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Abstract—Finite element analysis (FEA) is increasingly applied to medicine
because it could increase accuracy and rapid outcomes. However, there is a lack
of the method to determine Young’s modulus and Poisson’s ratio for fresh fem-
oral bone and the mathematical principle’s optimization for calculating nonuni-
form configuration. This study aimed to investigate the surrogate model for the
optimization method to determine Young’s modulus and Poisson’s ratio of the
fresh femoral bone. Young’s modulus and Poisson’s ratio obtained 20 ranked
pairs by the Latin hypercube sampling method. The values were calculated in the
finite element for root mean square error (RMSE) and were then used for solu-
tions by a quadratic function, radial basis function (RBF), and Kriging (KG). The
lowest RMSE value was 0.1518 for the RBF method, with the young’s modulus
at 304.4756 and the Poisson’s ratio at 0.3334. The current study identified the
RBF technique to determine the properties of the femoral bone. Moreover, the
RBF procedure might apply to other long bones because of the comparable non-
uniform configuration.

Keywords—FEA, surrogate model, biomechanics test, fresh femoral bone,
RBF, KG

1 Introduction

In advance, the ability to predict femoral bone surgeries will have good efficiency
on the surgery, making accuracy and precision. To be able to make a prediction, that is
necessary to know the properties of the fresh femoral bone and the treatment method,
which can be finite element analysis (FEA) in advance to make the treatment more
efficient. Therefore, the determination of the properties of the fresh femoral bone has
needed to be able finite element analysis to make a model in prediction.

The finite element analysis is currently widely applied in medical practice to deter-
mine the optimum for orthopedic surgery [1], [2]. Previous studies identified Young’s
modulus for cortical bone from compression and cancellous bone from bending under
machine testing [3], [4]. Deformation, including Young’s modulus and Poisson’s ratio,
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calculated from the natural fresh femoral bone, has a vital role for FEA. The configura-
tion of bone is nonuniform, but the common input function in the testing machine is a
uniform model. Thus, Young’s modulus is an approximate value [5]. There is a lack of
the method to determine Young’s modulus and Poisson’s ratio for fresh femoral bone
and the mathematical principle’s optimization for calculating nonuniform configura-
tion. Latin hypercube sampling (LHS) is the most common procedure for designing
computer experiments. Various studies presented that LHS had a simple and effective
way to be accepted [6]. However, there were a variety of techniques such as quadratic
polynomial function, radial basis function (RBF), and Kriging method (KG) were also
introduced to computing the model [7], [8]. There is defined validity of the element size
that is caused the lowest error to finite element analysis of the radius bone to determine
the appropriate treatment method [9]. The X-ray method was used to determine the
strength of the femoral bone validated by the finite element method that occurs as a
result of the distribution of strain energy and the deformation on the femur [10], [11].
Femoral bone strength was analyzed by CT scan method, using finite element method
to analyze a failure of the femoral using bone density obtained from the baseline quan-
titative CT scans [12] — [17]. Finite element analysis to find stress distribution for fem-
oral bone was used to determine a failure of femoral bone and determine deformation
when the load was applied on femoral and then define the stiffness for femoral fixation
[18] - [22]. The biomechanics test of synthetic bone mechanically strengthens the prox-
imal femur by the load to failure to determine stiffness and toughness [23], [24]. Bio-
mechanics testing metacarpal bone 3-point bending and FEA were validated in experi-
mental studies that a result in further reliable and simple FEA of biomechanical appli-
cations of different metacarpal bones [25]. The biomechanical test for femoral bone
was validated with FEA to determine the deformation, the stress, and the stiffness that
use to be an able prediction for surgical treatment of the femur [26] — [29]. The study
optimization was analyzed gene expression data, the evolution algorithm was applied
and combined with the advantages of crossover strategy [30], [31]. The finite element
method was used to study thermal conditions for different filling gases that have been
resolved [32].

This study aims to find the surrogate model for the optimization method to determine
Young’s modulus and Poisson’s ratio property for a nonuniform femoral bone with the
mathematical principle.

2 Materials and methods

2.1  Biomechanical testing

Determining a uniform geometry of fresh femoral bone, a cylindrical geometry from
the BLUEHILL program of ElectroPuls E10000 machine approximates Young’s mod-
ulus and Poisson’s ratio. However, the analysis in nonuniform shapes must be calcu-
lated by engineering methods such as FEA and optimization. A previous study demon-
strated the internal fixation for femoral bone with FEA to identify the best fixation
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model and validated with biomechanics testing for Young’s modulus and Poisson’s
ratio property [5].

The femoral model was created from the Digital Imaging and Communications in
Medicine (DICOM) format of computerized tomography (CT) scan of the fresh femoral
cadaver, which was then exported to MIMICS (Materialise, Leuven, Belgium). The
samples were then exported to SolidWorks software (SolidWorks Corp., MA, USA)
and PowerShape (Autodesk Inc., San Rafael, California, USA) to create the femoral
model with a long bone at 420 mm in length and a diameter of the midshaft at 25 mm.
The configurations were exported to ANSYS workbench software (ANSYS Inc., Can-
onsburg, Pennsylvania, USA) for deformation analysis of fresh femoral bone property
shown in Figure 1. The compression was performed with the INSTRON ElectroPuls
E10000 machine (INSTRON Co., Ltd., High Wycombe, Bucks, UK) shown in Figure
2.

3D Surface Modeling Bone Configuration MIMICS
Software

3D Solid Modeling by SOLIDWORKS Software

Editing Bone Prosthesis by POWERSHAPE
Software

Finite Element Analysis by ANSYS WORKBENCH
Software

v

Clinical Tests

Fig. 1. The workflow for the validated biomechanics testing
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Fig. 2. Biomechanics set up the fresh femoral bone test

The vertical direction on the fresh-cadaveric femur (bone length at 420 mm and mid-
shaft diameter at 25 mm) was conducted with a 50 N preload. The load was applied at
the rate of 12.5 N/s to a maximum load of 1500 N and displacement at 3.26 mm under
BLUEHILL program version 3 (INSTRON Co., Ltd., High Wycombe, Bucks, UK)
shown in Figure 3.

4.00 R Fresh Femoral Bone Testing
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Fig. 3. The load and deformation for a fresh femoral bone test

2.2 Finite element analysis

The study was identified a mesh quality at 1 to 1.4 mm for FE models for the femoral
bone with a reasonable accuracy comparable with our finding [9]. Therefore, the ele-
ment sizes of femoral bone that were optimized for FEA should not exceed 4 mm for
accuracy to determine due to deformation.
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The boundary condition of FEA on fresh femoral bone was compression force on
the axial direction for 1500 N in Figure 4a. Mesh method on the fresh femoral bone,
with 4 mm in size, was generated for the hexahedral mesh methods. The FE was demon-
strated nodes and elements at 164106 and 48023 for hexahedral in Figure 4b.

B

= E—
[ Force: 1500. N SR N NSRS
[€] Displacement e

[ Fixed Support

Fig. 4. FEA (a) geometry applied force acting on the femur, (b) hexahedral mesh method

The definite range of Young’s modulus (250-450) and Poisson’s ratio (0.1-0.4) were
validated with biomechanics testing. The deformations were then compared to the root
mean square error method (RMSE) from Latin hypercube sampling (LHS).

3 Results

The current study demonstrated that the element sizes of 1 to 4 mm exhibited a lower
accuracy of deformation at 2.98 mm compared to the feature sizes of 5 to 6 mm and
sizes 7 to 10, which showed a deformation at 2.97 mm and 2.92 mm, respectively.

Deformation for fresh femoral bone properties from biomechanics testing Young’s
modulus was 370.3 MPa, and Poisson’s ratio was 0.3 on compress load at 1500 N from
hexahedral mesh analysis shown in Figure 5.

Total Deformation
Type: Total Deformation
Unit: mrim
Time: 1

Fig. 5. The deformation at 2.98 mm for hexahedral elements with a size of 4 mm
Young’s modulus and Poisson’s ratio from LHS were demonstrated in Table 1,

which determined the result of another surrogate model and compared RMSE. The
quadratic function had the maximum deformation at 3.4271 mm under the boundary
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condition of Young’s modulus and Poisson’s ratio at 312.2370 MPa and 0.4000, re-

spectively shown in Figure 6.
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Fig. 6. Graph exhibited a comparison of biomechanics testing and quadratic polynomial

Radial basis function was exhibited the maximum deformation for 3.5260 mm under
the boundary condition of Young’s modulus and Poisson’s ratio at 304.4756 MPa and

0.3334, respectively shown in Figure 7.
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Fig. 7. Graph exhibited a comparison of biomechanics testing and radial basis function

Kriging had the maximum deformation at 3.4447 mm under the boundary condition
of Young’s modulus and Poisson’s ratio at 311.5012 MPa and 0.3452, respectively

shown in Figure 8.
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Fig. 8. Graph exhibited a comparison of biomechanics testing and Kriging

The comparisons among 3 methods of RMSE (the quadratic polynomial method,
RBF method, and KG method) calculated RMSE was identified from the KG method
at 0.1438 with Young’s modulus and Poisson’s ratio at 311.5012 MPa and 0.3452, re-
spectively shown in Table 1.

Table 1. Latin hypercube sampling with 20-order pairs to determine the root mean square error
in finite element analysis

Young(;"j”g/:;dulus Poisson's Ratio Vg','\jgtéd
362.0000 0.2320 0.3401
334.1752 0.2770 0.2228
345.3917 0.1502 0.2654
405.0000 0.3662 0.5195
425.9057 0.3130 0.5889
373.3044 0.1099 0.3839
355.0000 0.3433 0.3167
447.8086 0.2581 0.6558
295.0000 0.1384 0.1774
386.8007 0.2905 0.4458
257.3031 0.3018 0.4216
393.2864 0.1654 0.4654
304.4756 0.3334 0.1518
263.2318 0.1825 0.3791
315.0000 0.1970 0.1576
275.0000 0.3775 0.2747
324.8165 0.3880 0.1924
417.8332 0.2123 0.5566
437.5808 0.1212 0.6192
286.6599 0.2402 0.2125
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Simultaneously, minimum RMSE was presented in the RBF method at 0.1518
shown in Table 2.

Table 2. Optimization to determine Young’s modulus and Poisson’s ratio by surrogate model

Quadratic Polynomial
Young’s Modulus Poisson’s Ratio Calculated RMSE" Validated RMSE”
312.2370 0.4000 0.2313 0.1572
RBF™
Young’s Modulus Poisson’s Ratio Calculated RMSE" Validated RMSE”
304.4756 0.3334 0.1518 0.1518
KG™
Young’s Modulus Poisson’s Ratio Calculated RMSE” Validated RMSE”
311.5012 0.3452 0.1438 0.1547

-

“RMSE-= root mean square error, ~ RBF= radial basis function, ™ KG=Kriging

4 Discussion

This study has no limitations. Firstly, we validated from a single fresh femoral bone
which may be difficult to exhibit the universal femoral properties. Secondly, we used a
method for evaluation, but we tried to select the most common and frequently used way
to evaluate. In this work, three methods have been selected as the polynomial function
method, RBF method, and KG method as shown in Figure 9. Comparative all methods,
we were found that the lowest RMSE was the optimization method in this work.

Comparison curve fit
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Fig. 9. Graph exhibited a comparison curve fit of biomechanics testing and optimization meth-
ods

The results obtained from this study can be used to define to property another bone
such as the radius, the tibia, the clavicle, etc. If the calculation has accurate and precise
for finite element analysis then the surgical have predictable in advance for selecting
the appropriate surgery that is extremely valuable for treatment. In addition, this can
also study the properties of materials that are nonuniform with finite element method
by surrogate model.
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5 Conclusion

In conclusion, FEA is applied to orthopedic surgery in various works since it could
save time and costs before analyzing a natural bone setting. The complexity of human
bones could make it difficult for calculation and analysis. The mathematic model,
which has excellent accuracy, should be validated with biomechanical testing before
application in a clinical setting. Surrogate models are the optimization method to deter-
mine the result of Young’s modulus and Poisson’s ratio.

Therefore, the model should introduce the accuracy and rapid application to analyze
the fresh femoral bone’s nonuniform. We conducted the FEA, optimization, and bio-
mechanics testing to determine a resultant of Young’s modulus and Poisson’s ratio
property. Moreover, the surrogate model should have a minimum RMSE to indicate the
most proper method. From the current study, the KG method had the lowest approxi-
mate RMSE from the calculation.

However, the biomechanical testing demonstrated RBF was the lowest point. Alt-
hough the KG method showed the calculated RMSE at 0.1438, which was less than
other methods, RBF demonstrated the lowest RMSE from validated with biomechani-
cal testing. Therefore, RBF should be the method for determining the deformation prop-
erty after validation.
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