and excess electrons characterizes metallic
bonding. However, the ductility of metals is mainly derived from crystalline
defects called dislocations [5–8]. Polymers have strong covalent bonds
between atoms within a molecule, but weak van der Waals bonds between
molecules, which result in lower elastic modulus and strength. However, the
influence of weak van der Waals bonding can be decreased and strength
increased by cross-linking (thermosets) or alignment of large molecules (e.g.,
Kevlar� fibers or spider silk).
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3.2.4. Types of Stress–Strain Curves and Constitutive Models

Stress–strain curves can take on a number of different forms including and
beyond those described above (Fig. 3.4). Constitutive models of stress–strain
curves are useful for characterizing the mechanical properties of materials
under quasistatic loading. Constitutive models are empirical or theoretical
mathematical descriptions of physical behavior. No one model is suitable for
the diverse behavior exhibited by different materials under different loading
conditions, but a number of common examples for quasistatic loading are
shown in Fig. 3.4.

Elastic deformation is most commonly linear or approximated as linear in
most metals, ceramics, polymers, and composites (Fig. 3.4a). However, elasto-
mers and soft biological tissues like tendon may exhibit nonlinear elasticity or
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FIGURE 3.4 Common forms of stress–strain (s�ε) curves for quasistatic loading and corre-

sponding constitutive models for (a) linear and (b) nonlinear elastic deformation, (c) perfectly

plastic deformation, plastic deformation with (d) linear or (e) power-law strain hardening, and (f)

discontinuities during plastic deformation, where E is the elastic modulus, U is strain energy

density, sy is the yield stress, εy is the yield strain, Ey is a “modulus” for linear strain hardening, K

is the strength coefficient, n is the strain hardening exponent, syu is the upper yield stress, and syl is

the lower yield stress. Note that all stress–strain curves are schematic and not to scale relative to

each other.
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hyperelasticity (Fig. 3.4b). Linear elastic deformation is readily described by
Hooke’s Law (s ¼ E$ε) and its generalized form for three-dimensional defor-
mation [6,7], while nonlinear elastic constitutivemodels are based on functions of
the change in internal strain-energy density per change in strains [16,17].

The use of true stress and strain is an important consideration for plastic
deformation that requires introduction before discussing additional constitutive
models. All preceding discussions used engineering stress and strain, which
normalized force and deformation by the original specimen cross-sectional
area (s ¼ F/Ao) and length (ε ¼ Dl/lo), respectively. However, as noted in
Section 3.2.2, plastic deformation results in permanent changes in specimen
dimensions. Therefore, true stress and strain normalize force and deforma-
tions by the instantaneous specimen cross-sectional area (s ¼ F/Ai) and
length (ε ¼ ln[l/lo]), respectively. There is no difference between engineering
and true stress/strain during elastic deformation, but during plastic deforma-
tion, and especially at large strains, true stress and strain should be used for
experimental data and constitutive models. Under an assumption of volume
conservation, true stress can be related to engineering stress as
strue ¼ seng$(1þεeng), and true strain can be related to engineering strain as
εtrue ¼ ln(1�εeng). The assumption of volume conservation is valid for
incompressible solids, which includes all relatively dense materials, but not
porous materials (e.g., foams, scaffolds, and particulate compacts) where the
apparent volume is not conserved during plastic deformation.

Plastic deformation may occur at a constant flow stress (Fig. 3.4c), such as
during hot working of metals, or this may be used as a simplifying assumption.
A strain hardening material may be modeled as linear (Fig. 3.4d), including
a “modulus” for plastic deformation, or more commonly using a power-law
(Fig. 3.4e). While experimental data are empirically fit by a power-law, the
constants K and n are material properties with physical meaning. The strength
coefficient (K) is the true stress at a true strain of one; the strain hardening
exponent (n) is the true strain at the onset of necking or plastic instability, which
corresponds to the ultimate point in engineering stress–strain (u, Fig. 3.2a).

Some materials may exhibit discontinuities in the stress–strain curve during
plastic deformation (Fig. 3.4f). For example, sudden drops in stress may occur in
some metals due to localized slip or dislocation motion. In steels, this behavior
may be pronounced and is often characterized by an upper yield stress (syu) and
lower yield stress (syl). Brittle materials and highly porous materials (e.g.,
scaffolds, foams or honeycomb structures) may similarly exhibit sudden drops in
stress due to localized fracture events. This can result in “noisy” stress–strain
curve data and increased error when measuring mechanical properties using the
preceding constitutive models. Continuous fiber-reinforced composites often
exhibit a large drop in stress coinciding with fiber failure prior to matrix failure
(not shown). Finally, after an initial yield and ultimate point, semicrystalline
polymers commonly exhibit extreme ductility (cold drawing) due to the unrav-
elling and alignment of crystalline molecules (cf., Section 3.2.3), and this region
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can be modeled as perfectly plastic. Orientation strengthening subsequently
occurs when strong intramolecular covalent bonds begin to bear the load in place
of weak intermolecular van der Waals bonds.

3.2.5. Anisotropy

Materials with directional structural features (e.g., fiber reinforcements, grain
shape, crystallographic texture, etc.) exhibit anisotropic mechanical properties –
that is, mechanical properties that are directionally dependent. For example, an
orthotropic material exhibits three planes of symmetry such that properties differ
in each of three orthogonal specimen directions. In contrast, isotropic properties
are equivalent in all directions. Interestingly, engineers have historically
preferred to design and use isotropic materials in man-made technology,
although exceptions such a carbon fiber-reinforced plastics exist. In contrast,
biological systems almost always employ anisotropic biomaterials. Bone,
tendon, cartilage, tooth enamel, blood vessels, skin, wood, seashells, etc. are all
composites with hierarchical and directional structural features [18,19]. The
hierarchical and directional structure of natural biomaterials is critically
important in enabling the biological organism to achieve the required mechanical
properties while minimizing the “cost” of material mass and metabolic energy
[18]. Therefore, mechanical characterization of natural biomaterials, as well as
synthetic biomaterials engineered to optimize properties and/or mimic the
anisotropy of natural biomaterials, may require characterization of property
anisotropy using methods described in this chapter.

3.2.6. Fracture Mechanics

The field of fracture mechanics originated in the shipbuilding trade in the early
1900s due to a realization that engineering analysis based largely on the
preceding concepts of this chapter was unable to predict prevalent catastrophic
fractures of ship hulls. Cracks were observed to preferentially form around
portholes and door openings due to an inhomogeneous distribution of stress, later
known as a stress concentration [20]. Stress concentration factors are now
tabulated for a number of geometric discontinuities as the ratio of a local maxima
in stress at a specific geometric location relative to a nominal or remote applied
stress [21]. For example, consider the addition of a circular hole to the flat
specimen in Fig. 3.2 such that the size of the hole is small relative the specimen
width (Fig. 3.5a). The stress concentration factor at the lateral edge of the hole is
three times the remote applied tensile stress. Yet the consideration of stress
concentration factors for macroscopic geometric discontinuities, while
extremely important in the analysis and prediction of failure to this day, still
underestimated failure. However, Inglis recognized that as the radius of curvature
of an elliptical hole became increasingly sharp (a[b, Fig. 3.5a), approaching
that of a sharp crack tip, the stress concentration approached infinity.
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Griffith’s law introduced an energy criterion for fracture based on equi-
librium between the change in applied strain energy per change in crack area
(energy input) and the change in surface energy per change in crack area
(energy release) [22]. Therefore, catastrophic fracture occurs when crack
growth is unstable due to the rate of energy input (G, termed the strain energy
release rate) exceeding the material’s ability to dissipate that energy (R, termed
the crack growth resistance). For brittle materials, the crack growth resistance
typically has a constant value or “flat R-curve.” In tough materials, the crack
growth resistance can increase with increasing crack length, exhibiting a “rising
R-curve.” Thus, one measure of a material’s resistance to fracture is the critical
strain energy release rate (Gc) for unstable crack propagation, which occurs
when dG/da > dR/da. For example, consider the addition of a sharp elliptical
through-thickness crack in the center of the flat specimen in Fig. 3.5 such that
the size of the crack is small relative to the specimen width. The critical strain
energy release rate for tensile (mode I) loading of a material with a flat R-curve
can be derived as GIc ¼ ðp$s2f $aÞ=E, where sf is the remote applied critical
stress or fracture stress, a is the crack length, and E is the elastic modulus [23].
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(a)  Stress concentration
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FIGURE 3.5 The development and differences between fundamental concepts in fracture

mechanics beginning from a basic strength of materials analysis for a right rectangular prism of

a material loaded in quasistatic uniaxial tension, including (a) stress concentrations, (b) the critical

mode I stress intensity factor or plane strain fracture toughness (KIc), (c) superposition, and (d) the

probability of fracture (Pf), where s is the remote applied stress, sf is the fracture strength, a and

b are the major and minor dimensions of an elliptical hole or crack, sa is the stress concentration at

point a, smin is the minimum fracture strength, so is a constant, and m is the Weibull modulus.
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Alternatively and more commonly, a stress intensity factor (K) can be used
to characterize the stress field ahead of a crack tip for either crack opening
(mode I), shearing (mode II), or tearing (mode III). Therefore, the fracture
criterion is when K exceeds a critical stress intensity factor (Kc), also termed
the fracture toughness, which is reported in units of MPa$m1/2. Note that mode
I is most common and relevant since the mode I critical stress intensity factor
(KIc) is typically much lower than other modes for most materials. Considering
again a sharp elliptical through-thickness crack in the center of a flat specimen
such that the size of the crack is small relative to the specimen width, the
critical stress intensity factor, or plane strain fracture toughness, for tensile
(mode I) loading is KIc ¼ sf $ðp$aÞ1=2 ¼ ðE$GIcÞ1/2 (Fig. 3.5b). The plane
strain fracture toughness is generalized as KIc ¼ Y$sf $ðp$aÞ1/2 where Y is
a dimensionless geometric factor which accounts for the crack, specimen, and
loading geometry such that KIc is a true material property. For an edge crack in
a semi-infinite plate, Y ¼ 1.12 (Fig. 3.5b). The principle of superposition can
be applied to consider combinations of loading modes, cracks, and specimen
geometry. For example, a simple solution for a crack at the edge of a through-
thickness hole in the center of a semi-infinite flat plate is shown in Fig. 3.5c as
the superposition of the stress concentration for a circular hole (Fig. 3.5a) and
the stress intensity factor for an edge crack (Fig. 3.5b). Stress intensity factors
for numerous geometries and standard test specimens are available in text-
books, handbooks, and ASTM standards [23–28]. Specimen requirements for
a valid KIc test are described in further detail in Section 3.3.

Measurement of KIc is accomplished by loading a precracked specimen to
failure while monitoring the load and displacement. A provisional fracture
toughness is measured as KQ ¼ PQ$f(a/W)/(B$W1/2), where B is the specimen
breadth and f(a/W) is a dimensionless function for the ratio of the crack length
(a) to specimen width (W) known for a particular specimen geometry. The
crack length is typically measured directly from the specimen surface. The load
at failure (PQ) is measured from the load–displacement curve at either the first
maxima encountered prior to unstable crack growth or the intersection of
a secant line at 95% of the initial elastic loading slope, whichever occurs first
[23,27]. If PQ is within 10% of the maximum load measured in the test and
the specimen dimensions meet the requirements detailed in Section 3.5,
KQ ¼ KIc.

To summarize thus far, K characterizes local conditions near the crack tip
and thus primarily governs crack initiation, while G characterizes the energetic
driving force for an increment of crack extension and thus primarily governs
crack propagation. Therefore, while KIc is most readily and commonly
measured, the initiation fracture toughness may underestimate the true fracture
toughness for tough materials that exhibit a rising R-curve. Rising R-curve
behavior may be caused by a number of toughening mechanisms – including
crack tip plasticity, crack deflection, crack bridging, phase transformations, and
microcracking [29] – which expend strain energy for processes other than crack

60 Characterization of Biomaterials



propagation. In such materials, the fracture toughness during crack propagation
(KR) can be measured using displacement-controlled loading, which is
amenable to stable crack propagation because unlike load control, the strain-
energy release rate decreases with increased crack length. The stable instan-
taneous crack length is typically inferred using changes in the specimen
compliance upon unloading or changes in the specimen electrical resistance,
but can also be measured or confirmed directly using a traveling microscope.
KR is thus measured using similar methods to those described above for KIc,
except that KQ is measured instantaneously at multiple crack lengths, which
may require plastic zone size corrections for moderate crack tip plasticity.

The preceding methods were limited to linear elastic materials, and are thus
known as linear elastic fracture mechanics (LEFM). While LEFM can be
extended to account for moderate crack tip plasticity using plastic zone size
correction factors [23], toughmaterials exhibiting extensive crack tip plasticity or
R-curve behavior may require the use of elastic–plastic fracture mechanics
(EPFM). Themost common EPFMmethods include the measurement of a crack-
tip opening displacement (CTOD) [30] or a nonlinear energy release rate, known
as the J-integral [31]. A CTOD measured with an appropriate transducer (see
Section 3.4.1) provides a direct assessment for the extent of crack tip plasticity in
order to more accurately characterize deviation from LEFM solutions using
a number of possible models. The J-integral assumes that elastic–plastic defor-
mations can be idealized as nonlinear elastic and is thus analogous to G in
practice. Therefore, JIc and J-R curves can bemeasured somewhat analogously to
KIc and K-R, respectively, as described in detail elsewhere [23,31,32].

Fracture mechanics analyses using stress concentrations and stress intensity
factors suggest that failure only requires one flaw (or crack) of a critical size
and shape. However, real materials contain a statistical distribution of flaws
such that a greater stressed specimen volume has a greater probability of
containing a critically sized flaw and thus a greater probability of failure. This
effect is most pronounced in brittle materials that are more sensitive to flaws
(e.g., acrylic bone cements and ceramics), but, interestingly, has been shown to
also characterize failure in “tough” biocomposites like bone [33]. Weibull
statistics can be used to determine the probability of failure (Pf) using
the equation shown in Fig. 3.5d, where sf is the fracture strength, smin is the
minimum fracture strength, so is a constant in units of stress, and m is the
Weibull modulus. In the simplest method of analysis, the above parameters can
be determined by a mean rank regression or other ranking methods [6,34,35].
Fracture strengths measured for each of N specimens are rank ordered and
assigned integer (n) values from 1 to N. The Weibull parameter, log(log(1/
(1�Pf))), where Pf ¼ n/(Nþ1), is plotted versus log(sf) for each specimen.
The data points are fit by a line as m$log(sf�smin)�m$log(so), to find the slope
m and the intercept m$log(so). Thus, a relatively high Weibull modulus (m)
indicates a narrow distribution of fracture strengths. Weibull analysis can be
used with sample sizes as small as several specimens, but, as with any statistical
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method, accuracy is improved with an increased number of specimens, espe-
cially for samples exhibiting a low Weibull modulus.

The effects of differences in specimen size and loading mode can be analyzed
using more complex variations of the above analysis, which include terms for
specimen volume and a nondimensional parameter called the stress-volume
integral that accounts for differences in the stressed volume of a specimen
for different loading modes [6,34,36]. Simplified,<sf1>/<sf 2> ¼ (V2/V1)

1/m,
where<sf> is themean fracture strength andV is the effective stressed volume for
specimens of two different geometries (1) and (2). For example, an existing data
set for uniaxial tensile strength can be used to determine the probability of failure
for changing the specimen size or testing the samematerial in three-point bending.

In summary, stress concentrations, energy criteria for crack initiation and
propagation, and statistical methods for the probability of fracture were
introduced as three primary methods of analysis for fracture under quasistatic
loading (Fig. 3.5). Readers interested in further technical detail, including
material behavior and toughening mechanisms, can readily consult numerous
textbooks [5–7,23,24] on the subject matter.

3.3. SPECIMENS

3.3.1. Specimen Size and Geometry

As should be clear by now, a standardized specimen geometry may be critical
to obtaining useful test results with accurate measurements of material prop-
erties that can be compared to reference data or measurements performed by
others. To review, there are three primary reasons for this. (1) Many modes of
loading result in a nonuniform stress or strain distribution within the specimen.
Special considerations for common modes of loading are therefore described in
Section 3.4.2 and references are provided for numerous standardized specimen
geometries. (2) As described above, the stresses ahead of a crack tip in
a fracture toughness test are inherently dependent on the specimen size,
geometry and crack length. (3) Specimen size can influence the likelihood of
encountering critically sized defects and thus the statistical distribution (Wei-
bull modulus) of a measured material property.

Test specimens are typically prepared with a gauge section of reduced
cross-sectional area in order to control the region of the specimen that is
characterized and to provide greater surface area for gripping the specimen
outside the gauge section (see Section 3.4.1). For example, extensometers or
strain gauges are placed within the gauge section of tensile specimens.
However, a gauge section may not be possible for all modes of loading (see
Section 3.4.2).

Fracture toughness measurements require perhaps the greatest care in
specimen size and geometry, and numerous standardized and nonstandardized
specimen geometries are commonly utilized [23,27,28]. A valid test for KIc or

62 Characterization of Biomaterials



JIc requires that a, B, (W�a) � 2.5(KIc/sy)
2 or B; ðW�aÞ � 25$K2

Ic=ðE$syÞ,
respectively [27,31]. The crack length (a) and uncracked ligament length
(W�a) criteria ensure a sufficiently small plastic zone for the implicit
assumptions of each approach. The specimen breadth (B) criteria ensure plane
strain conditions ahead of the crack, although the criteria in this standard have
been noted to be more stringent than necessary [23]. Three-dimensional stress
analysis of a crack front revealed that greater triaxiality in the specimen center
results in predominate plane strain conditions and a smaller plastic zone size
compared to the specimen edges where biaxial stresses (plane stress) allow
shear deformation and a greater plastic zone size. True plane stress conditions
exist only for infinitely thin specimens (perhaps a metal foil) and increasing
specimen breadth (B) results in an increased plane strain region such that KI

asymptotically approaches a constant value (KIc), which is independent of
specimen breadth.

Despite the above reasons, there can be unique situations where a stan-
dardized specimen size and geometry is simply not possible or feasible. One
common example is the mechanical characterization of biological specimens
(e.g., whole animal bones) possessing an inherently variable and complex size
and shape, which may itself be an important consideration in the mechanical
characterization. In this case, measurements may be limited to force,
displacement, and stiffness, or approximations may be used to estimate stress,
strain, and moduli. Despite these limitations, useful conclusions can be
reached regarding biological influences (e.g., genetics [37]) on the biomate-
rial properties, but these conclusions must be kept within proper context.
Another common example is when only a small volume of material is
available, requiring deviation from standard specimen sizes [32]. In this
situation, one must take special care to clearly define the measured properties,
identify deviations from existing standards, and place results in an appropriate
context, avoiding comparisons that are simply not valid.

3.3.2. Specimen Preparation

Test specimens are most often machined using cutting and/or grinding tools on
mills, lathes, and saws. A standardized specimen size and geometry can be
replicated from a computer-aided design drawing using computer numerical
control machining or from a template using a pattern-following cutting tool.
Care must be taken during the machining process to achieve a smooth surface
finish free from defects and to prevent the specimen material from significant
alterations due to the generation of heat or surface damage by cutting tools.
Lubricants and cutting fluids can be used to reduce heat but must be compatible
with the material. Tissue specimens should always remain fully hydrated
during preparation. The cutting speed, cutting depth, tool material, and tool
geometry should be appropriately selected for the material, specimen geometry,
and desired surface finish. Consultation and guidelines can be sought from
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experienced machinists, commercial suppliers of comparable materials, and
machining handbooks [38–40].

Specimens may also be prepared by a variety of near-net-shape processes,
such as injection molding plastics, that are beyond the scope of this chapter. In
general, if the goal is to measure or compare material properties, care should be
taken to minimize undesirable influences of the process on the material.
Standards may exist for the preparation of test specimens [41,42] and textbooks
on manufacturing processes describe fundamental influences [43].

The surface finish of as-machined or as-molded specimens is often inade-
quate for a particular material or mechanical test. Tool and die marks remaining
on the surface can act as stress concentrations, which is especially problematic
for brittle (flaw-sensitive) materials, flexural loading, and/or fatigue testing.
Therefore, specimen surfaces, especially within the gauge section or at loca-
tions of maximum stress, are often polished using abrasives or diamond tooling
of a specified grit size, and sharp corners or mold lines may be removed [28,44].
Quality test results are well worth the added labor and cost of careful specimen
preparation.

Fracture toughness (Section 3.2.6) and fatigue crack propagation (Section
3.4.4.3) tests typically require the presence of a sharp crack. Various methods
may be used depending on the material, specimen, and preference, but all begin
with a stress concentration created by machining a notch using a diamond saw,
razor blade, or electric discharge machining. A preload is subsequently applied
using either a rigid fixture to “pop-in” a stable crack [28] or cyclic loading to
initiate a stable fatigue crack [27]. Microhardness indentations (Section
3.4.5.1) may also be used to either directly initiate a sharp half-penny crack
below the indentation or to subsequently preload as described above [28].
Grooves are also occasionally added to the sides of fracture toughness and
fatigue specimens to guide crack propagation during R-curve and fatigue crack
propagation measurements, respectively [27]. Side grooves removing no more
than 20% of the specimen breadth can also act to remove the influence of plane
stress conditions at the specimen surface. However, side grooves may also
forcibly remove the effects of crack deflection on R-curve behavior and overly
deep grooves can lead to decreased fracture toughness.

3.4. APPLICATION AND MEASUREMENT OF LOAD
AND DEFORMATION

3.4.1. Equipment

The application of load(s) for mechanical characterization of materials is
accomplished using an actuator with feedback to a control system (Fig. 3.6).
Actuation has historically been accomplished using either a screw-driven (via
an electric motor) or servo-hydraulic load frame; however, recent instruments
have migrated towards electromechanical systems. Each has advantages and
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limitations. Screw-driven instruments are economical but not suitable for
applying high-frequency cyclic loading. Servo-hydraulic instruments are able
to apply the greatest load magnitude and are well suited for cyclic loading, but
typically require greater cost and maintenance. In most cases, electrome-
chanical systems are now best suited for testing small biomaterial specimens
due to their relatively high precision, adaptability, and low cost.

The applied load magnitude is sensed using an in-line load cell (Fig. 3.6)
The most appropriate load cell for a particular application will primarily
consider the load-cell capacity, sensitivity and loading mode. The load-cell
capacity should not be exceeded during a test and control system shut-off
switches should be set to prevent an overload. On the other hand, a load cell
may be too insensitive or “noisy” at less 2% of the load-cell capacity. Load cells
should be calibrated upon installation and as part of a regular maintenance
schedule in order to ensure accuracy [45]. Commercial suppliers provide state-
of-the-art on-site or mail-in calibration and certification against NIST traceable
standards. Calibration can be readily verified by users at low cost using a set of
calibration weights. Load cells may be rated for tension-only, compression-
only, tension–compression, or multiaxial (axial and torsion) loading, as well as
quasistatic versus cyclic loading. Finally, fully submersible load cells are also
available for testing in a fluid bath.

Grips are used to transfer load from the actuator to the specimen (Fig. 3.6).
The appropriate grips and gripping method are chosen to prevent slippage or
failure at the grips. The most common general purpose grips clamp the spec-
imen using a screw, a hydraulic or pneumatic piston, or a self-tightening wedge

l°

Actuator

Controls
and data

acquisition

Load cell

Grips

LVDT

Extensometer

FIGURE 3.6 Schematic diagram showing a common

setup for the application of load to a specimen using

an actuator with feedback from transducers to a control

system. Load is sensed using an in-line load cell. Actu-

ator displacement is sensed using a linear variable

displacement transducer (LVDT). Displacement within

the specimen gauge length (lo) is sensed using an exten-

someter or strain gauge (not shown).
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or scissors. Slippage is prevented by increasing the clamping force and/or
increasing the surface area of contact between the grip and the specimen, where
the latter can be adjusted by the grip size and shape, and the use of serrated
surfaces. However, an excessive clamping force, overly serrated surfaces,
misaligned grips, or misaligned specimen may lead to specimen failure at the
grip rather than within the specimen gauge section. Clevis pins are commonly
used to grip fracture toughness specimens in order to prevent crack propagation
during gripping and to allow out-of-plane rotational freedom during loading.
Other specialized grips may be advantageous or necessary for testing fibers or
soft materials. For example, cryogrips are useful for gripping soft, hydrated
tissues such as tendon. Finally, other specialized load fixtures may be required
for different modes of loading described in the following section.

Actuator or crosshead displacement is measured using a linear variable
displacement transducer (LVDT) (Fig 3.6). However, the crosshead displace-
ment includes load-line or system compliance due to the grips, specimen
shoulders adjacent to the grips, couplings, load cell, etc. Load-line compliance
is usually negligible in magnitude relative to the specimen compliance.
However, rigid specimens and precise measurements of specimen deformation
should utilize an extensometer to directly measure deformation within the
specimen gauge length (lo), cross-sectional area (Ao), or a crack opening. The
most appropriate extensometer for a particular application will primarily
consider mounting, specimen dimensions, range (or travel), and sensitivity.
Contact extensometers are most common and economical, but must be care-
fully mounted on the specimen gauge section using clips, rubber bands, or
springs. Noncontact extensometers eliminate potential influence on the spec-
imen, and damage to the extensometer upon failure or use in extreme envi-
ronmental conditions. The extensometer should be appropriately sized for the
specimen dimensions. The range of a contact extensometer should not be
exceeded during a test, or else the test must be paused to remove the exten-
someter. Moreover, the extensometer should have sufficient sensitivity within
the range of displacement to be measured. Extensometers should be regularly
calibrated using a micrometer in order to ensure accuracy. A limitation of an
extensometer is that deformation within the specimen gauge section must be
reasonably assumed to be uniform.

A strain gauge enables direct and highly sensitive measurement of local
material strains on a specimen surface through differences in electrical resis-
tance of a small, serpentine metal foil. The signal from a strain gauge should be
measured and calibrated using a Wheatstone bridge [46]. Moreover, the gauge
must be properly bonded to the specimen surface using an adhesive, such as
cyanoacrylate. A strain gauge rosette can be used to determine strain direc-
tionality or principal strains on a surface. While multiple strain gauges may be
used to characterize a strain field at selected points, strain gauges are not
a practical means to measure nonuniform strains over a relatively large sur-
face area. Moreover, strain gauges still require specimen contact. Popular
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noncontact methods for measuring strain fields include photoelasticity, digital
image correlation, and laser interferometry, which are described in detail
elsewhere [47].

Additional information and specifications for various load frames, load
cells, grips and other load fixtures, displacement transducers, extensometers,
and strain gauges are readily available on the websites of companies such as
Applied Test Systems, Bose Test Systems, Cooper Instruments and Systems,
Epsilon, Instron, Interface, Mechanical Test Systems, Omega, Test Resources,
and Vishay Precision Group, among others. A basic introduction to transducers,
calibration, signal processing, and related fundamentals is also available in
textbooks and handbooks [48,49].

3.4.2. Modes of Loading

A number of common loading modes may be used for different purposes
described below (Fig. 3.7). Note that brittle materials (such as most ceramics,
some refractory metals and hardened alloys, and some thermosetting polymers)
tend to fracture along planes normal to the maximum (tensile) principal stress,
even when applied loads are compressive. On the other hand, ductile materials
(such as metals and thermoplastic polymers) tend deform under shear and

(b) Uniaxial
compression

(d) Torsion(c) Biaxial
tension

p

(e) Diametral
compression

(h) In-plane
shear

or

(a) Uniaxial
tension

(g) Four-point bending

(f) Three-point bending

FIGURE 3.7 Common modes of loading materials for mechanical characterization include (a)

uniaxial tension, (b) uniaxial compression, (c) biaxial tension, either by in-plane loading of a sheet

or pressurizing (p) a vessel, (d) torsion, (e) diametral compression, (f) three-point bending, (g)

four-point bending, and (h) in-plane shear.
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fracture along planes of maximum shear stress. These general rules hold for all
materials in all modes of loading, as described below.

Uniaxial tension (Fig. 3.7a), a.k.a., tensile testing, is the most fundamental
of all tests for measuring material properties [12,50]. All preceding concepts
and methods in this chapter were introduced for uniaxial tension (mode I at
a crack tip) or uniaxial compression as the mode of loading. Uniaxial tension,
and to a lesser extent uniaxial compression, are indeed most common and most
suited for measuring material properties that are free of influences from the test
method. A major reason is that the specimen cross-section experiences uniform
stresses and strains. Uniaxial tension may also be useful for characterizing
biomaterial-tissue interfacial strength or the bond strength between an adhesive
and tissue. Microtensile bond strength is a common method for evaluating
dental adhesives [51,52].

Uniaxial compression (Fig. 3.7b) is often utilized for brittle or porous
materials that can be difficult to grip [42,53–55]. Moreover, brittle materials are
typically designed for compressive loading in service due to exhibiting a much
greater strength in compression compared to tension. Brittle materials loaded in
uniaxial compression fracture at internal cone cracks. Ductile materials loaded
in uniaxial compression deform by bulging at the center (termed “barreling”)
due to frictional stresses at the loading platens, increasing the cross-sectional
area. The effects of friction and contact stresses can be minimized using highly
polished loading platens, possibly with a lubricant, or by preparing specimens
with a gauge section of reduced cross-sectional area, similar to tensile speci-
mens. Porous materials (e.g., scaffolds) loaded in uniaxial compression,
whether exhibiting brittle or ductile behavior, begin to densify after reaching
a stress maxima or an inflection point corresponding to elastic buckling,
yielding, or crushing [55,56]. Therefore, stress–strain data after this maxima
and during densification are dependent on a changing level of porosity and
generally not useful.

Biaxial tension (Fig. 3.7c) is particularly relevant to compliant or ductile
sheet materials (e.g., skin graft, hermetic casings, and manufacturing processes
for metal or polymer sheets) and thin-walled pressure vessels (e.g., the bladder,
blood vessels, intravascular balloons, breast implants, etc.). Elastic and plastic
deformation of materials under multiaxial loading behaves differently than
under uniaxial deformation due to the effects of Poisson’s ratio, yield surfaces,
and possibly anisotropy. Soft tissue sheets are often gripped for planar biaxial
tension through suturing [57,58], while vessels and tubes are readily loaded via
internal fluid pressure [59]. Another application of biaxial loading is a bulge test,
where a punch or applied fluid pressure is used to form a hemispherical dome in
a flat sheet of a ductile material [60,61]. The utility of the bulge test lies in
characterizing plastic deformation (ductility) and fracture when only a small
volume of material is available due to cost or availability (e.g., implant retrieval).

Torsion (Fig. 3.7d) produces a stress state of pure shear and is thus useful
for measuring material properties in shear, including nearly any that were
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described above for axial loading (e.g., shear modulus, G). However, shear
stress (s) and strain (g) must be treated with some caution in torsion because
shear stresses and strains vary from zero at the axis of rotation to maximum
values at the specimen perimeter. Torsion is particularly relevant to biomate-
rials used in catheters, bone screws [62], and various surgical instruments, as
well as tissues [63,64]. Moreover, anisotropic properties may be characterized
by combination of uniaxial tension and torsion tests [63,64]. Ductile materials
loaded in torsion exhibit a flat, transverse fracture surface, while brittle
materials exhibit a spiral fracture surface that is readily demonstrated with
a piece of chalk.

Diametral compression (Fig. 3.7e), a.k.a., the Brazilian disk test, is perhaps
a misnomer as it is used to measure the diametral tensile strength (DTS) of
brittle materials as, sDTS ¼ 2P/(p$D$t), where D is the specimen diameter
and t is the specimen thickness [65,66]. Note that the DTS is a surrogate for the
UTS but is not equivalent. A proper DTS test specimen fails by a crack plane
initiating at the center of the disk and parallel to the direction of applied load.
The maximum tensile stress acts normal to the applied compressive load due to
the Poisson effect. The material must exhibit sufficiently high strength and
hardness such that the specimen does not permanently deform at a near-line of
contact with the loading platens [66], though correction can be made to the
above equation for some flattening at the contact points [67]. Diametral
compression is also useful when only a small volume of material is available
due to cost or availability. Biomaterial applications have included character-
ization of calcium phosphate cements [67] and dental cements [68].

Three-point bending (Fig. 3.7f) and four-point bending (Fig. 3.7g), or
flexural loading, are primarily used for testing materials that are either expected
to be similarly loaded in service, difficult to grip for uniaxial tension, or only
available as small specimens. However, three- and four-point bendings produce
multiple stress states in the specimen that are not homogeneous [5–7,69].
Portions of specimens located between the outer- and inner-loading supports
are under constant shear stress/strain lengthwise, but shear stress/strain varies
parabolically within the cross-section height from zero at the upper and lower
surface to a maximum value at the neutral axis. For an initially flat, isotropic
beam with symmetric cross-section, the neutral axis is located at the geometric
centroid. Normal stress/strain increases linearly from zero at the outer load
support to a maximum at the inner load support, and also from zero at the
neutral axis to a maximum in tension and compression on the bottom and top
specimen surfaces, respectively (Fig. 3.7f and g). Thus, for a uniform specimen
cross-section, the maximum stress is smax ¼ P$l$h/(2$I), where P is the
applied load, l is the distance between the outer and inner load support, h is the
specimen height, and I is the cross-sectional moment of inertia (e.g., I ¼ b$h3/
12 for a rectangular cross-section and I ¼ p$d4/64 for circular cross-section,
where b is the specimen breadth and d is the specimen diameter). The cross-
sectional distribution of maximum normal stresses remains constant within the
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portion of the specimen location between the inner load supports in four-point
bending.

The preceding discussion of stress analysis was necessary to highlight
important considerations for flexural loading. The strength measured for
a material in bending is not equivalent to that measured in uniaxial tension, and
should thus be reported as the flexural strength or modulus of rupture. More-
over, even three- and four-point bending tests may exhibit differences due to the
Weibull effect as the stressed specimen volume is lower in three-point bending
compared to four-point bending. Thus, the strength of a material measured in
three-point bending will be greater than for the same material measured in four-
point bending, which is still greater than for the same material measured in
uniaxial tension. The above equations, and related solutions for the elastic
modulus, assume linear elastic deformation. Permanent deformation of the
specimen either in bulk or due to local contact stresses at load supports can
compromise the validity of measured properties and prevent the use of any
stress–strain data beyond the yield point. Moreover, recall that regions of shear
loading are present in the specimen. Therefore, ductile materials may undergo
plastic deformation during bending even before a yield point is observed in
stress–strain data. In summary, material properties measured using bending are
quite sensitive to the test methods, perhaps more than any other common
loading mode, highlighting the importance of the following standardized
methods [44,70,71]. While there are valid reasons to use flexural tests, they
should be used with caution and results should be interpreted carefully.

In-plane shear (Fig. 3.7h) is used to characterize material properties and
interfaces. In-plane shear tests can be advantageous over torsion tests due to
producing a reasonably uniform shear stress/strain within the specimen, but
require relatively complex test fixtures and may load a relatively small volume
of material. The shear properties of materials and interfaces between bulk
materials can be measured using the Iosipescu test, Arcan test, V-notch rail test
and related variations in loading fixtures and specimen geometry [72–74].
These methods were developed and are most commonly used for testing
composite materials, but have also been applied to testing tissues [75].

The biomaterial-tissue interfacial shear strength after in vivo implantation
is a key measurement for characterizing biocompatibility and tissue integration,
particularly in load-bearing musculoskeletal tissues [76]. Several common test
methods all employ in-plane shear loading to characterize the biomaterial-
tissue interfacial strength. In a push-out test, a flat punch is used to push
a biomaterial disk out of the surrounding tissue (e.g., from a cylindrical cranial,
femoral, or tibial defect) using an annular fixture for the specimen. The spec-
imen thickness and clearance (difference between the punch and annulus
diameters) must be properly controlled such that failure occurs at the bioma-
terial-tissue interface [77]. The interfacial shear strength can be calculated by
dividing the maximum load by the nominal interfacial area (cylindrical
surface). Measurements are influenced by the biomaterial stiffness and should
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therefore be compared only between biomaterials of similar elastic modulus
[77]. In a pull-out test, a screw, rod, or similar biomaterial device/specimen that
can be gripped is pulled out of the surrounding tissue, which must be rigidly
gripped using the standard specimen grips or an annular fixture. The
mechanical analysis and considerations are otherwise similar to a push-out test.
However, a pull-out test can also be employed nondestructively on percuta-
neous devices [78]. Finally, a torque removal test can also be applied in similar
situations as a pull-out test [62] with the load applied using torsion rather than
tension.

All the above methods of loading may be applied dynamically (e.g.,
cyclically) in addition to quasistatic loading, as discussed in Section 3.4.4.
Indentation methods of loading are discussed under nondestructive tests in
Section 3.4.5.1. Mechanical characterization of coatings typically utilizes
variants of the above methods in uniaxial tension (pull-off test or peel test),
bending, or shear, and are discussed in greater detail in Chapter 4 of this book.

In summary, material properties free of the influence of test methods should
be preferably measured in uniaxial tension, uniaxial compression, and (for pure
shear) torsion, although other modes of loading may offer advantages relative
to material properties, intended application, material form, and availability.
Therefore, material properties measured in different modes of loading should
neither be treated as equivalent nor directly compared. The loading mode
should always be clearly denoted when reporting material properties measured
by different modes of loading.

3.4.3. Strain Rate and Time-Dependent Behavior

The preceding methods and discussion of mechanical characterization assumed
quasistatic loading and time-independent material behavior. The strain rate of
a typical quasistatic mechanical test is 10�2 to 10�3 s�1. However, strain rates
in service may range from much higher (e.g., ~102 to 103 s�1 due to impact
from a fall to ~102 to 106 s�1 due to a ballistic impact) to lower (~10�6, e.g.,
creep under a constant load) extremes. Moreover, elastic deformation can be
coupled with rate or time-dependent viscous deformation in metals and
ceramics at elevated temperature, in polymers near or above the glass-transition
temperature, and in hydrated tissues due to poroelasticity. Therefore, this
section will overview the characterization of time-dependent mechanical
behavior, including strain rate sensitivity, creep, and stress relaxation.

Differences in strain rate can profoundly influence the stress–strain
behavior (and thus measured mechanical properties) for the same material in
an otherwise identical test method, which is known as strain rate sensitivity.
Strain rate sensitivity can be modeled using a power-law (similar to strain
hardening in Fig. 3.4e) as s ¼ C$ _εm, where _ε is the true strain rate, C is
a strength coefficient, and m is the strain rate sensitivity. Note that this
constitutive equation can also be coupled with the constitutive law for
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power-law plasticity. The strain rate sensitivity (m) can range from 0 to 1. Most
materials exhibit m z 0.2, but materials with m > 0.3 exhibit high strain-
rate sensitivity. For example, silly putty has a strain rate sensitivity approaching
the upper bound of one such that a rope of silly putty can be stretched to
a nearly infinitesimally small cross-section at a low strain rate but will exhibit
brittle failure when stretched at a high strain rate. Characterizing these effects
in materials usually requires testing over orders of magnitude differences in
strain rate.

3.4.3.1. Impact (High Strain Rates)

At increased strain rates, the effects of stress wave propagation in the specimen
and acceleration on load measurement must be considered. A conventional
servohydraulic or electromechanical load frame can achieve strain rates up to
100 s�1, although some specialized instruments can achieve up to 101 s�1. Note
that the actual strain rate is dependent on the instrument crosshead speed,
system compliance, specimen compliance, specimen length, and specimen
cross-sectional area. Slack grips may be required to ensure that the instrument
reaches the desired strain rate before loading the specimen. Moreover, the use
of a conventional load cell and extensometer may be limited by inertial effects
and vibrations, which can be mitigated using a stiffer piezoelectric load
transducer and noncontact methods for strain measurement (Section 3.4.1).

Strain rates from 100 to 102 s�1 can be achieved with specialized machines
utilizing a pendulum or drop tower. Classic impact testing includes the Charpy
impact test (or Charpy V-notch test) and Izod impact test [79–82]. Both tests
measure the impact energy absorption (or “impact toughness”), typically
reported in J/m or J/m2, as a swinging mass on a pendulum strikes the spec-
imen. The Charpy test loads a notched specimen in three-point bending, while
the Izod test loads a notched specimen as a cantilevered beam. Similar impact
tests can be performed using a drop tower instead of a pendulum. For example,
the Gardner test or free-falling dart test is primarily used to measure the impact
resistance of thin film and sheet materials [83,84]. The dart typically has
a hemispherical tip, making this a dynamic punch test, but other striker tip
geometries are also used. Pendulum and drop tower tests are useful for
economical screening of materials (e.g., commercial quality control) and
characterizing ductile–brittle transitions (e.g., due to temperature) in materials.
Limitations include semiquantitative (comparative) results and a lack of strain
rate control, though the strain rate can be measured with instrumentation. There
has been a recent growth of interest in instrumented impact testing, as well as
the development of instrumented drop weight towers, which enable high strain
rate tensile testing of compliant or ductile materials at 101 to 103 s�1 [85].

High strain rates from 102 to 104 s�1 can be achieved using a split Hop-
kinson pressure bar (a.k.a., Kolsky bar), where a specimen is placed in
between the ends of two straight, perfectly aligned bars called the incident and
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transmitted bars [86,87]. At the end of the incident bar away from the spec-
imen, an incident stress wave is created as the striker bar impacts the incident
bar after being accelerated by a compressed gas gun. At the specimen inter-
face, part of the stress wave is reflected back down the incident bar and
another part is transmitted through the specimen and into the transmitted bar.
All three bars are composed of the same material of known properties, typi-
cally a high strength steel, although softer and harder materials may be used
for testing softer materials and harder materials, respectively. Strain gauges
placed on the incident and transmitted bar allow the measurement of strains,
strain rates, and ultimately, using known properties for the bar, a true stress–
strain curve [86]. The strain rate can be controlled by varying the impact
velocity (via gas pressure in the gun) and specimen size. Specimens are
typically loaded in compression, although tension and torsion are also
possible. Bending configurations may be used to measure dynamic fracture
toughness [88,89]. Direct measurements of specimen deformation and crack
growth require the use of high speed videography. While split Hopkinson bar
testing is quantitative, unlike most pendulum or drop tower tests, the lack of
a feedback control system typically results in an iterative design of experi-
ments and a lack of standards. Nonetheless, split Hopkinson bar testing can be
used to characterize the unique effects of high strain-rate deformation on
biomaterials and tissues such as bone [89,90], which is not possible by other
methods.

Very high strain rates from 104 to 106 s�1 can be achieved using the
acceleration of projectiles or the detonation of explosives to generate shock
waves [87], but are generally not relevant or necessary for biomaterials
characterization.

3.4.3.2. Creep (Low Strain Rates)

At decreased strain rates, creep deformation must be considered. Creep is time-
dependent permanent deformation under a constant stress and possibly an
elevated temperature (see also Section 3.5.1), typically occurring at 10�3 to
10�8 s�1. In general, all materials can exhibit creep at temperatures greater than
one-third of their melting temperature, although ceramics may require
a temperature closer to one-half the melting temperature, and polymers may
creep at temperatures near or above their glass transition temperature. The
deformation behavior in creep can be divided into three regimes after an initial
elastic strain (εo): (1) primary or transient creep exhibiting a decreasing strain
rate, (2) secondary or steady-state creep exhibiting a constant strain rate, and
(3) tertiary creep or rupture exhibiting an unstable increasing strain rate
preceding failure (Fig. 3.8a and b). Constitutive models for steady-state creep
are useful for predicting lifetime and vary by the deformation mechanism
[6–8]. Creep deformation is facilitated by a number of mechanisms including
dislocation plasticity in metals, diffusion in metals and ceramics, grain
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boundary sliding in ceramics, and intermolecular motions (viscous flow) in
viscoelastic polymers.

Superplasticity can be considered as a special case of creep deformation
where a material exhibits a high resistance to necking at low strain rates (10�1

to 10�3 s�1, but typically < 10�2 s�1), enabling large deformations
(ε > 1000%) without failure. Therefore, superplasticity is advantageous for
forming of complex metallic parts as the material can exhibit Newtonian flow
(viscous deformation) rather than strain-hardening plasticity and elastic
recovery. In most engineering materials, superplasticity also requires elevated
temperature and small, equiaxed grains.

Strain rates as low as 10�6 s�1 can be achieved using a conventional ser-
vohydraulic or electromechanical load frame. Therefore, these instruments are
suitable for characterizing superplasticity in uniaxial or biaxial tension (bulge
test) [91,92]. However, such an instrument is not required to apply a constant
load, not to mention the impractical amount of time required for a creep test.
For creep tests, a constant applied load/stress is applied using a dead weight in
uniaxial tension, compression, or bending, possibly at an elevated temperature
[93–95]. The strain rate is thus dependent on the specimen size, material
behavior (e.g., diffusion), and influence of temperature, and must be measured
by intermittent dimensional changes or in situ. Noncontact methods are often
necessary for in situ strain measurements due to large deformations and/or
elevated temperatures.

Given the impracticality of conducting creep rupture tests over months or
years, tests are often accelerated to seconds or minutes using an increased stress
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magnitude. The applied stress and creep rupture time (tf) for accelerated tests
can be plotted as data points on a log scale (Fig. 3.8c) and extrapolated using
the Larson–Miller relation, or other empirical methods, to predict the creep
rupture lifetime [6–8]. Alternatively, failure in a particular application may not
require creep rupture, but only excessive deformation. In this case, the steady-
state strain rate ( _εs) is measured (Fig. 3.8a and b) and extrapolated either using
various empirical and/or mechanistic models (Fig. 3.8d) [6–8].

3.4.3.3. Viscoelasticity

Viscoelasticity is observed as a combination of both recoverable elastic
deformation and permanent viscous deformation. In the previous section, the
contribution of viscous deformation was shown to result in time-dependent
permanent deformation (creep) under an instantaneous, constant stress. Simi-
larly, under an instantaneous constant deformation or strain, viscous defor-
mation can cause stress relaxation (Fig. 3.9). Nearly all synthetic and natural
polymers used as biomaterials, as well as biological tissues, exhibit visco-
elasticity to varying degrees.

Noncrystalline or semicrystalline polymers and glasses exhibit free volume
and a glass transition temperature (Tg) due to the inability of relatively large
molecules to organize into a perfectly crystalline network. Below Tg, molecular
motions are restricted by time, and the material exhibits glassy or brittle elastic
behavior. Near Tg, or more precisely within a temperature range surrounding
Tg, the free volume allows some viscous molecular rearrangement and the
material exhibits a viscoelastic response, which becomes increasingly elasto-
meric (nonlinear elastic) with increased temperature above Tg. Near the melting
temperature, elastic deformation is lost and the material exhibits only viscous
flow. Additional background on structure-property relationships – including the
effects of molecular weight, crystallinity, cross-linking, etc. – for noncrystalline
and semicrystalline materials (polymers and glasses) is available in a number of
textbooks [5–8,96]. Hydrated biological tissues can also exhibit viscoelasticity
due to the permeability of the tissue to fluid flow (poroelasticity).

Constitutive models for creep and stress relaxation in viscoelastic materials
utilize numerous combinations of two simple elements used as mechanical
analogs (Fig. 3.9). A spring element models time-independent elastic behavior,
as described in Section 3.2. A dashpot element models time-dependent viscous
behavior as _ε ¼ s=h, where _ε is the strain rate (normal or shear), s is the
applied stress (normal or shear), and h is the viscosity. In polymers, elastic
behavior is due to strong covalent intramolecular bonds, while viscous behavior
is due to weak intermolecular van der Waals bonds. Thus, the viscoelastic
behavior of thermoplastic polymers lies somewhere in-between these two
extremes.

The classic Maxwell model combines a spring and dashpot in series to
model viscoelastic stress relaxation, but the prediction of Newtonian flow
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during creep or strain recovery is not realistic, and stress relaxation does not
necessarily decay to zero (Fig. 3.9c). Conversely, the classic Kelvin or Voigt
model combines a spring and dashpot in parallel to model viscoelastic creep,
but stress relaxation is not possible and creep deformation may be erroneous at
short times (Fig. 3.9d). By combining the strengths of the Maxwell and Kelvin
models, the standard linear solid model (a.k.a., the three-parameter model)
provides a good approximation of both creep and stress relaxation for the most
linear viscoelastic polymers (Fig. 3.9e), although the stress relaxation may be
more rapid than reality as has been shown for bone tissue [97]. In each of the
above models, creep and stress relaxation are most accurately modeled by an
exponential rise and decay, respectively, characterized by a time constant or
relaxation time (s), which is a function of spring stiffness and dashpot
viscosity. The Burgers model (a.k.a., four-parameter model) also combines the
Maxell and Voigt models in series and is popular. The generalized Maxwell
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model combines a spring in parallel with n Maxwell elements, and the
generalized Kelvin model combines a series of n Kelvin elements such that
n ¼ 4 to 6 is sufficient to fit the stress relaxation and creep of nearly any data.
However, models with more than several parameters become physically less
meaningful, beyond experimental capabilities, and increasingly difficult to
calculate.

Reliable creep (see also Section 3.4.3.2) and stress-relaxation [98,99]
characterization requires particularly well-defined specimens (see Section 3.3),
precise instrumentation (see Section 3.4.1) suitable for small deformations and
low rates, and precise control or monitoring of temperature and humidity (see
Section 3.5). Specimens are typically preconditioned at the highest temperature
to be analyzed by applying the maximum load for the maximum time period,
followed by unloading to allow recovery over a period 10 times longer than the
loading period, and repeating this procedure until achieving reproducible
behavior. Preconditioning promotes fully recoverable deformation and erases
memory of prior thermomechanical history. Due to the likelihood of relatively
large strains in viscoelastic materials, load levels should be chosen or altered
such that the specimen cross-section remains under constant stress. Step loads
and deformations are typically applied in uniaxial tension, uniaxial compres-
sion, bending, or torsion [98]. Compression can be problematic due to buckling
or barreling, and bending can be problematic due to nonuniform stress/strain.
However, bending can be advantageous for load fixtures, applying small loads,
and measuring small strains by amplified deflections. In torsion, shear stress
and strain can be substituted in Fig. 3.9 in place of normal stress and strain [97].
A strain rate that is too high may result in damped vibrations in a creep
experiment, while a low strain rate may result in a low, noninstantaneous stress
for stress relaxation. Acceptable deviation from the assumption of an initial
instantaneous stress or strain should be compensated by shifting to (Fig. 3.9) to
the point where the maximum strain or stress, respectively, is achieved in
a creep or stress relaxation test [98,99]. Finally, creep tests should be performed
over a sufficient time scale to examine the possibility of accelerated creep at
long times or nonlinear viscoelasticity requiring corresponding constitutive
equations [96].

A full understanding of viscoelastic behavior requires testing over a wide
range of time (or frequency) and temperature. Fortunately, time–temperature
equivalence may be used to measure, for example, creep or relaxation data over
a short time period at several temperatures, enabling the effective response to
be known over several orders of magnitude of time [5,96]. Experimental
characterization may not only utilize transient measurements of creep and
stress relaxation, as described above, but also cyclic loading, which will be
discussed in the following section. Creep and stress-relaxation tests are con-
ducted at low frequency (<1 Hz), while higher frequency analysis may employ
free or forced oscillations (10�2 to 102 Hz, e.g., DMA), resonant vibrations
(102 to 104 Hz), and wave propagation (>104 Hz).

77Chapter j 3 Mechanical Characterization of Biomaterials



3.4.4. Frequency and Time-Dependent Behavior

The frequency of loading, or cyclic loading, is another aspect of time-depen-
dent behavior which is also critical for mechanical characterization of
biomaterials. Biomaterials and biomedical devices are typically subjected to
cyclic mechanical loading in service due to repetitive voluntary activities, such
as running or walking, and involuntary muscle contractions, such as in the
cardiovascular system. Cyclic loading can lead to fatigue deformation and
fracture, as well as creep and stress relaxation in viscoelastic materials.

3.4.4.1. Cyclic Loading and Fatigue

Cyclic mechanical loading can lead to fatigue failure at significantly lower
stress levels than would be expected to cause failure under quasistatic loading.
Fatigue can be divided into a three-stage process including (I) crack initiation
at local stress concentrations due to defects and microstructural inhomogene-
ities (e.g., inclusions, grain boundaries, pores, surfaces, etc.), (II) crack growth
when a stage I crack reaches a critical size, and (III) fatigue fracture when the
remaining uncracked cross-sectional area is unable to sustain the maximum
applied tensile stress in a loading cycle. Predictive methods for fatigue failure
primarily consider stage II crack growth rates, as described below. Examination
of fatigue failure surfaces reveals beachmarks that are visible to the naked eye
and show intermittent bursts of crack growth due to discontinuous loading, and
striations, which are visible with an electron microscope and show increments
of crack growth for each loading cycle during stage II (Fig. 3.10).

Fatigue tests specify a waveform, frequency, cyclic stress (stress-
controlled) or strain (strain-controlled) levels, loading mode, and test duration.
Sinusoidal waveforms (Fig. 3.11a) are most commonly employed due to the
relative ease of controlling gradual changes in stress/strain. However, a square
or triangular waveform may be employed when impulse loading or a constant
strain rate, respectively, is necessary, but can pose greater difficulty with
control. In all cases, additional precautions must be taken to properly calibrate
load cells for cyclic loading [100]. Moreover, most test instruments utilize
proportional-integral-derivative control systems that must be properly tuned for
the desired waveform and frequency [101]. The loading frequency may range
from 10�2 to 102 Hz, but is most commonly of the order of 1 Hz for bioma-
terials and biomedical devices as this frequency is similar to that of walking or
a beating heart. Greater frequencies may be employed for accelerated tests or
simulating higher levels of activity, but a greater loading frequency for a fixed
stress imposes a greater strain rate. Therefore, the fatigue behavior of the strain
rate-sensitive materials (e.g., viscoelastic materials) will be highly sensitive to
the loading frequency. Moreover, a loading frequency above 5 Hz can result in
the heating and melting of thermoplastic polymers. On the other hand, loading
frequency can be leveraged to measure viscoelastic material properties, as
discussed further in Section 3.4.4.4.
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Cyclic stress (or strain) levels are characterized by the maximum stress
(smax), minimum stress (smin), stress amplitude (sa), mean stress
ðs ¼ ðsmax þ sminÞ=2Þ, stress ratio (R ¼ smin /smax), and stress range
(Ds ¼ smax � smin ¼ 2$sa) (Fig. 3.11a). In fully reversed fatigue, the stress
amplitude oscillates between tensile and compressive stresses equal in
magnitude and the mean stress is zero (R ¼ �1), while tension–tension
fatigue has a mean stress greater than zero (0 < R < 1). Fatigue tests
commonly utilize R ¼ 0.1 such that that specimen is never fully unloaded in
order to avoid slack in loading fixtures, but yet sa z smax [102]. Fatigue
testing of materials normally utilizes fixed stress (stress-controlled) or strain
(strain-controlled) levels, e.g., a constant stress amplitude and waveform [102–
107]. The effects of variable loading amplitude and/or irregular loading history
can be approximated by Miner’s rule [5,7], which may be useful for failure
analysis but is not recommended for biomaterials characterization. Thus,
constant-amplitude fatigue is most useful for biomaterials characterization, and
the following discussion will consider stress-controlled fatigue, although
strain-controlled fatigue is also used and discussed in detail elsewhere [7,108].

The simplest and most common fatigue tests utilize specimens with uniform
cross-section loaded axially (Fig. 3.7), either in tension–tension or fully
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FIGURE 3.10 (a) An optical micrograph

showing beachmarks and (b) an SEM

micrograph showing striations on the

failure surface of a Ti-6Al-4V hip stem

retrieved after fracturing 26 months into

service.
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reversed tension–compression [102–107]. Flexural fatigue testing most
commonly utilizes a rotating beam [109] and cyclic four- or three-point
bending [110]. Rotating beam tests can be useful as a lower cost option for
material screening. Flexural fatigue tests may also be used for the same reasons
described above for quasistatic loading, but are also subject to the same
potential complications and limitations (see Section 3.4.2). Thus, flexural
fatigue may [111] or may not [112] provide a suitable option and should be
used judiciously. Biaxial loading [113,114] and torsion [115] may also be
useful for specific devices but are less common for biomaterials
characterization.
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Degradation, or damage (D), and creep deformation (εcreep) during a fatigue test may be measured

by changes in the secant or tangent modulus (E) and translation of cyclic stress–strain hysteresis

loops during a test, where Dεe is the recoverable elastic strain for each loading cycle. (e,f) Fatigue

crack propagation tests measure the stage II crack growth rate (da/dN) from a pre-existing notch or

crack (ao) for a stress-intensity factor range (DK), where A and m are empirical constants, and Y is

geometric factor for the specimen (see Section 3.2.6).
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3.4.4.2. Fatigue Life and Damage

Fatigue lifetime test data are most commonly reported as an S-N curve, which
plots the stress amplitude (sa) versus the number of cycles to failure (Nf) for
a number of test specimens on log–log or semi-log axes (Fig. 3.11b). The fatigue
life is the number of cycles to failure at a given stress level. The fatigue strength
is the stress corresponding to a given number of cycles to failure. The fatigue
limit is the stress level at which the fatigue failure will never (at least practically
speaking) occur. Thus, an increased stress level results in a decreased fatigue life.
Increasing the mean stress results in a shorter fatigue life for a given stress
amplitude and a lower fatigue limit. Specimens that survive a designated number
of cycles without failure (often 107 or 108) are designated as a run-out, which
often serves as a default fatigue limit, but run-out data points must be excluded
from statistical or empirical analyses of S-N curves. S-N curves are commonly fit
empirically using a power-law (Basquin equation) as sa ¼ sf $N

b
f , where sf is

the fatigue strength coefficient which is comparable to the quasistatic fracture
strength and b is the Basquin exponent, or using other empirical models [116].
Moreover, a number of empirical models (e.g., Goodman, Gerber, Soderberg) can
be used to relate the fatigue limit to the stress amplitude and mean stress [5–8].
Statistical analysis of fatigue life and fatigue strength data typically requires the
use of a logarithmic distribution or nonparametric tests [103,116]. Since fatigue
behavior is inherently variable and sensitive to defects, confidence intervals are
often reported for S-N data [103,105,116]. Furthermore, aWeibull analysis for the
probability of failure is often very useful for characterizing fatigue life and fatigue
strength data [107,116,117], including data sets with run-out specimens, similar
to methods used for quasistatic fracture strength (Section 3.2.6).

The presence of a stress concentration can significantly decrease the fatigue
life of a material, similar to the effects previously described for strength and
fracture toughness (Section 3.2.6). Therefore, the above methods may also be
applied to testing notched specimens. The behavior of notched versus un-
notched specimens is characterized by a fatigue notch factor, kf ¼ sa/
sa,notched, where sa and sa,notched are the stress amplitudes or fatigue strengths
for the un-notched and notched specimens, respectively, at the same number of
loading cycles. Metals and polymers that are otherwise ductile can exhibit
a shorter fatigue life and more brittle behavior in the presence of a notch or
stress concentration [109,118,119].

Mechanical properties are degraded during the course of a fatigue test, as
evidenced from changes in the stress–strain hysteresis loops (Fig. 3.11c). The
secant or tangent modulus (E) may decrease due to various damage processes,
including microcracking in quasi-brittle materials (e.g., bone [112,120,121]
and acrylic bone cement [117]), or cyclic softening and void formation
(including crazing) in ductile materials. Note that while most metals and alloys
exhibit cyclic softening, some ductile metals can exhibit cyclic hardening.
Moreover, crazing can also lead to an increased modulus early in the fatigue life
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of thermoplastics due to orientation strengthening [111]. A damage parameter
can be defined as D ¼ 1 � E/Eo, where is Eo is the initial secant or tangent
modulus, such that the amount and rate (dD/dN) of damage accumulation can
be measured during a test as a function of the number of cycles or fatigue life
(Fig. 3.11d) [120,121]. In stress-controlled fatigue, the entire hysteresis loop
may also translate to higher strains indicative of a permanent creep strain
(εcreep) (Fig. 3.11c), which may also be measured as a function of the number of
cycles [111,112,121–123]. Finally, strain energy dissipation can be measured
by the area of the hysteresis of each loading cycle (Fig. 3.11c), due to processes
such as microcracking, plasticity, adiabatic heating, etc., and may also be
measured as a function of the number of cycles [111,120].

3.4.4.3. Fatigue Crack Propagation

Fatigue crack propagation integrates fracture mechanics concepts with fatigue
in order to characterize the stage II crack growth rate. Standardized specimens
(e.g., compact tension) are precracked (see Section 3.3.2), and crack growth
(da) is measured as a function of loading cycles (N) using a traveling micro-
scope, specimen compliance, and/or electrical resistance [23,124]. The crack
growth rate increases throughout the fatigue lifetime until failure, and increased
stress levels increase the crack growth rate at a given number of cycles
(Fig. 3.11e). Fracture mechanics is integrated by calculating a stress intensity
factor range (DK ¼ Kmax � Kmin) from the stress range (see Section 3.2.6).
The stress intensity factor range is related to the crack growth rate by the Paris
Law, da/dN ¼ A$DKm, where A and m are empirical constants dependent on
the material properties, environment, loading frequency, and stress ratio [23].
The exponent is usually in the range of 2 < m < 10. A log–log plot of da/dN
versus DK reveals the three stages of fatigue described above (Fig. 3.11f),
initiated by a threshold stress intensity range (DKo) for fatigue crack propa-
gation and ending with fracture as Kmax approaches KIc, although typically only
stage II is plotted. An increased stress ratio results in increased da/dN (or m)
and decreased fatigue life. Once the empirical constants of the Paris Law are
known, the fatigue life can be predicted by integrating the Paris Law from an
initial to final crack length [5–8,23]. Moreover, the striation spacing (s)
measured from electron micrographs of failure specimens or retrievals can be
used to estimate or confirm DK as s ¼ As$(DK/E)

2, where As is the Bates–
Clark constant, which is a material-dependent empirical constant [125,126].
Finally, the stress intensity range in fatigue crack propagation tests can be
modified to account for plasticity using plastic-zone size correction factors or
the J-integral [23], similar to fracture toughness measurements, and the Paris
Law can also be modified to account for combined creep [127].

3.4.4.4. Dynamic Mechanical Analysis

Cyclic loading of a viscoelastic material will result in a time delay or phase shift
between the applied stress and strain response. DMA utilizes this behavior to

82 Characterization of Biomaterials



characterize the viscoelastic properties of materials, typically polymers
[5,96,128]. A sinusoidal stress takes the form, s(t) ¼ so$sin(ut þ d), where t
is time, u is the angular frequency (u ¼ 2pf) in rad/s, f is the ordinary
frequency in Hz, and d is the phase angle of the time delay for the lagging strain
response, ε(t) ¼ εo$sin(ut). The stress can be expanded into an elastic in-phase
component reflecting strain energy stored and released, so$cos(d), and a viscous
out-of-phase component reflecting dissipated strain energy, so$sin(d). There-
fore, the storage modulus is measured as E0 ¼ (so/εo)$cos(d); the loss modulus
is measured as E00 ¼ (so/εo)$sin(d); and E

0/E00 ¼ tan(d). The storage and loss
moduli can also be determined as shear moduli (G0,G00). Storage and lossmoduli
for polymers can vary dramatically with changes in the loading frequency and
temperature, enabling determination of the glass transition temperature (as well
as other secondary transitions) and relaxation times, respectively. DMA is
advantageous over creep and stress relaxation tests in obviating the need for long
time periods to measure time constants.

Similar to creep and stress relaxation tests (Section 3.4.3), DMA requires
well-defined specimens, precise instrumentation, precise control or monitoring
of temperature and humidity, and possibly preconditioning [129]. DMA
instruments employ either free oscillation, most commonly using a torsion
pendulum, or forced oscillation in a variety of possible loading modes (uniaxial
tension, compression, torsion, bending, and in-plane shear). The torsion
pendulum is a simple test but limited by decreasing stress/strain amplitude with
time and a dependence of frequency on the material properties. Forced oscil-
lation tests are more complex but also more reproducible and able to investigate
a wider frequency and temperature range.

3.4.5. Nondestructive Tests

Almost all of the preceding tests discussed in this chapter are considered
destructive tests, as the specimen is loaded until failure occurs by permanent
deformation or fracture. While single cycle elastic deformation of a specimen
or DMA could be considered nondestructive, nondestructive testing is usually
used to describe tests that can be performed on a material or device prior to or
during service without any detrimental affect on performance. Nondestructive
tests for mechanical characterization of biomaterials primarily include inden-
tation and ultrasound, and these will be introduced below. Other methods of
nondestructive evaluation are primarily used to detect flaws or aspects of
material structure associated with, and likely causal for, changes in mechanical
properties. Broadly categorized, these methods utilize X-rays (e.g., radiog-
raphy, computed tomography), electromagnetics (e.g., magnetic resonance
imaging, magnetic flux leakage, magnetic particle testing, eddy current
testing), sound and vibration (e.g., ultrasound, acoustic emission, resonance),
visible and infra-red light (e.g., penetrants, interferometry, thermography) to
detect flaws or changes in microstructure [130].
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3.4.5.1. Indentation

Indentation methods utilize an indenter of specified geometry (Table 3.1)
that upon loading and elastic unloading leaves a permanent indentation in
the specimen. Thus, indentation tests could be excluded from a strict defi-
nition of nondestructive testing due to localized permanent deformation
providing a stress concentration that could lead to failure. If used prior to
service, indentations must be verified to not compromise the biomaterial or
device performance, e.g., by placement in locations experiencing little or no
stress in service. Thus, indentation tests have been historically utilized for
quality control, but their utility for biomaterials characterization is primarily
found in sampling small volumes of material and/or characterizing gradients
or heterogeneity in mechanical properties. Moreover, many methods for
specimen preparation prior to indentation tests are also necessarily
destructive.

Indentation tests measure the hardness (H) of a material, which is the
resistance to permanent deformation by the indenter and can thus be correlated
with the yield strength (e.g., H z 3$sy for many metals), elastic modulus,
and other mechanical properties [131]. A number of different indenters,
corresponding hardness scales, and common applications are summarized in
Table 3.1. Spherical indenters (Hertzian contact) and spheroconical diamond
indenters are used with relatively high applied loads for traditional Brinell and
Rockwell hardness tests for bulk material properties [132–134]. Brinell tests
measure the “true hardness” as the ratio of applied load to the projected contact
area (Ac) of the indentation, but produce large indentations requiring large
loads. Rockwell tests have enjoyed decades of commercial popularity due to
providing rapid, reliable results, a small indentation area, and a wide range of
scales (A, B, C, D, etc.) suitable for almost all materials. However, Rockwell
hardness is measured as a nondimensional number corresponding to the
difference in the depth of indenter penetration between an applied load and
a preload, after a specified hold time, and must be empirically converted to true
hardness [135].

Microhardness tests are particularly useful for sampling a small volume of
material (e.g., films, coatings, and microstructural features) and/or character-
izing gradients or heterogeneity in mechanical properties at the microscale.
Knoop and Vickers hardness utilize sharp diamond pyramid indenters
(Table 3.1) that require much lower loads and leave indentations requiring an
optical microscope for measuring the indentation size [136–138]. Knoop and
Vickers can also be used at higher loads to characterize bulk material hardness
and to characterize anisotropy via differences in indentation diagonal lengths
relative to the specimen orientation. Knoop indenters are well suited for
measuring hardness in brittle materials due to producing a small indentation
depth. Conversion tables are available for relating Brinell, Rockwell, Knoop,
and Vickers hardness, but are material-specific [135]. Brinell, Knoop, and
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TABLE 3.1 Common Indenters, Hardness Scales, and Applications for the Mechanical Characterization of Materials by

Indentation and Instrumented Indentation

Indenter Type/Hardness

Scale a P Indent H Ac

Common

Applications

Sphere

(Hertzian)

WC or steel

D ¼ 1, 2.5, 5,

10 mm (Brinell)

n/a 1e3000 kgf
d1

d2

BHN ¼ 2P

pd$ðD �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2 � d2
p

Þ
pðD$hc � h2c Þ Ductile metals

polymers

WC or steel

D ¼ 1/16,1/8,

1/4, 1/2 in

(Rockwell

B,E,F,G,K,L,M,R)

n/a 60e150 kgf
d1

d2

HRX ¼ 130� ðhc=0:002Þ pðD$hc � h2c Þ Ductile metals

polymers

Spheroconical

diamond

(Rockwell

A,C,D)

60� 60e150 kgf HRX ¼ 100� ðhc=0:002Þ ph2c$tan
2ðaÞ Hard metals

ceramics

Diamond

pyramids

Knoop a1 ¼ 86.25�

a2 ¼ 65�
1e120 kgf

(macro)

1e1000 gf (micro)

d1 d2 KHN ¼ 2P

d2
1 $cotða1Þ$tanða2Þ

2h2c$tanða1Þ$tanða2Þ Hard metals

ceramics

microhardness

(Continued )

8
5

C
h
ap

terj
3

M
ech

an
ical

C
h
aracterizatio

n
o
f
B
io
m
aterials



TABLE 3.1 Common Indenters, Hardness Scales, and Applications for the Mechanical Characterization of Materials by Indentation

and Instrumented Indentationdcont’d

Indenter Type/Hardness

Scale a P Indent H Ac

Common

Applications

Vickers 68� 1e120 kgf

(macro)

1e1000 gf (micro)

~10 nN e 10 N

(nano)

d2

d1
VHN ¼ ð2P=d2Þ$sinðaÞ
Hnano ¼ P=Ac

4h2c $tan
2ðaÞ Hard metals

ceramics

microhardness

toughness

nanoindentation

Berkovich 65.3� ~10 nN e 10 N Hnano ¼ P=Ac 3
ffiffiffi

3
p

$h2c$tan
2ðaÞ Nanoindentation

Cube corner 35.3� ~10 nN e 10 N Hnano ¼ P=Ac 3
ffiffiffi

3
p

$h2c$tan
2ðaÞ Nanoindentation

toughness

Circular flat punch hardened

steel D ¼ 0.25e1.5 mm

90� ~10 nN e 10 N

d

Hnano ¼ P=Ac pd2=4 Viscoelastic

and/or highly

compliant

materials

D is the indenter diameter, a is the angle between the vertical centerline and contact face(s) of the indenter, P is the applied load, d1 and d2 are orthogonal measurements of the

indentation diameter or diagonal, d is the mean indentation diameter or diagonal,H is hardness, BHN is the Brinell hardness number,HRX is the Rockwell hardness number for

any scale (X ¼ A, B, C, D, etc.), KHN is the Knoop hardness number, VHN is the Vickers hardness number, Hnano is the hardness measured by nanoindentation, Ac is the

projected contact area of the indentation, and hc is the indentation depth.

8
6

C
h
aracterizatio

n
o
f
B
io
m
aterials



Vickers hardness are typically reported in MPa by multiplying units of kgf/mm2

by 9.807 m/s2.
There has been a resurgence of interest in indentation tests over the last 20

years due to the development of instrumented indentation and nanoindentation
[139–141]. Rather than simply applying a fixed load, instrumented indentation
enables load and displacement measurement throughout loading and elastic
unloading of the indenter. Therefore, a reduced modulus (Er) for the specimen
and indenter materials can be measured as (S/2b)$(p/Ac)

1/2, where S is the
unloading stiffness measured by taking the derivative of a nonlinear least-
squares power-law fit to the unloading curve at Pmax, b is a nondimensional
parameter used to account for any deviations from the ideal solution (e.g.,
b z 1.034 for a Berkovich indenter), and Ac is the projected contact area of
the indention [139]. The contact area is calculated from the ideal indenter
geometry as a function of the contact depth (hc), using the equations in Table
3.1 [140]. The contact depth is calculated as hc ¼ hmax � (ε$Pmax)/S, where
hmax is the indenter depth at Pmax and ε is a geometric constant (ε z 0.75 for
most indenters) [139]. Note that the equations for Ac in Table 3.1 are ideal and
are calibrated in practice to account for the indenter tip rounding and other
deviations [139]. The indentation modulus (Ei) of the specimen can be deter-
mined from the reduced modulus using the relation, 1=Er ¼ ð1� n2Þ=
Ei þ ð1� n2I Þ=EI , where n is Poisson’s ratio of the specimen material, and nI
and EI are the Poisson’s ratio and elastic modulus of the indenter material. For
diamond, nI ¼ 0.07 and EI ¼ 1141 GPa. If Poisson’s ratio is not known for
the specimen material, the plane strain indentation modulus can be reported as
E0
i ¼ ð1� n2Þ=Ei.
The use of sharp diamond indenters (Berkovich, cube corner, and Vickers)

combined with precise instrumentation and control (via electrostatic or elec-
tromagnetic actuation and capacitive or inductive transducers) enables nano-
scale resolution within the range of both the applied load (~10 nN – 10 N) and
indentation depth (~1 nm – 20 mm), hence the term “nanoindentation.” Nano-
indentation hardness (Hnano) is thus measured as Pmax/Ac (Table 3.1). The
three-sided Berkovich and cube-corner indenters are more readily machined to
a sharp tip compared to Vickers and Knoop indenters, making them best suited
for instrumented nanoindentation, as well as imaging and mechanical charac-
terization using atomic force microscopy.

In all indentation tests, the indenter material must have greater hardness
than the specimen material. An appropriate load must be selected based on the
specimen material, indenter type, and hardness scale (Table 3.1). The size of
the indentation (depth) can influence the measured hardness or modulus and
should thus be controlled and documented for comparison of results, regardless
of whether the size effect is artifactual or real. The applied load is also always
held for a specified period of time to remove or control effects of strain-rate
sensitivity or creep. Other important requirements include flat specimen
surfaces, surface roughness less than 10% of the indentation depth, a specimen
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thickness at least 10-times the indentation depth, spacing between the center of
indentations and the specimen edge of at least 2.5 indentation diameters, and
spacing between the center of indentations of at least 3 indentation diameters,
although the recommended indentation spacing varies slightly between stan-
dards [132,133,136–138].

Indentation can also be used to characterize viscoelastic and compliant
biomaterials. Durometer hardness is used to characterize the bulk hardness of
viscoelastic and elastomeric polymers [142]. Creep and stress relaxation time
constants can be measured by varying holding times (typically 3–120 s),
loading and unloading rates, or by fitting data to viscoelastic models (see
Section 3.4.3.3) [97,141]. Dynamic nanoindentation may also be used to
measure the storage and loss moduli [140]. A spherical or circular flat punch
indenter (Table 3.1) may be useful for characterizing viscoelastic and highly
compliant biomaterials [143,144]. Note that fluid cells are also available to
maintain specimens in a hydrated environment.

Indentation testing has also been used to measure indentation fracture
toughness in relatively brittle materials. A sufficiently high load applied to
a Vickers indenter in a brittle material was observed to result in cracks prop-
agating away from indentation edges at and below the surface as “half-penny”
cracks. Numerous solutions have been proposed and used for Vickers inden-
tation fracture toughness (Kc,i) but the most common is Kc,i ¼ 0.16$P$
(E/H)1/2$(co)

�3/2, where P is the applied load, E/H is the elastic modulus to
hardness ratio, and co is the radius of the half penny crack measured at the
specimen surface from the center of the indent to the crack tip [145,146]. The
E/H ratio can be experimentally measured on the same specimen using Knoop
indentations as E/H ¼ 0.45/(0.14 � d2/d1), where d2 and d1 are the short
and long diagonals, respectively, of the indentation [147]. The lower center-
line-face angle (a) of a cube corner indenter relative to a Vickers indenter
results in crack formation at lower loads and thus smaller indentations.
Therefore, cube corner indenters have also been used for measuring inden-
tation fracture toughness with similar equations [145]. However, indentation
fracture toughness measurements are not equivalent to plane strain fracture
toughness (KIc), are subject to large errors, and are difficult to perform in
a hydrated environment [145]. Therefore, indentation fracture toughness
should be used cautiously and only compared between tests using identical
methods and similar materials. Nonetheless, indentation fracture toughness
can occasionally be useful for materials and situations where plane strain
fracture toughness measurements are not possible due to the available spec-
imen size, or for characterizing heterogeneity over small distances, provided
that results are treated as semiquantitative.

In summary, indentation testing enables the mechanical characterization of
biomaterials at spatial scales not possible by other methods. However, there are
also a number of inherent limitations for indentation testing. (1) Hardness is an
aggregate property reflecting the effects of a number of material properties.
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(2) Indentation tests tend to produce semiquantitative results due to the need for
approximations and correction factors to describe the true indentation shape.
(3) Indentations tests are highly sensitive to the indenter geometry and test
parameters. Therefore, instrument calibration is critical using test blocks for
hardness and microhardness, and using detailed procedures for instrumented
nanoindentation that are described elsewhere [139,140]. Finally, material
properties (e.g., Ei) measured by indentation should not be treated as equivalent
nor directly compared between different indentation methods or with other test
methods.

3.4.5.2. Ultrasound

Ultrasound is primarily thought of as an imaging technique, but ultrasonic wave
propagation can also be used to measure the elastic constants, or stiffness
coefficients, of a material nondestructively and precisely [148]. Thus, elastic
anisotropy can be characterized on a single specimen [149,150], whereas
destructive tests require multiple tests (e.g., uniaxial tension and torsion) on
multiple specimens to fully characterize anisotropy. The high frequency of
ultrasound ensures purely elastic deformation, even in viscoelastic materials.
Ultrasound can also be used with small specimens (mm-scale) [151], enabling
the characterization of gradients or heterogeneity in the magnitude and
anisotropy of elastic constants at the mesoscale [152]. Moreover, scanning
acoustic microscopy can be used to generate acoustic images with up to 1 mm
spatial resolution on thin, planar specimens [153]. Finally, ultrasound is well-
suited for testing biomaterials and tissues in a hydrated environment.

Ultrasonic waves are generated and received by piezoelectric transducers
operating in the kHz–MHz range. The transducer frequency should be chosen
considering the specimen size and material properties. The minimum specimen
distance that can be resolved is n$l/2, where n is the number of wavelengths, l
is the wavelength (l ¼ v/f), v is the wave velocity, and f is the frequency [154].
Waves may be continuous [150], or pulsed [149,151,152] to generate an intense
burst to aid detection. The pulse width is the most critical parameter governing
the minimum specimen distance that can be resolved [154]. The “through-
transmission” method uses two transducers to separately transmit and receive
the wave on opposite sides of the specimen (Fig. 3.12a). The reflection
(“pulse-echo”) method uses a single transducer to transmit and receive a wave
after reflecting on the opposite specimen surface. Transducers can generate
either normal (a.k.a., longitudinal) or shear (a.k.a., transverse) waves
(Fig. 3.12b). Signal transmission from the transducer to the specimen is aided
by using a liquid couplant. Water generally suffices for normal waves, which is
advantageous, if not necessary, for biomaterials characterization. However,
shear waves typically require a high-viscosity couplant, such as honey, glyc-
erin, or propriety products, which are water soluble and are readily removed
from the specimen surface after testing.
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The use of normal and shear waves propagating in various specimen
directions can be used to directly measure all the elastic constants of an
orthotropic material (see Section 3.2.5) using the equations in Fig. 3.12c. The
wave velocity (v) for a normal or shear wave is measured by the time delay (Dt)
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FIGURE 3.12 Characterization of anisotropic elastic constants using the pulse transmission

method for ultrasonic wave propagation between two transducers: (a) Schematic diagram showing

the time delay (Dt) for transmission of an ultrasonic wave pulse through a specimen as measured

on an oscilloscope. (b) Schematic diagram showing the propagation of normal (or longitudinal)

and shear (or transverse) waves in a specimen by corresponding ultrasonic transducers and the

calculation of the wave velocity (v), where Dx is the specimen distance traversed by the wave. Note

that the directions of wave propagation and displacement are coincident for normal waves but

orthogonal for shear waves (vi,j), where i is the direction of wave propagation and j is the direction

of displacement. (c) Equations used to measure all elastic constants (Cij) in an orthotropic material

and to test the condition of orthotropy, where r is the apparent density of the specimen material,

vij,ij is the velocity for wave propagation in the ij direction and displacement in the ij plane, and vij,k
is the velocity for wave propagation in the ij direction and displacement in the k direction.
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for wave transmission through the specimen (Fig. 3.12a) in a particular
direction over a distance, Dx (Fig. 3.12b). The distance traversed by the wave is
usually measured by digital calipers, and the time delay is measured using an
oscilloscope connected to the transducers and wave signal generator. The
general solution for elastic wave propagation in a one-dimensional solid is
C ¼ r$v2, where C is the elastic constant or stiffness coefficient, r is the
apparent density of the specimen material, and v is velocity of a normal or shear
wave in the appropriate specimen direction and orientation (Fig. 3.12c). The
apparent density of the specimen is typically measured by Archimedes prin-
ciple using standardized methods [155,156]. Engineering constants (elastic
moduli, shear moduli, and Poisson’s ratios) can be extracted from the
compliance tensor (S) after inverting the measured elastic constant tensor
[6,149,150].

The advantage of nondestructive characterization is also the cause of the
main limitation of ultrasound, which is that only elastic constants (or moduli)
can be measured. Moreover, while ultrasound is nondestructive for the spec-
imen, measurements of elastic heterogeneity and anisotropy typically require
destructive sectioning of the device or a larger sample. Parallel specimen
surfaces are required for both the through transmission and reflection tech-
niques. The most fundamental and common methods for ultrasonic mechanical
characterization of material were described above, but many other methods are
available for mechanical characterization, including oblique through trans-
mission, ultrasonic wave attenuation, ultrasonic resonance spectroscopy,
Rayleigh and Lamb surface waves, etc. [148], as well as the closely related
technique of acoustic emission.

3.5. ENVIRONMENT

Tabulated mechanical properties of engineering materials are typically char-
acterized in air at ambient temperature and pressure. However, biomaterials are
typically subjected to various sterilization methods prior to service and an
aqueous physiological environment in service. Therefore, mechanical charac-
terization of biomaterials often warrants the consideration of temperature,
pressure, aqueous media containing various chemicals, and irradiation, which
may each lead to degradation of mechanical properties.

3.5.1. Temperature and Pressure

Deviation from ambient temperature and pressure may occur due to any of
three common extremes. Implantable biomaterials function at body tempera-
ture (37 �C) in service. Steam sterilization occurs in an autoclave at tempera-
tures and pressures up to 134 �C and 207 kPa, respectively. Biomedical
materials that may be subjected to steam sterilization includes not only the
materials used in implantable devices and surgical instruments but also the
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materials used in cases, trays, and packaging for the implantable devices and
instruments. Finally, cryopreservation occurs at temperatures as low as
�196 �C. Typically only cells and tissues are subjected to cryopreservation, but
biomaterials may also be used for packaging and as a cryoprotectant or cell
carrier.

Increased temperature typically results in a decreased elastic modulus and
strength, but increased ductility and toughness, with the opposite effects for
decreased temperature. These effects are typically small for short-term expo-
sure and small temperature differences, but can become significant near
the melting temperature or glass transition temperature of a material.
Long-term- or cyclic exposure to elevated temperature may result in creep of
low melting temperature and viscoelastic materials, thermal degradation of
polymers, increased crystallinity of polymers, or accelerated chemical degra-
dation of materials. In general, polymers are more sensitive to temperature
[157] than metals, and ceramics are least sensitive to temperature. However,
select polymers such as polyphenylsulfone are routinely used for non-
implantable devices subjected to more than a 1000 steam sterilization cycles
without loss of mechanical properties. Hydrostatic pressure can increase the
elastic modulus, strength, and more significantly, the ductility of materials, but
is most likely of secondary importance relative to the effects of temperature.

Biomaterial specimens may be subjected to elevated temperature in an
oven, elevated temperature and pressure in an autoclave, or low temperature in
a refrigerator or freezer either continuously or cyclically prior to mechanical
characterization. In situ testing requires a test instrument outfitted with
a temperature-controlled fluid bath, oven, or environmental chamber. Envi-
ronmental chambers are commercially available to facilitate in situ testing and
thermal cycling ranging from roughly liquid nitrogen temperatures to several
hundred degrees Celsius. Conditions should be carefully documented and
standardized whenever possible [157].

Shape-memory alloys (e.g., Nitinol) and polymers are designed to
undergo reversible changes in shape and mechanical properties (elastic
modulus) upon temperature change and thus warrant special considerations
for the mechanical characterization [158]. For example, Nitinol endovas-
cular stents are designed to be easily deformed and placed into a delivery
system at or below ambient temperature, but expand and exhibit superelastic
properties when heated above the transformation temperature (typically
30�C) during implantation.

3.5.2. Aqueous Media

Exposure to aqueous media is generally detrimental to mechanical properties
and thus used to provide a more realistic appraisal of performance in a physi-
ological environment. Specific effects on mechanical properties are numerous
and can only be introduced here. Common media utilized for mechanical
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characterization of biomaterials include water, PBS, calcium-supplemented
media, and FBS or synovial fluid [159–161].

Exposure to water or a humidified atmosphere may be important to char-
acterize the effects of water uptake (swelling), interfacial degradation, and
hydrolytic degradation [157,159–161]. The uptake of water in a hydrophilic
biomaterial may be desirable and essential to mechanical and biological
functions (e.g., soft contact lens or tissue graft). Mechanical characterization of
biological tissues should always take place while fully hydrated. Hydration
generally leads to decreased elastic modulus and strength, but increased
ductility and toughness in such materials. For example, characterization of
dehydrated collagenous tissue and scaffolds results in increased stiffness
(modulus) and decreased toughness compared to characterization while
hydrated [162,163]. On the other hand, the uptake of water into a synthetic
biomaterial, either in bulk or at interfaces (e.g., between the matrix and fiber
reinforcements), can also cause swelling or form voids that act as a precursor to
mechanical failure. The combination of water uptake, corrosion, and stresses in
metals can lead to stress corrosion cracking, which will be discussed further
below. The combination of water uptake and stresses can lead to environmental
stress crazing or cracking (ESC) in polymers and interfacial degradation in
composites. Polymers and some ceramics may also intentionally (e.g., poly-
a-ortho esters such as polylactide, polyglycolide and copolymers thereof, and
calcium phosphates) or unintentionally degrade by hydrolysis. In polymers,
ESC acts to degrade intermolecular bonds, while hydrolytic degradation
degrades intramolecular bonds.

PBS provides ionic species (Na, K, Cl, and phosphates), which maintain
constant pH (7.4) and more closely match levels found in the human body
[159–161]. The presence of these salts can accelerate corrosion of metals.
Corrosion can lead to pits and other defects that act as stress concentrations,
leading to premature failure. Moreover, internal variations in stress due to
applied bending, stress concentrations, and residual stresses can lead to
differences in electrochemical potential, which further accelerates corrosion via
galvanic corrosion. Thus, corrosion can have a profound effect on fatigue and
wear such that the combined effect is much greater than either effect alone. The
combination of corrosion and fatigue can eliminate the presence of a fatigue
limit entirely.

Calcium-containing media is used here to describe various media con-
taining similar salts as PBS with the addition of calcium salts. Examples
include synthetic body fluid and variations of minimum essential medium (e.g.,
Dubecco’s modified Eagle medium, DMEM), where the latter also includes
various vitamins and amino acids. These media may be used to examine
desirable (e.g., calcification of polymer scaffolds for bone tissue) or undesirable
(e.g., calcification of cardiovascular biomaterials) calcification of biomaterials.
For example, calcification of artificial and bioprosthetic heart valves occurs
synergistically in highly stressed regions resulting in loss of function due to
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increased biomaterial rigidity and possibly mechanical failure or thrombosis
[164].

FBS provides a rich variety of proteins found in blood plasma, which may
interact with biomaterial surfaces. Protein surface adsorption guides the
response of cells to biomaterials, and is thus important for mechanical char-
acterization of the interface between a biomaterial and cells/tissue in an in vitro
or in vivo study. Synovial fluid provides a replication of the proteins and
concentrations present in joint capsules and is thus used exclusively for
simulated in vivo wear testing, described in Chapter 7. Protein-containing
media may more accurately mimic the physiological environment, but also
requires significantly greater expense and care. Without proper care, protein
solutions may degrade, coagulate, or become colonized by bacteria during the
course of a test, which may compromise the test entirely.

Other less common but potentially important considerations also deserve
mention. Exposure to lipids may lead to swelling and degradation in otherwise
stable biomaterials. For example, the fatigue properties of polysulfone were
found to be degraded in the presence of lipids despite otherwise excellent
mechanical properties for cardiovascular and load-bearing orthopaedic devices
[165,166]. Cells and bacteria can produce an acidic microenvironment that may
enhance the corrosion of metals or the degradation of some polymers and
ceramics. For example, initial polyurethane insulation on pacemaker leads was
highly resistant to hydrolytic degradation but often failed prematurely due to
ESC initiated by direct surface oxidation mediated by a combination of host
phagocytic cells and metal ions released from the conductor.

Degradation that is intended or unintended is often investigated by sub-
jecting biomaterial samples to elevated temperature, elevated pressure, and/or
aqueous media for a period of time before testing [4,157,159–161]. These tests
are necessarily laborious and time intensive. Therefore, tests may be acceler-
ated using greater than physiological levels with proper validation.

Biomaterial specimens may be subjected to any of the above aqueous
media for a defined period of time prior to mechanical characterization. In situ
testing requires a test instrument outfitted with a fluid bath or environmental
chamber. Simultaneous exposure to elevated temperature and/or pressure may
require a temperature-controlled fluid bath or autoclave. Sterile conditions
may need to be maintained for media-containing biological molecules (e.g.,
DMEM or FBS). When the use of nonsubmersible transducers (e.g., clip-on
extensometer) prevents the use of a fluid bath during testing, hydration may be
adequately maintained over a short time period using a gravity-fed drip with
a catch basin.

3.5.3. Irradiation

Sterilization by gamma or electron beam irradiation may be advantageous over
steam sterilization. However, ionizing radiation can cause cross-linking or
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oxidative chain scission in polymers resulting in significant, potentially dele-
terious, changes to mechanical properties. For example, gamma irradiation in
air was discontinued for sterilization of UHMWPE orthopaedic implants due to
evidence of oxidative chain scission and long-term mechanical degradation
[167]. However, gamma irradiation has also been used to cross-link UHMWPE
for improved wear resistance, but highly cross-linked UHMWPE incurs a loss
of tensile strength, ductility, toughness, and fatigue resistance [168]. Due to the
long-term nature of irradiation damage, accelerated aging conditions are often
utilized prior to mechanical characterization.

3.6. DATA ACQUISITION AND ANALYSIS

When acquiring signals from transducers (e.g., load cell, LVDT, extensometer,
etc.) for either data collection or system control [48,49], the appropriate data
acquisition rate and bandwidth should consider the strain rate, loading
frequency, and material behavior. The bandwidth reflects the frequency
sensitivity. As a general guideline, the data acquisition rate should not exceed
10-times the bandwidth. An excessive data acquisition rate (oversampling) and
bandwidth can result in unnecessary data and noise, respectively. A low data
acquisition rate (undersampling) and bandwidth can result in the loss or
filtering of meaningful data (e.g., peaks) and potentially incorrect results. For
example, a split Hopkinson bar test for high strain rate testing typically requires
a frequency response of 100 kHz [86].

Nearly all modern digital control and data acquisition systems include user-
friendly software enabling the creation of custom test methods, automatic
calculation of mechanical properties, and generation of reports. However, these
advantages can also cause problems if a negligent user is not aware that the
wrong data are being used for the calculation of a mechanical property.
Unfortunately, I’ve consulted for a client only to determine that a previous
“professional” consulting firm hired to provide accurate data had made this
egregious error. The moral of the story is that one must take care and
responsibility for all that is happening “behind” the user interface window.
Computers and software have not yet replaced the importance of a knowl-
edgeable and skilled test engineer!

Data analysis for the mechanical characterization of biomaterials can be
greatly aided by a few basic statistical methods [169,170]. Force-displacement
or stress–strain data can be fit using linear or nonlinear least squares regres-
sion. The correlation coefficient (R2) provides a measure of the goodness of fit.
Biological systems and interactions with biological systems generally produce
greater variability than most engineering systems. Therefore, analysis of
variance (ANOVA) or regression models should be used to examine whether an
experimental factor (or variable) exhibits a statistically significant influence on
a mechanical property. The criteria for significance are (by convention) taken at
a level of 95% confidence or a p-value less than 0.05. Interactions between
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multiple factors and their relative influence can also be considered statistically
using these methods. In the case of grouped data, post hoc comparisons should
be used after ANOVA has determined that a factor is significant. The t-test is
most common, although Tukey’s HSD test is considered more conservative.
These tests assume that the data are normally distributed. Therefore, data
exhibiting a non-normal distribution or an unknown distribution due to
a small sample size are best examined using nonparametric methods (e.g.,
Kruskal–Wallis ANOVA and Wilcoxon post hoc tests).

ANOVA and post hoc tests indicate whether an effect or difference is
statistically significant, but note that statistical equivalence is an entirely
different matter and should not be claimed. Additionally, in tests where the
measured effect of a variable or the difference between two groups is not
statistically significant, further testing and analysis may be required. Retro-
spective power analysis using the test data can determine whether an effect or
difference could have been measured using a greater sample size and the
number of additional samples needed. The claim that an effect or difference is
“not statistically significant” can only be made when the p-value is greater than
the level of significance and the statistical power is sufficiently high (some-
times taken as greater than 0.80). A prospective power analysis can be
extremely useful in the design of experiments when possible. Given reason-
able estimates of the difference to be detected, error standard deviation, and
level of significance, the statistical power of various sample sizes can be
estimated.

Thorough statistical analysis often requires methods and capabilities
beyond what is available in test instrument control and data acquisition pack-
ages. A number of software packages are commercially available or open
source, ranging from products that are very powerful and comprehensive (e.g.,
SAS, SPSS, R, Matlab) to more user friendly (e.g., JMP, GraphPad, AcaStat).
Specific packages and modules are also available for Weibull analysis, fatigue
crack propagation, and other methods.
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