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While the incidence of hip fractures has declined during the last decades, the incidence of acetabular frac-
tures resulting from low-energy sideways falls has increased, and the mechanisms responsible for this
trend remain unknown. Previous studies have suggested that body configuration during the impact plays
an important role in a hip fracture. Thus, the aim of this study was to investigate the effect of body con-
figuration angles (trunk tilt angle, trunk flexion angle, femur horizontal rotation angle, and femur diaph-
ysis angle) on low-energy acetabular fractures via a parametric analysis. A computed tomography–based
(CT) finite element model of the ground–proximal femur–pelvis complex was created, and strain magni-
tude, time-history response, and distribution within the acetabulum were evaluated. Results showed that
while the trunk tilt angle and femur diaphysis angle have the greatest effect on strain magnitude, the
direction of the fall (lateral vs. posterolateral) contributes to strain distribution within the acetabulum.
The results also suggest that strain level and distribution within the proximal femur and acetabulum
resulting from a sideways fall are not similar and, in some cases, even opposite. Taken together, our sim-
ulations suggest that a more horizontal trunk and femoral shaft at the impact phase can increase the risk
of low-energy acetabular fractures.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The incidence of low-energy acetabular and pelvic fractures has
increased significantly in Finland (Kannus et al., 2015) and the Uni-
ted Kingdom (Laird and Keating, 2005). At the same time, the inci-
dence of hip fractures has declined (Korhonen et al., 2013). The
mechanisms behind the change in the controversial incidence of
acetabular and hip fractures remain unknown (Kannus et al.,
2015).

Finite element (FE) analysis is a noninvasive tool to study side-
ways falls (Li et al., 2006; Majumder et al., 2004; Shim et al., 2010;
Watson et al., 2017) and can provide reasonable accuracy (Parashar
and Sharma, 2016). Without limitations to the loading type or
number of simulations, it offers valuable information regarding
internal and external forces and related tissue reactions, which
can be used to predict fracture load and type of fracture (Shim
et al., 2010).

Nasari Sarvi and Luo (Nasiri Sarvi and Luo, 2017) reviewed stud-
ies that used the aforementioned methods to measure or predict
ground reaction force, hip fracture load, and fracture capacity. In
vivo measurement of impact load or strain within acetabulum dur-
ing sideways falls seems challenging, and was done only for pros-
thetic hips during daily activities (Bergmann et al., 2001; Hodge
et al., 1986). Ex vivo and computational studies on acetabular and
pelvic fracture resulting from sideways impact were mostly con-
ducted for high-energy trauma (motor vehicle accidents)
(Dawson et al., 1999; Li et al., 2007; Majumder et al., 2004) in
which the impact was applied directly to the acetabulum
(Dawson et al., 1999; Majumder et al., 2004). Clarke et al. (2013),
through a sensitivity analysis, used daily activities loading condi-
tions to study acetabular stress–strain. To the best of our knowl-
edge, the FE study by Shim et al. (2010) is the only one focusing
on acetabular fracture resulting from a low-energy fall. They devel-
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oped a hemipelvis FE model for two quasi-static loading scenarios:
falling from standing height (low energy) and impact applied by a
car dashboard (high energy).

Among all biomechanical factors, body configuration at the
impact can remarkably affect the severity and type of hip and
acetabular fractures resulting from low-energy sideways falls
(Butterwick et al., 2015; Nankaku et al., 2005; Nasiri and Luo,
2017). The impact force is transmitted via the greater trochanter
to the femoral neck and head and finally to the acetabulum
(Butterwick et al., 2015). We hypothesized that body configuration
at the moment of impact will affect the risk of a low-energy
acetabular fracture. We simulated the effect of different body con-
figurations on strain magnitude, time-history response, and distri-
bution within the acetabulum during sideways falls as a sign of
acetabular fracture probability. A computed tomography (CT) -
based FE model of the ground–proximal femur–pelvis complex
was used.
2. Materials and methods

A research permit was granted by the institutional ethical com-
mittee. Cortical and trabecular bones of the proximal femur and
pelvic girdle of a 50th percentile male patient with no fracture his-
tory were thresholded and segmented in Mimics� (version 21.0,
Materialise Software, Belgium) by using abdominal CT data col-
lected in Oulu University Hospital (Philips, 110 kVp, 105 mAs,
453 slices with 0.5 mm thickness, resolution 0.75 � 0.75 mm2).
The cortical thickness in four different regions of the acetabulum
is presented and compared with measurements of Giudice et al.
(Sebastian Giudice et al., 2018) in Appendix A. Also, the assigned
materials at the hip joint were depicted in Fig. 1a. The obtained
three-dimensional (3D) model included right proximal femur,
sacrum and left and right coxal bones. Ramos and Simões (Ramos
and Simões, 2006) showed that linear and quadratic tetrahedral
and hexahedral elements (converged meshes) in the simulation
of the proximal femur do not yield a significant difference. There-
fore, by considering the model size and to reduce the computation
costs, the Solid285 elements (3D 4-node mixed u-P tetrahedral
first-order elements) in ANSYS Autodyn� (version R19.2, ANSYS,
USA) were used. To avoid volumetric and shear locking (Bonet
et al., 2001), especially in the thin cortical bone regions, nodal-
based strain formulation was considered for the bony parts. The
final mesh (element size 1.16–6.06 mm, comparable to previous
studies (Fleps et al., 2018; Majumder et al., 2007)), was selected
based on a prior mesh convergence study. The total degree of free-
dom in the model was equal to 406182.

2.1. Material properties

The material parameters are presented in Table 1 and related
details are given in Appendix B.

The origin and insertion regions for the hip and pelvic ligaments
were estimated based on the Human Biodigital� online platform.
The ligaments were modeled using tension-only linear springs
(in ANSYS Autodyn�). More details in Appendix C. Muscle forces
were not included as a relaxed freefall scenario.

2.2. Body configuration

Since posture during CT imaging differs from that during a side-
ways fall, the obtained model parts were saved in STEP format and
exported to ANSYS SpaceClaim� (version R19, ANSYS SCDM, USA)
for appropriate positioning. Four angles defining body posture
were defined (Fig. 1c): (1) trunk tilt angle (Trunk-Tilt or TTA):
the angle between the midline of the S1 vertebrae and the vertical
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line in the coronal plane, (2) trunk flexion angle (Trunk-Flex or
TFA): the relative angle between the midlines of the S1 vertebrae
during supine and flexed postures in the sagittal plane (pelvic tilt
angle in the sagittal plane), (3) femur horizontal plane rotation
angle (Femur-Rotate or FHA): the angle between the centerline of
the femur head and acetabulum in the sagittal plane, and (4) femur
diaphysis angle (Femur-Diaphysis or FDA): the angle between cen-
terline of femur diaphysis and the horizontal line in the coronal
plane. These angles were previously used (Boulay et al., 2006;
Ford, et al., 1996; Luo and Sarvi, 2015; Luo et al., 2014; Sarvi
et al., 2014).

A parametric analysis was conducted where each of angle was
varied in four stages in the FE model based on previous motion-
capture studies (Luo et al., 2014; Sarvi et al., 2014; van der
Zijden et al., 2012), experimental investigation (Boulay et al.,
2006; Ford et al., 1996; Grassi et al., 2012; Holzer et al., 2009;
Keyak et al., 2001; van den Kroonenberg et al., 1996), and an
anatomical feasibility study (Keyak et al., 2001). In each model,
the other three angles were kept constant during parametric inves-
tigation (Table 2). The used initial and boundary conditions are
reported in Appendix B.
2.3. Solution

Thirteen models (Table 2) were simulated using explicit
dynamic analysis. Impact phase durations have been reported to
range from 40 ms (Fleps et al., 2018) to 100 ms (Luo et al., 2014).
Majumder et al. (2007) stated a time to peak force ranging from
13 to 23 ms for different trochanteric soft tissue thicknesses. In this
study, the models were solved by ANSYS Autodyn� for a duration
of 100 ms with a stable time step of 3.30 � 10�4 ms. The average
CPU time per parallel run (16 cores (2.5 GHz) and 48 GBs of
RAM)) was 86 h.

The maximum effective strain (ESmax), as used by Westerling
(2002) for modeling failure, was used as indicators of acetabular
fracture risk, and ES (Appendix D) distribution (determining type
of fracture) was considered to find the regions more susceptible
to acetabular fracture (Xiao and Hu, 2019). Since this study aimed
to focus on the effect of body posture on strain magnitude and dis-
tribution, the lateral (the lunate surface of the acetabulum and the
acetabular fossa) and medial (the inner wall of the acetabulum)
surfaces of the acetabular cortical bone (Fig. 1d) were selected as
regions of interest.
3. Results

3.1. Ground reaction force

The effect of body posture on the GRFmax (see Appendix E for
GRFmax components) was substantial. Trunk-Tilt and Femur-
Rotate exhibited a similar effect (17.8% and 17.5%, respectively)
on GRFmax variation. When increasing Trunk-Tilt from 35� to 50�,
GRFmax was reduced from 2271 N to 1905 N (Fig. 2a). The Trunk-
Flex variation had the greatest effect (30.8%) on GRFmax. When
increasing Trunk-Flex from 0� to 10�, GRFmax rose from 1905 N to
2470 N and remained at a high level at 20� and 30� (Fig. 2a).
Femur-Rotate 15�, 30�, and 45� resulted in higher GRFmax than
Femur-Rotate 0�. Femur-Diaphysis variation also significantly
influenced GRFmax (24.8% variation in GRFmax). When increasing
Femur-Diaphysis from 0� to 10�, GRFmax first increased (1905 N
to 2440 N) while at Femur-Diaphysis 10� and Femur-Diaphysis
15�, GRFmax was nearly unchanged (Fig. 2a). The up-to-end of sim-
ulations impulse (I100ms) and up-to-GRFmax (IGRFmax) impulse (area
under the GRF curves) for each of the configurations are presented
and discussed in Appendix E.



Fig. 1. (a) Assigned materials (Table 1) at the hip joint. (b) Typical body posture at the impact and the applied boundary conditions. (c) Body configuration defining angles
(TTA (Trunk Tilt Angle), TFA (Trunk Flexion Angle), FHA (Femur Horizontal rotation Angle), and FDA (Femur Diaphysis Angle)). (d) Lateral (the lunate surface of the
acetabulum and the acetabular fossa) and medial (the inner wall of the acetabulum) surfaces of the acetabulum (the region of interest).

Table 1
Material properties of the ground- proximal femur- pelvis complex.*

Tissue/part Model Density
(q)

Elastic
modulus (E)

Poisson ratio (m) Yield strength (ryÞ Post-yield tangent
modulus (ET)

Cortical bone Isotropic homogenous
bilinear

1900 Kg
m�3 a

17.00 GPa b 0.30b 118.00 MPa c 850.0 MPa d

Trabecular bone Isotropic homogenous
bilinear

1061 Kg
m�3 e

70.00 MPa b 0.20b 3.09 MPa f 3.5 MPa d

Density
(q)

C10 C01 C11 Incompressibility
Parameter (d1Þ

Sacroiliac cartilage &
interpubic disc

Compressible hyperelastic
mooney-rivlin

1100 Kg
m�3 g

0.10 MPa h 0.45 MPa h 0.60 MPa h 0.0036 MPa�1h

Density
(q)

Poisson ratio
(m)

Instantaneous shear
modulus (G0Þ

Characteristic
relaxation time (s)

Dimensionless shear
moduli (a)

Polyurethane foam Viscoelastic maxwell 72 Kg m�3

i
0.45 i 34.50 MPa i 10.00 s i 0.05 i

Density
(q)

Initial shear modulus (l) Incompressibility parameter (d2)

Articular cartilage Compressible hyperelastic
neo-hookean

1100 Kg
m�3 g

5.32 MPa j 0.0036 MPa�1h

aCameron et al. (Cameron and Grant., 1999), b Watson et al. (2017), c Leng et al. (Leng, Dong, and Wang, 2009), d Majumder et al. (Bayraktar et al., 2004), e Vivanco et al.
(Vivanco et al., 2014), f Zhang et al. (Zhang, Magland, Rajapakse, Lam, and Wehrli, 2013), g Bortel et al. (Bortel et al., 2017), h Li et al. (Li et al., 2006), i Mills et al. (Mills, 2006), j

Henak et al. (Henak et al., 2014).
* Elastic modulus (E) and postyield tangent modulus (ET) explained in Appendix A, Eq. (1). The corresponding yield strain (ey) for the cortical bone was 0.007 (Bayraktar

et al., 2004). The applied loading during an impact was impulse type (instantaneous). Cartilage tissues were modeled as hyperelastic materials (Papanicolaou and Zaoutsos,
2019). Both the sacroiliac cartilage (Vleeming et al., 2012) and the interpubic disc (Becker et al., 2010) were modeled as fibrocartilage using the compressible Mooney-Rivlin
(three-parameter) model (i.e., hyperelastic, Appendix A, Eq. (2)) using material parameters C10, C01, C11, and d1. A thick mattress made from open-cell (with shock absorber
application) polyurethane foamwas modeled as a viscoelastic material using a Prony series–based material description of a single Maxwell element (Appendix A, Eq. (3)) with
viscoelastic material parameters G0, a, and s. The acetabular and femoral cartilages were hyaline type and were modeled as a compressible neo-Hookean model (Appendix A,
Eq. (4)) using material parameters l and d2.
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Table 2
Body posture defining angles (TTA, TFA, FHA, and FDA) for different sideways fall
configurations.

Studied angles Constant angles

TTA 35�, 40�, 45�*, 50�** TFA0�, FHA0�, FDA0�
TFA 0�**, 10�, 20�, 30� TTA50�, FHA0�, FDA 0�
FHA 0�*, 15�, 30�, 45� TTA45�, TFA0�, FDA 0�
FDA 0�**, 5�, 10�, 15� TTA50�, TFA0�, FHA0�

TTA: Trunk Tilt Angle, TFA: Trunk Flexion Angle, FHA: Femur Horizontal plane
rotation Angle, FDA: Femur Diaphysis Angle.
Models marked by * or ** represent the same body posture.
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3.2. Proximal femur effective strain magnitude

ESmax within the proximal femur (Fig. 2b) was more sensitive to
body configuration than ESmax within the acetabulum (Fig. 2c), and
plastic deformation (e > 0.007) was observed in all the studied
body postures only in the proximal femur. Trunk posture also
showed a considerable effect on ESmax changes within the proximal
femur (from 0.019 to 0.043 for Trunk-Tilt and 0.035 to 0.048 for
Trunk-Flex). By increasing Trunk-Tilt, ESmax was generally elevated
(in contrast to GRFmax) whereas the increase in Trunk-Flex first
resulted in a decrease and then an increase of ESmax within the
proximal femur (Fig. 2b). Changes in the Femur-Rotate and
Femur-Diaphysis led to variation in ESmax within the proximal
femur ranging from 0.015 to 0.061 and from 0.013 to 0.043, respec-
tively. Higher Femur-Rotate (30� and 45�) caused remarkably
higher ESmax in comparison with lower Femur-Rotate (0� and
15�) (0.061 and 0.043 vs. 0.026 and 0.015, respectively). In contrast
to GRFmax, when increasing Femur-Diaphysis from 0� to 10�, the
ESmax in the proximal femur decreased considerably (from 0.043
to 0.013). Interestingly, further increasing the Femur-Diaphysis
from 10� to 15� increased the ESmax in the proximal femur
(Fig. 2b). Femoral orientation (Femur-Rotate and Femur-
Diaphysis) had a greater impact on ESmax variation within the
proximal femur in compression with trunk orientation (Trunk-
Tilt and Trunk-Flex) (120% and 108% vs. 77% and 30%, respectively).

3.3. Acetabular effective strain magnitude

ESmax within the acetabulum remained under the yield point.
The influence of Trunk-Tilt and Femur-Diaphysis variations on
ESmax (ranging from 0.0033 to 0.0040) within the acetabulum were
similar and considerable (20% of variation). In contrast to GRFmax,
when increasing Trunk-Tilt, ESmax mostly elevated whereas the rise
in Femur-Diaphysis led to a decline in ESmax (Fig. 2c). Trunk-Flex
alteration showed a minor effect (13.8%) on ESmax variation within
the acetabulum. By increasing Trunk-Flex from 0� to 10�, the ESmax

declined from 0.0040 to 0.0035 and then grew gradually from
Trunk-Flex 10� to Trunk-Flex 30� (0.0038) (Fig. 2c). Femur-Rotate
influence on the ESmax variation was the least among the studied
angles, ranging from 0.0034 to 0.0037. Lower Femur-Rotate (0�
and 15�) resulted in higher ESmax than higher Femur-Rotate (30�
and 45�) (Fig. 2c). By increasing Femur-Diaphysis from 0� to 10�,
ESmax fell from 0.0040 to 0.0033 and remained constant afterward.

3.4. Acetabular effective strain distribution

Changes in body posture led to moderate differences in the ES
distribution within the acetabulum. ES concentration was
observed mostly at the anterosuperior region of the lateral and
medial surfaces (Fig. 3). By changing Trunk-Tilt, ES distribution
remained almost constant, and only the region with high ES values
moved slightly from the superior toward the inferior regions of the
medial and lateral surfaces. In contrast to Trunk-Tilt, Trunk-Flex
change resulted in an obvious alteration in ES distribution at the
4

medial surface (Fig. 3). By increasing Trunk-Flex, ES concentration
location changed from the acetabular fossa to the rim at the lateral
surface. Furthermore, for the extreme values of Trunk-Flex (0� and
30�), the highest ES was observed at the posterior region whereas
the region with high ES values for Trunk-Flex 10� and Trunk-Flex
20� were divided into two areas at the anterior and posterior
region of the medial surface (Fig. 3). Femur-Rotate variation had
a remarkable effect on ES distribution. ES concentration for
Femur-Rotate 0� and Femur-Rotate 15� was located at the anterior
rim of the lateral surface and the anterior region of the medial sur-
face whereas the high ES region was almost faded at the anterior
rim of the lateral surface and was split in two regions at the ante-
rior and posterior regions of the medial surface for Femur-Rotate
30� and Femur-Rotate 45� (Fig. 3). Femur-Diaphysis had the lowest
influence among the studied angles on ES distribution within the
acetabulum. For almost all Femur-Diaphysis, the highest ES values
appeared at the anterior and inferior regions (especially at the
anterior rim) of the lateral surface and the anterior area of the
medial surface. By increasing Femur-Diaphysis, the region with
the high ES at the medial surface expanded gradually toward the
superior and inferior regions (Fig. 3).

The Pearson correlation coefficients between angle variation,
GRFmax, Time-to-GRFmax, IGRFmax, and ESmax within the proximal
femur and acetabulum can be found in Appendix E. Also, the
results and discussion related to the effect of body configuration
on the acetabular effective strain time history is presented in the
Appendix F.
4. Discussion

We investigated the effect of body posture on the fall severity
and magnitude, time response, and distribution of effective strain
within the acetabulum and proximal femur. This was conducted
through explicit FE analysis of a CT-based model in different body
configurations, simulated by changing four angles defining body
posture at impact. To the best of our knowledge, this is the first
study comprehensively evaluating the effects of body configura-
tion on fall severity. This study suggests that body configuration
during sideways falls affects more substantially the proximal
femur than the acetabulum, and fall direction has a remarkable
effect on the magnitude of GRFmax. Remarkably, varying Trunk-
Tilt and Femur-Diaphysis affect GRFmax and ESmax differently.
Moreover, our results suggest that a more horizontal trunk (higher
Trunk-Tilt) and femur shaft (lower Femur-Diaphysis) cause higher
levels of strain within the acetabulum.

4.1. Model validation

The models were validated against previous experimental stud-
ies on low-energy sideways falls since no direct empirical validation
was available. The time history of GRF was compared with experi-
mental measurements (Sarvi et al., 2014; van der Zijden et al.,
2017) (see Appendix G, Fig. F). Generally, the GRF increases sharply
up to theGRFmax (0–40ms) and remains at the same level for awhile
(40–60ms) and thengradually decreases (60–100ms). Although the
GRFmax magnitude and time-to-GRFmax were not the same between
the current study and the experiments, considering the difference in
testing conditions between these studies, the time response of the
GRF of ourmodelswas in good agreementwith theirmeasurements.

4.2. Body configuration effect on GRFmax

We observed fairly moderate GRFmax values (1905.4–2598.3 N).
While some studies (Fleps et al., 2018; Majumder et al., 2007; van
der Zijden et al., 2012) have reported significantly higher



Fig. 2. Body posture effect (TTA (Trunk-Tilt), TFA (Trunk-Flex), FHA (Femur-Rotate), and FDA (Femur-Diaphysis)) on the magnitude of (a) Maximum ground reaction force. (b)
Maximum effective strain within the proximal femur. (c) Maximum effective strain within the acetabulum. (Dashed line = mean value).
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GRFmax values (4000–8600 N) resulted from falling from standing,
other studies (Luo et al., 2014; Sarvi et al., 2014; van der Zijden
et al., 2017; Varga et al., 2016) have presented GRFmax of 1750–
2800 N. Shim et al. (2010) experimentally obtained an acetabular
fracture load of 3400 N, which was not exceeded in any of our sim-
ulations, explaining no plastic deformation in our study.

Luo et al. (2014) reported GRFmax equal to 1902.7, 1751.0 and
2967.1 N for Trunk-Tilt 37.8�, 40.2� and 48.1�, respectively. There
was no obvious relationship between Trunk-Tilt variation and
GRFmax, but it should be noted that the other angles defining body
5

configuration at impact were not kept constant between their
study subjects. Although Trunk-Tilt has the least effect on GRFmax

among the studied angles, our results suggest that a more horizon-
tal trunk at the impact (Trunk-Tilt 45� and 50�) could decrease fall
severity by lowering GRFmax, confirming the hypothesis of Groen
et al. (2007). An explanation could be that a more horizontal trunk
increases the distance between the upper-extremity and pelvic
weights (labeled as C and B in Fig. 1b respectively) with the hip
rotation center in the coronal plane. Consequently, the pelvic girdle
rotates more extensively (an increase in rotational momentum)



Fig. 3. Effect of the TTA (Trunk-Tilt), TFA (Trunk-Flex), FHA (Femur-Rotate), and FDA (Femur-Diaphysis) at the impact on the effective strain distribution. Upper rows: Lateral
(the lunate surface of the acetabulum and the acetabular fossa). Lower rows: the medial (the inner wall of the acetabulum) surfaces of the acetabulum.
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and results in the generation of an upward force through the hip
joint ligaments and finally reduces the GRFmax. Our findings on
the effect of fall direction on GRFmax is consistent with the study
of Nasiri and Luo (2017). Here, a more flexed trunk at impact
(Trunk-Flex 10�, 20�, and 30�) increased GRFmax extensively. In
the opposite way to Trunk-Tilt, by increasing the Trunk-Flex, the
distance between the upper-extremity and pelvic weights with
the hip rotation center in the sagittal plane decreases. It leads to
a decrease in the upward force generated by hip ligaments and
consequently an increase in GRFmax. Through an experimental
study, Nankaku et al. (2005) found a non-significant trend for
higher GRFmax resulting from a posterolateral compared to lateral
fall. In our study, the average of GRFmax (2309.8 N) force for a lat-
eral fall (Femur-Rotate 0� and 15�) was 2.7% higher than the aver-
age GRFmax (2247.1 N) for a posterolateral fall (Femur-Rotate 30�
and 45�). In addition, a nonhorizontal femur shaft at impact lead
to higher values of GRFmax. Van der Zijden et al. (2012) compared
GRFmax for two falling techniques from kneeling height: block
and martial arts. The block techniques led to higher Femur-
Diaphysis and GRFmax in comparison with the martial arts tech-
nique, also confirming our results. Whereas during the martial
art techniques both femur and pelvis rotate together, during the
block techniques, the pelvis girdle is rotating and the femur is
attached to the ground horizontally (low Femur-Diaphysis) which
causes the hip ligaments to experience higher extension and pro-
duce more upward force, leading to decrease in GRFmax.
4.3. Fracture risk assessment: GRFmax vs. ESmax

Many researchers tried to use GRFmax to assess the risk of frac-
ture (Nasiri Sarvi and Luo, 2017). But, it should be noted that a
6

higher magnitude of GRFmax does not necessarily imply a higher
risk of fracture. For instance, by increasing Trunk-Tilt, GRFmax

declined, while ESmax increased for both the proximal femur and
acetabulum, or by increasing Femur-Diaphysis, even though
GRFmax increased, ESmax decreased within the proximal femur
and the acetabulum. These can be addressed in the context of
the generated force by the hip ligaments and the moment arms.
While the tensile force generated in the hip ligaments tends to pro-
duce an upward force and reduce GRF, it also causes the femoral
head to compress the acetabulum (frictionless contact) and
increases the strain energy within the hip region (increase in
ESmax). Also, in the case of Femur-Diaphysis, by increasing the
angle, the moment arm of GRFmax decreases, and consequently
the exerted moment of force declines.
4.4. Body configuration effect on ESmax within the proximal femur

Majumder et al. (2008) assumed that the body is with supine
posture (Trunk-Tilt 90�) at impact, which may lead to underesti-
mation of the impact velocity and fall severity (Majumder et al.,
2007). Our study suggests while an increase in Trunk-Tilt causes
a decrease in GRFmax, this generally leads to increased ESmax within
the proximal femur and acetabulum. Trunk-Flex had a minor effect
on ESmax variation within the proximal femur. Majumder et al.
(2009) studied the effect of Femur-Diaphysis on strain magnitude
and distribution during a backward fall. In another study
(Majumder et al., 2007), by including the soft tissue and assuming
a completely horizontal trunk at the lateral fall, the maximum
compressive strain within the trochanter was about 0.035, compa-
rable to our study (0.043 for Trunk-Tilt 50�, the most (not com-
pletely) horizontal trunk).
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4.5. Body configuration effect on ESmax within the acetabulum

Our study showed that a more horizontal trunk (larger Trunk-
Tilt) and femoral shaft (smaller Femur-Diaphysis) at impact leads
to higher ESmax within the acetabulum and could be associated
with a higher risk of acetabular fracture. In addition to the change
in the force generated by the hip ligaments, the change in the
acetabular coverage angle (by an increase in Trunk-Tilt or a
decrease in Femur-Diaphysis) may lead to the establishment of a
stronger contact between femoral head and acetabulum and finally
increase of ESmax and the risk of fracture. Furthermore, trunk flex-
ion had a negligible effect on ESmax within the acetabulum, and the
lateral falls (Femur-Rotate 0� and 15�) resulted in a slightly higher
ESmax than during posterolateral fall. Finally, our results suggest
that a proximal femur fracture could occur more likely during a
posterolateral fall while an acetabular fracture could be more likely
to occur during a lateral fall. It could owe to that during a lateral
fall, the GRF is almost acting in the vertical direction (higher Z-
Component, see Appendix E) and produce a shear force in the com-
bination of the upper-extremity weight. Since the cortical bone is
thicker and trabecular bone is denser within the proximal femur
than the acetabulum, the proximal femur transfers the force to
the acetabulum and experiences lower ESmax than the acetabulum.
In the posterolateral fall, the GRF vector is far from the upper-
extremity weight and not mostly vertical (higher X and Y-
Components). This leads to applying a bending moment and con-
centration of the impact energy in the femoral neck, instead of
the acetabulum. These results are in good agreement with Nan-
kaku et al. (Nankaku et al., 2005) finding a posterior lateral fall
as the highest risk of proximal femur fracture.

4.6. Body configuration effect on ES distribution within the acetabulum

Effective strain distribution within the acetabulum depends on
the way of contact establishment between femoral head cartilage
and the lunate surface of the acetabulum which itself is dependent
of contact force magnitude and direction (the body configuration
at the impact) (Wang et al., 2017). The anterior column combined
with posterior hemitransverse is a typical geriatric acetabular frac-
ture type (Culemann et al., 2010), which is consistent with the pre-
dicted ES distribution (i.e., strain concentration locations) in our
study for almost all models. The present study suggests that while
Trunk-Flex does not have a substantial effect on ESmax, it may influ-
ence ES distribution within the acetabulum and thus might con-
tribute to the type of acetabular fracture. Again, our study
revealed that fall direction (lateral vs. posterolateral) has a consid-
erable role in the type of acetabular fracture. The high-ES-
concentration locations predicted here for a posterolateral fall
(Femur-Rotate 30� and 45�) are similar to the posterior column
fracture (Letournel, 2019; Shim et al., 2010).

4.7. Body configuration effect on ES: Proximal femur vs. acetabulum

Our results showed that the effect of different body configura-
tions on ESmax and GRFmax variation within the proximal femur
and acetabulum is not the same. Since the proximal femur is hit
initially by the ground and subsequently by the pelvis, it might
be more sensitive to body configuration whereas the acetabulum
experiences the impact exerted by the femoral head at the impact.
This could explain why, while GRFmax and the acetabular ESmax of
posterolateral and lateral falls were relatively similar, ESmax in
the proximal femur during posterolateral falls (Femur-Rotate 30�
and Femur-Rotate 45�) was substantially higher than during lateral
falls (Femur-Rotate 0� and Femur-Rotate 15�). This finding is con-
sistent with previous studies. Keyak et al. (2001) found a 46.3%
7

lower fracture load resulted from posterolateral in comparison
with lateral falls. Similarly, Ford et al. (1996) reported that the
structural capacity (the minimum force required to onset struc-
tural collapse) of the femur decreased by 26% with increased
Femur-Rotate. Since femur geometry and material properties were
kept constant in our study, the observed difference in ESmax

between lateral and posterolateral falls is most likely related to
the change in loading direction. The study limitations and the
future work are presented in Appendix H.
5. Conclusion

This study showed that body configuration during sideways
falls can remarkably affect the risk of acetabular fracture and fall
severity. Furthermore, for different body configurations, strain
magnitude and distribution within the proximal femur and acetab-
ulum during a sideways fall are not similar, and in some cases, such
as lateral and posterolateral falls, seem to be even opposite. The
risk of acetabular fracture resulting from a more horizontal trunk
and proximal femur shaft during a sideways fall seems higher than
for other body configurations. The information obtained in these FE
simulations can be valuable in the fracture risk assessment, fall
prevention, and design of protective measures such as hip pads.
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Appendix A. Trabecular bone and cartilage modeling, and
acetabular cortical thickness

It was assumed that trabecular bone has filled the cortical bone
cavity. Since the CT images were not acquired with a contrast
agent, the femoral, acetabular (Mechlenburg et al., 2007) and
sacroiliac cartilages (Zheng et al., 1997), and interpubic disc (Li
et al., 2006) were added by using 3-matic� (version 13.0, Materi-
alise Software, Belgium).

The location-dependent cortical thickness was obtained via
slice-by-slice local thresholding (662–1988 HU). The obtained
thicknesses were in the typical range (Du et al., 2018; Sebastian
Giudice et al., 2018). The acetabular cortical bone thickness
measurement is presented in four cross-sections. The measured
thicknesses are consistent with Giudice et al. (Sebastian Giudice
et al., 2018) who reported the ranges of 0–2.4 mm and
1.8–3.6 mm for the cortical thicknesses of the acetabular fossa
and rim of the acetabulum, respectively.

Meshes were refined especially around the region of interest
and contact areas (acetabulum, femoral head, and the greater
trochanter). The element edge length at the thinnest region of
the acetabulum was about 1.16–1.35 mm (aspect ratio was kept
less than10), corresponding to five to nine tetrahedral elements
through the thickness.
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Appendix B. Material models, initial and boundary conditions

-Material Models:

- Incompressible homogenous isotropic bilinear model (cortical
and trabecular bones)

r ¼ Ee;r < ry

ETe;r � ry

�
ð1Þ
8

where r, e, and ry are stress, strain, and yield strength, respectively.
ET was set as 0.05 � E and 0.001 � E [7] for the cortical and trabec-
ular bones, respectively.

A wide range of yield (ey = 0.0036–0.0115) and ultimate strains
(eu = 0.013–0.036) have been reported for different testing direc-
tions and loading modes (Wolfram and Schwiedrzik, 2016). For this
study, we considered ey = 0.007 (the yield strength divided by the
elastic modulus). The ultimate strain for the onset of microcracks
depends on bone microstructure, degree of mineralization, osteo-
porosis level, and microdamage present in the bone (O’Brien
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et al., 2005) and varies from individual to individual. Based on the
reported yield and ultimate strain by Wolfram & Schwiedrzik
(Wolfram and Schwiedrzik, 2016), a rough estimate of the critical
strain change could be 0.0094–0.0245.

- Compressible Mooney-Rivlin (three-parameter) model (sacroil-
iac cartilage and interpubic disc)

W ¼ C10 I
�
1 � 3

� �
þ C01 I

�
2 � 3

� �
þ C11 I

�
1 � 3

� �
I
�
2 � 3

� �

þ 1
d1

ðJ � 1Þ2 ð2Þ

where W is the strain energy density function. I
�
1, I

�
2 and I

�
3 are

invariants of the volume change eliminated left Cauchy–Green
deformation tensor (i.e. B). d1 is the incompressibility parameter
(for the Mooney-Rivlin model), and J is the determinant of the
deformation gradient tensor.

- Time-dependent Maxwell viscoelastic material model (open
cell polyurethane foam)

GðtÞ ¼ G0 1� aþ ae�t=s� � ! t ¼ 0 ! G 0ð Þ ¼ G0

t ! 1 ! G 1ð Þ ¼ G0ð1� aÞ
�

ð3Þ

where G is the shear modulus. a and G0 are dimensionless and
instantaneous shear modulus, respectively, and s is the characteris-
tic relaxation time (Table 1).

The trochanteric soft tissue consists of several tissues such as
muscle, fat, bursae, and skin with very different viscoelastic prop-
erties and to best of our knowledge, for the trochanteric soft tissue
as a whole, the viscoelastic parameters are not available in the lit-
erature. One study (Bandak et al., 2001) presented these parame-
ters for the constitutive tissues of the trochanteric soft tissue
(bulk modulus = 3.666 and 48,330 psi; instantaneous shear modu-
lus = 5.537 and 729.9 psi; equilibrium shear modulus = 7.383 and
973.2 psi for muscle and fat layers respectively). Other studies pre-
ferred to neglect the viscous behaviors of the trochanteric soft tis-
sue and modeled it as a hyperelastic material (Fleps et al., 2018;
Majumder et al., 2007). On the other hand, mattresses made from
viscoelastic polyurethane foam are used in the fall experiments
(Nasiri Sarvi and Luo, 2017). Therefore, in this study to facilitate
modeling of body configurations and reduce the model size, the
soft tissue covering the greater trochanter was not included and
a 13-cm thick mattress (Nankaku et al., 2005) made from polyur-
ethane foam was added as the ground.

- Compressible neo-Hookean hyperelastic model (acetabular and
femoral cartilages)

1
2
l I

�
1 � 3

� �
þ 1
d2

J � 1ð Þ2 ð4Þ

where l is the shear modulus under infinitesimal strain, and d2 is
the incompressibility parameter for the neo-Hookean model.
-Initial and boundary conditions

It was assumed that during sideways falls, early contacts of the
knees and outstretched arms with the ground happened, and the
trunk and lower-extremity inertias were negligible (van der
Zijden et al., 2012), and only the inertia of the proximal femur–pel-
vis complex was included. Since the upper extremity was not con-
sidered in the simulation, it was assumed that the degrees of
freedom (DOF) of the pelvic girdle and trunk were tied to each
other (pelvic rotation = trunk rotation).
9

To reduce CPU time, the bottommost node of the femur–pelvis
complex was brought 0.1 mm to the ground. Sixty-five percent of
the bodyweight of a 50th-percentile male (485 N) was applied
on the S1 vertebrae articular surface as the upper bodyweight
(Majumder et al., 2004). The impact (initial) velocity
(2.321 m s�1) (van den Kroonenberg et al., 1996) and the gravita-
tional acceleration (Fig. 1b) were applied to the femur–pelvis com-
plex. Because the trochanteric soft tissue was excluded, the impact
velocity was chosen from the lower reported range for low-energy
falls (Nasiri and Luo, 2017). The mattress nodes at the bottom and
side walls were fixed in all DOFs to prevent ground movement
(Fig. 1b). The distal region of the proximal femur was prevented
from rotating about the diaphysis axis to simulate knee joint resis-
tance (Ford et al., 1996). It was assumed that the outermost layer of
the trabecular bone and the innermost layer of the cortical bone
are matched, and the corresponding nodes are tied in all DOFs.
The concave and convex sides of the femoral and acetabular carti-
lages were tied to bone. The interpubic disc and sacroiliac carti-
lages were rigidly attached to the in-contact bony regions. For
the initial contact between the femoral and acetabular cartilages,
the model was relocated so that the maximum penetration under
the contact areas remained under 0.1 mm. The contact between
the acetabular and femoral cartilages was assumed frictionless
(Clarke et al., 2013; Fleps et al., 2018), and between the greater tro-
chanter and ground frictional, with a friction coefficient of 0.5
(Lemmon et al., 1997).

Appendix C. Ligament stiffness

The stiffnesses of the anterior/posterior sacroiliac, the long pos-
terior sacroiliac, and the sacrospinous, sacrotuberous, and anterior/
posterior/superior/inferior pubic ligaments were obtained from
(Clarke et al., 2013) while the values for the ischiofemoral and ilio-
femoral ligaments were obtained from (Hewitt et al., 2002) and the
pubofemoral ligament from (Silvestri, 2008). Finally, the stiffness
values for the hip ligamentum teres were based on (O’Donnell
et al., 2018).
Ligament
 Stiffness (N/mm)
Anterior sacroiliac
 2400.0

Posterior sacroiliac
 2400.0

Long posterior sacroiliac
 530.0

Sacrospinous
 800.0

Sacrotuberous
 1200.0

Anterior pubic
 800.0

Posterior pubic
 800.0

Superior pubic
 800.0

Inferior pubic
 800.0

Pubofemoral
 560.0

Iliofemoral
 99.3

Ischiofemoral
 36.9

Ligamentum teres
 16.0
Appendix D. Effective strain

Effective strain (incremental geometrical) is defined as follows
(Westerling, 2002):

e
� ¼

Z t

0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
_eij _eij

r
dt

wheree
�
and _eij are the effective and strain rate tensors, respectively.



Appendix E. Maximum ground reaction force components, up-to-end of simulation GRF impulse (I100ms), up-to-GRFmax GRF impulse
(IGRFmax), time-to-GRFmax, and Pearson correlation coefficients

Maximum ground reaction force components (based on the coordinate system showed in Fig. 1.a)

Model X-Component (N) Y-Component (N) Z-Component (N) Sum (N)

Trunk-Tilt 35� 931.0 168.1 2065.2 2271.6
Trunk-Tilt 40� 300.6 105.6 2159.7 2183.1
Trunk-Tilt 45� 277.4 105.1 2083.7 2104.7
Trunk-Tilt 50� 165.5 142.8 1892.8 1905.4
Trunk-Flex 0� 165.5 142.8 1892.8 1905.4
Trunk-Flex 10� 1033.6 214.9 2233.5 2470.4
Trunk-Flex 20� 1083.3 207.6 2352.6 2598.3
Trunk-Flex 30� 1107.1 244.0 2292.8 2557.8
Femur-Rotate 0� 277.4 105.1 2083.7 2104.7
Femur-Rotate 15� 1023.3 436.0 2255.6 2514.9
Femur-Rotate 30� 1022.8 573.1 1869.5 2206.7
Femur-Rotate 45� 1183.6 866.4 1755.3 2287.4
Femur-Diaphysis 0� 165.5 142.8 1892.8 1905.4
Femur-Diaphysis 5� 992.7 150.1 2025.9 2261.0
Femur-Diaphysis 10� 1243.3 162.4 2097.7 2443.9
Femur-Diaphysis 15� 1308.3 147.1 2010.6 2403.3

Up-to-end of simulation GRF impulse (I100ms), up-to-GRFmax GRF impulse (IGRFmax), and time-to-GRFmax

Model I100ms (Ns) IGRFmax (Ns) Time-to-GRFmax (ms)

Trunk-Tilt35� 131.8 53.4 38.5
Trunk-Tilt40� 138.4 55.2 38.6
Trunk-Tilt45� 147.7 56.1 39.7
Trunk-Tilt50� 155.3 57.5 33.4
Trunk-Flex 0� 155.3 57.5 33.4
Trunk-Flex10� 163.0 57.6 40.1
Trunk-Flex20� 169.0 60.2 41.6
Trunk-Flex30� 167.1 56.3 40.0
Femur-Rotate0� 147.7 56.1 39.7
Femur-Rotate15� 155.0 55.3 33.8
Femur-Rotate30� 142.5 47.4 39.4
Femur-Rotate45� 142.3 51.4 38.6
Femur-Diaphysis0� 155.3 57.5 33.4
Femur-Diaphysis5� 153.6 54.8 40.1
Femur-Diaphysis10� 149.6 54.8 37.2
Femur-Diaphysis15� 143.8 54.1 37.2

Pearson correlation coefficients

Time-to-GRFmax IGRFmax ESmax: proximal femur ESmax: acetabulum

Angle variation: Trunk-Tilt �0.66 0.99 0.87 0.51
Angle variation: Trunk-Flex 0.76 �0.08 0.37 �0.18
Angle variation: Femur-Rotate 0.11 �0.71 0.63 �0.81
Angle variation: Femur-Diaphysis 0.40 �0.88 �0.81 �0.93
GRFmax: Trunk-Tilt 0.81 �0.96 �0.93 �0.62
GRFmax: Trunk-Flex 0.99 0.24 0.10 �0.65
GRFmax: Femur-Rotate �0.96 0.19 �0.46 0.41
GRFmax: Femur-Diaphysis 0.67 �0.95 �0.99 �0.99
Time-to-GRFmax: Trunk-Tilt 1.00 �0.65 �0.88 �0.70
Time-to-GRFmax: Trunk-Flex 1.00 0.34 0.08 �0.70
Time-to-GRFmax: Femur-Rotate 1.00 �0.41 0.65 �0.65
Time-to-GRFmax: Femur-Diaphysis 1.00 �0.79 �0.67 �0.56
IGRFmax: Trunk-Tilt �0.65 1.00 0.90 0.42
IGRFmax: Trunk-Flex 0.34 1.00 0.46 �0.15
IGRFmax: Femur-Rotate �0.41 1.00 �0.96 0.87
IGRFmax: Femur-Diaphysis �0.79 1.00 0.90 0.92
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Fig. E. Effect of the angles defining the body posture at the impact on the effective strain time history: (a) TTA (Trunk Tilt Angle). (b) TRUNK-FLEX (Trunk Flexion Angle).
(c) FEMUR-ROTATE (Femur Horizontal rotation Angle). (d) FEMUR-DIAPHYSIS (Femur Diaphysis Angle).
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Results showed that except Femur-Diaphysis, GRFmax is
strongly correlated to time-to-GRFmax (Trunk-Tilt and Trunk-Flex
positively and Femur-Rotate negatively). It means a delay in reach-
ing GRFmax leads to a higher GRFmax for Trunk-Tilt or Flex, and a
lower GRFmax for Femur-Rotate.
11
Since the boundary conditions, geometry, materials, and the
distance of the bottommost node to the ground were kept fixed
among all models, the total GRF impulse is expected to remain con-
stant, but by referring to the table containing I100ms - IGRFmax values,
it is not exactly the case. This could be explained by the fact that
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the models (and therefore GRF curves) were solved only up to
100 ms and the simulations did not continue until the stationary
phase (when the GRF must be equal to the bodyweight for all mod-
els). Therefore, up-to-GRFmax impulse (IGRFmax) was considered for
further discussion.

Strong correlations between IGRFmax and ESmax variation for all
angles (except Trunk-Flex) indicate that GRF impulse directly
affects the ESmax and consequently the risk of proximal femur frac-
ture. A similar trend also exists within the acetabulum (IGRFmax is
strongly correlated with ESmax variation for Femur- Rotate and
Femur-Diaphysis and moderately with Trunk-Tilt). These results
show that the proximal femur is affected by both trunk and femur
configurations (proximal femur is pressed between trunk and
ground), but the acetabulum is more likely to be affected by femur
configuration than trunk posture.

Result showed that only Trunk-Tilt and Femur-Diaphysis angle
variation within the proximal femur, and Femur-Rotate and
Femur-Diaphysis with the acetabulum are strongly correlated with
ESmax variation directly. Again, only for the Trunk-Tilt and Femur
diaphysis cases, GRFmax is strongly (negative) correlated with
IGRFmax and GRFmax in the case of Trunk-Tilt and Femur-Diaphysis
within the proximal femur and Femur-Diaphysis within the
acetabulum is strongly correlated with ESmax. Results showed that
the angle variation affects the ESmax through IGRFmax. The body con-
figuration angles (except Trunk-Flex) variation are strongly corre-
lated with IGRFmax, which itself is strongly correlated with ESmax

within the proximal femur (except Trunk-Flex) and the acetabu-
lum (except Trunk-Flex and moderately with Trunk-Tilt). These
results suggest the IGRFmax as a better predictor of the risk of frac-
ture than GRFmax. It could have a root in the fact that GRF impulse
is affected not only by GRF magnitude, but also by the time-to-
GRFmax and the manner which is applied. Also, whereas the biggest
GRFmax (2598.3 N) and biggest IGRFmax (60.2 Ns) belong to Trunk-
Flex 20�, the highest ESmax within the proximal femur and acetab-
ulum were observed in Femur-Rotate 30� and Trunk-Tilt 50� (equal
to Trunk-Flex 0� and Femur-Diaphysis 0�) respectively. These
Fig. F. Model validation against experimental studies

12
results show that ESmax may provide wider and more critical infor-
mation than GRFmax and IGRFmax about the risk of fracture since it
simultaneously depends on the magnitude, location, duration,
and manner of all existing forces (Luo et al., 2014).
Appendix F. Acetabular effective strain time history

The changes in the studied angles affected the time-to-ESmax

(tp) and the oscillatory pattern of the ESmax experienced by the
acetabulum during the impact phase. The initial effect
(0–10 ms) of impact on the ES for all models were similar. For
smaller Trunk-Tilt (35� and 40�), tp was shorter (20–30 ms) than
greater Trunk-Tilt (45� and 50�) (75–85 ms) (Fig. Ea). Interest-
ingly, ESmax occurred during the early phase of the impact
(25–30 ms) for Trunk-Flex 10� and 30� while for Trunk-Flex 0�
and 20�, ESmax occurred during the late phase of the impact
(75–85 ms) (Fig. Eb). For Femur-Rotate 0� and Femur-Rotate
15�, the tp was greater (65–80 ms) than half of the studied per-
iod, whereas ESmax happened much sooner (around 30 ms) for
Femur-Rotate 30� and Femur-Rotate 45� and the ES declined
afterward (Fig. Ec). For all Femur-Diaphysis, ES behavior within
the acetabulum during the impact was similar, and tp occurred
between 70 and 85 ms. It seems that by increasing Femur-
Diaphysis, the difference between the ESs within the acetabulum
declines gradually (Fig. Ed).

Considering the inertias of bone during falling and the prior
contact of the knee with the ground, our findings support the
hypothesis (in contrast with the assumption made by Majumder
et al. (2007) that acetabular and femoral cartilages are not firmly
tied together during the descent phase of sideways falls, and an
impact happens between the femur and pelvis after the impact
of the femur and the ground (Butterwick et al., 2015). This could
explain the observed delay between ESmax and GRFmax peak times.
For instance, for the case of Trunk-Tilt of 45� and 50�, GRFmax

occurred during 30–40 ms whereas ESmax occurred during
75–85 ms. Also, several peaks of ES could be attributed to the
of M.N. Sarvi et al and A.M. van der Zijden et al.
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establishment of contact between the femoral and acetabular
cartilages in conjunction with the contribution of hip ligaments
during the impact phase.

Appendix G. Model validation

See Fig. F.

Appendix H. Study limitations and future work

This study has limitations. First, the material properties of the
tissues were simplified, and heterogeneity, anisotropy, and vis-
coelasticity of bone were not considered. Also, the trochanteric soft
tissue was not considered and instead surrogated by a thick foam
mattress, which differs from real soft tissue (Nasiri Sarvi and Luo,
2017). Furthermore, since the abdominal CT images were used
for creating the geometries, data regarding the trunk and shank
inertias were not available and, therefore, only upper-extremity
body weight was considered. We did not includemuscle forces into
the model. Previously, Clarke et al. (Clarke et al., 2013) concluded
that muscle forces do not affect acetabular stress and strain during
a normal gait, but data during falls is lacking. Finally, only one CT-
based model was used, and gender effect was not investigated. In
future, parametric studies on the effect on impact velocity, mate-
rial properties of trochanteric soft tissue, bone tissue, and ground
on the acetabular fracture are of interest.
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