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During daily activities, bone is exposed to repetitive loading, and over time,
this can lead to failure. Cancellous bone is the primary load-bearing structure of
human vertebral bodies, yet most studies of cancellous bone mechanical performance
concentrate on uniaxial properties such as Young's modulus and strength. Mechanical
properties of cancellous bone are caused by the accumulation of microdamage, local
stress and strain, tissue material properties, and local geometry. In this thesis, I
examine the mechanisms associated with fatigue failure of cancellous bone. I then
apply the findings to the design of novel microarchitectured materials.
To examine the mechanical performance of cancellous bone under fatigue, we
submitted human vertebral cancellous bone to cyclic compressive loading to induce
microdamage. We found that fatigue failure is caused primarily by the initial sites of
microdamage accumulation. In cancellous bone, microdamage formed preferentially
in the interior regions of trabeculae, distant from trabecular surfaces. The location of
microdamage coincided with locations of greater concentrations of Advanced
Glycation Products (AGEs), suggesting the interior regions of trabeculae are more
brittle and susceptible to microdamage accumulation.
Because local geometry influences failure of cancellous bone, we examined the
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microarchitectual features of cancellous bone that are associated with damage
accumulation. We found that microdamage accumulation in cancellous bone was
reduced in specimens with thicker transverse rod-like trabeculae. Early in fatigue life,
disproportionately more rod-like trabeculae failed, suggesting the importance of
transverse rod-like trabeculae in resisting fatigue failure.
To further test the idea that rod-like trabeculae influenced fatigue failure,
models of cancellous bone were generated using three-dimensional printing in which
transverse rod thickness was increased in a controlled manner. The specimens were
submitted to cyclic compressive loading. Increasing the thickness of transverse rodlike trabeculae substantially extended fatigue life. Next, we designed a repeating
cellular solid that also demonstrates enhanced fatigue life due to alterations in
transverse struts.
In summary, both tissue material properties and microarchitecture of
cancellous bone influence fatigue failure. Our findings suggest a previously
unidentified design strategy of open cell foams in which the strut thickness transverse
to loads determines fatigue life. The resulting low-density cellular structure has
potential application in a variety of lightweight structures.
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CHAPTER 1
INTRODUCTION

This dissertation addresses cancellous bone, fatigue mechanics, and bioinspired
material design. The theme is to understand bone mechanical performance and apply
that knowledge to design novel microarchitectured materials. Several fields of
engineering and biology are integrated to properly address this theme. This chapter will
provide the motivation and background of bone as a material structure and its
application to bioinspired material design.

1.1 Bone Composition and Architecture

Bone is a complex hierarchical structure spanning several length scales (Figure
1.1). At the macrostuctural level, the adult human skeleton is composed of
approximately 80% cortical bone and 20% cancellous bone [1]. Cortical bone is the
dense bone tissue that forms the outer shell of bones. Cancellous bone is the spongelike, porous bone tissue found at the ends of long bones. The relative amounts of
cortical and cancellous bone vary across the skeleton. For example, in the vertebrae the
ratio of cortical to cancellous bone is 25:75 and in the femoral neck the ratio is 50:50
[2].
Cancellous bone is an open cell foam consisting of a network of interconnected
struts called trabeculae (Figure. 1.1). At the microstructural level, individual trabeculae
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(50-300 μm in diameter) may be plate-like or rod-like [3]. The trabecular network in
cancellous bone varies across anatomic site, and is generally aligned with the principle
direction of physiological loads. For example in the vertebrae, trabecular
microarchitecture is primarily aligned along the superior-inferior direction [4].
At the nanostructural level, cortical and cancellous bone are composed of
mineralized collagen fibrils and hydroxyapatite crystals. Fibrils are composed of
individual collagen fibers oriented in parallel to each other. Hydroxyapatite crystals are
an insoluble form of calcium and phosphorus found in the spaces between the rows of
collagen fibers. Bone tissue is primarily composed of proteins (organic matrix),
minerals (inorganic matrix), and water [5, 6]. The organic matrix is primarily type Ⅰ
collagen and constitutes 25% of adult bone tissue mass [5, 7]. The inorganic matrix is
primarily composed of hydroxyapatite and constitutes 65% of adult bone tissue mass [5,
7]. Water comprises approximately 10% of adult bone tissue mass [7]. The interactions
between the constituents in bone tissue result in diverse mechanical and biological
functions, and can vary with age, gender, and disease [8-10].
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Figure 1.1 Structure of cancellous bone spans multiple length scales. Adapted from
[11].

1.2 Bone Remodeling

In adults, changes in bone volume and material properties occur through a
process known as bone remodeling. Bone remodeling takes place in both cortical and
cancellous bone. Three types of cells are involved in the remodeling process:
osteoblasts, osteoclasts, and osteocytes. Osteoblasts are responsible for bone formation,
and osteoclasts are responsible for bone resorption. Osteocytes are hypothesized to
sense local changes in the environment and release signals that activate the remodeling
process [12]. Bone remodeling is a process in which bone resorption is followed by
bone formation. Bone remodeling occurs in four distinct phases: activation, resorption,
formation, and quiescence (resting) [13]. The activation phase occurs when osteoclast
precursors are recruited to the surface of bone to differentiate into fully functional
osteoclasts [13]. Following activation, resorption begins and osteoclasts resorb old or
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damaged bone [7]. The resorption phase ends with apoptosis of osteoclasts. During the
formation phase, osteoblasts deposit new unmineralized matrix known as osteoid.
Osteoid is primarily composed of type I collagen fibers and mineralizes over time
during the formation phase [13]. A portion of the osteoblasts remaining at the end of the
formation phase remain at the bone surface and are known as bone lining cells [13].
During the resting phase, inactive surfaces are covered by bone lining cells. About 80%
of bone surfaces in the human body are inactive at any given time [14].The team of
bone cells active at one location during remodeling is known as a basic multi-cellular
unit (BMU). In cancellous bone, remodeling occurs on the surfaces of trabeculae.
Resorption of bone by osteoclasts creates resorption cavities on the surfaces of
trabeculae.
In healthy bone, the volume of bone that is resorbed is similar to the volume of
bone formed, and there is no net loss of bone volume during the remodeling process
[13]. However with age, the volume resorbed is greater than that formed, resulting in
gradual bone loss [13]. More bone remodeling occurs in cancellous bone, and therefore
cancellous bone volume is more rapidly altered by changes in remodeling [13, 15].
Consequently, a higher incidence of fractures occur in areas with a greater percentage of
cancellous bone [16].
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1.3 Advanced Glycation Endproducts (AGEs)

As bone ages, the composition of the organic matrix changes. Type I collagen is
the primary constituent of the organic matrix and is susceptible to non-enzymatic
crosslinking. Non-enzymatic glycation (NEG) occurs when the presence of sugars (i.e.
glucose or ribose) react with free amino groups on proteins [17]. NEGs are formed by
an irreversible reaction with the amino group of hydroxylysine or lysine [18]. Advanced
glycation end products (AGEs) are a class of non-enzymatic crosslinks that form
between tropocollagen molecules and across collagen fibers [18].
AGEs are believed to have a negative effect on bone quality. Crosslinks caused
by AGEs have been shown to have a detrimental effect on the mechanical properties of
bone [19]. Pentosidine is one of the best known non-enzymatic cross-links. Increased
pentosidine content is associated with increased brittleness of bone tissue [20, 21]. The
formation of AGEs in bone is not controlled by cellular processes and can be formed on
any site in which there is an amino acid present with the required side-chain (i.e. lysine)
[22, 23]. Remodeling may replace some of the older bone tissue containing AGEs with
new bone tissue. However, AGE accumulation increases with age.
The majority of AGE induced cross-links in bone are fluorescent and can be
assessed using fluorometric assays [24]. Pentosidine can be quantified in bone using
single-column high-performance liquid chromatography (HPLC) [17, 24, 25]. To date,
pentosidine is the only AGE that has been isolated in bone and is measured using HPLC
[17, 24, 25].
1.4 Characterization of Cancellous Bone Morphology
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The microarchitecture of cancellous bone has been characterized extensively.
Microcomputed tomography (microCT) is the standard imaging modality for assessing
the morphology and microstructure of cancellous bone. MicroCT scanners use x-ray
attenuation data acquired at various angles from a specimen to render a threedimensional image of the microarchitecture [26]. Grayscale attenuation data can be
used to determine average bone tissue mineral density with appropriate calibration
phantoms [27]. MicroCT scanners can achieve isotropic resolutions as small as 1 to 6
microns (m), which captures the detailed microstructure of individual trabeculae and,
when the resolution is sufficiently high, remodeling cavities on the surfaces of
trabeculae can be observed [28, 29].
A number of measurements of trabecular microstructure can be made with
microCT images (Table 1.1) [30]. Bone volume fraction (BV/TV) is the most
commonly reported parameter and is calculated as the ratio of bone tissue volume to
total tissue volume. Trabecular porosity is calculated as [1-BV/TV]. Bone surface (BS)
is computed by triangulation of the object surface using an algorithm [31]. Bone surface
density (BS/BV) is the specific bone surface divided by total bone volume. Linear
distance measurements include trabecular thickness (Tb.Th) and trabecular separation
(Tb.Sp). Trabecular thickness (Tb.Th) is the average thickness of trabeculae. Similarly,
trabecular separation (Tb.Sp) is the average thickness of marrow cavities. Structural
indices include trabecular number (Tb.N) and connectivity density (Conn.D).
Trabecular number (Tb.N) is defined as the number of trabeculae per unit length and
connectivity density (Conn. D) is the measure of the degree of connectivity of
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trabeculae normalized by tissue volume [32]. Dimensionless parameters such as
structure model index (SMI) and degree of anisotropy (DA) describe the threedimensional nature of the structure [33]. SMI is a single scalar assay related to the
relative amount of bone volume in plate-like and rod-like trabeculae [34]. SMI
characterizes how similar a three-dimensional structure is towards a plate (SMI=0) or
rod (SMI=3), whereas degree of anisotropy (DA) indicates how the trabecular network
is oriented (a value of one is isotropic, values greater than one are anisotropic) [32]. The
microstructure and mechanical properties of cancellous bone are anisotropic.
Of the traditional bone microarchitecture parameters, bone volume fraction
(BV/TV) is most predictive of cancellous bone mechanical properties and typically
explains 70-80% of the variance in Young’s modulus, yield strength and ultimate
strength in healthy bone tissue [35, 36]. Most traditional measures of trabecular
microarchitecture (Tb.Th, Tb.Sp, etc.) are strongly correlated with bone volume fraction
and provide little information about mechanical properties beyond that provided by
bone volume fraction [37]. SMI is strongly correlated with bone volume fraction, yet
some studies have observed effects of SMI on bone mechanical properties that are
independent of bone volume fraction [38]. However, SMI is a specimen average
number and does not provide information on individual plate-like and rod-like
trabeculae. Several studies report microarchitectural measurements that improve the
predictions of mechanical properties beyond that of bone volume fraction alone [30, 35,
39]. However, the findings are difficult to interpret as no consensus exists on a
microarchitectual parameter that contributes to the prediction of mechanical properties
beyond what is already explained by BV/TV [37].
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Table 1.1 Traditional bone microarchitectural parameters obtained from microCT
Traditional Bone Microarchitectural Parameters
Variable
Bone volume
fraction
Bone surface
density
Trabecular
thickness
Trabecular
separation
Trabecular
number

Abbreviation Description
Ratio of the bone volume to the
BV/TV
total volume of the region of
interest
Ratio of the bone surface to the
BS/BV
total volume of the region of
interest

Standard Unit

Tb.Th

Mean thickness of trabeculae

mm

Tb.Sp

Mean distance between trabeculae

mm

Tb.N

Connectivity
Density

Conn.D

Structure
Model Index

SMI

Degree of
anisotropy

DA

Average number of trabeculae per
unit length
Degree of connectivity of
trabeculae normalized by total
volume of the region of interest
Indicator of the structure of
trabeculae. SMI closer to 0 is
more plate-like and closer to 3 is
more rod-like
Orientation of trabecular network
(1 = isotropic, >1 = anisotropic)

%
mm2/mm3

1/mm
1/mm3

Dimensionless

Dimensionless

1.5 Individual Trabeculae Segmentation (ITS) of Cancellous Bone

A limitation of the traditional microCT morphological parameters listed above is
that they characterize the average microstructure in each specimen and provide little
information on the morphology of individual trabeculae. Recently, a more thorough
analysis of trabecular microarchitecture called individual trabecular segmentation (ITS)
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was developed to examine the morphology of individual trabeculae [40]. ITS
decomposes the trabecular network of cancellous bone to enumerate individual
trabeculae, and distinguish between rod-like and plate-like trabeculae (Figure 1.2). ITS
applies Digital Topological Analysis (DTA) to convert binary images of cancellous
bone into individual plates and rods based on skeletonization and classification
algorithms [40, 41]. Skeletonization is an iterative erosion process where voxels of bone
are thinned layer by layer until there is a minimal representation of the microstructure
composed of one-voxel thick surfaces. In addition to differentiating between plate- and
rod-like trabeculae, ITS classifies the orientation of individual trabeculae. Orientation of
individual trabeculae (plates and rods) are determined according to the angle (β) aligned
with the principal trabecular orientation, and classified as axial (0 ≤ β ≤ 30°), oblique
(30 < β ≤ 60°), and transverse (60 < β ≤ 90°) (Figure 1.2) [40].
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Figure 1.2 Three-dimensional images of cancellous bone are shown. ITS decomposes
individual trabeculae into either plates (red) or rods (teal). In addition, orientation of
individual trabeculae is determined according to the principal trabecular orientation:
longitudinal (blue), oblique (gray), and transverse.

ITS provides additional morphological parameters to characterize the
microarchitecture of plate- and rod-like trabeculae (Table 1.2). Plate bone volume
fraction (pBV/TV) and rod bone volume fraction (rBV/TV) are calculated as the
volume of trabecular plates and trabecular rods divided by tissue volume of the
specimen, respectively. Axial bone volume fraction (aBV/TV) is determined as the
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volume of axially oriented bone volume divided by tissue volume of the specimen,
thereby expressing the volume aligned in the axial direction of the specimen. Mean
trabecular plate thickness (pTb.Th) and trabecular rod thickness (rTb.Th) are directly
measured from the individual plate- and rod-like trabeculae [40]. Trabecular plate
number (pTb.N) and trabecular rod number (rTb.N) are defined as the cubic root of the
total number of plates or rods divided by the tissue volume of the specimen [40].
Average trabecular plate surface (pTb.S) is derived from the volume and thickness of
plates, and average trabecular rod length (rTb. ℓ) is derived from the volume and
diameter of rods [40]. Plate-plate, plate-rod, and rod-rod junction densities (P-P, P-R,
R-R Junc.D) are calculated as the total number of the junctions normalized by the tissue
volume of the specimen [40].
The uniaxial mechanical properties of cancellous bone are dominated by platelike trabeculae [42]. In addition, some ITS morphological parameters are more
predictive of fracture risk in postmenopausal women than traditional microarchitecture
measures [43].
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Table 1.2 ITS microarchitectural parameters obtained from microCT and ITS software.
ITS Morphological Parameters
Variable
Plate bone
volume
fraction
Rod bone
volume
fraction
Axial bone
volume
fraction
Trabecular
plate thickness
Trabecular rod
thickness
Trabecular
plate number
Trabecular rod
number
Trabecular
plate surface
Trabecular rod
length
Plate-plate
junction
density
Plate-rod
junction
density
Rod-rod
junction
density

Abbreviation

Description
Ratio of plate bone volume to the
total volume of the region of
interest
Ratio of rod bone volume to the
total volume of the region of
interest
Ratio of the axial bone volume to
the total volume of the region of
interest
Mean thickness of plate-like
trabeculae
Mean diameter of rod-like
trabeculae
Average number of plate-like
trabeculae per unit length
Average number of rod-like
trabeculae per unit length

Standard Unit

pTb.S

Mean trabecular surface area

mm2

rTb.ℓ

Mean trabecular rod length

mm

pBV/TV

rBV/TV

aBV/TV
pTb.Th
rTb.Th
pTb.N
rTb.N

P-P Junc.D

P-R Junc. D

R-R Junc. D

%

%

%
mm
mm
1/mm
1/mm

Total number of plate-plate
junctions normalized by the total 1/mm3
volume of the region of interest
Total number of plate-rod
junctions normalized by the total 1/mm3
volume of the region of interest
Total number of rod-rod junctions
normalized by the total volume of 1/mm3
the region of interest
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1.6

Mechanical Properties of Cancellous Bone

The mechanical properties of cancellous bone have been characterized at the
apparent-level and the tissue-level. Apparent-level mechanical properties refer to
mechanical properties measured at the scale where the trabecular bone can be modeled
as a continuum. For a cancellous bone specimen to behave as a continuum material, the
cancellous bone samples should be between greater than 3 mm in diameter and length
[44, 45]. Apparent-level mechanical properties are determined by a combination of
architecture and tissue material properties [11]. The tissue-level properties of cancellous
bone refer to mechanical properties evaluated at the level of an individual trabecula.
The apparent mechanical properties of cancellous bone under uniaxial loading
have been investigated extensively. Cancellous bone is best characterized as
transversely isotropic material, in which the mechanical properties in the direction of
primary trabecular orientation differ from those in other directions. In addition, the
response of cancellous bone to mechanical loads varies with species, anatomical site,
age, and disease state [11, 46]. Apparent elastic modulus and strength of cancellous
bone under uniaxial testing are well correlated with apparent density [47, 48]. Powerlaw relationships indicate that apparent density explains 60% to 90% of the variations in
both modulus and strength [48-53]. Substantial variations in yield stresses are observed
in cancellous bone, due mostly to differences in apparent density among specimens [54,
55], whereas yield strains are found to be uniform within an anatomical site [49].
Similar to apparent mechanical properties, the tissue mechanical properties of
cancellous bone are determined by mechanically testing an individual trabecula.
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Techniques such as microbeam testing and nanoindentation are used to examine tissue
mechanical properties. Variations in tissue level properties are even more evident when
compared to the apparent level properties. Within normal and healthy bone tissue, tissue
level properties such as tissue modulus, is highly variable even for a given site [56].

1.7

Fatigue Properties of Cancellous Bone

Fatigue is the phenomenon where failure occurs from cyclic loading at
magnitudes well below the uniaxial strength [57]. The fatigue properties of cancellous
bone are complex and our understanding of fatigue properties of cancellous bone is
limited compared to that of cortical bone. During fatigue loading, cancellous bone
exhibits a creep-fatigue behavior consisting of three phases [58-60]: the primary phase
in which strain accumulation occurs rapidly, the secondary phase in which strain
accumulation occurs slowly, and the tertiary phase in which strain accumulation
increases rapidly (Figure 1.3). In addition to residual strain accumulation, a loss of
stiffness is exhibited in cancellous bone during cycling loading [61, 62]. During cyclic
loading of cancellous bone, there is an accumulation of residual strain that is associated
it an accumulation of microscopic tissue damage and reductions in apparent Young's
modulus [61, 63]. The anisotropy of cancellous bone is reflected in fatigue life: fatigue
life is reduced in specimens loaded transversely to the principal direction [64, 65].
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Figure 1.3 The creep-fatigue curve of cancellous bone consists of three phases: the
primary phase where strain accumulation occurs rapidly, the secondary phase where
strain accumulation occurs slowly, and the tertiary phase where strain accumulation
increases rapidly. Blue represents minimum strain and red represents maximum strain,
Adapted from [63].

The majority of fatigue studies in cancellous bone involve uniaxial compressive
loading (zero to compressive stress) [57]. Traditionally, fatigue data is presented as an
S-N curve: a plot of the alternating stress amplitude (S) versus the number of cycle to
failure (N). However, variation in density of cancellous bone generates substantial
scatter in S-N curves of cancellous bone. To reduce fatigue data scatter, applied stresses
are normalized by the initial Young's modulus (E0) of the specimen in S-N curves. The
lifetime of cancellous bone fatigue is analyzed with an S-N curve to report the
relationship between the number of cycles to failure (Nf) and normalized stress (/E0).
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Figure 1.4 Traditional S-N curve reporting fatigue life of aluminum and steel [66].

1.8

Finite Element (FE) Modeling of Cancellous Bone

An alternative to mechanical testing of cancellous bone is computer simulations
using high-resolution finite element (FE) modeling. High-resolution FE modeling can
estimate the mechanical behavior of a structure with a complex geometry. Highresolution FE models of cancellous bone are usually derived from microCT images. The
FE meshes are created by converting each voxel from the image into an eight-noded
brick element [67]. Linear elastic FE models with homogeneous isotropic material
properties are the most commonly used models to describe the elastic properties of
cancellous bone [68]. Recent developments in FE modeling allow for more complex
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models including heterogeneous isotropic material properties [69, 70] and nonlinearities
in geometry [71, 72].
While experimental mechanical testing of cancellous bone remains the goldstandard for analyzing the mechanical properties of cancellous bone, high-resolution FE
models are non-destructive and less costly. The non-destructive nature of FE models
enables the same specimen to be examined mechanically multiple times under different
loading parameters. In addition, tissue level stress and strains can be quantified and
viewed in three-dimensions [73, 74]. High-resolution FE modeling is a useful tool in
determining and understanding the failure mechanisms in cancellous bone.

1.9

Microdamage

Microscopic tissue damage in bone is known as microdamage. Microdamage
observed with traditional histology occurs in two distinct forms: linear microcracks or
patches of submicroscopic cracks called diffuse damage [75-77]. The type of
microdamage that is formed is determined by the mechanical stresses, mineral and
organic phases, and local microarchitecture [78-80]. The formation of microdamage can
act as a toughening mechanism to resist crack growth [81]. Microdamage in the form of
linear microcracks is associated with a larger reduction in Young’s modulus than
diffuse damage [82]. Diffuse damage is thought to be beneficial to bone because it
allows for a larger dissipation of energy under applied loads [76, 83] whereas, linear
microcracks are thought to be more catastrophic than diffuse damage because they can
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coalesce and propagate to cause overt structural failure [76, 83-85]. Even small amounts
of microdamage compromise cancellous bone mechanical performance [63, 86, 87].
Microdamage can be imaged ex-vivo with two-dimensional histological
sectioning and three-dimensional serial milling (Figure 1.5). In two-dimensional
analysis of microdamage, microdamage is detected using bulk stains such as basic
fuchsin or fluorochromes and analyzed under fluorescent microscopy with thick
histological sections of bone [88]. Microdamage stains work by penetrating bone tissue
and attaching to free surfaces, including new surfaces generated by cracks. Basic
fuchsin is non site-specific and collects in voids in bone [89]. Chelating agents (i.e.
calcein and xylenol orange fluorochromes) are site-specific stains, and bind to calcium
ions exposed by microdamage [89]. The use of bulk staining makes it possible to
differentiate between microdamage within the specimen and crack-like artifacts
generated during histology preparation [90]. Microdamage can also be measured in
three-dimensions following bulk staining with lead uranyl acetate or fluorochromes.
Lead uranyl acetate is a site-specific stain, and binds to exposed phosphate on the bone
surface [91]. Microdamage stained with lead uranyl acetate can be analyzed and
visualized in three-dimensions with microCT [92]. Microdamage stained with
fluorochromes can be analyzed and visualized in three-dimensions with serial milling
imaging [93].
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Figure 1.5 Three-dimensional reconstruction of cancellous bone and microdamage
(green) using three-dimensional serial milling.

1.10

Bioinspired Materials: Cancellous Bone

Bone is of great interest to the material science community as an inspiration for
synthetic materials. Cancellous bone is a key biological example of a lightweight
cellular material with relatively large stiffness and strength per unit mass. This
dissertation focused on the study of mechanical properties human cancellous bone and
on the discovery of enhancing fatigue life of open cell foams. Here we provide a
detailed description of biomimetics, low-density design inspirations, and a review on
the concepts of cellular structures.
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1.11

Bioinspired Materials

The natural world has long served as a source of inspiration for the development
of technology. One notable example is flight, which was inspired by birds, as illustrated
by da Vinci's sketches in the late 1400's [94]. In early stages of human civilization,
materials found in the natural world, such as bone, wood, and shells, were adopted and
formed into tools. However, as science advanced, a better understanding of the
underlying properties and constituents of these materials allowed the generation of
synthetic materials with improved mechanical performance over natural materials.
However, many natural materials are still superior to the best synthetic materials.
Natural materials continue to inspire scientists and engineers with newly-discovered
structural properties that could one day lead to the development of enhanced synthetic
materials.
A historical example of improved material design in everyday life is the
redevelopment of food packaging material. Modern food packaging materials use 30%
less metal while effectively maintaining similar functionality [95]. The ability to
continually improve the mechanical performance of synthetic lightweight materials has
the potential to improve sustainability and energy-efficiency, with applications in a
variety of industries, including transportation, construction, and biomedical implant
technology.
Material choice and design are two important factors in creating lightweight
synthetic materials. Material property maps, first popularized by Ashby (and now
known as Ashby plots), are useful for comparing many materials in a single diagram.
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Figure 1.6 is an Ashby chart for Young's modulus and density of engineering materials.
Materials such as metals, alloys, and ceramics (which lay on the right side of the chart)
generally have the greatest modulus and density. However, natural materials span a
much wider range of Young's modulus. For example, bamboo (on the right side of the
chart) has a similar modulus to non-technical ceramics, but an order of magnitude lower
density. Currently, material scientists are striving to develop "hybrid materials" that
exhibit both a high modulus and low density that would theoretically occupy the upper
left corner of the chart shown in Figure 1.6 [96]. To address this challenge, materials
need to offer a combination of stiffness, strength and toughness at low density. On the
larger design scale, this involves combining the desired functional properties from
multiple natural materials to create an overall integrated structure.
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Figure 1.6 Ashby materials property chart showing the relationship between Young's
modulus (GPa) and Density (kg/m3). Created using CES Edupack 2017 (Granta Design
Limited, 2017).

Structures found in nature were developed through selective evolution over
millions of years [97]. The process of biologically inspired design, coined biomimicry
in the late 1980s, involves mimicking potentially beneficial functions found in natural
structures in engineering technologies [98, 99]. The terms "biomimicry", "biomimetic"
and "bioinspired" are used interchangeably, and the field is highly interdisciplinary
involving materials engineering and biology [99].
There are many examples of biomimicry being applied to large-scale innovative
technologies and solutions. One of the most commonly cited inventions is the Velcro
strap, derived from the action of hooked burdock seeds on a dog's coat. [100]. Gecko
foot hair has inspired dry adhesion tape, and hydrophobic lotus leaves have produced a
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self-cleaning paint [101-103]. The field of biomimetics is rapidly evolving, with the
objective of reproducing the characteristics of small level structures of biological
materials using non-traditional manufacturing techniques.

1.12

Additive Manufacturing: Three-dimensional Printing

Mimicking the functional properties of a biological material is not trivial due to
the complexity of the architecture. However, advances in additive manufacturing (AM),
such as three-dimensional printing, have widened the capabilities of manufacturing.
State-of-the-art AM systems using continuous liquid production (CLIP) can achieve a
resolution approaching 10 μm feature sizes in polymers. CLIP works by digitally
projecting UV images through an oxygen-permeable window into a pool of UV-curable
resin. As the layers of images are projected, the part solidifies from the resin and the
built platform rises with each layer [104]. The production of bioinspired structures can
use AM to create highly complex designs previously impossible with other methods.
AM systems expand the design freedom of manufacturing parts regarding shape
complexity, hierarchical complexity, material complexity, and functional complexity
[105]. In the long term, AM may become a broadly used manufacturing approach.
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1.13

Lightweight Materials: Cellular Structures

A cellular solid is defined as an interconnected network of struts or plates that
form an assembly of cells [106]. Cellular solids found in nature include cancellous
bone, wood and cork [106]. Cellular solids are classified as either open or closed cell
foams based on the shape and distribution of the cells. Open cell foams are defined as
those with cell edges present and closed cell foams are defined as those with cells
enclosed by its walls (Figure 1.7) [106]. Low density trabecular bone is an example of
an open cell foam (edges are present), and cork is an example of a closed cell foam
(faces are present) (Figure 1.7). These natural cellular solids have a porous structure
that provides a high strength to mass ratio.

Figure 1.7 (A) Image of cancellous bone, an example of an open cell foam. (B) Image
of wine cork, an example of a closed cell foam. Images adapted from [107, 108].
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Cancellous bone and wood are some of the first biological materials to attract
the attention of engineers [106]. Today, several studies have already successfully
adapted biological cellular structures to design lightweight rigid constructions. Natural
structures such as bamboo [109], cuttlefish bones [110], feather keratin [111], toucan
beaks [112], and beetles [113] are just a few examples of cellular structures that have
inspired designs for sandwich laminates. Coral has inspired frameworks for hard tissue
engineering bone-like materials with superior properties used in surgery [114]. Artists
have used cancellous bone as an inspiration for a unit cell structure to create an
extremely lightweight cantilever chair with optimized mechanical properties [115, 116]
(Figure 1.8). Porous cooling channels have been designed for plastic injection moulds
based on the structure of honeycombs [117] .

Figure 1.8 (A) Unit structural element inspired from trabecular bone. (B) Cantilever
chair filled with unit structural elements shown in A. Images from [115, 118].
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1.14

Cellular Structures: Morphological and Mechanical Properties

Considerable effort has focused on the relationship between morphology and
mechanical properties of cellular structures. Cellular solids found in nature have
extremely low mass yet impressive mechanical properties. A large portion of living
cellular structures are able to efficiently distribute material to achieve high strength with
a lightweight structure. Many cellular solids found in nature are anisotropic, meaning
their cells are aligned to produce more effective mechanical function in a single
direction of primary loading and less in others. For example, in cancellous bone the
compressive strength is greater in the direction of habitual loading than in the transverse
directions [119, 120].
One of the most important properties of cellular solids is relative density.
Relative density (t) is defined as:

where * is the measured density of the cellular solid and s is the density of the
constituent material making up the cell walls [106]. A cellular solid with thicker cell
walls or struts have greater relative density. Cellular solids such as foams used for
packaging and insulation have relative densities between 0.05 and 0.20, cork is
approximately 0.14 and cancellous bone is typically less than 0.20 [121, 122]. Once the
relative density is above 0.30, the structure is considered a solid containing isolated
pores. However, cellular solids with relative density below 0.3 are of greatest interest to
designers of lightweight materials.
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The load-bearing capacity of lightweight cellular solids and the mechanical
response of cellular solids have been investigated extensively. The fundamental
material properties of cellular solids were first described rigorously by Gibson and
Ashby [106]. The stress-strain curve for an isotropic open cell foam is shown in Figure
1.9. There are three distinct zones that are seen in the stress-strain curve: (i) an elastic
region where the foam compresses elastically by bending of the walls and stress
increases rapidly with strain, (ii) a plateau region where non-linear plastic deformation
(buckling) or cell wall fracture occurs at nearly a constant stress level, and (iii) a
densification stage where the cell walls have collapsed or fractured, and stress and strain
steeply rise as compression is applied [106]. In addition, the critical mechanical
parameters such as stiffness, peak stress, plateau stress, and total energy absorption are
shown in the figure (Figure 1.9), as they are crucial to understanding the load-carrying
characteristics of cellular structures.
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Figure 1.9 Uniaxial compressive stress-strain curve of isotropic open cell structure
illustrating three distinct regions: (i) linear elastic region (ii) plateau regions and (iii)
desensification region. Images on the right are of an undeformed hexagonal cell
structure exhibiting linear elastic bending, non-linear elastic buckling, and brittle
fracture. Adapted from [106, 123]

The mechanical behaviors of natural cellular structures have inspired the
creation of engineered cellular structures that exhibit similar mechanical behaviors
[124, 125]. The strength of a foam can further be adjusted by controlling its relative
density. Foams also have the ability to undergo large compressive strains under constant
stress, which allows for large amounts of energy to be absorbed without generating high
stresses. For example, cellular solids, such as foams, are an ideal packaging material
because of the ability to absorb the energy of impact while minimizing the damage
caused to the contents. Material properties such as stiffness, strength, and energy
absorption are directly related to relative density, through a power law relationship
[106]. An Ashby plot of the Young's modulus as a function of density for a variety of
natural cellular solids is shown in Figure 1.10, demonstrating the power law relationship
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between Young's modulus and density. The general relationship between the relative
stiffness (*s), and density for an open cell foam is:

E* is the measured stiffness of the open cell foam, Es is the stiffness of the constituent
solid, and n is a power ranging from 1 to 3 [106].

Figure1.10 Ashby materials property chart showing the relationship between Young's
modulus (GPa) and Density (kg/m3) of natural cellular solids. Created using CES
Edupack 2017 (Granta Design Limited, 2017).

The mechanical properties of cellular solids not only depend on relative density,
but also on the properties and geometrical arrangement of the constituent material that
comprise the cellular solid. Additionally, the topology (connectivity) and morphology
of the cells also play a role in the properties of cellular solids. A morphological
parameter commonly used to characterize cellular solids is total porosity, which is
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calculated as:

In addition, pore connectivity, size, morphology, anisotropy, and cell wall
structure are used to describe the complexity of cellular structures. The architecture and
orientation of the cellular structure play a role in the bulk mechanical properties of
natural cellular materials [126].
Creating and developing cellular solids with the desired microstructure and
mechanical properties can prove to be challenging. The fabrication of these cellular
solids is a complex topic as currently no technique can provide complete control of the
cellular structure's properties and mechanical performance.
Unit cell models have proven to be useful theoretical models for understanding
the mechanical behavior of cellular structures and the failure modes of individual cells
(Figure 1.9). However, the geometry of the unit cell does not give an exact
representation of the entire material. Instead, unit cell models make the assumption that
the cell geometry is similar, and the dependence of the properties relies on the relative
density of the cellular structure [123]. The majority of cellular structures found in nature
have random imperfections and inhomogeneities in their microstructure, such as
varying wall thicknesses. In addition to microstructural variations, natural cellular
structures are often complex composites. Therefore, unit cell models cannot fully
capture the inherent composite nature of cellular materials and represent the mechanical
behavior. However, we begin to fill these gaps in knowledge from well studied complex
cellular solids such as cancellous bone.
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1.15

Thesis Aims

Many studies that aim to understand the biomechanical performance of
cancellous bone have been performed under static loading conditions. However, on a
daily basis our bones are subjected to repetitive loading conditions, which can
ultimately lead to failure. In Aim 1, I examine how fatigue failure in cancellous bone is
attributed to microdamage and tissue material properties. In Aim 2, I examine how local
geometry influences fatigue microdamage accumulation in cancellous bone, and then
apply the morphological features associated with enhanced fatigue life to the design of
novel microarchitectured materials.

1.15.1 Aim 1: Determine the factors in cancellous bone that dictate formation and
propagation of microscopic tissue damage generated during cyclic fatigue
loading.

Failure of cancellous bone can occur as a result of the accumulation of
microscopic tissue damage over time [85, 127]. The initiation and propagation of
microscopic tissue damage in cancellous bone is influenced by local stress and strain,
tissue material properties, and local geometry. Tissue material properties of cancellous
bone are known to change due to the accumulation of AGEs over time [20, 128]. AGES
have been shown to be detrimental on the biomechanical performance of cancellous
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bone [19-21]. To examine the mechanical performance of cancellous bone under
fatigue, we submitted human vertebral cancellous bone to cyclic compressive loading to
induce microdamage. Here we characterize the growth and locations of microdamage,
and determine local tissue material properties associated with regions of microdamage.

1.15.2 Aim 2: Determine the morphological features of cancellous bone associated
with microdamage accumulation during cyclic fatigue loading to identify
design strategies for enhancing fatigue life open cell foams.

Recent studies have associated microdamage and cancellous bone mechanical
properties with trabecular morphology (rod-like and plate-like architecture). Finite
element models of cancellous bone have suggested that tissue failure occurs
predominately on plate-like trabeculae [42] while experimental studies using twodimensional histology have suggested that microdamage occurs predominately on rodlike trabeculae [129]. Given differences in load carrying capacity and thickness
between plate-like and rod-like trabeculae [41], the distribution of microdamage among
these two types of tissue has the potential to influence apparent mechanical properties.
We determined which morphological features of cancellous bone were associated with
accumulation of microscopic tissue damage. Using the results, we formulated the
hypothesis that the effects of microarchitecture on fatigue failure of cancellous bone
were independent of tissue material properties. To test our hypothesis, threedimensional printed homogenous samples of cancellous bone with varying increases in
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rod trabecular thickness were submitted to cyclic compressive loading. To conclude we
designed and fabricated a biomimetic super cell with enhanced fatigue life inspired by
cancellous bone.
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CHAPTER 2

MATERIAL HETEROGENEITY IN CANCELLOUS BONE PROMOTES
DEFORMATION RECOVERY AFTER MECHANICAL FAILURE

This chapter was published in the Proceedings of the National Academy of Sciences
(PNAS) in 2016 in Volume 113 (pgs 2892-2897). The article is titled “Material
heterogeneity in cancellous bone promotes deformation recovery after mechanical
failure” by Torres AM, Matheny JB, Keaveny TM, Taylor D, Rimnac CM, and
Hernandez CJ and is reprinted here with permission of PNAS.

2.1 Abstract

Many natural structures use a foam core and solid outer shell to achieve high
strength and stiffness with relatively small amounts of mass. Biological foams,
however, must also resist crack growth. The process of crack propagation within the
struts of a foam is not well understood and is complicated by the foam microstructure.
We demonstrate that in cancellous bone, the foam-like component of whole bones,
damage propagation during cyclic loading is dictated not by local tissue stresses but by
heterogeneity of material properties associated with increased ductility of strut surfaces.
The increase in surface ductility is unexpected because it is the opposite pattern
generated by surface treatments to increase fatigue life in man-made materials, which
often result in reduced surface ductility. We show that the more ductile surfaces of
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cancellous bone are a result of reduced accumulation of advanced glycation
endproducts as compared to the strut interior. Damage is therefore likely to accumulate
in strut centers making cancellous bone more tolerant of stress concentrations at strut
surfaces. Hence the structure is able to recover more deformation after failure, and
return to a closer approximation of its original shape. Increased recovery of deformation
is a passive mechanism seen in biology for “setting” a broken bone that allows for a
better approximation of initial shape during healing processes, and is likely the most
important mechanical function. Our findings suggest a novel biomimetic design strategy
in which tissue level material heterogeneity in foams can be used to improve
deformation recovery after failure.

2.2 Significance Statement

Lightweight structures often employ foam cores to achieve high strength and
stiffness. Structures that are submitted to cyclic loading with long service lives must
also resist crack propagation. We show that the foam-like regions of cancellous bone
resist damage propagation by varying material heterogeneity within struts, a strategy
that makes the material less susceptible to stress concentrations at the surface and
enhances the ability of the structure to recover its initial shape after mechanical failure.
The ability to recover deformation after failure improves long-term function of bones
after a fracture. Our findings suggest a novel design strategy of man-made foams in
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which material heterogeneity can be used to mitigate the effect of local failure to better
maintain mechanical function.

2.3 Introduction

Many natural structures achieve a combination of low weight and mechanical
properties that surpass what is currently possible with man-made materials [1]. A
common structural motif in biological materials is a foam-like structure encased within
a thin shell, a structure that uses less mass to achieve the same resistance to bending and
torsional loads of solid structures [2, 3]. Foam core structures are seen in many
biological systems including plants, feather stems and bones [2, 4]. In addition to
increasing resistance to bending and torsional loads, the foam cores in biological
materials must also resist failure from cracks and other damage generated by cyclic
loading. However, little is known about the contribution of material toughness to failure
in foams and other cellular solids.
Whole bones consist of a dense shell of cortical bone surrounding a foam-like
tissue called cancellous bone. Bone tissue itself is a hierarchical composite consisting of
a mineral component (primarily impure hydroxyapatite) and an organic polymer
component (primarily type I collagen). In bone, tissue level material toughness has been
identified as a key mechanism in resisting osteoporosis- and age-related fractures [5].
The ability of bone tissue to resist crack growth has been studied predominately in
cortical bone and is a result of a combination of intrinsic (ahead of crack tip) and
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extrinsic (behind crack tip) toughening mechanisms [6-9] resulting in a fracture
toughness, KIC, ranging from 2-8 MPa m1/2 [6, 10, 11]. Advanced glycation endproducts
accumulate in bone tissue over time and have been shown to have a detrimental effect
on resistance to crack growth and fracture [12-14]. The most influential extrinsic
toughening features in cortical bone are associated with a self-healing process called
bone remodeling. During bone remodeling, discrete locations of old or damaged tissue
are removed and replaced with newly synthesized material [15]. Completed remodeling
sites have highly mineralized boundaries known as cement lines that contribute to crack
deflection, thereby increasing tissue toughness [9, 16].
The great majority of osteoporosis-related fractures occur in regions of the
skeleton dominated by cancellous bone, yet little is known about resistance to crack
growth in cancellous bone tissue. Cancellous bone has a complex anisotropic
microstructure made up of a network of struts called trabeculae (typically 400 μm long
and 120 μm thick). Fracture toughness associated with flaws much larger than
individual trabeculae (crack length 1 mm or larger) has been shown to be related to
overall porosity in cancellous bone [4, 17, 18]. Tissue level toughness also influences
failure of cancellous bone, but resistance to crack growth within individual trabeculae
has not been reported previously and it is therefore unclear if alterations in tissue level
material toughness contribute to osteoporosis- and age-related fractures in regions of
cancellous bone.
Here we examine the propagation of tissue damage in cancellous bone during
fatigue loading using a novel three-dimensional imaging approach known as serial
milling. We report the propagation of 1,676 locations of tissue damage and the effects
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of local tissue stresses and stress concentrations on the surface of trabeculae. We find
the propagation of tissue damage to be insensitive to local stresses and instead appears
to be dominated by heterogeneities in tissue material properties related to accumulation
of advanced glycation endproducts. We conclude that tissue level material
heterogeneity in cancellous bone enhances deformation recovery of the structure, which
promotes recovery of function after injury.

2.4 Materials and Methods
2.4.1

Specimen Collection

The fourth lumbar vertebral bodies of 11 human donors (4 male, 7 female, aged
62-88 years, tissue source NDRI) were examined in this study. Cylindrical cores of
cancellous bone aligned in the superior-inferior direction (nominally 8 mm in diameter
and 27 mm in length) were dissected from each vertebral body. Specimens were
wrapped in saline soaked gauze and stored in airtight tubes at -20 °C prior to
mechanical testing. Bone marrow was removed with a low-pressure water jet. Each
specimen was press fit into cylindrical brass end-caps and secured with cyanoacrylate
glue (Loctite 401, Newington, CT, USA). Specimens were stored overnight at 4 °C
while hydrated with saline soaked gauze to allow the glue to cure.
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2.4.2

Mechanical Testing

Specimens were submitted to cyclic compressive loading in two separate cyclic
bouts. Mechanical testing was performed at room temperature (23 °C). To maintain
hydration during fatigue testing, specimens were kept hydrated with physiologically
buffered saline (pH of 7.4). Strain was measured with a 25 mm gage length
extensometer (MTS, Eden Prairie, MN, USA) attached to the specimen’s end-caps.
Applied load was measured with a load cell (100lb capacity, SSM-100, Transducer
Techniques, CA, USA). Prior to each bout of loading, ten preconditioning cycles
between 0 and 0.1% strain at a rate of 0.5 % per second were applied. Fatigue loading
was applied cyclically between 0 N and a compressive load corresponding to σ = E0*
0.0035 mm/mm at a 4 Hz haversine waveform, where σ is stress and E0 is the initial
Young’s modulus of the specimen (determined during preconditioning cycles, Fig.
S8A). The first bout of fatigue loading was stopped prior to overt failure by detecting
rapid changes in the creep-fatigue curve (Fig. 1B). Following the first bout of cyclic
loading, specimens with endcaps were carefully removed and bulk stained in xylenol
orange solution (0.5 mM, Sigma Chemical Co., St. Louis, MO). Specimens remained
fully immersed in xylenol orange for 2 hours to label damage zones generated from the
first bout of loading [19]. The specimens were then rinsed in three 20-minute washes of
deionized water. The specimens were returned to the testing device, and a second bout
of fatigue loading was applied until 5% apparent strain (Fig. 1B). A negligible reduction
in Young’s modulus was caused by interruption of loading (Fig. S8B). Following the
second bout of loading, specimens were carefully removed from the testing device and
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bulk stained in calcein solution (0.5 mM, Sigma Chemical Co., St. Louis, MO) to label
damage zones generated during the second bout of loading using the same 2 hour
incubation period and rinses as the first damage stain [19]. Specimens were then
removed from the endcaps using a low-speed diamond saw (Isomet, Buehler Ltd., Lake
Bluff, IL) and embedded in methyl-methacrylate made opaque with sudan black dye in
preparation for image acquisition using serial milling [20].

2.4.3

Microscopic Tissue Damage

Three-dimensional images of bone and fluorescent markers of damage zones
were collected using serial milling to achieve a voxel size of 0.7 x 0.7 x 5.0 μm (690
GB per specimen, Fig. S2.1) [21]. Three images of each specimen were collected using
different fluorescent filter sets: one channel to visualize bone tissue (350/420 nm,
Ex/Em), and one for each of the two fluorescent markers of damage zones (xylenol
orange - 545/620 nm, calcein - 470/525 nm). Images collected were segmented by a
trained observer and underwent three-dimensional binary morphological operations.
Propagating damage zones were identified as regions where the second damage stain
was in direct contact with the first damage stain. Remodeling cavities on the bone
surfaces were detected by irregular surface texture and traced manually in three
dimensions [22]. Spatial correlations between damage zones and remodeling cavities
were determined as the ratio of damage volume near remodeling cavities (within 8 μm)
to that of bone volume selected at random that was found to be near remodeling cavities
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[23]. The characteristic size of each damage zone (c = cubed root of damage zone
volume) was determined at the end of the first bout of loading (cinitial) and at the end of
the second bout of loading (cfinal) and the growth rate was determined as follows:

dc c final  cinitial

dN
N secondbout ,
where Nsecondbout is the number of cycles applied between the first and second bouts of
loading.

2.4.4

Finite Element Modeling and Damage Propagation

Three-dimensional images of each specimen, collected prior to loading using
micro-computed tomography (10 μm voxels), were used to generate linear elastic finite
element models. Each finite element model consisted of 31-98 million elements and
was implemented on the Stampede Supercomputer Cluster (Texas Advanced
Computing Center) [24]. The tissue Young’s modulus for each model was selected so
that the stiffness of the finite element model matched that of the apparent Young’s
modulus determined experimentally (tissue Young’s modulus 13.74 ± 3.25 GPa, mean
± SD). Compression applied at the apparent scale (millimeters) resulted in local regions
of compression and tension (Fig. S2.9). The average von Mises stress within each
damage zone, along with damage zone length, c, was used to calculate ΔK. Similar
results were achieved with other scalar assays of tissue stress/strain.
2.4.5

Advanced Glycation End Products (AGEs)
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Five cylindrical cores of cancellous bone from the same donor pool (2 male, 3
female, aged 67-88 years) were analyzed for fluorescent AGEs. Specimens were
decalcified in a sodium citrate-formic acid solution and then dehydrated. Following
dehydration, samples were embedded in paraffin, and 6 μm thick transverse sections
were mounted onto slides. AGEs were observed by auto fluorescence in 5 sections per
sample using a confocal microscope (Zeiss 710, 405/488 nm, Ex/Em) with uniform
exposure time (150 ms). Bright field images were used to normalize brightness among
fields of view. Images were analyzed using Image J (developed at the U.S. National
Institutes of Health).

2.5 Results
2.5.1

Fatigue Crack Growth within Trabeculae is Primarily Driven by Damage
Size and Not Local Tissue Stress

We examined the propagation of tissue damage within cancellous bone (Fig.
2.1A) from the fourth lumbar vertebral bodies of 11 human donors (4 male, 7 female,
aged 62-88 years). Cylindrical specimens of cancellous bone were submitted to cyclic
compression in two bouts of loading. After each bout of loading specimens were stained
for tissue damage (first with xylenol orange then with calcein, Fig. 2.1B). The applied
loading brings the cancellous bone specimen into the tertiary phase of the creep-fatigue
curve but does not cause overt failure (specimens remain intact). Three-dimensional
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fluorescent images of the entire cancellous bone microstructure (8 mm diameter, 4 mm
in height) were collected using epifluorescence-based serial milling at a voxel size
sufficient to observe tissue damage (0.7 X 0.7 X 5.0 μm voxels, see Methods and Fig.
S2.1). The tissue damage examined consisted of microscopic cracks as well as regions
of submicroscopic cracking, which together we refer to as “damage zones.” The use of
sequential staining made it possible to observe the propagation of damage zones in
cancellous bone in situ. We found that 87% of the tissue damage generated during the
second bout of loading was due to expansion of an already existing damage zone (i.e.
propagation, Fig. 2.1C, Table S2.1) rather than the initiation of a new damage zone.
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Figure 2.1 (A) A three-dimensional image of cancellous bone with tissue damage
stained is shown. Propagating damage zones display green stain extending from orange
stain. (B) The minimum and maximum strain per cycle are shown. Cyclic compressive
loading was applied to cancellous bone specimens until the start of the tertiary phase of
fatigue and a fluorescent stain (orange) was applied to mark damage zones. Cyclic
loading was reinstated until 5% applied strain and a second fluorescent stain (green)
was applied. (C) 87% percent of the damage volume in the second bout of loading had
propagated from pre-existing damage.
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Damage growth rates (dc/dN, m/cycle) and local stress intensity factor range
(ΔK, MPa√m) were determined using the characteristic size of each damage zone (c =
the cubed root of damage zone volume) after each bout of loading, the number of cycles
between the two bouts of loading and the local stress range (von Mises) determined
from high-resolution finite element models (10 μm elements, 31-98 million
elements/model, see Methods, Fig. 2.2A). Damage growth rate was assessed once at
each of the 49-287 damage zones in each specimen (1,676 damage zones in 11
specimens). This approach differs from traditional fatigue crack growth, which
performs multiple measures of crack growth rate during advance of a single crack, an
analysis which, to our knowledge, has been performed on only a few dozen cracks in
cortical bone [25-27]. The observed damage zone propagation was consistent with the
stable crack growth rates of small cracks in cortical bone (Fig. 2.2D, Fig S2.2). Damage
zone growth rate, however, was positively correlated with local stress intensity factor
range within each donor (R2= 0.51, p < 0.001), although large inter-individual variations
were observed (color labels on Fig. 2.2D). Damage zone growth rate was closely related
to initial damage zone size (Fig. 2.2C) and, interestingly showed little relationship to
local cyclic stress range (Fig. S2.3). Larger damage zones were more likely to propagate
during the second bout of loading; on average, 72% of damage zones created during the
first bout of loading went on to propagate during the second bout of loading (Fig. S2.4).
To further understand the limited association between local tissue stress and
damage propagation, we determined the local tissue stresses at damage zones (Fig.
S2.5A). The struts within cancellous bone commonly experience bending and torsional
loads, leading to the greatest tissue stresses at strut surfaces [28]. Tissue stresses at strut
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surfaces were greatest on the surfaces of trabeculae (Fig. 2.2B, Fig. S2.5B). However,
the majority of tissue damage (68%) occurred in the central regions of trabeculae.
Damage zone propagation also occurred predominately in the interior of the trabeculae
(Fig. 2.3C). Rupture of individual trabeculae, also known as trabecular microfracture,
was rarely observed. The percent of trabeculae in a specimen that ruptured ranged from
0.06-1.32% (0.47 ± 0.36%, mean ± SD), demonstrating that failure of individual struts
was not a common occurrence. In summary, these results demonstrate that damage
formed and propagated in the interior of struts despite the fact that the tissue level
stresses were greater at surfaces than the interior.
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Figure 2.2 Fatigue crack growth within cancellous bone. (A) The distribution of von
Mises stress within trabecular bone is shown. (B) Regions of greatest tissue stress were
located at surfaces of trabeculae, suggesting that trabeculae experience bending and
torsional loading. (C) Damage zone growth rate is expressed as the rate of change in
damage zone size, c, divided by the applied number of cycles, N. Damage zone growth
was strongly correlated with the size of the damage zone present before the second bout
of loading (p < 0.001), but showed no correlation to local cyclic stress (R2 = 0.006)
(Fig. S3). (D) Data from the current study (colored points) is shown overlaid with
fatigue crack growth measured in cortical bone (a summary of the literature from [25]).
Positive relationships between crack growth rate (experimental data) and stress intensity
range (finite element model data and experimental data) were observed within each
specimen (p < 0.001). Data points with the same colors are from the same specimen.
2.5.2 Stress Concentrations on Trabecular Surfaces
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To confirm our finding that local tissue stress was poorly correlated with
damage propagation, we tested the idea that stress concentrations on the trabecular
surfaces caused by bone remodeling were preferential locations of damage initiation
and propagation. When old or damaged bone tissue is removed during bone remodeling,
a cavity is generated on the trabecular surface that can increase local stresses by more
than an order of magnitude [29], an increase expected to promote damage initiation and
propagation [30]. However, we found remodeling cavities (54-111 per specimen, Fig.
2.3A) were preferentially distant from damage zones (Fig. 2.3B). One possible
explanation is that trabeculae with cavities experience less stress because load is
distributed preferentially to more robust trabeculae that do not have cavities.
Additionally there is evidence that the generation of remodeling cavities in vivo occurs
primarily on trabeculae experiencing less load [31]. However, in our analysis, stresses
at remodeling cavities were similar to those at other trabecular surfaces (Fig. S2.6),
demonstrating that trabeculae with cavities were not under-loaded. Hence we conclude
that geometric discontinuities associated with the cavities did not lead to the creation or
propagation of damage zones. To further assess the unexpected negative correlation
between cavities and damage zones, we repeated our analysis considering only the
cavities with the largest gross stress concentration factor (greatest ratio of cavity depth
to strut thickness). The deepest cavities were even less likely to be near damage zones
when compared to all of the cavities (p < 0.05, Fig. S2.7). The results indicate that
geometric discontinuities such as remodeling cavities have little effect on damage zone
initiation or propagation.
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Figure 2.3 Tissue damage caused by fatigue loading is distant from stress
concentrations generated by bone remodeling. (A) Remodeling cavities were traced
manually and (B) damage zones were less likely to be near cavities than regions
selected at random (the ratio is less than 1.0). (C) Damage initiated and propagated
primarily in the interstitial regions in the center of trabeculae (more than the average
depth of remodeling events, 30 μm).
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2.5.3

Patterns of Tissue Damage Reflect Accumulation of Advanced Glycation
Endproducts (AGEs)

To determine if patterns of material heterogeneity were consistent with regions
of damage propagation, we determined the distribution of advanced glycation
endproducts in cancellous bone from the same donor cohort. AGEs accumulate in bone
tissue over time, and are found in higher concentrations in regions of bone tissue that
has been present in an individual for a longer period of time. AGEs have been
associated with non-enzymatic collagen cross-linking and increased tissue level
brittleness [32, 33]. Higher concentrations of fluorescent AGEs were present in the
central regions of the trabeculae (Fig. 2.4A, B). In summary, the presence of fluorescent
AGEs, a factor associated with reduced ductility, was greater in the same regions where
microscopic tissue damage was more likely to occur.
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Figure 2.4 Advanced Glycation Endproducts (AGEs) in cancellous bone are
primarily found distant from the trabecular surface. (A) Fluorescence image of
decalcified human vertebral cancellous bone. Regions of increased brightness indicate
accumulation of advanced glycation end products. (B) The pixel intensity 40 μm or
more away from the surface (blue) and within 20 μm of the bone surface (green) for a
donor. The brightest regions were more than 40 μm away from the surface indicating
high AGE content occurs primarily in the center of trabeculae.

2.6 Discussion

This work provides the first experimental analysis of damage propagation within
the struts of an open cell foam. The findings demonstrate that accumulation of tissue
damage in cancellous bone is predominately the result of propagation from previously
existing damage and that propagation of tissue damage occurs distant from regions of
high stress due to material heterogeneity. As a result, the likelihood that a damage site
will propagate is related to damage zone size instead of the magnitude of the local
stress. Small damage events are less likely to propagate, while all large damage sites
propagate. The results are consistent with the concept that failure of cancellous bone
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under fatigue is a localized process; once damage forms in a location, additional
accumulation of tissue damage is a result of propagation rather than the initiation of
new damage sites.
Stress concentration features that are physically small can be ineffective at
initiating cracks [34], a fact that would suggest that the locations of damage zones
might be indifferent to the presence of remodeling cavities. Damage zones were not
found near remodeling cavities; instead we found that damage propagation was
preferentially distant from surfaces with remodeling cavities, implying that differences
in tissue material properties at surfaces and the interior are dominating damage
propagation. The accumulation of tissue damage in the centers of trabeculae is also
consistent with variation in material properties between material at the surface and the
interstitial material in the interior of trabeculae. The central interstitial regions of
trabeculae have been present longer in the body because bone remodeling initiates at
trabecular surfaces. Tissue present in the body longer accumulates greater amounts of
advanced glycation endproducts (AGEs) and associated increases in collagen crosslinks as well as altered in mineral composition (increased degree of mineralization and
crystallinity), traits that have been associated with increased hardness [35, 36],
increased brittleness [33], and reduced ductility [9, 14] of bone material. The current
study directly demonstrates increased accumulation of AGEs in the centers of
trabeculae suggesting that reductions in ductility and fracture toughness associated with
increased non-enzymatic collagen cross-linking are the likely causes of observed
damage patterns. Hence, our observations that damage zones initiate and propagate
preferentially distant from cavities and strut surfaces are consistent with the idea that
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material heterogeneity, specifically increased surface ductility compared to the interior
of trabeculae, directs damage propagation.
The observation that cancellous bone displays a more ductile surface and less
ductile center was surprising in that it contrasts with surface treatment strategies used to
increase fatigue life of man-made materials via surface hardening treatments [37]. The
presence of a more ductile surface provides two key functional advantages to a
biological foam. First, the presence of more ductile trabecular surfaces makes the
material less sensitive to surface flaws and stress concentrations that are unavoidable in
biological materials. Without this pattern in tissue heterogeneity, stress concentrations
caused by self-healing processes such as bone remodeling could promote failure in
cancellous bone. Hence, our findings contradict a long—held assumption that cavities
generated by the activity of osteoclasts during the bone remodeling process weaken
cancellous bone [30, 38]. Second, the presence of a more ductile strut surface forces
tissue damage and associated permanent deformations into strut centers. Deformations
in struts caused by bending and torsion (the primary loading modes experienced by
trabeculae) are small near strut centers (neutral axis/center of twist). As a result,
permanent deformations caused by tissue damage in strut centers are much smaller than
would be expected if damage were instead present at strut surfaces. Upon unloading,
struts that accumulate tissue damage in the center (where stresses are lower) will
recover more deformation from bending and torsion than struts accumulating damage at
surfaces. Improved recovery of deformation of individual struts then leads to improved
recovery of deformation of the entire foam structure.
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Cancellous bone has long been recognized for the ability to recover large
amounts of deformation after an overload; specimens compressed well beyond ultimate
strain typically recover 61-94% of applied deformation [39-41]. The ability to recover
deformation in cancellous bone allows for recovery of shape of whole bone after a
fracture, and is therefore a passive mechanism of “setting” or reducing a fracture. By
immediately recovering deformation of the whole bone, subsequent self healing will
maintain a structure more similar to the initial bone shape and lead to better function
post-injury [39].
The ability of cancellous bone to recover deformation after failure provides a
compelling answer to a long-standing question: why do bones have foam-like regions at
all? A common explanation for the presence of a foam core in bone is to improve
flexural and torsional rigidity and prevent buckling (crimping) [2]. However, in long
bones the foam-like cancellous bone is present at the ends of the bones near the joints
where they would provide relatively little contribution to flexural rigidity and resistance
to buckling. The second common explanation for the presence of cancellous bone is
improved energy absorption at joints, but energy absorption per unit mass is less in
cancellous bone than in solid cortical bone [42]. In contrast, recovery of bone shape
after fracture, especially at the joints where cancellous bone is most common, is key to
enabling effective healing and locomotion after mechanical failure. We suggest that
cancellous bone does not so much improve stiffness, strength and energy absorption,
but improves performance of the whole bone after failure.
The observed failure mechanisms of cancellous bone provide an attractive
strategy for the design of biomimetic materials. Additive manufacturing techniques
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have achieved materials with designed microstructures that display large amounts of
deformation recovery [3]. These strategies, however, concentrate on microstructural
heterogeneity and mechanical performance prior to failure but do not necessarily
consider material heterogeneity and performance of the component after failure has
occurred [1, 2]. Lightweight, man-made components utilizing foams treated to increase
surface ductility have the potential to continue to provide some mechanical function
after overt failure, thereby providing longer service life in cases where replacement and
repair are not immediately possible.
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2.8 Supplementary Material

Figure S2.1 Serial milling imaging. Fluorescent light images of bone were acquired
using UV excitation/emission (350/420 nm), with voxel sizes of 0.7×0.7×5.0 μm. Raw
images were collected using this resolution consist of 800 transverse cross-sections,
each consisting of a 6×6 mosaic of images.
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Figure S2.2 The distribution of damage zone growth rate for all specimens is shown.
All but a few damage zones grew at rates within the range of small crack growth
observed in cortical bone (Kruzic et al. 2006).

Figure S2.3 Damage zone growth rate collected from the experimental data was
not related to local tissue stresses calculated from the finite element models (R2 =
0.006). Data points with the same color are from the same specimen.
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Figure S2.4 Probability of damage zone propagation during the second bout of
loading is shown (mean ± SE). Larger microdamage sites were more likely to
propagate. The overall average proportion of damage zones propagating was 0.72.

Figure S2.5 (A) Stresses of damage zones at the surfaces of trabeculae are greater
compared to the center of trabeculae (p < 0.01). (B) Stresses at the surfaces of
trabeculae are greater than at the center of trabeculae (p < 0.01).
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Figure S2.6 Stresses at remodeling cavities were not different from those at other
regions of the surface at the resolution of the finite element models (p = 0.82, paired
t-test), demonstrating that trabeculae with cavities were experiencing loads similar in
magnitude to those at other regions of the microstructure

Figure S2.7 The deepest cavities (with greatest gross stress concentration factor)
were even less likely to be near damage zones when compared to all of the cavities
(p < 0.05).
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Figure S2.8 (A) Initial Young’s modulus, E0. Linear regression model of initial
Young's modulus as a function of bone volume fraction (R2 = 0.28). (B) Reductions
in Young’s modulus during fatigue loading. The reduction in young’s modulus for the
first bout of cyclic loading is shown in black, and the second bout of cyclic loading is
shown in gray. A negligible reduction in Young’s modulus was caused by interruption
of loading (as indicated by the arrow).

Figure S2.9 The distributions of maximum principal stress in tension and
compression are shown. Although the specimen was loaded in apparent compression,
regions of local tensile stress develop due to bending of trabeculae.
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Table S2.1 Damage measurements
Damage Measure
Total damage volume fraction (1st + 2nd bout, DV/BV,
%)
1st bout damage volume fraction (DV/BV, %)
2nd bout initiated damage volume fraction (DV/BV, %)
2nd bout propagated damage volume fraction (DV/BV,
%)
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Mean ± SD
5.13 ± 2.04
0.96 ± 0.58
0.41 ± 0.24
3.45 ± 1.74

REFERENCES

1.

Wegst UG, Bai H, Saiz E, Tomsia AP, et al. (2015) Bioinspired structural
materials. Nature Materials 14(1):23-36.

2.

Meyers MA, McKittrick J, & Chen P-Y (2013) Structural Biological Materials:
Critical Mechanics-Materials Connections. Science 339(6121):773-779.

3.

Meza LR, Zelhofer AJ, Clarke N, Mateos AJ, et al. (2015) Resilient 3D
hierarchical architected metamaterials. Proceedings of the National Academy of
Sciences 112(37):11502-11507.

4.

Gibson LJ (2005) Biomechanics of cellular solids. Journal of Biomechanics
38(3):377-399.

5.

Ritchie RO, Buehler MJ, & Hansma P (2009) Plasticity and toughness in bone.
Physics Today 62(6):41-47.

6.

Nalla RK, Kinney JH, & Ritchie RO (2003) Mechanistic fracture criteria for the
failure of human cortical bone. Nature Materials 2(3):164-168.

7.

Koester KJ, Ager JW, 3rd, & Ritchie RO (2008) The true toughness of human
cortical bone measured with realistically short cracks. Nature Materials
7(8):672-677.

8.

Launey ME, Buehler MJ, & Ritchie RO (2010) On the Mechanistic Origins of
Toughness in Bone. Annual Review of Materials Research 40(1):25-53.

9.

Zimmermann EA, Schaible E, Bale H, Barth HD, et al. (2011) Age-related
changes in the plasticity and toughness of human cortical bone at multiple length
scales. Proceedings of the National Academy of Sciences 108(35):14416-14421.

10.

Zioupos P & Currey JD (1998) Changes in the Stiffness, Strength, and
Toughness of Human Cortical Bone With Age. Bone 22(1):57-66.

11.

Akkus O, Jepsen KJ, & Rimnac CM (Microstructural aspects of the fracture
process in human cortical bone. Journal of Materials Science 35(24):6065-6074.

12.

Ager JW, Balooch G, & Ritchie RO (2006) Fracture, aging, and disease in bone.
Journal of Materials Research 21(08):1878-1892.

13.

Wang X, Shen X, Li X, & Mauli Agrawal C (2002) Age-related changes in the
collagen network and toughness of bone. Bone 31(1):1-7.

92

14.

Vashishth D, Gibson GJ, Khoury JI, Schaffler MB, et al. (2001) Influence of
nonenzymatic glycation on biomechanical properties of cortical bone. Bone
28(2):195-201.

15.

Taylor D, Hazenberg JG, & Lee TC (2007) Living with cracks: damage and
repair in human bone. Nature Materials 6(4):263-268.

16.

Busse B, Bale HA, Zimmermann EA, Panganiban B, et al. (2013) Vitamin D
deficiency induces early signs of aging in human bone, increasing the risk of
fracture. Science Translational Medicine 5(193):193ra188.

17.

Griffith JF & Genant HK (2012) New advances in imaging osteoporosis and its
complications. Endocrine 42(1):39-51.

18.

Cook RB & Zioupos P (2009) The fracture toughness of cancellous bone.
Journal of Biomechanics 42(13):2054-2060.

19.

O'Brien FJ, Taylor D, & Lee TC (2002) An improved labelling technique for
monitoring microcrack growth in compact bone. Journal of Biomechanics
35(4):523-526.

20.

Bigley RF, Singh M, Hernandez CJ, Kazakia GJ, et al. (2008) Validity of serial
milling-based imaging system for microdamage quantification. Bone 42(1):212215.

21.

Slyfield Jr CR, Niemeyer KE, Tkachenko EV, Tomlinson RE, et al. (2009)
Three-dimensional surface texture visualization of bone tissue through
epifluorescence-based serial block face imaging. Journal of Microscopy
236(1):52-59.

22.

Dempster DW, Compston JE, Drezner MK, Glorieux FH, et al. (2013)
Standardized nomenclature, symbols, and units for bone histomorphometry: A
2012 update of the report of the ASBMR Histomorphometry Nomenclature
Committee. Journal of Bone and Mineral Research 28(1):2-17.

23.

Goff MG, Chang KL, Litts EN, & Hernandez CJ (2014) The effects of
misalignment during in vivo loading of bone: Techniques to detect the proximity
of objects in three-dimensional models. Journal of Biomechanics 47(12):31563161.

24.

Adams MF, Bayraktar HH, Keaveny TM, & Papadopoulos P (2004)
Ultrascalable implicit finite element analyses in solid mechanics with over a half
a billion degrees of freedom. ACM/IEEE Proceedings of SC2004: High
Performance Networking and Computing.

25.

Kruzic JJ, Scott JA, Nalla RK, & Ritchie RO (2006) Propagation of surface

93

fatigue cracks in human cortical bone. Journal of Biomechanics 39(5):968-972.
26.

Nalla R, Stölken J, Kinney J, & Ritchie R (2005) Fracture in human cortical
bone: local fracture criteria and toughening mechanisms. Journal of
Biomechanics 38(7):1517-1525.

27.

Akkus O & Rimnac CM (2001) Fracture resistance of gamma radiation
sterilized cortical bone allografts. Journal of Orthopaedic Research 19(5):927934.

28.

Renders GA, Mulder L, van Ruijven LJ, Langenbach GE, et al. (2011) Mineral
heterogeneity affects predictions of intratrabecular stress and strain. Journal of
Biomechanics 44(3):402-407.

29.

McNamara LM, Van der Linden JC, Weinans H, & Prendergast PJ (2006)
Stress-concentrating effect of resorption lacunae in trabecular bone. Journal of
Biomechanics 39(4):734-741.

30.

Hernandez C (2008) How can bone turnover modify bone strength independent
of bone mass? Bone 42(6):1014-1020.

31.

Huiskes R, Ruimerman R, van Lenthe GH, & Janssen JD (2000) Effects of
mechanical forces on maintenance and adaptation of form in trabecular bone.
Nature 405(6787):704-706.

32.

Tang S & Vashishth D (2010) Non-enzymatic glycation alters microdamage
formation in human cancellous bone. Bone 46(1):148-154.

33.

Catanese JCI, Bank RA, TeKoppele JM, & Keaveny TM (1999) Increased
cross-linking by non-enzymatic glycation reduces the ductility of bone and bone
collagen. Proceedings of the Bioengineering Conference, pp 267-268.

34.

Taylor D (2007) The Theory of Critical Distances (Elsevier, London, UK).

35.

Brennan O, Kennedy OD, Lee TC, Rackard SM, et al. (2009) Biomechanical
properties across trabeculae from the proximal femur of normal and
ovariectomised sheep. Journal of Biomechanics 42(4):498-503.

36.

Burket JC, Brooks DJ, MacLeay JM, Baker SP, et al. (2013) Variations in
nanomechanical properties and tissue composition within trabeculae from an
ovine model of osteoporosis and treatment. Bone 52(1):326-336.

37.

Dowling NE (2007) Mechanical Behaviour of Materials (Pearson Prentice Hall,
Upper Saddle River, NJ, USA) Third Edition Ed.

38.

Dempster DW (2000) The contribution of trabecular architecture to cancellous

94

bone quality. Journal of Bone and Mineral Research 15(1):20-23.
39.

Fyhrie DP & Schaffler MB (1994) Failure mechanisms in human vertebral
cancellous bone. Bone 15(1):105-109.

40.

Keaveny TM, Wachtel EF, & Kopperdahl DL (1999) Mechanical behavior of
human trabecular bone after overloading. Journal of Orthopaedic Research
17:346-353.

41.

Hernandez CJ, Lambers FM, Widjaja J, Chapa C, et al. (2014) Quantitative
relationships between microdamage and cancellous bone strength and stiffness.
Bone 66:205-213.

42.

Currey JD (2002) Bones: Structure and Mechanics (Princeton University Press,
Princeton, NJ, USA).

95

CHAPTER 3

BONE INSPIRED MICROARCHITECTURED MATERIALS WITH ENHANCED
SERVICE LIFE

The following chapter is under preparation for submission. The author list and title is as
follows:


Torres, A.M.; Trikanad, A.A.; Aubin, C.A.; Luna, M.; Rimnac, C.M.; Zavattieri,
P.; Hernandez, C.J. Bone Inspired Microarchitectured Materials with Enhanced
Fatigue Life.

3.1 Abstract
Lightweight materials that achieve superior mechanical properties at low densities
can expand the material design space for high-performance applications [1]. Additive
manufacturing provides an opportunity to create microarchitectured materials with
mechanical properties exceeding those that are achieved in stochastic foams and other
cellular solids. While microarchitectured materials can achieve superior bulk stiffness
and strength per unit density [2], broad application in mechanical design will require
acceptable service life under cyclic loading. Cancellous bone is a high porosity cellular
solid that commonly survives decades of habitual loading without failure. Here we
show that in cancellous bone, resistance to failure under cyclic loading is not related to
density or the dominate mechanical properties under uniaxial compression. Instead,
accumulation of fatigue damage occurs primarily in thin rod-like struts oriented
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perpendicular to applied loads – structural elements that have negligible contributions to
density and uniaxial mechanical properties. Using additive manufacturing, we find that
increases in the thickness of rod-like struts that have small effects on density (increase
of 11% ± 8%, mean ± SD) can increase fatigue life by 10-400 times. The effect of
transverse rod-like elements can be recapitulated in microlattice materials by reducing
the volume of material that yields in compression to increase fatigue life. These findings
provide a framework for the design of lightweight microarchitectured materials with
extended service life.

3.2 Main
Microarchitectured materials gain mechanical function from geometry rather
than composition [1-4]. The geometry of microarchitectured materials results in
complicated distributions of mechanical stress and local stresses an order of magnitude
greater than stresses applied to the bulk material [5, 6]. The presence of such large local
stresses can promote damage initiation under cyclic loading and thereby reduce service
life. The performance of microarchitectured materials is commonly evaluated in terms
of bulk stiffness, strength and energy absorption under uniaxial loading. However,
broad application of these materials will require sufficient service life under hundreds of
thousands to millions of cycles. Materials flaws generated during the additive
manufacturing process are a well-recognized limitation to the fatigue properties of
microarchitectured materials [7], but the effects of microstructural geometry on fatigue
failure are not well understood.
Bone is a biological material with large stiffness and strength relative to density.
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In most individuals, bone survives over 50 years of habitual loading without failure.
Whole bones have an outer shell made of dense tissue known as cortical bone. A foamlike tissue known as cancellous bone is present within the outer shell, most often near
joints. Cancellous bone consists of a network of interconnected plate-like and rod-like
struts called trabeculae (~50-300 μm in thickness). Trabeculae in cancellous bone are
preferentially aligned in the direction of stresses generated by habitual activity resulting
in a transversely isotropic microstructure. We determined the relationship between
microstructure and fatigue damage processes in human cancellous bone from the
vertebral bodies of elderly deceased donors (n=44 specimens from 18 donors, see
Supplementary Materials 3.1.1.1). Cyclic compressive loading (zero to compression)
was applied in the direction of habitual loading in vivo. Fatigue loading was suspended
at a specified amount of cyclic loading (determined by accumulated cyclic strain) and
the resulting amount and location of damage (microscopic cracks and constrained
microcracking) within the microstructure was detected using contrast agents (Fig. 3.1a
and 3.1b, see Supplementary Materials 3.3.1.2 and 3.3.1.3)[8, 9]. Microarchitecture was
assessed using a morphological decomposition approach that isolates each individual
strut within the microstructure and classifies the strut as plate-like or rod-like as well as
determining its orientation relative to loading (Fig. 3.1c and 3.1d, see Supplementary
Materials 3.3.2)[10]. The amount of tissue damage caused by fatigue loading was not
correlated with specimen porosity but was reduced in specimens with thicker rod-like
struts (Fig. 3.1e, R2=0.76, p < 0.01). This finding was surprising since rod-like struts 1)
constitute, on average, only 20% (Table S3.3) of the solid volume of cancellous bone;
2) are primarily oriented transverse to anatomical loading; 3) carry only a small
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proportion of bulk compressive loads; and 4) have negligible effects on uniaxial
stiffness and strength [11].
To better understand the effect of rod-like struts on fatigue failure we examined
the distribution of tissue damage at different points during the fatigue loading process.
Early in the fatigue process, failure of struts occurs primarily in rod-like trabeculae and
substantial damage accumulation in plate-like trabeculae does not occur until overt
fatigue failure (Fig. 3.1f). The experimental findings were consistent with finite element
models that indicated that apparent compressive loading results in tensile stresses in
rod-like trabeculae due to local bending and stretching (Fig. S3.1). In contrast, plate-like
trabeculae primarily experience compressive stresses (Fig. S3.2). These findings
suggest that, in cancellous bone, transversely oriented rod-like trabeculae act as
sacrificial elements during cyclic loading by accumulating tissue damage that would
otherwise occur on the load-carrying plate-like trabeculae. Increased thickness of rodlike trabeculae reduces tissue stress during cyclic loading and therefore reduces overall
damage accumulation.
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Figure 3.1 Microarchitecture influences fatigue damage accumulation in
cancellous bone. a, The creep-fatigue curve of cancellous bone consists of three
phases: the primary phase where apparent strain accumulates rapidly, the secondary
phase where strain accumulates slowly, and the tertiary phase of rapid strain
accumulation prior to failure. Cyclic compressive loading of cancellous bone was
stopped at different points along the creep fatigue curve (data points) to determine
patterns of damage accumulation. Three dimensional images of cancellous bone with b,
green indicating damage, c, identifying plate-like and rod-like struts and d, strut
orientation relative to anatomical position (longitudinal, oblique, and transverse). e, The
amount of damage in cancellous bone was correlated with maximum applied strain, but
specimens with thicker rod-like trabeculae experienced less damage accumulation
(R2=0.76, p < 0.01). Error bars indicate the standard deviation as determined from the
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linear mixed effects model. f, Early in fatigue life, strut failure occurs primarily in
transversely oriented rod-like struts; final mechanical failure is characterized by
widespread failure of longitudinally oriented plate-like struts.

Tissue heterogeneity is also a major contributor to damage accumulation in
cancellous bone [9, 12]. To confirm that the effects of transversely oriented rod-like
struts was due to geometry rather than material heterogeneity we generated three
dimensional models of cancellous bone microstructures using a high-resolution additive
manufacturing system (Fig. 3.2a, M1, Carbon, USA) [13]. Cancellous bone
microstructures (Fig. 3.2b, n=5) were modified by adding material to the surface of
transverse rod-like trabeculae in one of three increments: no modification (original
geometry), +20 µm on each surface (+40 µm in rod thickness, an average increase in
rod thickness of 20% ± 5%, mean ± SD), or +60 µm on each surface (+120 µm rod
thickness, an average increase in rod thickness of 45% ± 14%). Because transverse rodlike trabeculae constitute only a small portion of the solid volume and carry only a
small portion of applied loads, material added to rod-like struts had only a small effect
on density (Fig. 3.2c, increase of 11% ± 8%, mean ± SD) and apparent stiffness (Fig.
3.2d, 22% ± 19% increase in longitudinal Young’s modulus). These small increases in
thickness of rod-like trabeculae led to increases in fatigue life by 10-400 times (Fig.
3.2e). To confirm that damage accumulation in the 3D printed models was similar to
that of cancellous bone, we examined damage in the microstructure using a radioopaque dye penetrant (Fig. 3.3a). Polymer specimens with thicker rod-like trabeculae
showed reduced damage accumulation (Fig. 3.3b). Together these findings indicate that
small increases in mass applied at thin transverse elements of the microstructure can
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have disproportionate beneficial effects on fatigue life. That the effect was present in
both cancellous bone and the polymer models further suggests that the effect of
transverse struts on fatigue life is as result of geometry and not material properties.

Figure 3.2 Models of cancellous bone generated using additive manufacturing
show that fatigue life is sensitive to small changes in microarchitecture. Fatigue
crack growth within cancellous bone. a, High-resolution three-dimensional models of
cancellous bone were generated from b. digital images of human vertebral cancellous
bone. Increases in the thickness rod-like struts c, had small effects on density, d. small
effects on compressive stiffness (Young's modulus), but e, increases in fatigue life by
10-400 times.
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To determine if the effects of transverse elements on fatigue failure are
generalizable to other cellular solids, we generated polymer models of an octet truss [2]
as well as an octet truss modified to have plate-like and rod-like elements mimicking
the microstructure of cancellous bone (Fig. 3.4a). Increases in transverse strut thickness
in the octet truss resulted in an increase in fatigue life of over 400 percent (Fig. 3.4b)
with only minor changes in uniaxial stiffness (14% increase, Table S3.1). When loaded
transversely, increases in the longitudinal strut thickness resulted in a decrease in
fatigue life of 46 times (Fig. S3.3). Similar increases in transverse strut thickness
resulted in over an 800 percent increase in the fatigue life of bone-like repeating cellular
solids (Fig. 3.4b) with only a small change in density (4% increase) or longitudinal
stiffness (20% increase, Table S3.1). The bone-like cellular solid displayed an enhanced
longitudinal stiffness (20% greater) due to the alignment of plate-like struts
longitudinally and increased sensitivity to the effect of thickening of transverse
elements on longitudinal fatigue life.
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Figure 3.3 Damage characterization in three-dimensional printed models of
cancellous bone. a, A micro-computed tomography image of a three-dimensional
printed sample of cancellous bone after fatigue loading to failure. A radio-opaque dye
penetrant was used to display damage accumulated by fatigue loading to failure (bright
locations). b, The amount of damage generated by fatigue loading to failure was
reduced in 3D printed specimens with greater thickness of rod-like struts.

Figure 3.4 Biologically inspired architecture material experiences increased fatigue
life based on the stiffness of transverse elements. a, Three-dimensional image of
bone-inspired super cell featuring plate-like and rod-like struts. b, Increases in
transverse strut thickness in the octet cell increased fatigue life by over 400 percent.
Increases in transverse strut thickness in the bone-like repeating pattern increased
fatigued life by over 800 percent. c, Increases in transverse volume fraction increased
fatigue life.
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We show the first fatigue study of a three-dimensional printed
microarchitectured open cell foam inspired from human cancellous bone. Increasing
transverse strut thickness gave mechanical stability to the microstructure and protected
the longitudinal struts that are important for withstanding the load. Fatigue life is
increased by deflecting damage towards the transverse struts, typically regarded as the
weaker interfaces, resulting in immense deformability and enhanced fatigue life. We
discovered a mechanism by which microarchitecture can regulate fatigue life via
modulation of the transverse struts (Fig. 3.4c). In addition, we validated that our design
technique can be applied to bending dominated structures to extend the fatigue life of
low weight microstructures.

3.3 Supplementary Materials
3.3.1 Mechanical Characterization and Damage Assessment in Cancellous Bone
3.3.1.1 Specimens
This study examined human vertebral cancellous bone specimens (n=44
cancellous bone specimens from 10 male and 8 female donors, 62-92 years of age years
of age) described in two prior studies [8, 9]. Cyclic loading was applied to a specified
increase in cyclic strain and expressed as the average portion of the fatigue life (N/Nf)
using a previously identified empirical model [8] (Fig. 3.1a).
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3.3.1.2 Sample Preparation
Samples of human vertebral cancellous bone were acquired from the lumbar
vertebrae of deceased donors (tissue source NDRI). The donors had no history of
metabolic bone disease or cancer. The biomechanical analysis included cancellous bone
from the third lumbar vertebral bodies of 16 donors [8] and from the fourth lumbar
vertebral bodies of 12 donors [9]. Cylindrical specimens, 8 mm in diameter and 27 mm
in length were collected in the cranial-caudal direction using a coring tool. Two
specimens were collected from each L3 vertebra and one specimen was collected from
each L4 vertebrae resulting in a total of 44 specimens. Specimens were wrapped in
saline soaked gauze and stored in airtight tubes at -20 °C until mechanical testing. Bone
marrow was removed with a low-pressure water jet.

3.3.1.3 Mechanical Testing and Damage Staining
Mechanical characterization of high porosity cellular solids can be challenging
as the individual struts of the foam deform locally at the contact with loading platens
resulting in end artifacts that generate non-uniform strains within the gage length [14].
To avoid these end artifacts specimens were press fit into cylindrical brass end-caps and
secured with cyanoacrylate glue (Loctite 401, Newington, CT, USA). Using this
approach, loads are transferred to the specimen via shear loading at the
specimen/endcap interface thereby avoiding end artifacts. After being secured in end
caps the bone specimens were stored overnight at 4 °C and hydrated with saline soaked
gauze to allow the glue to fully cure.
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Specimens were placed in a servo hydraulic testing machine (858 Mini Bionix,
MTS, Eden Prairie, MN, USA) and loaded in cyclic compression at room temperature
(23 °C) to induce damage. During testing, hydration was maintained by placing a rubber
membrane around the specimen containing physiologically buffered saline (pH of 7.4).
Strain was measured with a 25 mm extensometer (MTS, Eden Prairie, MN, USA)
attached to the specimen’s end-caps and force was measured with a load cell (100 lb
capacity, SSM-100, Transducer Techniques, CA, USA). Prior to each bout of loading,
ten preconditioning cycles between 0 and 0.1% strain at a rate of 0.5% per second was
applied. Fatigue loading was applied using a 4 Hz haversine waveform cyclically
between 0 N and a compressive load corresponding to σ = E0* 0.0035 mm/mm, where σ
is stress and E0 is the initial Young’s modulus of the specimen (determined from the
preconditioning cycles). Force and strain data were collected to calculate Young's
modulus (E), reduction in Young's modulus (1 - E/E0), and maximum strain [8, 9].
Specimens from the third lumbar vertebrae included five specimens that were
not subjected to fatigue loading [8]. Fatigue loading of the remaining specimens was
stopped before failure by monitoring the creep-fatigue curve, secant modulus, and
hysteresis loops to stop loading at a predetermined magnitude of cyclic strain. Fatigue
loading was stopped at the start of the secondary phase, in the middle of the secondary
phase, and at different points within the tertiary phase. Six specimens from the third
lumbar vertebrae were loaded well beyond the start of the tertiary phase to 4% apparent
strain. Specimens were then stained for damage using lead-uranyl acetate. The number
of cycles to failure (Nf) was determined for specimens loaded to an apparent strain of
4%. For the remaining specimens, the number of cycles to failure (Nf) was estimated
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using an empirical relationship between reduction in Young's modulus and proportion
of fatigue life [8].
Specimens from the fourth lumbar vertebrae were loaded in two separate bouts
of cyclic loading at room temperature (23 °C) [9]. The first bout of fatigue was stopped
at the beginning of the tertiary phase (Fig. 3.1a), identified as a the rapid increase in
accumulation of apparent strain [8]. Following the first bout of cyclic loading,
specimens with endcaps were carefully removed and bulk stained in xylenol orange
solution (0.5 mM, Sigma Chemical Co., St. Louis, MO) to stain damage caused by the
first bout of loading. The specimens were carefully returned to the material testing
device, and a second bout of cyclic loading was applied, until the specimens reached
5% apparent strain [8]. Specimens were carefully removed from the testing device and
bulk stained in calcein solution (0.5 mM, Sigma Chemical Co., St. Louis, MO) to stain
damage generated during the second bout of loading [15]. Specimens were then
embedded undecalcified in methyl methacrylate.

3.3.1.4 Three-Dimensional Analysis of Damage
Damage accumulation in specimens from the third lumbar vertebral bodies was
determined using the lead uranyl acetate stain and x-ray microcomputed tomography
(10 μm isotropic voxels). A global threshold was used to identify regions of bone tissue
and damage stain (see [8]). Damage generated in specimens from the fourth lumbar
vertebrae was determined using images obtained through serial milling (for a complete
review of serial milling procedure, we direct the reader to prior work [16, 17]). Serial
milling achieved a 0.7 X 0.7 X 5.0 m voxel size image of bone and each of the
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fluorescent markers of microdamage. Tissue damage stained and visualized using these
approaches includes both microscopic cracks as well as regions of constrained
microcracking (known as diffuse damage in the bone literature). As described in prior
studies, the amount of tissue damage was strongly correlated with the maximum applied
strain during cyclic loading. The relationship between maximum applied strain and
amounts of microdamage was similar for both staining/visualization techniques (Fig.
S3.4).

3.3.2 Cancellous Bone Microarchitecture
Microarchitecture was assessed using specimen average measurements (BoneJ,
bonej.org, [18], 21 m isotropic voxel microcomputed tomography images collected
prior to fatigue loading, Table S3.2) as well as morphological analysis of each
individual trabecula (Table S3.3). Morphological analysis involved classifying each
trabecula as rod-like or plate-like based on Digital Topological Analysis (DTA) (Fig.
3.1c, ITS software, Columbia University). Additionally, the orientation of individual
trabeculae was determined as the angle from the superior-inferior direction and
classified as longitudinal (0 ≤ β ≤ 30°), oblique (30 < β ≤ 60°), and transverse (60 < β ≤
90°) (Fig. 3.1d) [10, 19].
The amount of damage on plate- or rod-like trabeculae and the amount of
damage present on trabeculae with each orientation (longitudinal, oblique or transverse)
was determined using custom scripts written for use with Matlab (Mathworks, Natick,
MA, USA) and Amira (5.3 Visage Imaging, San Diego, CA, USA).
Failure of cancellous bone has been referred to as accumulation of failed
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trabeculae [20, 21]. Here we consider failure of a trabecula to occur when at least 10%
of the volume of the trabecula includes microdamage [22]. To understand patterns in
failure of individual trabeculae, the proportion of failed plate-like trabeculae (# failed
plate-like trabeculae/ # plate-like trabeculae), and the proportion of failed rods (Fig.
S3.5, #failed rod-like trabeculae/ # rod-like trabeculae).

3.3.3 Additive Manufacturing of Modified Cancellous Bone Microstructures
Microcomputed tomography images of a subset of cancellous bone samples
(n=5, 10 µm voxel images, 8 mm diameter, ~20mm length) [8, 9] were modified
digitally by adding material to the surface of transverse rod-like trabeculae to three
different amounts: +60 µm (+120 µm strut thickness, 45% ± 14% increase in rod
thickness), +20 µm (+40 µm in rod thickness, 20% ± 5% increase in strut thickness) or
no modification (original geometry). A high-resolution stereolithography system (M1,
Carbon, USA) was used to generate three-dimensional models of the modified and
unmodified microstructures from a rigid polymer (UMA 90, Carbon, USA, E = 2 GPa,
[13]) at 1.5 times isotropic magnification (12 mm diameter, ~30 mm length). The
accuracy of the printed geometries was confirmed through direct comparison of the
three-dimensional .stl image to a microcomputed tomography image of the printed
model (Table S3.4)[23]. Morphological analysis of each individual trabecula was
analyzed for the three-dimensional printed specimens (Table S3.5).
Mechanical characterization of models of cancellous bone generated through
additive manufacturing was performed as described above (Supplementary Methods
3.1.3). Specimens were submitted to cyclic fatigue loading from zero to a normalized
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initial compressive stress magnitude σ/E0 corresponding to 9500 µε, 6500 µε or 4500 µε
until failure (4% applied strain, Fig. S3.6).
Damage in polymer specimens was identified using a radio opaque dye
penetrant. Samples were soaked for 24 hours at room temperature (23 °C) in the dye
penetrant containing 250 g zinc iodide, 80 ml distilled water, 80ml isopropyl alcohol
and 1 ml Kodak photo solution [24]. Samples were left to dry for 12 hours to remove
any excess dye prior to image acquisition using x-ray microcomputed tomography (10
μm) [25].

3.3.4 Statistical Treatment
A multivariate correlation analysis was used to identify trends between measures
of damage, changes in mechanical properties and volume-averaged measures of bone
microarchitecture (Table S3.6). Others have shown that the amounts of microdamage
formed during fatigue loading was associated with maximum applied strain and
reduction in Young's modulus and was not related to volume-averaged measures of
microarchitecture [8]. A backward elimination was performed using a linear mixed
model with fixed effects to identify aspects of trabecular microstructure that were
associated with the accumulation of fatigue damage. Donor was included as a random
effect to take into account the use of multiple specimens from each donor. Examination
of the mixed models of microdamage revealed the importance of the thickness of rodlike trabeculae (Fig. S3.7, Table S3.7).
To examine the pattern of failure of discrete trabeculae observed during fatigue
loading, an ANCOVA was used to test for differences in the relationship between
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reductions in Young’s modulus and the number of failed plate- and rod-like trabeculae.
An ANOVA was used to test for differences in the number of failed trabeculae in each
orientation (longitudinal, oblique, transverse) and post-hoc comparisons were
performed using Tukey HSD test. Statistical tests were conducted using JMP 12 (SAS
Institute Inc., Cary, NC, USA).
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3.6 Supplementary Figures

Figure S3.1 a, The average material tensile stress in rod-like struts was greater
than in plate-like struts. b, The distribution of maximum principal stress in tension is
shown. Although the specimen was loaded in apparent compression during cyclic
loading, regions of high local tensile stress develop due to bending of transverse rodlike trabeculae. *, p < 0.01.

Figure S3.2 a, The average material compressive stress in plate-like struts was
greater than in rod-like struts. b, The distribution of maximum principal stress in
compression is shown. *, p < 0.01.
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Figure S3.3 Increase in transverse strut thickness in the octet truss extended
fatigue life. Increases in longitudinal strut thickness (blue diamonds) decreased fatigue
life by 46 times compared to the original microstructure (grey circles). Increases in
transverse strut thickness in the octet truss (orange squares) resulted in an increased in
fatigue life by 5 times.
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Figure S3.4 The two staining methods achieved similar relationships between
amount of tissue damage and applied apparent strain. Blue points represent
fluorescently stained samples that were imaged three-dimensionally with serial-milling,
and green points represent lead-uranyl acetate stained samples imaged with x-ray
microcomputed tomography.
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Figure S3.5 A graphical representation of the total proportion (all specimens on
the creep-fatigue curve) of failed plate and rod-like trabeculae are shown by
orientation. Failure of individual trabeculae occurred primarily in longitudinally
oriented plate-like struts and transversely oriented rod-like struts (error bars represent
SE, *, p < 0.01). Inset: A failed rod-like strut.
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Figure S3.6 Fatigue life (S-N) curve of 3D printed models of cancellous bone. The
number of cycles to failure increased in specimens with increased rod-thickness (on
average 10-100 times). Gray represents specimens with the original microarchitecture,
orange and blue represent specimens with a 20 μm and 60 μm added thickness to the
surface of the transverse rod-like trabeculae. Run-out was defined at 106 cycles.
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Figure S3.7 Rod trabecular thickness distribution in human vertebral cancellous
bone. Green represents specimens with a rod trabecular thickness within the
interquartile range, blue represents the lower 25th percentile of rod trabecular thickness
and red represents rod trabecular thickness above the 75th percentile.
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Table S3.1 Microarchitectual parameters and mechanical properties of octet truss
and bone-like repeating pattern.
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Table S3.2 Traditional bone microarchitecture measurements of cancellous bone
(n=44).
Microarchitecture Measure
Bone volume fraction (BV/TV, %)
Bone surface (BS, mm2)
Bone surface to bone volume ratio (BS/BV, mm2/mm3)
Trabecular thickness (Tb. Th, µm)
Trabecular separation (Tb. Sp, µm)
Degree of anisotropy (DA)
Structure model index (SMI)
Connectivity density (Conn. D, mm-3)

Mean ± SD
8.13 ± 2.16
520.54 ± 226.68
20.09 ± 3.09
131.74 ± 17.34
1240.50 ± 301.28
1.56 ± 0.18
1.63 ± 0.36
2.73 ± 1.25

Table S3.3 Plate- and rod-like microarchitecture of cancellous bone (n=44).
Microarchitecture Measure
Plate bone volume fraction (pBV/TV, %)
Rod bone volume fraction (rBV/TV, %)
Axial bone volume fraction (aBV/TV, %)
Plate tissue fraction (pBV/BV, %)
Rod tissue fraction (rBV/BV, %)
Plate trabecular number (pTb.N, 1/mm)
Rod trabecular number (rTb.N, 1/mm)
Trabecular plate thickness (pTb.Th, mm)
Trabecular rod diameter (rTb.Th, mm)
Trabecular plate surface area (pTb.S, mm2)
Trabecular rod length (rTb.l, mm)
Rod-Rod Junction density (R-R Junc. D, 1/mm3)
Plate-Rod Junction density (R-P Junc. D, 1/mm3)
Plate-Plate Junction density (P-P Junc. D, 1/mm3)
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Mean ± SD
7.53 ± 2.92
2.06 ± 0.87
6.36 ± 2.17
78.15 ± 6.44
21.85 ± 6.44
2.89 ± 0.21
2.35 ± 0.58
0.12 ± 0.02
0.12 ± 0.02
0.09 ± 0.02
0.45 ± 0.03
1.26 ± 0.48
6.24 ± 2.21
5.54 ± 2.30

Table S3.4 Accuracy of three-dimensional printed geometries was confirmed with
microCT images of each specimen. Number of plate- and rod-like trabeculae of threedimensional specimens of cancellous bone (n=5).

Specimen

Increase in
Transverse
Rods

Number
of Rods

Number
of
Plates

Bone
Volume
Fraction
(BV/TV)

A
A
A
B
B
B
C
C
C
D
D
D
E
E
E

Original
20 micron
60 micron
Original
20 micron
60 micron
Original
20 micron
60 micron
Original
20 micron
60 micron
Original
20 micron
60 micron

4873
4372
4358
2743
2252
2185
2660
2443
2521
3922
3674
3877
3796
3659
3862

9414
9552
9645
5228
2998
3015
4897
4889
4924
6267
6405
6388
5514
5600
5589

0.1567
0.1586
0.1925
0.1126
0.1223
0.1411
0.0853
0.0891
0.1093
0.1016
0.1063
0.1359
0.0934
0.1004
0.1298
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microCT
measured
BV/TV
from 3D
printed
samples
0.1451
0.1480
0.1766
0.1120
0.1187
0.1295
0.0780
0.0836
0.0996
0.0985
0.1038
0.1478
0.0849
0.0936
0.1179

Percent Error
in Additive
Manufacturing
(AD, %)
7.42
6.69
8.25
0.54
2.99
8.31
8.67
6.17
8.96
3.10
2.44
8.73
9.12
6.85
9.13

Table S3.5 Plate- and rod-like microarchitecture of three-dimensional printed
cancellous bone (n=5).
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Table S3.6 Damage accumulation was positively correlated with maximum applied
strain. Correlations between mechanical properties, damage, and specimen averaged
bone microarchitecture independent of bone volume fraction (n=44). The lower triangle
displays the correlation coefficients and the 95% confidence interval is shown in the
upper triangle. *p < 0.05

Reduction in
Young's
modulus (%)

Maximum
Applied
Strain (%)

Damage
Volume
Fraction (%)

Bone
Volume
Fraction
(%)

Trabecular
Thickness
(µm)

Degree of
Anisotropy

Structural
Model
Index

Reduction
in
Young's
modulus (%)
Maximum
Applied
Strain (%)
Damage
Volume
Fraction
(%)
Bone
Volume
Fraction
(%)
Trabecular
Thickness
(µm)
Degree of
Anisotropy
Structural
Model
Index

-

(0.77, 0.92)

(0.42, 0.75)

(-0.43, 0.08)

(-0.14, 0.38)

(-0.20, -0.32)

(-0.01, 0.48)

0.86*

-

(0.64, 0.86)

(-0.34, 0.18)

(-0.09, 0.42)

(-0.53, -0.05)

(-0.04, 0.46)

0.61*

0.77*

-

(-0.33, 0.19)

(0.00, 0.49)

(-0.57, -0.10)

(-0.01, 0.49)

-0.19

-0.09

-0.07

-

(-0.13, 0.39)

(-0.14, 0.38)

(-0.72, -0.34)

0.13

0.17

0.26

0.14

-

(-0.63, -0.20)

(0.18, 0.62)

-0.06

-0.31

-0.36

0.13

-0.44

-

(-0.76, -0.42)

0.25

0.22

0.26

-0.56

0.42

-0.62

-
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Table S3.7 Damage was correlated with rod trabecular thickness. A linear mixed
effects model for predicting damage volume fraction and the parameters are listed in the
table (R2 =0.76, n=44).
Parameter
Coefficent
SE
DF Den t Ratio
p
Maximum Applied Strain
(%)

0.77

0.08

42

9.66

<0.0001*

Rod Trabecular
Thickness

-9.88

9.16

48

-1.08

0.0685

Maximum Applied Strain
(%) * Rod Trabecular
Thickness

-12.50

4.38

43

-2.85

0.0066*
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CHAPTER 4
SUMMARY AND FUTURE DIRECTIONS

4.1 Summary

Cyclic loading can, over time, lead to the failure of load bearing structures.
Cancellous bone is the primary-load bearing structure of human vertebrae, yet most
studies concentrate on uniaxial mechanical properties. The objective of this work was
to understand how microdamage, tissue material properties, and local geometry
contribute to the fatigue failure of cancellous bone. I then applied the knowledge
learned from the mechanical performance of cancellous bone to identify design
strategies that improve the fatigue life of open cell foams.

4.2 Thesis Synthesis

The overall goal of the work described in this thesis was to understand how
accumulation of microdamage, tissue material properties, and local geometry
influence fatigue failure of cancellous bone. It is known that the accumulation of
microdamage is detrimental to the mechanical properties of cancellous bone and can
ultimately lead to failure [1]. Yet, most of our knowledge of microdamage

128

accumulation is based on cortical bone, and relatively little is known about how
microdamage forms in cancellous bone. Microdamage in cancellous is a result of both
local tissue stress/strains and local tissue material properties [2]. In Aim 1, we found
that microdamage propagated from previously existing microdamage and formed
preferentially in the center of trabecular struts. The location of microdamage occurred
in regions of older tissue associated with increased concentrations of AGEs. Advanced
glycation endproducts (AGEs) have been shown to negatively impact the tissue
material and mechanical properties and of cancellous bone [3-5]. We concluded that
the interior regions of trabeculae are more brittle and susceptible to microdamage
accumulation, but that the preferential location of microdamage formation may
increase deformation recovery of cancellous bone after failure.
Local geometry influences failure of cancellous bone. Recent studies have
demonstrated that apparent Young’s modulus and strength of cancellous bone are
dominated by plate-like trabeculae oriented in the direction of loading while rod-like
trabeculae play only a minor role [6]. However, the importance of plate-like and rodlike trabecular morphology in cancellous bone submitted to fatigue loading is not as
well understood. Therefore, we examined 1) the relationship between trabecular plateand rod-like morphology and the accumulation of microdamage during fatigue
loading; and 2) characteristics of trabecular morphology that were associated with
increased likelihood of microdamage.
We found that the relationship between maximum applied strain and amounts
of microdamage generated by fatigue loading were modulated by trabecular
morphology. Microdamage accumulation in cancellous bone was reduced in
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specimens with thicker transverse rod-like trabeculae. In addition, early in fatigue life
the proportion of rods failing was greater than the proportion of plates failing. In
specimens with thicker rod-like trabeculae, the decrease in overall microdamage was
due to a decrease of damage volume in plates and a decrease in the percentage of
plates failing. These results suggest that increases in rod thickness reduce the amount
of damage formed because of an increase in the percentage of rods failing to decrease
the percentage of plates failing. The increase in thickness of rod-like trabeculae is
most likely due to increases in the section modulus of the trabecula, resulting in
reduced tensile tissue stresses. A larger moment of inertia in rod-like trabeculae
provides more resistance to bending [7]. Hence, rods may be failing early in fatigue
life to allow the structure to accumulate more damage with less of an effect on
mechanical performance. The initial findings from Aim 2 were unexpected because
plate-like trabeculae tend to carry more load within the structure [6].
Based on our initial findings in Aim 2, we examined the effects of
microarchitecture on fatigue failure of cancellous bone, independent of tissue material
properties. We found that transverse rod-like trabeculae were playing an important
role in resisting fatigue failure. Thickening the transverse-rod like trabeculae of the
original cancellous bone microarchitecture extended fatigue life by several orders of
magnitude. These results suggested that an important design mechanism in extending
fatigue life of open cell foams are the struts transverse to the direction of loading.
Therefore, we hypothesized that our design mechanism would work on a structurally
representative foam, such an octet truss. We found that although the effects were not
as profound in the octet truss foam, but fatigue life was doubled.
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The overall findings in Aim 2 inspired us to design and create a biologically
inspired open cell foam. Increasing the thickness of the transverse rods in the
biologically inspired open cell foam resulted in a much larger effect in extending
fatigue life when compared to the octet truss foam. These results suggest that the
effects of transverse rod thickness to enhance fatigue life require a stiff but well
distributed network of plates to transfer loads efficiently within an open cell foam. The
resulting low-density biomimetic super cell has potential application in a variety of
structures that support unidirectional cyclic stresses.

4.2.1

Aim 1 Summary

To examine the mechanical performance of cancellous bone under fatigue, we
submitted human vertebral cancellous bone to cyclic compressive loading to induce
microdamage. We found that microdamage accumulation under cyclic fatigue loading
propagated from previously existing microdamage. In addition, microdamage formed
preferentially in the centers of trabecular struts, distant from the trabecular surface.
The location of microdamage coincided with areas where the concentration of AGEs
was greatest.
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4.2.2

Aim 2 Summary

In Aim 2, we examined which morphological features of cancellous bone were
associated with microdamage. We found that the relationship between maximum
applied strain and amounts of microdamage generated by fatigue loading was
modulated by trabecular morphology; cancellous bone specimens in which rod-like
trabeculae were larger in thickness generated less microdamage.
We tested the importance of the thickness of transverse rod-like trabeculae by
generating three-dimensional printed samples of cancellous bone with increases in rod
trabecular thickness and testing the specimens in cyclic compression. We found that
thickening the transverse struts of the original cancellous bone microarchitecture
extended fatigue life by 10-400 times.
In addition, we found that increasing the thickness of the transverse rods in an
octet truss foam by 20% resulted in a 2% decrease in porosity, yet increased fatigue
life by 5 times. Inspired by cancellous bone; we designed and fabricated a biologically
inspired open cell foam with enhanced fatigue life. Increasing the thickness of the
transverse rods in the biologically inspired open cell foam resulted in a 1% decrease in
porosity and increased fatigue life by 7 times.
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4.3 Strengths
The primary strength of this work is that experiments were conducted in cyclic
compression. This study presents the first work looking at the effects of trabecular
microarchitecture on microdamage accumulation and fatigue life. The majority of
fatigue studies have been performed on cortical bone, and the majority of studies in
cancellous bone are both modeled and tested under uniaxial loading conditions [8-11].
In addition, damage volume fraction of specimens was quantified experimentally in
three-dimensions to reduce any variance in correlating microdamage with individual
struts.
We demonstrated for the first time the feasibility of modifying
microarchitecture to create high performance open cell foams with long service lives.
In addition, we demonstrated the independence of our approach by showing that the
fatigue life of a structure comprised of repeating octet trusses (structurally efficient
open cell foam) can be extended with only small changes in mass and uniaxial
stiffness.
For the first time, we present a fatigue study of a three-dimensional printed
microarchitectured open cell foam inspired from human cancellous bone. The ability
to extend fatigue life through the modification of microarchitecture in cellular
structures to our knowledge has never been investigated. A lightweight material with
enhanced fatigue life is valuable as an engineering material experiencing uniaxial
dominated cyclic stresses in aerospace design and other lightweight vehicle designs. A
wide variety of materials can be achieved by fabricating thickened transverse rods to
extend fatigue.
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Lastly, our three-dimensional printed specimens of cancellous bone tested the
resolution limits of the Carbon 3D printer we used. Several studies have reported that
current additive manufacturing methods lack true reproducibility [12, 13]. However,
these results can be attributed to the inherent flaws of layer-by-layer printing and the
anisotropic mechanical properties that depend on print direction. The Carbon 3D
printer utilizes continuous liquid interface production (CLIP) to generate a continual
liquid interface of uncured resin between the growing part and the exposure window
[14]. This process eliminates the need of an iterative layer-by-layer process, and
allows for continuous production. The fabrication of layerless parts has been shown to
be advantageous for fabricating complex microarchitecture without compromising
fabrication time and isotropic mechanical properties [15].

4.4 Limitations

Some limitations need to be considered when interpreting the current work.
First, Aim 1 used homogenous material linear elastic finite element models with
homogenous material properties to calculate the distribution of stresses in cancellous
bone. The distribution of stresses is altered when incorporating heterogeneous material
properties into non-linear finite element models [16-19]. Therefore, more complicated
models will be necessary to understand how microdamage develops in cancellous
bone following cyclic compressive loading.
Second, the increased amount of microdamage on rod-like trabeculae early in
fatigue life suggests there are other important factors to consider. The increased
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amount of microdamage on rod-like trabeculae may be due to the fact that tissue
material properties in plate-like trabeculae differ from those in rod-like trabeculae
[20]. Variability in material properties such as mineralization and collagen crosslinking within cancellous bone is widely recognized [5, 21, 22]. The relationship
between mineralization and microdamage susceptibility remains unclear as there are
conflicting studies reporting damage near low [23, 24] and high [21] regions of
mineralization. However, there are striking differences in tissue material properties
between bone that was recently turned over and interstitial material that has been
present in the body much longer. Over time, greater amounts of collagen cross-linking
such as advanced glycation endproducts can accumulate in interstitial bone [25]. An
increase in collagen cross-linking has been shown to cause an increase in
susceptibility to microdamage [5, 26, 27]. Currently, methods to obtain threedimensional results of collagen cross linking and microdamage do not exist. However
if such measures could be made, it would be expected that the accumulation of
collagen-cross linking would be correlated with microdamage accumulation. As a
result, localized changes in microstructure (thickness and conversion of plate-like to
rod-like trabeculae) or perhaps tissue material properties that promote the early
formation of microdamage may dictate the locations of microdamage growth
including the likelihood of trabecular microfracture.
Lastly, the implication of three-dimensional printing unit cell structures on the
microscale makes multiple assumptions that may introduce sizing errors [28-30]. Our
three-dimensional printed cancellous bone specimens exhibited enhance fatigue life
when features such as struts were on the microscale. However, size effects on fatigue
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life of different length scales have not been previously investigated. Future work that
examines length scale effects of repeating unit cells and cyclic fatigue loading will
help further elucidate the mechanisms behind fatigue failure.

4.5 Future Work

Our findings provide microarchitectural parameters in open cell foams that are
associated with enhanced fatigue life. A lightweight material with enhanced fatigue
life is valuable in high-performance applications such as transportation aircrafts and
other lightweight vehicle designs. The integration of microarchitectured materials with
varying material properties of open cell foams will prove useful in low density designs
of open cell foams, and provide future inspiration for new materials.

4.6 Continued Research Avenues

4.6.1

Effects of plate-like architecture on fatigue life of open cell foams

The effects of plate- and rod-like trabeculae in the uniaxial mechanical
properties of cancellous bone have been extensively studied [6, 31] . However, the
influence of trabecular microarchitecture on the fatigue life of cancellous bone is a
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recent novel discovery. Plate-like trabeculae play a much larger role than rods in the
elastic behavior of cancellous bone [6]. Due to the anisotropic nature of cancellous
bone, the importance of plate-like trabeculae in uniaxial mechanical properties was not
too surprising. Although in Chapter 3 we concluded that rod-like trabeculae were
important for resisting fatigue failure in cancellous bone, the role the thickness of
plate-like trabeculae play in fatigue failure remains to be known. The results of the
proposed study provide more comprehensive design information for design of open
cell foams that are subjected to long periods of continuous stress.
In Chapter 3, we did not see the effect of plate thickness and damage
accumulation in the specimens of human cancellous bone with material heterogeneity.
However, future work could address the role of thickness of plate-like structures in the
fatigue failure of three-dimensional printed cancellous bone in comparison to the
thickness of the rod-like structures. In contrast to specimens used in Chapter 3, I
propose having one group where the plate-like trabeculae are thickened instead of the
rods, while maintaining similar density increases that occurred when thickening the
rods. The second group would have specimens where plate-like trabeculae was
thinned. Both groups would then be submitted same cyclic loading conditions to draw
comparisons between the effects of both plates and rods. In group 1, we would expect
to see an increase in the stiffness in the microstructure, but it is still unclear to what
extent the thickness of plate-like trabeculae play in the fatigue failure of cancellous
bone.
The microarchitectual properties that influence fatigue life in porous structures
have yet to be completely described. Many porous structures are used in a range of
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diverse applications such as structural and aerospace components. These applications
generally require long-term stability. Therefore, the importance of designing versatile
open cell foams with enhanced fatigue is of great importance.

4.7 New Research Avenues

4.7.1

Three-dimensional printing biologically inspired open cell foams with
multiple materials

Composite structures play an important role in a variety of engineering fields
due to their ability to combine mechanically efficient structures with the mechanical
properties of the constituents. In Chapter 3, we concluded that transverse rod-like
trabeculae are the key to modulating the fatigue life and damage accumulation in
three-dimensional printed homogeneous specimens of cancellous bone. Although
Chapter 3 provided results on fatigue life and how it is influenced by the effects of
microarchitecture independent of material properties, the effect of also introducing
multiple materials to the structure is unknown. The proposed future studies would be
comprehensive of microarchitectural, material variation, and the effects in fatigue life
of open cell foams.
Recent advances in additive manufacturing offer the ability to create complex
architectures composed using multiple materials with varying mechanical properties
[32]. I propose introducing material heterogeneity to the microstructure of cancellous
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bone and studying the effects on fatigue life. In Chapter 3, we thickened the transverse
struts which inherently increased density modestly, but increased fatigue life
substantially. I propose instead to change the material used for three-dimensional
printing the transverse struts to see if we can optimize the effects of the transverse
struts without sacrificing the density of the microstructure. To examine the effects,
two different groups would be submitted to cyclic fatigue loading. One group would
contain specimens with transverse rods made up of a more ductile material when
compared to the material properties of the plates. Conversely, the second group would
contain specimens with transverse rods made up of a less ductile material when
compared to the plates.
It is known that open cell foams made of ductile alloys have homogenous
macroscopic deformation, and foams made of less ductile metals have very localized
deformation and cascades of strut failure [33]. In fatigue failure, it is unclear how
changing the ductility of the rod-like struts would affect fatigue life. We proposed in
Chapter 3 that the rods were sacrificial struts to protect the plates from failing. If we
can prolong the failure of rods, we may be able to extend fatigue life.
A second, but similar proposed study, is to mimic the material properties of
cancellous bone on the microscale. In Chapter 1, we concluded that the centers of
trabeculae were more brittle compared to the surfaces due to AGE accumulation while
the surfaces of trabeculae were more ductile [34]. We hypothesized that the inherent
material heterogeneity of cancellous bone allowed for greater deformation recovery,
contrary to the surface hardening treatment of man-made materials. In this study, I
propose including two groups of dual layered trabecular struts and submitting both
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groups to cyclic fatigue loading. One group would have trabeculae where the centers
where made up of a less ductile material compared to the surfaces (similar to
cancellous bone). The second group would be the opposite of group 1 where the
centers of trabeculae are more ductile compared to the surface.
The possibility of microarchitectured design inspired from nature with the
large variety of existing synthetic compounds has the ability to lead to the
development of new materials and extending the range of application of current ones.
Understanding the failure mechanism of naturally occurring cellular structures and
finding ways to replicate their mechanical behavior will yield insight into breaking
existing limitations in weight, toughness, and strength.

4.7.2

Applicability to Bending- and Stretching- Dominated Structures

Cellular structures can be characterized as either stretching- or bendingdominated structures. Stretching-dominated structures have their struts mainly
enduring compression or tension. Whereas bending-dominated structures have a few
struts undergoing significant bending or torsion. Gibson and Ashby have shown that
the strength of polymer foams scales as ρt1.5 when the microstructure is governed by
bending, where ρt is relative density [35]. However, the strength of foams scale as ρt
when the microstructure is governed by stretching [35]. For ρt = 0.1, a stretchingdominated structure is about three times as strong as a bending-dominated structure
[36].
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In Chapter 3, we showed the effects of enhancing the fatigue life of an octet
truss foam, which is a stretching-dominated structure. Increasing the thickness of the
transverse rods by 30% resulted in a 2% decrease in porosity and doubled the fatigue
life of the foam. However, optimizing the fatigue lives of both stretching- and
bending- dominated structures is important for the design of sophisticated structures
that need long service lives. Therefore, I propose expanding the study to two
additional stretching-dominated unit cells and three bending-dominated unit cells to
determine the effects of thickening transverse struts on fatigue life.
Microstructures composed of repeating unit cells have been developed and
extensively investigated for static compressive properties. However, the fatigue
mechanical properties of porous structures of different unit cell types are non-existent.
Optimizing the fatigue mechanical properties of unit cells used in applications with
longs service lives is of great importance.

4.7.3

Size Effects of Increasing Transverse Strut Thickness to Enhance Fatigue
Life

The design of open cell foams is often carried out with non-stochastic cellular
units [36-39]. To understand mechanical behavior of open cell foams spatial patterns
of simplified unit geometries are modeled and analyzed. However, the implication of
modeling unit cell structures makes multiple assumptions that have been shown to
introduce sizing errors [28-30]. For example, when modeling a single unit cell to be
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representative of an entire repeating structure, it is assumed that the structure is
subjected to remotes stresses and that boundary constraints can be ignored [40]. When
open cell foams are implemented as an actual structure, they will have finite
dimensions and can deviate from these assumptions, resulting in size effects. Size
effects on fatigue life of different repeating unit cell types have not been previously
investigated. Therefore, the proposed study will investigate how the mechanical
properties of repeating cellular structures vary according to size of the chosen unit
cell. In this study, I propose using our bone-like repeating pattern from Chapter 3 to
examine size effects. I propose 4 different groups with varying unit cell widths (1, 5,
10, and 20 mm) and similar relative densities that are submitted to the cycling loading
conditions. Understanding size effects in structures with different sized cells could be
useful in the design considerations of open cell foams to meet specific loading
conditions.

4.8 Conclusion

In conclusion, the results presented in this thesis pose many new research
avenues. We discovered a mechanism by which microarchitecture can regulate fatigue
life via modulation of the transverse struts. Fatigue life is increased by deflecting
damage towards the rod-like struts, typically regarded as the weaker interfaces,
resulting in immense deformability and enhanced fatigue life. In addition, we
validated that our design technique can be applied to bending dominated structures to
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extend the fatigue life of low weight microstructures.
The structural hierarchy of nature's materials has been well documented.
However, the application of extending fatigue life through the modification of
microarchitecture in cellular structures to our knowledge has never been investigated.
A lightweight material with enhanced fatigue life is valuable as an engineering
material experiencing uniaxial dominated cyclic stresses in aerospace design and other
lightweight vehicle designs. A wide variety of materials can be achieved by
fabricating thickened transverse rods to extend fatigue life. Our demonstration of
extended fatigue life behavior through microstructural modification will not only
prove useful in low density designs of open cell foams, but also provide future
inspiration for uncovering new ideas and damage mechanisms for bioinspired
mechanical engineering.
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