
A Comparison of Bone and Bone Surrogate
Fragmentation Under Dynamic Compression

Steven J. Pagano1, James D. Hogan2, Leslie E. Lamberson1∗
1Department of Mechanical Engineering and Mechanics, Drexel University, Philadelphia, PA, USA

2Department of Mechanical Engineering, The University of Alberta, Edmonton, AB T6G 2R3, Canada

The rate-dependent compressive constitutive response and
fragmentation of dry ox cortical bone and cyanoacrylate-
based cortical bone surrogate material was investigated for
different loading orientations. Uniaxial compressive tests
were carried out on both materials for quasi-static loading
at 10-3 s-1 in the logitudinal and transverse directions with
respect to the osteon direction or die press, respectively and
dynamic loading at 103 s-1. The fragments generated dur-
ing dynamic loading were analyzed by fitting 2D ellipses of
representative distributions using post-mortem optical mi-
croscopy. Results show that the bone surrogate material is
not as strain-rate sensitive as the ox bone, having an increase
in compressive strength of 20-27% with errors of 7% for
both from quasi-static to dynamic loading for the transverse
and longitudinal directions respectively; while the compres-
sive strength of the ox bone increased 43-66% with errors
of 9 and 4% respectively for the same orientations. Re-
sulting bone fragments had a mean size of 266 ± 28 µm -
410 ± 19 µm for longitudinal and transverse loading while
the bone surrogate produced larger fragments with mean
sizes of 431 ± 14 µm - 694 ± 25 µm for the same orienta-
tions. A power-law relation based on Grady’s fragmentation
modeling is developed and used to describe the distribution
of fragment sizes for both materials. The data fits the power-
law relation which implies the relation which implies that
the surrogate and dry ox bone behave similar to other brittle
materials that the law aims to capture.

1 Introduction
Surrogate bone materials are often used in testing when

natural bone is not obtainable, or if more consistent results
are required than what would be found in a natural material.
One such example is using a surrogate material to evaluate
the performance of machine tools used in the medical indus-
try [1], or to obtain diagnostic information such as limb load-
ing or implant behavior [2–4]. One of the primary challenges
of developing a surrogate material is the ability to accurately
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mimic the material properties of natural cortical bone includ-
ing its rate and orientation response. In addition to having
the correct material response, a surrogate material must also
be biocompatable in order to not pose a health risk if used
as an implant. Examples of this include mechanical fasten-
ers and bone adhesives. Mechanical fasteners are currently
used extensively for traumatic injury [5,6] and adhesives are
still actively researched to find the ideal chemical composi-
tion [7].

1.1 Material Microstructure
Cortical bone is commonly classified as an organic com-

posite made from three primary components: the osteon, ce-
ment lines, and Haversian canals which are interconnected
orthogonally by Volkmann canals [8–10]. A schematic of
the microstructure is provided in Figure 1. The osteons act as
longitudinal support structures within the cortical bone and
are bonded together along cement lines, while the Haversian
canals are the pathways for interstitial fluid and pass through
the center of the osteon [11]. With this configuration, cor-
tical bone can be treated as a transverse isotropic material
with a preferential longitudinal direction parallel to the os-
teon path [12, 13].

The orientation of cortical bone within the human body
determines the physiological response during impact events
in everyday motion, as well as under extreme loading con-
ditions. It should be noted that while the orientation depen-
dence of the osteon has a large effect on the overall strength
of the bone, there are other systems acting in unison that pro-
vide support, such as tendons, ligaments, and overall min-
eral content [14, 15]. For this work, the physiological sub-
components are not considered in the response of the ma-
terial and the focus is on how the microstructure of cortical
bone and a cortical bone surrogate material affects the uniax-
ial compressive quasi-static and dynamic material response,
and resulting fragmentation outcomes.

1.2 Background
Extensive studies on cortical bone have been performed

in the past to help characterize the behavior of a natural
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Fig. 1: Schematic of long bone showing cortical region and
microstructure. The osteons run parallel to the length of the
bone, giving it a preferential direction with Haversian canals
in the middle of the osteon.

composite [16–20]. Uniaxial compression testing of corti-
cal bone is typically performed at strain-rates of 10-3 s-1 to
103 s-1 which represents typical physiological loading rates
of mammals walking or lightly exercising to high impact
events such as falls or automobile accidents. Insight on
typical strain-rate behavior of human bone has been gained
through in-vivo testing of cortical tibia bone subjected to
light and moderate loading activity [16]. Generally speaking,
cortical bone is well adapted to the human body by absorb-
ing greater energy during impact loading due to its strain-rate
sensitivity. Testing in literature is typically focused on hu-
man and bovine cortical bone. These materials are compara-
ble since they have the same microstructure and constitutive
relations. Typically bovine bone is used in instances where
human bone may be difficult to acquire or poses biological
issues such as communicable diseases.

Early fundamental studies on the compressive strength
of cortical bone by McElhaney [17] provided insight into
its strain-rate behavior. By using a drop-weight compres-
sion test on fresh bovine femoral samples at strain-rates of
10-3 s-1 and 103 s-1 he was able to produce compressive
strengths of 175 ± 32 MPa and 365 ± 38 MPa respec-
tively. Testing on embalmed-dry human femoral bone was
15% weaker at both rates [17]. Conventional uniaxial dy-
namic compression tests performed with a Kolsky (split-
Hopkinson) bar have also been used to characterize corti-
cal bone and to investigate the strain-rate sensitivity behav-
ior [18–20]. A more recent study by Sanborn et al. [18] on
human femoral bone yielded similar compressive strengths.
Longitudinal strength was measured as 152 ± 22 MPa at a
strain-rate of 10-3 s-1 which increased to 319± 24 MPa when
loaded at a strain-rate of 103 s-1. When loaded in the trans-
verse orientation the strengths decreased to 87± 22 MPa and
179 ± 26 MPa, respectively [18].

Compression testing at strain-rates of 103 s-1 were car-
ried out by Adharapurapu et al. on both fresh and dried
bovine femoral cortical bone. They reported average results
which show that cortical bone has a longitudinal strength
of 459 MPa to 556 MPa for fresh and dried bone, and
296 MPa to 363 MPa for transverse strength in the same
conditions [19]. Similar compression testing performed by
Ferreira et al. on fresh bovine femoral cortical bone found
an ultimate compressive strength of 240 ± 66.4 MPa to
281 ± 42.4 MPa for transverse and longitudinal orientations
respectively [20].

The spread of results in similar testing highlights the
variability in specimens amongst published work for the
same mammalian species and bone type (femoral cortical)
as well as comparisons to human specimens. The cause for
variability can come from physical traits such as specimen
age post-mortem [21] or age of the animal prior to harvest-
ing the bone [22]. Variability also can arise from the storage
and preservation methods used in other work [23].

The first case of specimen age was investigated by Ten-
nyson et al. for bovine femoral bone in which they found a
33% reduction in stiffness after letting the specimen age in
cold water for a span of 14 days [21]. The second case relates
to the breakdown of bone that accumulates within the body
as it ages. Qualitative studies of the breakdown process were
done on human femoral bone by Schaffler et al. by observ-
ing the quantity of cracks in specimens with age and noting
a large increase in crack density over the age of 40 with a
greater density in female specimens [22]. Quantitative data
that supports Schaffler’s findings was obtained by Zioupos et
al. in their research on fracture toughness values, stiffness,
and strength of human femoral cortical bone showing a re-
duction in all three with increase in age [24]. A study of the
ideal storage conditions for bone by Stefan et al. shows that
if storage is required it is best to freeze fresh bone instead
of using a preservation or embalming approach which can
chemically alter the bone and either enhance or diminish the
mechanical properties [23].

Further research into the fracture properties of both
bovine and human cortical bone have been performed to help
characterize the behavior with respect to the loading orien-
tation. Notable work in this field came from Bonfield and
Behiri who were able to demonstrate the off-axis relation for
fracture toughness using fresh-frozen bovine femoral bone
that was recovered with Ringer’s solution in compact ten-
sion tests. Longitudinal loading gave a measured Kc value
of 3 MPa

√
m which increased to 6.5 MPa

√
m in the trans-

verse orientation [25]. The difference in reported Kc values
could have implications for resulting fragmentation of bone
depending on loading orientation. A thorough review of the
fracture behavior of human and bovine specimens has been
compiled by Ritchie et al. [12].

1.3 Fragmentation Analysis
A search of existing literature did not find previous stud-

ies on the mechanical fragmentation of cortical bone, but
rather, was limited to archaeological surveys of mammalian
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bone fragments [26, 27].
It has been shown for many brittle materials, includ-

ing structural ceramics like advanced boron carbide ceramics
(B4C) [28] or aluminum oxynitride (AlON) [29], that frag-
mentation resulting from dynamic compressive loading pro-
duces a range of resulting fragment sizes that can be linked to
the failure mechanisms in those materials [30]. The fragmen-
tation of boron carbide ceramics tested dynamically using a
Kolsky bar system was investigated by Hogan et al. which
found that fragments for hard ceramics can fall into a bi-
modal distribution. The two modes indicate failure as a struc-
tural process (larger fragments) or as a secondary process
from Poisson effects that produces smaller fragments [28].
Distributions of fragment sizes will vary depending on the
material and applied strain-rate [31]. Ductile materials typ-
ically have an exponential distribution while brittle materi-
als can be fit with a power-law distribution [32, 33]. An ad-
vantage of using the power-law distribution is that it is not
dependent on a characteristic fragment length (typically an
average fragment size).

The goal of this work is to characterize and compare
a synthetic cortical bone surrogate material to dry ox bone,
which has a more realistic material microstructure. This will
be done by testing the mechanical response at varying strain-
rates and orientations, and analyzing the resulting fragmen-
tation characteristics.

2 Experimental Method
Samples of dry cortical bone from an ox femur and a hu-

man cortical bone surrogate made from bovine cortical bone
and a resin binder material were tested under quasi-static
and dynamic uniaxial compression strain-rates of 10-3 and
103 s-1, respectively. The resulting fragmentation character-
istics were then analyzed using SEM and optical microscopy
with a specially written MATLAB code to measure geomet-
rical features of a representative group of fragments.

2.1 Materials
Dry ox cortical bone was cut from a 20×20×4 mm

femoral coupon using a slow-speed diamond wafering blade
to 3.5 mm cubic specimens. The surrogate cortical bone ma-
terial was obtained from BoneSim Laboratories (BoneSim
1800 [1]). The material consists of a proprietary blend of dry
bovine cortical bone that has been ground to a particle size of
200 to 750 µm, mixed with a cyanoacrylate based adhesive
and allowed to cure while subjected to die pressing to form a
transverse isotropic disc. The surrogate material came from
the manufacturer as a 50 mm round compressed disc 9.7 mm
thick and was similarly cut into 7 mm cubic samples. Ori-
entations were noted during processing with respect to the
osteon path and die compaction direction while forming the
surrogate. The loading sides of the samples were polished to
a high degree of parallelism to ensure uniform loading across
the surfaces using a sequence of increasingly finer polishing
films, ending with a 3 µm diamond finish.

The loading surface for longitudinal orientation of the

bone and surrogate in untested conditions can be seen in Fig-
ures 2 and 3. The surrogate has a random dispersion and
orientation of bone fragments, with few having the osteon
running parallel to the die-press direction as highlighted in
Figure 3. There is little similarity in the microstructure of
the ox bone and bone surrogate. The bone surrogate lacks
the quantity of osteon support structures found in the ox bone
and instead has a large quantity of interfacial flaws and pores
in the binder material.

Fig. 2: Microscopy of ox bone in longitudinal orientation
showing typical osteon arrangement. Haversian canals are
visible as black dots in the center of the osteon.

Fig. 3: Microscopy of untested bone surrogate in longitu-
dinal orientation showing random orientation of bone frag-
ments. A collection of osteons and voids in the resin binder
is highlighted.

A scanning electron microscope (SEM, FEI XL30) with
energy dispersive x-ray spectroscopy (EDX) was used to ex-
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amine the surrogate material and identify the elemental com-
position of regions within the material which are provided in
Figure 4 and Table 1.

Fig. 4: SEM of typical surface of surrogate material. EDX
scans were recorded at the points marked EDX-1 and EDX-
2. Region R1 is inspected at higher magnifications in Fig-
ure 5.

EDX measurements were recorded for a period of 100 s
at the locations marked ‘EDX-1’ and ‘EDX-2’ in Figure 4.
The location ‘EDX-1’ was identified as an osteon in Figure 3
and ‘EDX-2’ appeared as a distinct region separate from the
previous measurement and is believed to be the resin binder.
The osteon identified in Figure 4 was found to have the ma-

Table 1: EDX weight percentage measurements for two dis-
tinct regions in surrogate material for 100 s (refer to Fig-
ure 4).

Location
Element [Wt. %]

C O P Ca Other*

EDX-1 11.19 11.05 23.95 50.28 3.53

EDX-2 84.86 1.61 5.62 4.86 3.05
*Other includes <1.25% of Mg, Mn, and Na

jority of its weight percentage (Wt. %) as calcium and phos-
phorus, which is typical of bone. The darker regions in Fig-
ure 4 had a significantly smaller weight percent of calcium
and phosphorus with the majority of its composition coming
from carbon. The contrast provided by the SEM allowed for
an identification of 78% cortical bone content with the re-
mainder being the cyanoacrylate based adhesive acting as a
binder. The granular bone particles were found to have a ran-
dom orientation within the binder with respect to the osteon
path and surrogate press direction.

Extensive pre-existing damage in the form of cracks was
found on the ground bone fragments in the surrogate material
while the binder showed numerous voids. A region desig-
nated ‘R1’ in Figure 4 was identified as having damage and
is shown in more detail in Figure 5. The inset shows that
at higher magnifications there is evidence of crack bridging
which is explained in greater detail by Ritchie for metals,
ceramics, and composites [34] and again in his more recent
review of cortical bone [12] where the later is bridged by
collagen fibers within the tissue. Damage of this nature was
typical throughout the surrogate.

Fig. 5: SEM of bone surrogate region ‘R1’ (Figure 4) illus-
trating pre-existing damage. Inset shows evidence of crack
bridging.

2.2 Mechanical Testing
Both materials were subjected to uniaxial compression

using a Shimadzu AG-IS 50 kN loading frame at a loading
rate of 0.15 mm s-1 (strain-rate or ε̇ of 10-3 s-1) in longitudi-
nal and transverse orientations. Dynamic uniaxial compres-
sion was performed for both materials and orientations with
a Kolsky bar at a strain-rate of 103 s-1. A schematic of the
bar arrangement is shown in Figure 6. Its principle of opera-
tion is through the propagation of a stress pulse. Two round
hardened steel bars known as the incident and transmitted
bar are supported by linear bearings. A sample is placed
between the two bars and a stress pulse is generated in the
incident bar by impacting it with a striker, typically from a
gas gun. The governing equations for a Kolsky bar are pro-
vided in Equations 1-3. Strain-rate is determined through
the reflected strain in the incident bar εR with the time com-
ponent coming from the longitudinal wave speed of the bar,
denoted cb. The length is normalized by the sample length in
the loading direction, L0. By integrating the strain-rate over
the loading time of the test the strain for the sample, ε(t) can
be calculated. Finally, the strain recorded in the transmitted
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Fig. 6: Kolsky bar arrangement for dynamic uniaxial com-
pression. Inset: Ox bone sample between incident and trans-
mitted bar.

bar can be used with the Young’s modulus of the bar, Eb and
ratio of bar area to sample area, Ab/A0 to calculate the stress,
σ(t). In order to reach a state of uniform loading the stress
pulse needs to traverse the length of the sample at least three
times (incident pulse with first and second reflections within
the sample). For the size of the samples used in this exper-
iment and estimating the material wave speed at 2990 m/s
for bone would give a typical delay of 3.5 to 7 µs for the
ox bone and bone surrogate respectively before reaching the
uniform loading state. More details on this type of testing
can be found in [35, 36].

ε̇(t) = −2cb

L0
εR(t) (1)

ε(t) =
∫ t

0
ε̇(t)dt (2)

σ(t) =
EbAb

A0
εT (t) (3)

A 150 mm long 12.7 mm diameter striker was loaded
into a light-gas gun to provide the input pulse when incident
upon the Kolsky bar. The sample was placed between a pair
of aluminum oxide (Al2O3) platens located between the in-
cident and transmission bars. A small amount of silicone
grease was used between the bars, platens, and sample to re-
duce interface friction between the sample and platens. A
small piece of copper, 4.2 mm round by 0.5 mm thick was
placed in front of the incident bar as a pulse shaper to extend
the loading time to reach a uniform stress state [35].

Data collection was performed with a 200 MHz LeCroy
HDO 4024 oscilloscope in conjunction with a pair of half-
bridge circuits instrumented on each bar. The strain gages
are bonded to each bar 180 ◦ apart to allow cancellation of
bending within the bar and provide pulse characterization as
the stress wave propagates along the bar. The half-bridge
was made up of a pair of Vishay Micro-Measurement EK-06-
250BF-10C/W 1000 Ω strain gages, matching resistors, and
a potentiometer to balance the bridge. When excited with a
30 V source the half bridge circuits had a combined load of
60 mA.

Fig. 7: (L) Optical microscopy of typical surrogate fragment.
(R) Processed and fit with idealized ellipse: 3.9 mm, 3.2 mm,
1.25 (Major Axis, Minor Axis,A).

2.3 Fragmentation Analysis
A containment box made from 2 mm thick polycarbon-

ate was placed around the sample section of the Kolsky bar
and used to contain the fragments generated during dynamic
loading. Care was taken to collect the majority of fragments
and it is recognized that not all fragments may have been
recovered due to small openings in the containment box for
the bars to pass through. Results of this collection are pro-
vided in Table 3. It should be noted that the aluminum oxide
platens were recovered completely intact with no signs of
damage and all fragments are believed to be from the tested
specimen. The fragments were then imaged using a Zeiss
Axiocam MRc with a low-power objective lens and analyzed
using MATLAB’s Image Processing Toolbox to determine
geometric parameters [37].

The analysis process consists of first converting the im-
ages to grayscale in order to adjust contrast and sharpness of
the fragment outline then further converted to a binary im-
age. An idealized ellipse is fit to each fragment, which is
then used to determine parameters such as major and minor
axis length. The major axis length is used for the character-
istic size L of a fragment and the ratio of the two axis defines
the shape or aspect ratio (A). The area of each fragment was
also measured using contiguous pixel mapping. An example
of a surrogate fragment is shown in Figure 7 along with a
typical analysis of the surface. Details for this technique can
be found in [38].

3 Results
The following section outlines the results of mechanical

testing and fragmentation analysis. Samples of each material
were tested in the longitudinal and transverse orientation for
both uniaxial quasi-static and dynamic loading. The result-
ing fragments were then analyzed for geometric parameters
to better understand the nature of the failure and fragmenta-
tion process.

3.1 Uniaxial Compressive Response
A summary of the mechanical testing results are pro-

vided in Table 2. The mechanical response for both materi-
als and orientations under quasi-static loading is provided in
Figure 8. The dry ox bone was found to have a quasi-static
compressive strength 3 to 4 times greater than the surrogate
material. A reason for this dramatic difference may be due to
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Table 2: Summary of results from quasi-static and dynamic
uniaxial compression testing, reported values are averaged
from two similar tests with standard deviation (± SD).

Strain Compressive
Rate Max Stress

Material Orientation ε̇, [s-1] σc, [MPa]

Ox Bone
Longitudinal

10-3 336 ± 6

2700 ± 150 559 ± 23

Transverse
10-3 244 ± 22

2400 ± 150 350 ± 34

Surrogate
Longitudinal

10-3 84 ± 5

2000 ± 90 101 ± 7

Transverse
10-3 82 ± 9

1700 ± 20 104 ± 7

the fact that the surrogate bone aims to match fresh cortical
bone, and not the dry cortical bone tested in this work which
is more brittle than a fresh specimen. The dry ox bone also
had a microstructure that favors the longitudinal direction,
whereas the surrogate did not have this orientational depen-
dency. The bone was found to have a different mechanical
response between the longitudinal and transverse orientation,
which is attributed to the inherent anisotropy. Longitudinal
strength of the dry cortical bone was 38% higher than trans-
verse strength at quasi-static loading rates and 60% higher at
strain-rates of 103 s-1. The surrogate does not appear to show
a significant difference between loading orientations despite
the die-pressing, perhaps due to its random bone fragment
orientations and relatively uniform distribution, and hence
nearly isotropic microstructure.

Fig. 8: Characteristic results for quasi-static (ε̇ = 10−3 s-1)
uniaxial compressive response of ox bone and bone surrogate
in both the longitudinal and transverse orientation.

Stress history or σc(t) is provided for the dynamic tests
in Figure 9. The ox bone had a peak compressive strength
66% greater in the longitudinal orientation and 43% greater
in the transverse orientation for ε̇ = 103 s-1 compared to the
quasi-static loading. The surrogate had similar compressive
strengths when loaded longitudinally in dynamic testing as
compared to the transverse orientation with overlapping er-
ror between the two results. The strain-rate sensitivity was
also less than what was found with the ox bone, having a
peak compressive strength increase of 20 to 27% over the
quasi-static values when tested at ε̇ = 103 s-1. Stress history
of dynamic testing normalized by dynamic longitudinal ox
bone is provided in Figure 10.

Fig. 9: Stress history of single representative test during dy-
namic loading (ε̇ = 103 s-1) for ox bone and surrogate in
longitudinal and transverse loading, portion of unloading is
shown to illustrate peak compressive stress.

Fig. 10: Dynamic maximum strength and loading time nor-
malized by dynamically loaded (ε̇ = 103 s-1) longitudinal ox
bone data.
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3.2 Fragmentation Analysis
The fragments generated during dynamic loading were

collected and weighed to get a sense of how much material
was recovered from the original sample. The surrogate ma-
terial had a recovered mass of 43-49% for longitudinal and
transverse loading and 45-81% of the bone was recovered
for the same orientations Fragments were then imaged and
processed using the method described in the experimental
procedure. Results of the processed data were compared be-
tween individual tests as well as combining the fragments
from similar tests. Scatter plots of the distribution were used
to compare the individual tests to the combined data and it
was found that both data sets produced similar distributions.
For this reason it is believed that less than 50% of the recov-
ered material still constitutes a representative population. In
order to increase the fidelity of our data, the combined data
sets are used for the rest of the analysis which results in an
increase of representative population for each material and
orientation with respect to loading while not effecting the
overall distributions. Fragment characteristics for each ma-
terial set are provided in Table 3. It should be noted that the
ox bone had a smaller data set which is related to the smaller
size of the original sample as compared to the bone surrogate
(see Section 2.1).

Scatter plots for the distribution of fragment shape and
size are provided in Figures 11 and 12. The distribution of

Fig. 11: Ox bone fragment size characteristics from dynamic
loading (ε̇ = 103 s-1).

fragments for the ox bone was found to contain both a sim-
ilar amount of small (sub-100 µm) and large fragments for
both the longitudinal and transverse orientation as evidenced
by the fragment size characteristics. Fragments generated
during the dynamic loading of the surrogate fell into two pri-
mary size regimes for both longitudinal and transverse ori-
entations. Smaller fragments were generated with a typical
size of 50 to 100 µm, and larger fragments on the order of
1 mm which represent the family size for structurally depen-
dent failure and is the focus of this work.

Fig. 12: Bone surrogate fragment size characteristics from
dynamic loading (ε̇ = 103 s-1). Shaded regions highlight the
two fragment size regimes.

To gain more insight on the fragmentation, the size of
the fragments was plotted against different distributions in-
cluding exponential, log-normal, Weibull, Rayleigh and a
power-law. It was found that the data best fit a power-law dis-
tribution as these are more suitable for brittle materials that
fragment into a range of sizes. Previous work by Bergstrom
on static testing of glass spheres [39] and torsional Hopkin-
son bar testing of ferroelectric ceramics by Costin [40] was
used by Grady to formulate a power-law fit specifically for
brittle materials [41] which has the form,

G(L) =
1

1+
(

Li−Lmin
a

)b , (4)

where a is a scaling parameter to normalize the fragment
length and is related to the applied strain-rate where higher
strain-rates have a smaller value. The parameter b is for
shape fitting and has a reducing absolute value for higher
strain-rates. The distributions for each dynamic test are pro-
vided in Figure 13.

4 Discussion
4.1 Uniaxial Compressive Response

The uniaxial compression strength testing of the corti-
cal bone was found to be similar to other published data for
both quasi-static and dynamic loading when taking into ac-
count the variability (species [17], age [21], storage condi-
tions [23]) of specimens among published work. A com-
parison of the longitudinal compressive strength and strain-
rate from present work and published data is provided in
Figure 14. Early studies from McElhaney on embalmed
human femoral bones show a relatively low strength [17],
owed likely to the embalming process and chemicals used, as
demonstrated by Stefan et al. [23]. Testing of fresh bovine
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Table 3: Characteristics of fragments larger than 100!µm generated during dynamic uniaxial compressive loading. Standard
error of the mean (± SEM) is provided for the fragment size,A, and area.

Mean Mean Mass
Fragment Size Mean Area Recovered

Material Orientation Quantity [µm] A [mm2] [%]

Ox Bone
Longitudinal 865 410 ± 19 2.29 ± 0.04 0.16 ± 0.02 45

Transverse 370 266 ± 28 2.15 ± 0.06 0.11 ± 0.03 81

Surrogate
Longitudinal 2001 431 ± 14 2.22 ± 0.04 0.29 ± 0.02 43

Transverse 1152 694 ± 25 2.31 ± 0.05 0.53 ± 0.03 49

Fig. 13: Cumulative distributions of fragment size for
L≥ 100 µm of surrogate material from dynamic loading
(ε̇ = 103 s-1). Experimental data is fit with power-law distri-
butions from Equation 4. For scaling parameters see Table 4.

Table 4: Scaling parameters used in Equation 4. Parameter a
normalizes the fragment length and b shapes the profile. The
absolute value of each parameter decreases with increasing
strain-rate.

Material Orientation
Parameters

a (µm) b

Ox Bone
Longitudinal 320 -1.55
Transverse 300 -1.40

Surrogate
Longitudinal 560 -1.65
Transverse 795 -1.80

femoral bone by Ferreria et al. achieved a lower strength than
that of Adharapurapu [19, 20] which is expected for a wet or
fresh specimen that isn’t as stiff as a dry bone sample. The
dry bovine femoral bone that Adharapurapu investigated had
a compressive strength that matched our ox bone at strain-
rates of 103 s-1 and was 44% weaker than the ox bone at

quasi-static rates of 10-3 s-1. The difference between strength
at lower loading rates is not of major concern as there is a dif-
ference in species and likely age of specimen both pre- and
post-moretem.

Fig. 14: A comparison of longitudinal compressive strength
and applied strain-rate from present work and published data.
(D) dry bovine femur, (W) wet (fresh) bovine femur, (E)
embalmed-dry human femoral [17, 19, 20].

The testing of cortical bone provided a baseline to com-
pare the behavior of the surrogate material, where the bone
exhibits anisotropic behavior due to the microstructure high-
lighted in Figure 1. The surrogate bone however was found
to be more homogeneous isotropic as evidenced in Fig-
ure 3 and 4. Cortical bone was shown to have an orientation
dependency when tested both quasi-statically and dynami-
cally with the longitudinal direction having a higher load
bearing capacity owed to the preferential osteon direction.
A strain-rate dependency was found in dynamic testing as
well with significant compressive stress increases over the
quasi-static values of 67% seen for longitudinal orientation
and 43% in transverse with an error of 4 and 9% respectively.

The quasi-static compressive strength for the surrogate
were shown to be weaker than the ox femur. However, this
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is expected as the bone was in a dry form and more brittle
than freshly procured bone samples that the surrogate aims
to simulate. Similar work by Adharapurapu et al. [19] also
shows that dry bone is capable of supporting more load than
fresh (or wet) bone due to the increase in stiffness as mois-
ture is removed leading to a more brittle material. A rate de-
pendency was found for the surrogate material with respect
to the peak stress. When loaded dynamically an overall in-
crease in compressive strength of 27% was found for the sur-
rogate in the longitudinal orientation with transverse being
slightly and not statistically significant enough to claim a real
difference exists. The bone surrogate aims to be a consistent
homogenized material with low variability between testing.
While the surrogate had less deviation from the mean val-
ues, the overall strength was weaker and thus the coefficient
of variation is used as a means of measuring the consistency
of testing results. The quasi-static testing of ox bone had a
coefficient of variation for longitudinal and transverse load-
ing of 0.02 and 0.09 compared to the bone surrogate of 0.06
and 0.11. The dynamic testing was marginally better for the
surrogate material having a value of 0.07 for both longitudi-
nal and transverse orientations. This metric was similar for
ox bone under dynamic compression at 0.04 for longitudinal
and 0.09 for transverse. It was expected that the coefficient
of variation should be lower for the bone surrogate which
was not the case even though standard deviations of strength
were smaller than the ox bone.

Pre-existing damage within the untested surrogate ma-
terial can be observed in region R1 as shown in Figure 5. A
large quantity of flaws with a length of 2-4 µm are visible.
At higher magnification there is evidence of crack bridging
at the flaw which is typical of cortical bone [12]. Damage
of this magnitude is common throughout the bone regions in
the material and is attributed to mechanical processing of the
bone (grinding and die pressing) during the manufacturing
of the material. A possible reason for the smaller rate depen-
dency of the surrogate is due to the activation of numerous
flaws in the surrogate that do not exist in the natural bone.
Flaws exist along the interfaces between the resin binder and
the bone due to poor adhesion or as defects such as pores in
the bulk of the resin binder which will be investigated further
in the next section.

4.2 Fragmentation Analysis
An analysis of the bone fragments shows that the dis-

tribution of size is fairly even between small and large frag-
ments (Figure 11). One possibility for the spread of frag-
ment sizes is that the failure mechanism lies along the cement
lines of the osteon where fracture occurs due to localized
plasticity and pore collapse. Fragmentation generates longer
fragments during loading on the order of 500-1000 µm with
smaller fragments being generated from the typical spacing
of Volkmann canals that connect adjacent Haversian canals
perpendicular to the osteon [10]. We hypothesize that the
canal systems act as points for the crack to change direc-
tion and break off a larger osteon structure. Evidence of this
behavior is provided in Figure 15 and Figure 16. Interest-

ingly, the fragments analyzed in Figure 15 show the different
canal paths exposed. Previous work on the fracture mechan-
ics of cortical bone [12, 25] suggested that the cement lines
between osteons provides the weak path that the crack would
follow. Since the canal systems are exposed, this would sug-
gest that the osteon split during the fracture process to expose
the inner surfaces of the osteon canal system.

Fig. 15: SEM image of fragments generated from dynamic
loading of dry ox bone in the longitudinal orientation. Split-
ting of the osteon revealed the internal canal system.

Fig. 16: SEM image of fragments generated from dynamic
loading of dry ox bone in the transverse orientation. The ex-
tensive crushing shown is from the surface of a single frag-
ment. The broken texture was present on all fragments with
no visible indication of a canal system.

The transverse loading of dry ox bone produced an even
distribution of fragments that suggests failure of the osteon
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through a comminution behavior before reaching a weak ce-
ment line that deflects the crack from perpendicular to par-
allel to the osteon, consequently producing a more uniform
distribution of fragment sizes [42]. Figure 16 shows evidence
of the comminution behavior. After studying multiple trans-
verse fragments there was no definitive evidence of osteon
splitting like what was seen in the longitudinal fragments.

The characteristic length of a typical surrogate fragment
was found to fall within two regimes as shown in Figure 12.
Larger fragments, on the order of 1000 µm are believed to be
generated through structural failure while smaller fragments
with a typical length of 50 µm are formed from secondary
processes. It is likely that smaller fragments resulted from
the crushing of osteons as few instances of preferential direc-
tions could be found in microscopy (such as the longitudinal
bone section shown in Figure 3). An analog to this behav-
ior is typically seen in brittle materials such as ceramics or
rocks as transgranular fractures [30, 38]. SEM images of the
surrogate could not discern a difference between longitudi-
nal and transverse loading. A common finding was a large
number of pores existing along the interface of the ground
bone and binder as shown in Figure 17. The presence of the
pores suggests that there was a lack of proper wetting of the
ground bone by the binder phase leading to a weak interac-
tion of the adhesive and bone. The quantity and size of pores
was not consistent, with sizes ranging from a few microns to
over 100 µm.

Fig. 17: SEM image of fragments generated from dynamic
loading of bone surrogate in longitudinal orientation (trans-
verse is similar). A large number of pores exist along the
interface of the bone and adhesive, leading to failure from
crack growth.

The two-parameter power-law fit of the distribution
shows that at higher applied strain-rates there is a decrease
in the size parameter a. The decrease is due to the resulting
fragments being smaller at higher compressive loads. The
absolute value of the parameter b also decreased at higher
strain-rates for similar reasons, providing a better shape-fit of

the distribution. These parameters are expected to be refined
and updated as more experimental data is made available for
varying strain-rates and materials such as other bone sur-
rogates or natural bone under different conditioning (spec-
imen age for instance). This work shows that applicability
of Grady’s power-law is not limited to brittle materials like
structural ceramics and glass, but can in fact be use for natu-
ral materials like cortical bone.

5 Conclusion
Our work examined the uniaxial compressive response

and dynamic fragmentation of a cortical bone surrogate ma-
terial and dry ox bone. Maximum compressive strength val-
ues for quasi-static loading of ox bone were 336 MPa and
244 MPa for longitudinal and transverse orientations while
dynamic loading saw an increase to 559 MPa and 350 MPa.
These results show that there is a strain-rate sensitivity to the
cortical bone with strength increases of 43% to 66% when
tested dynamically for the two loading directions. The bone
surrogate did not show the same degree of strain-rate sen-
sitivity as the dry bone due to the lack of structure exhib-
ited by the ox bone. Quasi-static maximum stress values for
the bone surrogate in longitudinal and transverse orientations
were 84 MPa and 82 MPa respectively. The maximum com-
pressive strength increased slightly when tested dynamically
to 101 MPa and 104 MPa for longitudinal and transverse, an
increase of 20% to 27% over quasi-static values. Interest-
ingly, there is only a 2% to 6% difference between longitudi-
nal and transverse orientations for both loading rates. The ox
bone had an increase in maximum stress when loaded longi-
tudinally for both quasi-static and dynamic of 49% and 60%
as compared to the transverse orientation. The similar re-
sponse between loading orientations highlights the homoge-
neous material structure as compared to ox bone which has a
structure defined by the osteon growth direction.

The analysis of the fragments produced during dynamic
loading show a difference between the two materials. Dy-
namic uniaxial loading of the dry ox bone produced frag-
ments through splitting of the osteon. When loaded trans-
versely the resulting fragments came from crushing of the os-
teon structure. The surrogate material produced larger frag-
ments than the ox bone in terms of a major axis length and
projected surface area. It is somewhat intuitive to expect this
knowing that the surrogate is formed from ground bone glued
together and failure along the glue joint is more likely than
further comminution of the bone. Fragmentation was exac-
erbated by the presence of pores and lack of interaction be-
tween the adhesive and bone. This work provided insight
into the fragmentation of cortical bone. Further research of
bone and bone surrogate materials can assist with the medi-
cal diagnosis of bone fractures by understanding the size of
expected bone fragments from the applied loading.
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