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Abstract

For biomechanical simulations of orthopaedic interventions, it is imperative to implement a
material model that can realistically reproduce the nonlinear behavior of the bone structure.
However, a proper material model that adequately combines the trabecular and cortical
bone response is not yet widely identified. The current paper aims to investigate the possibil-
ity of using an isotropic crushable foam (ICF) model dependent on local bone mineral den-
sity (BMD) for simulating the femoral fracture risk. The elastoplastic properties of fifty-nine
human femoral trabecular cadaveric bone samples were determined and combined with
existing cortical bone properties to characterize two forms of the ICF model, a continuous
and discontinuous model. Subsequently, the appropriateness of this combined material
model was evaluated by simulating femoral fracture experiments, and a comparison with
earlier published results of a softening Von-Mises (sVM) material model was made. The
obtained mechanical properties of the trabecular bone specimens were comparable to pre-
vious findings. Furthermore, the ultimate failure load predicted by the simulations of femoral
fractures was on average 79% and 90% for the continuous and discontinuous forms of the
ICF model and 82% of the experimental value for the sVM material model. Also, the fracture
locations predicted by ICF models were comparable to the experiments. In conclusion, a
nonlinear material model dependent on BMD was characterized for human femoral bone.
Our findings indicate that the ICF model could predict the femoral bone strength and repro-
duce the variable fracture locations in the experiments.

1. Introduction

For biomechanical simulations of orthopaedic interventions, it is imperative to implement a
realistic mechanical response of the bone [1, 2]. Particularly in cases with excessive loading or
weak bone strength, the plastic behavior of bone plays a significant role in the mechanical
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response [3]. Examples of such cases include bone fractures, collapses resulting from mechani-
cal overload, or press-fit fixation of an implant. Finite element analysis (FEA) has proven to be
a powerful tool for assessing these types of permanent deformations [4-9].

To capture the failure mechanics, it is crucial to apply an appropriate material model to pre-
dict the nonlinear response of trabecular and cortical bone [10, 11], as both can contribute sig-
nificantly to bone strength [12, 13]. While the cortical bone response can be simulated quite
accurately using elastoplastic material models [13], trabecular bone exhibits a more complex
nonlinear behavior due to its cellular structure, which is more challenging to simulate in
computational modeling [14].

In situations where the trabecular bone plays a more important role, for instance when ana-
lyzing the fixation of tibial implants in total knee arthroplasty (TKA) or intervertebral disc
arthroplasty, material models such as the isotropic crushable foam (ICF) model can better rep-
resent the mechanical response of bone [15, 16]. In situations where the cortex is mainly
responsible for the structural function (e.g., in the case of femoral fractures), elastoplastic
material models such as the softening Von-Mises (sVM) criterion are very suitable [17, 18].
However, in most cases, both the trabecular and cortical bone simultaneously influence the
mechanical response. Unfortunately, using multiple plasticity models in a single FEA simula-
tion is complicated and may cause an undesired interference of the material models, such as
inconsistent material behavior at material interfaces, complications in accurately capturing the
deformation behavior of the structure, and increased computational costs. This interference
may be prevented by combining the mechanical properties of trabecular and cortical bone in a
single material model that incorporates the pressure dependency and deviatoric stress in the
yield criterion [11, 15, 19].

Our previous study showed that the pressure-dependent ICF model can accurately capture
the pre- and post-failure response of trabecular bone [11]. Kinzel et al. [19] demonstrated the
possibility of using a volumetric crushable foam model to predict the strength of whole bones
(femur and vertebrae). As their FEA model did not include a softening or hardening rule, it
was unable to capture the post-yield behavior of the bone. However, the post-yield behavior is
particularly of importance when analyzing implant fixation and has a significant effect on the
mechanics of the bone-implant interface [14]. An ICF model that combines cortical and tra-
becular bone and includes hardening-softening rules may therefore present a solution for vari-
ous orthopaedic applications.

The current paper aims to investigate the possibility of using a crushable foam model
dependent on bone mineral density (BMD) for simulating both trabecular and cortical bone.
For this purpose, the elastoplastic properties of femoral trabecular bone will be determined
through experimental examination of eight cadaveric bones, after which these will be com-
bined with existing cortical bone properties reported in the literature [20]. Subsequently, the
appropriateness of this combined material model will be evaluated by simulating femoral frac-
ture experiments that were performed previously [18, 21] and by making a comparison with
the results of simulations incorporating the sVM material model.

2. Materials and methods
2.1. Experimental testing

Experimental testing consisted of mechanical experiments to determine the BMD-dependent
parameters for the ICF material model. In addition, proximal femoral fracture experiments
were simulated to evaluate the material model. A brief description of these experiments is
given here.
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2.1.1. Obtaining mechanical properties of the femoral trabecular bone. Sixty-four
cylindrical samples with a height of 12 mm and a diameter of 11.65 mm were harvested from
eight fresh-frozen cadaveric femurs (all male, mean age 72 years, range 60-90 years). Cadaveric
Bone are obtained based on Dutch regulation from the Anatomy Department of the Radboud
university medical center according to the Dutch Body Donation Program for Science and
Education (Wet op de lijkbezorging, hoofdstuk V, artikel 67; 1991) [22]. Body donation of
humans aged 60 years and older with a valid hand-written testament was accepted and written
consent was obtained from the Head of the Anatomy Department of Radboud university med-
ical center for the use of the cadaveric material in the current study. In order to harvest the
cylindrical specimens aligned with the major trabecular orientation, the femora were posi-
tioned based on CT scans to adjust the cutting angles in the femoral condyles. Eight samples
were taken from the distal part of each femur (Fig 1A and 1B). QCT scans of the drilled bones
were made prior to removal of the specimens from the distal femur. The scans were captured
with a voxel size of 0.4¥0.2*0.2 mm (Toshiba Medical Systems, Tokyo, Japan -120 kV-260mA)
along with a calibration phantom (0, 50, 100, and 200 mg/ml calcium hydroxyapatite, Image
Analysis, Columbia, KY, USA) placed under the bones [23] to obtain Hounsfield Units (HU)
of the images. The element-specific HU densities were assigned to the geometrical mesh of
each cylinder with a constrained element size of 0.4mm, which were later used in the FEA sim-
ulations. As a general representation of the bone density of the full specimen, the HU values of
all elements were converted to equivalent BMD values, after which the BMD value was aver-
aged over the elemental values for each cylinder. These average values were used for the defini-
tion or the material model.

Following our previously published methods [16], the specimens were divided into two
equal groups to perform mechanical testing under uniaxial and confined compression condi-
tions. Bone samples were placed between two parallel custom-made steel platens in uniaxial
testing. In confined compression, the test was performed using a plunger and chamber to
mimic a hydrostatic state (Fig 1D). The compressive load was applied through a ball-joint

DIC system

( d) Guiding Pil‘ls

Calibration indicators

Bone Specimens -

Fig 1. The mechanical experiment of the femoral trabecular bone, (a) Harvesting the specimens (b) Positioning of 8 samples in each
bone (c) Experimental setup including DIC system (d) Loading configurations, left is the uniaxial and right is confined setup.

https://doi.org/10.1371/journal.pone.0288776.9001
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connection. All samples were subjected to a displacement control force, with a low strain rate
of 0.007 s, approaching quasi-static loading, up to a strain of 0.58 to ensure substantial post-
yield deformation.

The bone strains in axial and transverse directions were measured using digital image cor-
relation (DIC) to calculate the Poisson’s ratio in uniaxial compression (Fig 1C). As the trans-
verse strains in the confined configuration were equal to zero, only the axial strains were
captured to convert the confined principal stresses to a hydrostatic state based on Hooke’s
Law. It was assumed that the cylindrical sample deformed axisymmetric before the yielding
point (for more details, refer to [11]).

The nominal stress-strain curves of each specimen were created based on the force-dis-
placement data. The linear elastic part of each diagram was identified to calculate the compres-
sive modulus, the Poisson’s ratio in the uniaxial compression, and the yield stress in both the
uniaxial and confined conditions. The yield point was based on a 0.2% strain offset. Using
Hooke’s law, the confined compression yield stress was converted to hydrostatic stress. Regres-
sion analysis was then performed to correlate the mechanical parameters with the average
specimen-specific BMD as a power-law equation. The correlations were evaluated using the
Pearson’s determination coefficient (+2).

2.1.2. Proximal femoral fracture. Five fresh-frozen human cadaveric femora, aged from
63 to 96 years old (4 male and one female), were examined previously [18, 21] to assess the fail-
ure load and fracture patterns of the proximal femur. Prior to mechanical testing, QCT scan of
all femora were captured (ACQSim, Philips, Eindhoven, The Netherlands-120 kVp, 220mAs)
with a slice thickness of 3.0 mm and an in-plane resolution of 0.9375 mm. A calibration phan-
tom of hydroxyapatite (Image Analysis, Columbia, Kentucky) was placed under the bones
while the images were taken.

During testing, the femora were placed in a custom-made setup (Fig 2) to restrict all the
movements except rotation around the anteroposterior axis [21]. Additionally, to virtually
position the femora in the FEA model, 3D coordinate information of the femora were obtained

IZ i
-

Fig 2. The configuration of the femora in experimental set-up [21] (left ) and FEA simulation(right).
https://doi.org/10.1371/journal.pone.0288776.9002
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using roentgen stereophotogrammetry analysis (RSA) before loading. The goal of the experi-
ments was to obtain an objective reproducible measurement of the strength of the femur. The
orientation of single leg stance was chosen as it was easy to reproduce without a large influence
of the anatomical variation between the femurs, and it represents a major loading direction of
the femur. In this orientation, an axial force with a rate of 10 N/s was applied on the femoral
head until failure.

2.2 Material model definition

For the definition of the ICF model, the Young’s modulus, yield stress (both in the uniaxial
and the hydrostatic compression), and the elastoplastic Poisson’s ratio need to be determined.
The ratio of the uniaxial and the hydrostatic yield stress defines the K parameter (strength
ratio) of the ICF model. Also, the plastic Poisson’s ratio is dependent on this K parameter [24]
(S1 Appendix).

Similar to our previous study [16], the ICF parameters of the trabecular bone were defined
as being dependent on the average specimen-specific BMD. For the solid structure of the corti-
cal bone, on the other hand, it was assumed that the strength ratio remained constant. There-
fore, the ICF parameters for cortical bone could be characterized using the values of Young’s
modulus and yield stress in the uniaxial compression and a constant value of the K parameter.
The BMD threshold for cortical bone varied from 400 mg/ml to 1200 mg/ml [25-28]; setting
this value to 950 mg/ml satisfied the continuity of the distinctive yield surfaces in the ICF
model (Eq. Al).

Consequently, as it was assumed that the strength ratio of the cortical structure remained
constant, the material properties of the femoral cortical bone reported in previous studies [20,
25, 27] could be used and combined with the trabecular data of the current study. Kaneko
et al. [20] provided sufficient details for the experimental samples, and their reported data has
been widely used in simulations of femoral fracture [17, 18, 23, 29]. The reported mechanical
properties of the cortical bone by Kaneko et al. were obtained from the femoral diaphysis of
two male donors.

2.3. Numerical simulations

2.3.1. FEA of materials testing with femoral trabecular bone. FEA models were made of
the cylindrical femoral trabecular bone specimens to simulate the uniaxial and confined com-
pression experiments for comparison against the experimental results. The FEA models were
assigned with the ICF model material properties based on the local element-specific HU val-
ues, using the femoral bone parameters. For comparative purposes, simulations were also per-
formed using the sVM criterion. The FEA models were taken from our previous study [16];
for completeness, we here present the most important model features. The FEA models were
created based on CT-scans of the trabecular bone specimens. To evaluate the precision of the
results, a convergence analysis was performed on a sample with single BMD value using four
mesh sizes (0.4, 1, 1.5, and 2 mm). The total strain energy was adopted as the criterion, and
convergence was achieved for the first three mesh sizes with differences of less than 10% [11].
After evaluating the mesh convergence results and determining the ideal mesh size for assign-
ing BMD values, a cylindrical model was selected with an element size of 1 mm. The uniaxial
loading conditions were simulated through rigid plates at the top and bottom of the specimen,
with frictionless contact conditions between the bone and the plates. The experimental dis-
placements were applied to the upper plate, while the bottom plate was fixed in all directions.
In the confined condition, in addition, radial expansion was restricted at the outer nodes of
the cylindrical specimens to simulate the interaction between the bone and compression
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chamber. All simulations were performed in MSC.MARC2021 (MSC Software Corporation,
Santa Ana, California).

2.3.2. FEA of proximal femoral fracture experiments. The FEA models of five proximal
femurs were taken from our previous study [21]; the most important features are given here.
FEA models of the femurs were created based on QCT scans that were used to extract the geom-
etry and bone density. The models were created using four-noded tetrahedral elements with an
element size of 2 mm in correspondence with our previous work [21]. To replicate the experi-
mental boundary conditions, each femur model was aligned with the experimental setup based
on RSA measurements. The distal part of the femur was represented by two sets of high-stiffness
springs that were fixed distally. The femoral head was subjected to a displacement-controlled
compressive load of 5 mm at 0.1 mm displacement increments. The compressive load was
applied using a rigid cup that mimicking the experimental load applicator, which was in fric-
tionless contact with the proximal femoral head. To prevent discretization errors leading to
excessive plastic deformations, the layer of bone in direct contact with the load applicator was
assigned with elastic bone properties. MSC.MARC2021 (MSC Software Corporation, Santa
Ana, California) was used to perform the simulations. A FORTRAN subprogram that integrated
user-subroutines of the FEA software was utilized to apply heterogeneous material behavior on
the model [30]. Two different constitutive material models were implemented for the assess-
ment of the yielding (and post-yielding) behavior: the sVM and the ICF model. The ultimate
failure load and yielding pattern of the proximal femurs were compared in the FEA models
against experimental results. A more detailed description of the proximal femur experiments,
FEA simulations, and FORTRAN subroutine can be found in previous literature [11, 18, 21].

3. Results
3.1. Experimental results

Force-displacement data were collected for 58 out of the 64 cylindrical bone specimens (29
uniaxial and 29 confined tests). No data were obtained for six specimens due to structural fail-
ure during the preparation phase. The data was converted to normal stress-strain curves, and
the mechanical properties were calculated dependent on BMD. Statistical Analyses showed sig-
nificant nonlinear correlations for Young’s modulus (E ) (r = 0.768, p < .001 and SEE = 46.76)
(Fig 3A) yield stress in uniaxial compression (r = 0.836, p < .001 and SEE = 0.742) (Fig 3B)
and yield stress in confined compression (r = 0.894, p < .001 and SEE = 0.873) (Fig 3C) with
the BMD values. The power-law correlations of each parameter are shown in Fig 3.

The results of the femoral fracture experiments indicate the bone stiffness, maximum com-
pressive force, and displacement at failure (Fig 4 [18]). The maximum failure force ranged
from 4,137 N to 10,970 N.

3.2. Crushable foam model parameters

As mentioned before, the K parameter of the ICF model was defined based on the yield stress
in uniaxial and hydrostatic compression, dependent on the BMD. The power-law equation for
the K parameter was defined as follows:

K = a*BMD"

with a = 1.361 and b = -0.312. When the BMD value was above 0.400 gr/ml, the yield surface
with a BMD-dependent K parameter showed minimal variation from the yield surface with a
constant K parameter. This suggests that assuming an unchanged strength ratio (K parameter)
for cortical bone has no significant impact on the yield surface since the BMD threshold for
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Fig 3. The regression analyses of the measured experimental data for femoral trabecular bone: (a) Youngs’s modulus; (b) Yield stress in the
uniaxial compression; (c) Yield stress in the confined compression.

https://doi.org/10.1371/journal.pone.0288776.9003

solid structure of cortical bone is set at a high value of 0.950 gr/ml. According to the physical
definition of a cellular structure, the K parameter must adhere to 0<K<3. Applying the upper
border’s limit and considering the constant value for cortical bone, Eq 1 shows the whole
range of the K parameter for the ICF model:

2.993 ,BMD < 0.08
K ={ 1.361 x BMD **'?  0.08 < BMD < 0.950 (1)
1.383 ,BMD > 0.950

In Eql, K is a dimensionless constant, and BMD represents the bone mineral density in gr/
ml.

Considering the differences in BMD between trabecular and cortical bone, various regres-
sion fits were possible on the data, either in a continuous or discontinuous manner. Fig 5 illus-
trates the two fits that were further explored in the simulations of the femoral fracture
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Fig 4. Force-displacement data of five cadaveric femora [18].

https://doi.org/10.1371/journal.pone.0288776.9004

experiments. In this figure, the trabecular bone properties were obtained in the current study
and the cortical data was adapted from Kaneko et al. [20].

The empirical power relation of the material parameters based on the BMD value concern-
ing Fig 5 is as follows in Table 1:

3.3. Numerical simulation

The ICF model and sVM material models were applied to the FEA simulation of the cylindri-
cal bone specimens in uniaxial and confined compression. In uniaxial compression, the
numerical stress-strain curves from the ICF model were very similar to the experimental data.
However, in the sVM simulations, the stiffness was overestimated, resulting in an underesti-
mation of the yield strain. In the simulations of confined compression, the stiffness, yield
stress, and ultimate stress were accurately simulated with the ICF model. The sVM overpre-
dicted the stiffness and could not reproduce the yield point. Fig 6 shows the experimental and
computational stress-strain curves for two typical samples tested under uniaxial (BMD of
207.5 mg/ml) and confined conditions (BMD of 208.3 mg/ml). The maximum stress value at
the end of the confined simulation (50% of strain) with the sVM criterion was 280 MPa, while
this value was 25 MPa for the ICF model and 14 MPa in the experimental data.
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Fig 5. Continuous and Discontinuous regression of Young’s modulus (left) and Yield stress (right). Cortical data was adapted from [20].

https://doi.org/10.1371/journal.pone.0288776.9005

The equivalent plastic strain (EPS) distribution of a bone sample (BMD 207.5 mg/ml)
under uniaxial compression is shown in Fig 7. In contrast with the sVM model, the distribu-
tion of plastic deformation in the ICF simulation compared relatively well with the deforma-
tions observed in the experiments.

The ICF (with continuous and discontinuous fits) and the sVM material models were sub-

sequently applied in

FEA simulations of the fracture experiments. Fig 8 lists the distributions

of EPS, indicating the fracture locations of the FEA models, and the force-displacement data,
representing the mechanical response of the bones in the simulations and experiments. The
ICF model with the continuous and discontinuous fits predicted experimental failure load

with an average accuracy (percentage of estimated failure load to the experimentally measured
failure load) of 79% and 90%, respectively, while the sVM criterion predicted the ultimate fail-
ure load with an accuracy of 82%. Although both ICF models demonstrated a comparable stift-
ness of the proximal femur, the sVM resulted in a stiffer bone behavior. The sVM model
provided an average accuracy of 5% for the predicted stiffness compared to the experimental

Table 1. Power-Law equations of the material parameters in continuous and discontinuous approaches (BMD [gr/ml]).

Discontinuous
5113 X pyivs, ppup < 0.950
(r=.768, p < .001 and SEE = 46.76)
13750 X pas . ppap > 0.950
(r=.725,p < .001 and SEE = 67.43)

79.36 X pyuip s Ppyp < 0.950
(r=.836, p < .001 and SEE = 0.742)

Continuous
12980 x p2v51i7

BMD

(r=.745,p < .001 and SEE = 59.24)

Mechanical Parameters

Compressive stiffness (E) (MPa)

109.3 x pls72

BMD

(r=.881, p < .00I and SEE = 0.450)

Yield Stress in uniaxial condition (MPa)

111.5 x %, ppan > 0.950
(r=.887, p <.001 and SEE = 0.361)
Elastic Poisson’s ratio 0.16

P 2
3K )

6

Plastic Poisson’s ratio

r = Spearman’s rho; p = probability; SEE = Standard Error of the Estimation

https://doi.org/10.1371/journal.pone.0288776.t001
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Fig 6. Stress-strain data of a sample with BMD of 207.5 mg/ml in uniaxial simulation (left) and a BMD of 208.3 mg/ml in confined simulation (right)
with two different material models versus experimental results.

https://doi.org/10.1371/journal.pone.0288776.9006

values, with an over-prediction factor of 2. However, the ICF model exhibited a higher average
accuracy in predicting stiffness, with 80.5% and 85.5% accuracy for the continuous and discon-
tinuous models, respectively.

4. Discussion

In the current study, we investigated the feasibility of using an ICF model that combines
human trabecular and cortical bone properties to predict the mechanical response of the

1.070e+00

sVM Simulation CF Simulation-Femoral Parameters [ "

8,560e-01

7.480e-01

e N

6.420e-01

9.350e-01

2.140e-01
1.07Ce-01

0.000e+00

Fig 7. The equivalent plastic strain represents permanent deformation of a femoral sample with a BMD of 207.5 mg/ml.

https://doi.org/10.1371/journal.pone.0288776.g007
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femur. For this purpose, data from material tests with trabecular bone were combined with
cortical bone properties taken from the literature. For validation purposes, the characterized
ICF model was subsequently used to simulate fracture tests of five cadaveric proximal femurs

from a previous study.
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The mechanical properties of the trabecular bone specimens were comparable to previous
findings [16]. The compressive stiffness of current specimens was in the range of 100-1100
MPa, similar to values reported by Rho et al. (150-300 MPa) and Goldstein (7.6-1516 MPa)
[31, 32]. The uniaxial yield stress of the current samples varied from 1 MPa to 18 MPa, which
was within the range of 1.64-15.3 MPa measured by Kaneko et al. [33]. The compressive
strength of 0.16-18 MPa for confined compression was consistent with the values reported by
Carter et al. [34] and Charlebois et al. [35] (0.24-31.59 MPa). In uniaxial and confined com-
pression, the Young’s modulus and yield stress were very similar to the values for the tibial tra-
becular bone that we found previously [16]. However, due to the different BMD ranges, the
regression analysis showed different power-law equations, leading to a different value for the K
parameter. Consequently, simulations with tibial and femoral ICF parameters would lead to
different but yet comparable results.

Simulations of the trabecular bone experiments demonstrated that, although both material
models provided a reasonable prediction for the uniaxial compression tests, the sVM model
resulted in a significant overestimation of the stiffness and yield stress under confined com-
pression, likely due to the different properties used in the sVM criterion [17]. In the sVM
model, the material properties of femoral trabecular and cortical bone were based on values
reported by Kaneko et al. [20, 33], with the trabecular properties being determined at a higher
strain rate compared to the current study. On the other hand, another cause for the overpre-
diction of stiffness and yield strength in the confined configuration may be that the sVM
model does not consider hydrostatic stress in the yield criterion as opposed to the ICF model
that was able to capture partial softening in the confined simulations.

A truly rigid confinement hardly occurs during physiological loading in human bone [16].
However, the trabecular bone is surrounded by the much stiffer cortical bone, which in some
situations can result in a low-level confinement [5, 15]. For instance, during press-fit implanta-
tion of TKA the trabecular bone in the distal femur or the proximal tibia are confined by stiff
cortical bone and the stiff implants, resulting in large compressive stresses [5]. A constitutive
law that neglects the pressure dependency in the yield criterion may not be suitable for such
situations [5, 15]. Obviously, additional research is required to investigate whether the current
ICF model would provide a better representation of the bone response in such cases.

The ultimate failure load predicted by the simulations of the femoral fractures was on aver-
age 79% (3400-8550 N) and 90% (3810-10831 N) for the continuous and discontinuous ICF
material models and 82% (3700-12370 N) of the experimental value for the sVM model. The
differences between the continuous and discontinuous ICF models were likely due to the dif-
ferences in material mapping; in the range from 0-350 mg/ml the yield stress was higher in the
continuous than in the discontinuous fit, while this was opposite in the 350-950 mg/ml BMD
range. The similarity of the failure loads predicted by the ICF and sVM material models indi-
cates that although the level of the failure load is dependent on the yield criterion, the actual
yield stress value has a significant impact on the overall strength.

Fracture locations in the experiments varied and included the femoral neck (sub-capital),
transcervical, and vertical femoral-neck fracture [37, 38]. The fracture locations predicted by
the two ICF models were similar and comparable to the experiments, while several other FEA
studies tend to predict sub-capital fractures only [13, 17, 29, 36, 37]. Likely, the pressure-
dependent yield criterion and updating of the distinctive yield surface facilitated the prediction
of these various fracture locations in ICF models. In contrast to the ICF models, the sVM pre-
dicted a subcapital fracture in all cases, which was in line with previous studies in which a yield
criterion without pressure dependency was used [17, 29]. This difference may result from the
fact that plastic behavior in the constitutive formulation of sVM model is dependent on the
constant yield criterion, which is not updated after the softening part of the plastic region.
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However, the mechanism for the prediction of plastic deformation in different constitutive
laws is complex and cannot be identified easily.

Kinzel et al. [19] performed a similar study in which femoral fracture was simulated in a
stance loading configuration. They demonstrated that a volumetric CF model could predict
bone strength and deformation. Also, they compared the volumetric CF model with a sophisti-
cated elastoplastic damage model developed by Garcia et al. [38]. The fracture area predicted
in their FEA model was comparable to the experiment, both for the CF model and the sophisti-
cated constitutive law. However, both models could only predict the failure load up to an accu-
racy of 59%. Kinzel et al. did not include hardening or softening parameters in their FEA
models, and the CF model was applied with a constant K parameter independent of bone den-
sity. The current study illustrates the importance of these factors when simulating femoral
fractures.

Limitations of the current study include minor errors in the experiments such as sample
preparation, end effects of the platens, and the assumption of axisymmetric deformation of the
sample prior to the yielding, as explained previously [16]. Our modeling approach assumed an
isotropic bone response, ignoring anisotropy due to the trabecular bone architecture and colla-
gen fibers in the cortical bone, which may have influenced the fracture predictions. Moreover,
while several studies have reported mechanical testing results of the femoral bone, the cortical
bone properties used in the current ICF models were based on the study by Kaneko et al. [20,
33]. This dataset was chosen as it is the basis of the sVM model by Keyak et al. [17], which is
also used at our lab for assessing the femoral fracture risk in patients suffering from metastatic
lesions [17, 18, 21]. Using the same dataset for both models ensured a clean comparison of the
material models. However, it is likely that using a different source for the cortical bone proper-
ties would have affected the outcome of the femoral fracture simulations. Combining multiple
datasets may therefore increase the robustness of the material model.

Similarly, in the femoral fracture experiments, the measured displacements likely included
some laxity in the experimental setup, which may have resulted in an overestimation of the
deformation of the femur, and as a result, underestimation of the structural stiffness [18].
Great care was taken to reproduce the experimental boundary conditions as closely as possible.
The femur alignment in the experimental set-up was therefore reproduced in the FEA models
based on 3D RSA measurements of the orientation of the femur relative to the loading set-up.
The load applicator was represented by a rigid cup, while the distal fixation was applied to
springs that were used to artificially elongate the model while reducing the actual number of
elements. The boundary conditions applied distally to the springs represented the rotational
degrees of freedom in the experimental set-up. Moreover, tests were performed with cadaveric
bone, which may behave differently from in vivo bone [39]. To ensure an approximation as
close as possible to in vivo situation, we only used fresh-frozen cadaveric samples, and mini-
mized the number of thawing-freezing cycles and the time the tissue was exposed to room
temperature.

5. Conclusion

The current study aimed to develop an ICF model that combines trabecular and cortical bone
properties, and to investigate whether it can predict the mechanical response of a whole femur.
Simulations of compressive tests with trabecular bone specimens indicated the ICF model
could accurately reproduce experimental results, even in the case of confined compression.
The ICF model was able to predict the femoral bone strength similar to the previously used
SVM criterion. Moreover, the ICF model was able to reproduce various fracture locations and
orientations observed in the experiments. As such, the ICF model is a promising tool for the
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evaluation of the femoral fracture risk, but also potentially for applications such as press-fit fix-
ation of TKA components, peri-prosthetic fractures, and collapse of joint reconstructions.

Supporting information

S1 Appendix. Yield surface definition of the isotropic crushable foam model.
(DOCX)

Author Contributions

Conceptualization: Navid Soltanihafshejani, Federica Peroni, Sara Toniutti, Thom Bitter,
Esther Tanck, Florieke Eggermont, Nico Verdonschot, Dennis Janssen.

Data curation: Navid Soltanihafshejani, Sara Toniutti, Thom Bitter, Esther Tanck,
Nico Verdonschot, Dennis Janssen.

Formal analysis: Navid Soltanihafshejani.

Investigation: Navid Soltanihafshejani, Thom Bitter, Florieke Eggermont, Nico Verdonschot,
Dennis Janssen.

Methodology: Navid Soltanihafshejani, Federica Peroni, Thom Bitter, Esther Tanck,
Florieke Eggermont, Nico Verdonschot, Dennis Janssen.

Project administration: Dennis Janssen.
Resources: Nico Verdonschot, Dennis Janssen.
Software: Navid Soltanihafshejani, Sara Toniutti.
Supervision: Nico Verdonschot, Dennis Janssen.

Validation: Navid Soltanihafshejani, Federica Peroni, Sara Toniutti, Esther Tanck,
Dennis Janssen.

Visualization: Navid Soltanihafshejani, Federica Peroni, Sara Toniutti, Florieke Eggermont.
Writing - original draft: Navid Soltanihafshejani, Federica Peroni, Sara Toniutti.

Writing - review & editing: Navid Soltanihafshejani, Thom Bitter, Esther Tanck,
Florieke Eggermont, Nico Verdonschot, Dennis Janssen.

References

1. Anez-Bustillos L., et al., Finite element analysis and CT-based structural rigidity analysis to assess fail-
ure load in bones with simulated lytic defects. Bone, 2014. 58: p. 160-167. https://doi.org/10.1016/j.
bone.2013.10.009 PMID: 24145305

2. Ovesy M., Aeschlimann M., and Zysset P.K., Explicit finite element analysis can predict the mechanical
response of conical implant press-fitin homogenized trabecular bone. Journal of biomechanics, 2020.
107: p. 109844. https://doi.org/10.1016/j.jpiomech.2020.109844 PMID: 32517857

3. Zimmermann E.A., Busse B., and Ritchie R.O., The fracture mechanics of human bone: influence of
disease and treatment. BoneKEy reports, 2015. 4. https://doi.org/10.1038/bonekey.2015.112 PMID:
26380080

4. WongJ,, et al., Predicting the effect of tray malalignment on risk for bone damage and implant subsi-
dence after total knee arthroplasty. Journal of Orthopaedic Research, 2011. 29(3): p. 347-353. https://
doi.org/10.1002/jor.21221 PMID: 20882595

5. Kelly N., etal., Aninvestigation of the inelastic behaviour of trabecular bone during the press-fitimplan-
tation of a tibial component in total knee arthroplasty. Medical engineering & physics, 2013. 35(11): p.
1599-1606. https://doi.org/10.1016/].medengphy.2013.05.007 PMID: 23787107

6. Thompson S., et al., Finite element analysis: a comparison of an all-polyethylene tibial implant and its
metal-backed equivalent. Knee Surgery, Sports Traumatology, Arthroscopy, 2016. 24(8): p. 2560—
2566. https://doi.org/10.1007/s00167-015-3923-y PMID: 26694487

PLOS ONE | https://doi.org/10.1371/journal.pone.0288776  July 27, 2023 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288776.s001
https://doi.org/10.1016/j.bone.2013.10.009
https://doi.org/10.1016/j.bone.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24145305
https://doi.org/10.1016/j.jbiomech.2020.109844
http://www.ncbi.nlm.nih.gov/pubmed/32517857
https://doi.org/10.1038/bonekey.2015.112
http://www.ncbi.nlm.nih.gov/pubmed/26380080
https://doi.org/10.1002/jor.21221
https://doi.org/10.1002/jor.21221
http://www.ncbi.nlm.nih.gov/pubmed/20882595
https://doi.org/10.1016/j.medengphy.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23787107
https://doi.org/10.1007/s00167-015-3923-y
http://www.ncbi.nlm.nih.gov/pubmed/26694487
https://doi.org/10.1371/journal.pone.0288776

PLOS ONE

The Application of an Isotropic Crushable Foam Model

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Berahmani S., et al., Evaluation of interference fit and bone damage of an uncemented femoral knee
implant. Clinical biomechanics, 2018. 51: p. 1-9. https://doi.org/10.1016/j.clinbiomech.2017.10.022
PMID: 29132027

Sasatani K., et al., Three-dimensional finite analysis of the optimal alignment of the tibial implant in uni-
compartmental knee arthroplasty. Journal of Nippon Medical School, 2020. 87(2): p. 60—65. https://doi.
org/10.1272/jnms.JNMS.2020_87-202 PMID: 31611507

Eggermont F., et al., Can patient-specific finite element models better predict fractures in metastatic
bone disease than experienced clinicians? Towards computational modelling in daily clinical practice.
Bone & joint research, 2018. 7(6): p. 430—439. https://doi.org/10.1302/2046-3758.76.BJR-2017-0325.
R2 PMID: 30034797

Herrera A., et al., Applications of finite element simulation in orthopedic and trauma surgery. World jour-
nal of orthopedics, 2012. 3(4): p. 25. https://doi.org/10.5312/wjo.v3.i4.25 PMID: 22550621

Soltanihafshejani N., et al. Experimental and Numerical Identification of Crushable Foam Model of
Human Trabecular Bone. in Orthopaedic Proceedings. 2021. The British Editorial Society of Bone &
Joint Surgery.

Manske S., et al., Cortical and trabecular bone in the femoral neck both contribute to proximal femur fail-
ure load prediction. Osteoporosis international, 2009. 20(3): p. 445—-453. https://doi.org/10.1007/
s00198-008-0675-2 PMID: 18661091

Schileo E., et al., Cortical bone mapping improves finite element strain prediction accuracy at the proxi-
mal femur. Bone, 2020. 136: p. 115348. https://doi.org/10.1016/j.bone.2020.115348 PMID: 32240847

Lee C.-S,, et al., A new constitutive model for simulation of softening, plateau, and densification phe-
nomena for trabecular bone under compression. Journal of the mechanical behavior of biomedical
materials, 2017. 65: p. 213-223. https://doi.org/10.1016/j.jmbbm.2016.08.028 PMID: 27592290

Kelly N., et al., An experimental and computational investigation of the post-yield behaviour of trabecu-
lar bone during vertebral device subsidence. Biomechanics and modeling in mechanobiology, 2013. 12
(4): p. 685—703. https://doi.org/10.1007/s10237-012-0434-3 PMID: 22983738

Soltanihafshejani N., et al., Development of a crushable foam model for human trabecular bone. Medi-
cal Engineering & Physics, 2021. 96: p. 53-63. https://doi.org/10.1016/j.medengphy.2021.08.009
PMID: 34565553

Keyak J.H., et al., Predicting proximal femoral strength using structural engineering models. Clinical
Orthopaedics and Related Research®, 2005. 437: p. 219-228. https://doi.org/10.1097/01.blo.
0000164400.37905.22 PMID: 16056052

Tanck E., et al., Pathological fracture prediction in patients with metastatic lesions can be improved with
quantitative computed tomography based computer models. Bone, 2009. 45(4): p. 777-783. hitps://
doi.org/10.1016/j.bone.2009.06.009 PMID: 19539798

Kinzl M., Wolfram U., and Pahr D.H., Identification of a crushable foam material model and application
to strength and damage prediction of human femur and vertebral body. Journal of the mechanical
behavior of biomedical materials, 2013. 26: p. 136—147. https://doi.org/10.1016/j.jmbbm.2013.04.026
PMID: 23768961

Kaneko T.S., et al., Relationships between material properties and CT scan data of cortical bone with
and without metastatic lesions. Medical engineering & physics, 2003. 25(6): p. 445-454.

Derikx L.C., et al., The assessment of the risk of fracture in femora with metastatic lesions: comparing
case-specific finite element analyses with predictions by clinical experts. The Journal of bone and joint
surgery. British volume, 2012. 94(8): p. 1135—1142. https://doi.org/10.1302/0301-620X.94B8.28449
PMID: 22844058

van de Volksgezondheid G.H., Informatie voor artsen met betrekking tot de Wet op de lijkbezorging
1991. GHI-bulletin. Rijswijk: Staatstoezicht op de Volksgezondheid, 1991.

Eggermont F., et al., Effect of different CT scanners and settings on femoral failure loads calculated by
finite element models. Journal of Orthopaedic Research®, 2018. 36(8): p. 2288—2295. https://doi.org/
10.1002/jor.23890 PMID: 29508905

Deshpande V.S. and Fleck N.A., Isotropic constitutive models for metallic foams. Journal of the
Mechanics and Physics of Solids, 2000. 48(6-7): p. 1253—1283.

Ohman C., et al., Compressive behaviour of child and adult cortical bone. Bone, 2011. 49(4): p. 769—
776. https://doi.org/10.1016/j.bone.2011.06.035 PMID: 21763479

Meema H. and MEEMA S., Cortical bone mineral density versus cortical thickness in the diagnosis of
osteoporosis: a roentgenologic-densitometric study. Journal of the American Geriatrics Society, 1969.
17(2): p. 120—141. https://doi.org/10.1111/j.1532-5415.1969.tb03167.x PMID: 5763688

PLOS ONE | https://doi.org/10.1371/journal.pone.0288776  July 27, 2023 15/16


https://doi.org/10.1016/j.clinbiomech.2017.10.022
http://www.ncbi.nlm.nih.gov/pubmed/29132027
https://doi.org/10.1272/jnms.JNMS.2020_87-202
https://doi.org/10.1272/jnms.JNMS.2020_87-202
http://www.ncbi.nlm.nih.gov/pubmed/31611507
https://doi.org/10.1302/2046-3758.76.BJR-2017-0325.R2
https://doi.org/10.1302/2046-3758.76.BJR-2017-0325.R2
http://www.ncbi.nlm.nih.gov/pubmed/30034797
https://doi.org/10.5312/wjo.v3.i4.25
http://www.ncbi.nlm.nih.gov/pubmed/22550621
https://doi.org/10.1007/s00198-008-0675-2
https://doi.org/10.1007/s00198-008-0675-2
http://www.ncbi.nlm.nih.gov/pubmed/18661091
https://doi.org/10.1016/j.bone.2020.115348
http://www.ncbi.nlm.nih.gov/pubmed/32240847
https://doi.org/10.1016/j.jmbbm.2016.08.028
http://www.ncbi.nlm.nih.gov/pubmed/27592290
https://doi.org/10.1007/s10237-012-0434-3
http://www.ncbi.nlm.nih.gov/pubmed/22983738
https://doi.org/10.1016/j.medengphy.2021.08.009
http://www.ncbi.nlm.nih.gov/pubmed/34565553
https://doi.org/10.1097/01.blo.0000164400.37905.22
https://doi.org/10.1097/01.blo.0000164400.37905.22
http://www.ncbi.nlm.nih.gov/pubmed/16056052
https://doi.org/10.1016/j.bone.2009.06.009
https://doi.org/10.1016/j.bone.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19539798
https://doi.org/10.1016/j.jmbbm.2013.04.026
http://www.ncbi.nlm.nih.gov/pubmed/23768961
https://doi.org/10.1302/0301-620X.94B8.28449
http://www.ncbi.nlm.nih.gov/pubmed/22844058
https://doi.org/10.1002/jor.23890
https://doi.org/10.1002/jor.23890
http://www.ncbi.nlm.nih.gov/pubmed/29508905
https://doi.org/10.1016/j.bone.2011.06.035
http://www.ncbi.nlm.nih.gov/pubmed/21763479
https://doi.org/10.1111/j.1532-5415.1969.tb03167.x
http://www.ncbi.nlm.nih.gov/pubmed/5763688
https://doi.org/10.1371/journal.pone.0288776

PLOS ONE

The Application of an Isotropic Crushable Foam Model

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

Duchemin L., et al., Prediction of mechanical properties of cortical bone by quantitative computed
tomography. Medical engineering & physics, 2008. 30(3): p. 321-328. https://doi.org/10.1016/j.
medengphy.2007.04.008 PMID: 17596993

Ward K., Adams J., and Hangartner T.N., Recommendations for thresholds for cortical bone geometry
and density measurement by peripheral quantitative computed tomography. Calcified tissue interna-
tional, 2005. 77(5): p. 275-280. https://doi.org/10.1007/s00223-005-0031-x PMID: 16307388

Derikx L.C., et al., Implementation of asymmetric yielding in case-specific finite element models
improves the prediction of femoral fractures. Computer methods in biomechanics and biomedical engi-
neering, 2011. 14(02): p. 183-193. https://doi.org/10.1080/10255842.2010.542463 PMID: 21337224

Marc M., Volume D (User Subroutines and Special Routines), MSC. Software Corporation, 2012.

Goldstein S.A., The mechanical properties of trabecular bone: dependence on anatomic location and
function. Journal of biomechanics, 1987. 20(11-12): p. 1055-1061. https://doi.org/10.1016/0021-9290
(87)90023-6 PMID: 3323197

Rho J.-Y., Hobatho M., and Ashman R., Relations of mechanical properties to density and CT numbers
in human bone. Medical engineering & physics, 1995. 17(5): p. 347—-355. https://doi.org/10.1016/1350-
4533(95)97314-f PMID: 7670694

Kaneko T.S., et al., Mechanical properties, density and quantitative CT scan data of trabecular bone
with and without metastases. Journal of biomechanics, 2004. 37(4): p. 523-530. https://doi.org/10.
1016/j.jpiomech.2003.08.010 PMID: 14996564

Carter D.R. and Hayes W.C., The compressive behavior of bone as a two-phase porous structure.
JBJS, 1977. 59(7): p. 954-962. PMID: 561786

Charlebois M., Pretterklieber M., and Zysset P.K., The Role of Fabric in the Large Strain Compressive
Behavior of Human Trabecular Bone. Journal of Biomechanical Engineering, 2010. 132(12). https://
doi.org/10.1115/1.4001361 PMID: 21142320

Keyak J.H., Improved prediction of proximal femoral fracture load using nonlinear finite element models.
Medical engineering & physics, 2001. 23(3): p. 165—-173. https://doi.org/10.1016/s1350-4533(01)
00045-5 PMID: 11410381

Hambli R. and Allaoui S., A robust 3D finite element simulation of human proximal femur progressive
fracture under stance load with experimental validation. Annals of biomedical engineering, 2013. 41
(12): p. 2515-2527. https://doi.org/10.1007/s10439-013-0864-9 PMID: 23864338

Garcia D., et al., A three-dimensional elastic plastic damage constitutive law for bone tissue. Biome-
chanics and modeling in mechanobiology, 2009. 8(2): p. 149-165. https://doi.org/10.1007/s10237-008-
0125-2 PMID: 18398628

Olson S.A,, et al., Designing a biomechanics investigation: choosing the right model. Journal of ortho-
paedic trauma, 2012. 26(12): p. 672—677. https://doi.org/10.1097/BOT.0b013e3182724605 PMID:
23010647

PLOS ONE | https://doi.org/10.1371/journal.pone.0288776  July 27, 2023 16/16


https://doi.org/10.1016/j.medengphy.2007.04.008
https://doi.org/10.1016/j.medengphy.2007.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17596993
https://doi.org/10.1007/s00223-005-0031-x
http://www.ncbi.nlm.nih.gov/pubmed/16307388
https://doi.org/10.1080/10255842.2010.542463
http://www.ncbi.nlm.nih.gov/pubmed/21337224
https://doi.org/10.1016/0021-9290(87)90023-6
https://doi.org/10.1016/0021-9290(87)90023-6
http://www.ncbi.nlm.nih.gov/pubmed/3323197
https://doi.org/10.1016/1350-4533(95)97314-f
https://doi.org/10.1016/1350-4533(95)97314-f
http://www.ncbi.nlm.nih.gov/pubmed/7670694
https://doi.org/10.1016/j.jbiomech.2003.08.010
https://doi.org/10.1016/j.jbiomech.2003.08.010
http://www.ncbi.nlm.nih.gov/pubmed/14996564
http://www.ncbi.nlm.nih.gov/pubmed/561786
https://doi.org/10.1115/1.4001361
https://doi.org/10.1115/1.4001361
http://www.ncbi.nlm.nih.gov/pubmed/21142320
https://doi.org/10.1016/s1350-4533(01)00045-5
https://doi.org/10.1016/s1350-4533(01)00045-5
http://www.ncbi.nlm.nih.gov/pubmed/11410381
https://doi.org/10.1007/s10439-013-0864-9
http://www.ncbi.nlm.nih.gov/pubmed/23864338
https://doi.org/10.1007/s10237-008-0125-2
https://doi.org/10.1007/s10237-008-0125-2
http://www.ncbi.nlm.nih.gov/pubmed/18398628
https://doi.org/10.1097/BOT.0b013e3182724605
http://www.ncbi.nlm.nih.gov/pubmed/23010647
https://doi.org/10.1371/journal.pone.0288776

