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Analytical Modeling and
Experimental Validation of Wear
and Frictional Noise Under
Lubricated Conditions
Understanding the dynamics of friction, wear, and noise under lubricated conditions is
crucial for the predictive maintenance of mechanical systems; however, existing models
often overlook the role of lubrication in modulating these interactions. This research pre-
sents an analytical model that combines single-degree-of-freedom (SDOF) vibration
theory, Hertz contact mechanics, the Archard wear model, and the principles governing
acoustic emission to predict both wear depth and sound pressure level emitted in a lubri-
cated pin-on-disc system. Contact stiffness and wear-induced geometric changes are dyna-
mically updated by the model, considering viscous damping from thin-film lubrication.
Experiments were conducted using an Anton Paar TRB3 tribometer under lubricated
conditions at realistic loads of 15, 20, and 30 N and a rotational speed of 300 rpm (corre-
sponding to a linear sliding velocity of approximately 0.314 m/s at a 10-mm track radius).
The friction noise was recorded by a microphone that was free-standing. The analytical
predictions were closely aligned with the measurements taken during the tests. For mild
steel, wear depth errors remained below 22%, while sound pressure predictions deviated
by 14–21%. Due to its softer nature, aluminum exhibited higher wear deviations (up to
32%). Track analyses showed that lubrication decreases wear depth compared to dry
sliding, and sound pressure levels are closely related to wear depth. Track analysis revealed
that lubrication decreases wear depth by up to 50% compared to dry sliding, and sound
pressure levels closely follow wear progression. This work improves prognostic health man-
agement systems by incorporating lubrication dynamics and tribo-acoustic phenomena,
which allow for effective real-time wear and noise monitoring in industrial applications.
[DOI: 10.1115/1.4069335]

Keywords: friction, wear, wear modeling, lubrication, fluid film lubrication, single-degree-
of-freedom (SDOF), Hertzian contact mechanics, pin-on-disc systems, frictional noise,
tribological conditions, surface hardness, surface roughness and asperities, acoustic
emission

1 Introduction
To improve the operational efficiency and durability of mechan-

ical systems, it is essential to understand the complex interconnec-
tions between friction, wear, acoustic emissions, and lubrication; for
example, friction causes wear, and both can create noise. Lubrica-
tion plays a key role by reducing contact between surfaces, reducing

wear, decreasing system vibrations, and lowering noise emissions.
Industrial applications and research become more important as
demands for higher performance and longer service life increase
[1–3]. Real-time monitoring of these tribological processes is still
a challenge. Despite being widely used for machine health monitor-
ing, vibration-based sensing can be insufficiently sensitive or
impractical in certain operational environments. High-frequency
stress waves emitted by microscopic events at contact interfaces
have become a focus of acoustic monitoring. These acoustic emis-
sions (AE), along with other terms and symbols used throughout the
study, are defined in the Nomenclature and are indicative of fric-
tional behavior, surface wear, and lubrication breakdown [4–9].
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Despite the clear advantages of AE-based methods, most existing
analytical and numerical models still address friction and wear sepa-
rately, rarely incorporating acoustic emissions and lubrication
effects into a unified predictive model [10–13]. AE signals are sen-
sitive to frictional behavior, lubrication regimes, and wear mecha-
nisms, enabling real-time anomaly detection, wear estimation, and
failure prediction [14–17]. Pioneering studies by Akay [18] attrib-
uted friction-induced noise under high pressures to mechanical
instabilities at asperity junctions, while Stoimenov et al. [19] and
Ben Abdelounis et al. [20] linked spectral noise changes to
surface roughness. Yokoi and Nakai [21] further correlated elevated
noise levels with increased coefficient of friction. Recent advances
by Wang et al. [22] and Towsyfyan et al. [23] have demonstrated
the advantages of AE in evaluating tribological performance.
Othman and Elkholy [24] and Shahid et al. [25] have validated
acoustic techniques for quantifying surface roughness and predict-
ing wear.
The integration of machine learning and signal processing in

emerging methodologies is now possible to enhance predictive
accuracy. Chen et al. [26] employed neural networks to determine
wear states from polymer friction noise, achieving real-time preci-
sion. Wang [27] generalized wear–noise relationships across mate-
rials via transfer learning. Raja et al. [28] applied Hilbert
transform-based envelope analysis to identify wear levels from
acoustic signatures. However, challenges persist under lubricated
conditions. Khan et al. [29] reported inconsistencies in airborne
noise due to lubrication variability, and Tian et al. [30] and
Lontin et al. [31] highlighted temperature-dependent effects on
wear distribution and acoustic emissions. The intricate interrelation-
ship between friction, wear, lubrication, and acoustic emissions is
highlighted in these investigations, but a coherent analytical
model is still not achievable. The use of acoustic emission signals
in prognostic health management systems is increasing, indicating
stress waves that are caused by the deformation and fracturing of
materials during frictional sliding [32–37]. While vibration-based
models detect advanced-stage wear [38–40], frictional noise can
offer an early warning of surface interaction conditions [5,41,42].
Le Bot [43] investigated the origin of friction noise on rough sur-

faces and found that it is caused by collisions between surface asper-
ities. An adhesive and abrasive wear in metal systems was traced by
Seong et al. [44] using acoustic signals, Haar wavelet coefficients,
and peak signal-to-noise ratio. Wavelet analysis was able to differ-
entiate between these wear types by examining changes in contact
pressure. Although this approach appears promising for real-time
wear monitoring, it relies on a specific setup and requires further
development for more complex conditions. Albuquerque de
Freitas et al. [45] employed finite element simulations to investigate
the impact of factors such as brake pressure and friction coefficient
on friction wear and brake squeal. Ma et al. [46] investigated the
influence of circular pits, introduced into the surface of a friction
brake, on the generation of squeal noise during dry sliding, revealing
that the incorporation of such textures has the potential to postpone
the emission of high-intensity frictional noise. This demonstrates the
significance of surface texture in reducing friction noise and wear in
dry contact mechanisms. Similarly, Zhang et al. [47] explored the
implications of grooved textures in lubrication scenarios involving
sand-containing oils, illustrating that the grooves effectively cap-
tured particulate matter, mitigated surface abrasions, and enhanced
wear resistance. The vibration and noise levels of tapered roller bear-
ings with textured surfaces were significantly lower than those with
smooth surfaces when they were not lubricated [48]. Furthermore,
Liu et al. [49] examined different surface textures on stainless-steel
specimens. Their observation that noise levels could be reduced by
up to 66% reinforces the significance of surface texturing in reduc-
ing friction-induced noise.
Acoustic emissions have been explored by many researchers in

tribological studies, in addition to airborne noise. Boness and
McBride, for example, investigated how acoustic emissions
evolve throughout the wear process [50–52], and an experiment
examined the effect of lubrication on these emissions, finding a

good correlation between wear rate and acoustic emission [5]. At
the same time, Benabdallah and Aguilar [53] focused their research
on how AE signals can predict airborne noise levels. The close rela-
tionship between wear, lubrication, and acoustic emission is high-
lighted by these studies. Despite these advances, there is still a
significant gap in the literature regarding comprehensive analytical
models that incorporate AEwith both wear phenomena and airborne
noise. In the domain of friction modeling, De Moerlooze et al. [54]
introduced a theoretical model predicated on asperity contact
mechanics for the analysis of friction; however, it failed to
account for wear phenomena. Eriten et al. [55] and Emami et al.
[56] have demonstrated more advanced friction models based on
asperity interactions, but they did not consider wear mechanisms.
Despite the existence of numerous numerical models designed for
elastoplastic contact interfaces [57], they fail to consider sound gen-
eration. This creates a significant gap: there is no unified framework
that links wear processes, friction behavior, and both AE and air-
borne noise in a predictive manner under lubricated conditions.
According to the literature reviewed, at least three different

analytical models have attempted to link friction, wear, and noise,
but with limited scope or accuracy. Tian et al. [58] introduced
empirical-analytical equations related to Ball-on-Disc friction,
wear, and noise, specifically formulated for an aluminum-based
model. This model, which was derived from tribometer experimen-
tation, establishes a quantitative correlation between wear volume,
coefficient of friction, and sound pressure. Predictive equations are
validated for aluminum, brass, and steel in specific load and speed
ranges. Lontin and Khan [59] introduced an analytical approach to
asperitical levels. The relationship between wear and airborne
noise is calculated by this model using asperity contact mechanisms
in dry conditions. An analytical analysis is used to estimate wear and
sound pressure output. Basit et al. [60] presented a model that uses
analytical vibration to estimate wear-sound. Vibrational responses
are employed by this analytical model to determine incremental
wear and characterize the associated acoustic emissions. The param-
eters of wear depth and frictional acoustics are quantitatively
assessed and compared with experimental findings derived from
pin-on-disc tests also conducted under dry conditions, yielding
good agreement for both wear depth and sound pressure levels, as
shown in Fig. 1.
In contrast to models developed under dry conditions, the present

study proposes a new analytical model that incorporates lubrication
as a key element that affects the friction, wear, and noise relation-
ship. The aim is to address the wear depth and emitted sound
pressure, which have been experimentally validated using a trib-
ometer tester. The friction, wear, and noise relationships are inte-
grated through this innovative analytical model that synthesizes
single-degree-of-freedom (SDOF) vibration theory, Hertz contact
mechanics, Archard’s wear model, and principles of acoustic emis-
sion. Unlike Basit et al.’s dry-condition model, this work accounts
for viscous damping from thin-film lubrication, which alters vibra-
tional modes, wear rates, and acoustic emissions. Real-time predic-
tions of emitted sound pressure levels under lubricated sliding
conditions are possible due to the dynamic update of contact stiff-
ness and wear depth by the model. This work introduces the first
unified model integrating thin-film damping, dynamic stiffness
updates, and acoustic emissions for lubricated systems, addressing
a critical gap in tribo-acoustic prognostics.

2 Analytical Model Under Lubrication Conditions
The SDOF vibration theory, Hertz contact mechanics, Archard’s

wear model, and acoustic emission theory are combined in this
work to examine the dynamic behavior of a pin–disc system. In
this setup, a pin slides against a rotating disc with lubrication
acting primarily as a damping mechanism, as illustrated schemati-
cally in Fig. 2. The model captures how wear modifies the overall
stiffness, examines the corresponding vibrational response, and pre-
dicts the resulting acoustic emissions. In the context of the SDOF,
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the pin is conceptualized as a mass-spring-damper system character-
ized by mass m, stiffness k, and the damping coefficient c, as illus-
trated in Fig. 3. The disc contributes torsional stiffness kt, while the
lubricating layer provides additional viscous damping k. The Hert-
zian contact theory elucidates the normal contact stress and elastic
deformation that occur between a spherical pin and a flat disc. At
the same time, Archard’s wear model quantifies the wear volume
losses based on the applied load, sliding distance, material hardness,
and the wear coefficient. Both the contact area and the effective
stiffness are dynamically updated by these computations. Acoustic
emission analysis then uses the pin’s vibrational velocity to estimate
acoustic power, converting it into sound pressure levels.

2.1 The Model is Subject to the Following Key Assumptions

• The pin is assumed to travel straight downward, with no side-
ways or rotational movement.

• Pin wear is considered negligible, reflecting the standard prac-
tice in pin-on-disc tribology, where the disc sustains the major-
ity of the material losses.

• Surface roughness is ignored, ensuring that the Hertzian
assumption of idealized geometry (spherical pin and flat
disc) remains valid.

• Thin-film lubrication: The regime is boundary/mixed, so
viscous damping dominates over hydrodynamic effects.

• Temperature and pressure do not affect the viscosity and
damping coefficients of the lubricant.

• Frictional heating is negligible; therefore, temperature does not
influence stiffness, damping, or wear rates.

• Sound pressure levels are calculated with the assumption of
free-field radiation, without any reflections or impedance
mismatches.

2.2 Equations of Motion and Solutions. The lubricated pin–
disc apparatus is conceptualized as an SDOF underdamped oscilla-
tor, which is governed by the second-order linear differential equa-
tion, as given in the following equation [61,62]:

mẍ + cẋ + k eqx = Fn(sin �ωt) (1)

where x is the displacement of the pin, ẋ is the velocity, ẍ is
the acceleration, keq is the equivalent stiffness of the system, and

Fig. 1 Wear depth (a) and emitted sound pressure and (b) under dry-condition tests [60]

Fig. 2 Block diagram of the SDOF analytical model under
lubrication

Fig. 3 Analytical model of SDOF
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Fn × sin(ωt) represents the external periodic force acting on the
system.
The solution x (t) describes the pin displacement over time, rep-

resenting the wear losses of the disc, and is given by the following
equation [62]:

x(t) = e−ζωnt( C1cos ωdt + C2sinωdt) +

F0

K
sin(�ωt − ϕ)��������������������

(1 − r2)2 + (2rζ2)
2

√
(2)

where C1 and C2 represent constants ascertained by the initial con-
ditions, ζ is the coefficient of damping, ωn is the inherent fre-
quency, ωd is the frequency observed with damping effects, and
�ω is the forced frequency. The phase lag ϕ and the frequency
ratio of the steady-state solution are given by the following equa-
tions:

ϕ = tan−1
2rζ

1 − r2

( )
(3)

r =
ϖ

ω
(4)

The frequency of damped oscillations is determined by the fol-
lowing equation:

ωd = ωn

�������
1 − ζ2

√
(5)

The damping ratio can be calculated by the following equation:

ζ =
c

cc
(6)

where c is the damping constant, which can be calculated by Eq. (7),
and cc is the critical damping coefficient and calculated by using
Eq. (8):

c =
FF

vc
(7)

where FF is the frictional force and v is the velocity, which is cal-
culated by vc = rd × ωn, where rd is the radius of the rotating disc:

cc = 2mpωn (8)

where mp is the mass of the pin.
The natural frequency can be calculated by the following equa-

tion:

ωn =

�����
keq
mp

√
(9)

2.3 Stiffness of the Pin–Disc System. This section details the
derivation of the equivalent stiffness keq for the lubricated pin disc
system, incorporating torsional disc stiffness ktn, axial pin stiffness
kp, and wear-induced geometric changes.
The torsional stiffness of the rotating disc is derived from classi-

cal elasticity theory and is given by the following equation [63]:

ktn =
GJ

Ln
(10)

where Ln the adequate contact depth is defined as being initially
equivalent to the diameter of the pin (assumed to be spherical), G
represents the rigidity modulus (shear modulus) of the disc material,
and J denotes the polar moment of inertia, which the following
equation computes.

J =
π d4

32
(11)

As the process of wear advances, the depth of contact Ln experi-
ences an augmentation, subsequently leading to a decrease ktn.
Incorporating incremental wear depth hi+1 can be rewritten to
account for incremental wear, as in the following equation:

ktn =
(πGD4)
32hi+1

(12)

where hi+1 represents the incremental wear depth, which influences
the effective contact length Ln.
The pin stiffness of the pin kp behaves like a linear compression

spring, contributing to the overall stiffness, as shown in the follow-
ing equation:

kp =
EpA

L
(13)

where A denotes the surface area of the pin in contact with the disc,
Ep represents the Young’s modulus associated with the pin material,
and L indicates the length of the pin.
The total equivalent stiffness of the system is obtained by com-

bining the pin stiffness kp and the disc torsional stiffness ktn,
expressed as in the following equation:

1
keq

=
1
kp

+
1
ktn

(14)

The collective rigidity of the system has a direct influence on the
vibrational behavior of the pin–disc configuration. As wear pro-
gresses, effective contact length Ln changes, leading to variations
in keq. This in turn modifies the total stiffness, causing shifts in
the natural frequency ωn of the system and damped natural fre-
quency, which influences vibration behavior and sound generation.

2.4 Wear and Contact Mechanics. Archard’s model estab-
lishes a foundational correlation for wear volume (V ) contingent
upon factors such as load (Fn), sliding distance (s), hardness (H ),
and a wear coefficient (k), which can be computed utilizing the fol-
lowing equation [64]:

V =
ksFn

H
(15)

In the context of a Hertzian contact [65], the contact radius,
denoted as a, in conjunction with an effective radius R, is articulated
through the expression delineated in the following equation:

a =

�������
3FNR

4E
3
√

(16)

where FN is the normal force.
For a spherical pin radius Rp against a disc radius Rd, the effective

radius R can be calculated by the following equation:

1
R
=

1
Rp

+
1
Rd

(17)

The effective Young’s modulus E can be calculated in the follow-
ing equation:

1
E
=
1
2

1 − ϑ2p
Ep

+
1 − ϑ2d
Ed

( )
(18)

where the symbols denote Young’s modulus associated with the pin
Ep and disc Ed, respectively, while the other symbols signify Pois-
son’s ratio, the pin ϑp and disc ϑd , respectively.
To determine the wear depth as a function of the sliding distance,

the global incremental wear model is employed [66]. This theoret-
ical model asserts the progression of the contact area within the
geometry of an elliptical wear track. As illustrated in Fig. 4, the
contact area is circular; however, as the sliding action advances,
the wear track expands in the direction of motion, turning into an
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ellipse. The minor axis (contact length 2aH) decreases while the
major axis (wear track width, 2a) expands, culminating in an aug-
mented contact area and consequently mitigating the contact pres-
sure during subsequent sliding. The initial elastic deformation he0
can subsequently be assessed using the following equation:

he0 =
Fn

2Ea0
(19)

where he0 is the initial elastic deformation and a0 is defined as the
initial contact radius under circular contact.
Hertzian contact theory is used to determine the initial contact

radius, which is assumed to be circular. As the wear process pro-
gresses, iterative calculations are carried out to assess the incremen-
tal changes in geometry and pressure related to each cycle until the
maximum sliding distance is achieved. The incremental wear depth
is measured as described in the following equation:

hwi+1 = hwi + 2kDpiaHi (20)

where hwi+1 denotes the incremental wear depth at the position “i+
1” concerning the sliding distance and hwi represents the wear
depth at the position “i” relating to the sliding distance. kD indicates
the stiffness of the disc, and the average contact pressure, pi n, can
be determined through the application of the following equation:

pi =
FN

πai+1aHi
(21)

The evaluation of elastic deformation occurring in a direction
orthogonal to the contact surface may be performed using the well-
documented Oliver and Pharr correlation, as described in the fol-
lowing equation:

hei+1 =
FN

2E
��������
ai+1aHi

√ (22)

To account for the transition from Hertz’s rectangular contact
area assumption to the elliptical model, a correction factor π is intro-
duced. The lesser axis of the contact ellipse aHi is articulated in the
following equation:

aHi = 2

���������
FnR

πai+1πE

√
(23)

As a result, the total wear depth hi+1 is accordingly represented as
a function of initial elastic deformation hwi+1 and incremental wear
depth, as calculated by the following equation:

hi+1 = hei + hwi+1 (24)

By implementing a substitution hi+1 for the cumulative wear
depth as articulated in Eq. (12), the temporal variation of the
disc’s stiffness (specifically, the torsional stiffness) provides more
understanding and can be calculated by the following equation:

kt =
πGD4

32hi+1(h
e
i + hwi+1)

(25)

The natural frequency of the mechanical system, primarily gov-
erned by the stiffness properties of the disc and pin, can now be
thoroughly assessed by assigning a theoretically justified prelimi-
nary mass. Furthermore, the wear coefficient—an essential factor
in the system’s dynamics—is variable and can change significantly
due to fluctuations in volume loss during operation. The results
obtained from the use of these mathematical equations are system-
atically reintegrated into Eq. (1) to gain a better understanding of the
system’s behavior over the specified duration. It is necessary to
accurately determine the pin’s displacement as a function of time.
The initial displacement x0 of the system can be calculated by
using Eq. (26), which serves as a crucial tool for quantifying the
initial conditions of the mechanical system under analysis.

2.5 Vibration Response to Calculate Wear Rate. x0 is the
initial displacement, which is assumed to be the elastic displace-
ment, and it can be defined from the following equation:

x0 =
FN

2Ea
(26)

Under conditions characterized by insufficient lubrication, dis-
placement can be derived from the equation. Consequently, the
material’s wear losses can be quantified using the following equa-
tion:

x(t) = e−ζωnt(C1cos ωdt + C2 sinωdt) +

F0

K
sin(�ωt − ϕ)��������������������

(1 − r2)2 + (2rζ2)
2

√
(27)

The vibration velocity, derived from the time derivative of
displacement x(t), is expressed by the following equation:

v(t) = e−ζωnt[−ζωnt (C1cos(ωdt) + C2 sin (ωdt)) − C1ωd sin (ωdt)

+ C2cos (ωdt)] +

F0

k
ϖcos(ϖt − ϕ)�������������������

(1 − r2)2 + (2rζ)2
√

(28)

2.6 Sound Pressure. The energy emitted due to the frictional
force between two surfaces can be quantified by measuring acoustic
power. This parameter serves as a crucial element within the field of
acoustics and is employed to evaluate the intensity of a sound
source. The calculation of acoustic power P is conducted by apply-
ing the following equation [67,68]:

P = ρ0cSσv
2 (29)

where ρ0 represents the density of air, c denotes the velocity of
sound in air, S signifies cross-sectional area, σ indicates efficiency
of radiation (which may be assumed to be equal to 1), and v, the
vibrational velocity, can be determined using Eq. (29).
The sound power level Lw, which is characterized as a logarith-

mic metric that effectively measures the acoustic power radiated
by a sound source, is determined by using the following equation:

Lw = 10 log10
P

Pr

( )
(30)

where Pr is the reference power, which is quantified as 10–12 W.

Fig. 4 The progression of the wear track manifests in an ellipti-
cal configuration [60]
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The sound pressure level Lp1, which signifies the extent of audi-
tory intensity perceived at a distance r from the source, is deter-
mined from the following equation:

Lp1 = Lw + 10 log10
Q

4πr2

( )
(31)

where Q represents the directivity factor.
Upon the determination of the sound pressure level, the associ-

ated actual sound pressure quantified in pascals (Pa) can be
derived in accordance with the following equation:

P = P0 × 10
1
20 Lp1 (32)

where P0 is the designated reference pressure quantified as 20 ×
10−6 Pa.
Figure 5 illustrates the flowchart for the analytical model under

lubrication conditions where the process is used to predict wear
and sound in a pin-on-disc system. The model begins by setting
the initial conditions, such as the pin’s displacement due to elastic
deformation, and setting the time to zero. The vibration equation
is based on an SDOF system and incorporates the effects of mass,
lubrication damping, and wear-induced stiffness changes. As the
system runs, it continuously updates the stiffness by combining
the fixed stiffness of the pin with the changing stiffness of the
disc due to wear.
The system’s natural frequency is determined by the current stiff-

ness, and it fluctuates as wear increases and stiffness decreases.
Archard’s wear model and elastic deformation are used to calculate
wear, which enables the model to capture both permanent wear and
elastic changes at the contact. Using the pin’s vibration velocity, the
acoustic power can be calculated by assuming that sound travels
freely in the air. This directly links the mechanical wear to the
sound produced. The model transforms acoustic power into sound

pressure levels, which are more readily measured in real-world
systems.

3 Experimental Scheme
An empirical investigation employing an Anton Paar TRB3 trib-

ometer (Anton Paar, Graz, Austria) was executed within the manu-
facturing laboratory at Cranfield University, as illustrated in Fig. 6,
and using a free-field microphone GRAS 40PP (with a sensitivity of
47.46 mV/Pa and a frequency response of 250 Hz) to record the
frictional noise. The experimentation adhered to the requisite stan-
dards—ASTMG99, G133, and DIN 50324—thereby affirming that
the TRB3 operates in full compliance with the principles of tribol-
ogy [69,70]. The microphone is located at a constant distance of
10 cm from the center of the disc. The tribometer is equipped
with a cantilever arm that enables the precise measurement of
both the cumulative wear depth (penetration depth) and the relevant
frictional parameters (coefficient of friction and frictional force).
Table 1 shows that investigative trials were conducted using two
different materials: mild steel and aluminum. The hardness was
assessed in the laboratory under three different load conditions.
The values for aluminum showed consistency, while the hardness
of mild steel fluctuated with the increase of applied load. The pro-
cedures were executed with a sliding speed of 300 rpm and a radius
of 10 mm. This analysis was performed under three loading condi-
tions: 15 N, 20 N, and 30 N. The tests were conducted under

Fig. 5 The flowchart for the interdependence between mechan-
ical wear, vibration response, and acoustic emission

Fig. 6 The experimental pin-on-disc setup for wear depth and
recording sound pressure under lubrication conditions

Table 1 The parameters and mechanical properties of materials

Pin stainless steel (440C)
Diameter 6 mm
Radius 3 mm
Length 7.5 cm
Mass 39.872 g
Young’s modulus 190 GPa
Poisson’s ratio 0.27
Hardness 4414.5 MPa
Shear modulus (rigidity modulus) 82,000 MPa

Disc—aluminum
Young’s modulus 69 GPa
Poisson’s ratio 0.33
Hardness under 15, 20, and 30 N 1103 MPa
Shear modulus (rigidity modulus) 27,000 MPa

Disc—mild steel
Young’s modulus 210 GPa
Poisson’s ratio 0.3
Hardness under 15 N 2127 MPa
Hardness under 20 N 2236 MPa
Hardness under 30 N 2289 MPa
Shear modulus (rigidity modulus) 77,000 MPa
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lubricated conditions using samples. The lubricant used had a vis-
cosity of 30 W–50, and a total volume of 25 mL was assigned for
all experimental trials. The duration allotted for each experiment
was 180 s, with each test being repeated three times for greater
accuracy. The laboratory environment’s standard temperature was
used for these experiments. The disc, with a diameter of 30 mm
and a thickness of 5 mm, is securely affixed to the disc holder,
while the stainless-steel pin has a diameter of 6 mm. The micro-
phone can capture the emitted frictional noise, which is a form of
sound pressure. By using an NI 9234 data acquisition card in an
NI 9174 chassis, the microphone is connected to NI Signal
Express, which enables in situ recordings at predetermined synchro-
nized intervals.
The proposed analytical model, which is based on an SDOF

system, was validated through the definition of experimental spec-
ifications. A variety of loads and materials were systematically
varied to examine the model’s efficacy across a wider spectrum
of fluctuating parameters. During testing under lubrication condi-
tions at reduced loads, the observed penetration depths are exceed-
ingly minimal; hence, even slight augmentations in load can
generate substantial discrepancies between the analytical forecasts
and the empirical findings. Therefore, it is of utmost importance
to validate the model under both high and low load conditions.
Despite the operational constraints inherent in our experimental
apparatus, we were unable to increase the load beyond 30 N
without activating the safety threshold of the equipment. The disc
materials employed in the experiments were mild steel and alumi-
num, as both materials are readily accessible in both academic
and industrial environments for contact analysis and are extensively
utilized in the manufacture of machine components. Furthermore,
the chosen speed plays a significant role in the investigation of
brake noise and wear characteristics.

4 Results and Discussion
Figure 7 presents the comparison between analytical and experi-

mental wear depth measurements over time for aluminum and mild
steel under loads of 15 N, 20 N, and 30 N. For all test conditions,
wear depth increases with time and applied load, as expected.
The experimental trends are closely followed by the analytical
model, particularly at medium and high loads. The low magnitudes

of wear are the reason for the small deviations observed at lower
loads. Figure 8 compares analytical and experimental sound pres-
sure values. The results confirm that the emitted sound pressure
increases with load and test duration due to increased frictional
interaction and material removal. The analytical predictions again
align well with the measured values for both the rate of increase
and overall magnitude of sound pressure under all load conditions.
To quantify model accuracy, Fig. 9 shows the percentage errors

between analytical predictions and experimental results for both
final wear depth and sound pressure. The errors for wear depth
are between 10.0% and 31.7%. At lower loads (AL15N and
AL20N), aluminum displays the greatest discrepancies, probably
due to its softer material properties and greater sensitivity to micro-
structural variations. Mild steel displays better agreement, with
errors remaining below 22%, especially when under higher loads.
The figure demonstrates the percentage error in sound pressure pre-
dictions, which varies from 13.7% to 21.1%. The inherent complex-
ity of acoustic measurements makes it acceptable for these
deviations to be accepted. At higher loads, the model tends to
underestimate the sound pressure for aluminum and overestimate
it for mild steel. Despite these variations, the consistent trends
between predicted and measured values validate the reliability of
the analytical model in capturing the wear–friction–noise relation-
ship under lubricated conditions.
Figure 10 demonstrates the wear depth over time at each load.

The analytical predictions for aluminum indicate a slight increase
in wear rates compared to those measured at 15 N, but the predicted
and measured values tend to align more as the load increases. This
may be attributed to aluminum’s softer surface and its greater ten-
dency toward plastic deformation and adhesion under increased
load. For mild steel, the model closely follows the experimental
data for all loads. The emitted sound pressure for both materials
increased with time at each load, as shown in Fig. 11. It is observed
that aluminum consistently produces a higher sound pressure than
mild steel at equivalent loads, which is due to its higher friction
and wear rate under the same sliding conditions.
To further validate the model and evaluate material-specific beha-

vior, wear and sound pressure results were separated by material.
Figure 12 presents a comparison between analytical and experimen-
tal results for wear depth and sound pressure over time for mild steel
under loads of 15 N, 20 N, and 30 N. In all cases, both analytical

Fig. 7 Comparison between analytical and experimental wear depth with time under lubricated conditions
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and experimental wear depth curves exhibit a monotonic increase,
consistent with steady-state wear under lubricated sliding condi-
tions. The agreement is firm at 15 N and 20 N, where the wearer
remains below 0.06 µm, confirming the model’s accuracy in
low-to-moderate load ranges. The wear depth increases to about
0.12 µm at 30 N, with a slight difference between experimental
and analytical values, probably due to micro-plastic deformation
effects. Correspondingly, sound pressure also rises with load and
time; the close agreement between values for both analytical predic-
tions and measured values confirms a strong correlation between
sound pressure and wear depth. Noise generating mechanisms

that are more complex, such as asperity fracture or lubricant insta-
bility, are responsible for minor deviations at higher loads.
Figure 13 compares aluminum similarly when using the same
load range. The wear depth is almost linear, and both calculations
and experiments are consistent at every load level. The wear is
low at 15 N, but it increases at 20 N and becomes higher at 30 N,
which is in line with the predicted trends. The wear values of alumi-
num are slightly higher than those of mild steel because of its softer
nature. The analytical predictions are closely matched to the exper-
imental results, with only minor discrepancies observed at the
highest load, possibly due to thermal effects or localized softening

Fig. 8 Comparison between analytical and experimental cumulative sound pressure with time under lubricated conditions

Fig. 9 The percentage errors for analytical and empirical results for cumulative wear depth and acoustic pressure
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that are not considered in the model. The measured sound pressure
results follow the same load-dependent trend, increasing from
1.5 Pa at 15 N to nearly 3.5 Pa at 30 N. The analytical values
align closely with the experimental data, demonstrating the
model’s ability to simulate both wear and friction-induced noise
in softer materials.
Furthermore, a comparison was made with Basit et al. [60], a

model that predicts wear and frictional noise in dry contact condi-
tions. Our model’s accuracy in lubricated scenarios is demonstrated
by its ability to predict both wear depth and sound pressure. At a
load of 30 N, our model has a wear depth error of 10.0%,

whereas the dry contact model is 25.9%. Similarly, the sound pres-
sure error remains within 21.1% in our case, versus 14.4% reported
by Basit et al. This indicates that the proposed vibration-based
approach is not only consistent with previously published models
but also better adapted to real-world lubricated conditions.
The results across both materials and the three loads validate the

effectiveness of the proposed model in providing a reliable approx-
imation of both tribological and acoustic behavior under lubricated
conditions. Mild steel, due to its greater hardness, exhibited lower
wear and sound pressure values compared to aluminum under iden-
tical loading conditions as predicted by the model.

Fig. 10 Comparison between analytical and experimental wear depth under different loads

Fig. 11 Comparison between analytical and empirical total sound pressure as a function of time
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5 Analysis of Scar Profile and Depth Under
Both Dry and Lubricated Conditions
To further validate the experimental wear results, additional tests

were performed under dry sliding conditions with the same param-
eters. Direct comparison of penetration depth between dry and
lubricated scenarios was made possible. The wear scar profiles
were measured using a Taylor Hobson surface profilometer, as
shown in Fig. 14, while the wear scars themselves were visually
examined using a Zeiss Axio ZoomV16 digital microscope. The tri-
bological characteristics exhibited by mild steel subjected to a load

and conditions, subjected to a 30-N load, were systematically exam-
ined and analyzed using wear depth profiles along the radial axis of
the disc surface (ranging from 0 to 10 mm). Both dry and lubricated
sliding conditions were used to thoroughly test each material.
However, for mild steel at 20 N under a lubrication condition, the
wear profile remained stable and shallow across the radial span,
indicating minimal material removal. The effective reduction of
friction and surface protection provided by lubrication is reflected
in this stability. The lower panels present results for dry and lubri-
cated wear profiles for aluminum at 30 N. Under dry conditions, the
wear scar exhibits a pronounced depth exceeding 100 µm,

Fig. 12 Comparison of analytical predictions and experimental wear depths for mild steel under different loads

Fig. 13 Comparison of analytical predictions and experimental wear depths for aluminum under different loads
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suggesting severe material loss likely due to adhesive wear and high
friction. However, the lubricated profile is markedly smoother and
shallower, with minimal surface penetration. This highlights the
significant role of lubrication in reducing wear, particularly in
softer materials under higher loads. These findings demonstrate
the effectiveness of lubrication in mitigating wear in both materials,
with a more pronounced impact observed for aluminum due to its
lower hardness value and higher susceptibility to adhesive wear.
Figure 14(b) shows wear scar profiles under dry and lubricated con-
ditions, with (b) wear depth profiles obtained using Taylor Hobson
surface profilometry and corresponding wear scar images.
A Zeiss Axio Zoom V16 digital microscope was used for micro-

scopic analysis to gain more insight into the wear mechanisms.
With dry mild steel subject to a load of 30 N, as shown in Figs.
14(c) and 14(d ), the wear track on the dry-tested mild steel appears
rough and irregular, characterized by deep scratches, loose debris,
and signs of material detachment. The surface has unevenness and
becomes dark, which indicates intense wear and tear. Profilometry
results confirmed significant material loss because the worn region
is vast and distinct from the unworn areas. When lubricated mild
steel is subjected to a 30 N load, the wear track becomes significantly
smoother and narrower. There is a reduction in the amount of wear
debris observed, and the surface appears cleaner and more
uniform. This implies that lubrication effectively reduces friction
and protects the surface, resulting in milder wear. Compared to the
dry case, the depth and severity of wear are significantly reduced.
In summary, the results confirm that wear depth and sound pres-

sure both increase with applied load and test duration and that the
analytical predictions generally align well with the experimental
data for both mild steel and aluminum. The softer aluminum expe-
riences minor deviations at lower loads, likely because of micro-
structural factors and plastic deformation effects. Despite this, the
model is still accurate enough for wear-life forecasting and noise-
based condition monitoring. During the initial lubrication tests,

relatively small friction and wear values were observed, as the
applied loads of 5 N and testing duration were both relatively
low, limiting the extent of measurable wear and frictional effects.
To obtain more pronounced data for improved analysis, the loads
were incrementally increased to 30 N, and the test duration was
extended. The larger, more discernible wear tracks were a result
of these adjustments, which enabled a deeper understanding of
material performance under lubricated conditions. Additionally,
parallel tests under dry conditions revealed significantly higher
wear rates, particularly for aluminum, underscoring the protective
role of lubrication in reducing friction and material removal. In
general, the proposed model’s predictions were closely aligned
with experimental findings, providing valuable insights into the
comparison of dry and lubricated wear tracks.
The model could be validated under more extreme conditions by

extending the experimental range, even though the current study
focused on loads up to 30 N. The model’s accuracy could be
improved by incorporating temperature-dependent effects and
surface roughness evolution, as these factors can have a significant
impact on lubrication properties and wear mechanisms. The integra-
tion of finite element modeling in future studies will enable the
simulation of detailed contact mechanics and stress distributions
under both dry and lubricated conditions. The model’s accuracy
and practical relevance will be enhanced by a comprehensive com-
parison between analytical, experimental, and numerical results.

6 Conclusions
This study presented a novel analytical model that unifies fric-

tion, wear, and noise under lubricated conditions by combining
SDOF vibration theory, Hertz contact mechanics, Archard’s wear
model, and acoustic emission principles. A thin lubricating film’s
viscous damping effects are dynamically integrated into the

Fig. 14 For additional validation, the Taylor Hobson surface profilometer tester was employed. Figures (a) and (b) present the
material tested under dry (solid line) and lubricated (dashed line) conditions, while fig. (c) illustrates the wear track of mild
steel under dry conditions and fig. (d ) shows the wear track under lubrication conditions.
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model, allowing real-time updates to contact stiffness and wear
depth. The proposed model’s ability to accurately capture both
wear depth and sound pressure trends was demonstrated through
validation experiments on mild steel and aluminum discs at three
loads. The accuracy of wear depth predictions was generally
below 31%, which indicates good reliability for both aluminum
(softer material) and mild steel. Sound pressure levels deviated by
approximately 14–21% of the recorded data, which is acceptable
given the inherent variability in acoustic emissions and lubrication
film behavior, where the incorporated lubrication acts as a damping
mechanism. The model reproduced experimental observations more
accurately than comparable dry-condition models [60]. Thin-film
dynamics capture in tribological analyses is crucial due to the sig-
nificant impact of lubrication on both friction-induced vibrations
and noise. The developed integrated friction–wear–noise model
offers a robust tool for real-time tribological monitoring, aligning
with industrial needs for predictive maintenance and reduced down-
time. Its ability to accommodate various materials across a wide
range of loads and speeds enhances its versatility, making it suitable
for diverse mechanical systems such as gearboxes, brake assem-
blies, and rotating machinery.
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