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Abstract

The mechanical properties of bone are fundamental to the ability of our
skeletons to support movement and to provide protection to our vital or-
gans. As such, deterioration in mechanical behavior with aging and/or dis-
eases such as osteoporosis and diabetes can have profound consequences for
individuals’ quality of life. This article reviews current knowledge of the ba-
sic mechanical behavior of bone at length scales ranging from hundreds of
nanometers to tens of centimeters. We present the basic tenets of bone me-
chanics and connect them to some of the arcs of research that have brought
the field to recent advances. We also discuss cortical bone, trabecular bone,
and whole bones, as well as multiple aspects of material behavior, including
elasticity, yield, fracture, fatigue, and damage. We describe the roles of bone
quantity (e.g., density, porosity) and bone quality (e.g., cross-linking, protein
composition), along with several avenues of future research.
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1. INTRODUCTION

The bones in the human skeleton must meet a diverse set of functional demands, not all of which
are mechanical in nature. Yet, setting aside the biological functions of bone as an organ system
or of the bone tissues that are the main constituents of whole bones, the mechanical behavior
of bone is a multifaceted, broad subject relevant to studies of clinical fractures, development,
adaptation, and healing and regeneration. This review provides a foundation for these areas of
study by summarizing the current state of knowledge on the basic mechanical behavior of bone at
length scales ranging from hundreds of nanometers to tens of centimeters. Recognizing that this
article is not the first to review the mechanics of bone, we intend to present the basic tenets and
to connect them to some of the arcs of research that have brought the field to recent advances.
We have chosen to emphasize what is known about the effects of aging and common diseases on
the mechanical properties of bone, anticipating that this review can serve the needs of researchers
from many disciplines who seek to understand the age- and disease-related bases of bone fragility.

2. MECHANICAL PROPERTIES OF BONE TISSUE

2.1. Cortical Bone

At the scale of 1–10 mm, bone tissue can be categorized into two types: cortical bone (also known
as compact bone or dense bone) and trabecular bone (also known as cancellous bone or spongy
bone). The distinction between these two types of bone tissue can be made largely on the basis
of porosity: Cortical bone has a porosity of 5% to 15%, whereas the porosity of trabecular bone
ranges from 40% to 95%. Cortical bone is found in the diaphysis of long bones and in the form of
a thin shell surrounding the trabecular compartment in the metaphyses and epiphyses. Trabecular
bone is also found in the vertebrae.

2.1.1. Basic material properties. The material behavior of cortical bone is anisotropic. The
strength and tensile/compressive moduli of cortical bone along the longitudinal direction (the di-
rection aligned with the diaphyseal axis) are greater than those along the radial and circumferential
directions (Table 1). Comparatively small differences in these properties have been observed in the
radial versus circumferential direction, suggesting that cortical bone can be treated as a transversely
isotropic material. When loaded in tension along the longitudinal direction, cortical bone exhibits
a bilinear stress–strain response in which a distinct yield point separates a linearly elastic region
and a region of linear hardening that ends abruptly at a fracture strain of less than 3% (Figure 1a).
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Table 1 Elastic, yield, and ultimate properties of human femoral cortical bonea

Longitudinal direction

Elastic modulus (MPa) 17,900 ± 3,900b

18,160 ± 1,880c

Poisson’s ratio 0.62 ± 0.26b

Tensile yield stress (MPa) 71.56 ± 10.19c,f

Tensile yield strain (%) 0.67 ± 0.04c,f

Tensile ultimate stress (MPa) 135 ± 15.6b

92.95 ± 10.07c

Tensile ultimate strain (%) 1.9 ± 0.6c

Compressive yield stress (MPa) 115.06 ± 16.36c,f

Compressive yield strain (%) 0.98 ± 0.09c,f

Compressive ultimate stress (MPa) 205 ± 17.3b

153.59 ± 21.63c

Compressive ultimate strain (%) 1.3 ± 0.3c

Shear modulus (MPa) 3,300 ± 400c

6,070 ± 570c

Shear yield stress (MPa) 40.95 ± 5.16c,f

Shear yield strain (%) 0.87 ± 0.04c,f

Shear ultimate stress (MPa) 65 ± 4.0b

46.31 ± 5.82c

Transverse direction

Elastic modulus (MPa) 10,100 ± 2,400b

5,650 ± 1,610d

6,490 ± 3,220e

Poisson’s ratio 0.62 ± 0.26b

Tensile ultimate stress (MPa) 53 ± 10.7b

Compressive yield stress (MPa) 41.8 ± 19.4d

44.1 ± 21.1e

Compressive yield strain (%) 0.83 ± 0.42d

0.84 ± 0.23e

Compressive ultimate stress (MPa) 131 ± 20.7b

65.2 ± 13.8d

63.1 ± 20.7e

aThe values listed were obtained from mechanical tests performed on specimens with characteristic dimensions on the order
of 1 cm.
bFrom Reference 168.
cFrom Reference 169.
dCircumferential direction (170).
eRadial direction (170).
fCalculated using 0.2% offset.

In contrast, for compressive loading along the longitudinal direction, rapid hardening occurs
after yielding, followed by softening, before failure at approximately 1.5% strain. Cortical bone
specimens loaded in the transverse direction fail in a more brittle manner compared with those
loaded in the longitudinal direction. Measurements of the ultimate strength of the human femoral
bone under various loading modes (Table 1) show that the strength is greatest under compression
in the longitudinal direction and weakest under tensile loading in the transverse direction.
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Figure 1
Stress–strain curves for (a,b) cortical bone tested along the longitudinal direction and (c,d ) trabecular bone
tested along the principal direction. Panels a and c show monotonic tests in tension and compression, and
panels b and d show load–unload–reload tests. Panels a and c are annotated with some basic material
properties. The dashed lines in panels b and d indicate the perfect damage modulus, which is the secant
modulus at the point at which the initial loading ramp is reversed to begin the unloading. Both types of bone
tissue exhibit a reloading modulus that is initially equal to the original Young’s modulus but then decreases
to equal the perfect damage modulus. Modified from References 3 and 80 with permission.

2.1.2. Viscoelasticity. The effect of loading rate on strength and modulus is only moderate, as
a six-order increase in the strain rate raises the modulus only by a factor of two and the strength
by a factor of three (1). During normal physical activities, bone tissue is subjected to strain rates
of 0.1–1.0% strain/s, and the monotonic response of cortical bone can be assumed to have only
minor rate dependency. Yet, the stiffening and strengthening effects that have been observed with
increasing strain rates are still clinically relevant, because strain rates during impact loading can
be more than 10-fold greater than the normal physiological range. Cortical bone is more brittle
at high strain rates, and loading rate also has an effect on the accumulation of damage within bone
tissue (2).
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Figure 2
Microdamage in human vertebrae. (a,b) Linear microcrack. (c,d ) Diffuse damage. Panels a and c were
acquired using bright-field microscopy; panels b and d were acquired using laser scanning confocal
microscopy (stain is xylenol orange). Modified from Reference 111 with permission.

2.1.3. Damage. When cortical bone is loaded past the yield point, degradation of the material
properties occurs (Figure 1b) (3). This is the phenomenological definition of damage. Damage to
cortical bone has also been defined in terms of deterioration in the tissue microstructure and/or
nanostructure, collectively known as microdamage (Figure 2a). The presence of microdamage
in bone was first reported by Frost (4) and is now recognized to be a normal consequence of
physiologic loading (5).

Microdamage may appear as debonding of the proteinaceous–hydroxyapatite composite (such
as debonding of hydroxyapatite aggregates and noncollagenous proteins) or as slippage of the
lamellae along one another or along cement lines (6–8). Both of these microstructural events may
give rise to the residual strains that are observed upon unloading after the specimen has been
loaded past the yield point.

Microdamage is a possible contributor to bone fragility but also a mechanism of toughening.
In vitro mechanical tests have found that microdamage is associated with a decrease in modulus
(9, 10), and a weak inverse relationship between fracture toughness and microdamage density has
been reported (11). Microcrack accumulation increases exponentially with age in cortical bone and
is significantly higher in the bones of women versus men (12, 13). While these collective results
might suggest a prominent role for microdamage in increasing fracture risk, this mechanistic link
has not been established. Moreover, in vitro studies have noted that microdamage can increase
resistance to crack growth (14), particularly if the damage is in the form of linear microcracks
ahead of a larger crack (15).
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Figure 3
(a,b) Crack propagation emanating from a notch (red arrow) in cortical bone. (c) Crack propagation in trabecular bone. Toughening
mechanisms in cortical bone include uncracked ligament bridging ( yellow arrows) and crack deflection (black arrow). Modified from
References 19 and 113 with permission.

2.1.4. Fracture and fatigue. Fracture of cortical bone can occur from repetitive, subcritical loads
(fatigue failure) or from applied loads that cause local stresses exceeding the strength of the tissue.
The fracture toughness of cortical bone has been quantified in terms of the critical stress intensity
factor (Kc) and the critical strain energy release rate (Gc). Values of KIC, the fracture toughness for
so-called mode I loading (tensile loading), range between 2 and 6 MPa

√
m and tend to be lower

for longitudinal than for transverse fracture (15, 16) and to be lower at high strain rates (17, 18).
The anisotropic nature of the fracture toughness of cortical bone is intimately linked to the

toughening mechanisms that are operative in this tissue. Intrinsic toughening mechanisms, such
as sliding of collagen fibrils and nucleation of micro- and nanoscale damage, are defined as those
that confer resistance to microstructural disruptions ahead of the crack tip. Extrinsic toughening
mechanisms, such as crack bridging and crack deflection, reduce the driving force that acts to
propagate the crack. The preferential alignment of osteons in cortical bone provides effective,
extrinsic toughening that is anisotropic—a crack propagating perpendicular to the osteons (trans-
versely oriented crack) is more likely to deflect and twist than is a crack propagating parallel to
the osteon (longitudinally oriented crack)—and thus can explain the anisotropy in fracture tough-
ness (15). In the longitudinal orientation, crack bridging by uncracked ligaments (thin or planar
regions of uncracked tissue that are along the crack path) appears to be the dominant toughening
mechanism (Figure 3) (15). The direction dependency of the contribution of these toughen-
ing mechanisms may also explain the anisotropy in the increase in fracture toughness with crack
growth (a phenomenon known as a rising R curve) (19).

Fatigue loading results in progressive degradation of mechanical properties such as fracture
toughness, modulus, and strength (20, 21). Cortical bone has greater resistance to fatigue failure
in compression than in tension (22) and at higher loading frequencies (23, 24). Fluorescent and
radiopaque stains that label microdamage and larger cracks within the tissue (25, 26) have enabled
more in-depth study of the relationships among microcracking, microstructure, and macroscale
mechanical properties.

2.1.5. Failure under multiaxial loading. Cortical bone can be subjected to multiaxial loading
conditions in the body, especially during traumatic events such as a fall. Multiaxial loading can lead
to more severe reductions in stiffness (27) and fatigue life (28) as compared to uniaxial loading.
However, mixed-mode loading involving mode I (tension) and mode II (shear) is associated with
greater fracture toughness than mode I alone (29). Given that cortical bone is anisotropic and
stronger in compression than tension, isotropic and symmetric failure criteria, such as the von
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Mises criterion, are not capable of describing the multiaxial strength of this tissue. Therefore,
more generalized failure criteria (30–32), such as those based on the Tsai–Wu criterion, have
been applied to cortical bone.

2.1.6. Micro- and nanoscale properties of cortical tissue. The mechanical properties de-
scribed above pertain to specimens of cortical bone whose dimensions are on the order of several
millimeters or centimeters. Early research on the mechanical properties of cortical tissue at length
scales less than several hundred micrometers used conventional machining techniques to isolate
beams of cortical tissue. The mechanical properties of osteons were found to vary with different
collagen fiber orientations and also with the mineral density and loading modes: Stiffnesses are on
the order of 4 GPa for shear loading and 5–12 GPa for tensile and compressive loading (reviewed
in Reference 33). So-called pull-out and push-out tests indicate that the interfacial strength of the
cement line is lower than the shear strength of the osteonal lamellae (34, 35).

Subsequent research on small-scale properties of cortical tissue has used nanoindentation,
micro/nanoscratch testing, and compression testing of micropillars machined via focused ion beam
or femtosecond laser. Elastic moduli measured by nanoindentation are on the order of 23 GPa
and 26 GPa for osteonal and interstitial lamellae, respectively, in the longitudinal direction (36,
37), and are approximately 45% lower in the transverse direction (37). Although the nanoscale
moduli appear higher than those at greater length scales (Table 1), this difference may be due to
the fact that most nanoindentation measurements on bone are conducted under dry conditions
(38). However, compression tests on micropillars indicate that both the strength and ductility of
cortical tissue are higher at the microscale versus the macroscale (39, 40). Preliminary values of
fracture toughness at the microscale appear to be similar to those measured at the macroscale (41).

2.1.7. Influence of porosity and tissue composition on the mechanical properties of cortical
bone. Early research on the microstructural and compositional factors that control the mechanical
properties of cortical bone focused largely on porosity and mineralization. Cortical porosity is
negatively correlated with Young’s modulus (42), compressive ultimate stress (43), and fracture
toughness (44). Changes in porosity account for more than 75% of the variability in the strength
of the cortical bone (45), and fatigue-induced microdamage located near cortical pores may be
more likely to lead to fracture than that located in regions of high mineral content (46). These
relationships between porosity and mechanical properties are also notable because of the rapid
increases in cortical porosity that can occur (47). Although the high stiffness and strength of cortical
bone compared with those of most other biological materials are due to bone’s mineral content,
the normal physiological range of mineralization is not large enough to cause substantial variations
in these mechanical properties (45). However, increased mineral content, such as that which can
occur with long-term bisphosphonate therapy for treatment of osteoporosis, is associated with
decreased fracture toughness (48).

Recent research has investigated compositional parameters collectively known as bone quality
(as opposed to porosity, which measures bone quantity). Over the course of bone formation and
tissue maturation, the organic matrix undergoes biochemical changes including collagen cross-
linking. Cross-links formed specifically via nonenzymatic glycation have been associated with
increased brittleness of the tissue (49). Techniques such as Raman spectroscopy and Fourier
transform IR spectroscopy can provide high-resolution spatial mapping of parameters indicative
of the ratio of carbonate to phosphate and the relative amounts of mineral, proteoglycan, lipid,
water, and nonenzymatic cross-links [also known as advanced glycation end products (AGEs)] (50,
51). Raman spectroscopy may be feasible for in vivo evaluation of bone composition (52); however,
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a firm consensus has yet to emerge on the role of the readouts provided by Raman as indicators
of bone fragility.

2.1.8. Micro- and nanomechanical modeling of cortical bone. Micro- and nanomechanical
models can improve our understanding of the structure–function relationships at multiple length
scales in cortical bone. At the nanoscale, models of cortical tissue have focused on the respective
arrangements of, and mechanical interactions between, mineral platelets and collagen molecules
or collagen fibrils (53–59). Some of these models represent a mineral-reinforced collagen matrix,
in which the anisotropy is due to the mineral, and others instead represent a collagen-reinforced
mineral matrix model, in which collagen is treated as the anisotropy-forming material. At a greater
length scale, several hierarchical, micromechanical models have derived the mechanical properties
of Haversian cortical bone (60–63). Development of techniques to measure constituent volume
fractions and orientations at the nanoscale has led to considerable advances in these types of
models.

2.1.9. Effects of aging and disease on the mechanical properties of cortical bone. Age-
related changes in the mechanical properties of cortical bone have been attributed to increased
porosity (45), hypermineralization (64), microdamage accumulation (23), increased concentration
of AGEs (65), and decreased quantity of noncollagenous proteins (66). The strength of cortical
bone under tension and compression declines by approximately 2% per decade beginning in the
third decade of life. Tensile ultimate strain decreases by approximately 10% per decade, from a
high of 5% strain at age 20–30 years to a low of less than 1% strain above age 80 years. Fracture
toughness decreases approximately 4% per decade (67–69).

Common and increasingly common diseases such as osteoporosis and diabetes involve marked
changes in cortical bone’s mechanical behavior. The etiology of osteoporosis is such that the
effects of aging on the mechanical properties of cortical bone are not readily distinguishable from
those of osteoporosis. The mechanical effects of osteoporosis therapies, however, differ among
the types of therapy (70, 71), and there is concern that long-term use of antiresorptive therapies
can result in decreased toughness (48, 72, 73). Increasing evidence also indicates that diabetes is
associated with lower bone toughness as compared with normal cortical bone (70, 74) and that
this difference may be related to heightened accumulation of AGEs in diabetic bone (75).

Less-common bone diseases have also provided insight into the origins of the mechanical
behavior of cortical bone. For example, studies of osteogenesis imperfecta, a group of rare genetic
disorders that affect type I collagen and are characterized by low bone toughness, indicate that fewer
enzymatic cross-links, more nonenzymatic cross-links, increased porosity, and reduced fraction of
lamellar bone may all work to increase tissue brittleness (76). Alteration in mineral content and in
the spatial distribution of mineral, as in Paget’s disease, vitamin D deficiency, and chronic kidney
disease, have also been linked to deficits in stiffness or toughness, or to changes in the manner of
crack propagation (19, 77).

2.2. Mechanical Behavior of Trabecular Bone

Trabecular bone—also referred to as cancellous or spongy bone—can be viewed at the apparent
level (i.e., the scale at which several trabeculae and intervening pores are simultaneously observ-
able, typically ∼5–10 mm) as a highly porous material with anisotropic mechanical properties.
Due to its high porosity versus that of cortical bone, the apparent-level mechanical properties
of trabecular bone are determined primarily by its porosity. More minor, but still important,
contributions to the apparent-level behavior come from bone-quality parameters, namely the
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architectural arrangement of the trabecular network and the tissue-level properties of the individ-
ual trabeculae.

2.2.1. Basic material properties. As with cortical bone, the strength of trabecular bone is greater
in compression than tension, and is lowest in shear, although these differences decrease with
decreasing apparent density (78). The stress–strain curve for trabecular bone does not exhibit a
clear linear region or a well-defined yield point (Figure 1c). Nevertheless, this tissue is frequently
treated as a linear elastic material, and once the modulus is calculated from a linear or polynomial
curve fit (79) to the initial portion of the curve, the yield point is defined by the 0.2% offset method.

Although trabecular bone yields at strains of approximately 0.7% in compression, it can sustain
compressive strains of up to 50% while still maintaining a large fraction of its load-bearing capacity.
If a specimen is compressed beyond yield (not exceeding 5% strain), unloaded, and reloaded,
permanent residual strains and a loss of stiffness (as quantified by a comparison of the slope of
the unloading curve to the initial elastic modulus) and strength occur (Figure 1d) (80). These
effects occur in trabecular samples and in the entire vertebral body (81), indicating that isolated
overloads that do not cause overt fracture of the bone may cause subtle but cumulative permanent
deformations that could lead to clinical fractures. The qualitative similarity between this damage–
reload of trabecular bone and the behavior of cortical bone loaded in tension (3) suggests that the
dominant physical mechanisms underlying the damage behavior act at the nanometer scale.

2.2.2. Heterogeneity in mechanical properties due to density and architecture. Several
different measures of density are used in biomechanical studies of trabecular bone. Ash density
is defined as the ratio of ash weight per unit bone volume. Tissue density is defined as the ratio
of mass to volume of the mineralized tissue (i.e., the pore space is excluded from the volume
calculation). Tissue density is approximately 2.0 g/cm3 for cortical and trabecular bone and varies
very little in the adult skeleton. Apparent density is the ratio of the mass of bone tissue to the
total volume of the bone. Volume fraction is the ratio of the volume of the mineralized tissue
to the volume of the specimen or, equivalently, one minus the porosity. The volume fraction of
trabecular bone varies from 60% in primary compressive group of femoral neck to less than 10%
in the elderly spine (82).

The spatial arrangement of trabeculae is known as the trabecular architecture. Quantita-
tive measures of trabecular architecture are now routine to compute as the availability of high-
resolution, three-dimensional imaging techniques such as micro–computed tomography (µCT),
peripheral quantitative computed tomography (peripheral QCT), and micro–magnetic resonance
imaging has increased. Measures of trabecular architecture include trabecular thickness, trabecular
spacing, trabecular number, connectivity density, structure model index (SMI; a measure of how
rod-like versus plate-like the architecture is), and the degree of anisotropy (83). The last of these
is a scalar measure of how preferentially the trabecular structure is oriented. The most common
method of quantifying the anisotropy of the trabecular structure is by using the mean intercept
length (MIL) (84). MIL, as well as other methods, quantifies the directional density (the amount
of tissue in a given direction) of the tissue. The data on directional density for a given specimen
or region can be represented graphically by an ellipsoid, for which the ratio of the major and
minor axes is the degree of anisotropy, and analytically by the fabric tensor, a positive definite,
second-order tensor whose eigenvalues are the lengths of the major, minor, and intermediate axes
of the ellipsoid (85, 86).

Trabecular bone can display substantial spatial heterogeneity in both density and architecture,
even within a given anatomic site. For example, in the vertebrae, variations in density and ar-
chitecture have been observed along the superior–inferior and posterior–anterior directions (87).
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Figure 4
Log–log plots for (a) Young’s modulus and (b) compressive yield strength as functions of apparent density.
Lines indicating power-law exponents of one and two are drawn on the plots. Modified from References 82
and 91 with permission.

Young’s modulus can vary by as much as 100-fold, and strength as much as fivefold, within a
single epiphysis (88). These variations in density and architecture can then lead to heterogeneity
in the apparent-level elastic and strength properties of trabecular bone. Typically, the modulus
of human trabecular bone ranges between 10 and 3,000 MPa, whereas strength, which is linearly
and strongly correlated with modulus (82, 89), is generally two orders of magnitude smaller, in the
range 0.1–30 MPa. Approximately 70–90% of the variances in the modulus and strength of trabec-
ular bone can be explained by volume fraction or apparent density (90, 91). These dependencies
are typically described using linear or power-law relationships. Numerous studies have indicated
that the power-law exponent for human trabecular bone is between two and three for modulus
(91) and two for compressive strength (Figure 4) (82). That these exponents are greater than
one suggests that small decreases in density that occur in the course of the normal aging process
have severe consequences for the load-bearing capacity of trabecular bone. However, often these
power-law relations are obtained from sets of bone specimens that collectively span a wide range
of densities and are pooled from multiple sites. Within a single anatomic site, the modulus and
strength relations appear to be linear because the range of apparent density is less than an order
of magnitude (82, 91).

The anisotropy that trabecular bone exhibits in microstructure is also present in elastic modulus
(89) and strength (92). Indeed, the principal directions of the mechanical anisotropy of trabecular
bone are very closely aligned with the principal directions (eigenvectors) of the fabric tensor (93).
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Trabecular bone often exhibits orthotropic symmetry (94, 95), although in some cases, such as
in the vertebrae, transverse isotropy has been reported (93). Note, however, that in regions of
the vertebrae with low volume fraction, the trabecular network may be too sparse and spatially
heterogeneous to allow proper definition of the type of anisotropy and the material properties (96).

2.2.3. Yield strain. Yield strain is a notable exception to the above-mentioned mechanical
anisotropy and density dependence of trabecular bone. High-density trabecular bone, such as
that from the human femoral neck and bovine proximal tibia, tends to have isotropic yield strains
(97, 98). The compressive yield strains of human vertebral trabecular bone, which is of much
lower density, are higher when the loading direction is 45◦ oblique to the principal direction as
compared to when the loading is on-axis, but the difference is less than 10% (98). Ultimate strains
in trabecular bone also appear to be isotropic and range from 1.0% to 2.5% (97, 99), whereas yield
strains range from 0.70% to 0.77% in compression and from 0.65% to 0.71% in tension (82).

Yield strains in trabecular bone exhibit only a weak dependence on apparent density and
volume fraction (82). Compressive yield strains increase slightly with increasing density for human
vertebral trabecular bone and are not dependent on density for higher-density trabecular bone.
Overall, standard deviations of yield strains within a given anatomic site are on the order of
one-tenth of the mean, whereas significant differences in the means tend to occur between sites,
indicating that yield strains can be considered relatively constant within sites but different among
sites (82). Thus, characterizing yield in trabecular bone in terms of strain rather than stress can
provide a greatly simplified picture of failure in this tissue, because a strain-based failure criterion
may not need to account for interspecimen differences in apparent density.

2.2.4. Viscoelasticity. The compressive modulus and compressive strength are proportional to
the strain rate raised to the power of 0.06 (100, 101). Both stress- and strain-dependent effects in
stress–relaxation experiments have been observed (102), indicating that trabecular bone is tech-
nically nonlinearly viscoelastic. Trabecular bone has similar creep characteristics as cortical bone
and exhibits an initial rapid increase in strain followed by a steady-state regime with a constant
creep rate and, finally, another rapid increase in strain just prior to creep fracture (103).

2.2.5. Damage. The large reduction in apparent modulus that occurs with overloading
(Figure 2b) results from damage within the trabeculae, namely microscopic cracking as opposed
to overt fracture of individual trabeculae (104). The occurrence of microdamage appears to be
related to the magnitudes of both apparent- and tissue-level strains (105–107). Measurements of
tissue-level deformations via digital image correlation applied to bending tests of single trabecu-
lae indicate that microdamage initiation occurs at tissue-level strains of approximately 1.6% and
differs in compression versus tension (108); however, estimates from finite element (FE) models
suggest that the threshold for damage initiation is lower (107). It is important to consider that,
due to the porous, irregular structure of trabecular bone, some tissue-level strains can be high
enough to induce local yielding and a concomitant decline in whole-specimen properties even
for low magnitudes of apparent stress (106, 109), consistent with the idea that the presence of
microdamage in vivo in trabecular tissue is the norm, not the exception.

In general, microdamage increases with age, similar to the case with cortical bone, and under
both pre- and postyield loading conditions, the occurrence of microdamage is correlated with
architectural parameters and volume fraction. For example, more microdamage is found in regions
with low volume fraction and high SMI—indicating a predominance of trabecular rods (110, 111).
The propagation of damage and yielding in trabecular bone is also anisotropic in a manner that
relates to the orientation and local thickness of the trabeculae (112).
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2.2.6. Fracture and fatigue. The fracture toughness of trabecular bone has not been studied
extensively, because the porous and spatially heterogeneous microstructure presents a significant
challenge for meeting the requirements of a fracture-toughness test. Fracture toughness does
appear to append on density (113).

Cyclic compressive loading of trabecular bone can cause loss of stiffness and strength as well
as the accumulation of residual strain even for low levels of applied load (114, 115). The rates
at which modulus decreases and damage accumulation occurs in fatigue increase with increasing
magnitudes of applied strain (114). The mechanisms of failure in fatigue appear to occur at the
nanoscale (116). Static and cyclic tests on human trabecular specimens under physiologic loads
(750–1,500 microstrain) indicate that the time required for full recovery of residual deformation is
more than 20 times longer than the duration of the applied loads (115). These results support the
idea that nontraumatic fractures may be related to long-term creep effects, whether accumulated
during long-term static loading or fatigue loading.

The compressive fatigue life of trabecular bone is also a function of fabric. The number of
cycles to failure in human vertebral trabecular bone is well predicted by a power-law relationship
in which the independent variables are volume fraction, fabric, and applied stress, and a significant
contribution of the degree of anisotropy toward the prediction of fatigue life has been observed
(117). The latter result is consistent with the finding that fatigue life is lower for loading oblique
to the principal direction (off-axis) versus along the principal direction (on-axis) (118).

2.2.7. Yield and failure under multiaxial loading. Because complex loading conditions can exist
in vivo and nonhabitual events such as falls or accidents can induce off-axis loads, a multiaxial failure
criterion for trabecular bone is needed. Early theoretical research on multiaxial failure in trabecular
proposed fabric-based yield criteria (119, 120). These criteria were not experimentally validated at
the time, because some of the necessary data, such as the tensile and compressive strengths of a given
specimen, were not obtainable through experiments. This barrier was subsequently overcome
using numerical simulation, as discussed in Section 2.2.9, below, and there now exist several
multiaxial yield criteria for trabecular bone (see References 121–123 and references therein). As
several of these studies have found, casting the yield criterion in terms of strain, rather than
stress, eliminates nearly all of the dependence of the yield surface on porosity and much of its
dependence on fabric. At present, there is no consensus on which criterion is most accurate for
trabecular bone, largely because none has been validated using an independent set of specimens.
Further research is also needed to build on recent advances in studying the multiaxial mechanical
behavior of trabecular bone following yield (124, 125).

2.2.8. Analytical modeling. Seminal research in the development of analytical models for the
mechanical behavior of trabecular bone considered this porous tissue a cellular solid (126). Us-
ing this approach, investigators attributed the experimentally observed dependence of Young’s
modulus and compressive strength on apparent density raised to the second power to bending-
dominated linear elastic behavior and failure by buckling (127).

Other analytical models incorporate less-idealized descriptions of trabecular architecture via
use of the fabric tensor. Cowin (86) developed equations for relating the elastic constants of an
orthotropic material to its porosity and fabric. These relations were further developed to uncouple
volume fraction from fabric (128) and to ensure positive definiteness of the elasticity tensor a priori
(129). More recent research has indicated that the fabric–mechanical property relationships may
depend on anatomic site (130). The development of these analytical models for the prediction of
apparent-level elastic properties from morphological parameters of trabecular bone contributes
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to the ability to evaluate disease progression and bone stiffness noninvasively in a clinical setting,
in addition to providing a foundation for the development of numerical models.

2.2.9. Numerical modeling. The advantages of analytical models in providing closed-form re-
lationships for the mechanical properties of trabecular bone must be balanced against the errors
in the model predictions that arise from oversimplifications of the trabecular architecture and
tissue-level material properties. Numerical models that more closely approximate the irregularity
of the trabecular architecture and the inhomogeneity in both architecture and tissue-level proper-
ties have been employed (e.g., 131). In parallel, so-called micro-FE models, which are FE models
built directly from µCT scans of trabecular bone (132), have become a standard tool in the study
of trabecular bone mechanics. In these models, the individual trabeculae within the specimen are
resolved with the same, or nearly the same, level of anatomic detail as the µCT images themselves.

To date, micro-FE analyses of trabecular bone have been used in two general areas of study.
The first complements the use of analytical models to elucidate structure–function relationships
for the elastic and yield behavior at the apparent level. For this area, the ability to test each speci-
men multiple times—that is, along different loading directions or in different loading modes—is
of great benefit. For example, Kabel et al. (133) used micro-FE analysis to estimate all nine
orthotropic elastic constants of specimens of trabecular bone from multiple anatomic sites and
employed these data to determine the values of the coefficients in the fabric–elasticity relationships
proposed earlier by Cowin (86). These results confirmed the primary role of both volume fraction
and microstructural anisotropy in determining apparent elastic properties. Combination of the
micro-FE approach with digital topological analysis (134), a method of classifying the individual
trabeculae within a specimen as rods or plates and of quantifying the orientation of each trabec-
ula, has enabled study of the way in which trabecular architecture, and changes in architecture,
transmits force and confers bone stiffness and strength. In doing so, this combined approach has
provided a direct bridge between the mechanistic approach of cellular-solid modeling and the
anatomic fidelity of micro-FE analysis.

The second area of study involves the use of micro-FE modeling to estimate distributions of
stress and strain within trabecular tissue in response to loads applied either at the apparent level
or to the whole bone. These distributions have been correlated with microdamage accumulation
(105), bone formation/resorption (135), and bone failure (112).

2.2.10. Mechanical properties of trabecular tissue. Trabecular tissue, which is the bony tissue
that comprises individual trabeculae, is similar to cortical bone in both composition and material
properties. Tensile tests (136), ultrasonic measurements (137), nanoindentation (138), and scan-
ning acoustic microscopy (139) techniques indicate that the elastic modulus of trabecular tissue is
around 10–20 GPa. Recent research indicates that the mechanical properties of trabecular tissue,
especially the ultimate strain and toughness, are correlated Raman spectroscopic readouts such as
collagen cross-linking (140).

Elastic and strength properties have also been reported using a combined FE analytical–
experimental approach. In these studies, the tissue modulus is determined from a ratio to apparent
modulus calibrated against experimental results (141). Results from this approach place the elastic
modulus of human trabecular tissue at approximately 10% less, tensile yield strain at 15% less,
and tensile/compressive tissue strength at 25% less than that of cortical bone (142). This ranking
is consistent with the results of a comparison of measured fatigue strengths in trabecular versus
cortical tissue (143). However, despite the poorer mechanical performance of trabecular tissue
compared with that of cortical tissue, several groups of investigators have noted that trabeculae
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Increase in anisotropy with age. (a) Representative cross sections of cylindrical specimens from the trabecular
compartment of the human proximal tibia from donors in the age ranges indicated below each rendering.
(b) Degree of anisotropy plotted against donor age. Modified from Reference 145 with permission.

can sustain large bending deformations without catastrophic loss of load-carrying capacity (136,
144).

2.2.11. Effects of aging and disease on the mechanical behavior of trabecular bone. The
density and architecture of trabecular bone undergo profound changes with age. The trabeculae
become progressively thinner and less closely spaced; the overall structure exhibits a large decrease
in connectivity and volume fraction. For certain anatomic sites, such as the vertebral body and
proximal tibia, an increase in the anisotropy of the trabecular structure is observed (Figure 5)
(145, 146).

Both modulus and strength decrease with age, falling by approximately 10% per decade (92,
147). Due to the coupling between age-related changes in density and architecture, much of the
age-related decrease in stiffness and strength can be explained by the changes in density. However,
the magnitude of the anisotropy in compressive strength appears to increase with age (92), consis-
tent with the increase in the degree of anisotropy of the trabecular structure. Pronounced changes
in trabecular architecture have also been observed in osteoarthritis (148), and evidence suggests
that the relatively sclerotic appearance of the osteoarthritic trabecular structure may coexist with
lower mineral density and stiffness of the tissue (149).

Few data are available on whether aging or disease affect trabecular tissue differently than
cortical tissue. As such, it is not yet clear whether differences in the age- or disease-related me-
chanical properties of trabecular bone would be expected beyond the differences predicted by the

132 Morgan · Unnikrisnan · Hussein



BE20CH06_Morgan ARI 22 April 2018 11:35

changes in volume fraction and architecture of the trabecular bone and the changes in mechanical
properties of cortical bone.

3. MECHANCIAL BEHAVIOR OF WHOLE BONES

Thus far, our discussion of the mechanical properties of bone has focused on the properties of
trabecular and cortical bone as separate tissues, and as determined from mechanical tests performed
on excised specimens of these tissues. How these two different tissues combine to form a whole
bone, such as the femur, dictates the overall mechanical behavior of that bone. In addition to
the respective amounts of cortical and trabecular bone that are present, structural and geometric
features, such as cortical thickness, the spatial distribution of trabecular bone, cross-sectional area,
bone size, and bone shape, all influence whole-bone mechanical properties, and all change with
age and disease. The study of the mechanical behavior of whole bones can thus be substantially
more complicated than the study of cortical or trabecular bone. However, investigations at the
whole-bone level are arguably the ones most directly relevant to understanding the occurrence of
fractures, the biomechanics of healing of those fractures, and both the mechanical input for and
the outcomes of bone adaptation. Moreover, for rodent models in bone mechanics, whole-bone
tests are one of the most practical options for mechanical investigations, given the small size of
the skeleton. Indeed, isolation of an apparent-level specimen of trabecular bone is not possible in
most cases, due to the small amounts of this tissue in any given anatomic site.

3.1. Loading of Whole Bones In Vivo and In Vitro

A major challenge in the design of laboratory tests that seek to characterize clinically relevant
mechanical behavior of a whole bone is to identify loading conditions that are physiologically
representative. These loading conditions have been estimated using gait analysis, instrumented
prostheses, and in some cases, direct measurement in tissues. Despite many advances in these
techniques, however, biological variation and other uncertainties associated with measuring joint
contact forces, muscle forces, and impact conditions in vivo still hinder accurate and precise
estimates of the directions, magnitudes, and locations of the forces and moments that should
be applied ex vivo. Moreover, in vivo loading conditions can be sufficiently complex, involving
multiple muscle groups and distributed loads across a joint surface, to present major difficulties
in recapitulating them ex vivo. Nevertheless, using simplified loading conditions, many ex vivo
experiments produce fracture patterns commonly observed in the clinical setting.

3.2. Role of Geometry in Whole-Bone Mechanical Behavior

Principles of engineering mechanics stipulate that the axial stiffness, in either compression or
tension, of a structure is proportional to the cross-sectional area, while the bending and torsional
stiffnesses of beam-like structures (such as diaphyses) depend on how the material (tissue) is
distributed around the axis of bending or twist. Two geometric properties, the areal moment of
inertia (also known as the cross-sectional moment of inertia) and the polar moment of inertia,
quantify this distribution in manners relevant for bending and torsion, respectively.

These two geometric properties, when multiplied by the relevant elastic modulus (Young’s
modulus in the case of axial loading and bending, and shear modulus in the case of torsion),
constitute a measure of structural rigidity. Given that the moduli are heterogeneous throughout
a whole bone, one approach for estimating the structural rigidity is to use the spatial variations
in local intensities within a computed tomography image of the cross section as estimates of the
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spatial variations in tissue mineral density and then use density–modulus relationships to avoid the
assumption of a homogeneous modulus distribution (150). This method has provided estimates of
structural rigidity that are correlated with the strength and stiffness of vertebrae with metastases
or simulated lytic lesions, but it appears to be less effective for the comparatively subtle changes
in vertebral trabecular bone due to aging (151).

Conversely, if one has measured the stiffness or rigidity of a whole bone, some estimates of
the material properties of the bone tissue can be derived. If the bone is straight, prismatic (i.e.,
the cross-sectional geometry does not change along the length of the structure), and of uniform
composition, it is straightforward to calculate Young’s modulus or shear modulus from the value
of stiffness obtained from the whole-bone test. However, none of these three descriptors are
accurate for vertebral bodies, metaphyses, and diaphyses due to the irregular geometry and spatially
heterogeneous composition of these bones. For diaphyses, one can calculate an effective elastic
modulus of the tissue if the true cross-sectional geometry and its variation along the diaphyseal
axis are included in the calculations. Without accounting for the true geometry, substantial errors
in the calculated modulus can result (152).

3.3. Effect of Aging and Disease on the Mechanical Behavior of Whole Bones

Cross-sectional geometry and other geometric features of whole bones exhibit marked changes
with age. The general pattern of age-related change in the cross-sectional geometry of the diaphysis
is continual apposition of bone at the periosteal surface, accompanied by resorption of bone at
the endosteal surface. The net result is a thinner cortex and smaller cross-sectional area (despite
the increase in periosteal diameter), but not necessarily any decrease in the moments of inertia
(Figure 6) (153). The relatively small changes in moment of inertia with age serve to ameliorate
the structural consequences of the age-related decline in the amount of bone present, although
some controversy exists as to the magnitude of, and gender differences in, this benefit (154).
Experimental and numerical studies have indicated that the strength of the proximal femur declines
by approximately 10–12% per decade of life, or by approximately 50% from early to late adulthood
(155–157).

For the vertebrae, an increase in the cross-sectional area with aging has been reported for
both men and women (154), and one study found that this increase was three times greater in
men than in women (158). Thus, in a manner similar to the diaphysis but in an anatomic site
that has a large fraction of trabecular bone, age-related bone loss in the vertebral centrum is
accompanied by an increase in the surface area carrying the load. At the same time, age-related
bone loss occurs nonuniformly throughout the vertebrae in a manner that differs between men
and women (159); as such, the effect of the age-related increase in cross-sectional area is difficult
to isolate. As estimated from FE analyses based on QCT scans, vertebral strength declines with
age more quickly in women than in men, and more quickly in the lumbar versus thoracic spine
(160), despite the roughly equal proportion of fractures in these two regions.

Differences in bone geometry have also been found between individuals with and without
osteoporotic fractures. For the proximal femur, neck-shaft angle and bone diameter are larger in
individuals with fracture compared with those of control subjects (161). Whether these differences
are causal is not clear, although differences in the neck-shaft angle can affect the magnitude of
the stresses and strains that the femoral neck experiences under both gait and fall conditions.
Regarding the axial skeleton, a comparison between fracture and nonfracture cohorts found that
the vertebral cross-sectional area was lower in the former (158). Other geometric features of the
vertebra, such as shell curvature and end-plate curvature, may also play a role (162–164).
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Not all fragility fractures can be attributed to osteoporosis (at least as defined by low bone
density), and evidence from studies of bone mechanics in individuals with diabetes suggests that
a combination of geometric and material properties play a role. In postmenopausal women with
type 2 diabetes, cortical porosity is elevated in individuals with a history of fragility fractures
compared with nonfracture controls (165). However, an association between cortical porosity and
diabetes may depend on anatomic site (166), and not all measures of bone microstructure are
deficient in diabetics versus controls (167). Data from rodent models of diabetes support the idea
that, in diabetes, poorer whole-bone performance can be attributed to deleterious changes in the
mechanical behavior of bone tissue, beyond any changes in bone geometry (74).

4. CONCLUDING REMARKS

Aging and disease can cause substantial changes in the mechanical properties of cortical bone,
trabecular bone, and whole bones. Although porosity is the physical property most responsible
for, or at least most closely associated with, many of these age- and disease-related changes, the
arc of research on the mechanical behavior of bone has drawn in a multitude of bone-quality
parameters that can be consequential as well. In parallel with the push to use measurements of
bone quality and quantity to improve predictions of increased bone fragility with age and common
diseases, recent research has expanded further into mechanical characterization of bone tissue at
the nanoscale. This research has deepened our understanding of the intricate interactions among
the chemical composition, nanostructure, and mechanical performance of cortical and trabecular
bone.

Although these advances at small length scales may be far from influencing clinical predictions
of fracture risk, they are important for establishing mechanisms by which specific aspects of bone
biology control bone’s mechanical performance. As these insights are integrated into models
and measurements of the mechanical behavior—in particular the yield, postyield, and fracture
behavior—of bone at larger length scales, ultimately to the level of the whole bone, they are likely
to enable new and more personalized treatments to mitigate the negative consequences of aging
and disease on the mechanical competence of bone.
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