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Abstract. In the actual gear system, it is possible to produce root cracks of gear working
under lubrication condition. The mesh stiffness and lubrication performance changes
obviously as the decrease of load bearing capacity for the crack tooth pair, which affects
eventually the dynamic characteristics of gear system. An enhanced tribo-dynamic model
of the gear pair is proposed, incorporating gear crack failure and lubrication performance.
This model couples the elastohydrodynamic lubrication and lateral-torsional dynamics.
Utilizing deformation coordination condition, the influence of tooth crack on both total
mesh stiffness and lubrication performance is investigated. The results show that the
amplitude of vibration displacement grows obviously due to the impact caused by the crack
tooth pair engaging in contact, and some frequency clusters are generated near resonance
frequencies. By comparing lubrication and dry contact conditions, the effectiveness of
RMS and kurtosis values in tracking crack severity progression is proved. It is found that
condition indicators with the lubrication effect increase significantly with the crack in the
off-line-of-action direction.
Keywords: Gear system, Mesh stiffness, Lubrication performance, Tooth crack severity,
Dynamic characteristics

1. Introduction. Gearbox is one of the most critical parts of industrial systems, because
it is widely used to transfer power and change speed. Because of the complicated and
changeable working conditions, gear system has the potential for various failures, which
can cause catastrophic accidents and major economic losses. Therefore, the early detection
of gearbox failure is very important. Due to the complicated structure of the gear system
and complex interaction between the components, corresponding vibration mechanism of
the gear system with failures is still unclear. Crack failure at gear root is typically caused
by surface fatigue resulting from alternating loads during gear operation. These cracks
generally spread along the stress concentration area at the tooth root, and eventually lead
to the failure.

For understanding vibration mechanisms with fault characteristics, a dynamic model
of gear system with faults has been an interesting research topic [1]. In addition, a well-
validated dynamic model, verified by test results, provides an excellent signal source for
validating fault detection and diagnosis methods. Meanwhile, these signals can be used
to feed or train artificial intelligence fault diagnosis algorithms, and can also be used as
a test set and verification set for training gearbox faults. However, most existing studies
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primarily focus on obtaining time-varying mesh stiffness (TVMS) of cracked gear pair
under quasi-static condition, which is insufficient to adequately reveal the relationship
between TVMS and load distribution factor (LDF) during actual operational condition.
Therefore, the modeling process of tribo-dynamic behaviors for the cracked gear pair is
very complicated.
In summary, it is necessary to take many factors into dynamic model, such as mesh

stiffness, lubrication factor, surface friction and crack fault. The purpose of tribo-dynamic
research for cracked gear pair is to deeply understand dynamic responses under different
crack fault severities, so as to provide theoretical basis for fault diagnosis.
This paper is organized as follows. Section 2 describes the current research status of

mesh stiffness and tribo-dynamic characteristics of crack gear pairs, and proposes a dy-
namic response analysis scheme considering crack fault and lubrication effects. Section 3
establishes a tribo-dynamic coupled model of the crack gear pair. In Section 4, simulation
analysis is used to verify the accuracy of the proposed model, and discusses the variation
of dynamic responses with crack fault severity. Finally, Section 5 is the conclusions.

2. Related Work. In helicopter, wind turbine, ships and other industrial equipment,
gearbox failures may cause catastrophic damage, resulting in significant economic losses
and even casualties. Various faults may occur in gearboxes under the action of alternating
loads, such as tooth crack and pitting [2]. Among them, tooth crack is a more common
failure mode. When the crack tooth pair engages, there is an obvious reduction of total
TVMS for the gear pair. And TVMS is one of the main parametric excitations and af-
fects the system vibration characteristics [3]. For system condition monitoring and fault
identification, it is very necessary to study impact of crack fault on gear system dynamics.
For cracked gear system, fault identification generally focuses on the mesh stiffness with

faults and dynamic characteristics from vibration analysis [4]. Wu et al. [5] used multiple
condition indicators to study the different crack severity on the dynamic responses of
the gear pair, such as root mean square (RMS) and kurtosis values. Chen et al. [6,7]
analyzed the effect of tooth crack on tooth stiffness and fillet foundation stiffness, and
then they studied the influence of tooth crack on dynamic behaviors with different crack
depths and lengths. Ma and Chen [8] studied the effect of local defects on the vibration
behaviors by incorporating tooth crack into the dynamic model. Meng et al. [9] calculated
time-varying mesh stiffness with different crack lengths, and established a six degree-of-
freedoms dynamic model taking mesh stiffness and friction force into account. Wan et al.
[10] proposed a modified mesh stiffness model with crack fault, and then used a lateral
and torsional coupled dynamic model to simulate the effect of mesh stiffness and bearing
stiffness on vibration responses. To simplify, most of the above dynamic models focus on
the influence of crack fault on the mesh stiffness, and then affect the vibration responses
of gear system.
Some research works analyzed the interaction between lubrication performance and dy-

namic characteristics for the gearbox through contact parameters, such as tooth surface
friction, oil film stiffness, oil film damping and time-varying backlash. He et al. [11] estab-
lished multi-degree-of-freedom dynamic model with friction excitation, which compared
the effects of four different friction formulas on the dynamic responses. Li and Kahraman
[12] proposed a tribo-dynamic model of the spur gear pair, which considered the coupling
interation between friction force, tangential oil film damping and dynamic mesh force.
Zhou et al. [13,14] calculated oil film stiffness and damping through the elastohydrody-
namic lubrication (EHL) model, and then evaluated the impact of oil film stiffness and
damping on vibration responses. Considering tooth clearance, Zhou et al. [15,16] estab-
lished a multi-mass transmission system of wind turbine, and discussed the nonlinear
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characteristics of clearance and the principle of nonlinear vibration. Chen et al. [17]
incorporated lubricant film into backlash, resulting in the reduction of backlash. They
investigated the influence of lubricant viscosity on the dynamic responses, showing that
vibration amplitudes decrease with the lubricant viscosity along off-line-of-action (OLOA)
direction.

Furthermore, lubrication effect and crack fault were considered simultaneously in few
gear dynamics studies. Zhao et al. [18] systematically analyzed the impact of tooth crack
fault on lubrication performance, subsequently exploring the combined effect of both
lubrication performance and crack propagation on the vibration responses. Yang et al.
[19] considered the combined mesh stiffness and damping incorporating both lubrication
effect and crack fault, and then investigated gear dynamic responses. However, lubrication
characteristics and mesh stiffness in above researches were obtained under quasi-static
condition.

Some researches has mainly focused on the calculation of lubrication performance and
equivalent mesh stiffness for the gear pair under dynamic condition. Cao et al. [20] pro-
posed a nonlinear relationship between the mesh stiffness and mesh force, and then jointly
solved the dynamic mesh stiffness and dynamic responses of gear system. Li et al. [21] es-
tablished a tribo-dynamic model for a gear pair, and lubrication characteristics and mesh
stiffness were obtained under dynamic mesh force. Wang et al. [22] studied the effect of
spalling fault on lubrication characteristics and dynamic responses for gear system.

In fact, gear crack fault may appear even in transmission system operating under lubri-
cation condition. As seen from the above literature, some studies analyzed the influence of
mesh stiffness and lubrication characteristics over dynamic mesh force on system responses
for the healthy gear pair [12,21], and some research investigated lubrication characteris-
tics over static load and crack fault acting on the system responses [18,19]. To address
this, a more comprehensive tribo-dynamic model must be developed for the cracked gear
system, incorporating both tooth crack and lubrication performance. Crucially, the cal-
culation of lubrication contact parameters must account for dynamic load fluctuation and
load distribution within the double-tooth-pair-contact duration. By using the established
tribo-dynamic model, the influence of crack fault and lubrication performance on the
gear system dynamic responses is investigated, and change of condition indicators with
the crack severity is discussed.

3. Construction of Tribo-Dynamic Coupled Model for the Cracked Gear.

3.1. Tribo-dynamic coupled model. The lumped parameter model proposed in [12]
is employed in analyzing dynamic characteristics of a gear system, which considers the
interaction between the tribological properties and dynamic responses. It is easy to see
that the gear system consists of a pinion and a gear, as shown in Figure 1.

The gear is assumed to be a rigid body with base circle radius rbi, mass Mi and moment
of inertia Ji. Each gear has 3 degree-of-freedoms (DOFs), namely the torsional freedom θi,
translational freedom along the line-of-action (LOA) zi and translational freedom along
the OLOA xi. The input torque Tp is applied to the pinion and output torque Tg is applied
to the gear, satisfying Tp = Tgrbp/rbg. According to the lumped parameter method, a six-
DOFs dynamic equation for the gear pair is constructed as

Jpθ̈p(t) + ctpθ̇p(t) + rbpFdm(t) = Tp +

n=1,2∑
j=1

Ffpj(t)Rpj(t) (1a)
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Jgθ̈g(t) + ctgθ̇g(t)− rbgFdm(t) = −Tg −
n=1,2∑
j=1

Ffgj(t)Rgj(t) (1b)

Mpz̈p(t) + czpżp(t) + kzpzp(t) = −Fdm(t) (1c)

Mgz̈g(t) + czgżg(t) + kzgzg(t) = Fdm(t) (1d)

Mpẍp(t) + cxpẋp(t) + kxpxp(t) =

n=1,2∑
j=1

Ffpj(t) (1e)

Mgẍg(t) + cxgẋg(t) + kxgxg(t) = −
n=1,2∑
j=1

Ffgj(t) (1f)

where, the subscripts p and g represent the pinion and gear, respectively; Rp and Rg are
arms of friction force; Ffpj and Ffgj are the friction force of the jth tooth pair; if n = 1,
it means in single-tooth-contact (STC) region; if n = 2, it means in double-tooth-contact
(DTC) region; kxp, kxg, cxp and cxg are support stiffness and damping of bearings in
OLOA, respectively; kzp, kzg, czp and czg are support stiffness and damping of bearings in
LOA, respectively; ctp and ctg are torsional damping; Fdm is dynamic mesh force.

Figure 1. A tribo-dynamic model for the gear system

Under lubrication condition, the nonlinear deformation function of a gear pair is ex-
pressed by a piecewise form, as follows [21]:

ϵ(t) =


εd(t)− (b− hmax

c (t)) ; εd(t) > b− hmax
c (t)

0; |εd(t)| ≤ b− hmax
c (t)

εd(t) + (b− hmax
c (t)) ; εd(t) < −(b− hmax

c (t))

(2)
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where, εd(t) = rbpθp(t)− rbgθg(t) + zp(t)− zg(t) is the dynamic transmission error (DTE);
b is the backlash; hmax

c (t) is the upper limit of center oil film thickness generating contact
force.

Based on the time domain data, some signal indicators are widely used in gear trans-
mission fault detection. Thereinto, the RMS is often used to analyze the overall vibration
level, and the kurtosis is suitable to describe the impulse signal caused by defected com-
ponents. The RMS and kurtosis are respectively [5]

RMS =

√√√√1/N
N∑

n=1

(εd(n)− εd)
2 (3)

KUR =
1/N

∑N
n=1 (εd(n)− εd)

4[
1/N

∑N
n=1 (εd(n)− εd)

2
]2 (4)

where, N denotes the number of data points in the sampled signal; εd(n) is the value of
the nth point; εd is the mean value of DTE.

3.2. Mesh stiffness and load distribution models. For a cracked gear pair, mesh
stiffness is calculated by potential energy method [23]. The crack propagation is assumed
to be a straight, and limit line between the end point of crack and tip of addendum circle
can be supposed to a parabola. Considering the impact of tooth root crack fault on the
bending, shear, fillet foundation stiffness, an improved stiffness model of the cracked gear
pair is proposed [7]. A mesh stiffness model is proposed for the gear pair with a root crack
on pinion, and geometric parameters of tooth and fillet foundation are shown in Figure 2.

(a) Tooth deformation (b) Fillet-foundation deformation

Figure 2. Geometric parameters of the cracked gear

The equations of the bending stiffness kb, axial compressive stiffness ka, shear stiffness
ks and fillet foundation stiffness kf are expressed as

1

kb
=

∫ yC

yD

[(yα − y1) cosα1 − x1 sinα1]
2

EIy1
dy1
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+

∫ yα

yC

[(yα − y2) cosα1 − x1 sinα1]
2

EIy2
dy2 (5)

1

ka
=

∫ yC

yD

(sinα1)
2

EAy1

dy1 +

∫ yα

yC

(sinα1)
2

EAy2

dy2 (6)

1

ks
=

∫ yC

yD

1.2(1 + v)(cosα1)
2

EAy1

dy1 +

∫ yα

yC

1.2(1 + v)(cosα1)
2

EAy2

dy2 (7)

1

kf
=

cos2 α′
1

EL

L∗

(
u′
f

S ′
f

)2

+M∗

(
u′
f

S ′
f

)
+ P ∗ (1 +Q∗ tan2 α′

1

) (8)

where, I and A represent the moment of inertia and area of cross section, respectively;
E is elastic modulus; v denotes Possion’s ratio; L is tooth width; α1 is the actual mesh
angle; parameters L∗, M∗, P ∗ and Q∗ are described in [23], and parameters of α′

1, u
′
f and

S ′
f related to the load bearing region of the crack gear tooth can be detailed in [7].
Regardless of dry or lubrication contact conditions, rigid body displacement h0 is used

to indicate the ability of tooth contact pair to resist deformation, which rises nonlinearly
with the increase of tooth force. Therefore, contact stiffness is derived from tooth force
and rigid body displacement by partial differentiation, which is presented as [24]

1

kc
=

∂h0

∂F
(9)

Including force-dependent effect, equivalent mesh stiffness of a tooth pair is written as

ke = 1/(1/kli + 1/kc) (10)

where, kli = 1/(1/kbp+1/kap+1/ksp+1/kfp+1/kfg+1/ksg+1/kag+1/kbg) is the stiffness
component independent of the force.
When the load is transferred, there are one or two tooth pairs in contact. Therefore,

the total mesh stiffness of a gear pair can be described as

km =
n∑

j=1

kej, (n = 1 or 2) (11)

It is worth noting that the mesh force is supported by one or two tooth pairs in a
mesh cycle (Tm). The load is shared by two parallel springs with different stiffness in
DTC region (Tdm), so the load distribution factor is not uniform, especially cracked gear
pair. According to the deformation coordination condition, the relationship between mesh
deformation and tooth force between tooth pair 1 and tooth pair 2 can be expressed as{

δe1 = F1(t)/kli,1 + h0,1(F1, t)

δe2 = F2(t)/kli,2 + h0,2(F2, t)
(12)

Therefore, the load distribution factors γ1 and γ2 for tooth pair 1 and tooth pair 2 are
calculated as 

γ1 = F1/Fm

γ2 = F2/Fm

F1 + F2 = Fm

(13)

It is pointed out that Fm is the static mesh force under quasi-static condition or dynamic
mesh force under tribo-dynamic condition.

3.3. Lubrication model. The lubricant is filled between the two engaged tooth sur-
faces due to the entraining effect, which plays the role of support and lubrication. Firstly,
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lubrication performance can be calculated from EHL model of infinite line contact, and
then the impact of oil film stiffness and damping effect on the dynamic response can be
analyzed for gear transmission system. The Reynolds equation is adopted to depict fluid
behavior, which is given as [25]

∂

∂x

[(
ρ

η

)
e

h(x, t)3
∂p(x, t)

∂x

]
= 12ur

∂(ρ∗h(x, t))

∂x
+ 12

∂(ρeh(x, t))

∂t
(14)

where, p and h denote the film pressure and thickness, respectively; (ρ/η)e, ρ
∗, and ρe

represent the characteristic parameters of the fluid; x is the rolling direction; t is the time.
Considering elastic deformation of two contact bodies, film thickness is

h(x, t) = −h0(t) +
x2

2R(t)
− 4

πE0

∫ xout

xin

ln

∣∣∣∣x− x′

x0

∣∣∣∣ p(x′, t)dx′ (15)

where, R is the equivalent redius; E0 is the equivalent elastic modulus.
In contact area, the force obtained by integrating on the film pressure is equal to the

load acted on the tooth pair. So the load balance equation is∫ xout

xin

p(x, t)dx = w(t) (16)

where, w = F/L is tooth force per unit length; F is static or dynamic tooth force.
Assume that shear stress changes linearly along the film thickness, which can be ex-

pressed as

τ(x, z, t) =
ηe

h(x, t)
(ug(t)− up(t)) +

[
z − ηe

η′e
h(x, t)

]
∂p(x, t)

∂x
(17)

where, up and ug are surface velocities of the tooth pair, respectively.
The surface friction coefficient is computed by integrating the shear stress, as follows:

µ(t) =

∣∣∣∣∫ xout

xin

τdx

∣∣∣∣
/

w(t) (18)

Other governing equations of the EHL model are described in detail in [25].

3.4. Numerical scheme. To ensure the calculation accuracy of the pressure, tooth force
and mesh deformation, the convergence criteria are

εp =
(∑

|p− p̃|
)/(∑

|p|
)
≤ 10−5

εw =
(∑

|p|
)/

w ≤ 10−5

εδ = |δe1 − δe2|/|b| ≤ 10−4

(19)

where, p̃ is the pressure of the previous iteration loop.
Numerical scheme of a tribo-dynamic model for cracked gear pair is shown in Figure

3. The main steps are as follows. 1) Utilizing the potential energy method, the bending,
shear, axial compressive and fillet foundation stiffness are calculated. 2) The EHL model of
line contact is solved by chasing method and DC-FFT, obtaining film pressure, thickness,
rigid body displacement and shear stress. 3) Combined with lubrication performances,
total mesh stiffness, time-varying backlash, and friction force/moment are calculated and
substituted into the dynamic model. And vibration responses and dynamic characteristics
are obtained by the Newmark method. 4) If relative errors of pressure and tooth force
meet accuracy requirements, mesh position (DTC or STC) is determined; if not, EHL
model is recalculated after updating the rigid body displacement and pressure. 5) Mesh
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Figure 3. Numerical scheme

deformations are calculated in DTC region, and LDF is updated by deformation coordi-
nation condition until the convergence accuracy is satisfied. Particularly, this step is not
executed in STC region. 6) If computation time has not exceeded the preset time span,
next time step is calculated.

4. Results and Discussions. Through numerical simulation, dynamic responses are
studied by considering the gear lubrication performance and root crack severity. Condition
indicators, namely RMS and kurtosis values, are used to reveal the variation of dynamic
responses with the crack severity. The main parameters of the gear pair are listed in
[21], and an M1 lubricant is selected for lubrication analysis [18], as shown in Table 1.
Moreover, it is assumed that the root crack angle φ is π/3. And the tooth root crack
propagation severity is preset to 0 ∼ 70%, which is the ratio of actual crack depth to
theoretical maximum value across tooth thickness.
At input speed 2400 rpm away from the resonance region, the DTE predicted from three

dynamic models for a healthy gear pair is compared in Figure 4(a). Under the dry contact
condition, contact stiffnesses of each tooth pair from traditional model and dry-dynamic
coupled (DDC) model are computed under the static tooth force and dynamic tooth force,
respectively. Whereas, a tribo-dynamic coupled (TDC) model adopts total mesh stiffness
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Table 1. Main parameters of the gear pair and M1 lubricant

Parameters Values Parameters Values
Number of teeth Zp/Zg 42/86 Backlash b (µm) 120
Normal module m (mm) 2.5 Elastic modulus Ep/Eg (GPa) 210/210
Pressure angle α (deg) 20 Poisson’s ratio vp/vg 0.3/0.3
Tooth width L (mm) 30 Viscosity η0 (Pa·s) 0.1135
Mass Mp/Mg (kg) 1.7/7.2 Density ρ0 (kg/m3) 908
Moment of inertia
Jp/Jg (kg·m2)

2.69× 10−3/
4.77× 10−4

Pressure-viscosity
coefficient α (GPa−1)

19.95

(a) DTE (b) Mesh stiffness

Figure 4. Comparison of DTE and mesh stiffness obtained from different
dynamic models

including local contact stiffness, which is calculated by the dynamic tooth force under
lubrication condition. The fluctuation curves of DTE predicted by three models are simi-
lar, while those amplitudes have a slight change. The lubrication effect is introduced into
the TDC model, which changes the mesh excitations of the gear pair, such as friction
force, oil film stiffness, oil film damping and time-varying backlash. Compared with the
other two models, a downward trend in DTE obtained from TDC model verifies its ap-
plicability.

Because total mesh stiffness of DDC or TDC models is affected by the dynamic mesh
force, it can only be obtained jointly after calculating dynamic equations. Although dy-
namic mesh force fluctuates, individual tooth pair consistently sustains a large load in the
whole operation process. Consequently, the mesh stiffness calculated under the dynamic
mesh force is similar to the static result, as illustrated in Figure 4(b).

Under different crack severities, the minimum film thickness and friction coefficient of
the cracked tooth pair are shown in Figure 5. In the first DTC region (corresponding to the
root position for the cracked pinion), the minimum film thickness increases slightly with
the crack severity, and friction coefficient reduces moderately. In the second DTC region
(corresponding to the tip position for the cracked pinion), the minimum film thickness
grows noticeably with the crack severity, whereas friction coefficient decreases gradually.
In this region, bearing capacity of cracked tooth pair significantly decreases. In STC
region, the minimum film thickness rises mildly due to the transient squeezing effect,
whereas surface friction coefficient is basically the same because of constant tooth force.
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(a) Minimum film thickness (b) Friction coefficient

Figure 5. Lubrication performance for cracked tooth pair with different
crack severities

Figure 6. Time domain of DTE for a cracked gear pair (Xc = 70%)

A cracked gear pair is used to simulate, which consists of a cracked pinion and a
healthy gear. Time domains of the DTE are obtained from DDC model and TDC model,
as shown in Figure 6. Under 70% crack severity degree, the peak-valley value of DTE
predicted by DDC model is 44.29 µm. Similarly, this value from TDC model is 42.25 µm.
Compared with DDC model, it is obvious that the time waveform from TDC model shows
a downward trend. This observed behavior predominantly originates from two synergistic
mechanisms. On the one hand, the film thickness is introduced between two meshing
surfaces, which changes the actual value of backlash during operation process. On the
other hand, oil film thickness leads to a reduction of the combined mesh stiffness of the
gear pair, whereas its squeezing effect will restrain the vibration amplitude. Under the
action of structural damping and lubrication effect, the vibration signal induced by root
crack fault gradually weakens after several mesh cycles.
The frequency spectrograms obtained by two models are described in Figure 7(a) and

Figure 8(a), and some amplitude components of mesh frequency, shaft frequency and
other harmonic frequencies are listed. Under the lubrication effect, amplitudes of the first
four order mesh frequency decrease to some extent.
Due to the emergence of tooth root crack, several frequency clusters appear near the

resonance frequencies. The center of each spectral cluster exhibits precise alignment with
fundamental resonance modes, whereby concomitant sideband structures emerge through
parametric modulation, as shown in Figure 7(b) and Figure 8(b). For example, there
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(a) Full-scale view (b) Zoomed-in view in [2000, 6000] Hz

Figure 7. Frequency domain of the DTE from DDC model

(a) Full-scale view (b) Zoomed-in view in [2000, 6000] Hz

Figure 8. Frequency domain of the DTE from TDC model

is a distinct frequency cluster in the frequency range of [4800, 5800] Hz, which consists
of a set of spikes spaced at 40Hz. That is, the rotation frequency of the pinion, np/60.
Some phenomena can be observed: 1) dynamic simulation of gear system considers the
lubrication effect, and thus amplitudes of major frequencies decreases; 2) the peak of
frequency cluster induced by root crack moves slightly backward, attributed to lubrication
performance.

Considering system damping and oil film damping, there is a clear difference in ampli-
tude between the two sides at the center of each spectral cluster. As described in [26], the
amplitudes of those sidebands around the mesh frequency harmonics are asymmetrical,
and the side close to the natural frequency would be higher than the other side. There-
fore, the results of the proposed model maintain good consistency, regardless of the dry
contact condition or lubrication condition.

To research the impact of lubrication performance on effectiveness of condition indica-
tors, dynamic responses of the cracked gear pair are simulated under the above working
condition. Figure 9 describes RMS and kurtosis values of DTE and translational displace-
ment under dry and lubrication contact conditions. Magnitudes of RMS and kurtosis
values increase with the tooth crack severity. Whereas, the kurtosis value is obviously
greater than the RMS value, and the effectiveness of kurtosis is better when crack depth
is greater.

Compared to the dry contact model, using the lubrication model results in a slight
reduction in condition indicators for both dynamic transmission error and translation-
al displacement along the LOA direction, as shown in Figures 9(a) and 9(c). Notably,
RMS and kurtosis values associated with these two displacements demonstrate persistent
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(a) DTE (b) xp (c) zp

Figure 9. Changes of RMS and kurtosis of vibration displacement versus
crack severity

diagnostic efficacy, maintaining their effectiveness despite the nonlinear damping influ-
ences inherent in elastohydrodynamic lubrication regime at meshing interfaces. Because
the support stiffness of bearings is two to three times larger than mesh stiffness of the
gear pair, condition indicators of zp are obviously smaller than that of the DTE.
Compared with DDC model, both RMS and kurtosis values of translational displace-

ment increase along OLOA direction under lubrication effect, as illustrated in Figure 9(b).
DDC model adopts a constant Coulomb friction coefficient for simulation (µ = 0.07),
which is not related to the growth of crack severity. Nevertheless, the TDC model ac-
counts for the effect of crack fault on surface friction coefficient during operation process,
leading to increased condition indicators of xp.
With the increase of crack depth, the effect of crack failure on dynamic responses for

the gear system becomes more and more serious. Therefore, crack severity propagation is
determined by observing the distribution of frequency cluster and variation of condition
indicators, so as to provide support for gear fault diagnosis in industrial systems.

5. Conclusions. Based on stiffness variation of cracked tooth pair during operation pro-
cess, the load distribution factor considering a pinion tooth crack and lubrication effect
is analyzed. Subsequently, the effect of root crack on lubrication performances is studied,
and then the influence of crack fault on the tribo-dynamic characteristics of gear system
is analyzed. The main conclusions are drawn as follows.
1) Compared with the healthy gear pair, tooth crack fault changes load distribution

factor for the cracked gear pair, and then affects the oil film thickness and friction coeffi-
cient.
2) For the cracked gear pair, amplitudes of both the first four order harmonic frequencies

and frequency cluster centers of the DTE are smaller than those under the dry contact
condition, which suggests that lubrication effect suppresses dynamic responses.
3) Condition indicators demonstrate stable diagnostic capacity, even when considering

both crack fault and lubrication performance. Condition indicators increase with crack
severity, especially the kurtosis value. Additionally, the variation trend of those is more
obvious in OLOA direction.
4) Future research will extend the proposed tribo-dynamic model to incorporate fric-

tional thermal effects involving tooth surfaces, thereby providing more accurate support
for fault diagnosis.
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