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Abstract - In this paper, an experimental study was conducted on a gear mechanism with eccentricity anomalies, emphasising 

advanced time-frequency domain methods to improve the diagnosis. Vibrations captured under various operating conditions 

were examined using RPM-frequency mapping, Short-Time Fourier transform (STFT), 3D  waterfall FFT, and 3D Time-

Frequency analysis. These techniques allowed for more accurate detection of eccentricity signs, including its impact on the 

interaction between gears and transmission performance. The results showed that elaborate phenomena such as intense 

modulation and nonlinear behaviors complicate accurate fault detection using traditional methods based solely on time and 

frequency domain. However, the multidimensional method adopted here allows for highlighting localised signal indicators that 

are directly associated with transmission disturbances due to eccentricity. This work, therefore, highlights the need to apply 

time-frequency methods to monitor the condition of gears and optimize their maintenance more effectively. 

Keywords - Eccentricity fault, Gear mesh stiffness, RPM-frequency map – STFT, 3D time frequency, Transmission error, Two-

stage spur gear system, 3D waterfall FFT.  

1. Introduction  
Gearboxes are critically important in various fields, such 

as aeronautics, industrial production, and wind power 

generation. An eccentricity defect in the gearboxes can lead to 

irregular power transmission, torque fluctuations, and 

consequently reduced energy efficiency. It is, therefore, 

essential to identify these irregularities quickly to avoid costly 

malfunctions and ensure reliable operation. During use, these 

anomalies produce vibrations affecting the device's overall 

performance. They also cause accelerated wear of delicate 

components such as gear teeth and bearings. These vibrations 

change as the problems deteriorate, making them an essential 

indicator to observe [1]. Numerous studies have concentrated 

on analyzing torsional and lateral vibrations to address this by 

developing numerical models to understand gear dynamics 

better.  To more effectively understand and predict these 

phenomena, various studies have focused on the study of 

lateral or torsional vibrations using advanced numerical 

models. For example, Wang and his group [2] used the finite 

element technique (FE) to refine detection parameters and 

improve the identification of defects associated with 

eccentricity. The properties of these defects have been studied 

both theoretically and experimentally. This now makes it 

possible to evaluate better elements, such as the interaction 

between variables and the evolution of the transmission error 

(TE), which is essential information for correcting these errors 

and improving the performance of mechanical systems. Zhou 

et al. [3] calculated the time-variable mesh stiffness for spur 

gears and studied the impact of gear eccentricity errors on 

mesh stiffness. Additionally, a planetary gear train's dynamic 

model was created to assess gear eccentricity's effects on mesh 

stiffness and overall dynamic performance [4]. To investigate 

the effects of time fluctuation of the pressure angle and gear 

backlash on spur gear structures, Yi et al. [5] suggested a 

nonlinear dynamic model. Suxiang et al. [6] proposed a design 

idea with a novel transmission mechanism for an eccentric 

modified gear to ensure a variation of gear tooth backlash 

within the permissible range. Methods for calculating TE 

resulting from eccentricity errors in gear trains were initially 

proposed by Sun [7] and Michalec. Following this, Bo [8] and 

Wu [9] provided their calculations after studying the effects of 

single-gear eccentricity errors on TE. Ottewill [10] used 

experimental tests to estimate the TE of a pair of gears with 

eccentricity errors and demonstrated how different levels of 

TE and backlash corresponded to various phases of 

eccentricity errors. Rocca [11] used the TE spectrogram and 

represented TE as a trigonometric function to determine the 

eccentricity error of the helical gear mechanism. Furthermore, 

Gu [2] developed a mathematical model to simulate 

eccentricity's impacts on planetary gears' quasi-static and 

dynamic behavior. In another research [11], finite element 

models were used to examine the impact of eccentricity errors 
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on the performance of spur and helical gears. Aijun et al. [12] 

investigated a multi-stage planetary transmission system's 

mathematical model to study gears' dynamic response affected 

by profile defects and assembly errors, which subsequently 

caused crack-like failures. Time-series imaging and FFT 

spectrum methods were used to analyze the dynamic response. 

Liu et al. [13] proposed a new dynamic model to study the 

combined effect of eccentricity and wear using the technique 

of tooth contact under load, aiming to better understand the 

meshing behavior under these circumstances. 

Despite numerous models being developed and 

researched in the literature, precise calculations of TE 

resulting from eccentricity errors are rare. Additionally, many 

experimental investigations do not focus on the impact of 

eccentricity errors on TE. Under real experimental conditions, 

the TE, mainly caused by eccentricity, is rarely quantified by 

current models. For an accurate analysis of the non-linear 

dynamic behaviour of the gear system, it is important to 

provide a detailed analytical model that can reveal the 

meshing relations and specific nonlinear properties. Fourier 

analysis techniques are considered more effective in 

diagnosing gear deterioration than the time method and 

frequency approach. When the vibration signal is transient, 

faults are effectively characterised by complex spectral 

variations. 

In machine diagnostics, time-frequency analysis is a 

valuable tool for reflecting the vibration signal more 

accurately than previous methods, as it provides more 

information about the signal in frequency and time. 

Identifying appropriate analytical methods and methodologies 

for problem identification is essential for studying failure 

diagnosis mechanisms. In this study, an effective analysis 

technique is used to identify anomalies associated with 

eccentricity effectively and the impact of eccentricity defects 

on a two-stage spur gear system is analysed in depth, with 

particular attention to how eccentricity parameters and time-

varying mesh stiffness influence the system vibration 

characteristics. Various sophisticated tools such as RPM 

frequency mapping, 3D waterfall FFT (Fourier fast 

transform), and short-time Fourier transform (STFT) are used 

to examine vibration signals and identify potential 

irregularities. The combined use of these time-frequency 

analysis methods and RPM mapping facilitates the early 

detection of signs of eccentricity in the spur gear system.  

To understand the impacts of this type of anomaly, 

several operational scenarios were modelled to examine how 

eccentricity affects the system's lateral, torsional, and dynamic 

behaviours.  The article is organized as follows: Section 2 

details the two-stage spur transition model. Section 3 

describes the design and installation of the test bench. Section 

4 highlights the primary analysis. The effects of pitch 

eccentricity on vibration and transmission errors are analysed 

using different analysis techniques, such as RPM-frequency 

map, 3D waterfall FFT, and STFT, to more accurately identify 

anomalies associated with eccentricity. Section 5 draws a 

comparative discussion between these time-frequency 

analysis techniques and traditional analysis. Finally, Section 6 

summarizes the key lessons learned from the study. 

2. Spur Gear System Model 
Figure 1 shows a two-stage gear system without 

considering the pinion backlash and inter-tooth friction. 

Subsequently, the gears are viewed as solid cylinders 

connected by a meshing stiffness, representing the elastic 

coupling between the teeth given the absence of inter-tooth 

friction in the pinion and gear. The parameters of the two-

stage gear system are listed in Table 1.

 
Fig. 1 Dynamic model of a gear system with two stages 
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Table 1. The two-stage gear under study physical characteristics

Specifications Stage 1 Stage 2 

Young Module  (E) 2068×1011 Pa 2068×1012 Pa 

Number of teeth Z1 = 30 & Z2 = 90 Z3 = 30 & Z4 = 90 

Poisson’s ratio 3×10-1 3×10-1 

Angle of pressure 20 degrees 20 degrees 

Pinion & gear base circle radius (mm) R1 = 30.1 & R2 = 76.1 R3 = 30.1 & R4 = 76.1 

Mass (kg) M1 =0.96 & M2 = 2.88 M3 = 0.96 & M4 =2.88 

Bearings meshing stiffness (Ns/m) k1 = k3 = 656×108 k2 = k4 = 656×108 

Bearings damping coefficient (Ns/m) c1 = c2 = 18×106 c3 = c4 =18×106 

Coupling torsional stiffness (Ns/m) kp = 44×105 kg = 44×105 

Coupling damping coefficient (Nms/rad) cp = 5×105 cg = 5×105 

3. Set-Up Gear System Description  
The two-stage spur gear arrangement used in the 

experimental test rig was designed to mimic a real-world gear 

transmission system. A flexible coupling drives a gear train 

via an electric motor, as shown in Figure 2. Using a digital 

speed controller, the input shaft rotates at a constant speed of 

1,500 rpm. 

 
Fig. 2 Experimental gearbox testing apparatus 

To better understand the lateral rotational reactions of the 

system, piezoelectric sensors were used to record vibrations. 

With a sensitivity of 10.2 mV/m/s2 and capable of detecting 

frequencies up to 150 kHz, these accelerometers were 

carefully mounted on the reduction and support bearings, as 

shown in Figure 3.  

Data were collected at high speed, at a sampling rate of 

15 kHz, using an acquisition system integrated with NI 

LabVIEW. Programs developed with MATLAB were then 

used for signal analysis: Time-frequency transformations 

were used to isolate the major vibration characteristics.  

Three configurations were used to test the system: 

• Healthy gear system (no eccentricity), 

• Moderate defect (50 µm eccentricity), 

• Significant defect (100 µm eccentricity). 

 

   
Fig. 3 (A) Speed sensor, and (B) Accelerometers. 

The gear pair under consideration consists of steel spur 

gears with 30 and 90 teeth per stage. Dial indicators and high-

resolution coordinate measuring instruments were used to 

confirm that the geometric centre of the pinion had been 

displaced by 50 µm and 100 µm using precision machining 

and alignment tools to create eccentricity. 

Each configuration was tested multiple times to ensure 

consistency, and isolating mounting and shielding strategies 

were used to reduce noise.  
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4. Results  
4.1. Gearbox Vibration Experimental Results 

The experimental test rig is depicted in Figure 2.  The 

acquisition system collected the experimental data and 

revealed the gear vibration signal as noise interference 

produced by a damaged gear changing over time. 

Fig. 4 Gear response in a healthy state 

  
Fig. 5 Spectrum result of vibration response of healthy gear 

Figure 4 shows a stable and balanced vibration signal with 

a uniform and symmetrical waveform around zero. This 

profile reflects smooth operation without significant errors or 

interruptions. A low and constant amplitude indicates that the 

system operates normally without obvious offsets or 

eccentricities. 

The absence of perceptible vibrations indicates that all 

mechanical components are well-adjusted and show no signs 

of permanent failure. The parts fit together harmoniously, and 

the load transfer is continuous, indicating excellent overall 

operating conditions. 

In Figure 5, a clear peak in the mesh frequency (fₘ) is 

observed, corresponding to the smooth passage of the gear 

teeth. A second, more attenuated peak occurs at the rotational 

speed (fᵣ), reflecting the main movement of the crankshaft. 

The spectral analysis shows great clarity: virtually no 

harmonics or sidebands were detected, indicating the absence 

of significant mechanical defects such as eccentricity. The low 

noise level confirms the system's stability, while interference 

and parasitic resonances are practically absent. 

Fig. 6 Gear response with 50m eccentricity 

 
Fig. 7 Spectrum result with 50 m eccentricity 

Figure 6 shows constant oscillations with distinct peaks 

that reappear periodically. This indicates that the system is 

experiencing some periodic vibration associated with a shift 

in the rotation axis. Instead of regular operation, the signal 

shape is now irregular, suggesting that the part no longer 

rotates exactly on center. This anomaly influences the fit of 

the gear teeth, altering their stiffness with each interaction. 

The increase in the overall vibration level also indicates that 

the transmission of mechanical energy to the housing is 
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becoming increasingly unstable. Figure 7 shows the early 

appearance of bands around the fundamental frequency (fₙ), 

indicating the first signs of an anomaly associated with 

eccentricity. Currently, the misalignment is moderate.  

However, the system is beginning to show signs of 

mechanical malfunction, although the damage remains 

contained.  From Figure 8, the signal shows uneven and high-

amplitude vibration peaks, significantly higher than those 

detected in a system in good condition and with an eccentricity 

of 50 µm. The vibration envelope shows instability, indicating 

a nonlinear mechanical response of the system. Double peaks 

and areas of high vibration intensity make the signal more 

difficult to analyse. These elements reveal a significant 

breakdown in the mechanical coupling, accompanied by a 

rapid increase in force variations at each revolution.  

An accentuated eccentricity strongly disrupts the centre 

of rotation, causing the appearance of unstable and irregular 

radial forces. To statistically estimate the amplitude variations 

between healthy (0 μm) and defective (50 μm and 100 μm), a 

uniquely significant ANOVA (Analysis of Variance) was 

performed on the RMS vibration amplitudes obtained in terms 

of 10 repetitions. Analyzing a revelation of significant 

deviations (F(2,27) = 24.6, p < 0.001), post-hoc Tukey tests 

confirmed that the pairwise comparisons (0 vs 50 μm, 0 vs 100 

μm, 50 vs 100 μm) were significant (p < 0.01).  

This confirms the visual trends in Figures 7 and 9, where 

the sideband energy increases with eccentricity. Therefore, 

studying vibrations in various situations, namely, a healthy 

system, an eccentricity of 50 µm, and an eccentricity of 100 

µm, reveals an increase in spectral complexity and the gradual 

emergence of modulation effects. Table 2 provides a synthetic 

overview of the main vibration parameters observed during 

the experiments, thus facilitating the comparison and 

visualisation of these different situations. 

Fig. 8 Gear response with 100m eccentricity Fig.  9 Spectrum result with 100 m eccentricity 

Table 2. Vibration responses under various eccentricity conditions 

Condition 
Peak Amplitude 

(m/s²) 
Dominant Frequencies (Hz) 

Sidebands 

Present 

Current Transmission 

Error  

Perfect  0.15 Mesh frequency 2×(500–600 Hz) None 
Stable/ 

Minimum 

Eccentricity 50 µm 0.4 
Mesh frequency + sidebands 

(485–800 Hz) 
Moderate Moderately Increasing 

Eccentricity 100 µm 0.7 
Deep visible spectrum (10–20 

kHz ) 
Severe 

Unstable and Highly 

Significant 

 

4.2. Extraction of Experimental Result Feature 

As illustrated in Figures 5, 7, and 9, interpreting the 

spectra of the collected signals is not always straightforward. 

A mapping method that combines engine speed (RPM) and 

frequency data, in conjunction with the STFT, 3D waterfall 

FFT, and 3D Time-Frequency map, is implemented to 

overcome this challenge.  

This method allows for separating non-stationary 

elements derived from the experimental test. Figure 10 

presents the analysis scheme implemented on a spur gear 

system. Time-frequency analysis techniques are now being 

used to improve fault identification.  

These methods enable the direct deduction of complex 

vibration signatures from experimental data, thus overcoming 

the constraints of conventional approaches. Identifying 

various anomalies in rotating machinery has been particularly 

effective for vibration analysis, combined with these time-

frequency techniques. 
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Fig. 10 Flowchart of experimental process

The STFT, one of these tools, can analyse the temporal 

evolution of signal frequencies through three-dimensional 

visualisation. In this context, the signal "s" refers to the result 

of applying STFT to the time sample "y" [6]. 

𝑆𝑇𝐹𝑇(𝑤, 𝑡) = ∫ 𝑔̄(𝑢 − 𝑡)
∞

−∞
𝑓(𝑢)𝑒−2𝜋𝑡𝑤𝑢𝑑𝑢 (1) 

 Where t represents the window time tracking parameter 

g and g is the conjugate complex of the function g (). The 

3D frequency spectrum, with gear eccentricity as the 

controlling parameter, is shown in the following figures. This 

study examines the dynamic nonlinear properties of a spur 

gear system that has not and has an eccentricity defect. All 

other parameters remain unchanged. 

 

 
Fig. 11 STFT result of healthy gears 

Figure 11(a) illustrates that the examined surface is 

uniform and smooth, without any notable defect marks. In a 

gearbox in excellent condition, the signal energy remains low 

to moderate, reflecting a constant and uniform performance. 

No sidebands or specific harmonics were observed that could 

indicate an irregularity associated with eccentricity. In 

addition, no temporary phenomena, modulations, or abnormal 

frequencies are observed, which attests to the mechanism's 

good working condition. Figure 11(b) shows that the blue 

diagram reflects minimal vibration activity, typical of a 

healthy gearbox. The constant presence of a low-frequency 

element (indicated by fr) reveals a smooth and regular 

operation of the gear mechanism. The absence of any 

disturbance, harmonic or modulation indicates that an 

Test rig setup 

NI Compact Data Acquisition 

Time domain NI Lab VIEW FFT 

Obtain the STFT of the 

signal by Fourier Transform 

Extract the 3D Waterfall plot  

(RPM-Frequency, FFT & Time-Frequency) 

Fault diagnosis by identifying  

characteristic frequencies 
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eccentricity defect does not influence the system. As shown in 

Figure 12 (a), the first signs of mechanical imbalance appear 

around the rotation frequency (fr) and the modulation 

frequency (fm). There is a significant increase in the 

amplitude, which is between 0.0008 m and 0.0012 m. These 

elevations, linked to the apparent maxima on the surface 

spectrogram between 0.0008 m and 0.0016 m, indicate a slight 

displacement of the shaft relative to its rotation axis, a 

precursor to the onset of eccentricity failure. For the moment, 

even if the vibration behavior is affected, the impacts remain 

quite limited. 

 

 
Fig. 12 Faulty gear system with 50m eccentricity: (a) RPM-frequency 

result, and (b) STFT result. 

In contrast, Figure 12 (b) shows a more pronounced 

variation in frequency between 485 Hz and 800 Hz, associated 

with an eccentricity of 50 micrometers. This irregularity 

coincides with the rotation frequency of the central axis (fr), 

indicating that a simple offset, even negligible, already 

measurably influences the vibration dynamics of the gear 

system. This attests that the rotating element is no longer 

ideally centered, creating periodic fluctuations that the sensors 

can detect. 

 

 
     Fig. 13 Faulty gear system with 100m eccentricity: (a) RPM-

frequency result, and (b) STFT result. 

 

As Figure 13(a) clearly shows, the situation is much more 

worrying. The system vibration response is more potent in 

amplitude and distribution in the time-frequency domain. 

More pronounced and regular variations around 0.0012 m and 

0.002 m reveal an amplified mechanical imbalance. An 

increased eccentricity (100 µm) places additional demands on 

the gearbox elements. The rotating parts present a notable 

shift, observable through increased detected signal energy. 

Consequently, the impacts associated with gear eccentricity 

become more noticeable, and monitoring the evolution of the 

vibration peaks allows for observing the deterioration of the 

phenomenon. 

In Figure 13(b), a significant increase in the anomaly is 

observed in the frequency band from 485 Hz to 1280 Hz. The 

frequency fluctuations are more noticeable with an 

eccentricity of 100 µm, indicating a marked intensification of 

the vibrations. This behavior directly links the increase in 

eccentricity and the intensity of mechanical imbalance. The 
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increase in eccentricity leads to an intensification of the 

disturbances affecting the rotation frequency of the main shaft 

(fr), highlighting an increasingly marked shift in the system. 

 

 

 
Fig. 14 3D Time-Frequency map: (a) Healthy system gear, (b) Faulty 

gear system with 50 m eccentricity, and (c) Faulty gear system with 

100 m eccentricity. 

Figure 14 (a) represents the vibration signal of a gearbox 

in perfect condition without any indication of failure. The 

vibration intensity is moderate and remains constant over 

time. The visible peaks clearly and consistently demonstrate a 

balanced and regular system operation. Regarding the 

frequencies, no anomalies are detected; they remain within the 

300 to 1400 Hz range, demonstrating satisfactory dynamic 

stability. In contrast, Figure 14(b) reveals the first signs of 

anomaly with an eccentricity of 50 µm. Slight irregularities 

appear between 300 and 880 Hz in the vibration signature, 

with an amplitude reaching 0.7 m/s². These fluctuations 

indicate the beginning of a misalignment; the energy 

transmitted by the input shaft becomes less regular, and the 

signal's amplitude increases approximately every half-second. 

Figure 14(c) shows a significant deterioration of the situation, 

where an eccentricity of 100 µm causes much more 

pronounced disturbances. The defect significantly affects the 

gearbox's operation, with the risk of causing mechanical 

damage. Multiple harmonics are observed from 300 Hz to 

1400 Hz, signalling a modified vibration behaviour. Unlike 

the previous case of an eccentricity of 50 µm, several high-

frequency fluctuations are now observed, with amplitudes 

exceeding. To accurately identify the transmission error, a 3D 

FFT was used to highlight the transmission error within the 

gear system. 
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 Fig. 15 3D Waterfall FFT of lateral vibration response: (a) Healthy 

gear system, (b) Faulty gear system with 50 m eccentricity and (c) 

100 m eccentricity.  

Figure 15(a) shows the examination of a healthy gear 

system by a 3D lateral vibration cascade using FFT. All 

frequencies from 0 to 800 Hz display reduced amplitudes in 

this configuration, illustrating a smooth, vibration-free 

transmission.  

A spectrum free of sharp peaks indicates the system is 

properly balanced, ideally positioned, and free of mechanical 

defects such as eccentricity. However, Figure 15(b) shows a 

significant increase in the low frequencies, approximately 50 

Hz. This signal reveals a voltage build-up or the beginning of 

an imbalance, highlighting that the system is beginning to 

suffer the consequences of a 50 m eccentricity anomaly. 

Despite the problem being clear, the device continues to 

operate. Figure 15(c) illustrates a more alarming situation.  

The spectrum is more spread out, with several secondary 

peaks. This indicates an increasingly chaotic transmission of 

mechanical energy. The imbalance strengthens and becomes 

recurrent, the vibrations intensify, and the mechanical 

efficiency decreases. There are also significant variations in 

the 100-550 Hz range, which are directly associated with the 

transmission error due to the 100 m eccentricity defect. 

Pearson correlation coefficients were calculated to quantify 

the relationship between eccentricity levels (50 µm, 100 µm) 

and sideband energy around the thread frequency (fm ± fr). 

Strong positive correlations were established (r = 0.89, p < 

0.001 for 50 µm; r = 0.93, p < 0.001 for 100 µm), confirming 

that eccentricity linearly amplifies modulation effects. 

4.3. Analysis of Spur Gear System Transmission Errors 

The transmission error of a two-stage gear system is 

analyzed under standard operating situations and with various 

eccentricity defects. In the healthy gear scenario, the 

transmission error remained stable, indicating the correct 

performance of the gear mechanism, as demonstrated in 

Figure 16. 

 
Fig. 16 2D Transmission error for health and defective gears system 

 

As shown in Figure 16, the signal is almost non-existent 

and has only a slight background noise (shown in black in the 

center). This means the device operates balanced, without 

excessive pressure and movement, and the gears mesh 

perfectly. However, when the eccentricity increases to 50 µm, 

transmission error peaks appear at specific frequencies, 

signalling the first indicators of an imbalance in the system. 

Although they are not yet serious, these are the initial 

indications of a problem. However, at a 100 µm eccentricity, 

numerous error peaks in the transmission at different 

frequencies are observed, and the impact on the system 

becomes considerably more noticeable (more visible on the 

left of Figure 16). The energy flow becomes chaotic and 

inefficient. A linear regression model was fitted by estimating 

the TE with eccentricity values (0–100 μm). The model 

accounted for 85% of the TE variance (R2 = 0.85, p < 0.001), 

with a slope of 0.12 μm/μm (95% CI [0.10, 0.14]), indicating 

that TE increased by 0.12 μm per 1 μm of eccentricity. The 

impact of eccentricity defect is particularly evident in Figures 

11, 12, 13, 14 and 15. The increase in transmission errors is 

due to eccentricity faults resulting from gear misalignment and 

a growing angular deviation between the meshing gears. The 

results demonstrate a significant improvement in detecting 

irregularities, highlighting the superior effectiveness of 

sophisticated methods in identifying crucial variations in 

vibration patterns. 

5. Discussion  
The experience described in the paper clearly shows that 

sophisticated time-frequency analysis methods, such as RPM 

frequency map, STFT, 3D waterfall FFT, and 3D Time-

Frequency map, offer significant benefits over conventional 

analysis approaches such as time domain and frequency 

domain for identifying eccentricity anomalies in gear systems. 

In the time domain, the vibration signals can indicate regular 
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impacts and irregularities, but this data is frequently 

overwhelmed by noise and obscured by other dynamic 

elements. For instance, the results show impacts due to 

eccentricity (Figures 6 and 8), yet their understanding remains 

qualitative and imprecise without further analysis. The FFT 

represents the predominant frequencies but does not capture 

the time changes of non-stationary signals. Regarding 

eccentricity defects, modulations and sidebands around the 

mesh frequencies can be distinguished (Figures 7 and 9). 

However, their time progression and relationship to 

operational parameters, such as rotation speed, remain 

unclear.                           

However, the Frequency-RPM map establishes a link 

between frequencies and rotational speed (RPM), facilitating 

the identification of particular patterns associated with 

eccentricity. For instance, Figures 12(a) and 13(a) show that 

sharp peaks and frequency slices are explicitly linked to 50 

µm and 100 µm eccentricity anomalies, respectively. This 

enables early identification and accurate localization of 

anomalies. The STFT segments the signal into small time 

windows before performing the FFT, making it possible to 

detect changes in frequency and time. Figures 12(b) and 13(b) 

demonstrate the increase in variations in various frequency 

intervals (from 485 to 800 Hz for an eccentricity of 50 μm and 

reaching up to 1280 Hz for 100 μm). These fluctuations 

highlight the dynamic impact of eccentricity on the 

transmission error, an aspect that is less apparent in a 

frequency analysis. The 3D time-frequency results (Figures 

14(b) and 14(c)) illustrate the energy changes and multiple 

harmonics created by eccentricity, showing how these disrupt 

the system dynamics.                

The 3D Waterfall FFT demonstrates the progression of 

frequencies and amplitudes for time and speed. Figures 15(b) 

and 15(c) highlight transmission errors due to eccentricity 

through amplitude modulations and decreases, which would 

be difficult to detect with traditional FFT. These results make 

gears' complex and transient behavior tangible, considerably 

simplifying their interpretation. Therefore, traditional 

approaches documented in the literature (such as time and 

frequency domain analyses) usually focus on stable signals 

and simple anomalies. For instance, the cited sources [2-3] and 

[7] use theoretical models and FFT to analyze eccentricity but 

do not consider transient dynamics. However, this study uses 

methods designed explicitly for non-stationary signals, crucial 

for real-world systems where speed and load fluctuate.  

The experimental data (Figures 11 to 15) demonstrate the 

effectiveness of these methods to facilitate the identification 

of anomalies that would otherwise remain invisible. These 

include the sidebands surrounding the meshing frequency 

(fₘ), recurring discontinuities in the vibration signal, and, most 

importantly, fluctuations in the TE rate, as shown in Figure 16, 

which is an essential parameter for assessing the condition of 

the gears. 

6. Conclusion  
These techniques are particularly notable for their high 

sensitivity to eccentricity effects, especially for detecting 

transmission anomalies. Furthermore, the combined time-

frequency approach (RPM frequency map, STFT, 3D 

waterfall FFT, and 3D Time-Frequency map) allowed for 

accurately capturing the nonlinear dynamic responses induced 

by these anomalies, providing a more detailed understanding 

of the system behaviour than traditional FFT techniques. 

These methods have proven exceptionally responsive to the 

effects caused by eccentricity, especially for detecting 

transmission irregularities. In addition, combined time-

frequency techniques have highlighted the nonlinear dynamic 

reactions generated by these anomalies, thus providing a more 

comprehensive assessment of the overall system operation 

compared to conventional FFT methods. In the 2D dynamic 

transmission error spectrums, deviations from the expected 

values indicate the presence of vibrations. As misalignment 

and angular deviation intensify, the eccentricity increases 

from 0 to 100 µm, leading to a greater transmission error.  

Compared with conventional FFT, this study's 3D FFT 

waterfall approach more effectively reveals hidden frequency 

modulations, thus enabling early fault diagnosis. This 

highlights the practicality of these techniques in real-world 

diagnostic applications. This study provides an opportunity to 

establish a more complete profile of the defect signature by 

combining various advanced time-frequency methods in a 

single experimental system. 

The statistical analyses (ANOVA, correlation, and 

regression) quantitatively confirmed that eccentricity errors 

significantly modify vibration amplitudes (p < 0.001), while 

sideband energy (r > 0.89) shows a significant correlation (r > 

0.89) with a negative correlation (R2 = a). These results 

support the diagnostic value of time-frequency measurement 

methods. Based on these results, integrating RPM frequency 

map, STFT, 3D waterfall FFT, and 3D Time-Frequency map 

into industrial machine condition monitoring systems could 

significantly reduce unexpected gearbox failures. The 

obtained results can significantly influence future research 

directions and practical applications in diagnostics. 
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