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Abstract: Gearwheels are a common mechanism for distributing torque from mechanical devices to other 
mechanical devices. The tribological state of gears reduces their performance and lifespan. This paper presents 
a signal-processing basis for evaluating the vibrational dynamics of a single pair of gears under various 
tribological situations. This method not only identifies the tribological state of the system, but also leads to 
different applications in several mechanical systems. 
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1 Introduction 
In mechanical systems, assessing tribological state 
is a critical issue. Indeed, tribological state has a 
significant impact on system functionality, and a 
poor lubrication regime can result in system failure 
and damage. Gear lubrication is an engineering 
topic that has piqued researchers' curiosity for a long 
time. Proper lubrication provides for a smooth 
motion transmission from the driver to the driven 
gear, as well as a longer gear fatigue lifespan. As a 
result, scientists have used a variety of methods to 
investigate the dispersion of lubricants (as well as 
the lack of lubricants). H. Liu et al. investigated the 
effects of lubrication on gearing efficiency, 
demonstrating that oil and grease improve efficacy 
(at high temperatures as well), provide a longer 
lifespan (fatigue as well), and can reduce vibration 
and noise caused by gearing: among the several 
analyzed methods, jet lubrification produced the 
best results [1]. Z. Wang et al. proposed a new 
model for the analysis of transient mixed lubrication 
of bevel gears, emphasizing how this type of 
lubrication had a significant impact on stiffness and 
damping during contact between the teeth of the 
gearwheels, as these two parameters increased 
significantly as the transmission torque increased 
[2]. W. Cao et al. found that the temperature is 
higher at the contact point of the two spiral bevel 

gearwheels, claiming that this is due to a thinner 
lubricant film than the rest of the tooth, resulting in 
increased contact pressures and a reduction in the 
fatigue lifespan of the tooth [3], [4]. By examining
the key morphological features of the gearwheel 
teeth, H. Wang et al. investigated contact wear for 
helical gears in the elastohydrodynamic mixed 
lubrication (EHL) regime: He confirmed that the 
most wear occurs at the tooth's height, which is 
increased by a high roughness; this impact can 
be significantly decreased with good lubrication 
[5]. H. Liu et al. compared the effects of high and 
low lubrication on the coefficient of friction in 
a cylindrical gear, demonstrating that with 
high lubrication, the average coefficient of 
friction initially increases and then gradually 
decreases, whereas with poor lubrication, the 
average coefficient of friction initially increases 
significantly and then flattens; furthermore, when 
the lubrication level is high, the film thickness 
grows as the rotation speed increases, whereas when 
the lubrication level is low, the film thickness 
increases just minimally [6]. V. Niola et al. used a 
non-linear analysis of vibrational signals to 
examine three different lubrication regimes of a 
gear, allowing them to recognize them and identify 
the presence of a damage on the gearwheel teeth
[15].  Important results can be found in [7], [8], [9], 
[10], [11], [12], [13], [14].
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Fig. 1: Testbench 

The goal of this project is to be able to evaluate the 
dispersion of the lubricant layer in a gear, for 
various speeds, using traditional approaches such as 
statistical indices analysis. These will be calculated 
for the vibrational signals obtained by an 
accelerometer. The methodology proposed has been 
already applied in the context of gear noise 
determination, cavitation phenomena and even 
for other mechanical systems, [12], [13], [14], [15], 
[16], [17], [18], [19], [20], [21], [22], [23], [24], 
[25], [26]. 

2 Experimental Approach 
A testbench consisting of the following components 
was set up: brushless electric motor, double 
cardan joint, two transmission shafts equipped 
with self-centring clamping devices, four 
supports for bearings placed on the frame of 
the bench, two slides with micrometer screws 
and dial indicator (FVL 936), four radial ball 
bearings, an helical gear pair, two high resolution 
digital encoders (Baumer Electric BHF series), a 
support to place the electric 
motor. Knowing that the driving wheel has 33 (𝑧2) 
teeth and the driven wheel has 37 (𝑧1), the gear ratio 
ε is 0.891. The wheelbase was fixed at 65 mm. The 
next figure shows the scheme of the test bench. Two 
types of testing were conducted:  
 absence of lubrication
 poor lubrication: gearwheels were coated with a

thin film of oil to achieve typical lubrication of
the gear tooth contacts. For this test, SAE
75W90 oil was used.

Both groups of testing were performed at 500, 700, 
900, and 1300 rpm. An accelerometer was linked to 
the system to capture the vibrations during wheel 
rotation, as seen in the next image. The signals were 
acquired for a total of 30 seconds, with 15 seconds 
of pause every 10 seconds (10 seconds of 
acquisition, 15 seconds of pause, 10 seconds of 

acquisition, 15 seconds of pause and 10 seconds of 
acquisition), in order to properly assess the lubricant 
dispersion during the rotation of the gearwheels. 
Knowing the system maximum frequency is 1600 
Hz, a sampling rate of 51200 Hz was determined in 
accordance with Nyquist's theorem. 

Fig. 2: Accelerometer position 

3 Results 
The results are only examined along the y-axis since 
they are the most significant. Below are the 
raw signals (Fig. 3 and Fig. 4). The amplitude of 
the signals increases (slightly) in case of lubrication, 
as can be seen by observing the eight signals 
and comparing the two different lubrication 
regimes with: this is exclusively due to the 
dispersion of the lubricant. There are no visible 
variations of this type in the case of absence of 
lubricant. In the following, the signals will be 
analyzed first by FFT and then by statistical 
indices. The Testbench is presented in Fig. 1. 
Similarly, the accelerometer position is 
presented in Fig. 2.
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Fig. 3: Signals with no lubricant 

Fig. 4: Signals with lubricant 

3.1 Fast Fourier Transform 
The FFT of the raw signals is now performed. In the 
case of no-lubrication test, FFTs were calculated for 
the full signal (there is no lubricant, so there can be 
no dispersion); FFTs were calculated every 10 
seconds of acquisition for each signal in 
the lubrification test (this choice is due to the 15 
second pauses during acquisition). The different 
FFTs are displayed in Fig. 5, Fig. 6, Fig.7 and at 
Fig. 8. Observing the various diagrams, almost all 
energy, both with and without lubrication, is 
contained in the bandwidth between 0 and 5 kHz; 
this one grows up to around 10 kHz, 

when 1300 rpm is reached. In the [0-5] kHz (and till 
to 10 kHz for 1300 rpm), we found the rotation 
frequencies for the drive shaft (8.33 Hz for 500 rpm, 
11.67 Hz for 700 rpm, 15 Hz for 900 rpm, 21.67 Hz 
for 1300 rpm), the driven shaft and the brushless 
electric motor. Moreover, in such frequency range, 
we also found the noise. The bandwidth of 
harmonics increases with speed increasing. With the 
progressive increase in the rotation speed of the 
gears, we can also detect an increase in the 
amplitude of harmonics between 2.5 and 4.5 kHz. 
The FFTs of the raw signals were calculated for 
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each second of acquisition to extract additional 
information from the spectra, and then the area 
subtended by these spectra was estimated. The 
obtained diagrams have the trend showed in Fig. 9. 
In Fig. 9 the curve representing the no oil regime 
has quiet constant behavior: this phenomenon is due 
to the lubrication absence. This behavior has a more 
chaotic trend, increasing the wheel angular rotation 
showing even an increase in the vibration state. This 
phenomenon is also connected to the surface defects 
and to the wear of the wheels. These aspects are 
more evident for high velocity regimes. When the 
two lubrication regimes are compared at the same 
rotational speed, the red curve (with lubricant) tends 
to the black one (without lubricant) in proportion to 

the lubricant dispersion. It is easy to observe how 
this tendency is slower at 500 rpm and considerably 
faster, and almost totally reached, at 1300 rpm. The 
increase of this index indicates a rise of the 
bandwidth of the harmonics, as well as an amplitude 
growth and, therefore, an increasing energy content. 
Finally, the black curve, due to the absence of 
lubricant, is always higher than the red curve: the 
contact forces between the teeth are higher. As it 
can see, this index does not allow to visualize where 
the bandwidth is concentrated and, therefore, it is 
suggested use this index with the FFT previously 
seen. 

Fig. 5: FFTs with no lubricant 

Fig. 6: FFTs with lubricant: first stint 
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Fig. 7: FFTs with lubricant: second stint 

Fig. 8: FFTs with lubricant: third stint

Fig. 9: Comparison between FFTs subtended areas 

3.2 Statistical Indices 
In the following, the raw signals will be analyzed 

using statistical indices. For each index computed 
on the generic signal, 30 values were obtained, i.e. 
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one index value for each second of acquisition. The 
symbology used for the curves will always be the 
same: black curve and circular markers for the case 

of with no lubricant, red curve and square markers 
for the case with lubrication, while the dashed lines 
stand for the average values.

3.2.1 Range  
The range (δ) [16] is defined as: 

𝛿 = 𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛                           (1) 
where 𝑥𝑚𝑎𝑥 is the maximum value of signal 𝑥 and 
𝑥𝑚𝑖𝑛 the minimum value. Its trend is displayed in 
Fig. 10. The four graphs are in complete agreement 
with the observations made on the raw signals. In 
fact, it is possible to observe an increasing trend of 
the red curve proportional to the dispersion of the 
lubricant: this indicates that the amplitude of the 
signals is increasing. The red curve tends clearer to 
the black at higher speeds: this happens because at 
higher speeds lubricant dispersion is faster. In fact, 
in the case of 1300 rpm, the dispersion of the 
lubricant film is rapid, and already in the second 
period of acquisition (between 10 and 20 seconds), 
the average value of the red curve is very close to 
the black one. This increasing trend is much slower 
in the case of 500 rpm. Finally, it can be seen that 
the average values of the black curves increase as 
the speed of rotation increases, suitably with the 
increase of the number of impacts (between two 
teeth) in the generic second of acquisition.  

3.2.2 Root Mean Square Value 
The RMS [16] is defined as: 

𝑅𝑀𝑆 = √
1

𝑁
∑ 𝑥𝑖

2

𝑁

𝑖=1

  (2) 

where N is the length of signal 𝑥 and 𝑥𝑖 is its 
generic component. Its trend is shown in Fig. 11. 
The trend of this index is very similar to the 
previous one (Fig. 10). In fact, as before, the red 
curve tends to the black one as the lubricant 
dispersion increasing. The progressive increase of 
the index indicates a progressive deterioration of the 
vibrational signal [10], i.e. that the forces acting on 
the system become higher. This is due to the decay 
of the lubricant film, which, as it disperses, is no 
longer able to significantly dampen the shocks 
between teeth. This is also confirmed by the 
increasing trend of the average values of the red 
curve, which also tends to increase like the relative 
curve. Finally, once again, it can be seen that the 
dispersion of the lubricant, so as the intensity of the 
shocks, is greater in the case of 1300 rpm and less in 
the case of 500 rpm.  

3.2.3 Shape Factor  
The Shape Factor (K) [16] is defined as: 

𝐾 =
𝑥𝑚𝑒𝑑

�̅�
 (3) 

where �̅� is the average value of signal 𝑥 and 𝑥𝑚𝑒𝑑 is 
the line such us to nullify integral: 

∫ 𝑥𝑑𝑡

𝑁

0

  (4) 

where N is the length of signal 𝑥. In Fig. 12 is 
shown its trend. The graphs exhibit a fairly chaotic 
tendency, but it can also be observed that the curves 
are focused in a very small area, about between 0.50 
and 0.57. This index value range is typical of signals 
that evolve symmetrically in relation to their 
average value. It is interesting to underline how this 
symmetry is maintained despite the different 
lubrication regime, the dispersion of the lubricant 
film and the different rotation speeds considered. 

3.2.4 Logarithmic Entropy  
Logarithmic Entropy (LE) is defined as.: 

𝐿𝐸 = ∑ log 𝑥𝑖
2

𝑛

𝑖=1

 (5) 

where 𝑥𝑖 is the generic component of the signal at 
the i-th instant; the logarithm is in natural base. In 
Fig. 13 it’s possible to see the increasing trend of 
the red curve already seen for other indices 
(Range and RMS, Fig. 10 and Fig. 11) is once 
again repeated. The LE gives us a measure of the 
degree of order and disorder of the system: an 
increasing index indicates an increasing degree of 
disorder and, as in our case, an increase of 
dispersion of the signal values compared to their 
average one due to the dispersion of the lubricant 
film. The black curve, at the same speed of 
rotation, presents a fairly stable trend indicating 
how the degree of disorder is kept at about the 
same level, as well as presenting values always 
higher than the red curve: this is because there 
is no lubricant and, therefore, its dispersion over 
time. This "stability" tends to be lost at high 
speeds (see the case of 1300 rpm). These 
trends suggest that the last index is much more 
suitable than the others for evaluating the 
condition of the lubricant film on the 
gearwheels. Comparing this index with the Range 
and RMS, at the same speed of rotation, it can be 
seen that its growth is slower. 
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Fig. 10:  Range trend 

 

 
Fig. 11: RMS trend 

 

 
Fig. 12: Shape Factor trend 
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Fig. 13: Logarithmic Entropy trend. 

4 Conclusion 
In this paper, the study of lubricant film dispersion 
was addressed using two different methodologies. 
The study of the subtended areas by the FFTs 
provided clearer results in indicating the progressive 
dispersion of the lubricant film from the gear than 
the simple observation of the FFTs of the raw 
signals, although the simple index does not allow 
the visualization of the band of frequencies. The 
indices provide significant results regarding the 
progressive dispersion of the lubricant film, the 
increasing intensity of the forces due to impacts (see 
RMS index) and the amplitude grown of the 
vibrational signals (see Range index), all at the same 
speed of rotation. The study of the Shape Factor 
showed that the signal symmetrically develops itself 
than its average value, regardless of the lubrication 
level and the rotation speed of the system. 
The Logarithmic Entropy (LE) assess the degree of 
order and disorder in the system: by this index, it is 
possible to see that the lubrification regime clearly 
tend to no-lubrication regime due to the progressive 
dispersion of the lubricant (in this case slower than 
the one seen for the Range and RMS). This method 
of analysis, in the future, could be implemented in 
real-time in order to evaluate the lubrication status 
of the system through the comparison between the 
vibrational signal, that is being acquired, and the 
basic one already acquired in conditions of absence 
of lubrication. Therefore, once the previously 
established threshold limit has been exceeded, it is 
possible to add a new lubrication amount if 
necessary.  
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