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Abstract: Surface wear, as a major failure mode of gear systems, is an unavoidable phenomenon
during the whole life of gears. It also induces other gear damages, such as fatigue cracks, surface
pitting and spalling. Ultimately, those defects may result in the sudden failure of a gearbox transmis-
sion system, which can lead to a serious accident and unexpected economic loss. Therefore, it can
provide huge cost and safety benefits to industries to monitor gear wear and predict its propagation.
Gear wear raises the error rate of gear transmission systems, typically leading to improvements
in dynamic loads, vibration, and noise. In return, the increased load conversely aggravates wear,
creating a feedback cycle between dynamic responses and surface wear. For this purpose, a wear
prediction model was incorporated into a tribo-dynamic model for quantitatively investigating how
surface wear and gear vibration are mutually affected by each other. To obtain more precise dynamic
responses, the tribo-dynamic model integrates the time-varying mesh stiffness, load-sharing ratio
and friction parameters. To improve the computational efficiency and guarantee the calculation
precision, an improved and updated wear depth methodology is constructed in the wear prediction
model. This paper demonstrates the capability of the proposed dynamic wear prediction model
in the investigation of the interaction effects between gear dynamics and surface wear, allowing
for the development of improved gear wear prediction tools. The obtained results indicate that the
surface wear impacts the dynamic characteristics, even with slight wear. In the initial stage of wear,
the friction coefficient decreases slightly, largely due to the reduction in surface roughness; but the
friction force increases because of the improved dynamic meshing force. Although the initial wear
depth distributions of a pinion under dynamic and static conditions are similar, the wear depth
distributions under dynamic conditions becomes significantly different compared to the those under
static conditions with the wear process. The maximum wear depth of a pinion under dynamic
conditions is about 1.6 times as the corresponding static conditions, when the wear cycle comes to
4 × 104. Similarly, the maximum accumulative wear depth of a pinion under dynamic conditions
reaches 1.2 times of that under static conditions. Therefore, the proposed dynamic wear prediction
model is more appropriate to be applied to the surface wear of gears.

Keywords: coupling effects; dynamic model; gear wear; wear prediction

1. Introduction

Gear transmission is an important form of mechanical transmission, and the reliability
and durability of gears are critical to the total life of mechanical equipment. Due to its
special mechanical structure, a gear system is used in wide range of mechanical systems,
including the mining industry, helicopters, and wind turbines. In practice, a gearbox
often operates under harsh working conditions. Consequently, the inevitable gearbox
failures frequently result in serious accidents and unforeseen financial losses. Gear wear
is an unavoidable phenomenon in the service life of gear. It will cause the development
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of stress concentrations, and serve as initiation sites for other modes of gear failure, for
example, scuffing, macro-pitting, and gear cracking [1], which could cause the vibration
characteristics to change significantly. Thus, the monitoring and predicting of gear surface
wear is vital for the health management of the gear system.

In theory, surface wear and dynamic characteristics of gear affect each other. The
surface wear caused by relative sliding modifies the geometry of gear tooth profile. There-
fore, the gear transmission error would vary dynamically [2], especially for spur gears,
whose gear transmission error is susceptible to surface wear [3]. At the same time, the
dynamic characteristics of the gearbox will be altered accordingly. Consequently, vibration
responses are expected to rise in level. Surface wear is closely related to contact pressure
which depend on dynamic meshing force [4]. Thus, the wear process also is promoted
because of improved dynamic meshing force. This two-way relationship between them
will yield more complex gear dynamic characteristics and makes monitoring the condition
of gear wear more difficult than other failures.

However, existing researches mainly focus on investigating the impact of gear wear
on dynamic responses [3,5–8]. In comparison, investigations on the effects of dynamic
behaviors on gear wear are quite few [9–11]. Some studies which predict gear wear by a
quasi-static wear model have been published [12–14]. Nevertheless, meshing force and
sliding velocity under dynamic conditions are significantly different from the ones under
quasi-static conditions. Therefore, a comprehensive dynamic wear prediction model for
analyzing their coupling effects is vitally needed. In this paper, the contact pressure and
sliding velocity from the dynamic model are fed into wear prediction model to determine
the wear depth of each engagement point. Subsequently, the gear tooth profile is renewed
in the dynamic model by feeding an updated geometric transmission error, which character-
izes the deviation of the profile from the ideal involute curve. Then new vibration responses
are acquired from the dynamic model again. This cycle repeats to produce estimated gear
wear profiles, as well as corresponding simulated vibration responses, showing clearly how
gear wear and dynamic responses affect each other.

Understanding the effort of gear wear on dynamic responses is essential to track
gear wear evolution, and the dynamic vibration analysis is a widely used application
and effective technique to monitor and predict gear surface wear [15,16]. The dynamic
characteristics of a gear system are theoretically susceptible to deviations of the tooth
surface from a perfect involute [17]. Surface deviation mainly includes wear-induced
geometric deviation and elastic deviation caused by meshing stiffness and contact force.
According to this theory, Ding and Kahraman [9] described the impact of dynamic response
on surface wear in terms of an external displacement excitation and a periodically time-
varying meshing stiffness (TVMS) function. They utilized a single degree of freedom
(DOF) torsional model and incorporated it with a wear prediction model [13] to research
the interactions between the wear process and dynamic characteristics of gear system.
The simulation analysis demonstrated the interaction behaviors between gear wear and
dynamic characteristics. The accurate prediction for dynamic behaviors of gear system
requires a thorough dynamic model. However, the dynamic models employed in [9,10]
solely contained the torsional degrees of freedom. As a result, the prediction accuracy of
the dynamic analysis is reduced because of it ignoring the translational deflections of the
shaft bending and bearing radial. In order to address this issue, ref. [11] applied a 3 DOFs
model including both torsional and translational motions of gears to acquire dynamic
responses of a gear system for further wear analysis. Nevertheless, empirical formulas
were applied to calculate the meshing stiffness and transmission error, which also could
degenerate the accuracy of obtained responses. In this paper, the potential energy method
was adopted to estimate the meshing stiffness. This method has been widely implemented
to analytically model the TVMS of gear pairs because of its precision. Moreover, it is
convenient to consider the impact of surface wear on meshing stiffness by this method
when severe wear occurs.
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In addition, wear alters the gear surface quality, such as hardness and roughness,
which can significantly impact the tribological behavior of the meshing gear pair. J. Ja-
mari et al. [18] measured the surface roughness values Ra of gear before and after running-in
tests. They found that the slight change in roughness magnitude would contribute much to
gear wear during the running-in process. The friction behavior at the macroscopic length
scale is highly correlated with the microscopic topography of the contacting surfaces. Thus,
the wear-induced reduction in roughness should be considered, and friction, which is rec-
ognized as an essential source of gear vibrations, should be incorporated into the dynamic
model to account for the effects of gear wear. Although much research [19–23] incorporated
the effects of frictional force into gear dynamic model to investigate the impact of friction
on gear vibration, the impact of surface wear on friction is disregarded. In this study, a
friction model is incorporated in the dynamic model to investigate the impact of wear on
friction and further on dynamic responses.

Our review of the aforementioned studies reveals that the existing dynamic models
are insufficient for studying the interactions between gear tooth surface wear and gear
dynamic characteristics due to the lack of a comprehensive dynamic wear prediction model.
Therefore, this paper aims at establishing a thorough dynamic wear prediction model
by incorporating a wear model into a tribo-dynamic model. To guarantee a reliable and
accurate dynamic wear model, an 8 DOFs model, which integrates TVMS, dynamic friction
parameters, and time-varying load-sharing ratio, is established. Then, it is combined with
Archard wear model. An improved wear depth updated methodology is constructed in the
wear prediction model. With the proposed dynamic wear prediction model, the interaction
effects between gear tooth surface wear and gear dynamic characteristics can be studied.

In the following, Section 2 firstly introduces the proposed 8 DOFs translation-rotational-
coupled nonlinear dynamic model. An improved dynamic wear prediction scheme is pro-
posed in Section 3. In the Section 4, the simulations are executed and results are discussed.
Conclusion and further study are made in Section 5.

2. Dynamic Model Development

The dynamic model is to obtain the dynamic responses to be input to the wear model.
In this section, an 8 DOFs tribo-dynamic model of spur gear system is developed by
incorporating TVMS, time-varying load sharing, dynamic friction coefficient; see Figure 1.
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Figure 1. Diagram of the gear dynamic model. 

Figure 1. Diagram of the gear dynamic model.
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The equations of motion used to describe the coupled torsional and translational
models can be formulated as:

mp
..
yp + cpy

.
yp + kpyyp + Fpgcosϕ + fpsinϕ = 0

mg
..
yg + cgy

.
yg + kgyyg − Fpgcosϕ + fgsinϕ = 0

mp
..
xp + cpx

.
xp + kpxxp + Fsinϕ + fpcosϕ = 0

mg
..
xg + cgx

.
xg + kgxxg − Fsinϕ + fgcosϕ = 0

Jm
..
θm + cmp(

.
θm −

.
θp) + kmp

(
θm − θp

)
− Tmor = 0

Jp
..
θp − cmp(

.
θm −

.
θp)− kmp

(
θm − θp

)
+ rpbF + Mp f = 0

Jg
..
θg − cbg(

.
θb −

.
θg)− kbg

(
θb − θg

)
− rgbF + Mg f = 0

Jb
..
θb + cbg(

.
θb −

.
θg) + kbg

(
θb − θg

)
+ Tbrk = 0

(1)

Herein, θp, θg, θb, and θm refer to the rotational displacements of the pinion, gear,
load, and motor, respectively; and xp, yp and xg, yg indicate the vibration displacements
of the pinion and gear, respectively. mp and mg donate the masses of the pinion and gear
correspondingly. Likewise, the inertias of the pinion and the gear are expressed as Jp and
Jg, respectively.

The major parameters contained in the model are given in Table 1. The contact
force F(t) is modelled by gear meshing stiffness km, meshing damping cm and geometric
transmission error (GTE)e, see Equation (2).

F(t) = km(t)
[
rpbθp − rgbθg +

(
xp − xg

)
sinϕ +

(
yp − yg

)
cosϕ) + et

]
+cm(t)

[
rpb

.
θp − rgb

.
θg +

( .
xp −

.
xg
)
sinϕ +

( .
yp −

.
yg

)
cosϕ +

.
et

] (2)

where rpb and rgb represents the base circle radius of the pinion and gear, ϕ indicates the
pressure angle.

Table 1. Parameters of the gear system.

Parameters Pinion Gear

Gear type Standard involute, full teeth
Material S45 C

Modulus of elasticity, E 205 Gpa
Poisson’s ratio, υ 0.3

Face width, W 20 mm
Module, M 2 mm

Pressure angle 20
◦

Addendum 1.00 mm
Dedendum 1.25 mm

Number of teeth Z1, Z2 19 31
Pitch radius, r/mm 19 31

The total frictional torques, namely Mp f and Mg f , can be given as
Mp f =

n
∑

i=1
rpi fpi

Mg f =
n
∑

i=1
rgi fgi

, n = 1, 2 (3)

where rpi, rgi (i = 1, 2) denote the radii of curvature at the contact points, and can be
expressed as {

rpi = rpb

(
θini + (i− 1) 2π

z1
+ θp

)
rgi = L− rpi

, i = 1, 2 (4)
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where i represents the ith gear tooth; L denotes the length of the line of action (LOA),
computed as L =

(
rpb + rgb

)
tan ϕ. Therefore, the instantaneous tooth surface velocities

upi and upi can be expressed as {
upi = ωp·rpi
ugi = ωg·rgi

, i = 1, 2 (5)

Herein, ωp and ωg represent the rotational speeds of the pinion and gear, respectively.
The relative velocity us = upi − ugi will be used to calculate the sliding distance for wear
model and determine the direction of friction force. When us > 0, fp is negative; conversely,
when us < 0, fp is positive with us = 0, fp = 0. The friction force between the meshing
teeth can be calculated by:

fpi = − fgi = µiκiFpg, i = 1, 2 (6)

where κi and µi denote the load sharing ratio (LSR) and dynamic friction coefficient,
respectively. To compute the load distribution between the meshing teeth pairs, we used a
load distribution model proposed by Pedrero [24]. The detailed descriptions can be referred
to reference [24].

κi =


1
3

(
1 + ξ−ξini

ξa−ξini−1

)
ξini ≤ ξ ≤ ξa − 1

1 ξa − 1 ≤ ξ ≤ ξini + 1
1
3

(
1 + ξ−ξa

ξini+1−ξa

)
ξini + 1 ≤ ξ ≤ ξa

, (7)

where ξini =
z1θini

2π , ξa = ξini + ε, and ε denotes the contact ratio.
The friction model proposed by Xu et al. [25] is applied to obtain the dynamic friction

coefficient. This model is on the basis of regression of experimental tests under a wide range
of operating conditions and has been demonstrated by both simulated and experimental
data. The dynamic friction coefficient is given as

µi = e f Pb2
h |Sr|b3 Vb6

e υb7
0 Rb8 , (8)

where 
f = b1 + b4|Sr|Phlog10(υ0) + b5e−|Sr |Ph log10(υ0) + b9es

Sr =
2(upi−ugi)
(upi+ugi)

,

Ve = 0.5
(
upi + ugi

) (9)

and where Ph is Hertzian contact pressure, and Sr, Ve, υ0 donates slide to roll ratio, entrainment ve-
locity, and the inlet oil viscosity, respectively. S is the RMS composite surface roughness, and b1 to
b9 are regression coefficients, with b1–9 = −8.92, 1.03, 1.04,−0.35, 2.81,−0.10, 0.75,−0.39, 0.62.

In this study, the potential energy method, which includes the bending, shear, axial
compressive, and Hertzian contact energies along with the fillet foundation deflection was
adopted to estimate the meshing stiffness [26]. According to the potential energy method,
the bending, shear, and axial compressive potential energies stored in the meshing teeth
can be calculated by [27]: 

Ub = F2

2kb

Us =
F2

2ks

Ua =
F2

2ka

(10)

where F denotes the gear contact force, and kb, ks, and ka are the bending, shear, and axial
compressive stiffnesses, respectively. Based on the results derived by Yang and Sun [28],
the Hertzian contact stiffness for gear pairs can be linearized to a constant and determined
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using the tooth width Wand material properties, namely the Poisson’s ratio (ν) and elastic
modulus (E).

kh =
πEW

4(1− ν2)
(11)

With Hertzian, bending, shear and axial compressive stiffness, the gear mesh stiffness
for one tooth pair can be obtain by using [25]:

1
km

=
1
kh

+
2

∑
j=1

[
1

kb,j
+

1
ks,j

+
1

ka,j

]
(12)

where j = 1, 2 donates the pinion and gear, respectively. For two pairs of meshing gears,
the total effective mesh stiffness can be calculated as

1
km

=
2

∑
j=1

[
1

kh,j
+

1
kb1,j

+
1

ks1,j
+

1
ka1,j

+
1

kb2,j
+

1
ks2,j

+
1

ka2,j

]
, (13)

where j = 1 and 2 denote the first and second meshing teeth pair, respectively. The mesh
stiffness with angular displacement is demonstrated in Figure 2.
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On account of the gear wear induced tooth profile change h is in micron level, the
wear induced meshing stiffness change is around in the 10−18 N/m level [29], while the
meshing stiffness is around in the 109 N/m level correspondingly. Therefore, the stiffness
change can be neglected compared with the value of meshing stiffness.

3. Dynamic Wear Prediction Model

In this section, an improved dynamic wear prediction model for spur gear system is
proposed. The well-known Archard wear equation [30], which is one of the earliest wear
laws, is used in this work. The Archard wear model is the most commonly applied in gear
wear, because it takes into account the contact pressure, sliding condition and material
properties of gear contact surface. The Archard’s wear equation is generally expressed as:

dHi = kPi
hdsi (14)
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where H stands for the wear depth, k is a dimensionless wear coefficient, s is the sliding
distance, and Ph is the hertzian contact pressure between the mating point on the mating
gear. The contact pressure Ph can be calculated as:

Pi
h =

√
Fi

t κiE
2bπri

eq
, (15)

where b denotes the gear width, E denotes elastic modulus, and req represents the equivalent
radius of curvature. Consequently, the predicted wear depth accumulated on the pinion
and gear can be expressed: {

Hi
p,n+1 = Hi

p,n + kPi
hdsi

Hi
g,n+1 = Z1

Z2
Hi

p,n + kPi
hdsi

, (16)

Herein, Hp,n+1, Hg,n+1 represent the accumulated wear depth after the certain cycle
n of each meshing points on the pinion and gear. However, it is almost impossible that
the values of wear depths Hp,n+1, Hg,n+1 are updated after each loading cycle with the
evolution of gear surface conditions. Therefore, a modified method shown below is used to
improve the computational efficiency and guarantee the calculation precision.{

Hi
p,N+1 = Hi

p,N + mkPi
hdsi

Hi
g,N+1 = Hi

g,N + Z1
Z2

mkPi
hdsi

, (17)

According to Equation (14), the wear depth ∆Hi after one wear cycle can be determined
using sliding distance s, dynamic contact pressure Ph and wear coefficient k [12,31]. The
wear depth ∆Hi of each contact point are assumed to remind the same during experiencing
a fixed wear cycle m. When the maximum accumulated wear depth of any point on the
mating surface during the fixed wear cycle m meets a predetermined wear threshold εm,
the gear surface needs to be renewed in order to update contact pressure by performing
another dynamic analysis of gear system. The total cumulative wear depth of every point
on the surface is obtained by summing up wear depths of every point for all processes
with different pressure updates. Figure 3 demonstrates the flowchart of the dynamic wear
prediction model.
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4. Numerical Results and Discussion

In this section, with the dynamic gear model and wear prediction method introduced
in Section 3, the coupling effects between the gear surface wear and the gear dynamic
characteristics will be investigated. GTE is the geometric deviation from perfect gear, and it
can be used to represent gear surface wear in subsequent analysis. With valid evaluated
meshing stiffness and GTE, the gear mesh force can be calculated by Equation (2), then
the wear induced gear dynamic responses and vibrations can be achieved through the
proposed dynamic model. Table 2 lists the basic parameters of the spur gear pair and
dynamic simulation.

Table 2. Parameters of the spur gear transmission involved in the dynamic simulation.

Parameters Values

Mass of the pinion, mp 0.7 kg
Mass of the gear, mg 1.822 kg

Mass moment inertia of the pinion, Jp 2.331× 10−4 kg·m2

Mass moment inertia of the gear, Jg 1.392× 10−3 kg·m2

Mass moment inertia of the motor, Jm 2.1× 10−3 kg·m2

Mass moment inertia of break, Jb 1.05× 10−2 kg·m2

Damping coefficient of bearing, cbx, cby, cpx, cpy 4× 105 N·s/m
Stiffness of bearing, kbx, kby, kpx, kpy 5× 108 N·m

Damping of coupling, cmp, cbg 3× 104 N·s/m
Coupling stiffness, kmp, kbg 4× 107 N·m

4.1. Effects of Gear Surface Wear on the Dynamic Response

In this case, the rotational speed of input shaft is set as 30 Hz and the torque of brake
is set as 60 Nm. For comparing convenience, gear maximum wear depth with 0.1 µm,
0.5 µm, and 1 µm are considered in this study. Gear surface wear was found to affect the
dynamic signals of the gearbox, which resulting in higher transmission error and then
higher vibration and noise, as shown in Figure 4. With respect to the dynamic transmission
error, the maximum values are 16.70 µm, 18.08 µm and 19.47 µm. Figure 5 depicts the
vertical velocity

.
yp of a pinion at difference wear levels. Correspondingly, the root-mean-

square (RMS) value of
.
yp is 1.1mm/s with 0.1 µm wear, then increases to 1.19mm/s with

0.5 µm wear and reaches to 1.28mm/s with 1 µm wear. Therefore, gear surface wear serves
as one kind of geometric deviation, which can increase transmission error of the gear system
resulting in higher vibration. In addition, Figure 6 illustrates frequency spectrum of

.
yp with

0.5 µm wear, and the change trends of first four meshing frequency (MF) amplitudes under
different wear severities are plotted in Figure 7. It is observed that the amplitudes of MF
will increase alone with gear wear process. Therefore, spectrum can be used for monitoring
gear wear process.

The predicted gear meshing force F under different wear severities are displayed in
Figure 8. As demonstrated in Figure 8, the meshing fore with 1 µm wear has higher fluctua-
tion than those with 0.1 µm and 0.5 µm wear. The mean values of mesh force are calculated,
which are 3311.2 N, 3431.9 N and 3697.6 N under different wear severities. Therefore, gear
wear increases the magnitude of gear meshing force. According to Equation (2), the increase
in GTE caused by tooth surface wear inevitably enhance the dynamic meshing force. Apart
from that, friction is a crucial source of gear vibrations. The change in friction during the
wear process also affects the meshing force. Figures 9 and 10 demonstrate the evolution
of coefficient of friction (COF) and friction force with wear process. It should be pointed
out that, for clarity, Figures 9 and 10 only tracked the COF and friction force between
the first mating pair which initially mesh at gear tooth root. As shown in Figure 9, the
COF decreases slightly with running-in wear, mainly because of the reduction in surface
roughness value. J. Jamari et al. [18] found that this reduction in roughness still exist even
after running-in wear, and becomes higher as running-in time. Therefore, in this simulation,
the initial RMS composite surface roughness is set as 2.1 µm, and it changes to 1.9 µm with
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0.5 µm wear and 1.5 µm with 1 µm wear. The results depicted in Figure 9 reveal that the
COF is sensitive to the change in roughness magnitude during the running-in wear pro-
cess. However, the friction force increases as shown in Figure 10 because of the improved
dynamic meshing force, especially during the single-tooth-pair meshing duration. Based
on Equation (1), the increasing friction force leads to the increase in dynamic responses
and meshing force, and it is believed that the effect of friction will become more and more
significant as the wear depth increases.
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4.2. Effects of the Dynamic Response on Gear Surface Wear

To better understand the impact of gear dynamics on gear surface wear, the wear
behaviors under quasi-static conditions are taken as a baseline for comparisons. In this
case, the gear system is operating at a rotational speed of 30 Hz, while the torque of the
brake remains as 60 Nm. In addition, the wear coefficient k0 is set as 2.5× 10−12 m2/N,
and the fixed wear cycle m is set as 1× 104. During this period, the maximum accumulated
wear depth at any point on the meshing surface reaches the predetermined wear threshold
εm = 0.5 µm, the geometry of gear surface needs to be reconstituted. Then, the updated
gear surfaces are fed into the dynamic model to renew the dynamic meshing force.

The comparisons of meshing force and wear depth distribution under static and
dynamic conditions are illustrated in Figure 11. From Figure 11, it can be seen that the
wear depth ∆H under dynamic conditions and static conditions are quite approximate in
the initial stage. However, the wear depth ∆H under dynamic conditions become higher
compared with static conditions with the wear process, as demonstrated in Figure 12.
The reason is that dynamic contact force increases due to surface wear, as explained
in Section 4.1, and the dynamic contact force is typically lager than the corresponding
quasistatic force, ultimately, which results in a faster wear process. In consequence, the
maximum accumulated wear depths under dynamic conditions exceed those under static
conditions with the increase in wear cycle, as shown in Figure 13. Therefore, in order to
guarantee accurate wear prediction results, the proposed dynamic wear prediction model
is necessary.
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The proposed model has exhibited its capability in wear prediction. However, it
also has some drawbacks. For example, it cannot consider the change in micro hardness
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caused by wear. Additionally, the wear coefficient is assumed as a constant value. How-
ever, the wear coefficient is susceptible to surface conditions, such as micro hardness and
roughness [8,32]. In the future, the gear-wear prediction methodology proposed by Ke
Feng et al. [33] which updated Archard’s wear coefficient based on vibration responses will
be applied to improve the present model. Moreover, though the proposed model has been
verified through simulation analysis in this paper, experimental validations are lacking. In
the future, the experiments under dry and lubricated conditions will be arranged to verify
the proposed model.

5. Conclusions

In this paper, a dynamic model, which integrates TVMS, friction, and time-varying
load-sharing ratio, is established, and then combine with the Archard wear model to
establish a dynamic wear prediction model. An improved updated method of wear depth
is proposed. With help of the proposed dynamic wear prediction model, the coupling
effects between gear dynamic behaviors and gear surface wear process can be studied.
Surface wear of a gear system results in the increase in dynamic responses, such as DTE,
velocity, and meshing force. In turn, the increased meshing force results in faster wear
process. Moreover, during the initial wear, the COF decrease slightly due to the reduction in
surface roughness, but the friction force increases because of the improvement of dynamic
meshing force. The ability of the proposed model in tracking and predicting wear process
is superior to the classical static wear prediction model. Compared to the static prediction
model, the proposed dynamic prediction model can update the wear depth distribution
with wear process. Although the wear depth distributions under dynamic and static
conditions are quite approximate in the initial stage, the maximum wear depth of a pinion
under dynamic conditions already reaches 1.6 times that of the corresponding quasi-static
condition. Therefore, the proposed dynamic wear prediction model is more reasonable for
predicting the wear process.
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