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Abstract 

This paper presents the finite element analysis of fractured  

Femur bone with functionally graded bone plate system. CT 

(Computerized Tomography) scan data has been used for the 

modeling of femur bone and the corresponding material 

properties are assigned using Mimics software. SOLID 186 

element is used for analysis. The fracture fixation plate used 

for the present analysis is composed of  Functionally Graded 

material (FGM) which is modeled by  using Solid works CAD 

software. The FG bone plate is considered to be composed of 

different layers of homogeneous material. By using a power 

law the volume fraction of the material is calculated by taking 

its variation in the thickness direction (z). consequently, the 

essential properties are calculated for the homogenous layers. 

Validation of the developed  model is carried out by 

comparing the numerical results available in literature. The 

modal analysis has been carried out and the modal parameters 

such as natural frequency and their associated mode shapes 

are investigated for the bone plate system as well as 

commercially available bone plate. Then the linear frequency 

response for the transverse displacement of the bone plate 

system are evaluated by considering a time-harmonic load. It 

is found from the frequency response of the bone plate system 

that the amplitude of vibration of the system for FG bone plate 

decreases gradually with decrease in the power law exponent. 

Hence it may be concluded that, by introduction of the FG 

bone plate the strength and stabilization of the bone plate 

system increases and stress shielding decreases at the fracture 

site. As a result, callus zone promotes better bone healing 

environment. The proposed model yielding better results in 

comparison with the commercially available bone plate.  
 

Keywords: Modal analysis, Femur bone, Functionally graded 

material, Fracture. 

 

Introduction 

Trauma is the main cause for the fracture of femur 

bones such as a motor vehicle accident or a fall from an 

extreme height. Femur fracture may be classified into 

transverse fracture, oblique fracture, and comminuted fracture. 

In order to promote the healing of  the fractured bone different 

fracture fixation techniques has been used. The most common 

type of treatments used are intramedullay canaling (IM), 

external fixation device and internal fixation device (plates & 

screws) based on the geometry & location of fracture. 

Researchers developed various methods and techniques for 

the fitment of the bone fracture. For example Mark Lenz et al. 

[1] shown the comparison between subtrochanterical 

bicortical locking plate and trochanteric hook plate fixation 

technique for periprosthetic femur fractures. The experimental 

results indicate that in comparison with hook plate fixation, 

Subtrochanterically placed LAP produced better fixation 

strength under cyclic loading.  

Papers are available concerning the comparison 

between different bone plate Material in order to improve the 

strength of the bone plate and betterment of the stress 

shielding. Sandeep Das et al. [2] studied the FE analysis of 

femur fracture fixation plates. They found that by using 

titanium as bone plate material, stress at the fracture site 

significantly increases in comparison with the other metallic 

biomaterials. The results also indicate that due to the high 

stress (less stress shielding) at the callus zone promote both 

better bone healing and bone stabilization. Hassan Mehboob 

et al. [3]  revealed the performance of fiber reinforced 

composite flexible bone plates over conventional high 

modulus metallic plates. They proposed a mechano-regulation 

algorithm which is based on deviatoric strain was used to 

estimate the healing of bone fracture. Suk-Hun Kim et al. [4]  

focused their study on the use of composite bone plates for the 

healing of fracture tibia subjected to different contact 

conditions and time varying material properties of calluses by 

using Finite element method. The results  indicate that  use of 

composite bone plates with an optimal stacking sequence 

produced better strain distribution at the fracture site at the 

early stage of bone healing. Hassan Mehboob et al. [5] 

performed an extensive literature survey on design & 

optimization of orthopedic composite prostheses for effective 

bone healing. They shown the entire bone healing process was 

significantly depend on the geometry, material properties & 

rate of degradation of both prostheses & bone. Saeed 

Miramini et al. [6] presented under plate fixation environment 

, how the geometry of both oblique and transverse fracture 

affecting bone healing. The results indicate that the angle of 

obliquity (θ) of fracture has notable effects on 

interfragmentary movement (IFM) henceforth affecting 

mechanical microenvironment of the callus cells. An optimal 

fixation configuration has been suggested by considering the 

angle of obliquity (θ) and gap size. 

Now a days, investigators show interest for the use of 

Functionally Graded Materials (FGMs). In the living 

organism functionally gradation is one of the main 

characteristic features. FG Materials are generally 
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inhomogeneous in structure composed of two or more 

materials to produce continuously varying material properties 

along preferred orientations and directions. Various material 

properties that vary in FG material include density, Young’s 

modulus, Poisson’s ratio, Shear Modulus etc. The overall 

material properties of FGM are unique and different from the 

individual material that forms it.  

Study of FG material for the bone plate fixation has 

been carried out by different researchers. H. Fouad [7] 

adopted finite element method to function-graded (FG) 

fracture fixation bone plates which was subjected to both 

compressive & torsional loading at different healing stage 

with tibia bone. The results revealed that the torsional load has 

notable effects on the resultant stress of the fracture fixation 

bone-plate system. The results also indicate that by 

introducing FG bone plates in comparison with other alloys, 

stress shielding at the fracture site significantly decreases. 

Tawakol A. Enab [8] investigated the biomechanical behavior 

of knee implant under various loading conditions by using two 

dimensional finite element model. Functionally graded 

material (FGM) was used for the tibia tray and the material 

properties were graded in both horizontal & vertical direction. 

He found that the introduction of FGM tibia tray with 

vertically downward graded elastic modulus has significantly 

increases biocompatibility performance of the tibia tray as 

compared with other biomaterials hence thereby increasing 

the life of total knee replacement. 

  Dong Zheng et al. [9] studied the finite element 

analysis of Proximal Femoral Nail Antirotation (PFNA) which 

was generally used to cure inter-trochanteric fracture. They 

observed the effects of stress shielding & stress concentration 

by using Functional graded PFNA. Paul I. Ichim et al. [10] 

focused their study on the effectiveness of functionally graded 

dental implant by using finite element method. They found 

that dental implant with low modulus notably reduces the 

maximum stress in the peri-implant bone without influencing 

the average stress which in turn producing an excellent 

biochemical environment. The characteristics of optimal FGM 

dental implant by using design optimization and bone 

remodeling has been investigated by Daniel Lin et al. [11]. 

The design methodology of FGM implant is based on the 

principle of power law and rule of mixture. The effect of 

functionally graded based implants in comparison with other 

alloys from design & manufacturing point of view has been 

investigated by Antonella Sola et al. [12]. The study also 

reveals some design & manufacturing techniques to develop 

FGMs for variety of orthopedic applications. 

Many researchers put tremendous amount of effort in 

conducting research works in the field of structural dynamics 

of long bones of human skeletal system. To evaluate bone 

quality and integrity it is essential to carry out frequency 

analysis of long bones. This promising technique is useful in 

diagnosing healing process of fractured bones, osteoporosis 

and process of osteointegration for plates or screws. T. B. 

Khalil et al. [14] has investigated both experimental and 

numerical analysis of embalmed femur by using Fast Fourier 

Transformation (FFT) technique. They considered free – free 

boundary conditions for their study which is not actually the 

real case. In reality the femur bone is restrained between the 

pelvic and knee, thus such kind of boundary conditions is not 

justifiable. The experimental results indicates twenty resonant 

frequencies ranging from 250 Hz to 750 Hz  and the 

numerical results shown the corresponding bending, torsion 

and longitudinal extension with respect to the fundamental 

frequencies. Ashwani Kumar et al. [15] studied the vibrational 

characteristics such as natural frequency and corresponding 

mode shapes of femur bone which is subjected to free-free 

and Fixed-Fixed boundary condition to predict the fracture 

location. The results had a good agreement with the 

experimental value found in literature. Beatrice Couteau et al. 

[16] carried out both experimental and analytical study on 

femur bone. They developed a three dimensional finite 

element model of femur based on computer tomography 

images by distinguished geometrical and material properties. 

They found the effect of mechanical properties on resonant 

spectre and it has good agreement with the experimental 

value. Bekir Bediz et al. [17] focused their study on human 

tibia to evaluate structural dynamic properties. The main 

purpose of their work is to know the loss factor of human tibia 

with decreasing mineral density which in turn the main sign 

for osteoporosis. They conducted experimental study for both 

in vitro and dry tibia specimens with free – free boundary 

conditions. They found for the treatment of progressive 

osteoporosis, the modal factors from in vivo FRF 

measurements can be a good alternative. Arpan Gupta et al. 

[18] presented the modal analysis of femur bone by using 

finite element analysis. They considered free undamped 

vibration with fixed – fixed boundary condition for the femur 

bone. The results indicated natural frequency along with their 

associated mode shapes which is good agreement with the 

literature. By knowing the values of natural frequency and 

corresponding mode shape, one can design and develop sports 

equipments, bio-medical equipments. A.M.C. Thomas et al. 

[19] studied the vibration response of human femur bone. 

They predicted the result of vibrating the femur at the time of 

introduction of the femoral cement. They focused on the 

vibration spectra of axial and lateral vibration of intact tibiae. 

The study performed by creating an osteotomy gap was 

created in the middle of tibiae. They used silicone rubber to 

simulate a healing fracture because of the identical properties 

of the silicone rubber with soft callus. The concept helps in 

designing femoral hip replacement components. 

Since in humans, the whole weight of the body is 

taken by femur bone, the fixation of the bone plate system is 

most important. Fixation involves using bone plate made from 

biomaterials. A typical bone plate usually made of titanium 

alloys, stainless steel or cobalt chromium molybdenum 

(CoCrMo). Titanium used for the bone plate is the most 

suitable material for the bone ingrowth. But recently the 

growth rate of the bone has been improved by using 

Hydroxyapatite (HA) as coating material. Due to its 

bioactivity, it encourages the bone to grow and restores the 

effect. But the major drawback includes wear & tear and the 

sharp change of material properties at the interface between 

the two adjacent layers that causes large inter-laminar shear 

stresses. Such detrimental effect can be mitigated by grading 

the properties of both Titanium and Hydroxyapatite in a 

continuous manner across the thickness direction. 
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Figure  1(a): Validation of bone plate system under compressive load 

 
 

 

 
Figure 1(b): Validation of bone plate system under torsional load  

 

Finite Element Modelling  
The morphology of femur bone is asymmetric and curved in 

three planes, hence the construction of 3D model with 

commercially available modeling software's was found 

difficult. In order to model the femur bone, CT scan data 

(Computer Tomography) were imported into the MIMICS 

software (Materialise Interactive Medical Image Control 

System) in DICOM format (Digital Imaging and 

Communications in Medicine). 0.5 mm slice thickness was 

chosen for better geometrical accuracy. The 3D model of 

femur bone was imported into the Solidworks CAD software 

& intramedullary canal was created by using a cut function. 

The bone plate and screws were modeled and the bone plate 

system was assembled. Commercially available ANSYS 

software was used for the analysis. The solid 186 layered 

structural solid element was used for discretization of the 

model. This Solid 186 is a higher order 3D 20-node solid 

element that exhibits quadratic displacement behavior and is 

defined by 20 nodes each having three degrees of freedom. 

The total number of nodes and elements for the bone plate 

system were found to be 63,749 and 30,040 respectively. Grid 

independence test has been conducted for the optimum mesh 

and further change in mesh has no considerable effect on the 

results. Tetrahedral mesh has been employed for the model 

and the quality of the mesh was checked by the orthogonal 

quality of the elements and their skewness. 

Material Properties & Boundary conditions 

The material properties used for the present analysis 

are shown in Table1. Cortical bone was considered for the 

analysis which is assumed to be linearly elastic and isotropic. 

Titanium and FG material were used for the bone plate. 

Titanium was also used for the screw material. 

Both compressive load of 700 N and torsional load of 50 N.m 

were applied at the femural head. The loading condition is 

based on the assumption of the weight of 70 kg person. A 

fixed boundary condition was assigned at the lower surface 

(lateral condyle, medial condyle and patellar surface) of the 

femur bone. Bonded contact was considered at the bone to 

bone interface. As the contact stress were generated at the 

interface between the bone plate and bone surface, frictional 

contact elements were used with a frictional coefficient of 

(μ=0.2) [2]. 

 

 Table 1: Material Properties represented in the FE 

  model [2, 3] 

Materials 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Density 

(kg/m^3) 

Cortical Bone 16.7 0.3 1750 

Titanium  120 0.3 4500 

FG Material  

 Hydroxyapatite 

(Ha) 

 Titanium 

 

40 

120 
0.3 

3161 

4500 

 
Validation of Model 

First the model, analyzed in the ANSYS environment is 

validated using the results available in literature. For this, 

static structural analysis is adopted and maximum deflections  

& stresses are obtained by considering a compressive load of  

700 N and torsional load of 50 N.m applied at the femural 

head. Under compressive loading the present model shows 

maximum deflection as 0.0028311m. whereas under torsional 

loading the maximum deflection is 0.024579m. in comparison 

with the previous model available in literature [2]. This 

comparison is explained in (Figure 1 a & b) which indicate 
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that the results obtained in both the cases are almost 

indistinguishable thus validating the present method of 

modeling in the ANSYS environment. The minor variation in 

the result is due to the inhomogeneous structure of the bone 

and the mesh quality. 

Development of Functionally Graded Bone plate 
First, the effective elastic properties of the FG bone 

plate are evaluated using the proposed methodology. For 

evaluating the effective elastic properties of the FG bone 

plate, homogeneous material properties of the Titanium and 

Hydroxyapatite are considered. The material properties for the 

Titanium and Hydroxyapatite are described in (Table 1). The 

variation of material properties is obtained according to a 

power law as explained in Eq. 1 [13]. The material properties 

(Young’s modulus and density) vary continuously across the 

thickness direction of the bone plate. 
 

 

 (1) 

 

 

EL = Young’s modulus of the layer 

ETi = Young’s modulus of Titanium 

EHa =Young’s modulus of Hydroxyapatite 

k = Power law exponent 

 

The variation of elastic modulus and density  along 

the thickness direction is continuous and for different values 

of power-law exponent (k=0.2 to 3) are plotted and shown in 

(Figure 2) and (Figure 3) respectively. 

 

 
 

Figure 2: Variation of Elastic modulus through the thickness 

of bone plate 

 

Figure 3: Variation of Density through the thickness of bone 

plate 
 

Solid works software was used to model the FG bone plate. In 

order to obtain the material properties ten different layers are 

considered. Though the layer structure does not capture the 

gradual change in material properties but a sufficient number 

of layers can reasonably approximate the material gradation. 

For these ten  layers Isotropic material properties were 

considered. For the present analysis (Figure 4) explains the 

3D model of FG bone plate which is modeled in the Solid 

works software. 

 

Figure 4: Geometrical 3D model of FG bone plate 

Results and Discussions 
In this present investigation results are presented for 

the bone plate system considering static compressive and 

torsional loading conditions. The deformation & stress of 

bone-plate is shown in (Figure 5). 

 

 
 

Figure 5: Deformation and stress of FG bone plate system 
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The variation of maximum deformation of the bone plate 

system with a compressive load of 700 N, torsional load of 50 

N.m and combined load (both compressive & torsional) are 

plotted in (Figures 6a, 6b & 6c) respectively. It is observed 

that the deformation of the bone plate system decreases 

significantly while using FG material as bone plate. Again the 

least deformation is obtained when the power law exponent 

(k=0.2) is used as FG material. 

 

         
Figure 6(a): Deformation at compresive load         

 
 

Figure 6 (b): Deformation at torsional load 

 

 
 

Figure 6 (c): Deformation at combined load 

 

One important aspect of the present study is to investigate the 

stress distribution at the fracture site. The applied load for 

deformation of the bone plate system were considered to 

calculate the maximum Von-Mises stresses across the fracture 

site and the effect of bone plate material on the Von-Mises 

stresses are explained in (Figure 7 a, b & c) respectively.  

 
Figure 7(a): Von-Mises stresses at compresive load 

 

It may be observed that the Von-Mises stresses increases 

when using FG bone plate, in comparison with titanium bone 

plate and again it is maximum at k=0.2. Additionally, it could 

be establish here that the stress at fracture site increases when 

torsional loading & combined loading condition is taking into 

cosideration. 

 
 

Figure 7(b): Von-Mises stresses at torsional load 

 

 

 
 

Figure 7 (c): Von-Mises stresses at combined load 

 

In order to obtain modal parameters such as natural frequency 

and corresponding mode shapes, modal analysis has been 

performed using Finite Element analysis in ANSYS. The 

governing equation used for the dynamic response is given as 

follows in Equation 2:  

 
[𝑴]{�̈�} + [𝑪]{�̇�} + [𝑲]{𝒙} = 𝟎   (2) 
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(1)   (2)   (3) 

 
(4)   (5)   (6) 

Figure 8: Mode shapes of bone plate system 

 

 

Where [𝐌], [𝐂] & [𝐊] are the global mass, damping and 

stiffness matrices of the system; [�̈�], [�̇�] & [𝐱] are the nodal 

acceleration, velocity and displacement vectors respectively. 

For undamped free vibration (i.e., [𝑪] = 𝟎), the solution of the 

above equation can be written as follows Equation 3. 

 

{𝒙} = {𝑿}𝒆𝒊𝒘𝒕     (3) 

 

Where {𝐗} represents the amplitudes of all the masses (mode 

shapes or eigenvectors) and 𝒘 = 𝟐𝝅𝒇 represents each 

eigenvector’s corresponding eigen frequency in rads-1, while 

f represents the natural frequency in hertz. Thus the governing 

equation mentioned above reduces to the following Equation 

4: 

 

[[𝑲] − 𝒘𝟐[𝑴]]{𝑿} = 𝟎    (4) 

 

The natural frequencies of the bone plate system are obatained 

by assigning the material properties (Young's modulus, 

Poissons ratio and density) as input in ANSYS workbench. 

While performing modal analysis fixed fixed boundary 

condition are applied to the femur bone plate system. The 

obtained mode shapes for the bone plate system (k=0.2) are 

plotted in (Figure 8) and also the coresponding natural 

frequencies are listed in Table  2.  

 

Table 2: Mode shapes and their corresponding natural 

frequency 

Mode Natural Frequency (Hz) 

1 613.98 

2 656.61 

3 1368.2 

4 1752.5 

5 2129.5 

6 2719.1 

 
 

 

 

 

 

Harmonic Response 

Then the linear frequency response for the transverse 

displacement of the bone plate system are evaluated. A time-

harmonic load of 700N is considered to excite the first few 

modes of the model. (Figure 9) illustrates the frequency 

response function of the system. It is noted that the amplitude 

of vibration of the system for FG bone plate is less 

incomparision with titanium bone plate. The amplitude of 

vibration of the system decreses gradually with decrease in the 
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power law exponent (k) value and found least for k=0.2. 
 

 
 

Figure 9: Frequency response of the bone plate system 
 

Conclusions 
This present investigation is devoted to the Finite element 

study of the horizontal fractured femur bone along with the 

bone plate system. Analysis has been carried out on the 

modeling of a functionally graded (FG) bone plate and 

compared with that commercially available titanium plate.  

 Results (Total deformation, Von-Mises stress) are 

presented by considering static loading condition for the bone 

plate system. It is clearly conclusive from the present 

investigation that by introducing FG bone plate instead of 

titanium, the stress at the fracture site increases by 63 

percentage and the deformation decreases by 15 percentage, 

especially when torsional load and combined load is taken 

into consideration.  

 From the frequency response analysis of the bone 

plate system, it is found that the amplitude of vibration of the 

system for FG bone plate decreases gradually with decrease in 

the power law exponent. 

Hence it may be concluded that, by introduction of the FG 

bone plate the strength and stabilization of the bone plate 

system increases and stress shielding decreases at the fracture 

site. As a result, callus zone promotes better bone healing 

environment.  
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