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ABSTRACT: Reconstruction of a traumatic distal femur defect remains a therapeutic challenge. Bone defect implants
have been proposed to substitute the bone defect, and their biomechanical performances can be analyzed via a
numerical approach. However, the material assumptions for past computational human femur simulations were mainly
homogeneous. Thus, this study aimed to design and analyze scaffolds for reconstructing the distal femur defect using
a patient-specific finite element modeling technique. A three-dimensional finite element model of the human femur
with accurate geometry and material distribution was developed using the finite element method and material mapping
technique. An intact femur and a distal femur defect model treated with nine microstructure scaffolds and two
solid scaffolds were investigated and compared under a single-leg stance loading. The results showed that the metal
solid scaffold design could provide the most stable fixation for reconstructing the distal femur defect. However, the
fixation stability was affected by various microstructure designs and pillar diameters. A microstructure scaffold can be
designed to satisty all the biomechanical indexes, opening up future possibilities for more stable reconstructions. A
three-dimensional finite element model of the femur with real bone geometry and bone material distribution can be
developed, and this patient-specific femur model can be used for studying other femoral fractures or injuries, paving
the way for more comprehensive research in the field. Besides, this patient-specific finite element modeling technique
can also be applied to developing other human or animal bone models, expanding the scope of biomechanical research.
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1 Introduction

Road traffic accidents are one of the reasons that cause long bone trauma [1,2]. Approximately 10%
of traffic accidents cause femoral fractures [3]. Femoral fractures are classified into different types based
on fracture site and pattern. Patients with simple femoral fractures have been treated using interlocking
nails [4-6] or locking compression plates [7-9]. However, complex or comminuted femoral fractures might
cause bone defect problems [10]. The interlocking nails and locking compression plates might have difficulty
fixing these unstable complex femoral fractures. Bone defect implants have been designed and used to
restore femoral bone defects [10,11]. Metal and solid-based bone defect implants have high structure rigidity
and produce good fixation stability. However, their high structure rigidity would lead to stress shielding

problems [12,13]. Non-metal materials, such as Polyether-Ether-Ketone (PEEK), are another choice to
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reduce the stress shielding effect. A past study found that the femur with the PEEK implant showed a more
natural stress distribution than the femur with the Ti6Al4V implant [14].

Another way to reduce the stress shielding effect is to use additive manufacture-based microstructure
scaffolds [15,16]. Different microstructure designs have different stress-strain relations and mechanical prop-
erties [17]. In-vitro experiments have been used to investigate the mechanical properties of the microstructure
designs [18-20]. This experimental testing method can clarify the microstructure designs’ mechanical
properties before clinical application, but high experimental variations are the potential problem [21]. In-
silico studies can solve the problem of high experimental variations, but modeling simplification is a possible
problem. The main issue for in-silico studies is the assumption of bone material [22,23]. A uniform thickness
for cortical shells and constant material distribution for both cortical and cancellous bones have been
ideally used. However, the assumption of bone material properties affects the results of treatment strategies
or fixation device evaluations. This study emphasizes the need for accurate bone material distribution
and properties in in-silico studies, which is necessary for reliable results [24,25]. Thus, this study aimed
to investigate the biomechanical performance of various scaffold structure designs in reconstructing a
traumatic distal femur defect using a patient-specific finite element analysis.

2 Materials and Methods
2.1 Development of a Patient-Specific Femur Model

Computed tomographic (CT) scan images are required data to construct a patient-specific model. The
public CT scan image data of the human male right femur from the National Institutes of Health’s (NIH)
Visible Human Project were used. The CT scan data were taken at 1 mm intervals at a resolution of 512 x 512
pixels. Patient-specific models are composed of bone geometry and bone material. Both the bone geometry
and material can precisely define a specific bone model. In the present study, bone segmentation on the
right femur CT data was performed using the three-dimensional image processing software Amira-Avizo
(Thermo Fisher Scientific, Waltham, MA, USA). After the bone segmentation, the right femur’s surfaces were
generated and exported via an STL (StereoLithography) format. The surface femur model was smoothed and
transferred into the solid femur model using Geomagic Freeform and Geomagic Wrap (3D Systems, Rock
Hill, SC, USA), respectively.

In addition to the femur’s geometry, bone material is another important data for developing the patient-
specific femur model. The Hounsfield unit values of the femur from the CT data were determined and
recorded using self-developed Python scripting within Amira-Avizo software. The Young’s modulus of the
femur was estimated from the Hounsfield unit values based on the following relationships proposed by the
past study [26]:

pcr = 0.0007035 x HU - 0.01185 6))

Pash = 0.8772 x pcr +0.07895 )
1

Papp = %Pash (3)

E=820%papp° (4)

where HU is the Hounsfield unit, pcr is the CT density (g/cm?), p,; is the ash density (g/cm?), Papp is
the apparent density of bone (g/cm?), and E is the Young’s modulus of bone (MPa). The Young’s modulus
of the femur ranged from 584 MPa to 16.1 GPa, and these material data were imported into a computer-
aided engineering software, ANSYS Workbench (ANSYS, Inc., Canonsburg, PA, USA). The manual mapping
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control with the triangulation method and volumetric transfer type was used and applied to each element.
The femur’s material mapping result is shown in Fig. 1.
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Figure 1: The patient-specific femur model development using bone geometry and material data

2.2 A Distal Femur Defect Model and a Treated Femur Model

A distal femur defect model was developed by removing the partial distal region of the intact femur.
This bone defect was created to mimic traumatic fracture or bone loss due to tumor resection. The bone
defect size was 82 mm (Fig. 2A). A bone defect implant was designed to support the human body weight. This
bone defect implant is composed of a scaffold structure, two connection plates, and two screws (Fig. 2B). The
scaffold structure was designed using pillars with different connection designs and diameters. The detailed
scaffold structure designs were defined later. The connection plates were designed to connect the injured
femur and the scaffold structure. To secure the scaffold-plate structure, two locking screws were developed.
The locking screws feature a buttress thread with an outer diameter of 4 mm, an inner diameter of 3 mm,
and a pitch of 1.48 mm. The lengths of the screws are 40 mm for the proximal screw and 55 mm for the
distal screws. All the scaffold structures, connection plates, and locking screws were developed using ANSYS
DesignModeler with a basic model construction technique and Boolean operation method. The scaffold-
plate structure was implanted into the injured femur and secured by the two locking screws.
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Figure 2: (A) Development of the model for a distal femur defect starting from the intact femur; (B) The boundary and
loading conditions of the model for the distal femur defect treated with the scaffold and screws; (C) The finite element
mesh of the distal femur defect model with the scaffold and screws

2.3 Finite Element Modeling

Three-dimensional finite element models of the intact femur and the injured femur treated with various
bone defect devices were developed and analyzed using ANSYS Workbench. The femur’s material was
assigned based on the Hounsfield unit values of the CT scan images. This assignment used a linear elastic
isotropic material model with a Poisson’s ratio of 0.3 for each femur element. The material of the scaffold-plate
construct and locking screws was titanium alloy (Ti6Al4V). It has a Young’s modulus of 113.8 GPa, a Poisson’s
ratio of 0.342, and a yield strength of 880 MPa [27]. In the boundary and loading conditions, the exterior
surfaces of the distal femur were fully constrained. The hip joint and gluteal medius muscle forces were
applied to the proximal femur (Fig. 2B). The detailed definition of the loadings is listed in Table 1 [28-30].
These loadings simulated a static single-leg stance scenario.

Table 1: The loading conditions of the finite element analysis

x (Medial-Lateral) y (Superior-Inferior) z (Anterior-Posterior)

Hip joint force -320 -2850 170
Gluteal medius muscle force 310 1200 0

The interface between the locking screws and the femur was assumed to be bonded. This interface
condition was used to mimic the screws fastening on the femur. The interface between the connection plates
and the femur was also assumed to be bonded. This interface condition mimicked the bone ingrowing into
the connection plates. The femur and the bone defect implant were free-meshed for the mesh strategy and
convergence analysis using 10-node tetrahedral elements (Fig. 2C). The element size for the femur and the
bone defect implant was determined according to the convergence analysis results. The convergence criterion
of the finite element study was set to be less than 15%. In post-processing, the maximum total deformation of
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the intact and injured femurs, the maximum von Mises stress of the scaffolds, the maximum von Mises stress
of the locking screws, and the maximum von Mises stress of the intact and injured femurs were analyzed
and discussed.

2.4 Various Scaffold Structure Designs

Three types of microstructure scaffold designs were developed, and each single microstructure has a
bounding box with 6 mm in length, width, and height. Design A is composed of six pillars, and each pillar
is connected between the body center and the face center of the bounding box. Design B comprises eight
pillars, and all the pillars are connected at the face center of the bounding box. Design C is also composed
of eight pillars. Two connection points of the pillars are at the face center of the bounding box on the top
and bottom faces. The other connection points of the pillars are at the edge center of the bounding box. To
eliminate or reduce high-stress concentration on three microstructure scaffold designs, all sharp edges of
the scaffold designs were fillet with a 1 mm radius (Fig. 3A). A pillar diameter of microstructure design has
been used to control its structure rigidity [31]. In the present study, three different pillar diameters were used.
Design A-1has a pillar diameter of 1.5 mm, Design A-2 has a pillar diameter of 2.0 mm, and Design A-3 has
a pillar diameter of 2.5 mm. The arrangement of the pillar diameters for Design B and Design C are the same
as for Design A (Fig. 3A).

Two solid scaffold structure designs were developed and analyzed to investigate the stress shielding
effects (Fig. 3B). Design D-11s the first type of solid scaffold structure design. Its geometry was mainly based
on the intact femur, and a hollow structure with a thickness of 8 mm was constructed. The material of Design
D-1 was made of titanium alloy (Ti6Al4V). The Young’s modulus, Poisson’s ratio, and yielding strength of
Design D-1 are the same as the microstructure scaffold designs. The second type of solid scaffold structure
design is Design D-2. It has the same geometry and structure as Design D-1. The material of Design D-2 was
PEEK. It has Young’s modulus of 3.8 GPa, Poisson’s ratio of 0.362, and yield strength of 80 MPa [32,33].

3 Results
3.1 Convergence Study of the Patient-Specific Finite Element Model

Finite element analysis is an approximation method. The accuracy of finite element results depends on
the mesh quality. The present study evaluated the accuracy of the finite element models by increasing the
number of nodes or decreasing the element size on the femurs and bone defect implants. The maximum
deformation of the femurs converged quickly as the number of nodes increased. The error between the
two mesh situations was less than 1%. The maximum stresses of the scaffolds and locking screws converged
adequately. The errors due to different numbers of nodes were less than 7% for the scaffolds and 4% for the
locking screws. The maximum stress of the femurs also converged adequately, and the error due to different
numbers of nodes was less than 14%. All the finite element models satisfied the convergence criterion and
produced accurate results when the number of nodes was larger than six million (Fig. 4).
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Figure 3: (A) Three types of microstructures with three different pillar diameters for the designs of scaffolds; (B) Two
solid scaffold structure designs
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Figure 4: The results of the convergence analysis for the maximum deformation, maximum scaffold stress, maximum
screw stress, and maximum bone stress
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3.2 Maximum Deformation of the Intact and Treated Femurs

After loading a single-leg stance scenario, the intact femur produced a maximum deformation of
18.5 mm at the proximal femur. This bone deformation result was used as the standard to evaluate the
strengths and limitations of the bone defect implants. The maximum deformation of the injured femur
treated with various bone defect implants occurred at the proximal femur (Fig. 5). Three different scaffold
designs with a pillar diameter of 1.5 mm revealed more considerable maximum deformation than the intact
femur. Fortunately, the deformation could be reduced by increasing the pillar diameter for all scaffold
structure designs. Thus, Design A-3 revealed the smallest maximum deformation compared to Design A-1
and Design A-2. Similar findings could be found for Design B and Design C (Fig. 5). Based on the same pillar
diameter, the maximum deformation of Design C was smaller than that of Design A and Design B. It can be
found that Design C has the strongest microstructure compared to Design A and Design B.
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Figure 5: The displacement distribution and the results of the maximum deformation for the intact and treated femur
models

Two solid scaffold designs with different materials have varied results on the maximum deformation.
Design D-1, made of titanium alloy, revealed the lowest maximum deformation among all treated situations.
However, Design D-2, made of PEEK, showed the highest maximum deformation among all treated
situations except for Design A-1 (Fig. 5). Compared to the intact femur, Design A-1, Design A-2, Design
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B-1, Design C-1, and Design D-2 have exceeded the bone deformation standard obtained from the intact
femur. Thus, these five scaffold designs were not suggested for treating distal femur bone defects. Design C-3
and D-1 also revealed lower maximum deformation than the intact femur and the other scaffold structure
designs. Due to the stress shielding issue, these two scaffold designs were not suggested for treating distal
femur bone defects.

3.3 Maximum Stress of the Scaffolds and Screws

The maximum stress of the scaffold-plate structure occurred on the fillet region of pillars at the proximal
site of the scaffold for all microstructure scaffold designs. The maximum scaffold stress of three scaffold
designs with three pillar diameters was obtained. The scaffold design with a smaller pillar diameter revealed
higher maximum scaffold stress. Design A-3, with the largest pillar diameter, showed the lowest scaffold
stress compared to Design A-1 and Design A-2. The same findings were found for Design B and Design C.
Design D-1is a solid scaffold design made of titanium alloy. Its maximum stress occurred on the proximal end
surface of the scaffold, and it has the lowest maximum scaffold stress among all scaffold designs. Titanium
alloy has a yield strength of 880 MPa [27], and this yield stress was used to determine whether the scaffold
plate failed. The results showed that only Design A-3, Design B-3, Design C-2, Design C-3, and Design D-1
have lower scaffold stress than the titanium alloy’s yield stress. Design D-2 has the same structure as Design
D-1 but was made of PEEK. The maximum scaffold stress of Design D-2 was 50 MPa, which was lower than
the PEEK's yield stress of 80 MPa [33] (Fig. 6).

Except for the scaffold-plate structure, the screw stress was also analyzed. The maximum stress of the
screws occurred on the screw thread at the distal site of the proximal screw. The maximum screw stress
didn’t significantly change as different scaffold-plate structure designs were used. However, the scaffold-plate
constructs with the largest pillar diameter have the lowest maximum screw stress. The solid scaffold design
with titanium alloy (Design D-1) has lower screw stress as compared with the solid scaffold design with PEEK
(Design D-2). Again, the yield stress of 880 MPa from titanium alloy was also used to determine whether the
screws failed or not. The results showed that all titanium scaffold structure designs have screw stress that was
significantly lower than the yield stress of the titanium alloy. Additionally, the PEEK scaffold structure design
(Design D-2) also revealed the screw stress that was lower than the yield stress of titanium alloy (Fig. 6).

3.4 Maximum Stress of the Intact and Treated Femurs

The bone stress distribution of the intact femur and treated femurs was obtained. The relative high bone
stress occurred on the medial and lateral sites near the middle of the intact femur. However, high stress
was concentrated at the screw hole for all treated femurs. This stress concentration effect increased the bone
stress of the treated femurs. Under the loading of a single-leg stance scenario, the intact femur produced the
maximum bone stress of 58 MPa. The maximum bone stress of the injured femur with all scaffold designs
was higher than that of the intact femur. The maximum bone stress could be reduced by increasing the pillar
diameter for all scaffold structure designs. Thus, Design A-3 revealed the smallest maximum bone stress
compared to Design A-1and Design A-2. Similar findings could be found for Design B and Design C (Fig. 7).

Design D-1 was a solid scaffold design made of titanium alloy. This design produced the lowest
maximum bone stress among all scaffold structure designs. The solid scaffold design revealed lower stress
concentration effects than the microstructure scaffold designs. However, the solid scaffold design with PEEK
material (Design D-2) increased the maximum bone stress as compared to the solid scaffold design with
titanium alloy material (Design D-1) (Fig. 7).
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Figure 7: The stress distribution and the results of the maximum bone stress for the intact and treated femur models

4 Discussion

Bone geometry and bone material distribution are critical parameters for developing a finite element
model of the human femur [34,35]. In the present study, both the bone geometry and bone material
distribution were developed and considered according to the CT scan images. The bone material was assigned
for each femur element using the bone material mapping technique. Young’s modulus of the human femur
with average bone mineral density generally ranged from 15 to 17 GPa [36,37]. Thus, the coeflicient of
820 in Eq. (4) could be determined. Young’s modulus varied from 584 MPa to 16.1 GPa and could also
be calculated according to Eq. (4). The material mapping technique could accurately represent the varied
thickness of the cortical shells. It is clearly to be seen that the thickest cortical shell occurred at the femur
isthmus, and the thickness gradually decreased in the proximal and distal femur [38]. The thickness of the
cortical shells played a significant role in the femur’s deformation or structure stiffness. However, many
numerical studies ignored the effects of varied cortical shell thickness and assumed cortical shells to have
the ideal constant thickness [28,39]. Although those numerical studies could still investigate their research
issues, their conclusions were based on relative predictions, not absolute predictions.

Metal orthopedic implants have been used for many decades to solve bone trauma issues [40,41].
Those metal implants have high structure rigidity and can provide more stable fracture fixation. However,
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high structure rigidity implies that most of the body weight is taken by metal implants, and the body
weight acting on bones is significantly reduced. This changes the stress distribution of bones and causes
stress shielding issues [12,42]. The stress shielding issue might deteriorate when metal orthopedic implants
have higher structure rigidity. In the present study, the metal solid scaffold design (Design D-1) has the
smallest maximum deformation of the femur compared to the metal microstructure scaffold designs. The
solid metal scaffold design revealed the maximum femur deformation, which was significantly lower than
that of the intact femur. This indicated that the metal solid scaffold design has a higher chance of causing
stress shielding problems. The metal microstructure scaffold designs were proposed to reduce the stress
shielding problem [16]. However, the pillar diameters of the scaffold designs were a critical factor in affecting
the maximum deformation of the femur or the stress shielding effect. The metal microstructure scaffold
designs with smaller pillar diameters significantly increased the femur’s maximum deformation and raised
the femur’s stress. Non-metal implants are another choice to reduce the stress shielding problem [43]. The
present study investigated the maximum deformation of the femur with the PEEK solid scaffold design
(Design D-2). The maximum deformation of Design D-2 was significantly higher than that of the solid metal
scaffold design and the intact femur. This meant that the PEEK solid scaffold design was not suggested for
use in patients with traumatic distal femur defects due to weak implant rigidity.

According to the numerical results obtained by the present study, different scaffold designs revealed
different biomechanical outcomes. Selecting a scaffold design that satisfies all the requirements is an
important issue. The maximum deformation of the intact femur was used as a standard to investigate the
fixation stability and stress shielding. Design A-3, Design B-2, Design B-3, Design C-2, Design D-3, and
Design D-1 have lower maximum deformation than the intact femur. This indicated that those scaffold
designs can provide enough fixation stability. However, due to its smallest maximum deformation, the solid
metal scaffold design (Design D-1) might have a stress shielding problem. The yield strengths of titanium
alloy and PEEK were used to judge whether the implants were safe or failed. Design A-3, Design B-3, Design
C-2, Design C-3, Design D-1, and Design D-2 revealed the scaffold stresses lower than the material’s yield
strength. Thus, those scaffolds had relatively low failure risk. Additionally, all the screws also had lower failure
risk because their stresses were significantly lower than the yield strength of titanium alloy. For the femur’s
stress, the intact femur revealed a maximum bone stress of 58 MPa. Although all the treated femur models
resulted in bone stresses higher than the intact femur, Design A-2, Design A-3, Design B-3, and Design D-1
were closer to the bone stress of the intact femur. Summarizing all the above biomechanical indexes, both
Design A-3 and Design B-3 satisfied all the indexes. Design B-3 might be suggested due to the lower scaffold
stress than Design A-3.

A hip joint force applied on the femoral head was considered in the present study. The resultant hip
joint force is 2873 N. This hip joint force is about four times that of a person with a 75 kg body weight. Past
studies have applied this loading to simulate a static single-leg stance condition. It was considered to be the
worst-case scenario [44]. According to this loading condition, the scaffold designs with a pillar diameter of
1.5 mm revealed scaffold stresses that were higher than the yield stress of the titanium alloy. This indicated
that Design A-1, Design B-1, and Design C-1 have failure issues on the scaffolds under the static single-leg
stance loading. To avoid scaffold failure, increasing the pillar diameter of the scaffolds could decrease the
maximum scaffold stress and reduce the risk of scaffold failure. The present study also considered the gluteal
medius muscle force except for the hip joint force. However, many muscle forces are attached to the human
femur and are not considered in the present study. The maximum deformation of the femur, the scaffold
stress, the screw stress, and the bone stress might be varied if all the muscle forces on the human femur
were considered. Besides, humans must walk, jump, or move on foot daily [45]. These lower-limb activities
produced dynamic and repetitive loading on the human feet. This repetitive loading may induce the fatigue
failure on the scaffolds, screws, or bones.
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There are some potential limitations in this study. Firstly, the patient-specific femur model was devel-
oped according to the CT scan images of a single subject. The scaffold designs’ findings might vary as CT scan
images from different subjects are used. Secondly, the Hounsfield unit values of the femur obtained from the
CT scan images were used to calculate Young’s modulus using the equations proposed by the past study [26].
However, several equations were proposed between the Hounsfield unit values and Young’s modulus of the
femur [46]. Besides, the bone material mapping may have a risk of fictitious stress/strain values. Further
study on the discussion of the transferred equations is necessary. Third, the hip joint and gluteal medius
muscle forces were considered to simulate a static single-leg stance condition. However, the joint and muscle
forces on the human femur are dynamic, repetitive, and complicated [47,48]. Further study on the effects of
the dynamic loading condition on the scaffold designs is necessary. Fourth, the analysis of stress shielding
using deformation might be insufficient. Bone tissue behavior is another important parameter that affects
stress-shielding issues. Finally, various bone defect implant designs were evaluated and analyzed based on
the intact femur’s loading and boundary conditions. Although a relatively good bone defect design could be
found using computational simulation, experimental tests are required to validate the numerical prediction
outcomes in the future.

5 Conclusion

The biomechanical performances for reconstructing a traumatic distal femur defect can be effectively
analyzed and discussed using a patient-specific finite element modeling technique. The metal solid scaffold
design revealed the most stable fixation but also increased the risk of stress shielding. A microstructure
scaffold (Design B-3) can be designed to satisfy all the biomechanical indexes by changing microstructure
geometry and pillar diameter. However, this scaffold design suggestion is based on the patient’s bone quality.
A three-dimensional finite element model of the femur that considers real bone geometry and bone material
distribution can be developed. This patient-specific femur model can be applied to study other femoral
injuries. Besides, this patient-specific finite element modeling technique can also be used to create other
human or animal bone models.
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