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ABSTRACT
For internal fixation of proximal femoral fractures, a screw is commonly placed into the femoral
head; therefore, mechanical matching of the femoral head and screw is important. This article
proposes an elastoplastic numerical model of the femoral head that takes nonlinear deformation
and cancellous bone heterogeneity into account. Force–depth curves from finite element ana-
lysis based on the model were compared with those from macroindentation experiments. The
maximum difference between the indentation depth shown by the finite element model and
that found with macroindentation testing was 5.9%, which demonstrates that the model
is valid.
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1. Introduction

Worldwide, proximal femoral fracture is a common
occurring trauma (Cumming et al. 1997), and the
number of patients with proximal femoral fracture
will continue to increase as the population ages—by
2050, the number of over 60 s will exceed a fifth of
the global population according to WTO. Femoral
head fractures, femoral neck fractures, and intertro-
chanteric fractures are all classified as fractures of the
proximal femur. Open reduction and internal fixation
is one of the most common operative treatments for
these fractures (Giannoudis et al. 2009; Yang et al.
2013; Ostrum et al. 2014; Arslan et al. 2016; Filipov
et al. 2017), and the typical method of internal fix-
ation is to drive the screw into the femoral head
(Oransky et al. 2012; Elgeidi et al. 2017; Blitz et al.
2018); therefore, the ability of the femoral head to
hold the screw is very important. Mechanical match-
ing of the femoral head and fixation should be veri-
fied before surgery.

In experimental bone mechanics, methods such as
compression testing with a cylindrical specimen and
the tensile testing of the dumbbell specimen can be
used to determine the tissue-level mechanical proper-
ties of bone (Keaveny et al. 1999; Mirzaali et al.

2016). Micro- and nanoindentation tests can be used
to determine micro- and nanoscale bone properties
(Hengsberger et al. 2003; Casanova et al. 2010; Cory
et al. 2010), and indentation test device continue to
be developed (Huang et al. 2011; Geng et al. 2019;
Peng et al. 2020). Macroindentation testing is an
experimental method based on micro- and nanoin-
dentation test principles. Macroindentation testing is
particularly suitable for bone mechanics research
because strict experimental assumptions are not
necessary. End-artifacts (Keaveny et al. 1999) from
the compression of cylindrical specimens can be
avoided, and the comprehensive mechanical response
of the bone in the indentation area can be observed
(Vidotto et al. 2017).

Numerical investigation is also used in bone
mechanics research. Finite element modeling has been
used to determine maximum principal compressive
stresses of the medial femoral neck (Keyak et al.
1990) and to predicted hip fracture patterns in human
femur (Marco et al. 2019). In many studies, cancel-
lous bone is considered to be mostly homogeneous
(Zdero et al. 2008; Farrokhi et al. 2011; Samsami
et al. 2015; Meena et al. 2016), which does not match
the fact that human bone has heterogeneous charac-
teristics. In some published studies (Cody et al. 1999;
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Bessho et al. 2007; Ghosh et al. 2015), mechanical
properties of femoral head were assigned to finite
element models based on CT values, which reflects
the heterogeneity of bone. In addition to the hetero-
geneity, bone plasticity after overloading should also
be considered in the finite element analysis.

Therefore, we aimed to (i) establish a numerical
model of the femoral head that takes into account
both heterogeneity and the elastoplasticity of bone;
(ii) verify the numerical model using macroindenta-
tion experiments; and (iii) use the numerical model
in a clinical application, namely screw selection for
proximal femoral fracture.

2. Method

This study obtained ethics approval from the Ethics
Committee of Beijing Jishuitan Hospital (approval
number is 201703-17).

2.1. Elastoplastic numerical model of the
femoral head

The femoral head model was established based on
numerical simulation methods, which can be used to
describe the heterogeneity of bone and the mechanical
behavior of bone after overloading.

The three-dimensional geometric model of femoral
head was constructed from computed tomography
(CT) data in DICOM format using the Mimics

Innovation Suite (Materialise, Leuven, Belgium).
Tetrahedral elements were then generated, overlap-
ping the voxels to allow material properties of ele-
ments to be assigned according to the CT value of the
voxels, as shown in Figure 1(a). However, the rela-
tionship between CT value and Young’s modulus is
site-dependence (Morgan et al. 2003); therefore, the
relationship formula should be determined based on
the specific anatomy being modeled. The relationship
between CT value and Young’s modulus of femoral
head obtained from experiments data (Rho et al.
1995) was

E ¼ 0:01� 131þ 1:067CTð Þ1:86, (1)

where CT is CT value in Hu (Hounsfield Unit); and
E is the Young’s modulus expressed in megapascal
(MPa). The Poisson’s ratio is set to 0.3 and the yield
strain ec is set to 0.85% (Morgan and Keaveny 2001).
A typical compression stress–strain curve for human
trabecular bone is shown in Figure 1(b) (Zhang et al.
2010; Morgan et al. 2018). Studies (Morgan and
Keaveny 2001; Nazarian et al. 2006) have shown that
the yield strain depends only on the anatomical part
and is independent of the elastic modulus, the yield
strain is more suitable as the yield criterion.

2.2. Macroindentation experiment

For comparison with the finite element analysis, a
macroindentation experiment was conducted. A fresh

Figure 1. Numerical investigation and macroindentation experiment process.
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femoral head displaced during an operation was used
as the specimen. The patient is a 90-year-old woman
with no history of prior injury or bone disease. The
entire experimental process, including sample prepar-
ation and testing, took no more than 5 hours, which
ensured the bone specimen remained fresh. Study
(Mittra et al. 2006) shows that experiments will have
different results if indentations are performed in dif-
ferent time periods.

The femoral head had a diameter of 41.3mm. The
sample was sawn in half along the cross-section, then
fixed on a cylindrical polyvinyl chloride support filled
with solidified dental powder, as shown in Figure
1(d). This sample support can effectively prevent the
sample from shaking during the loading and unload-
ing experiment process.

The experiment was conducted on material testing
machine (MTS 810, Minneapolis, MN, USA), as
shown in Figure 1(e). Because the sample was incom-
plete, an indenter with a diameter of 12mm was
chosen such that it was small enough that the inden-
tation would not be affected by the sample boundary,
but large enough to cause indentation that would
reflect material heterogeneity.

The experiment was performed at a temperature of
22 �C with a humidity of 35%. The sample was first
subjected to uniform compressive loading up to 600N
then unloaded to 0N at a rate of 0.5mm/min. Force
and indenter depth data during the experiment were
exported for later analysis.

2.3. Numerical simulation

The CT data of the macroindentation experiment
sample was used for numerical simulation geometric
modeling. The femur was scanned before testing with
a multi-slice clinical CT-scanner (TOSHIBA aquilion
64, Tokyo, Japan) using clinical settings (pixel size:
0.976mm, slice thickness: 1mm, 120 kVp, 250mA,
FOV 499.71mm, Std/BONE).

The numerical model was divided into 10 parts
(Figure 1(a)) according to CT value, and different
mechanical properties were defined in each part, so
that the calculations were simplified while retaining
the heterogeneity in the numerical model that was
similar to that of the human femoral head. Because
the CT value of the bone is represented by the gray-
scale value of the pixel in CT image while in the finite
element analysis, the mechanical properties of the
material are represented by the deformation of
the element, any changes in element size will cause
the average grayscale value of the element to change,

which affects the strain distribution within the model.
The element size was set to 1.3mm, and the specific
analysis process to account for change in size can be
found in the Appendix.

To further simplify the simulation, the indenter
was modeled as a hemisphere with a diameter of
12mm. The indenter was considered to be a quasi-
rigid body with a Young’s modulus of 220GPa and
Poisson’s ratio of 0.3. The interaction between the
indenter and femoral head was set to surface-to-sur-
face contact, and the tangential friction coefficient
was set to 0.42 (Goffin et al. 2013). Elements in the
contact area were properly refined. The numerical cal-
culation model is shown in Figure 1(c).

The model simulated the mechanical behavior of
the human femoral head under the experimental con-
ditions. The distributions of stress and strain within
the femoral head and the change in indentation depth
were observed. Curves representing indentation dis-
placement corresponding to load were created.

3. Results

3.1. Numerical simulation results

Figure 2 shows the stress distributions and the corre-
sponding indentation depth. The maximum indenta-
tion depth was 1.13mm and the maximum von Mises
stress is 13.0MPa at the peak load; the maximum
indentation depth and von Mises stress after com-
pletely unloading were 0.98mm and 13.0MPa,
respectively. Because of the plasticity and softening of
the bone, there was still a large residual stress
after unloading.

The force–depth curves for the macroindentation
experiments and finite element simulation is shown
in Figure 3. The maximum difference between the
elastoplastic numerical simulation and the experimen-
tal indentation depths is 5.9%; the maximum differ-
ence between indentation depth in the experiment
and that of the numerical simulation that did not
take into account plasticity and the softening behavior
of the femoral head is 11.3%. That is, the resultant
force–depth curves of the experiment and the elasto-
plastic simulation were more similar, which demon-
strates that the numerical model is appropriate.

3.2. The results of a clinical application example

To illustrate the clinical significance of this femoral
head simulation model, a numerical simulation to
choose fixation type using this model was conducted.

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 3



This could provide a basis for clinical personal-
ized treatment.

For intertrochanteric fractures, proximal femoral
nail antirotation (PFNA) and dynamic hip screw
(DHS) are two commonly used clinical internal fix-
ation systems. In these two types of fixation systems,
head fixation plays a major role in providing stability.
The PFNA system uses a compression screw, whereas
a helical blade is used in the DHS system, as shown
in Figure 4(a). There are advantages and

disadvantages to both systems, but choosing the most
suitable fixations method can effectively reduce the
likelihood of failure and reduces the pain of patients
after surgery.

To conduct a numerical simulation to compare the
fixation effects of the two head fixation systems, four
volunteers’ data were used (Table 1). To compare the
ability of the femoral head to hold screws, models of
the femoral head–compression screw and the femoral
head–helical blade model were established, and 700N,
1400N, and 2100N loads were applied to both mod-
els (Figure 4(a)). In the simulation, the tail of the
screw was constrained, and the load was distributed
on the top of the femoral head. For comparison, the
volume of elements whose strain exceeds 0.85% was
calculated as a parameter, reflecting the volume of
plastic deformation of the cancellous bone when
stressed. The volume of the plastic deformation
changed with load; the results are summarized in
Figure 4(b).

In Figure 4(b), the volume–force curves, where V1
represents the volume of plastically deformed ele-
ments in a femoral head fixed with the compression
screw, and V2 represents the volume of plastically
deformed elements in a femoral head fixed with the
helical blade, show how volume increases with
increasing load. The greater the plastic deformation of
the bone, the more likely it is that the screw will
loosen, which reflects poor fixation. The mechanical
effects of compression screw and helical blade fixation

Figure 3. Comparison between macroindentation experiment
and FE simulation results. The solid red line is the experimen-
tal result, the solid black line is simulation 1, which is the
numerical simulation with elastoplastic model, and the broken
black line is simulation 2, which is the numerical simulation
that did not take plasticity and the softening behavior of fem-
oral head into account.

Figure 2. The von Mises stress and displacement distributions of the numerical simulation (a) at peak load and
(b) after unloading.
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are similar for patient F1. For patient F2, when the
load is small, the effects of the two types of fixation
are similar; with increased load, the damage to the
bone caused by the helical blade significantly
increases, whereas the compression screw appears to
perform better under the corresponding load. For
patients F3 and F4, no matter which load, the mech-
anical effect of the compression screw is better than
that of the helical blade. By relating these results and
the grayscale value of bone in the surrounding area
(the relevant data are in Table 1), we concluded that
for patients with more severe osteoporosis, the differ-
ence between the mechanical effects of the two types
of fixation is not obvious, and for patients with low
bone loss, compression screws are better.

4. Discussion

An elastoplastic numerical model suitable for femoral
head research was established, a macroindentation
test and finite element simulations based on the
model were performed to verify the model. The elas-
toplastic numerical model reflects the heterogeneity of
the mechanical properties of the femoral head and

takes into account mechanical behavior after over-
loading. By comparing the results of the finite elem-
ent simulation and the experiment, we found that the
force–depth curves obtained for the two methods
showed similar results, with a maximum indentation
depth difference of only 5.9%. If the plasticity and
softening behavior of the femoral head are not taken
into account, the maximum difference is 11.3%.

To illustrate the clinical significance, we applied
the simulation method to the selection of proximal
internal fixation type. A model of each patient’s fem-
oral head is used to select the appropriate type of
head fixation for the individually. The results show
that, for patients with severe osteoporosis, there is not
much difference between the fixation effects of com-
pression screws and helical blades, while for patients
with less bone loss, compression screws are better.
This method has the potential to be used flexibly in
clinical application, according to specific problems
such as assessing the risk of surgery or choosing a
surgical plan.
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Table 1. Volunteers’ femoral head CT information.

Sample Gender Age
Grayscale value of bone
in the screwed area (Hu)

F1 Female 88 104
F2 Female 78 162
F3 Male 86 275
F4 Female 67 228
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Appendix

The pixel size and slice thickness of the CT used in this
paper are approximately 1mm; therefore, the size of the
element should be close to 1mm. To find the most suitable
element size, six identical femoral head models from the
same CT data were established, the element sizes of these
six femoral heads were set to 0.4mm, 0.7mm, 1.0mm,
1.3mm, 1.6mm, and 1.9mm, respectively, and the elements
of each femoral head model was divided into 10 parts
according to the CT value. The proportion of the element
volume in each part to the total femoral head model vol-
ume was calculated. The results are shown in Table A1.

The ‘voxel group’ was the proportion of the voxel vol-
ume of each part to the total volume of the femoral head

model. The overall difference between each group and the
voxel group, was calculate as follows:

rj ¼
X10

i¼1
kji � k̂i
���

���, (A1)

where j represents different element size groups; rj repre-
sents the overall difference for group j; kji represents the
proportion of the element volume in part i for group j, and
k̂i represents the proportion of the element volume in part
i for the voxel group.

When the element size is 1.3mm, the overall difference
is the smallest, as shown in Figure A1. That is to say, in
this study, when the element size is set to 1.3mm, meshing
has little effect on the material property distributions.

Table A1. Relative proportion of the element volume in each
part for different element sizes.

Proportion (%)

Element size Voxel 0.4mm 0.7mm 1.0mm 1.3mm 1.6mm 1.9mm

Part 1 1.29 1.74 1.54 1.36 1.03 1.12 1.06
Part 2 11.97 15.63 15.13 14.05 10.87 11.54 10.45
Part 3 25.95 30.00 29.79 28.98 26.15 26.56 25.06
Part 4 26.76 27.21 27.45 27.60 27.42 27.33 26.56
Part 5 19.81 17.32 17.73 18.63 20.76 20.62 21.09
Part 6 9.41 5.67 5.87 6.55 9.57 9.10 10.65
Part 7 3.40 2.01 2.06 2.28 3.08 2.80 3.57
Part 8 1.17 0.39 0.41 0.49 0.94 0.79 1.28
Part 9 0.21 0.02 0.02 0.05 0.17 0.14 0.26
Part 10 0.02 0.01 0.00 0.00 0.01 0.01 0.02

Figure A1. Effect of element size on material prop-
erty assignment.
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