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Abstract—The limitations of areal bone mineral density
measurements for identifying at-risk individuals have led to
the development of alternative screening methods for hip
fracture risk including the use of geometrical measurements
from the proximal femur and subject specific finite element
analysis (FEA) for predicting femoral strength, based on
quantitative CT data (qCT). However, these methods need
more development to gain widespread clinical applications.
This study had three aims: To investigate whether proximal
femur geometrical parameters correlate with obtained femur
peak force during the impact testing; to examine whether or
not failure of the proximal femur initiates in the cancellous
(trabecular) bone; and finally, to examine whether or not
surface fracture initiates in the places where holes perforate
the cortex of the proximal femur. We found that cortical
thickness around the trochanteric-fossa is significantly cor-
related to the peak force obtained from simulated sideways
falling (R2 = 0.69) more so than femoral neck cortical
thickness (R2 = 0.15). Dynamic macro level FE simulations
predicted that fracture generally initiates in the cancellous
bone compartments. Moreover, our micro level FEA results
indicated that surface holes may be involved in primary
failure events.

Keywords—Proximal femur, Sideways falling, Finite element

method, Holes, Trochanteric-fossa cortical shell thickness,

Fracture.

INTRODUCTION

Presently, areal bone mineral density (aBMD) is the
clinical “gold standard” used to diagnose osteoporosis
(aBMD T-score ≤ −2.5). Although low aBMD is
associated with an increased population based fracture
risk, 75–85% of hip fractures occur in people without
osteoporosis.47,48,55 The limitations of aBMD mea-
surements for identifying at-risk individuals have led to
alternative methods for screening for hip fracture risk
being proposed, including the use of geometrical
measurements from the proximal femur14,44,49 and
subject specific finite element analysis (FEA) for pre-
dicting femoral strength,2,5,13,21,30–33,35,36,41,42,45,46,52

based on Quantitative CT data (QCT). However, even
though QCT-based FE analysis has been demonstrated
to be superior to aBMD measurements in terms of
predicting in vitro measure strength,27 it is only been
demonstrated to be marginally more sensitive in terms
of identifying individuals at risk of sustaining a hip
fracture when validated against cohort data.31,42 This
could potentially be due to lack of biofidelity of the
models with respect to modelling the rate dependency
and dynamics of the events that lead to most of the
fractures i.e., fall to the side from standing height.42

The biomechanics of hip fracture has been studied
by many authors in the past. Predictions of the frac-
ture location and character remain speculative, but are
believed to be the result of local thinning of the cor-
tex.4,37,38,50 Several other studies have focused on
other geometrical parameters as predictors of hip or
vertebral fracture risk, including hip axis length,14
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vertebral bone width49 and angle between femoral
neck and shaft.44 The femoral neck has been the focus
of attention in many studies,4,6,15,25,26,37,38 however,
some epidemiological studies indicate inter-trochan-
teric fractures have a comparably frequent occur-
rence.10,39

The link between cancellous structure in the prox-
imal femur and organ-level bone strength is still de-
bated, with some researchers reporting that cancellous
bone plays a large role,6,37,50 while others have found
that its role is almost negligible.4,38 The actual frac-
ture initiation and progression within the proximal
femur are not well understood, with some studies
providing evidence that fracture of the proximal fe-
mur initiates in the cancellous bone,41 while other
studies argue that fracture initiates in the cortical
bone.28,32,54 The role of the vascular architecture of
the proximal femur on fracture resistance has not
been thoroughly investigated in the literature, but the
holes in the cortical shell, through which the vascular
structure penetrates, have been suggested as potential
fracture initiation sites23 under para-physiological
loading.

There is ample evidence showing that the majority
(> 90%) of hip fractures are associated with a short,
low trauma fall, and while falls in older adults are
common,20 only 1–5% of the falls result in a frac-
ture,9,51 with falls to the side producing a high frac-
ture rate.43 Hip fractures following a side-ways fall
are known to be the results of dynamic events in
which the strain rate effects become pronounced.7,18,22

In this context, it is worth noting that evidence from
direct mechanical testing of human cortical bone
samples indicate that ultimate stress and strain in
tension decreases with increasing strain rate while the
opposite is the case for cortical bone tested in com-
pression.22 In addition, it is well established that the
failure mechanisms of cellular materials like
bone,16,17,34 under dynamic loading is quite different
from that of the quasi static loading.1,53,54,56 This
means that fracture patterns in the proximal femur
resulting from quasi-static mechanical testing could be
different from fracture patterns resulting from testing
of such specimens using realistic impact speeds. This
suggests that a more realistic impact model is required
to accurately simulate failure mechanisms of the
proximal femur in the context of understanding hip
fracture risk.

The overall purpose of the present study was to
investigate fracture initiation patterns of human fe-
moral specimens subjected to impact loading at speeds
representative for side-ways falls on the hip from
standing height. The study aims were threefold: First,
to correlate the cortical thickness of the trochanteric-
fossa and mid-femoral neck with the peak force ob-

tained from dynamic testing. Second, to evaluate
whether the hypothesis that failure of the proximal
femur initiates in the cancellous bone is supported by
evidence from macro level FE simulations, Xtreme
CT data, and HS video data gathered from impact
tests. Third, to use micro level FE simulations to
examine whether holes perforating the proximal femur
cortical shell could play a role in surface fracture
initiation.

MATERIALS AND METHODS

Experimental Procedure

Data from a previous drop-tower experiment car-
ried out on 15 human donor femurs was used in the
present study.19 A brief description of the protocol is
included here for clarity and completeness. Prior to
testing, the specimens were scanned in an Xtreme CT
scanner at a 41 m resolution (Xtreme CT, Scanco, Inc.,
Switzerland) calibrated with a standardized hydrox-
yapatite phantom. The data were resampled to clinical-
CT resolution (615 µm) before segmentation was car-
ried out in AMIRA (v.5.3, Visage Imaging Inc., San
Diego, CA). The specimens were DXA scanned
(QDR4500W, Hologic, Bedford, MA) using 4 kg of
rice to simulate soft tissue. The results reported in
terms of aBMD, T-scores and degree of osteoporosis
classification are reported elsewhere.2 The drop tower
testing rig included a 32 kg (for body) and a 2 kg (for
pelvic) impact mass dropped from a height of 0.5 m
resulting in a target impact velocity of 3 m/s, a 50 N/
mm pelvis spring to simulate pelvic compliance, and
19 mm of closed cell foam covering the greater tro-
chanter to account for the effects of soft tissue.2 The
simulated fall was recorded by four HS video cameras.
Two cameras (Phantom V12.1) observed the anterior–
superior femoral neck at 10,000 fps (1024 9 800 px, 15
px/mm) for DIC measurement. One camera (Phantom
V9) recorded the impact hammer and lateral trochan-
ter at 9216 fps (576 9 288 px, 5 px/mm) for trochanter
displacement measurement, and finally, one camera
(Phatom V9) qualitatively observed the posterior of
the specimen at 6006 fps 480 9 480 px, various spatial
resolutions) for fracture monitoring. Impact forces at
the greater trochanter were acquired using a six-axis
load cell (Sensor Data M211-11; Sterling Heights, MI,
± 13.34 kN (axial range)) at a sampling of 20 kHz. A
sample bone under test conditions is depicted in Fig. 1.

Cortical Shell Thickness Measurements

The CT images at original resolution of 41 µm were
used to quantify the cortical shell thickness of the fe-
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mur in the trochanteric-fossa and mid-neck regions.
The minimum cortical shell thickness in both the
superior part of the mid-neck (depicted in Fig. 2, mid-
neck is defined as the minimum cross-sectional area of
the femoral neck) and trochanteric-fossa region (a
cross section parallel to the femoral shaft passing
through the trochanteric fossa cavity as shown in
Fig. 3) were measured using Paraview (v.4.4, Kitware
Inc., New York, NY) and correlated with experimen-
tally measured peak force. To ensure catching the
minimum thickness, the cross-sectional planes were
translated along an axis normal to the plane, in
increments of 1 mm in each direction (Figs. 2 and 3),
and five slices were used for each measurement. DXA
derived measurements (femoral neck aBMD, tro-
chanteric aBMD and total aBMD) were also corre-
lated with experimentally measured peak force.

Pearson´s coefficient (R2) was used to evaluate the
proportion variance of the dependent variables (peak
force) explained by the variance of the independent
variables (aBMD and cortical thickness).

Macro Level Finite Element Analysis

The macro level FEA was originally performed in
the study by Enns-Bray et al.12 and reported the sim-
ulated force–time and force–displacement in terms of
then whole bone. The macro level FEA methodology is
briefly explained here for clarity. The FE models
(Fig. 1) were constructed based on segmentation of CT
data resampled to a 615 µm isotropic spatial resolu-
tion. The results from case II in the study of Enns-Bray
et al.12 were used in the present study, in which the
PMMA cup that supports the femoral head was as-
sumed to be bonded to the ground but the femoral
head still allowed to slide freely against the PMMA
cup surface. The speed of the impact on greater tro-
chanter derived from the HS video data was used to
drive the models to simulate the impact generated by
the falling mass. The models were solved in a com-
mercial FE solver (LS-Dyna R7.1.3, Livermore Soft-
ware Technology Corporation, Livermore CA). The
detailed material mapping strategy can be found in
Appendix B.

Extended FEA Analysis

In the present study, a semi-automated damage
detection algorithm was developed in Paraview that

FIGURE 2. Minimum cortical thickness (t) measurement in
the femoral neck region of interest (RoI) illustrated on a
sample specimen.

FIGURE 1. Experimental setup drop tower testing (left) and corresponding FE model (right), with rigid plate on which the impact
velocity was imposed, upper and lower PMMA pads, beam elements representing distal potting in aluminum, and distal pin
constraint. Reprinted from Ariza et al.,2 permission to reprint will be acquired from Elsevier in case the manuscript is accepted for
publication.
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tracked element principal strain at each time step of the
simulation and flagged the elements with principal
strains above a specified failure threshold. The failure
thresholds are indicated in Fig. B1, and pseudo code
for the algorithm is provided in Fig. 4. The elements
were categorized based on their density as either
“Cortical” or “Cancellous” in Paraview. Then the
strain rate each at elements was calculated in Paraview
using the nodal velocity outputs from LS-DYNA. The
ultimate compressive & tensile strains were defined for
each element as functions of density and strain rate
based on cortical and cancellous formulations
according to the material mapping strategy (Appendix
B). A damage parameter was defined as the ratio of the
principal compressive/tensile strain to the corre-
sponding ultimate compressive/tensile strain at each
element. Finally, using the “Find Data” filter in Par-
aview, the elements with damage parameter greater
than 1 were flagged as failed elements.

In the present study, the damage detection algo-
rithm was used to examine systematically whether
observations from macro level FEA results support the
hypothesis that failure initiates in the cancellous bone
compartments and not on the cortical surface. The
locations of the first failed elements according to

macro level FE simulations are indicated as SIM0 in
Fig. 5. If the first failing element in the simulation was
not a surface element, then the progression of failing
elements was tracked through the simulation time steps
until the first surface element failed according to the
damage detection algorithm, indicated with SIM1 in
Fig. 5. The location and time of the first crack
appearing on the surface of the bones according to the
high-speed video data is indicated with EXP1 in Fig. 5.
The location and time of SIM1 and EXP1 was subse-
quently compared. An example of the outcome of this
type of analysis provided for a single specimen in Fig. 5
with complete results from the analysis for all the
specimens is provided as supplementary material.

Micro Level Finite Element Analysis

To test the hypothesis that holes perforating the
cortical shell are associated with primary failure events
under experimentally simulated sideways fall impact,
micro level FE analysis was carried out using the
protocol described in Helgason et al.23 for 3 selected
femurs, each of them representing one out of 3 main
failure types according to previous results2 (H1167L:
intertrochanteric failure, H1366R: head-neck junction
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FIGURE 4. The damage detection algorithm implemented in Paraview.

FIGURE 3. Minimum cortical shell thickness (t) measurement in the trochanteric-fossa region of interest (RoI) illustrated on a
sample specimen.
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failure, H1375L: basi-cervical failure). In the present
study, a 8 9 8 9 8 mm3 volume of interest (VOI) was
defined centered around the location of first crack
visible on the surface of the bones according to the HS
video data which is the location previously defined as
EXP1. In the interest of reducing computational time
and allowing for larger VOIs being studied than in the
work of Helgason et al.23 the high resolution stack was
rescaled to 82 µm resolution and each bone voxel
translated to a 8-node hexahedral finite element. As in
the work of Helgason et al.,23 material properties were
mapped to the hexahedral elements of the micro level
models based on the gray level of the voxels using the
same material card as was used in the macro level FEA
of the bones. The applied boundary conditions were in
the form of the cube face velocities whose values were
extracted from corresponding macro level FE results.
A 3D interpolation scheme using the built-in “TriS-
catteredInterp” function in Matlab (v.R2016b, The
Mathworks, Natick, MA, USA) was used to assign a
velocity value from macro (lower) to micro (higher)
level resolution on the faces of the cube. 1st and 3rd

principal strain patterns were measured in the micro
FE cubes, and were qualitatively compared to the
observed failure location and pattern during the drop
tower experiments. The simulations were conducted on
a computer system with 6 Core i7-4930K@3.4GHz
Intel CPUs and 32GB of memory. The simulations
took between 24 and 48 h depending on the models.
The number of elements for specimens H1167L,
H1366R, and H1375L were 152,947, 74,685, and
328,893 respectively.

RESULTS

Bone Geometrical Parameters

The cortical shell thickness of the trochanteric-fossa
was moderately correlated with measured peak force
(R2 = 0.69, p = 0.0001, Fig. 6a), and there was a small
correlation between the minimum cortical thickness at
the mid-femoral neck and peak force (R2 = 0.15,
p = 0.15, Fig. 6a). The measured trochanteric aBMD
showed a stronger correlation to the measured peak

FIGURE 5. Failure locations according to experimental results and FEA; (top left) SIM0: first failing element based on FEA at
t = 39.44 ms; (top right) EXP1: first failure observed on the bone surface according to HS video image data at t = 40.88 ms; SIM1:
first failing surface element based on macro level FEA at t = 40.73; (bottom left) plot of impact force at the Greater Trochanter (GT)
with failure events indicated; (bottom right) zoomed view of the holes.
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force than femoral neck aBMD (R2 = 0.43, p = 0.0016,
and R2 = 0.37, p ≪ 0.008, respectively, Fig. 6b). The
correlation between the total bone aBMD and the
measured peak force was greater than both trochan-
teric and neck correlations (R2 = 0.53, p = 0.002,
Fig. 6b).

Macro Level FEA

Damage initiation sites based on the simulation re-
sults are presented in Table 1. From these results, it is
evident that the greater trochanter and femoral head
regions are the most dominant regions in term of
damage initiation. Furthermore, according to the or-
gan level simulations, the damage initiates in the can-

cellous bone compartments for all specimens except for
one bone (H1380R), in which damage initiates simul-
taneously in the cancellous bone and on the surface of
the femoral head area making it difficult to identify
firmly from which location the damage first initiates.

Agreement between first visible crack according to
HS video data (EXP1), and first surface element failing
according to macro level FEA (SIM1) was found for 8
out of the 15 specimens. In 5 out of 7 bones that the
predicted (SIM1) and observed (EXP1) crack locations
do not match, crack is located in greater trochanter
region based on the observations. This suggests that
the material mapping in the study with Enns-Bray
et al.12 to be modified to consider separate material
mapping strategies for neck and trochanteric regions,

TABLE 1. Damage Initiation sites in the human femoral specimens.

Specimen SIM0 Is SIM0 internal? SIM1 vs. EXP1 location agreement

H1167L Troch. Yes Yes

H1168R Subcervical Yes Yes

H1365R Troch. Yes Yes

H1366R Troch., neck–head Yes Yes

H1368R Head Yes No

H1369L Troch. Yes No

H1372R Troch./Head Yes No

H1373R Troch. Yes No

H1374R Head Yes Yes

H1375L Troch. Yes Yes

H1376L Troch. Yes Yes

H1377R Troch. Yes Yes

H1380R Head No No

H1381R Head Yes No

H1382L Troch. Yes No

(a) (b)
y = 3.52x + 1.21
R² = 0.69   (troch.)

y = 1.90x + 1.74
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FIGURE 6. (a) Measured peak force vs. femoral shell thickness measured in the femoral neck (circle) and the greater trochanter
(9); (b) Measured peak force vs. aBMD measured at the neck (circle), greater trochanter (9) and total aBMD (triangle).
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specifically a material mapping with lower ultimate
strain for trochanteric region.

Micro Level FEA

The micro level FEA results of the three selected
femoral specimens are illustrated in Figs. 7, 8, and 9.
For specimen H1167L, tensile failure was observed

with no elements failing in compression. For the sec-
ond selected bone (H1366R), both compressive and
tensile failure modes were present at initial failure
location (Fig. 8). This is in accordance with the folding
behavior of the surface, which was observed from the
HS videos (Fig. 8b). Elements in the third selected
bone (H1375L) failed exclusively in compression
(Fig. 9).

FIGURE 7. Micro FE simulations for bone H1167L (a) the selected cube for micro FE simulations shown on macro level FE; (b)
fracture site observed in HS video; (c, d) micro FE simulation result for elements undergoing tensile failure. (a) Selected VOI, (b)
40.878 ms, (c) 38.4 ms, (d) 40.4 ms.
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For two of the selected specimens (H1366R,
H1375L) the initial surface failure events (EXP1) were
related to the holes perforating the cortex. High strain
concentrations were observed in micro level FE anal-
yses near the holes for these. The surface failure in

specimen H1366R is particular since the strain pattern
according to the micro level FEA expresses two main
lines of high strains. Careful study of the HS video
data around the time of failure supports this by
revealing a folding plate from cortical shell portion of

FIGURE 8. Micro FE simulations for bone H1366R (a) the selected cube for micro FE simulations shown on macro level FE. (b)
fracture site observed in HS video (arrows, each blue and red shows two different observable crack paths) and the hole location
(dashed arrows); (c, d) micro FE simulation result for elements undergoing tensile failure; (e, f) micro FE simulation result for
elements undergoing compressive failure. (a) Selected VOI, (b) 37.9 ms, (c) 34.9 ms, (d) 37.1 ms, (e) 34.9 ms, (f) 37.1 ms.
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that region. This folding behavior necessitates one edge
of the plane to undergo tension while the other edge
undergoes compression.

DISCUSSIONS

This study had three aims: To investigate whether
proximal femur geometrical parameters correlate with
outcomes of the impact testing; to examine whether or
not failure of the proximal femur initiates in the can-
cellous bone; and finally, to examine whether or not
surface fracture initiates in the places where holes
perforate the cortex of the proximal femur. We found
trochanteric-fossa cortical thickness to be moderate
correlated to the peak impact force obtained from
simulated sideways falling (R2 = 0.69), more so than
femoral neck cortical thickness (R2 = 0.15). Dynamic
macro level FE simulations predicted that fracture
generally initiates in the cancellous bone compart-
ments. Moreover, our micro level FEA results indi-

cated that surface holes can be involved in primary
failure events.

Previous studies have examined the relationship
between neck shell thinning and risk of frac-
ture,4,6,15,25,26,37,38 however, to the best of the authors’
knowledge, there has been no previous study com-
paring the trochanteric cortical shell thickness to the
failure load of the femur. Our results indicated that
trochanteric-fossa cortical shell thickness is better
correlated with measured peak force than the mid-neck
cortical shell thickness (R2 = 0.69 vs. R2 = 0.15,) and
better correlated with peak force than the three aBMD
measurements (R2 = 0.43, R2 = 0.37 and R2 = 0.53).
These results indicate that under impact load the
fracture initiation site moves closer to the impact site
compared to fracture resulted from quasi-static load-
ing. This can be related to the fact that failure mech-
anisms of cellular materials have different failure
patterns under dynamic loading from that of in quasi
static loading.1,16,17,34,54,56 A dimensionless parameter

FIGURE 9. Micro FE simulations for bone H1375L (a) the selected cube for micro FE simulations shown on macro level FE; (b)
fracture site observed in HS video; (c, d) micro FE simulation result for elements undergoing compressive failure. (a) Selected VOI,
(b) 40.96 ms, (c) 37.6 ms, (d) 40.7 ms.
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governing the behavior of materials under impact
loading is53:

�V ¼ V
ffiffiffiffiffiffi

Eq
p

=ry ð1Þ
where V, E, ρ, and σy are impact velocity, modulus of
elasticity, local density, and initial yield stress respec-
tively. Increasing �V results in the deformation mode
changing from quasi-static to transition and dynamic
where local deformations become pronounced.1,56

Assuming an impact velocity of 3 m/s and using rele-
vant data for the modulus of elasticity and yield stress
from our material mapping strategy results in �V>5 for
the low density cancellous bone compartments but this
is generally assumed to be indicative of dynamic effects
being present.1

We found that damage initiated inside the bone for
14 out of 15 femurs according to the macro level FEA
results as reported in Table 1. This finding is in line
with the study by Nawathe et al.40 where based on
micro level FE (82 µm) simulations of the proximal
femur concluded that damage always initiates in the
cancellous bone due to the lack of structural redun-
dancy. However, our observation is based on macro
level FE (615 µm) which is in clinical resolution. For 11
out of 15 femurs, the initial surface damage related to
trochanteric failures which is in line with clinical lit-
erature reporting high prevalence of intertrochanteric
fractures.29

We obtained strain patterns using micro FE simu-
lations for the volumes of interest centered on the
location where surface fracture is first observed
according to HS video data. Holes perforating the
cortex were also observed for 2 out of 3 specimens
(H13665 and H1375L). Interestingly, the strain pat-
terns and failure mode (tension vs. compression) were
at least qualitatively similar to observations from the
HS video data, suggesting that this multi-scale tech-
nique is a useful tool for analyzing the details of the
fracture initiation, even for an event as complex as
simulated side-ways fall impact.

Our study contains a number of limitations. First,
the numbers of specimens measured or simulated is
limited. Second, since the real nature of the material
and loading is very complicated, the simplifications
and assumptions in making FE models and material
mapping can affect the results. “Bone is an anisotropic
material and while it has been shown that including
anisotropy to the material mapping strategy has little
effect on macroscopic measurements such as peak
force, it could play a role in local strains.”12 Further-
more, the experimental and simulated boundary con-
ditions would ideally be more biofidelic by including

additional neighboring structures such as the distal legs
and pelvis, as well as modelling the soft tissue that
encapsulates the femur and determines how much
impact energy is distributed over the femur instead of
transferring the load to the femur via displacement of a
PMMA cup. Third, even though our data supports the
argument that fracture of the proximal femur generally
initiates in the cancellous bone compartment, verifying
that experimentally is difficult.

In summary, we found evidence suggesting that
greater trochanter bone morphology may be relevant
for assessing fracture risk of the proximal femur under
impact. Furthermore, it is possible that fracture pri-
marily initiates in the cancellous bone compartments
before reaching the bone surface, whereby the fracture
can propagate from the point of initiation towards
locations on the surface were holes (from vasculariza-
tion or otherwise) perforate the cortical shell. Under-
standing the localization of femoral fracture could
have important implications for future research of
fracture prevention.

APPENDIX A

Strain rate dependency functions for cortical bone.

au;tð_eÞ ¼ �2:093� 10�5 minð_e; 18Þ3 þ 1:420

� 10�3 minð_e; 18Þ2 � 5:082� 10�2 minð_e; 18Þ þ 1

ay;tð_eÞ ¼ �1:424� 10�5 minð_e; 18Þ3 þ 4:395

� 10�4 minð_e; 18Þ2 � 3:466� 10�2 minð_e; 18Þ þ 1

bu;tð_eÞ ¼ �3:613� 10�6 minð_e; 18Þ5 þ 2:034

� 10�4 minð_e; 18Þ4 � 4:501� 10�3 minð_e; 18Þ3

þ 4:967� 10�2 minð_e; 18Þ2 � 0:280minð_e; 18Þ þ 1

by;uð_eÞ ¼ 9:005� 10�6 minð_e; 18Þ4 � 2:819

� 10�4 minð_e; 18Þ3 þ 2:626� 10�3 minð_e; 18Þ2
� 0:039minð_e; 18Þ þ 1

ðA1Þ

au;cð_eÞ¼�1:028�10�3min _e;30ð Þ2þ3:063

�10�2minð_e;30Þþ1

ay;cð_eÞ¼�1:920�10�2minð_e;30Þþ1

bu;c _eð Þ¼�8:830�10�3min _e;30ð Þ2þ0:303minð_e;30Þþ1

by;cð_eÞ¼�2:463�10�2minð_e;30Þþ1

ðA2Þ
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APPENDIX B

The material mapping strategy used in the study of
Enns-Bray et al.12 simulated the material properties of
bone tissue using a crushable Fu Chang foam model
(MAT 083, in LS-Dyna),8 which includes properties
such as: strain rate effects and post-yield asymmetry
between tension and compression. Ash density was
derived from the resampled CT data using the fol-
lowing relationship2:

qash ¼ ðmgHA=1000þ 0:09Þ=1:14 g/cm3 ðB1Þ
Apparent density (ρapp) was defined as

qapp ¼ qash=0:6 ðB2Þ
The modulus of elasticity was derived using the

modulus–density relationship from Morgan et al.40

E ¼ 6850q1:49app ðB3Þ
Strain rate scaling (SRS) for cancellous bone remained
the same as in the previous study2 (using the equation
proposed by Carter and Hayes’s7).

SRS ¼ ð_e=0:005Þ0:06 ðB4Þ

The details of the post yield response are described in
Enns-Bray et al.,12 but summarized in Tables B1 and
B2.

The proportionality limit, i.e., end of purely elastic
deformation, for cortical and cancellous bone (σp,cort,
σp,trab) is 80% of the corresponding yield stress.24 For
tensile loading, a damage rule defined as the following
exponential is implemented on the stress–strain curve,

rd ¼ ru;tð0:9e�25e þ 0:1Þ ðB5Þ
The strain rate effect of the modulus of elasticity for
cortical bone was derived based on the data from
Hansen et al.22:

ECO
C ð_eÞ ¼ Eð1þ 0:0163minð_e; 30ÞÞ ðB6Þ

ECO
T ð_eÞ ¼ Eð1þ 0:0297minð_e; 18ÞÞ ðB7Þ

Examples of full stress–strain curves in tension and
compression, for both cancellous (ρapp = 1.0 g/cm3)
and cortical bone (ρapp = 1.8 g/cm3) are provided in
Fig. B1, using the sign convention of LS-Dyna, which
assumes positive stress–strain as compression and
negative stress–strain as tension.12

TABLE B1. Mathematical relationships for describing ultimate stress (σu) and yield stress (σy) for bone in the macro level FEA.
Subscript t denotes properties in tension, while subscript c denotes prpoperties in compression.

Parameter Relation Reference(s) Remark

σu,c,trab 49:5� SRS � q2app 3, 7 Ultimate stress in cancellous bone

σu,t,trab 0:7ru;c;cort
σy,c,trab ru;c;trab=1:1 24 Cancellous yield stress

σy,t,trab ru;t;trab=1:1
σu,c,cort 49:5q2appau;cð_eÞ See Appendix A7,22 Cortical ultimate stress

σu,t,cort 33:93q2appau;tð_eÞ
σy,c,cort 37:6q2appau;cð_eÞ See Appendix A7,22 Cortical yield stress

σy,t,cort 27:95q2appau;tð_eÞ

TABLE B2. Mathematical relationships for describing ultimate strain (εu) and yield strain (εy) for bone in the macro level
FEA. Subscript t denotes properties in tension, while subscript c denotes prpoperties in compression.

Parameter Relation Reference(s)

εu,c,trab 0.02 2 Cancellous ultimate strain

εu,t,trab 0.014

εy,c,trab 0:002þ ry;c;trab=E 0.002 offset method Cancellous yield strain

εy,t,trab 0:002þ ry;c;trab=E
εu,c,cort 0:0164bu;cð_eÞ See Appendix A22 Cortical ultimate strain

εu,t,cort 0:0276bu;tð_eÞ
εy,c,cort 0:0012by;cð_eÞ See Appendix A22 Cortical yield strain

εy,t,cort 0:0086by;tð_eÞ
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ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/
10.1007/s10439-017-1952-z) contains supplementary
material, which is available to authorized users.
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