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Abstract. Development of reconstructed three dimensional (3D) model of bones has
successfully emerged from time to time. It is used in many engineering applications especially
by researchers to help them in the simulation process through finite element analysis (FEA).
Besides, the 3D model can also be used by surgeons with the help of engineers, in improving
their pre-surgical planning and designing of patient-specific implants or surgical instruments.
Focusing on the femur, this paper proposes a method in developing a reconstructed three-
dimensional femoral bone model and verifying it through analysis by using the Finite Element
Method. Load of 600N was applied on the most proximal point of the femoral head under axial
loading. The strain value observed in the model were 0.35 mg, 0.242 me, and 0.146 me. These
values were slightly higher than the value measured in cadaveric specimen in the previous
study, but it showed the same pattern. Hence, it can be concluded that the development method
is reliable.

1. Introduction

Femoral bone is the longest and heaviest bone in the human body. It helps to bear the body weight and
hence, it plays significant roles in most of the daily activities. On that account, vast studies have been
continuously done to better understand the femur. Researchers need to simulate the bone in various
circumstances that sometimes, are not feasible in a normal test setup but, is possible through a
numerical study by using Finite Element Method (FEM) [1]. FEM helps to observe the mechanical
effects (stress, strain, displacement and etc.) at any desired point through its finite elements. For that,
various studies have successfully employed Finite Element Analysis (FEA) as their research method
[2-7]. A close up to one of the cases, researchers are studying the healing of a broken bone. There are
many variables that need to be considered and observed to ensure the study is in the correct direction.
To begin the analysis, the bone needs to be remodeled appropriately. An accurate and reliable three-
dimensional model (3D) will help in producing reliable results [8]. Previously, researchers opted for a
simple rod or tube to represent the bone. Henderson D. J. et. al., claimed that the model was symmetric
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and uniform thus, any variability throughout the testing could be minimized [9]. This method had
raised several issues. In most of the cases where the rod or tube was chosen, the actual bone anatomy
and mechanical properties were almost totally neglected, in which it will affect the reliability and
accuracy of the result [10]. On the result and analysis part, strain is always observed in evaluating
bone mechanical behavior [11]. For example, in the bone healing process, the callus formation is
dependent on the strain value [12-16]. Thus, it is important for researchers to observe the strain of the
bone and fundamentally, the strain is measured following equation (1) [15].

strain, € = % Q)

The accuracy and reliability of the modeling could be improved by using a correct anatomical
model of bone through the reconstruction method. The stacks of two dimensional (2D) ct data of a real
bone will be reconstructed into a 3D model, which will be used in the analysis, superseded the tube.
To ensure that the developed model is correct and reliable, it needs to be validated and verified.
Validated means a direct comparison with the physical occurrence, whereas, for verification, it relates
to the actual solving of the equations, which is influenced by modeling representation [1]. Thus, in this
paper, it is aiming to propose a method of developing a reconstructed 3D model of femoral bone and
also to provide a verified analysis on the developed model by comparing the results with other
literature. The model was tested under axial loading through FEM.

2. Methodology

Since this is basically a preliminary study, the modeling was made to mimic a healthy environment
experienced by everyone most of the time. Hence, CT dataset of a healthy 27 years old man with 169
cm height and 75kg weight was chosen as the subject of the study. The data was obtained from
Hospital Tengku Ampuan Afzan, Kuantan, Pahang, Malaysia. CT datasets, stored in DICOM format
file, is a collection of grey scale images resulted from the attenuation of x-ray beams. The darker the
image, the less attenuate the x-ray beam is. The ct images were captured for every 1.5 mm along the
femur and since the attenuation rate is higher in bone, the image of the femur appears to be white.

2.1. Development of the reconstructed 3D femoral bone model

An image processing software Mimics (Materialise, Leuven, Belgium) was used in reconstructing and
modeling of the femur. The ct data was loaded into the software and the bone was segmented based on
the Hounsfield Unit (HU) set in ‘thresholding' tool. The HU for bone ranges from 226 to 3071 HU. 2D
image of the bone was then automatically calculated as shown in figure 1(a). To segment the region of
interest (ROI), which is the femur, both 'edit mask' and 'region growing' tools were utilized (figure
1(b)). Then, the segmented femur was converted to a 3D form as in figure 1(c). All files are then saved
in the stereolithographic (STL) format. The process can be best summarized in figure 1.

2.2. Mesh generation

As in figure 1(d), the next step done was mesh generation by using 3-MATIC software (Materialise,
Leuven, Belgium). The tetrahedral element was used as it had been discussed to have higher accuracy
in contrast to its equivalent lesser node element [17]. From the mesh convergence analysis, it was
found that the results converge at 4.5mm. To highlight, mesh convergence analysis was done to
determine the optimum mesh size to be used so that the analysis result does not change with any
changes in mesh size. Smaller size results in more accurate and reliable results [18] but, it requires a
longer running time and bigger computer resources. Hence, optimized mesh size is needed in order to
balance them. Reducing the element size or h-refinement method was used throughout the modeling
domain.
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Figure 1. 3D femoral bone model development process from (a) 2D scanned image
into a (b) segmented image based on the ROI, following by a (c) 3D reconstructed
image and finally the (d) meshed model of the developed model.

2.3. Finite Element Analysis

The 3D model was then analyzed through Finite Element Method in Marc Mentat (MSC.Software,
Santa Ana, CA). For simplification purpose, the material properties for bone were set as isotropic,
homogenous and linearly elastic. The Young's modulus and Poisson's ratio were 7GPa and 0.3
respectively [7, 19]. The boundary condition applied in this study were as follows: distal end of the
femur was set to fix in all cases, and to mimic the stance phase, as well as to verify the analysis with
study made by Hensley et al [11], 600N point load was assigned at the femoral head in axial direction.
Point load was chosen to represent a hip joint force in which it simplifies the hip muscle reaction as
widely used in prior studies [3, 20, 21]. Figure 2 shows the developed 3D model of the femur with an
illustrated boundary condition used in the analysis. The predicted linear strain was observed and
compared in the analysis to verify the 3D femoral bone model. For that reason, three points for strain
measurement were chosen following the cadaveric study made by Hensley S. et al [11]. They were
located medially, starting with increment 25mm, starting 25mm below the lesser trochanter of the
femur.

600N

]

fixed

Figure 2. Boundary condition used in the Finite Element Analysis of
developed femoral bone model.
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3. Results and discussion

3.1. 3D model of the femur

The development steps in modeling the bone were successfully adopted. The model was visually
compared to the standard anatomy of a femur to ensure the morphology of the model is correct.
Through the proposed method, researchers are allowed to construct the bone in a faster way besides
improving the reliability of their results as they are using actual bone anatomy. However, there are
also some limitations and drawbacks in modeling the femur. For example, the model was assumed to
be homogenous, linearly isotropic material. It contradicted the real bone composition which is non-
linearly, orthotropic structure. Nonetheless, previous studies had successfully shown a good agreement
between the cadaveric specimen and finite element model in spite of their simplified finite element
material properties [22]. Unlike the real bone structure, the developed model was set as one material.
It supposedly consists of both cortical and cancellous layer as done in many works of literature [3, 10,
23]. However, there is also literature that had been using a correct anatomical shape of the femoral
model with a single material property [7, 17, 24, 25]. These mean that the simplifications of the bone
material properties do give reliable results. As it is merely a preliminary study and considering the
time restriction, only one subject was used throughout the analysis [26]. Thus, in the future, more
subjects could be considered to further verified the proposed method.

3.2. Finite element analysis

From the analysis of the developed bone model, the maximum strain found at the three points were
0.35me, 0.242me, and 0.146me respectively. These measurements were obtained at the white circle
region as shown in figure 3. Low strain ranges from 0.082 me and below was observed about half of
the lower part of the model. This is due to the fix boundary condition at the distal condyle. Although
the values obtained were higher than the cadaveric study by Hensley S. et al., it showed the same
pattern with the DIC measured data. As the interested points went downwards, the strain values
decreased. However, it was not in the case of strain gage measurement (table 1). Hensley S. et al., in
their study, they were comparing the performance of DIC strain measurement techniques with strain
gage for the use in biomechanical test materials [11]. They found that DIC measurement is more
reliable compared to strain gage in measuring a material with more variability. Since the results from
this study are in agreement to the DIC data, the 3D model developed is concluded to be verified and
can be reliably used for future work.
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Figure 3. Maximum strain value for the analysis of the developed model.
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Table 1. The maximum strain on the reconstructed model of the femur as
compared to the model used by Hensley S. et al. [11].

Point 1 Point 2 Point 3
(me) (me) (me)
Hensley S. et al.
(Strain gage) 0.125 0.120 0.125
Hensley S. et al.
(DIC) 0.130 0.122 0.060
New method 0.350 0.242 0.146
4. Conclusion

The 3D femoral bone model was developed following the sequence of development steps. It was also
analyzed through FEM, and despite some simplifications used in this study, the results obtained were
still in agreement with the prior study. However, in the future, authors shall improve the modelling
process by including more realistic material properties of human bone in an effort to obtain higher
accuracy.
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