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Abstract:  
 

The longest and largest bone in the human body is the femur. Pelvic bone sustains the 

weight of the body to which the femur bone is connected. Many researches have been 

carried out to identify the behaviour of the femur bone. The study aimed to explore the 

natural frequencies and mode shapes of vibrating devices to gain insights into the 

dynamic behavior of the femur bone during various physical activities. Examining the 

impact of patient-specific bone shape and density on bone natural frequencies is crucial. 

The primary goals of femur bone analysis involve employing computer simulations for 

fracture detection and employing Finite Element (FE) models to determine natural 

frequencies and vibration modes. To obtain the natural frequency of the femur bone, 

different boundary conditions such as free-fixed and fixed-fixed are applied. Avoiding 

the coincidence of the natural frequency with external excitation frequencies is crucial to 

prevent femur bone fractures. Also, for different magnitude of loads, femur bone is 

involved in harmonic analysis is to identify the amplitude and stress against acceleration. 

The study measured amplitude and stress values throughout a frequency range of 1 Hz to 

1500 Hz while altering the acceleration and load. As a result, identifying a resonance 

frequency combined with excessive stress will have an effect on the femur bone. 

 

1. Introduction 
The principles of mechanical engineering are 

applied to biological systems. This involves 

dynamics of mechanism, stress, strain, vibration 

patterns as well as analysis of fluid flow and kinetics 

present in human body. Finite Element Analysis 

(FEA) is a very popular tool for performing static 

and dynamic loading of a human organ. 

In contemporary times, bone fractures, particularly 

resulting from accidents, have become a significant 

health concern. The femur bone, constituting a 

substantial portion of the body's weight, is among the 

most commonly fractured bones in the human body. 

Consequently, it is imperative to exercise heightened 

caution and adopt special precautions when using 

assistive, sporting, or defensive equipment to 

minimize the risk of resonance and exposure to 

external excitation frequencies. Modal analysis 

proves invaluable for discerning vibrational 

characteristics, encompassing mode shapes and 

natural frequencies [1]. 

To anticipate the safe operational limits of human 

activities, a comprehensive analysis was conducted, 

encompassing both vibrational characterization and 

stress analysis across various modes. It is crucial to 

gain insights into how the specific bone shape and 

density distribution unique to each patient impact the 

natural frequencies of bones [2-3]. 

The mechanical behaviour of biological objects such 

as bones are dealt with the biomechanical study of 

bones [4]. The analysis of complicated systems has 

been made easier and less time consuming [5] in the 

recent development in the field of computations. The 

femur bone, being the longest and most robust 

support structure in the body, plays a pivotal role in 

transferring the entire weight of the body to the leg 

[6]. Hence it is essential to understand the behaviour 

of this bone and through FEA, it need to find the 

feasible implant materials [7]. Generally, femur 
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bone fractures occur due to the trauma caused by 

accidents [8]. To analyse the frequencies for 

different materials, model analysis is one of the 

criteria to predict whether model frequency exceeds 

natural frequency [9,10]. To perform femur bone 

implants, stress analysis and model analysis play an 

important role [11.12]. In order to design the 

implants properly it is necessary to find the critical 

places where the fracture occurs [13]. In the analysis 

of the femur bone, the choice of implant material is 

a crucial consideration. Frequency studies are 

conducted using a model to assess the effects under 

specified boundary conditions [14]. 

Any object's physical properties directly influence 

its vibration characteristics. Therefore, changing the 

physical properties will change the natural 

frequencies of that object. A fracture in a bone will 

change its physical features, which will affect its 

natural frequencies and mode shape. [15]. The 

stability of fixing of hip stem in vitro and vivo is 

analysed using vibration analysis [16]. Bone density 

is a critical factor as it aids in predicting the 

likelihood of experiencing a fracture. To assess bone 

density, a BMD (Bone Mineral Density) test is 

employed, which measures the quantity of calcium 

present in specific bone regions. This test provides 

an estimation of bone strength, and it is typically 

conducted using computed tomography (CT) or 

dual-energy X-ray absorptiometry (DEXA) 

techniques [17]. 

Certainly, vibration analysis, a non-destructive 

testing method, is widely favored among various 

available techniques for assessing factors like 

fractures, postures, osteoporosis, and the stability of 

artificial hip joints. This method involves 

mechanically stimulating the bone and analyzing its 

response. For a comprehensive analysis, FEA proves 

to be a powerful tool capable of conducting both 

static and dynamic loading assessments on bones. 

FEA is a dependable tool for analyzing structures 

with complex geometries and non- homogeneous 

materials. Given that the femur bears the majority of 

the human body's weight, it indeed carries the 

highest risk of experiencing failure or fractures. 

To analyse structures of complicated geometry and 

inhomogeneous material properties, FEA a 

computer-based method is used. [18]. It is used as an 

alternative tool for biomechanics modelling [19] 

which has heterogeneous material properties and 

complicated geometrical shapes. 

FEA plays a crucial role in predicting femur 

fractures. This approach involves the utilization of 

computational models and biomechanical stress 

analysis within the human femur to evaluate fracture 

risks [20-23]. The process entails creating a three-

dimensional FE model of the femur, incorporating 

both its geometrical and mechanical properties, 

derived from computed tomography (CT) images. 

Vibration analysis techniques are then employed to 

validate the model based on CT images, ensuring its 

accuracy in representing the real femur. The study 

also investigates how variations in mechanical 

properties impact the model's parameters. 

Furthermore, vibration analysis is conducted, and 

FEA is used to extract the natural frequencies of the 

femur. Modal and harmonic analyses are employed 

to accurately predict the natural frequency and 

resonance frequency of vibrations within the human 

body [24,25]. This methodology helps in 

understanding and potentially preventing femur 

fractures. 

 

2. Materials and Methods 
2.1 Materials 

 

Utilizing a 3D FE model, researchers developed a 

representation of the left femur bone based on a 

volumetric reconstruction of coronal CT images. For 

this study of the femur bone, material characteristics 

such as a Young's modulus of 14,200 MPa, a 

Poisson's ratio of 0.35, and a bone density of 2,080 

kg/m³ were employed for investigative purposes 

[26]. The CT image obtained was imported into 3D 

Doctor Medical Image processing software. Femur 

reconstructed and meshed femur model is shown in 

Fig. 1 & Fig. 2. 

Furthermore, it is assumed that the femur is 

composed of an isotropic and homogeneous 

material. Femur was included mesh for the 

crystallization of the femur model. It is converted 

into small elements. Here, a tetrahedron-shaped 

solid element is used as a mesh in the femur model. 

 

2.2 Vibrational Analysis 

 

The equation employed for the analysis is provided 

as follows: 

[𝑀]{𝑥(𝑡)} + [𝐶]{𝑥(𝑡)} + [𝐾]{𝑥(𝑡)} = {𝐹(𝑡)} (1) 

Where, 

[M] = Mass Matrix, [K] = Stiffness matrix, [C] = 

Damping Coefficient matrix 

In the context of undamped free vibration analysis, 

where both the external excitation force and 

damping are set to zero ([F] = 0, [c] = 0), Equation 

(2) can be expressed as follows: 

Therefore, the solution to the aforementioned 

equation can be expressed as: 

[𝑀]{𝑥(𝑡)} + [𝐾]{𝑥(𝑡)} = 0  (2) 

The solution to the equation provided above can be 

expressed as follows: 

{𝑥} = {𝑋}𝑒𝑖𝜔𝑡    (3) 

In the given solution, {X} represents the respective 

amplitudes of masses, and the variable ω signifies 
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the corresponding frequency of each Eigenvector. 

As a result, Equation (2) simplifies to the following: 

Now, the governing equation can be expressed as: 

[[𝐾] − 𝜔2[𝑀]]{𝑋} = 0    (4) 

The problem described above can be treated as linear 

by substituting ω2 with λ, allowing it to be solved as 

a linear problem in matrix algebra [27]. 

Consequently, Equation (3) transforms into a linear 

problem in matrix algebra. 

 

 
Figure 1. Reconstructed femur model 

 

 
Figure 2. Meshed femur model 

 

2.3 Modal Analysis 

 

During modal analysis, the geometrical model is 

subjected to two different boundary conditions. The 

first boundary condition applied to the femur is a 

free-fixed configuration, as illustrated in Fig.3. 

Various results have been taken with distal end fixed 

and femoral head free boundary conditions. The 

second boundary condition is a fixed-fixed 

configuration. In this fixed-fixed boundary 

condition, both the femoral head and the distal end 

are constrained from moving, as depicted in Fig.4. 

Natural frequency and deformation of six modes in 

the femur of fixed-free boundary condition are 

shown in the Table 1. All of these scenarios are 

utilized to determine the natural frequencies of the 

femur. The analysis specifically considers the first 

six vibration mode shapes by applying a free-fixed 

boundary condition. 

Table 1. Natural frequency and deformation for the 

fixed-free boundary condition. 

 

 
Figure 3. Free-fixed boundary conditions 

 

 
Figure 4. Fixed-fixed boundary conditions 

 

 

These six mode shapes are visually presented in 

Fig.5. 

To determine the natural frequencies under fixed-

fixed boundary conditions, the analysis considered 

the first six vibration modes. Six mode shapes are 

shown in the Fig.6. 

To determine the natural frequencies under fixed-

fixed boundary conditions, the analysis considered 

the first six vibration modes. Six mode shapes are 

shown in the Fig.6. The Table 2 displays the natural 

frequencies and deformation characteristics of the 

femur under fixed-fixed boundary conditions for six 

different vibration modes. 

Mode Frequency [Hz] Deformation(mm) 

1 54.111 63.019 

2 56.587 61.912 

3 343.22 87.951 

4 376.64 64.999 

5 505.23 93.804 

6 957.95 70.883 
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Figure 5. Mode shapes for Free-Fixed boundary condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Mode shapes for Fixed-Fixed boundary condition

Table 2. Natural frequency and deformation for the 

fixed-fixed boundary condition 

Mode Frequency [Hz] Deformation (mm) 

1 741.77 76.86 

2 807.49 73.76 

3 1834.2 75.53 

4 1966.7 70.32 

5 2770.1 124.19 

6 3299.6 73.45 

 

2.4 Harmonic Analysis 

 

In this analysis, the human body model will 

experience a range of acceleration magnitudes 

across specific frequencies. When the structure or 

body is exposed to a constant sinusoidal excitation, 

harmonic analysis proves effective in understanding 

the dynamic behavior of the body. Because this 

analysis operates in the frequency domain, it is 

referred to as frequency response analysis [28]. 

The results of this analysis yield information 

regarding the deformation and stresses experienced 

by the structure along its x, y, and z axes. In this 

approach, the system is subjected to varying 

frequencies as input, and the corresponding 

outcomes are graphed in terms of stress versus 

frequency and deformation versus frequency. 

Through the application of harmonic analysis, we 

can pinpoint the resonant frequency at which the 

human femur bone model exhibits its most 

pronounced vibrations. When the frequency of 

external excitation aligns with the system's natural 

frequency, resonance can occur, potentially resulting 

in structural fractures or damage. This understanding 

can guide us in modifying the structure's geometry 

to prevent resonance. The study utilized ANSYS 

software to conduct the harmonic analysis, 
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considering the previously mentioned material 

properties and applying appropriate boundary 

conditions to replicate the behavior of the femur 

bone. Harmonic analysis, also referred to as 

frequency response analysis, is a form of linear 

dynamic analysis used to assess a mechanism's 

response to excitation at precise frequencies. Before 

conducting a harmonic response analysis, a modal 

analysis is typically necessary, as the input 

frequencies for the harmonic response analysis are 

derived from the outputs of the modal analysis. This 

type of analysis is frequently employed to gauge the 

stresses induced by continuous harmonic loading. It 

allows us to determine the steady-state response of a 

linear elastic system when subjected to a sequence 

of harmonic loads with specified frequencies and 

amplitudes. Harmonic response analysis is 

conducted to investigate the dynamic behavior of the 

femur bone when subjected to specific external 

forces influenced by the fixed-free boundary 

condition. During this analysis, frequency response 

functions are generated at different frequencies, and 

the peaks in amplitude provide insights into critical 

conditions associated with resonance [29]. In order 

to simulate harmonic analysis, the material 

properties, geometry, meshing, and boundary 

conditions mirror those used in the previously 

described modal analysis. For the harmonic analysis, 

the frequency range selected typically spans from 1 

to 1500 Hz. The objective is to establish the 

connection between the frequency response 

amplitude and frequency for various loading 

conditions.Then, during the harmonic analysis 

geometrical model is subjected to four various axial 

loads at femoral head of the femur. They are 490N, 

540N, 588N and 640N [30]. These loads are applied 

on the femoral head of the femur and distal end is 

fixed [31]. Boundary conditions applied for 

harmonic analysis are shown in Fig.7. The harmonic 

analysis was conducted using three acceleration 

values: 1 m/s², 2 m/s², and 3 m/s², applied in the tri-

axial direction. This analysis identified resonant 

frequencies across all directions. Furthermore, the 

harmonic analysis revealed the maximum 

deformations and highest stress levels occurring 

when the human femur model vibrates in all 

directions. 

 

3. Result and discussion 

 
The most recent analysis of the static structural 

femur bone, considering fixed boundary conditions, 

has revealed natural frequencies falling within the 

range of 741.77 Hz to 3299.6 Hz. Additionally; the 

analysis has indicated that the maximum total 

deformation recorded during this analysis reaches 

124.19 mm. 

 

 

 
Figure 7. Boundary conditions applied for harmonic 

analysis 

 
Under the fixed-free boundary conditions, the 

analysis indicates that the natural frequencies span 

from 54.11 Hz to 951.95 Hz, resulting in a maximum 

total amplitude of 93.804 mm. Fig.8 and Fig.9 

represents the relationship between mode shapes, 

frequencies, and corresponding amplitude values. 

 
Figure 8. Mode Vs. Frequency for modal analysis 

 
Figure 9. Mode Vs. Amplitude for modal analysis 

 

Harmonic analysis calculates the response of a 

structure that accelerates over a frequency range and 

the response is plotted on amplitude vs. frequency 

and frequency vs. stress graph. Fig.10 shows the 
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frequency vs. amplitude and stress values for 1 m/s2, 

2 m/s2 and 3 m/s2 acceleration values at 490 N at X, 

Y & Z axis. 

For 1 m/s2 acceleration, values at 490 N, it is 

observed that the highest amplitude and highest 

stress developed at 50.96 Hz at X and Y axis are with 

an amplitude of 1.0395 mm and 20.711 mm and 

stress obtained are 4.305 and 0.1858 MPa 

respectively. The highest amplitude and stress 

recorded at 60.96 Hz at Z axis with an amplitude of 

2.0346 mm and stress is developed at 50.96 Hz with 

the stress of 4.305 and 0.1858 MPa. A high stress 

was also recorded at 340.71 Hz was 0.0951 MPa. 

Similarly for 2 m/s2 and 3 m/s2 acceleration the 

results obtained are slightly greater than 1 m/s2 

acceleration at 490 N. 
 

Acc. Frequency Vs. Amplitude (490 N) Frequency Vs. Stress. (490 N) 

X-Axis Y-Axis Z-Axis Y-Axis Y-Axis Y-Axis 

 

1 m/s2 

 

  

 

    

2 m/s2 
 

     
 

3 m/s2 

 

 

     

Figure 10. Frequency Vs. Amplitude and stress of 490 N load for all axial direction acceleration 

 
Acc. Frequency Vs. Amplitude (540 N) Frequency Vs. Stress (540 N) 

X-Axis Y-Axis Z-Axis X-Axis Y-Axis Z-Axis 

 

1m/s2 

    

 

 

 

2m/s2 

 

 

   

 

 

 

3m/s2 

      

Figure 11. Frequency Vs. Amplitude and stress of 540 N load for all axial direction acceleration 

 

Fig.11 shows the results of frequency vs amplitude 

for 1m/s2, 2m/s2 and m/s2 acceleration values at 540 

N at X, Y and Z axis respectively. The results 

obtained for 540 N, at 1 m/s2 acceleration recorded 

at X and Y axis for the amplitude and stress at 50.96 

Hz with 1.1445 mm & 22.801 mm amplitude and 

stress obtained are 4.7404 & 0.2046 MPa 

respectively. The highest amplitude and stress at Z 

axis is noted as 60.96 Hz with an amplitude of 

2.2399 mm and stress recorded at 340.77 Hz with 

value of 0.1047 MPa. Similarly, the results obtained 

for 2 m/s2 and 3m/s2 have some slight variations. 

The results shown in Fig.12 for frequency vs. 

amplitude and stress for the same acceleration 1 

m/s2, 2 m/s2 and 3 m/s2. For 1 m/s2 values at 588 N 

at X, Y & Z axis results 50.96 Hz with an amplitude 

of 1.2465 mm & 24.832 mm at the X & Y axis and 

stress recorded at 50.96 Hz are 5.1629 & 0.2228 

MPa. At Z axis the result of amplitude recorded at 

60. 96 Hz with 2.4371 mm and stress developed at 

340.77 Hz was recorded as 0.1141 MPa. For 2 m/s2 

and 3m/s2, the result tends to increase in stress and 

amplitude gradually. From Fig.13, the amplitude and 

stress obtained at X, Y and Z axis at 640 N are given 

below. The amplitude was recorded as 1.3576 mm & 

27.042 mm for 50.96 Hz and stress was obtained as 

5.6227 & 0.2426 MPa for the same 1 m/s2 

acceleration at the X & Y axis respectively. 
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Acc. Frequency Vs. Amplitude (588 N) Frequency Vs. Stress (588 N) 

X-Axis Y-Axis Y-Axis X-Axis Y-Axis Y-Axis 

 

1 m/s2 

  

    

2 m/s2   

    

3 m/s2  

     

Figure 12. Frequency Vs. Amplitude and Stress of 588 N load for all axial direction acceleration 

 

Acc. Frequency Vs. Amplitude (640 N) Frequency Vs. Stress (640 N) 

X-Axis Y-Axis Z-Axis X-Axis Y-Axis Z-Axis 

 

1m/s2 

     

 

2 m/s2 

 

 

   

 

3 m/s2 

 

 

    

Figure 13. Frequency Vs. Amplitude and Stress of 640 N load for all axial direction acceleration

Similarly for Z axis the amplitude and stress was 

recorded as 2.6529 mm at 60. 96 Hz and 0.1242 MPa 

at 340.77 Hz respectively. For 2 m/s2 and 3m/s2 

acceleration, the results of amplitude and stress at X, 

Y and Z axis increased gradually as increase in 

acceleration. 

 

4. Conclusion 
 

The natural frequencies of the first six modes of the 

femur bone were determined under both free and 

fixed boundary conditions. This information serves 

as a guide to mitigate the risk of femur bone 

fractures. The research focuses on analyzing the 

vibration characteristics of the femur bone utilizing 

the FEA method. FEA allows for the determination 

of natural frequencies, particularly in areas prone to 

fractures, under external loading conditions. The 

study proves that vibration analysis helps to detect 

bone strength and health. Also, it has been proved 

that it highly depends on its shape. 

The research demonstrates that when the excitation 

frequency aligns with the natural frequency, it can 

result in bone damage, a phenomenon known as 

resonance. In such cases, fractures can occur either 

at the neck region or the bone shaft region of the 

femur. Harmonic analysis of human femur bone is 

also done in this work. Furthermore, the study 

observed amplitude and stress values across a 

frequency range from 1 Hz to 1500 Hz while varying 

the acceleration and loads.  

Therefore, detecting a resonance frequency and high 

stress will affect the femur bone. This work also 

concludes that FEA proves better result than 

experimental work for cost and time. 
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