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Abstract

This work assesses the frictional wear of lubricated transmission chains, correlating the
coefficient of friction, root mean square (RMS) acoustic emissions, and vibrations induced by
friction, incorporating Industrial Internet of Things (IloT) components. The work is divided
into two phases: understanding the frictional interactions between the steel pins of commercial
transmission chain and high chrome steel plate (mimicking the interaction between the pin
and roller of the chain) using a reciprocating tribometer (20 N, 2.5 Hz, 15.1 stroke length) in
the presence of three commercial lubricant aerosols (Grade A, Grade B, and Grade C) and
analyzing the frictional wear, sound, and vibration signals generated during the tribo-tests.
In the second phase, the findings from the laboratory scale are validated using a commercial
transmission chain under aerosol lubrication. Results indicated that the coefficient of friction
in the case of dry conditions was 41% higher than that of Grade A aerosol and Grade C aerosol
and 28% higher than that of Grade B aerosol. However, the average wear scar diameter on
the pin with Grade C (0.401 =+ 0.129 mm) was higher than that on the pins with Grades A
(0.209 + 0.159 mm) and B (0.204 + 0.165 mm). Grade A and Grade B aerosols exhibited similar
frictional conditions, while the wear-scar diameter in Grade C was the highest among Grades
A and B but still less than in dry conditions. Analyzing the sound and vibrations generated
during the friction test, it can be seen that the dry condition produced approximately 60%
more sound level than the Grade A and Grade B conditions, and 41% more sound than the
Grade C condition. The laboratory results were validated with a real-time transmission chain
using an in-house chain wear test rig. Results from the chain wear test rig indicated that the
elongation of the chain with Grade B is the least amongst the aerosols and dry conditions.
The surface characterizations of the steel pins also indicated intense deep grooves and surface
damage in dry conditions, with Grade A exhibiting the most severe damage, followed by
Grade C, and the least severe in Grade B. Additionally, dark patches were visually observed
on the rollers of the lubricated commercial chains, indicating stressed areas on the rollers,
while polished wear was observed on the rollers under dry conditions.
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1. Introduction

Engineering surfaces play a crucial role in the study of tribology [1], and a detailed
analysis of the indirect feedback between interacting surfaces helps determine surface damage.
Nowadays, utilizing concepts of “Tribotronics” by integrating various electronic components
is gaining importance in larger systems and is an important part of the Industrial Internet
of Things (IIoT). The Industrial Internet of Things enables the usage of various sensors to
determine the health of industrial equipment [2] and is still regarded as an accurate approach
in hard-to-reach areas, particularly between interacting surfaces. The acoustic emission (AE)
technique effectively detects the damage on surfaces caused by friction [3]. The AE technique
of non-destructive testing has been used for detecting friction and wear for a long time [4-6]
under dynamic conditions; however, very limited work has been reported on correlating
AE with frictional properties at the transition from static to dynamic conditions. Friction
sounds are generated due to the deformations of the mating surfaces. Taura et al. [7] utilized
AE and detected slip between the brass ball and the steel surface, reporting an increase in
AE and frequency with increasing slip. Ferrer et al. [8] also discussed the use of AE in slip
conditions between steel-steel interactions to determine the transition to dynamic friction,
indicating that the AE technique can be used irrespective of the mating pair geometry. A
system vibrates when it cannot dissipate the energy effectively. Vibrations also occur when
friction is generated between two mating pairs, which reduces the efficiency of the equip-
ment. Chen et al. [9] employed complex eigenvalue analysis (CEA) and transient dynamic
analysis (TDA) to investigate vibrations under various conditions. Xu et al. [10] investigated
the wear of steel-bearing surfaces using friction-induced vibration features and defined a
feature parameter based on these features, thereby quantitatively characterizing the wear.
Zhang et al. [11] studied the friction-induced vibration and noise generated in a graphene-
reinforced high-density polyethylene (HDPE) and developed an HDPE composite with
excellent anti-wear and vibration reduction properties. Furthermore, the surface morphology,
contact pressure, and stick-slip also play a crucial role in controlling the vibration that occurs
during friction.

Addallah et al. [12] also numerically and experimentally investigated the dynamic
response of spur gears considering three different forms of friction-based vibration and con-
cluded that a combination of friction-induced noise and the response from their numerical
model can accurately simulate the dynamic behaviour of the gearbox. Hongling et al. [13]
studied the vibrations induced due to the stick-slip in water bearings of a submarine.
Additionally, they reported that the rotation speed, contact pressure, surface hardness, and
lubrication conditions are responsible for the vibration induced by friction. Xue et al. [14]
also noted the dependence of friction-induced vibrations on surface morphology and the
presence of lubricants. Wang et al. [15] analyzed the influence of pit presence on taper
roller bearings and reported a 45.1% reduction in friction and a 62.5% reduction in wear.
Additionally, the presence of pits also reduced the vibrations and suppressed the acoustic
emissions produced. As seen from the literature above, instantaneous RMS values of acous-
tic emissions have already been used to map friction and wear. In automotive applications,
such as electric vehicles, it has become a crucial criterion to design chains with low acoustic
emissions and minimal vibrations during operation.

Based on the preliminary observations, this study is built on two primary hypotheses.
The first hypothesis proposes a measurable correlation between the coefficient of friction,
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vibration, and acoustic emissions (RMS) in lubricated chains under frictional conditions,
which can be effectively monitored using Industrial Internet of Things (IloT) technolo-
gies. The second hypothesis explores the interdependence of friction, wear, and vibration
as key indicators for assessing wear in transmission chains. Accordingly, the present
work aims to investigate the correlation between acoustic emissions and the coefficient of
friction generated between two steel surfaces in the presence of industrial-grade aerosol
lubricants. Vibration induced during the friction process is also analyzed to establish a
relationship between acoustic emissions, vibration, and the frictional coefficient recorded
during laboratory-based tribological tests.

To the best of the authors” knowledge, no systematic study has been reported on
using instantaneous RMS values of sound and vibration to predict failure or degradation
of lubricated transmission chain components. To address this gap, this work seeks to
validate the reliability of real-time RMS values as diagnostic indicators for chain wear and
damage. Similarly, there are limited studies on the tribological performance of aerosol-
lubricated chains, and no study has systematically correlated the coefficient of friction,
wear, sound, and friction-induced vibrations under laboratory and real-time conditions.
This research bridges these gaps by correlating these parameters through both laboratory-
scale and component-level tests, conducted in two phases. In the first phase, frictional
interactions between two steel surfaces (chain pin and high-chrome steel) are evaluated
using a reciprocating tribo-test rig, with continuous recording and analysis of frictional
forces, wear, sound, and vibration signals. In the second phase, findings from the lab-scale
tests are validated using a commercial transmission chain mounted on a custom-built
chain elongation test rig, under similar aerosol-lubricated conditions. Analysis of variance
(ANOVA) is employed to evaluate significant differences among groups and the influence of
lubricants [16]. A one-way ANOVA is used to compare the effects of lubrication conditions
on sound level, vibration, coefficient of friction (CoF), and wear scar diameter (WSD). This
comprehensive approach is expected to offer valuable insights for chain manufacturers,
enabling predictive wear monitoring through real-time acoustic and vibrational analysis
and promoting more efficient, condition-based maintenance strategies.

2. Materials and Methods
2.1. Materials

Steel pins from a commercially available transmission chain were dismantled from
the chain to gain an in-depth understanding of the wear of the pins in transmission chains.
These pins were used as mating pairs in the wear test. The counter body was a steel bar
of EN 31. The composition of the pin and the steel bar was determined using an optical
emission spectrometer (Make: Hitachi, Uedem, Germany, Model: OE 750) and is shown in
Table 1.

Table 1. Chemical composition of pin and steel bar.

Tribo-Pair/ Element (%)

Elements C Mn Si S P Ni Cr Mo
Pin 0.406 0.568 0.186 0.012 0.010 1.345 1.115 0.221
Steel bar 0.943 0.334 0.195 0.011 0.008 - 1.505 -

The average surface roughness of the pins was measured to be 0.3501 + 0.022 pm,
and the roughness of the steel bar was maintained between 0.251 um and 0.301 pm. The
diameter of the pin was 2.5 mm, and the length was 20 mm. The pin hardness was found to
be 63 + 31.53 HRc, and the bar hardness was 25.6 &= 1.52 HRc. The hardness values are the
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average of five hardness readings taken on the flat surface of the pin and the bar surface
where both bodies would interact.

2.2. Measuring the Friction and Wear Using a Reciprocating Test Rig

The tribo-test used was a reciprocating test rig (Make: Magnum, Bengaluru, India)
with a maximum loading capacity of 20 N and a speed of 2.5 Hz. A stroke length of 15.1 mm
was maintained for all the tests. Three different commercial chain lubricant aerosols, Grade
A, Grade B, and Grade C, were used during the test. The composition of the sprays was
taken from the data available on the product data sheet (Table 2). Before the start of the
experiment, a single layer of the lubricant was sprayed from the aerosol cans. Each test
was repeated twice, and the average of the three readings has been reported here.

Table 2. Composition of the commercially available chain spray aerosol as available on the datasheet
of the products.

Composition Type Grade A Grade B Grade C

A high molecular weight polymer (olefin + copolymer) doped

Carrier agent with approximately 8% calcium sulphonate 400TBN.

Anti-oxidant Am-lruc- Am.lruc. Dothiocarbamate
anti-oxidant anti-oxidants
Anti-wear Phosphate ester Nil Nil

additives

2.3. Industrial Internet of Things: Data Porting from the Real World to the Cloud

The experimentation setup (Figure 1) with ESP32 sorted the hardware constraints
and the bulk update method, which serves up to 58 samples/minute, into the cloud
platform. However, the proposed final setup does have complications in terms of the
number of sensors that can be interfaced with the ESP32 controller. Only 6 analog sensors
can be connected to the ESP32 controller at a time, as the ESP32 has two Analog-to-Digital-
Channels (ADC) (ADC1 with 6 pins) and (ADC2 with 9 pins), but ADC channel 2 cannot
be accessed when the Wi-Fi module is utilized. The ADC2 and Wi-Fi modules will use
the same pins in different operating modes. Hence, 6 pins from ADC1 can only be used
for sensors simultaneously with Wi-Fi under operation. The objectives can be further
optimized with other controllers and subscribed versions of the cloud platform, which
requires financial affordability. For this work, the available number of ADCs is sufficient.

Steps in Data Logging

Initialization: Setup includes defining variables and constants for sensor communica-
tion and ThingSpeak integration. This covers JSON buffers, WiFi credentials, GPIO pin
assignments, and network management through WiFiClient. Timing variables track data
transmission to the cloud.

Connecting to WiFi: The setup() function initiates serial communication and attempts
WiFi connection in a loop. If unsuccessful, it waits 5 s before retrying. Upon a successful
connection, it displays the network status, including the SSID and signal strength, to
confirm reliable connectivity.

Uploading the data to the Cloud: The httpRequest function handles data transmission to
ThingSpeak. It first closes any existing connections, then initiates a new server connection
via the client connect(). Once connected, it sends an HTTP POST request containing our
channel ID, along with the necessary headers (Host, User-Agent, and Content-Type: JSON),
to ensure proper data routing to our ThingSpeak channel.
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Figure 1. Schematic illustration of how the data is ported from the sensor world to the cloud space
using ESP32 controller (IoT).

2.4. Measuring the Sound and Vibration Induced Due to Friction During the Tribo-Test Using
Sensors Employing the Concept of Industrial Internet of Things

The sound and the vibration induced by friction during the wear test were recorded
using acoustic sensors (two) and a vibration sensor. The acoustic sensors were placed on
either side of the rubbing area, and the vibration sensor was attached to the pan on which

the test specimen is mounted (Figure 2).

Figure 2. (a) Schematic diagram of the experimental set of reciprocating wear test rig (b) Sensors
fitted to the test rig.

An acoustic sensor was employed to record the acoustic emission signals generated by
friction and wear. This sensor features a sensitivity range of —60 to —56 dBV /Pa, operates
at5V, and is capable of detecting converted acoustic signals within a 0 to 5 V range, digitally
represented from 0 to 1023. The acoustic sensor includes a built-in audio amplifier using
the LM386 chip from Texas Instruments, Dallas, TX, USA. The output from the microphone
was linked to the audio amplifier circuit, as illustrated in Figure 3.
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Figure 3. (a) LM386 audio amplifier circuit. (b) Ambient noise recorded by the acoustic sensor before
the test.

In the amplifier circuit, pins 1 and 8 were left unconnected to maintain a default gain of
20, which was sufficient to capture the acoustic emissions produced by the contact between
the two metals. Increasing the gain beyond this level resulted in excessive noise or amplified
surrounding acoustic emissions. A 100 pF capacitor was placed between pin 7 and ground
to eliminate any power supply noise from being amplified. In the circuit (refer to Figure 3),
a 100 nF capacitor was utilized to filter out high-frequency noise, while a 1000 pF capacitor
was employed to smooth out voltage ripples. The audio circuit was powered, and its output
was directed to a spectrum analyzer. A variable input sinusoidal signal with frequencies
ranging from 20 Hz to 20 kHz was applied, revealing a total harmonic distortion (THD) of
1.7%. This level of THD was considered acceptable for the intended application. The test
involved connecting the acoustic sensor to an Arduino microcontroller using a built-in 10-bit
analog-to-digital converter (ADC) and supplying it with a 5 V power source. The experiment
lasted one hour, and the digital output of the ADC was transformed into an analog voltage
using Equation (1).
V=D-3.3/1023, (1)

where V is the analog value of the voltage, D is the digital value, 3.3 is the reference voltage
provided to the ADC, and since it was a 10-bit ADC, the resolution of the ADC was 210 = 1024.
The data preprocessing involves reducing background noise, where the mean of the
initial minute of data is subtracted from the entire 60 min of experimental data to capture the
noise created by friction. Following this adjustment, the sensor values were standardized
to match the scale of the coefficient of friction (ranging from 0 to 1) by dividing each sensor
value by its maximum value. This standardization facilitated a comparison between the
levels of the coefficient of friction and the acoustic sensor-mapped values, encompassing the
maximum, minimum, and range of the coefficient of friction versus the maximum acoustic
sensor value. Subsequently, a correlation was established between the coefficient of friction
and the acoustic sensor’s value to calibrate the sensor’s output in terms of the coefficient of
friction. The normalized sensor value is obtained using the formula in Equation (2):

N =S/M, )

where N is the normalized sensor value, S is the sensor value, and M is the maximum
sensor value.

Data was collected to capture the background noise, which included acoustic emissions
from nearby electrical appliances, people walking nearby, and other miscellaneous noises
near the testing setup. The data from the Arduino was transmitted to a PC using a USB
port and read at a baud rate of 9600. To assess the error contributed by the background
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noise, the ambient noise was recorded for 120 s. The post-processing of the acoustic signal
ensured that the impact of the noise was minimized to a greater extent during the analysis
of the frictional noise data. To record the vibration-induced friction during the test, a
versatile LDT0-028K vibration sensor was used, which utilizes a 28 um thick piezoelectric
polyvinylidene fluoride (PVDF) polymer film with screen-printed silver ink electrodes. It
was laminated onto a 0.125 mm polyester and attached to the specimen holding sample. The
sensor’s design effectively detects vibrations and mechanical stress, making it suitable for
detecting friction-induced vibrations during the reciprocating test. The LDT0-028K sensor
exhibits high sensitivity and flexibility, making it easy to integrate with microcontrollers
such as the ESP-32. Its robust design allows it to withstand high impacts, and it operates
effectively within a temperature range of 0 °C to 85 °C, with a storage temperature range
of —40 °C to 85 °C. The sensor supports analog communication capabilities of up to
approximately 70 VDC, with a sensitivity of 50 mV/g. The sensor’s resonant frequency
and sensitivity can be adjusted by modifying the mass or clamping length, enabling precise
detection and measurement of vibrations tailored to specific applications. This adaptability
enhances the sensor’s utility across various fields, including structural health monitoring,
automotive applications, and consumer.

Figure 4 illustrates the sensor calibrations. Figure 4a indicates the calibration curves
across three independent runs for sound levels ranging from 0 dB to 5 dB. The sensor
output varies linearly between 0 V and 1.6 V, with minimal run-to-run deviations. This
demonstrates consistent sensor behavior and repeatability in mapping sound pressure lev-
els to voltage. The vibration sensor calibration was refined by mapping the operating range
of 0-2 m/s? acceleration to 0-1 V output. Figure 4b indicates the corrected repeatability
plots across three independent calibration trials, compared to the ideal linear response. The
results confirm that the LDT0-028K sensor exhibits high linearity, repeatability, and low
trial-to-trial variation, making it reliable for capturing low-level vibrational responses in
the tribological chain wear test rig. The spectrum of the combined acoustic signal (blue
curve) reveals two distinct frequency regions: (i) ambient noise localized at low frequencies
around 60 Hz (red band), and (ii) friction-induced acoustic emissions concentrated at higher
frequencies around 600 Hz (green band) (Figure 4c). The separation of these components in
the frequency domain demonstrates the IloT-based sensing system’s ability to distinguish
between environmental noise and frictional signatures during chain operation. This anal-
ysis validates the reliability of the acoustic emission sensor in capturing friction-related
phenomena while filtering out background noise effects.
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Figure 4. Cont.
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2.5. Validating the Tribo-Test Rig Results Using Commercial Transmission Chains

A customized chain wear test rig (Make: Magnum) was used to evaluate the wear
resistance of commercially available transmission chains (Figure 5). The chain wear rig
was subjected to an axial load of 1320 N, and the chain was rotated at 1500 rpm. The
tests were run for 45 h. After every 15 h of running, the chain was inspected visually
for surface damage and elongation. Eight different locations (bushes) were marked and
selected to understand the wear patterns during the test. The tests were repeated twice.
The objective of running this test was to validate the laboratory tribo test rig results in a

real-time application.

g

Figure 5. Customized chain wear test rig (a) full setup (b) test chain.

3. Results and Discussions

3.1. Investigating the Wear Properties of the Pin of a Transmission Chain Using a Reciprocating
Wear Test Rig

Figure 6 indicates the average CoF and WSD during the tribology test. The coefficient of
friction in the case of dry condition (0.5615 & 0.037) was 41% higher than Grade A aerosol
(0.0335 £ 0.0063) and Grade C aerosol (0.0355 =+ 0.002) and 28% higher than Grade B aerosol
(0.040 £ 0.0028).
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Figure 6. (a) Average coefficient of friction vs. average wear scar diameter on pin (b) Coefficient of
friction vs. time.

The CoF in all the samples with aerosols exhibited similar frictional coefficients. However,
the average wear scar diameter on the pin with Grade C (0.401 £ 0.129 mm) was higher
than the pins with Grade A (0.209 & 0.159 mm) and Grade B (0.204 &£ 0.165 mm) (Figure 6a).
The intense interaction between the mating pair in dry conditions can be identified with
the high peak in the coefficient of friction graph (Figure 6b), which resulted in a high wear
scar and a higher CoF. From Figure 7, it can be seen that the average sound and vibrations
produced during the friction test in dry conditions were higher than the sound produced
during the friction test using Grade A, Grade B, and Grade C aerosols; however, each of the
aerosol lubricants behaved in different from each other, indicating that the composition of
any lubricant would play a major role in controlling the acoustic emissions generation and
vibration produced due to friction between the mating pair.

0.7 T T T T 0.6 0.7 T T T T 05
c = c
° COF 2 [ cor
G 06 Sound| () [ o5 ~ T 067 B viration]  (b) S
= ) = 04 <
- = = 05 @
o 051 = © 05 £
£ e ¢ E
O 0.4 o 9 04 F03 8
© 7] o 2
E 0.3 'g’g :E s

0.34 3 ]
g o S g L02 W0
o 02 @ o 5
g 021 z g g
o g L 0.1
g 0.1 0 2 0.1
P <

0.0 4 - 0.0 0.0+ - 0.

Dry Grade A GradeB  Grade C Dry GradeA  GradeB  GradeC
Lubricated Conditions Lubricated Conditions

Figure 7. Average coefficient of friction: (a) average coefficient of friction with average acoustic
emissions produced during the friction test, and (b) average coefficient of friction with average
vibration produced during the friction test.

The test in dry conditions produced an average sound level of 0.522 £ 0.053 dB, while
0.205 £ 0.134 dB, 0.205 £ 0.053 dB, and 0.310 % 0.148 dB were produced during the friction
test with Grade A, Grade B, and Grade C aerosols (Figure 7a). Thus, the dry condition
produced about 60% more sound emissions than Grade A and Grade B conditions and 41%
more sound emissions than Grade C. Similarly, the dry condition (0.32 £ 0.127 V) produced
12% higher vibration than Grade A (0.255 £ 0.007 V) and Grade C (0.260 =+ 0.028 V). The
vibrations produced in the friction test using Grade B (0.125 £ 0.007 V) exhibited significantly
lower vibration of 61% than in dry conditions and 51% lower vibrations than in Grade A and
Grade C aerosols (Figure 7b).
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Figure 8 exhibits the relationship between the average wear scar diameters, sound
emissions, and vibrations produced during the tribo-test on the pins. It can be seen that the
sound and the vibrations produced during the friction process correlated with each other
(Figure 8a). High-wear scars produce more sound (noise) and vibrations, thus indicating an
aggressive wear condition (Figure 8b). The average wear scar diameter in dry conditions
(0.825 £ 0.11 V) was higher than in other lubricated conditions, so the sound produced
was also higher in dry conditions. It is to be noted that the wear scar diameters in the
case of Grade A (0.209 £ 0.159 V) and Grade B (0.204 +£ 0.165 V) are equal, and hence, the
sound produced during the friction was also similar. The vibrations recorded in the case of
Grade B (0.125 = 0.007 V) were the least among all the samples. It is interesting to note that
even when the wear scars and acoustic emissions with Grade A and Grade B are almost
equal, the vibrations produced in Grade A were higher than in Grade B. The increase
in vibrations in Grade A as compared to Grade B may be due to the intense interaction
between the mating pairs, which is confirmed by the increase in the roughness of the pin
surface (Figure 8c). The percentage increase in roughness for Grade A (6.75%) and Grade C
(5.32%) pins after the tests was greater than that for Grade B (3.21%).
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Figure 8. Percentage increase in roughness: (a) average wear scar diameter with average acoustic
emissions produced during friction test, (b) average wear scar diameter with average vibration
produced during friction test, and (c) percentage increase in average roughness of pins after tribo-test.

Figure 9 shows the optical microscope images of the wear scars of tribo-pairs. As shown
in Figure 9a, the dry surface exhibited high wear, characterized by intense wear tracks,
compared to the lubricated conditions. It is worth noting that the plate experienced more
damage in all cases, with the highest damage occurring in dry conditions. In aerosol-sprayed
conditions, surface damage is higher for Grades A and C compared to Grade B. Therefore, due
to the surface damage in Grades A and C, the vibration levels were also higher in Grades A
and C than in Grade B. The percentage increase in surface roughness seen earlier of the pins is
also an indication of the intense metal-to-metal contact, the highest being in dry condition and
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the least being exhibited by the pin of Grade B. From the results obtained in this work, it can
be seen that even when friction and acoustic emissions follow a similar trend, the vibration
induced due to friction may not follow a similar trend. Similar results correlating surface
damage and friction-induced vibrations have also been reported by Qian et al. [17]. Thus, a
non-interdependent nature between the frictional coefficient and sound generated during
friction, along with the friction-induced vibration, can be established.

*_Pintin dry condition

Grade B Pin

Grade C Pin

100pm

Figure 9. Optical microscopic images exhibiting the surfaces of (a) plate in dry condition, (b) pin
in dry condition, (c) plate with Grade A, (d) pin with Grade A, (e) plate with Grade B, (f) pin with
Grade B, (g) plate with Grade C, and (h) pin with Grade C.
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3.2. Statistical Analysis of the CoF, WSD, Sound Generated, and Vibrations Using ANOVA

One-way ANOVA was used to analyze the outputs generated during the tests [18,19].
The one-way ANOVA showed significant group effects on CoF (p = 0.00000246) and WSD
(p = 0.02967), whereas no effect was found for sound (p = 0.1088) and vibration (p = 0.15005)
(Table 3). This shows that the experimental conditions had a greater impact on frictional
and wear characteristics than on dynamic noise and vibration responses.

Table 3. ANOVA p-values.

Parameters Sound Vibration COF WSD
ANOVA 0.11 0.15 0.00002 0.029
p-values

Pairwise t-tests indicated that there is a significant variation in CoF for dry test (DT)
when compared to Grade A, Grade B and Grade C (DT-A, DT-B and DT-C), with significance
from t-tests (Table 4). WSD indicated significant differences for the DT-A pair as well. By
contrast, sound and vibration revealed few valid pairwise differences, with significance in
DT-B (sound) and A-B (vibration).

Table 4. Pairwise t-test p-values.

p-Value
Pair Sound Vibration COF WSD
DT-A 0.14 0.48 0.023 0.042
DT-B 0.02 0.27 0.031 0.060
DT-C 0.26 0.62 0.031 0.074
AB 0.98 0.0048 0.61 0.976
AC 0.53 0.31 1 0.28
BC 0.48 0.078 0.22 0.32

DT—dry test, A—Grade A, B—Grade B, C—Grade C.

Pairwise comparisons were further tested using the Holm—Bonferroni correction. The
adjusted threshold values were found to be smaller than the corresponding pairwise t-
test p-values (Table 5), indicating that none of the pairwise differences reached statistical
significance after controlling for multiple comparisons.

Table 5. Post hoc Holm threshold values.

Sample Pairs Holm Threshold
Sound Vibration CoF WSD
DT-A 0.01 0.025 0.00837 0.0083
DT-B 0.0083 0.0125 0.01 0.01
DT-C 0.0125 0.05 0.0125 0.0125
AB 0.05 0.0083 0.025 0.05
AC 0.025 0.0167 0.05 0.0167
BC 0.0167 0.01 0.0167 0.025

DT—dry test, A—Grade A, B—Grade B, C—Grade C.

Cohen’s d values were evaluated and analyzed to find effect size (0.2 for small, 0.5 for
medium, and 0.8 for large effects) (Table 6). Effect size analysis according to Cohen’s d con-
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firmed that the majority of pairwise comparisons between CoF and WSD were characterized
by large effects, especially for the DT-A, DT-B, and DT-C pairs, affirming significant differences
in friction and wear performance among these groups. Sound also revealed large effects for
DT-A, DT-B, and DT-C, Vibration large effects for DT-A, DT-B and AB, and a medium effect
for DT-C. As opposed to this, AC and BC pairs tended to have essentially zero effects on
all parameters, indicating little difference between these two groups. The n? values showed
variation of 95.6% for COEF, 87.1% for WSD, 74.8% for sound, and 70.1% for vibration, although
only CoF and WSD were statistically significant (Table 7).

Table 6. Cohen’s d values for effect size.

. Cohen’s d Values
Sample Pairs
Sound Vibration COF WSD
DT-A 3.10 1.05 19.27 492
DT-B 6.03 2.16 19.62 4.42
DT-C 1.90 0.65 19.81 3.52
AB 0.024 14.14 —0.66 0.033
AC —0.74 —1.69 0 —1.43
BC —0.96 —6.54 1.8 —-1.32
DT—dry test, A—Grade A, B—Grade B, C—Grade C.
Table 7. ANOVA effect size 12 values.
Parameters Sound Vibration COF WSD
74.8% of 70.1% of 99.6% of 87.1% of
; 2
ANOVA effect sizen variability variability variability variability

The 95% confidence interval (CI) of Cohen’s d, as approximated by the simple delta-
method, added further information to the stability of these effect sizes. Significant differ-
ences were found at substantial intervals for DT-A (Sound, CoF, WSD), DT-B (Sound, CoF,
WSD), and DT-C (CoF, WSD), supporting the existence of strong and stable differences.
AB also revealed a significant difference for vibration, whereas BC revealed significance
for CoF and vibration (Table 8). For most others, the CIs crossed with zero, suggesting no
statistically reliable differences even though an effect size magnitude was observed.

Table 8. Approximate 95% CI for Cohen'’s d (simple delta-method approximation).

Cohen’s d
Sample Sound Vibration COF WSD
Pairs crd crd crd crd crd crd crd crd
Lower Upper Lower Upper Lower Upper Lower Upper
DT—-A 0.19 6.02 —1.03 3.14 5.77 32.77 0.98 8.85
DT-B 1.41 10.65 —0.30 4.63 5.88 33.36 0.78 8.05
DT-C —0.45 4.26 -1.36 2.66 5.94 33.68 0.39 6.65
AB —1.93 1.98 4.14 24.13 —2.67 1.35 —-1.92 1.99
AC —2.76 1.28 —3.98 0.58 —1.96 1.96 —3.62 0.76
BC —3.03 1.10 —11.49 —1.60 —0.52 412 —3.49 0.83

DT—dry test, A—Grade A, B—Grade B, C—Grade C.

From above, it can be seen that DT-A and DT-B differences uniformly show strong,
statistically significant effects on a variety of performance measures, specifically CoF and
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WSD. The results confirm the previous ANOVA results by demonstrating that friction and
wear measurements not only significantly vary between groups but also exhibit practically
significant changes with large effect sizes. Conversely, comparisons between AC and BC
are marked by insignificant effects, implying a larger similarity between the two groups.

3.3. Mapping Sound Generated and CoF During the Reciprocating Wear Test
The acoustic emissions were mapped with the CoF for each test as shown in Figure 10:
e  Dry condition

Test 1: Initially, from O to 30 min, both acoustic emission signals and CoF remain
relatively stable. As CoF starts to increase around the 30 min mark, both acoustic emission
signals show slight increases in amplitude and variability, but not to the same extent as CoF.
During the peak CoF period (40-60 min), Sound1 and Sound2 exhibit more fluctuations,
but their overall amplitude does not match the dramatic rise in CoF. This suggests that
while the sound generated responds to changes in friction, the relationship is not strictly
linear. After 60 min, as the CoF decreases, both sound signals become more stable but
exhibit greater variability than at the beginning of the test. The dry test conditions likely
caused a significant increase in CoF, possibly due to higher adhesion or material transfer
between the surfaces.

Test 2: Initially, from 0 to 30 min, all three parameters (Sound1, Sound2, and CoF) exhibit
relatively stable behavior, with Sound2 displaying a slightly higher amplitude than Sound1.
As the CoF begins to rise around the 30 min mark, an increased variability in both sound
signals was observed, though their overall amplitude changes are less dramatic than the
CoF increase. During the period of highest CoF (50-80 min), Sound1 and Sound?2 exhibited
correlation with the friction trends, displaying increased fluctuations. However, the magnitude
of these acoustic changes is not proportional to the extreme CoF spike, suggesting a non-linear
relationship between friction and acoustic emissions. After the 90 min mark, as CoF returns
to its initial levels, both sound signals also stabilize but maintain a slightly higher variability
compared to the test’s start.

e Grade A:

Test 1: The graph illustrates the interaction between Sound1, Sound2, and CoF during a
Grade A test on a reciprocating test rig over 120 min. Sound1 remains stable around 0.2 dB,
indicating consistent operation throughout the test. However, Sound2 shows noticeable
fluctuations, particularly between 20:00 and 60:00 min, where its amplitude increases from
0.4 dB to above 0.5 dB, suggesting an increase in mechanical vibrations or surface interactions.
Between 60 and 100 min, the system maintains lower friction and acoustic emission levels,
indicating a period of smooth operation. However, at 100 min, there is a sharp increase in Sound?2
followed by a gradual rise in CoF, signaling a breakdown of the beneficial conditions—possibly
due to lubricant depletion or a shift in wear mechanisms.

Test 2: The graph shows the relationship between Sound1, Sound2, and the CoF.
Initially, from 0 to 20 min, Sound?2 closely follows the fluctuations in CoF, indicating a
strong correlation. In contrast, Sound1 displays less pronounced peaks, suggesting it might
be less sensitive to the friction changes observed in this period. During this time, the
CoF stabilizes around 0.06 with minimal fluctuations. Sound?2 remains relatively constant
around 0.14 dB, consistently higher than Sound1, which averages around 0.08 dB. This
implies that Sound2 may be more attuned to the overall friction conditions, while Sound1
might be detecting subtler surface interactions. The notable increase in both Sound1 and
Sound? at the 40 min mark, coinciding with a brief rise in the CoF, suggests that this rise in
acoustic emissions levels could imply the surface is experiencing more significant wear,
resulting in greater sound generation. In the final phase (80-120 min), an interesting inverse
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relationship emerges: as the CoF gradually decreases from 0.06 to 0.02, the amplitude and
variability of Sound1 increase significantly, eventually approaching the levels of Sound?2.
This shift indicates a change in wear mechanisms or surface conditions.

e GradeB:

Test 1: From 0 to 20 min, the CoF exhibits high-amplitude fluctuations, ranging from
approximately 0.06 to 0.09. During this time, Sound1 shows significant variations, peaking
around 0.4 dB before rapidly decreasing, suggesting that Soundl is highly sensitive to
the initial break-in period of the surfaces. At the 40 min mark, an anomaly occurs with a
sharp spike in CoF, reaching approximately 0.08, yet neither Sound1 nor Sound2 displays a
corresponding spike. This indicates a macroscopic friction event that did not significantly
alter the sound emissions, possibly due to the presence of debris particles. Toward the end,
the CoF stabilizes around 0.04 to 0.05, while both Sound1 and Sound?2 remain constant.
Sound2 consistently measures around 0.4 dB, notably higher than Sound1. The CoF then
gradually decreases from approximately 0.04 to 0.02, suggesting a smoothing of the surface.

Test 2: The CoF fluctuates significantly in the initial phase, ranging from 0.07 to 0.08,
with Sound2 exhibiting high-amplitude spikes of up to 0.9 dB, while Sound1 stabilizes at
around 0.1 dB. During the transition phase, CoF stabilizes at 0.03-0.04, and both acoustic
emissions exhibit low levels, indicating a decoupling of friction and acoustic signals. The
major anomaly, occurring around 65 min, is characterized by a dramatic spike in Sound2 to
1.0 dB, accompanied by only a minor increase in CoF. This suggests that the event, possibly
caused by a significant debris particle or sudden surface change, did not substantially
affect the overall friction. In the final phase, the gradual decrease in CoF from 0.05 to
0.02, indicative of potential surface smoothing, does not impact acoustic emissions, which
remain steady.

o GradeC:

Test 1: From 0 to 60 min, Sound1 and Sound? exhibit relatively stable patterns, with Sound2
showing slightly higher amplitude. During this time, CoF fluctuates between 0.04 and 0.06,
indicating some variability. At the 60 min mark, a significant change occurs. Sound1 jumps
from 0.4 to 0.6 dB and stays there, while Sound2 drops sharply from 0.5 to 0.2 dB. This sudden
change in acoustic emissions levels corresponds with a significant drop in CoF from 0.05 to 0.02,
suggesting a decrease in friction. This gradual rise in CoF correlates with subtle increases in
both Sound1 and Sound?2, as the rise in CoF may indicate that while the system is returning to a
higher friction state, the mechanical changes are also affecting the sound signals.

Test 2: In this graph comparing Sound1, Sound2, and the CoF for Grade C—Test 2,
we observe distinct patterns and correlations over the 120 min test period. Initially, from
0 to 40 min, there is significant variability in the CoF, fluctuating between 0.04 and 0.06,
while Sound1 and Sound?2 remain relatively stable, with Sound2 consistently higher than
Soundl. Around the 40 min mark, there is a noticeable shift: the CoF starts to decline
steadily, reaching its lowest point of around 0.02 at 60 min. After this, the CoF gradually rises
again, ending at about 0.04 by the end of the test. Throughout this period, both Sound1 and
Sound? stay relatively stable, with Sound?2 still higher. However, there is a sharp spike in CoF
just after the 100 min mark that is not reflected in either acoustic emissions measurement.
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Figure 10. Mapping the sound generated and coefficient of friction during wear test: (a,b) dry
condition, (c¢,d) Grade A, (e f) Grade B, and (g,h) Grade C.

3.4. Mapping Friction-Induced Vibrations and CoF During the Wear Test

The vibration produced during the friction test was mapped with the CoF recorded
during the wear test (Figure 11). The following has been observed during the wear test:

e  Dry condition:

Test 1: Initially, both start at relatively low values, indicating a stable state with
minimal friction and vibration. Between 00:00 and 40:00 min, CoF rises significantly,
peaking at around 60 min, while Vibration shows a slight increase and spikes at around
80 min. Towards the end, CoF stabilizes at a lower value, and vibration shows a slight
increase at the very end.

Test 2: In the initial phase, the vibration level sharply increases, indicating the onset of
surface interaction, which subsequently decreases as the system stabilizes. Simultaneously,
the CoF starts low and gradually increases During the middle phase, both vibration and
CoF remain stable, with periodic spikes. These fluctuations indicate moments of higher
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resistance or micro-impacts on the surface. Towards the end, during 80 min both vibration
and CoF decrease to a more stable state with coinciding trends.

e Grade A:

Test 1: The vibration and CoF exhibit varying correlations throughout the test. Both
parameters decrease initially and then exhibit gradual fluctuations, with certain periods
where the trends align closely, especially during the 20 min and 40 min intervals, where the
peak in vibration coincides with the peaks in CoF. They follow a similar trend during the
middle to later stages of the test (beyond 40 min). Towards the end of the test, both begin
to show an upward trend, with some spikes corresponding to their increase, indicating the
onset of wear that leads to an increase in friction.

Test 2: The CoF and vibration start with a high value and then gradually decrease,
with vibration oscillations settling towards 0.3 V. The vibration exhibits a consistent pattern
of rises and falls, with coinciding peaks between 20 and 40 min. CoF gradually decreases to
lower values towards the end of the test, suggesting stabilization in friction characteristics.
Vibration also exhibits a similar curve to that of CoF during the 80 to 100 min.

e GradeB:

Test 1: The CoF begins with a relatively high value and sharp fluctuations. There is an
overlap in the pattern of both parameters during the initial phase from 20 to 40 min showing
a consistent trend. Between 60 and 70 min, the vibration peak aligns with the trends in CoF,
after which CoF gradually stabilizes and starts decreasing, with fewer fluctuations, indicating
reduced frictional resistance.

Test 2: The vibration shows a consistent trend with the CoF throughout the test, with
intervals where its peaks coincide. Both CoF and vibration start high, and there is a similar
drop within the first 10 min. Between 30 and 50 min, there is a clear correlation where
peaks of vibration coincide with a slight increase in the CoF, and a similar trend between
60 and 80 min with overlapping peaks and troughs, suggesting the changes in frictional
resistance. CoF and vibration gradually decrease towards the end of the test.

e GradeC

Test 1: In the initial phase, there is a noticeable overlap between the vibration and CoF,
both with a high amplitude and downward trend. They have a similar pattern between
20 and 60 min with coinciding peaks. After 60 min, both follow a similar increasing trend.
In the final phase (from 90:00 to 120:00), both signals exhibit a general upward trend, with
occasional spikes indicating wear of the contact surfaces.

Test 2: Initially, both start at relatively low values, indicating a stable state with
minimal friction and vibration. Between 00:00 and 40:00 min, CoF rises significantly,
peaking at around 60 min, while vibration shows a slight increase and spikes at around
80 min. Towards the end, CoF stabilizes at a lower value, and vibration shows a slight
increase at the very end.

Summarizing the observations from Sections 3.3 and 3.4, it can be seen that although
the CoF-sound generated and vibration-wear correlate well throughout the experiment,
there are situations where the sound generated and vibrations sometimes spike indepen-
dently. This spike in CoF and vibrations in a dynamic tribo system is due to the high wear
that occurs at that instant, resulting from the instability of the lubricant film that leads to its
rupture at that particular instant, thereby causing excessive wear. The occurrence of high
wear has already been observed from the deep groove formation and damaged surfaces, as
shown in Figure 9 [20].
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Figure 11. Mapping the vibration and coefficient of friction during wear test (a,b) dry condition
(c,d) Grade A (e f) Grade B (g/h) Grade C.

3.5. Tribo-Mechanisms Towards the Generation of Acoustic Emissions and Vibration Induced Due
to Friction

The results from both dry and lubricated wear tests indicate that both acoustic emis-
sions and vibration readings need to be considered when correlating them with tribological
properties. A good correlation exists between surface damage and acoustic emissions
produced. High friction and high wear will produce high acoustic emissions due to the in-
creased dislocation densities caused by plastic deformations. The higher acoustic emissions,
along with high vibration values, are a clear indication of extensive asperity interaction
between the two bodies in dry conditions [21]. These acoustic emissions and the vibration
values were reduced in the presence of aerosols, which created a lubricating film on the
surface. Although the coefficient of friction between all the samples with aerosol was nearly
identical, the acoustic emissions exhibited by Grade A and Grade B were similar to each
other. In contrast, those of Grade C were higher compared to Grades A and B. This raised
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an interesting point: whether the frictional coefficient and acoustic emissions should be
investigated without further evaluation of other parameters, such as the vibration induced
by friction. Geng et al. [22] reported a poor correlation between acoustic emission and load
due to the suppression of friction-induced plastic deformation by the oxide layer fracture
noise occurring in dry friction of steel. Hence, the vibration readings were investigated and
were observed to follow a slightly different trend than the coefficient of friction in relation
to the aerosol performance. Even though the acoustic emissions were similar for Grade
A and Grade B, the vibration readings were lowest in the Grade B sample. Correlating
the vibration readings with the coefficient of friction, it can be seen that the dry condition
exhibited the highest vibrations, consistent with its highest coefficient of friction, even
though the coefficients of friction in the samples were similar. Still, vibrations were least in
Grade B and almost similar in Grades A and C.

High vibrations in dry, Grade A, and Grade C conditions are related to the extent of surface
damage, such as intense deep grooves on wear scars, plastic deformations, and adhered particles.
Zhang et al. [11] also reported that the formation of cracks on the surfaces of the mating pairs
increases the vibration induced by friction. The present work exhibited higher surface damage
in dry, Grade A, and Grade C conditions compared to Grade B. Consequently, the vibrations in
the case of Grade B were the least, followed by Grade A and Grade C, with the highest being
in dry conditions. Geng et al. [22] reported the formation of various iron oxides on the surface
of the mating pair and their profound effects on the sound emissions. The oxide particles are
crushed, and the noise from the oxide fracture is detected by the acoustic sensor. The vibrations
caused during this crushing are also captured by the sensors during the vibration measurement.
The Raman spectra of the wear scars on the pin and the plates indicated the formation of iron
oxides (Figures 12 and 13). The Raman peaks at 300 cm ! to 670 cm ™! are almost similar to
those reported by De Faria et al. [23], indicating the formation of iron oxides. These oxide layers
prevent direct contact between the mating pairs. It can be observed that the Raman peaks are
more intense, with strong peaks of iron oxides, in dry conditions compared to the Raman peaks
of aerosol-lubricated samples. This results in higher acoustic emissions and vibrations in dry
conditions compared to the aerosol-lubricated samples.

140 667

(G )

Intensity(a.u.)
g
Intensity(a.u.)

1 300
] l 530
40 4
10 4 - 1

T T T T T T 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
— ,~ -1
‘Wavenumber(cm™1) ‘Wavenumber(cm™1)

120 7 657 140 o 661
(© )

80 o

60 o

Intensity(a.u.)

60 532
300 J

100 200 300 a0 500 60 700 300 100 200 300 400 500 60 700 300
‘Wavenumber(cm™1) Wavenumber(cm™1)

532

Intensity(a.u.)

300

.
&
«—
 ——
N
&

2
B
8

Figure 12. Raman Spectra of the wear scar on the pin after reciprocating test: (a) dry, (b) Grade A,
(c) Grade B, and (d) Grade C.
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Figure 13. Raman Spectra of the wear scar on the plate after reciprocating test: (a) dry, (b) Grade A,
(c) Grade B, and (d) Grade C.

3.6. Determining the Chain Wear Elongation Using the Chain Wear Test Rig and Correlating with
the Results from the Reciprocating Rig (Component Level Testing)

The chain wear test rig was used to measure the chain elongation and the wear occurring
in the chain. Figure 14 exhibits the percentage of chain elongation under dry and lubricated
conditions. The percentage of chain elongation is significantly high under dry conditions. The
chain elongation with Grade A was 51% (0.155 % 0.059 mm) less than the elongation produced
by the chain in dry condition (0.324 =+ 0.071 mm) after 15 h. Additionally, with Grade A, the
chain was 51% (0.229 £ 0.026 mm) and 61% (0.441 £ 0.058 mm) less elongated than the chain
in dry condition after 30 h (0.447 + 0.068 mm) and 45 h (0.622 + 0.073 mm), respectively.

Grade B chain (0.124 £ 0.037 mm) exhibited 61% less chain elongation than the chain
under dry conditions (0.324 & 0.071 mm) and 20% less chain elongation than the Grade A
sprayed chain (0.155 £ 0.059 mm) after 15 h. After 30 h, the chain sprayed with Grade B
chain (0.22 £ 0.037 mm) exhibited 50% less elongation than the chain under dry condi-
tions, while it exhibited only 4% less elongation than the chain with Grade A lubrication
(0.229 £ 0.026 mm). Furthermore, after 45 h, the Grade B sprayed chain (0.293 %+ 0.049 mm)
exhibited 53% less elongation than the chain in its dry condition (0.622 4= 0.073 mm). Grade
C sprayed chains (0.127 &+ 0.032 mm) indicated about 61% less elongation (similar to the
chain with Grade B aerosol) than the chain in dry condition after 15 h. Those chains also
exhibited 50% less elongation after 30 h (0.234 & 0.038 mm) and 45% less elongation after
45 h (0.339 & 0.032 mm) as compared to the chain in dry condition. Considering these ob-
servations, it was further noted that the chains with Grade B exhibited the least elongations
among all the chains, indicating the superior performance of Grade B lubricant than Grade A
and Grade C. exhibited dark patches, indicating that the chains were stressed and, hence,
more elongated than the chain with Grade B. Interestingly the vibration and the wear scar
diameter exhibited by the reciprocating test matches are in line with the results from the
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chain wear test. Thus, it emphasizes that the frictional coefficient and acoustic emissions may
follow a similar trend, but the wear rate and vibration may not follow a similar trend to the
frictional coefficient. Additionally, the vibration trend is more likely to follow the wear rate
trend, as vibrations are generated due to misalignment. As the surfaces degrade, there is
a high possibility that the system becomes misaligned, leading to higher vibration counts.
Figure 15 shows the digital pictographs of the roller of the commercial chain, which was
running under dry and aerosol-lubricated conditions. It can be seen that the chain in dry
condition exhibited highly polished wear; thus, the elongation of the chain in dry condition
was the highest. The chains with Grade A and Grade C exhibited more dark patches than
the chain with Grade B, indicating stressed mechanical components in Grade A and Grade
C than in the Grade B aerosol-sprayed chain. These component-level results align with the
wear test results obtained using the reciprocating tribometer.
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4. Conclusions

This work utilizes Industrial Internet of Things components within the tribometer
ecosystem. Sensors collect data from the tribo-process and monitor it remotely through
the cloud. The work focused on correlating sound and vibrations caused by friction with
the coefficient of friction between pins from transmission chains. These tests utilized a
reciprocating tribometer and commercial transmission aerosols (Grades A, B, and C). The
following conclusions were drawn:

a. Under dry conditions, the CoF (0.5615 £ 0.037) was 41% higher compared to Grade A
(0.0335 £ 0.0063) and Grade C (0.0355 £ 0.002), and 28% higher compared to Grade B
(0.040 £ 0.0028).

b. All aerosol grades showed similar CoF values. The average WSD was greatest
with Grade C (0401 %+ 0.129 mm), followed by Grade A (0.209 £ 0.159 mm) and Grade B
(0.204 £ 0.165 mm).

c¢. Under dry conditions, sound emissions were approximately 60% higher compared
to both Grade A and Grade B, and 41% higher than sound levels with Grade C.

d. Vibration levels in the dry condition (0.32 £ 0.127 V) exceeded those of Grade A
(0.255 £ 0.007 V) and Grade C (0.260 £ 0.028 V) by around 12%. In contrast, Grade B
(0.125 £ 0.007 V) produced vibrations that were 61% lower than those in the dry case and
51% lower than those in Grades A and C.

e. Microscopic examination revealed extensive wear and pronounced tracks under dry
conditions. Among the aerosols, Grade A and Grade C showed more surface degradation
than Grade B. This matched their higher vibration responses.

f. Surface roughness increased most in dry conditions. Grade A followed by a 6.75%
increase, Grade C by 5.32%, and Grade B by 3.21%. The higher roughness for Grades A and C
suggests more frequent rupture of the lubricant film and greater metal-to-metal contact.

g. Raman spectroscopy of wear scars detected iron oxide formation. These oxides acted
as protective sacrificial layers, reducing direct asperity contact. However, the fragmentation
of these oxides contributed to higher acoustic emissions, providing a direct link to the
increased sound levels observed during testing. This corroborates the earlier findings
regarding sound variations and emphasizes the role of oxide fragmentation in influencing
acoustic outcomes.

h. Component-level chain testing demonstrated the superior performance of Grade B,
which exhibited lower elongation compared with the other aerosols and dry conditions.

i. Visual inspection of chain rollers confirmed that Grade B lubrication produced fewer
stressed regions compared to Grades A and C.

j- ANOVA results showed significant variation across test conditions. Eta-squared
values were 95.6% for CoF, 87.1% for WSD, 74.8% for sound, and 70.1% for vibration.



Technologies 2025, 13, 465

24 of 25

CoF and WSD had statistically significant differences. Changes in sound and vibration
were noticeable but not statistically significant. Post hoc analysis showed that all aerosols
significantly decreased CoF and WSD compared to dry conditions. Differences among
aerosol grades were not statistically significant.

This work showed that measuring sound and vibration during friction can effectively
detect chain deterioration. Measuring sound in hard-to-reach places, like covered chain
boxes, helps analyze friction. However, analyzing both vibration and sound together allows
for more precise conclusions about the equipment’s health. A major limitation of sound
measurement is surrounding noise. It is highly recommended to consider such noise when
investigating the frictional trends of mechanical elements.

5. Future Research Planned

The present work suggests that incorporating elements of the Industrial Internet of
Things into mechanical systems facilitates the prediction and analysis of mechanical failures.
The current study relies on experimental analysis. Future work will focus on multiscale
numerical methods. These methods will couple tribological behavior with acoustic emissions,
vibration dynamics, and thermal responses. Models will be integrated with machine learning
algorithms and digital twin frameworks. This integration will enable real-time condition
monitoring, fault diagnosis, and prediction in diverse environments. To make the models
more robust for life cycle predictions, probability approaches and uncertainty quantification
will be introduced. Such advanced approaches will enhance the scientific understanding of the
interdependencies between friction, wear, and vibration. They will also deliver transformative,
smart, autonomous, and self-adaptive mechanical systems.

From the above work, it can be seen that the Industrial Internet of Things is an
important concept that needs to be incorporated into mechanical systems, particularly
in condition monitoring systems. The data in the cloud, which is collected, stored, and
further used for analysis, can be accessed remotely and would be highly beneficial for the
predictive maintenance of heavy engineering components.
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