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Abstract: The proximal femur’s numerical simulation could give an effective method for predicting
the risk of femoral fracture. However, the majority of existing numerical simulations is static,
which does not correctly capture the dynamic properties of bone fractures. On the basis of femoral
fracture analysis, a dynamic simulation using incremental element deletion (IED)-based finite element
analysis (FEA) was developed and compared to XFEM in this study. Mechanical tests were also used
to assess it. Different impact speeds, fall postures, and cortical thicknesses were also studied for their
implications on fracture types and mechanical responses. The time it took for the crack to shatter was
shorter when the speed was higher, and the crack line slid down significantly. The fracture load fell
by 27.37% when the angle was altered from 15° to 135°, indicating that falling forward was less likely
to cause proximal femoral fracture than falling backward. Furthermore, the model with scant cortical
bone was susceptible to fracture. This study established a theoretical foundation and mechanism for
forecasting the risk of proximal femoral fracture in the elderly.

Keywords: fracture; femur; finite element analysis; numerical simulation; falling parameters

1. Introduction

Proximal femoral fracture is an important cause of disability and death around the
world, especially in the elderly [1]. The number of patients with proximal femoral fractures
continues to grow every year; there is currently one proximal femoral fracture every 3 s in
the world [2]. The disability rate of proximal femoral fracture is more than 50%, and 8-10%
of patients die within 30 days because of proximal femoral fracture [3]. Even surviving
patients are often accompanied by various complications that seriously affect their quality
of life. Only 40-60% of them are likely to recover their pre-fracture level of mobility [4].
Pekka et al. [5] pointed out that about 90% of proximal femoral fractures are caused by
falls, and the directions and speeds of the falls are the main factors that affect the proximal
femoral fractures. However, not all falls can cause proximal femoral fractures. Compared
with the elderly, falls, which occur in young and middle-aged people in the same way
and with the same external factors, rarely cause similar fractures. This may be related
to the thickness of the cortical bone with age [6]. Heikki et al. [7] also pointed out that
proximal femoral fractures are related to different fall conditions (fall postures, impact
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speeds) and the thicknesses of cortical bones from a biomechanical perspective. Therefore, a
comprehensive understanding of the proximal femoral fracture factors such as fall postures,
impact speeds, and the thicknesses of femoral cortical bones needs to be studied.

Bone fracture may now be studied at both the micro and macro scales due to advances
in computer modeling. With a correlation of nearly 90%, linear finite element models have
been effectively used for the prediction of the elastic response and fracture load of a human
femur [8]. Despite efforts to simulate human femur behavior, fracture patterns have only
been modelled using numerical methodologies on a few occasions. Some studies have
focused on proximal fracture simulation, with the majority of them yielding short fracture
pathways [9-13]. Li et al. [9] conducted a three-point bending mechanical test on a cortical
bone sample with a single-edge incision. Based on the result of the test, an extended finite
element method (XFEM) was developed and used to analyze its deformation and cracks.
Alba et al. [10] also put forward XFEM for crack growth without remeshing. Giambini
et al. [11] studied the feasibility of predicting the risk of vertebral fracture by XFEM. The
results showed that the crack propagation paths based on XFEM are in good agreement with
the experimental observations. However, XFEM can only simulate the initial position of a
crack and extremely small cracks due to convergence issues [12,13]. The extant numerical
simulations are mostly static ones, which have difficulty representing the dynamic crack
expansion process [8,14].

Therefore, in this study, the dynamic simulation by incremental element deletion
(IED)-based finite element analysis (FEA) on femoral fracture analysis was developed
and compared with XFEM, which was also evaluated with mechanical tests. This de-
veloped method was further used to simulate the effects of different impact speeds, fall
postures, and cortical thicknesses on fracture types and mechanical responses. It potentially
provides a trustworthy method for indicating the proximal femoral fracture risk in the
elderly, which can serve as a theoretical foundation for clinical orthopedics and surgical
procedure evaluation.

2. Materials and Methods

Five newly designed fourth-generation composite femurs provided by Sawbones
(Sawbones, Pacific Research Laboratories, Vashon, WA, USA) were used to investigate
fracture behaviors. In the literature [15,16], the composite femur has been widely employed
as a substitute for actual bone. It is vital to note that these specimens are intended to mimic
the biomechanical qualities of young, healthy femurs. Axial compression, bending, and
torsion tests were used to assess these commonalities, with the related stiffness and ultimate
failure strength measured [15,16]. Artificial bone has advantages for model validation since
it eliminates the variety of properties found in biological tissues. Because of their uniform
qualities in two separate zones, smooth surface, and minimal variability between specimens,
composite bones are excellent for developing controlled analysis [15]. These composite
models’ failure patterns are similar to those reported for human bones [16]. The composite
femurs were scanned by computerized tomography (CT) at first. The entire composite
femur was scanned by CT with a slice thickness of 2.5 mm and a pixel width of 0.938 mm
(GE MEDICAL SYSTEMS/LightSpeed 16 Computed Tomography Scanner System, 80 kV,
443.52 mAs, 512 x 512 matrix, 52 images). IED-based FEA on femoral fracture analysis
was developed and compared with XFEM, which was also evaluated by mechanical tests.
The strains of 8 positions on the surfaces of composite femurs were collected in elastic tests
(as shown in Figure 1a—d). The fracture loads and crack propagation paths of composite
femurs were collected in fracture tests.
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Figure 1. The experimental layout of mechanical tests: (a) angle « (0-135°) with reference to the long
axis of the femur in the frontal plane; (b) angle 3 (0-45°) with reference to the femoral neck axis in the
horizontal plane; (c) fixation method and device of the composite femur; (d) position of strain gages
on the femur in the numerical simulation; (e) position of strain gages on the femur in mechanical
tests; (f) the experimental device of composite femur compression. Point A was the central position
of the spherical region surface with a 35 mm diameter on the femoral head.

2.1. Mechanical Tests

Mechanical tests were performed on the composite proximal femurs. The strain was
measured in the elastic regime at 8 positions on the surfaces of composite femurs (as shown
in Figure 1d, e. The composite femur was fixed by a disposable fixation container in frame
3, and then it was put into fixture 2, and finally fixed on the mechanical testing machine
by the nut of frame 1. Next, the load was increased until bone failure in the fracture test.
Then the crack propagation path and fracture load were obtained. Two angles (x and (3)
were defined to describe the placement direction of the composite femur in the test and fall
posture in the numerical simulation, where the angle & was 0-135° with reference to the
long axis of the femur in the frontal plane, and 3 was 0-45° with reference to the femoral
neck axis in the horizontal plane, as shown in Figure 1a,b. The distal end of the composite
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proximal femur was fixed with a clamp. The « angle of 10° and (3 angle of 15° were
used to represent the placement direction of human, as reported by other authors [17,18].
Furthermore, point A (Figure 1a) was the central position of the spherical region surface
with a 35 mm diameter on the femoral head.

The composite femur was tested on a 10 kN universal hydraulic testing machine
(Instron 8801, load cell 10 kN). As shown in Figure 1c, the distal end of the composite femur
was inserted into the dental powder mixture to maintain the composite femur with an
o angle of 10° and 3 angle of 15°, and it was fixed for about 30—60 min. The loads were
applied to the femur in the direction of stance loading (Figure 2). Because it matches the
physiological plan of a standing-up human position, this is the most commonly studied
configuration in the literature [19]. During the test, 8 strain gauges (Qinhuangdao Aifu Te
Electronic Technology Co., Ltd., Hebei, China, BX-120) were used to measure the strains at 8
different positions on the surfaces of the composite femurs. The specific locations where the
strain gauges were pasted are shown in Figure le. To maintain quasi-static conditions, the
load was increased to the different values (250 N, 500 N, and 750 N with an actuator speed
of 0.3 mm/s). This test confirmed the linear elastic behavior of the femur, as described by
another author [20].

Figure 2. The composite proximal femur with 3D tetrahedral mesh, materials, and loading condition.
(a) The meshed composite proximal femur; (b) the composite proximal femur with two materials: the
outer transparent part is cortical bone, and the inner opaque part is cancellous bone; (c) the boundary
condition and loading condition.

2.2. Numerical Simulation
2.2.1. Mesh Convergence Analysis

Mimics (Materialise Inc., Leuven, Belgium) was used to construct a finite element (FE)
model of the composite proximal femur. Abaqus (Simulia Inc., Providence, RI, USA) was
used to divide the model of the composite proximal femur into two three-dimensional
(3D) solid parts. Because of the different materials of the composite femurs, the model was
endowed with two material properties, i.e., cancellous bone and cortical bone. The loading
conditions of the simulation were exactly the same as the mechanical tests. Similarly, the
strains at 8 points on the surfaces in the FE model were calculated when the loading force
was 250 N, 500 N, and 750 N. In addition, the fracture load and the crack propagation path
were calculated by IED.

The element size of the FE model is very important for the accuracy of the result [21].
Therefore, it is necessary to investigate the influences of different tetrahedral element
sizes on the FE results to select an appropriate element size. In this study, both 3D solid
parts were divided into 3D tetrahedral mesh, and the element sizes were set to 0.5 mm,
0.75 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, and 3 mm. The composite proximal femur models
with 3D tetrahedral mesh and materials are shown in Figure 2a,b. The cortical bone was
transparent, and the internal opaque part was cancellous bone. The parameters required in
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the both numerical methods including Young’s modulus, Poisson’s ratio, bone density, and
compressive failure strain were obtained according to the study by Marco et al. [22].

The boundary conditions and loading state were set to be as close to the experimental
conditions as possible. The distal part of the diaphysis was restrained to the testing rig,
which simulates the surgical cement embedment, and the force was imparted in the right
direction, as in the tests. The distal end of the composite femur was fixed. An « angle of
10° and P angle of 15° were used to simulate the fall posture (as shown in Figure 2c). The
loading was exerted on a spherical region with a 35 mm diameter on the femoral head (this
is in agreement with the numerical models developed by [20]), and the fracture process
was simulated. The maximum principal stress, displacement at point A in Figure 1a, and
the running time of the program were recorded in the models with 7 different element
sizes mentioned above. Finally, the results of FEA were compared with the results of
mechanical tests.

2.2.2. IED-Based FEA

IED-based FEA on the femoral fracture analysis were developed. It was carried out
through a Python script that interacted with Abaqus; each crack propagation was regarded
as a new iteration process. The crack propagation path and fracture load with time during
the impact process were obtained. In this study, Young’s modulus, bone density, and
Poisson’s ratio were assigned to the model according to the study by Marco et al. [22].
An initial increment “n” of the load was set, and the principal strain of the composite
femur was calculated. Furthermore, the ratio of the tensile failure strain to the compressive
failure strain of the composite femur material was set to 0.6 according to the literature [23].
According to the compressive failure strain in the study by Marco et al. [22] and the
calculated tensile failure strain, it was judged whether the element was invalid. Then the
dynamic load continued to increase with time. During the loading process, the principal
strain of each element in the composite femur model was compared, and when it exceeded
the failure strain, Young’s modulus was reduced to the minimum value (E = 1 MPa) in
order to reduce the element stiffness to a negligible value. This technique improved the
deformation problem when deleting elements. Therefore, the elements remained in the
model with negligible stiffness. The scheme of the automatized process is also illustrated
in Figure 3.

[ Start ]

| Initial increment n |
¥

Calculate principal strain

Elements
failure

Element deletion or | Material |
Start iteration degradation (1MPa) fracture

The principal strain >=
failure strain

3
I
o
v
=
(=%

=1,
N 2= Npal

Dynamically increase load

Figure 3. Scheme of the successive analysis programmed through IED script.
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XFEM was also used for comparison with IED-based FEA in the femoral fracture
analysis. By using the XFEM module in Abaqus/Standard, the virtual crack closure
technology (VCCT) was used to simulate the crack propagation process. The load was
continuously increased until the composite femur failed to fracture. The crack propagation
path and fracture load of the composite femur were predicted. The Young’s modulus,
bone density, Poisson’s ratio, and compressive failure strain required in this method were
conducted according to the study by Marco et al. [22]. The critical energy value (Gc),
necessary for XFEM to predict the start of crack propagation, was estimated from the
fracture toughness K¢, as shown in Equation (1), and the fracture toughness K¢, was
related to bone density and could be obtained by Equation (2). The following expressions
determine these relationships [24]:

G ?) = S0 2

Ke (Nm’l'S) = 0.7413 x 10° x pl4 ?)

2.2.3. The Related Factors of Fracture

To understand falling risk in the elderly, the developed method was used to simulate
the effects of different impact speeds, fall postures, and cortical thicknesses on fracture
types and mechanical responses. Because gravitational acceleration (1 g = 9.81 m/s?) exists
in daily life, it was included in the model to simulate the actual falls, with an initial velocity
of 3170 mm /s (average femur impact velocity [25]). Thus, in this study, 4 impact speeds
(1000 mm/s, 2000 mm /s, 7000 mm/s, 14,000 mm/s) were simulated, and the distal end of
the composite femur was completely fixed. The « angle of 90° and 3 angle of 30° were used
to simulate the fall posture, and the dynamic pressure loading was applied perpendicular
to the direction of the composite femur head.

A total of 108 fall postures were described by the two angles defined above (as shown
in Figure 2a,b). The loading conditions set for the 108 models were the same as the 4 speed
simulations. Dynamic pressure loading was applied at a speed of 0.3 mm/s on a 35 mm
diameter spherical region above the femoral head. It was performed until the composite
femur fractured. Annur et al. [26] pointed out that cortical thickness index (CTI) was a
significant risk factor for proximal femoral fracture. Thus, in order to understand the effects
of cortical bone thickness on femoral fracture in clinics, composite proximal femur models
with 8 different cortical thicknesses were simulated. Material properties of cancellous bone
and cortical bone were assigned to the different number of elements. The percentages of
cortical bone mass/bone mass were equivalent to the CTI, which were set to 99%, 80%,
60%, 40%, 20%, 10%, and 1% to represent different cortical thicknesses. A hollow model
was set up for comparison. The distal end of the composite femur was completely fixed.
An « angle of 90°and 3 angle of 30° were used to simulate the fall posture. The dynamic
pressure loading was applied at a speed of 0.3 mm/s on a 35 mm diameter spherical region
above the femoral head. It was performed until the composite femur was fractured.

3. Results
3.1. Mesh Convergence Results

Figure 4a shows the effect of element sizes on the ratio of simulated displacement to
experimental displacement of position A. It could be seen that the larger elements gave
poor results, and smaller elements had more accurate results. Thus, the element size should
be less than or equal to 1.0 mm. It can be seen from Figure 4b that in order to reduce the
influence of element size on the maximum principal stress of the composite femur and
improve the accuracy of FEA, the element size should be less than 2 mm. According to
the analysis above, the element size should be selected within the range of 1.0 mm or less.
Good predicted accuracy was found on a fine mesh, while a much longer calculated time
was determined (as shown in Figure 4c). It was found that the running time was about
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1.5 times longer than that of the 1 mm element size when the element size was within
the range of 1.0 mm. Therefore, 1 mm was selected as the appropriate element size in
this study.
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Figure 4. The effects of different mesh sizes on the FE results: (a) relative displacement (FEA /Actual)
means the ratio of simulated displacement and experimental displacement of point A (Point A is
shown in Figure 1); (b) the maximum principal stress of the composite proximal femur; (c) running
time of the FE results.

3.2. Comparison of Both Numerical Simulations
3.2.1. Fracture Load and Crack Propagation Path

The relative errors between the simulated and experimental fracture load calculated by
Equation (3) are listed in Table 1. The crack propagation path of the fracture test is shown in
Figure 5¢, while the corresponding numerical results are shown Figure 5a,b for each method
evaluated. It can be seen in Figure 5a,b that the projected fracture location and early phases
of crack propagation were identical to the failure zone seen in Figure 5c. Furthermore, the
numerical results were also confirmed by other researchers using composite femurs [27].
The experimental test revealed a maximum load of 6573 £ 10 N in terms of fracture loading.
The fracture test was performed on the neck, as described by other authors [28]. Our
numerical simulations similarly anticipated failure in this zone; see Figure 5d for the
projected fracture route for the stance loading case. It was found that the results including
relative error and crack propagation path of IED-based FEA were closest to the results
of mechanical tests. Therefore, in the following study, IED-based FEA was selected for
simulation of different impact speeds, fall postures, and cortical thicknesses on fracture
types and mechanical responses.

_ |Fmax1 — Fmax2|

)
Fmax1

x 100% 3)
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d: Relative error,
Fmax1: Experimental fracture load
Fmax?2: Simulated fracture load

Table 1. The relative error between the simulated and the experimental fracture load.

Mechanical Responses

Numerical Simulation

Fracture Test

XFEM IED
Fracture load (N) 6573 £ 10N 5897 6345
Relative error 0% 10.2% 3.4%

Figure 5. Crack propagation paths obtained by simulation and mechanical tests: (a) XFEM method;
(b) IED-based FEA method; (c¢) mechanical tests; (d) broken composite femur after fracture test.

3.2.2. Analysis in Elastic Regime

From the above results in Section 3.2.1, we calculated the fit curve of the IED-based
FEA. The generated models accurately represented the mechanical behavior of composite
femur loading, as seen in the experiments. Femurs were fitted with eight strain gages in
the elastic regime. Because the three measurements were taken at three different loading
levels (250 N, 500 N, and 750 N), each femur had a total of 24 strain data points to validate
the numerical model. It can be seen that numerical model predictions were correlated
(R? = 0.9173) to the experimental values for 24 strains (8 strain gages for each load case) at
different loads (250 N, 500 N, 750 N) (as shown in Figure 6). The values for the mean and
standard deviation in the experimental and numerical results were, respectively, 52.85 and
246.27, and 64.37 and 237.52. There was a significant correlation between the experimental
and numerical strain (COV = 58,196 > 0, 95%ClI, 0.79-1.05, p < 0.0001).

3.3. Simulation Results of Fracture-Related Factors
3.3.1. Effects of Impact Speeds

Figure 7 shows the effects of impact speeds on the mechanical responses of composite
proximal femoral fractures. Figure 7a shows the effects of different speeds on fracture loads.
It could be seen that the fracture load decreased with the increase of the impact speed,
which meant that the fracture loads of the composite proximal femurs were negatively
correlated with the impact speeds. Figure 7b shows the effects of speed on fracture time.
It could be seen that with the increase of impact speed, the fracture time became shorter.
Figure 7c shows the effects of speed on the crack lengths. It could be seen that when the
impact speed exceeded a certain range, the impact speed was greater, the crack length
was longer in the composite femur. Figure 7d shows the effects of impact speeds on the
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instantaneous speeds, which means the speed of crack propagation of composite proximal
femoral fractures. It could be seen that with the increase of impact speed, the instantaneous
speed at the time of fracture became greater, with greater harm to the human body.
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Figure 6. Comparison between the numerical model and experiment. The numbers next to the

markers indicate the gage position number given in Figure 1d.

7000

6000+

Fracture Load (N)

300

Crack Length (mm)

Figure 7.

[ 2l
[ I R~ B )
e o o o
o o o O

a)
l-ﬁ‘ﬁhh‘

—_—
L] —_ g

0.28
0,24
0.20
0. 16
0. 12
0.08

Fracture Time (s)

0. 01

1000 2000 7000

Impact speed(mm/s)

14000

0.00

2501

2001

100+

501

c)
A

a——A—A

1000
3500
3000
2500
2000
1500
1000

500

Instantaneous Speed (mm/s)

1000 2000 7000

Impact speed (mm/s)

14000

0

h)
o

\.

1000

2000 7000
Impact speed (mm/s)

14000

d)

*

0/

e

4

1000

2000 7000
Impact speed (mm/s)

14000

The effects of impact speed on the mechanical responses of composite proximal femoral

fractures: (a) fracture load; (b) fracture time; (c) crack length; (d) instantaneous speed.

Figure 8 shows the simulated crack propagation paths of composite proximal femur
under different impact speeds. It could be seen that all four impact speeds caused femoral
neck fractures, and all cracks started from the femoral neck. As the load increased, the crack
gradually extended, and finally the entire composite femoral fracture occurred. It could also
be seen that the crack paths caused by different impact speeds were different. As the impact
speed increased, the fracture line gradually thickened from the upper side of the composite
femur neck and moved downward to the greater trochanter of the composite femur.
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' a) ' b)

I c) I d)
Figure 8. Simulated fracture crack propagation paths of composite proximal femur with different
impact speeds: (a) 1000 mm/s; (b) 2000 mm/s; (c) 7000 mm/s; (d) 14,000 mm/s.

3.3.2. Effects of Fall Postures

When 3 =0°, 15°, 30°, and 45°, the relationships between the « angle and the maxi-
mum principal stress, maximum principal strain, and fracture time were analyzed. The
results are shown in Table 2. It was found that when 3 = 0°, 30°, 45°, the « value had no
significant correlation with the maximum principal stress (p > 0.05), maximum principal
strain (p > 0.05), or fracture time (p > 0.05). When {3 = 15°, the « angle was significantly
correlated with the maximum principal stress of the model (R? = 0.887, p < 0.05). When
3 =0°,30°, 45°, the x angle was significantly correlated with the maximum principal strain
of the model (R? = 0.913, p < 0.05). However, the « angle had no significant correlation
with the model fracture time (R?> = 0.689, p > 0.05) and the maximum principal stress
(R? =0.776, p > 0.05). When B = 15° and « = 15°, the maximum principal stress and the
maximum principal strain of the composite femur model were the smallest. In this case,
the fracture rarely occurred, and the fracture load was 7321 N. When f3 = 15° and « = 135°,
the maximum principal stress and the maximum principal strain of the model were the
largest. In this case, the fracture was most likely to occur, and the fracture load was 5317 N.

Table 2. When the angle 3 was constant, the p-value between the angle o and the maximum principal
stress, the maximum principal strain, and fracture time.

Angle The Maximum Principal Stress The Maximum Principal Strain Fracture Time
p=0° 0.2315 0.1259 0.2013
B =15° 0.075 * 0.0083 * 0.2312
B =30° 0.1876 0.1974 0.2908
B =45° 0.1565 0.2215 0.2561

* The data of significant correlation.

When 3 = 15°, the maximum principal strain of the composite femur decreases with
the increase of o angle. The more easily the element failure occurred, and the greater the
possibility to fracture. Through iterative calculations, the composite femur model would
break as the number of negligible elements reached a certain number. Thus, the smaller
the maximum principal strain, the less prone to fracture. In other words, falling forward
was less likely to cause a composite proximal femoral fracture than falling backward.
Eugenio et al. [29] found that for falling backward, if one could rotate the body forward or
sideways, the risk of proximal femoral fracture could be reduced, which was consistent with
the numerical simulation results of this study. In addition, due to the presence of vascular
perforation holes on the outer and upper sides of the femoral neck, the bone cor-tex was
thinner, and the bone mass loss rate was faster than the inner and lower sides [30]. When
the fall occurred, the load on the outer and upper sides of the femoral neck was compressed,



Materials 2022, 15, 2878

11 of 16

while the femoral neck was under tension on the inner and lower sides. Thus, a shear
force was formed at the femoral neck in instantaneous time, which made the composite
proximal femur more likely to cause femoral neck fracture. Figure 9 shows typical fracture
crack propagation paths under different fall postures. It could be seen that different fall
postures would lead to two different fracture types: composite femur neck fracture and
intertrochanteric fracture. The composite femoral fracture position was at the top of the
femoral neck (Figure 9a—d); however, the composite femoral fracture position was at the
bottom of the femoral neck (Figure 9¢,f). In addition, the fracture position was at the upper
end of the femoral intertrochanteric (Figure 9g,h). When « angle did not change, as 3
increased, the fracture axis moved downward (Figure 9d—f) from the top of the composite
femur neck to the bottom of the composite femur neck.

rrr
[rrr

Figure 9. Eight typical fracture crack propagation paths obtained by numerical simulation, including

femoral neck fracture and intertrochanteric fracture, and the fall postures: (a) @ = 20°, B = 0°;
(b) x=75° B =0%(c) x =0° B =15° (d) « =55° B =0° (e) x =0°, B =30° (f) « =40°,  =30°;
(g) o« =100°, B =30°; (h) x = 80°, B =45°.

3.3.3. Effects of Cortical Thicknesses

The mechanical responses of the models with 8 different cortical thicknesses are listed
in Table 3. It could be seen that the maximum principal stress and the maximum principal
strain of the composite femur model with the cortical bone mass/bone mass of 99% were
140.6 MPa and 0.994 x 1072, respectively, and the fracture load was 7329 N. The maximum
principal stress and the maximum principal strain of the composite femur model with
the cortical bone mass/bone mass of 0% were the largest in the 8 models, which were
397.9 MPa and 1.301 x 1072, respectively, and the fracture load was 4575 N. It showed that
the thicker the proximal cortical bone of the composite femur, the smaller the maximum
principal strain of the model.

Table 3. Effects of different cortical thicknesses on the mechanical responses.

Cortical Bone Cortical Bone Cancellous Bone Fracture Maximum Maximum
Mass/Bone Mass Elements Nodes Elements Nodes Load (N) Pr1nc1¥)li1 1 Stress Pr1nc1.pa1
a) Strain

99% 80,693 14,748 - - 7329 1.406 x 108 0.994 x 102
80% 77,649 13,742 3044 1006 7100 2.945 x 108 1.209 x 1072
60% 68,650 11,742 12,043 3016 6550 3.197 x 108 1.234 x 1072
40% 54,425 9391 26,268 5391 6345 3.557 x 108 1.276 x 1072
20% 48,918 8773 31,775 5945 5701 3.621 x 108 1.278 x 1072
10% 33,918 5773 46,775 8975 5039 3.856 x 108 1.291 x 102

1% - - 70,693 14,748 4575 3.979 x 108 1.301 x 1072
Hollow 54,425 9391 - - 6243 3.457 x 108 1.076 x 102
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Figure 10 shows the crack propagation paths of the cortical bone models with different
thicknesses. It could be seen that the cortical thicknesses had great effects on the fracture
types and mechanical responses. As the cortical bone became thinner, the fracture line
gradually moved from the composite femoral neck to the intertrochanter, resulting in
different types of composite proximal femoral fractures, which indicated that the thickness
of cortical bone was an important factor affecting the types of composite proximal femoral
fractures. It could be seen that when the model contained cortical bone, the crack began to
initiate from the femoral neck, and it gradually extended upward. Furthermore, when the
entire model was cancellous bone, the femoral head was fractured.

I I I I d)
I I l l h)
Figure 10. Crack propagation paths of the composite femur models with different thicknesses, and

the percentages of cortical bone mass/bone mass: (a) 99%; (b) 80%; (c) 60%; (d) 40%; (e) 20%,; (f) 10%;
(g) 1%. (h) Hollow bone model.

4. Discussion

IED-based FEA resulted in longer fracture trajectories than XFEM. Due to convergence
issues, XFEM produced unsatisfactory results for long crack trajectories. As a result,
pathways generated using an IED-based FEA showed good convergence behavior, resulting
in extended trajectories. Because each increment of the fracture growth represents a fresh
simulation, this technique avoids convergence issues. When comparing the two procedures,
element elimination has more issues due to the presence of distorted elements, which might
cause the numerical process to slow down. As a result, the IED-based FEA technique
produces the best results in terms of convergence and fracture path length, and it can be
applied to a variety of loading scenarios.

The results of this study showed that the fracture types, fracture loads, and crack
propagation paths of composite proximal femurs were significantly affected by the fall
postures, impact speeds, and cortical thicknesses. As the impact speed increased, the
complexity and roughness of fracture cracks also increased, which was consistent with the
results in the literature [26,31]. Ren et al. [32] pointed out that when the load continues to
increase beyond the strain range, a large area of bone will be fractured. This is consistent
with the results of this study; when the speed reached a certain limit, fracture occurred. In
this study, cracks first appeared on the outer and upper sides. After the bone fractured on
the outer and upper sides of the femoral neck, the integrity of the component was damaged,
and the cracks grew rapidly. This was because compared with the inner and lower side
of the femoral neck, the bone density on the upper and outer sides of the femoral neck
was lower, and the shearing effect when resisting lateral falls was weak [33]. In addition,
fracture mechanics studies have shown that the strain rate of cancellous bone and cortical
bone increased with the increase of the impact speed, and the fracture toughness and
compressive strength of the bone also increased [34,35]. They also pointed out that the
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effect of impact speed on fracture is actually macroscopic performance after the impact
speed changes various material properties of bone. Zuo et al. [36] pointed out that in
geotechnical engineering, the failure of linear and isotropic rock samples increased with the
increase of the impact speed, the crack tended to be more complex, and greater energy was
released during failure. Similarly, the fracture model in this study also showed a trend that
the fracture line became complex and rough as the impact speed increased. In addition,
the fracture load of the model gradually decreased with the increase of the impact speed,
which was similar to the literature [34,35].

When the fall postures were different, it was found that with the increase of o angle,
the maximum principal stress and the maximum principal strain of the femur also increased.
Falling forward was less likely to cause composite proximal femoral fracture compared
with falling backward. The fracture load decreased by 27.37% as o angle changed from 15°
to 135°. Ford and Kryak et al. [37,38] also reached conclusions that were basically consistent
with this study, which pointed out that a 26% reduction in load capacity was equivalent to
the result of bone mineral density loss of 25 years after the age of 65. The structural capacity
of the proximal femur, like any other structure, is determined by the applied loads, which
can vary depending on the direction of impact during a fall. Our findings demonstrate
the independent contribution of fall mechanics to hip fracture risk by identifying a fall
aspect (the direction of impact) that is an important determinant of fall severity. This is also
consistent with the results of Fu et al. [39]. It could be seen that the cortical thicknesses
had great effects on the fracture types and mechanical responses. As the cortical bone
became thinner, the fracture line gradually moved from the composite femoral neck to
the intertrochanter, resulting in different types of composite proximal femoral fractures. It
could be seen that the thickness of cortical bone was an important factor affecting the types
of composite proximal femoral fractures. Henning et al. [40] reached similar conclusions.
The study also pointed out that the thinning of cortical bone with aging led to a gradual
decrease in the strength and stiffness of the proximal femur, which was the main factor that
caused the elderly to be more prone to fracture [41]. Cortical bone is the main load-bearing
region of bone. In the femoral neck, cortical bone contributes higher than cancellous bone
to bone strength by 4.6-17.3% [42], but cancellous bone plays an important role in resisting
bending deformation. It was pointed out that both cortical thickness and CTI are significant
risk factors for proximal femoral fracture [43,44]. Thus, it is essential to understand the
relative contribution of cortical thickness for the treatment and prevention of fractures
in clinics.

The changes of fall speeds and postures can cause great energy absorption, and differ-
ent cortical thicknesses in the proximal femur can cause different structural changes, which
might be one of the main factors leading to proximal femoral fracture [45]. Ertas et al. [46]
simulated 10 heterogeneous samples using an empirically validated creep strain accumu-
lation model to determine the relationship between steady-state creep rate, applied load,
and microstructure. They stated that impact speed is one of the factors that contribute to
the mechanism of viscoelastic mechanical properties of human cortical bone, and that it is
important for predicting bone response to creep and fatigue loading. They also investigated
the creep behavior of porcine cancellous bone, finding strong relationships between applied
stress and both time-to-failure and steady-state creep rate, which is consistent with our
findings [47]. Because XFEM could not simulate sudden changes in the proximal femoral
speed and acceleration during the falling process, the results were therefore different from
the results of mechanical tests. In this study, IED-based FEA was found to be effective
to simulate different fall conditions, and the crack propagation path and fracture load
with time during the fall were analyzed. The model could also be used to predict proxi-
mal femoral fractures caused by other conditions such as dropping from high places or
impacts in various situations. Therefore, it could help to understand the biomechanical
mechanism of proximal femoral fracture by investigating the crack propagation path and
the final damage state. The model could also be assembled with internal fixation devices
to simulate proximal femur internal fixation and simulation verification of mechanical
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properties of existing metal implants to guide the improvement of internal fixation devices
and intraoperative fixation decisions [48,49].

However, this study still has some limitations and needs to be further improved.
Only the composite femur was used to establish a numerical model in which simply
two different material properties of cortical bone and cancellous bone were assigned.
Although MacLeod et al. [50] showed that composite femurs could replace human bones
to do mechanical tests, the composite femurs cannot completely simulate human femurs,
since the materials and morphology of human femurs are more complex. In the future,
material properties that are closer to the real human femur should be used. At the same
time, only the femur was modeled in this study, and the muscles, fascias, and ligaments
were not simulated. In the future, mechanical tests could be performed to obtain the loads
of muscles, fascias, and ligaments on bones [51], and a new FE model of proximal femur
should be established. The results obtained would be closer to reality. Although this study
did not carry out direct experimental verification of all models, the crack propagation path
and the predicted fracture load in the simulated standing state were highly similar to those
obtained by mechanical tests. Thus, the computational model could be considered effective
and used to analyze other conditions. It could be further used to simulate bone implants,
fractures caused by pedestrian impacts with cars, and more types of fractures. In addition,
it could provide a more theoretical basis for fracture research.

5. Conclusions

In this study, IED-based FEA was developed and compared with XFEM. Moreover,
the effects of different impact speeds, fall postures, and cortical thicknesses on fracture
types and mechanical responses were investigated by IED-based FEA. IED-based FEA was
found to better simulate the occurrence and development of composite proximal femoral
fracture than XFEM with comparisons of mechanical tests. It could well predict the effects
of different fall conditions on fracture types and mechanical responses. When the speed was
faster, the time of fracture was shorter, and the crack line moved down significantly. When
the « angle changed from 15° to 135°, the fracture load decreased by 27.37%, indicating that
falling forward was less likely to cause proximal femoral fracture compared with falling
backward. Moreover, the model with thin cortical bone was prone to fracture, and when the
entire model was cancellous bone, the femoral head was fractured. The study conducted
a comprehensive theoretical analysis of proximal femoral fractures, which may provide
sufficient theoretical support in the development of a prevention methodology of femoral
fractures. Through this technique, it is possible to simulate long fracture paths, which
is important when fracture morphology is studied, since different fracture morphologies
must be treated with distinct surgical treatments.

Author Contributions: Conceptualization, Y.C. and D.X.; methodology, Y.C.; software, L.S. and D.X;
validation, L.S.; formal analysis, Z.D.; investigation, Y.C.; resources, S.W. and W.L.; data curation, Z.D.;
writing—original draft preparation, Y.C.; writing—review and editing, Y.C. and D.X,; visualization,
Z.L.; supervision, S.W. and W.L.; project administration, S.W. and W.L.; funding acquisition, D.X.,
S.W. and W.L. All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by the Guangdong Basic and Applied Basic Research Foun-
dation (Grant No. 2020B1515120082), the Innovation Commission of Science and Technology of
Shenzhen Municipality (Grant No. JCYJ20190807144001746, Grant No. JSGG20191129114422849), the
Shenzhen Municipal Industrial and Information Technology Bureau (Grant No. 20180309163834680),
and the Fundamental Research Funds for the Central Universities(N2203017).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 2878 15 of 16

References

1.  Sanchez-Riera, L.; Wilson, N.; Kamalaraj, N.; Nolla, ].M.; Kok, C.; Li, Y.; Macara, M.; Norman, R.; Chen, ].S.; Smith, E.U.; et al.
Osteoporosis and fragility fractures. Best Pract. Res. Clin. Rheumatol. 2010, 24, 793-810. [CrossRef]

2. Miiller, E; Galler, M.; Roll, C.; Fiichtmeier, B. Infection versus hematoma following surgical treatment of proximal femoral
fractures in geriatric patients. Geriatr. Orthop. Surg. Rehabil. 2018, 9, 2151458517750515. [CrossRef] [PubMed]

3. Mamarelis, G.; Oduoza, U.; Chekuri, R.; Estfan, R.; Greer, T. Mortality in patients with proximal femoral fracture during the
COVID-19 pandemic: A UK hospital’s experience. JBJS Open Access 2020, 5, €20. [CrossRef] [PubMed]

4. Dyer, S.M.; Crotty, M.; Fairhall, N.; Magaziner, J.; Beaupre, L.A.; Cameron, 1.D.; Sherrington, C.; FFN Rehabilitation Research
Special Interest Group. A critical review of the long-term disability outcomes following hip fracture. BMC Geriatr. 2016, 16, 158.
[CrossRef]

5. Kannus, P; Parkkari, ].; Koskinen, S.; Niemi, S.; Palvanen, M.; Jarvinen, M.; Vuori, I. Fall-induced injuries and deaths among older
adults. JAMA 1999, 281, 1895-1899. [CrossRef]

6. Ozaki, E.; Matsukawa, M.; Mano, I.; Matsui, D.; Yoneda, Y.; Masumura, M.; Koyama, T.; Watanabe, I.; Maekawa, M,;
Tomida, S.; et al. Growth of cortical bone thickness and trabecular bone density in Japanese children. Bone 2020, 141, 115669.
[CrossRef]

7. Jokinen, H.; Pulkkinen, P.; Korpelainen, J.; Heikkinen, J.; Keindnen-Kiukaanniemi, S.; Jamsa, T.; Korpelainen, R. Risk factors for
cervical and trochanteric hip fractures in elderly women: A population-based 10-year follow-up study. Calcif. Tissue Res. 2010, 87,
44-51. [CrossRef]

8.  Schileo, E.; Balistreri, L.; Grassi, L.; Cristofolini, L.; Taddei, F. To what extent can linear finite element models of human femora
predict failure under stance and fall loading configurations? J. Biomech. 2014, 47, 3531-3538. [CrossRef]

9. Li,S.; Abdel-Wahab, A.; Demirci, E.; Silberschmidt, V.V. Fracture process in cortical bone: X-FEM analysis of microstructured
models. Int. |. Fract. 2013, 184, 43-55. [CrossRef]

10. Muixi, A.; Marco, O.; Rodriguez-Ferran, A.; Fernandez-Mendez, S. A combined XFEM phase-field computational model for crack
growth without remeshing. Comput. Mech. 2021, 67, 231-249. [CrossRef]

11.  Giambini, H.; Qin, X.; Dragomir-Daescu, D.; An, K.-N.; Nasst, A. Specimen-specific vertebral fracture modeling: A feasibility
study using the extended finite element method. Med. Biol. Eng. Comput. 2015, 54, 583-593. [CrossRef] [PubMed]

12.  Shu, L.; Sugita, N. Analysis of fracture, force, and temperature in orthogonal elliptical vibration-assisted bone cutting. J. Mech.
Behav. Biomed. Mater. 2020, 103, 103599. [CrossRef] [PubMed]

13.  Shi, E. XFEM-based numerical modeling of well performance considering proppant transport, embedment, crushing and rock
creep in shale gas reservoirs. J. Pet. Sci. Eng. 2021, 201, 108523. [CrossRef]

14. Ortiz, FJ.G.; Kruse, A. The use of process simulation in supercritical fluids applications. React. Chem. Eng. 2020, 5, 424-451.
[CrossRef]

15.  Cristofolini, L.; Viceconti, M.; Cappello, A.; Toni, A. Mechanical validation of whole bone composite femur models. J. Biomech.
1996, 29, 525-535. [CrossRef]

16. Gardner, M.P,; Chong, A.C.M.; Pollock, A.G.; Wooley, PH. Mechanical Evaluation of Large-Size Fourth-Generation Composite
Femur and Tibia Models. Ann. Biomed. Eng. 2010, 38, 613—620. [CrossRef]

17.  Weil, Y.A.; Safran, O.; Greenberg, A.; Mosheiff, R.; Liebergall, M.; Khoury, A. Outcome of proximal femoral fractures caused by
cycling in the young and mid-aged. Inj. Int. J. Care Inj. 2014, 45, 1251-1255. [CrossRef]

18. Chang, S.-M.; Hou, Z.-Y.; Hu, S.-J.; Du, S.-C. Intertrochanteric femur fracture treatment in Asia what we know and what the
world can learn. Orthop. Clin. N. Am. 2020, 51, 189-205. [CrossRef]

19. Cristofolini, L.; Schileo, E.; Juszczyk, M.; Taddei, F.; Martelli, S.; Viceconti, M. Mechanical testing of bones: The positive synergy
of finite—element models and in vitro experiments. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2010, 368, 2725-2763. [CrossRef]

20. Juszczyk, M.M.; Cristofolini, L.; Viceconti, M. The human proximal femur behaves linearly elastic up to failure under physiological
loading conditions. J. Biomech. 2011, 44, 2259-2266. [CrossRef]

21. Haddad, H.; Leclerc, W.; Hassan, G.A.; Ammar, A.; Pélegris, C.; Guessasma, M.; Bellenger, E. Numerical investigation of heat
conduction in heterogeneous media with a discrete element method approach. Int. J. Therm. Sci. 2021, 164, 106799. [CrossRef]

22. Marco, M.; Giner, E.; Larrainzar-Garijo, R.; Caeiro, J.R.; Miguélez, M.H. Modelling of femur fracture using finite element
procedures. Eng. Fract. Mech. 2018, 196, 157-167. [CrossRef]

23. Mohammadi, H.; Pietruszczak, S.; Quenneville, C.E. Numerical analysis of hip fracture due to a sideways fall. J. Mech. Behav.
Biomed. Mater. 2021, 115, 104283. [CrossRef]

24. Marco, M,; Belda, R.; Miguélez, M.H.; Giner, E. A heterogeneous orientation criterion for crack modelling in cortical bone using a
phantom-node approach. Finite Elements Anal. Des. 2018, 146, 107-117. [CrossRef]

25. Kroonenberg, A.J.V.D.; Hayes, W.C.; McMahon, T.A. Hip impact velocities and body configurations for voluntary falls from
standing height. |. Biomech. 1996, 29, 807-811. [CrossRef]

26. Pradeep, A.R.; KiranKumar, A.; Dheenadhayalan, ].; Rajasekaran, S. Intraoperative lateral wall fractures during dynamic hip
screw fixation for intertrochanteric fractures-incidence, causative factors and clinical outcome. Injury 2018, 49, 334-338. [CrossRef]

27. Grassi, L.; Vddndnen, S.; Yavari, S.A.; Weinans, H.; Jurvelin, ].S.; Zadpoor, A.A.; Isaksson, H. Experimental validation of finite

element model for proximal composite femur using optical measurements. J. Mech. Behav. Biomed. Mater. 2013, 21, 86-94.
[CrossRef]


http://doi.org/10.1016/j.berh.2010.10.003
http://doi.org/10.1177/2151458517750515
http://www.ncbi.nlm.nih.gov/pubmed/29450105
http://doi.org/10.2106/JBJS.OA.20.00086
http://www.ncbi.nlm.nih.gov/pubmed/33244510
http://doi.org/10.1186/s12877-016-0332-0
http://doi.org/10.1001/jama.281.20.1895
http://doi.org/10.1016/j.bone.2020.115669
http://doi.org/10.1007/s00223-010-9382-z
http://doi.org/10.1016/j.jbiomech.2014.08.024
http://doi.org/10.1007/s10704-013-9814-7
http://doi.org/10.1007/s00466-020-01929-8
http://doi.org/10.1007/s11517-015-1348-x
http://www.ncbi.nlm.nih.gov/pubmed/26239163
http://doi.org/10.1016/j.jmbbm.2019.103599
http://www.ncbi.nlm.nih.gov/pubmed/32090928
http://doi.org/10.1016/j.petrol.2021.108523
http://doi.org/10.1039/C9RE00465C
http://doi.org/10.1016/0021-9290(95)00084-4
http://doi.org/10.1007/s10439-009-9887-7
http://doi.org/10.1016/j.injury.2014.05.023
http://doi.org/10.1016/j.ocl.2019.11.011
http://doi.org/10.1098/rsta.2010.0046
http://doi.org/10.1016/j.jbiomech.2011.05.038
http://doi.org/10.1016/j.ijthermalsci.2020.106799
http://doi.org/10.1016/j.engfracmech.2018.04.024
http://doi.org/10.1016/j.jmbbm.2020.104283
http://doi.org/10.1016/j.finel.2018.04.009
http://doi.org/10.1016/0021-9290(95)00134-4
http://doi.org/10.1016/j.injury.2017.11.019
http://doi.org/10.1016/j.jmbbm.2013.02.006

Materials 2022, 15, 2878 16 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ali, A.A,; Cristofolini, L.; Schileo, E.; Hu, H.; Taddei, F; Kim, R.H.; Rullkoetter, PJ.; Laz, P.J. Specimen-specific modeling of hip
fracture pattern and repair. J. Biomech. 2014, 47, 536-543. [CrossRef]

Giner, E.; Arango, C.; Vercher, A.; Fuenmayor, F.J. Numerical modelling of the mechanical behaviour of an osteon with microcracks.
J. Mech. Behav. Biomed. Mater. 2014, 37, 109-124. [CrossRef]

Wang, Z.G.; Li, ].B.; Gao, F.; Weber, W.]. Tensile and compressive mechanical behavior of twinned silicon carbide nanowires. Acta
Mater. 2010, 58, 1963-1971. [CrossRef]

Zhuang, H.; Li, Y; Lin, J.; Cai, D.; Cai, S.; Yan, L.; Yao, X. Cortical thickness in the intertrochanteric region may be relevant to hip
fracture type. BMC Musculoskelet. Disord. 2017, 18, 305. [CrossRef] [PubMed]

Ren, T.; Dailey, H.L. Mechanoregulation modeling of bone healing in realistic fracture geometries. Biomech. Model. Mechanobiol.
2020, 19, 2307-2332. [CrossRef] [PubMed]

Thomas, C.D.L.; Mayhew, PM.; Power, ].; Poole, K.E.; Loveridge, N.; Clement, J.G.; Burgoyne, C.J.; Reeve, ]J. Femoral neck
trabecular bone: Loss with aging and role in preventing fracture. J. Bone Miner. Res. 2009, 24, 1808-1818. [CrossRef] [PubMed]
Enns-Bray, W.S.; Ferguson, S.J.; Helgason, B. Strain rate dependency of bovine trabecular bone under impact loading at sideways
fall velocity. J. Biomech. 2018, 75, 46-52. [CrossRef]

Sanborn, B.; Gunnarsson, C.A.; Foster, M.; Weerasooriya, T. Quantitative visualization of human cortical bone mechanical
response: Studies on the anisotropic compressive response and fracture behavior as a function of loading rate. Exp. Mech. 2016,
56, 81-95. [CrossRef]

Zuo, J.; Wei, X,; Pei, ].; Zhao, X. Investigation of meso-failure behaviors of jinping marble using SEM with bending loading system.
J. Rock Mech. Geotech. Eng. 2015, 7, 593-599. [CrossRef]

Fleps, I; Vuille, M.; Melnyk, A.; Ferguson, S.J.; Guy, P.; Helgason, B.; Cripton, P.A. A novel sideways fall simulator to study hip
fractures ex vivo. PLoS ONE 2018, 13, €0201096. [CrossRef]

Ford, C.M.; Keaveny, T.M.; Hayes, W.C. The effect of impact direction on the structural capacity of the proximal femur during
falls. J. Bone Miner. Res. 1996, 11, 377-383. [CrossRef]

Fu, L.; Zhao, HW.; Zhu, Y.X.; Zou, Q.; Geng, C.Y.; Zhao, B.; Liu, C.S. The effect of load direction on the structure capacity of
human proximal femur during falling. In Applied Mechanics and Materials; Trans Tech Publications Ltd.: Bach, Switzerland, 2012;
Volume 137, pp. 7-11.

Wu, J.; Henning, P; Sjogren, K.; Koskela, A.; Tuukkanen, J.; Movérare-Skrtic, S.; Ohlsson, C. The androgen receptor is required for
maintenance of bone mass in adult male mice. Mol. Cell. Endocrinol. 2019, 479, 159-169. [CrossRef]

Gao, J.; Gong, H,; Zhang, R.; Zhu, D. Age-related regional deterioration patterns and changes in nanoscale characterizations of
trabeculae in the femoral head. Exp. Gerontol. 2015, 62, 63-72. [CrossRef]

Holzer, G.; Von Skrbensky, G.; Holzer, L.A.; Pichl, W. Hip fractures and the contribution of cortical versus trabecular bone to
femoral neck strength. J. Bone Miner. Res. 2009, 24, 468-474. [CrossRef] [PubMed]

Kassapoglou, C.; Bauer, G. Composite plates under concentrated load on one edge and uniform load on the opposite edge. Mech.
Adv. Mater. Struct. 2010, 17, 196-203. [CrossRef]

Guerrero-Miguel, D.J.; Alvarez-Fernandez, M.L; Garcia-Fernandez, C.C.; Gonzélez-Nicieza, C.; Menéndez-Fernandez, C. Analyti-
cal and numerical stress field solutions in the Brazilian Test subjected to radial load distributions and their stress effects at the
centre of the disk. J. Eng. Math. 2019, 116, 29-48. [CrossRef]

Ertas, A.H.; Winwood, K.; Zioupos, P.; Cotton, J.R. Simulation of creep in non-homogenous samples of human cortical bone.
Comput. Methods Biomech. Biomed. Eng. 2012, 15, 1121-1128. [CrossRef]

Ertas, A.H.; Sindelar, B.J.; Cotton, J.R. Creep simulation of a micro-CT based finite element model of porcine cancellous bone
[C]//Summer Bioengineering Conference. Am. Soc. Mech. Eng. 2011, 54587, 285-286.

Cazenave, M,; Oettlé, A ; Pickering, T.R.; Heaton, J.L.; Nakatsukasa, M.; Thackeray, ].F; Hoffman, J.; Macchiarelli, R. Trabecular
organization of the proximal femur in Paranthropus robustus: Implications for the assessment of its hip joint loading conditions.
J. Hum. Evol. 2021, 153, 102964. [CrossRef]

Xiang, D.; Tan, X.; Sui, X.; He, J.; Chen, C.; Hao, J.; Liao, Z.; Liu, W. Comparative study on microstructure, bio-tribological behavior
and cytocompatibility of Cr-doped amorphous carbon films for Co-Cr-Mo artificial lumbar disc. Tribol. Int. 2021, 155, 106760.
Xiang, D.D.; Wang, P,; Tan, X.P,; Chandra, S.; Wang, C.; Nai, M.L.S,; Tor, S.B.; Liu, W.Q.; Liu, E. Anisotropic microstructure and
mechanical properties of additively manufactured Co-Cr-Mo alloy using selective electron beam melting for orthopedic implants.
Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. Process. 2019, 765, 138270. [CrossRef]

MacLeod, A.R; Rose, H.; Gill, H.S. A validated open-source multisolver fourth-generation composite femur model. J. Biomech.
Eng. 2016, 138, 124501. [CrossRef]

Shu, L.; Yamamoto, K;; Yao, J.; Saraswat, P.; Liu, Y.; Mitsuishi, M.; Sugita, N. A subject-specific finite element musculoskeletal
framework for mechanics analysis of a total knee replacement. J. Biomech. 2018, 77, 146-154. [CrossRef]


http://doi.org/10.1016/j.jbiomech.2013.10.033
http://doi.org/10.1016/j.jmbbm.2014.05.006
http://doi.org/10.1016/j.actamat.2009.11.039
http://doi.org/10.1186/s12891-017-1669-z
http://www.ncbi.nlm.nih.gov/pubmed/28720137
http://doi.org/10.1007/s10237-020-01340-5
http://www.ncbi.nlm.nih.gov/pubmed/32524288
http://doi.org/10.1359/jbmr.090504
http://www.ncbi.nlm.nih.gov/pubmed/19419312
http://doi.org/10.1016/j.jbiomech.2018.04.042
http://doi.org/10.1007/s11340-015-0060-y
http://doi.org/10.1016/j.jrmge.2015.06.009
http://doi.org/10.1371/journal.pone.0201096
http://doi.org/10.1002/jbmr.5650110311
http://doi.org/10.1016/j.mce.2018.10.008
http://doi.org/10.1016/j.exger.2015.01.002
http://doi.org/10.1359/jbmr.081108
http://www.ncbi.nlm.nih.gov/pubmed/19016592
http://doi.org/10.1080/15376490903556584
http://doi.org/10.1007/s10665-019-10001-1
http://doi.org/10.1080/10255842.2011.575069
http://doi.org/10.1016/j.jhevol.2021.102964
http://doi.org/10.1016/j.msea.2019.138270
http://doi.org/10.1115/1.4034653
http://doi.org/10.1016/j.jbiomech.2018.07.008

	Introduction 
	Materials and Methods 
	Mechanical Tests 
	Numerical Simulation 
	Mesh Convergence Analysis 
	IED-Based FEA 
	The Related Factors of Fracture 


	Results 
	Mesh Convergence Results 
	Comparison of Both Numerical Simulations 
	Fracture Load and Crack Propagation Path 
	Analysis in Elastic Regime 

	Simulation Results of Fracture-Related Factors 
	Effects of Impact Speeds 
	Effects of Fall Postures 
	Effects of Cortical Thicknesses 


	Discussion 
	Conclusions 
	References

