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Development of non-destructive vibration method for classification of 

bone fracture severity 

Abstract 

Accurate classification of bone fracture severity is critical in orthopedic evaluation. Radiation-based 

methods such as X-ray, CT, and MRI provide anatomical detail but lack the ability to classify fracture 

severity. This study presents a non-invasive, vibration-based approach to assessing fracture severity by 

analyzing dynamic response characteristics. Five goat (metacarpal) bone specimens were examined, 

including one unfractured bone that served as a reference bone and four with induced fractures in the 

lateral, longitudinal, and two oblique orientations. Controlled impact excitation was applied using an 

impact hammer, and acceleration responses were measured using acceleration sensors. Frequency 

response function (FRF), coherence, and phase shift were calculated using Fast Fourier Transform (FFT) 

algorithms. Resonance frequency and FRF magnitude served as primary indicators of stiffness loss and 

damping changes caused by fractures. The reference bone had a resonance frequency of 376 Hz and an 

FRF magnitude of 12.96 g/N, which was considered the reference parameter. The lateral fracture showed 

the most severe response, with a 17.98% increase in resonant frequency and a 491% increase in FRF 

magnitude, indicating significant stiffness redistribution and low damping. Longitudinal and oblique 

fractures resulted in large resonant frequency reductions of up to 94.4%. The experimental results were 

obtained using Fast Fourier Transform (FFT) algorithms and Euler-Bernoulli ray theory. These results 

suggest that vibration analysis is a reliable, quantitative, and non-destructive tool for classifying the 

severity of bone fractures. 

1. INTRODUCTION 

Bone fractures are among the most common musculoskeletal injuries with a significant impact on quality 

of life. The incidence of bone fractures is increasing worldwide due to an aging population, high-impact 

trauma, osteoporosis, and point injuries (Amin et al., 2014; Hoogervorst et al., 2020; Hui et al., 1988; Keen, 

2003; Omsland et al., 2011; Wu et al., 2021). To accurately diagnose fractures and their severity, the gold 

standard radiation-based techniques such as X-rays, CT scans, and MRIs have been used in clinical trials 

(Healthline, n.d.). Research on non-invasive and vibration-based techniques for determining bone integrity 

began in the early 20th century (Lippmann, 1932) and has evolved with technological improvements in sensors 

and vibration signal processing (Ali, 2019; Jani & Rachchh, 2022; Karpiński, 2022; Karpiński et al., 2019; 

Leitgeb, 1986; Nikiforidis et al., 1990; Van der Perre et al., 1983; Van der Perre & Lowet, 1996). Vibration 

analysis provides characterized changes in mechanical properties such as stiffness, damping, and resonant 

natural frequency parameters that are directly affected by fractures. Current research on the vibrational 

behavior of fractured bone has grown exponentially (Karpiński et al., 2023; Machrowska et al., 2024; Wang 

et al., 2015; Zimmermann et al., 2015). A fracture introduces discontinuities that scatter wave propagation and 

can be identified by vibrational parameters such as frequency response function (FRF), coherence loss, and 

phase shifts (Kadhim et al., 2024). Fracture orientation plays an important role in identifying the severity of a 

fracture, which serves as a high mechanical impact on the bone (Behiri & Bonfield, 1989; Dong et al., 2012; 

Marco et al., 2018; Melvin, 1993). Consider common clinical fracture types (longitudinal, transverse, and 

oblique) (Kadhim et al., 2024; Sim et al., 2021) In this study, four fracture orientations were experimentally 

simulated: lateral (perpendicular to the bone axis), longitudinal (parallel to the axis), and 45° oblique (left-to-

right and right-to-left). Each fracture orientation affects stiffness and vibration parameters differently (Bone 
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Fractures: Types, Symptoms & Treatment n.d.; Cohen et al., 2017; Ritchie et al., 2005; Yoon et al., 2021; 

Zimmermann et al., 2015).  

X-rays, CT scans, and MRI provide a static representation of the fracture location on the bone, but this 

radiographic method fails to evaluate how the fracture affects reduction or increment of bone stiffness and 

structural damping. This non-invasive vibration based technique aims to develop a bridge between radiation 

techniques to identify fractures and reduction in bone stiffness and structural damping. The main objective of 

this experimental work is to classify fracture severity based on the orientation of the fracture. 

2.  MATERIAL AND METHODOLOGY 

2.1. Bone specimens 

2.1.1. Sample selection and ethical approval 

In this study, goat(metacarpal)bones were obtained from slaughterhouses in Rajkot, Gujarat, India. The 

study protocol was approved by the institutional ethics committee of Marwadi University. Soft tissues were 

removed from the bones using formaldehyde solution and then air dried to ensure uniform preparation and 

ease of handling during vibration testing. 

2.1.2. Specimen description and fracture modeling 

 

Fig. 1. Bone specimens with varying fracture orientations 

Figure 1 describes five bone specimens (B1 through B5), each a bone with a specific fracture orientation, 

size, and bone length used for vibration-based structural integrity assessment. Table 1 provides meaningful 

bone and fracture parameters for experimental work. 

Tab. 1. Bone specimen fracture geometry and parameters 

Specimen ID Fracture Orientation Fracture Length (mm) Bone Length (mm) 

B1 None (Reference) 0 131 

B2 Lateral (⊥ to bone axis) 7 127 

B3 Longitudinal (‖ to bone axis) 12 112 

B4 45°Oblique fracture (Left to Right) 15 133 

B5 45°Oblique fracture (Right to Left) 15 127 
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2.2. Experimental hardware setup 

 

Fig. 2. (a) Impact hammer (YMC – IH-01); (b) Bone; (c) Acceleration sensor (CTC -AC192-1D);  

(d) Sensor signal conditioner; (e) Data acquisition system (NI – USB 6341); (f) Computer with sigview software 

 

The Impact Hammer (Fig. 2a) provides external excitation of bone specimens with controlled force pulses. 

This impact hammer is equipped with a built-in force sensor with a sensitivity of 2.25 mV/N. The bone 

specimen (Fig. 2b) is mounted with an acceleration sensor (Fig. 2c) to record the acceleration response. 

Accelerometers have a sensitivity of 100 mV/g and a frequency range of 1 Hz to 10 kHz. The acceleration 

sensor provides real-time vibration signals to the data acquisition system through a signal conditioner, which 

is then processed by Sigview software. A sensor signal conditioner (Fig. 2d) is used to amplify force and 

acceleration signals, reduce unwanted noise, and stabilize dynamic measurements. Data Acquisition System 

(Figure 2e), which collects real-time data from the signal conditioner and acts as a bridge between the sensor 

and the software interface. The data acquisition system is capable of acquiring analog inputs with 16-bit 

resolution, 500 kS/s sampling rate, and ±10 V input range, providing accurate signal acquisition, which is 

critical for vibration analysis. A computer running Sigview software (Fig. 2f) analyzed the real-time data 

received from the data acquisition system. 

2.3. Experiment methodology  

Each bone specimen was properly clamped in a mechanical vice with one end free for impact application. 

The impact hammer was used to carefully apply a longitudinal impact to the free end of the bone, as shown in 

Figure 3. An acceleration sensor was mounted near the clamped end of the bone to measure the vibrational 

response along the longitudinal axis of the bone. The input force and corresponding output acceleration signals 

were acquired by a data acquisition (DAQ) system and monitored in real time by Sigview software. The 

acquired signals were analyzed by calculating the frequency response function (FRF), coherence function, and 

phase shift characteristics using built-in Fast Fourier Transform (FFT) algorithms within the software. Each 

test was performed three times per specimen and the results averaged to ensure experimental repeatability and 

manual influence differences (Ewins, 2009). 
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Fig. 3. Experimental setup for longitudinal impact testing on bone for vibration analysis 

2.4. Data processing 

The vibrational response of bone is influenced by both the direction of impact and the orientation of the 

fracture. To study such behavior, three essential vibration parameters must be considered: resonant natural 

frequency, coherence function, and phase shift response. The frequency response function (FRF) is a very 

common method for studying the dynamic characteristics of solid objects (Pinzaru et al., 2024; Siemens, n.d.). 

FRF converts a time-domain signal to a frequency-domain signal using a transfer function that connects the 

input (from the hammer) and the output (from the accelerometer) (Kadhim et al., 2024). By interpreting the 

FRF, it is possible to derive the resonant natural frequency, damping characteristics and mode shape. The 

vibration response of the solid object is divided into three parts: Stiffness controlled zone at a frequency lower 

than the resonant natural frequency, Damping controlled zone at the resonant natural frequency and Mass 

controlled zone at a higher frequency above the resonant natural frequency. Coherence function validates a 

measure of the FRF, how well the two signals (input and output) are correlated at each frequency, ranging 

from 0 (no correlation) to 1 (perfect correlation) (Allemang et al., 2022; SDynPy, n.d.).  

2.5. Parameter estimation 

Bone integrity assessment involves the calculation of parameters from vibration signals. The natural 

resonant frequency of the bone is identified from the maximum peak observed in the frequency response 

function (FRF) plot. The stiffness ratio is calculated from the resonant eigenfrequency of the fractured bone 

relative to the bone, which helps to identify loss of structural integrity. The coherence value is associated with 

the linear relationship between the applied input force and the measured acceleration response. A coherence 

value close to 1 indicates minimal energy loss and reliable vibration signal transmission through bone. Another 

verification parameter to consider is phase shift analysis. It can focus specifically on delays and distortions in 

the structural response resulting from energy absorption at fracture sites. This approach allows all parameters 

to be continuously monitored across all bone specimens, providing a direct comparative assessment of the 

severity of fracture orientation in bone. To support the experimental resonance natural frequency results, the 

bone was assumed to behave like a slender cantilever beam, and analytical natural frequency estimates using 

Euler-Bernoulli theory were used to validate the observed trends. 

3. THEORETICAL BACKGROUND  

The theoretical background for the analysis of vibrational behavior required a combination of vibration 

theory and fracture mechanics to explain how bone responds to dynamic loading. Euler-Bernoulli beam theory 

evaluates natural frequency shifts due to changes in stiffness caused by fracture. Linear Elastic Fracture 

Mechanics (LEFM) describes how stress concentration at crack tips leads to structural failure. 
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3.1. Vibrational approach in bone 

To understand the vibrational behavior of fractured bone, the resonant frequency (𝑓𝑛)of a structure such as 

a cantilever beam can be estimated using the Euler-Bernoulli beam theory. During the experiment, the slender 

bone specimens are assumed to behave like cantilever beams. The natural frequency is expressed as: 

𝑓𝑛 =
𝛽𝑛

2

2𝜋
√

𝐸𝐼

𝜌𝐴𝐿4                                                                        (1)  

where 𝑓𝑛 is the natural frequency in Hz, 𝛽𝑛 is the mode shape coefficient, E is Young’s modulus 

representing bone elasticity, I is the area moment of inertia of cross section, 𝜌 is the density of the bone, A is 

the cross sectional area, and L is the length of the bone. This equation clarify that the natural frequency is 

directly proportional to the square root of the flexural stiffness (EI) and inversely proportional to the square 

root of the bone length. So, any changes in stiffness or in geometry due to fractures will cause important 

changes in the vibration signature. This theoretical foundation is a key method in interpreting the shifts in 

resonance frequency and variations in damping observed experimentally (Bishop, 1955; Chondros et al., 2001; 

Dimarogonas, 1996)  

3.2. Fracture mechanics approach in bone 

 

Fig. 4. Schematic of cracked bone showing applied stress (σ), Crack length (a), Geometry factor (Y),  

Stress intensity factor (K), and energy release rate under vibrational loading 

Figure 4 shows how a bone with a crack behaves under stress, which can be explained by linear elastic 

fracture mechanics (LEFM), which quantifies the strength of the stress concentration near the crack tips (Behiri 

& Bonfield, 1989; Ritchie et al., 2005). This theory helps us understand how stress builds up at the tip of a 

crack. Stress intensity factor (K) is calculated as: 

𝐾 = 𝑌𝜎√𝜋𝑎                                                                              (2) 

where K is the stress intensity factor, σ is the applied force, 𝑎is the length of the crack and Y is a shape 

factor based on the bone and crack geometry. When K becomes greater than a critical limit 𝐾𝐼𝐶 the crack can 

grow rapidly and cause the bone to fracture (Behiri & Bonfield, 1989; Melvin 1993). Another related value is 

the energy release rate (G), which tells us how much energy it takes for a crack to grow. It is related to K by 

the equation. 

𝐺 =  
𝐾2

𝐸′                                                                              (3) 

where 𝐸′is the adjusted stiffness of the bone, which depends on whether the bone is under simple plane 

stress conditions (Zimmermann et al., 2015). These equations help explain how cracks affect bone strength 

and how vibration can reveal hidden damage by analyzing energy loss and stiffness reduction (Ritchie et al., 

2005). 
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4. RESULTS 

4.1. Reference bone: Case -1 

Fig. 5 shows the results of vibration tests on the reference bone (B1), which provide dynamic characteristics 

to identify the natural frequency using the frequency response function (FRF), which gives a resonant natural 

frequency of 376 Hz and a FRF magnitude of 12.96 g/N (Fig. 5a). This value serves as a baseline for 

comparison with the fractured bone case. The resonant natural frequency occurs in the damping control zone 

(shaded orange), which reflects effective energy transfer as well as normal damping characteristics. Because 

the damping zone is narrow, it indicates high stiffness in the reference bone. In the low frequency range 

(stiffness control zone shaded green), the response at a low FRF magnitude would be less than 12.26 g/N, 

indicating that the bone is structurally stiff and intact. This identity reference bone remains stiff and behaves 

normally when force is applied. The phase plot (Figure 5b) shows a sudden drop to approximately -170° at the 

resonant natural frequency. The sudden phase shift indicates resonance at the resonant natural frequency 

(376 Hz) and verifies that the system is making the normal transition from stiffness-dominated to mass-

dominated behavior. To further verify the resonant natural frequency, the coherence function (Figure 5c) for 

the reference bone does not remain close to 1.0 in the frequency range of 350 Hz to 390 Hz. A coherence value 

close to 1 provides a linear relationship between the input (impact force) and the output (acceleration response). 

This coherence measures the signal, which provides reliability, and the system response is consistent and 

repeatable, with minimal noise or non-linear effects. 

 

Fig. 5. Vibration response of reference bone (B1): (a) FRF showing resonance peak at 376 Hz; 

(b) phase shift confirming resonance; (c) coherence validating signal reliability 

 

(a) Frequency response function 

 

(b) Phase shift 

 

(C) Coherence 
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4.2. Lateral fracture bone: Case – 2 

Fig. 6 shows the results of the vibration response of the bone with a lateral fracture found by its frequency 

response function (FRF), phase angle, and coherence function plots. In the FRF plot (Fig. 6a), a resonant 

natural frequency peak is observed at 444 Hz, with an unexpectedly high FRF amplitude of 76.49 g/N. This 

resonant eigenfrequency shifts beyond 400 Hz and shrinks the damping zone (shaded orange) with a high FRF 

magnitude of 76.49 g/N , which is a clear indication of the low damping found in the bone due to the lateral 

fracture and the local stiffness redistribution increase around the fractured area. Compared to a reference bone, 

there is a severe reduction in structural stiffness and energy absorption capability due to the lateral fracture. 

This pattern shows a clear, wide range of stiffness control zone (shaded green) and shrinking damping zone. 

A fracture in the bone has compromised its ability to resist deformation. The corresponding phase shift plot 

(Fig. 6b) shows a rapid phase shift occurring around the same frequency, with the phase reaching 

approximately 150° at 444 Hz. This sharp change establishes the presence of resonance at 444 Hz, and the 

output acceleration of the bone becomes out of phase with the input force. Such a sharp change in the phase 

response is caused by the fracture-induced discontinuity. In addition, the coherence function plot (Fig. 6c) 

shows a significant decrease in the coherence value to 0.4869 at the resonance frequency. In general, coherence 

values close to 1, indicating reliable input force and output acceleration, have a linear relationship. At 444 Hz, 

the decrease in coherence observed here suggests the presence of nonlinear behavior at the resonant frequency 

of 444 Hz, likely due to nonlinearity at the resonant natural frequency due to the presence of fractures in the 

bone.  

 

Fig. 6. Vibration response of lateral fracture bone (B2): (a) FRF showing resonance peak at 444 Hz; 

(b) phase shift confirming resonance; (c) coherence validating signal reliability 

 

(a) Frequency response function 

 

(b) Phase shift 

 

(C) Coherence 
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4.3. Longitudinal fracture bone: Case – 3 

Figure 7 shows the results of the vibrational response of the bone with a longitudinal fracture found through 

its frequency response function (FRF), phase angle, and coherence function plots. In the FRF plot (Fig. 7a), a 

resonant natural frequency peak is observed at 102 Hz with an FRF magnitude of 10.82 g/N. This resonant 

eigenfrequency, located below the damping zone (shaded orange), shifted toward the stiffness control zone 

(shaded green) and the stiffness control zone shrank. Compared to the reference bone, the shift of the damping 

zone establishes a significant reduction in structural stiffness due to longitudinal fracture. The phase shift 

(Fig. 7b) supports this finding, showing a sharp phase shift change near the resonant natural frequency. At 102 

Hz, the phase angle drops to approximately -171.8°, a typical indication of resonance. This abrupt change in 

phase reflects the point at which the bone structure no longer moves in synchrony with the applied force, 

further establishing the influence of the fracture on its dynamic response. The coherence function plot (Fig. 

7c) shows a minimum of 0.711 at approximately 102 Hz, indicating a moderate decrease in coherence. 

However, the coherence is consistently close to 1 over a wide range of frequencies. 

 

Fig. 7. Vibration response of longitudinal fracture bone (B3): (a) FRF showing resonance peak at 102 Hz, 

(b) phase shift confirming resonance, (c) coherence validating signal reliability 

4.4. Oblique fracture bone (45° Left to right): Case – 4 

Figure 8 shows the results of the vibration response of the oblique fracture bone (45° left to right). The 

frequency response function (FRF) (Fig. 8a) shows the reduced resonance natural frequency is 21 Hz and 

shifted to the lower end of the graph, which shrinks more of the stiffness control zone (shaded green), while 

 

(a) Frequency response function 

 

(b) Phase shift 

 

(C) Coherence 
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the FRF magnitude is found to be 17.68 g/N, indicating a higher damping effect compared to the reference 

bone. The phase shift graph (Fig. 8b) shows changes in the resonant natural frequency at 21 Hz, recorded at -

30°, which is relatively flat and lacks the typical steep drop seen in moderately fractured bones. The coherence 

plot (Fig. 8c) shows a dip at the same resonant natural frequency of 21 Hz, and its coherence value is 0.192. 

This coherence value indicates low correlation between the input and output signals, often caused by 

nonlinearities and energy scattering introduced by the fracture on the bone surface. Such low coherence at the 

resonant frequency is a strong indication that the oblique fracture has perturbed the vibrational integrity of the 

bone. 

4.5. Oblique fracture bone (45° Right to left): Case – 5 

Figure 9 shows the results of the vibration response of an oblique fracture bone (45° right to left). The 

primary resonant eigenfrequency in the frequency response function (FRF) plot (Fig. 9a) is significantly 

reduced to 22 Hz, which moves to the lower part of the spectrum. This process creates a smaller stiffness 

control zone (shaded green). Its corresponding FRF magnitude is 24.40 g/N, which is the highest of all fracture 

cases and represents excessive stiffness loss. There is a second but smaller peak at 398 Hz with a FRF 

magnitude of  2.31 g/N. This low and broad peak indicates the presence of a highly damped second mode 

shape. The phase plot (Fig. 9b) also shows two prominent transitions. The first is at a frequency of about 22 Hz 

with a phase angle of +30°, which is anomalous with respect to the abrupt negative dip present in healthy bone. 

The second transition is at a frequency of about 398 Hz with a phase angle of +2.84°, representing a more 

fragile segment that may be susceptible to failure at high frequencies due to intense damping effects. The 

coherence plot (Fig. 9c) confirms these results. Two significant dips in coherence are found: at 22 Hz with a 

value of 0.0217 and at 398 Hz with a value of 0.1194. These low values indicate reduced signal reliability and 

confirm the resonant behavior at both frequencies. 

5. DISCUSSION  

Figure 10 includes all the frequency response functions (FRFs) of the bone specimens (B1 through B5) and 

shows how fractured bone responds dynamically at different frequencies. The reference bone (B1), 

representing a reference bone (unfractured bone), has a clear resonance natural frequency peak at 376 Hz with 

a moderate FRF magnitude of 12.96 g/N. This response is used as reference data for a comparative study of 

other fractured cases. Once a fracture was introduced into the bone, the vibration pattern of the fractured bone 

changed dramatically. The lateral fracture bone (B2) shows a resonant natural frequency peak at 444 Hz, 

significantly higher than the reference bone, with the highest FRF magnitude of 76.49 g/N. This measurement 

indicates a severe loss of damping and likely stiffness redistribution around the fracture zone; the response 

peak is also very narrow and sharp, compared to the fractured bone peak. A sharp peak is indicative of low 

damping and a narrow curve is indicative of concentrated stiffness, reflecting the fracture-induced 

discontinuity.  

In contrast, the longitudinal fracture (B3) shows a significant reduction in resonance frequency to 102 Hz, 

indicating a loss of axial stiffness. The corresponding FRF value of 10.83 g/N indicates that the bone has 

become more flexible due to the fracture being parallel to the bone axis. Some surprising effects were found 

in the oblique fractures. The left-to-right oblique fracture bone (B4) found a resonance peak natural frequency 

at 21 Hz with a moderate FRF magnitude of 17.68 g/N, representing a reduction in both stiffness and structural 

integrity. The right-to-left oblique fracture bone (B5) exhibited dual mode behavior with resonance peaks at 

22 Hz and 398 Hz. The first peak (24.40 g/N) indicates a strong low-frequency response, while the second 

peak indicates that the fractured segment vibrates independently at a higher mode. This split response is a 

strong indication of localized flexibility and mode shape distortion, likely due to fracture propagation and 

asymmetric geometry.  

The pronounced decrease in resonant frequency observed for oblique fractures (B4 and B5) can be 

attributed to their effect on bending stiffness and load distribution. Unlike longitudinal fractures, which mainly 

reduce axial stiffness, oblique fractures simultaneously compromise axial and lateral load transfer, creating 

highly unstable mechanical conditions. This results in drastic frequency reductions to the 21-22 Hz range.  

Clinically, oblique fractures are considered unstable because the shear forces along the oblique fracture 

plane promote displacement and often require surgical fixation for stabilization. These findings are consistent 

with the clinical understanding of fracture biomechanics and highlight the diagnostic potential of vibration-
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based methods. In addition, our results complement previous studies using vibration-based bone diagnostics, 

such as demonstrated vibration screening in long bones (Ali, 2019). Transverse vibration for fracture diagnosis 

and analyzed the effect of boundary conditions on fracture bone dynamics (Yoon et al., 2021; Sim et al., 2021). 

Taken together, these works reinforce the role of vibration analysis as a promising non-invasive tool for 

biomechanical and orthopedic applications. 

Goat metacarpals provide a simple experimental model because they are readily available and have 

structural similarities to human bones (Fan et al., 2014). However, there are notable differences with respect 

to human bone such as geometry, density, and microstructure. Similar vibration-based experiments have also 

been performed on human cadaver bone (Sim et al., 2021; Yoon et al., 2021). These studies, along with the 

work presented here, demonstrate the feasibility of vibration-based diagnostics as a basis for future applications 

in human bone fracture detection and healing assessment (Doemland et al., 1986; Mattei et al., 2018). 

This research is limited by the small sample size of five representative bones, which limits the statistical 

power and validity of the results. However, the experimental results provide a clear proof of concept for 

vibration-based bone fracture severity classification. In future work, the study will be extended to a larger set 

of specimens, including human cadaveric bones and specimens with variations in gender and weight, to 

improve statistical reliability and clinical application. 

 

 

Fig. 8. Vibration response of oblique fracture (45° left to right) bone (B4) : (a) FRF showing resonance peak at 21 Hz (b) 

phase shift confirming resonance (c) coherence validating signal reliability 

 

  

 

(a) Frequency response function 

 

(b) Phase shift 

 

(C) Coherence 
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For future clinical use, the method can be adapted to in vivo conditions. Unlike excised bone testing, in 

vivo fracture testing is subject to surrounding soft tissues and joint constraints that introduce additional 

damping and noise into the vibration response. To address this, non-invasive excitation methods such as low-

energy impactors or ultrasound pulses will be used in conjunction with miniaturized wearable accelerometers 

to safely record signals. Advanced signal processing techniques will also be critical to eliminate biological 

noise and extract bone-specific vibration features. These developments, supported by previous cadaveric and 

human-focused studies (Ali, 2019; Sim et al., 2021; Yoon et al., 2021)), highlight the translational value of the 

method, while acknowledging that further validation is required before clinical application.  

Overall, the key findings are summarized in Table 2 and Figure 11, which highlight how fracture orientation 

has a direct and measurable effect on resonant natural frequency, amplitude, and mode behavior. These 

findings support the use of vibration analysis as a reliable, non-destructive method for evaluating fracture 

severity and structural degradation in bone.  

 

 

Fig.9. Vibration response of oblique fracture (45° right to left) bone (B5): (a) FRF showing resonance peak at 22 Hz, (b) 

phase shift confirming resonance, and (c) coherence validating signal reliability 

 

(a) Frequency response function 

 

(b) Phase shift 

 

(C) Coherence 
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Fig 10. Comparative study on experimental result of frequency response function for all bone (B1 to B5) 

 

Tab. 2. Result summary of experimental bone dynamic parameters 

Specimen 

ID 
Fracture Type 

Resonance 

Frequency (Hz) 

FRF Magnitude 

(g/N) 

Coherence 

Value 
Severity level* 

B1 
Reference  

(No fracture) 
376 12.96 0.29 

No issue due to 

no fracture 

B2 Lateral 444 76.49 0.4869 Very high 

B3 Longitudinal 102 10.83 0.711 Low 

B4 Oblique (45° L to R) 21 17.68 0.192 Moderate 

B5 Oblique (45° R to L) 22 24.4 0.0217 Moderate 
*Severity level is classified based on reduction in resonance frequency, increase in FRF magnitude, and decrease in coherence 

value compared to the reference bone. 

 

Fig. 11. Resonance frequencies and peak magnitudes of the Frequency Response Function (FRF)  

for bone specimens with differing fracture orientations, demonstrating changes in stiffness  

and damping as a result of fracture severity 
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6. CONCLUSIONS 

The experimental results showed that different orientations of fractures result in unique vibration patterns 

that clearly identify and classify fracture severity. The reference bone (B1) showed dynamic characteristics 

with a resonance frequency of 376 Hz. The phase shift and coherence plots also confirm the same. When all 

the fracture cases are compared with the reference bone (B1), the lateral fracture bone (B2) shows a 17.98% 

increase in resonance frequency from 376 Hz to 444 Hz and a 491% increase in FRF magnitude from 12.96 

g/N to 76.49 g/N, which is the most severe fracture state among all the cases due to the pronounced stiffness 

loss and low damping. The longitudinal fracture (B3) decreases 72.87% in resonance natural frequency from 

376 Hz to 102 Hz and decreases 16.45% in FRF magnitude from 12.96 g/N to 10.83 g/N, confirming it as the 

least severe case with minor structural degradation. The oblique fracture bone (B4) decreases 94.4% in 

resonance natural frequency from 376 Hz to 21 Hz and increases 36.3% in FRF magnitude from 12.96 g/N to 

17.68 g/N, indicating moderate severity. Similarly, the oblique fracture (B5) had a 94.1% decrease in resonance 

frequency from 376 Hz to 22 Hz and an 88.3% increase in FRF magnitude from 12.96 g/N to 24.4 g/N, also 

in the moderate severity category. 

Overall, the results show that lateral cracks have the most critical stiffness loss, while longitudinal and 

oblique cracks have less, but still moderate, effects. The study supports the use of the vibration-based method 

as a non-invasive and measurable method to evaluate fracture severity in bone, providing valuable insights for 

orthopedic diagnostics and future biomechanical research. The proposed vibration-based approach can be used 

as a supportive diagnostic tool in orthopedics, complementing radiographic imaging by allowing non-invasive 

classification of fracture severity and monitoring of healing progress.  
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