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Steady-state fretting response governed by periodic stress variations
induced by oblique excitation
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This study investigates the mechanisms of friction-induced vibration under periodic variations in stress distribution
using an improved fretting friction model. A fretting friction test system integrated with a total reflection method was
developed to analyze interfacial contact behavior under dynamic loading conditions. An improved fretting friction model
was established, incorporating three critical nonlinear parameters: the hysteretic friction coefficient, tangential stiffness
fluctuations, and stress distribution. Through systematic validation, the model demonstrates high-fidelity replication of
experimental steady-state amplitude–frequency responses. Key findings reveal that non-uniform stress distribution governs
irregularities in the vibration response, and increased uniformity intensifies stick–slip instabilities. Near the stick–slip tran-
sition threshold, distinct vibration anomalies emerge due to the coupled effects of stress heterogeneity, friction hysteresis,
and stiffness variations during state transitions. Furthermore, the magnitude of the normal contact force systematically
alters the dominant interfacial contact mechanism. The different interfacial contact states at various frequencies lead to
distinct steady-state responses. This shift elevates resonance frequencies and amplifies higher-order resonant peaks. The
fretting friction model provides a predictive framework for vibration control under dynamic interfacial loading.

Keywords: total reflection method, stress distribution, the fretting friction model, normal force, stick–slip
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1. Introduction
Fretting is a frictional contact phenomenon that leads to

damage at the contact region between two nominally clamped
surfaces subjected to oscillatory motion of small amplitudes.
The region of contact between the blade and the disk at
the dovetail joint is one of the critical locations for fretting
damage.[1]

High-cycle fatigue failure in aero-engine turbine blades is
frequently caused by blade resonance. Mitigating this risk re-
quires analyzing the blade vibration response. Blade dampers
suppress vibration by dissipating energy through dry friction at
the blade root–damper interface. However, the contact friction
force models currently employed in vibration response analy-
sis often insufficiently account for the nonlinear effects of the
interface parameters.[2]

In analyzing the vibration response of mechanical struc-
tures with contact interfaces, numerous experimental and the-
oretical studies have been conducted. Pesaresi et al.[3,4] de-
veloped a nonlinear dynamic modeling approach for blade–
damper systems and designed a dedicated test bench to evalu-
ate damper performance. Menq et al.[5] formulated nonlinear
functions relating elliptical motion to nonlinear spring resis-
tance and friction damping, employing a single-term harmonic
balance method to compute the resonance response of a fric-
tionally constrained two-degree-of-freedom oscillator. Joan-

nin et al.[6] performed nonlinear modal analysis on a simpli-
fied blade–disk model with dry friction, revealing that struc-
tural mistuning affects nonlinear modal characteristics and
demonstrating an optimal mistuning amplitude for vibration
attenuation under specific mistuning patterns. She et al.[7] es-
tablished a continuum model using specialized modal func-
tions to simulate rotating beams with loose dovetail joints,
identifying softening nonlinearity in the amplitude–frequency
curves at low rotational speeds and noting significant damping
effects arising from higher excitation levels and friction coef-
ficients.

Zhao et al.[8] analyzed mistuning effects by varying tan-
gential interface stiffness, initial shroud clearance (governing
normal preload), and blade structural stiffness. This work re-
vealed complex nonlinear vibrations in frictionally coupled
blade–disk systems, showing that smaller normal preloads
combined with larger force variations can substantially reduce
the response amplitudes of mistuned blades. Asai et al.[2,9]

designed a two-dimensional friction test system and experi-
mentally demonstrated that periodically varying normal forces
dissipate more energy than constant normal forces when the
tangential force coefficient is below the sliding friction coef-
ficient. Studies have shown that the complex mechanical be-
havior between interfaces leads to nonlinear phenomena in en-
ergy dissipation and stiffness, thereby affecting the dynamic
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characteristics of the entire mechanical structure. This phe-
nomenon is related to non-uniform stress distributions induced
by normal force fluctuations.[10]

Vingsbo and Soderberg[11] proposed a three-stage theory
of fretting wear, identifying contact stress concentration as the
primary cause of crack initiation and establishing a quantita-
tive relationship between wear rate and slip amplitude, lay-
ing the foundation for subsequent studies. Researchers have
found a power-law relationship between energy dissipation
and the amplitude of tangential fluctuations. Goodman[12] in-
vestigated analytical solutions to elastic frictional contact un-
der oscillating shear loads and found that the power-law ex-
ponent between energy dissipation and the amplitude of tan-
gential fluctuations is approximately 3.0. Usta et al.[13] ex-
amined the relationship between frictional energy dissipation
and normal and tangential load parameters in spherical con-
tacts, discovering that the power-law exponent is 2.49 under
constant normal loads and varies under different normal load
fluctuations, approaching 2 under no-load conditions. These
results indicate that the power-law exponent between energy
dissipation and the amplitude of tangential fluctuations is not
constant. Xiao et al.[14] adopted a one-dimensional micro-slip
friction model incorporating interfacial tangential stiffness and
derived load–force–displacement curves under varying pres-
sure distribution patterns and interfacial tangential stiffness
values. Their analysis revealed that the power-law exponent
linking energy dissipation to the amplitude of tangential fluc-
tuations depends on both the interfacial tangential stiffness and
the pressure distribution pattern.

Currently, the main micro-slip friction models include
the Valanis model,[15] the Bouc–Wen model,[16] and the Iwan
model,[17] among others. The Iwan model consists of a
series of Jenkins elements connected in parallel or series,
allowing consideration of more nonlinear contact parame-
ters. The model can be refined by modifying the charac-
teristics and number of Jenkins elements, enabling a more
precise description of contact behavior. Consequently, the
Iwan model is widely used in the dynamic analysis of contact
interfaces.[18,19]

Interface contact visualization techniques mainly include
ultrasonic, pressure-film, and optical methods, among which
the optical method is the longest established and most widely
used.[20,21] Due to the difference in refractive indices between
air and the contacting bodies, bright and dark regions appear
within the contact area at suitable observation angles, reflect-
ing the distribution and evolution of the real contact area. Mae-
gawa et al.[22–25] considered factors such as contact angle and
specimen dimensions to examine changes in precursor wave-
length during the pre-slip phase of viscous sliding friction.

Song et al.[26,27] proposed an experimental method based
on optical total reflection to measure the true contact area of

transparent contact blocks. Images projected onto a screen
were captured using a digital single-lens reflex (DSLR) cam-
era, and an improved Otsu algorithm was introduced to pro-
cess the images. Luo et al.[28,29] developed an experimental
system based on the optical total reflection method, observed
changes in the real contact area of polymethyl methacrylate
(PMMA) during viscous sliding, and found that the real con-
tact area increases with tangential force. This setup can also
be used to validate contact models. Han et al.[30,31] proposed
a visualization technique for analyzing interfacial contact be-
havior using optical total reflection. Lu et al.[32] constructed
a two-dimensional vibration test bench based on Asai’s ex-
perimental device and the total reflection method. Feng et
al.[33] presented a comprehensive analysis of fretting wear un-
der wind-induced vibration, providing a reference for mechan-
ical equipment design and protection.

To prevent fretting wear at contact interfaces, guide the
design of advanced mechanical equipment, and extend service
life, this paper conducts the following work. Fretting friction
experiments were carried out using the optical total reflection
method, where grayscale images of the contact area charac-
terized variations in interfacial stress distribution. Based on
these observations, an improved fretting friction model is pro-
posed. This model investigates the influence of nonlinear con-
tact parameters on amplitude–frequency curves. These curves
are subsequently employed to analyze variations in interfacial
contact states under different normal loads and to examine the
mechanisms governing stick–slip transitions.

2. Experimental methodology and analysis

In practical engineering, contact interfaces are frequently
subjected to inclined excitation. To simulate this scenario, a
harmonic excitation force Fα is applied to specimen 1 at an an-
gle α relative to the x-direction of the contact interface, while
specimen 2 is rigidly constrained, as shown in Fig. 1(a). Fα

can be decomposed into the normal force Fn and the tangential
force Ft. The relative displacement of specimen 1 along the
x-direction with respect to specimen 2 is δ .

Contact interface

Specimen 1 Specimen 1

Specimen 2 Specimen 2

Ft
Fa

Fta

Fna

Ft

Fnm

Fn

Fn

x

y

x

y

α

Fα

δδ

(a) (b)

Fig. 1. Schematic diagram of tilting vibration at an angle α between the
excitation and the contact interface.
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Fig. 2. Schematic wiring diagram of the fretting friction test system.

When there is an angle between the excitation and the in-
terface, the loading can be represented as a two-dimensional
coupled excitation, in which both the normal force and the
tangential force applied to the contact interface fluctuate dy-
namically over time. The mean value of the tangential force Ft

is Ftm = 0 N, with an amplitude of Fta, while the mean value
of the normal force Fn is Fnm, with an amplitude of Fna. These
fluctuating forces together create a complex contact condition
that closely simulates real-world fretting scenarios.

Drawing on Asai’s experimental protocol[2,9] and the total
reflection method,[34] a fretting friction test system was estab-
lished, as shown in Fig. 2.

This system comprises three main components: the con-
trol module, the actuator unit, and the signal acquisition mod-

ule. The specific parameters of the key equipment are listed in
Table 1. The driving power supply, controlled by a PC, out-
puts two signals whose amplitude, frequency, and phase can be
adjusted independently to accurately replicate coupled excita-
tions. The actuator unit includes two piezoelectric stack actu-
ators (PZTs) and four compliant hinges. Each PZT generates
fluctuating normal and tangential forces on the contact spec-
imen through its associated compliant hinge. Because piezo-
electric stacks cannot withstand tensile loads, each actuator is
internally preloaded with a spring plate within its metal hous-
ing. This preload force is set to 10% (470 N) of the maximum
compressive force the actuator can provide. The signal ac-
quisition module includes two laser displacement sensors, a
six-dimensional (6D) force sensor, two tangential force sen-
sors, a high-speed camera, and a laser device, enabling precise
monitoring of the fretting process.

The fretting friction test bench is shown in Fig. 3(a).
The specimen assembly consists of specimen 1 and speci-
men 2. The specimen materials are PMMA and stainless steel
(SUS304). Both specimen 1 and specimen 2 are designed with
double-boss structures, as shown in Fig. 3(b), ensuring stable
contact and uniform load distribution during testing.

1

2

3

6

5
4

Direction of relative movement
(c)

(a)

20 mm

3 mm

3 mm

19 mm

20 mm

(b)

1 mm

19 mm

3 mm

PMMA

Specimen 1 

&

PMMA

Specimen 2 

SUS 304

Specimen 1 

&

SUS 304

Specimen 2 

Fig. 3. Fretting friction test bench. (a) Components of the test bench:
1-piezoelectric actuators 1 and 2, 2-compliant hinges, 3-specimen group,
4-6D force sensor, 5-tangential force sensors 1 and 2, 6-rod and shaft.
(b) Dimensions of PMMA specimens 1 and 2. (c) Dimensions of SUS304
specimens 1 and 2.

Table 1. Parameters of the main equipment.

Name of the equipment Equipment model Specific parameter

Tangential force sensor BUFSON BSLM-3 accuracy/range: 0.5 N/500 N
6D force sensor BUFSON BSFY-3 accuracy: 0.1% range

range:
Fx = Fy = 600 N
Fz = 1000 N
Mx = My = 10 N ·m

Laser displacement sensor KEYNCE LK-H020 accuracy/range: 0.1 µm/5 mm
Data acquisition device ECON MI-7016 number of channels: 16

maximum sampling frequency: 100 kHz
Piezoelectric actuator PST150/14/120VS20 stroke 125.616 µm, stiffness 35 N/µm, capacitance 47 µF
Driving power supply E00.C2 frequency range: 2 Hz to 110 Hz
High-speed camera M110-12G maximum frames per second: 6000
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Contact area imaging is performed using the total reflec-
tion method,[34] as shown in Fig. 4(a). When a laser beam
propagates from a higher-refractive-index medium (PMMA in
this experiment) to a lower-refractive-index medium (air), to-
tal internal reflection occurs if the incidence angle exceeds the
critical angle. In fretting friction experiments, when two trans-
parent PMMA specimens come into contact, incident light
from the source reaches the interface. At asperity contact
zones, the laser light transmits through the interface, whereas
in non-contact regions containing air-filled cavities, total re-
flection occurs. The transmitted light intensity is proportional
to the true asperity contact area. The size and morphology of
the contact spots evolve in real time, synchronizing with dy-
namic variations in the interfacial stress distribution.

PMMA specimen 2 

PMMA specimen 1 

PMMA specimen 2 

PMMA specimen 1 

Contact area

Laser sheet

High-speed camera
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Fig. 4. Observation of contact interface stress distribution via to-
tal internal reflection and its effect on hysteresis loop characteristics.
(a) Schematic of the total reflection method. (b) Original grayscale image
of the contact interface at excitation angle α . (c) Experimentally mea-
sured stress distributions at varying relative displacements. (d) Equivalent
stress distribution based on the power function. (e) Hysteresis loop under
uniform normal stress distribution. (f) Hysteresis loop under heteroge-
neous normal stress distribution. (g) Time-domain motion plots under
uniform normal stress distribution. (h) Time-domain motion plots under
heterogeneous normal stress distribution.

During real contact area observation, specimen 1 under-
goes reciprocating lateral displacement relative to fixed spec-

imen 2. The high-speed camera remains stationary relative
to specimen 2. Laser light emitted from the source under-
goes both transmission and total reflection at the contact in-
terface. The high-speed camera, operating at a 1000 fps ac-
quisition frequency, records these interfacial contact images.
Due to the camera’s 64◦ observation angle, dimensional com-
pression by a factor of 3.5 occurs along the z-axis. The orig-
inal grayscale image is obtained by stretching the z-axis of
the grayscale data by a factor of 3.5, as shown in Fig. 4(b).
For each video frame, the grayscale image intensity matrix
I(x,z, t) is extracted, where pixel coordinates are denoted by
x and z. The contact image intensity I(x,z, t) at time t is ex-
pressed by Eq. (1),[32] where m and n are the row and column
sizes of the image intensity matrix. The primary change in
contact area occurs along the x-direction. The intensity dis-
tribution I(x, t) in the x-direction is obtained by summing the
image intensity along the z-direction, as shown in Eq. (2).[32]

Isum(t) =
n

∑
x=1

m

∑
z=1

I(x,z, t), (1)

I(x, t) =
m

∑
z=1

I(x,z, t). (2)

The equivalent stress distribution P̄(x, t) along the x-direction
of the interface is expressed by Eq. (3).[32] The contact zone
is equally partitioned into ten segments along the x-direction,
designated D1 to D10. The measured light intensity within
each segment Di is proportional to the local normal stress, as
shown in Fig. 4(b)

P̄(x, t) =

m
∑

z=1
I(x,z, t)

m
∑

z=1
I(x,z,0)

. (3)

Distinct equivalent stress distributions P̄(x, t) correspond
to different relative displacements δ , where tδ0 denotes the in-
stant of zero relative displacement, tδmax the instant of maxi-
mum displacement, and tδmin

the instant of minimum displace-
ment, as shown in Fig. 4(c). P̄(x, t) is discretized and nor-
malized to obtain P(i,a), as defined in Eq. (4), where a rep-
resents the stress distribution coefficient characterizing inter-
facial stress heterogeneity. This coefficient governs the spatial
evolution of stress: uniform normal stress distribution occurs
at a = 0, linear stress increase from one end of the interface to
the other occurs at a = 1, sublinear growth appears at a = 0.5,
superlinear growth appears at a = 1.5, and quadratic growth
appears at a = 2. The distributions P(i,a) for different a val-
ues are compared in Fig. 4(d)

P(i,a) = ia
(

N

∑
i=1

ia
)−1

, (i = 1,2, . . . ,N). (4)

Based on the characteristics of the hysteresis curve,[32]

it is categorized into positive and negative segments, where
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the sign corresponds to the direction of relative displacement.
The positive segment contains positive stick and positive slip,
while the negative segment contains negative stick and nega-
tive slip. At a = 0, the hysteresis loop exhibits an approxi-
mately parallelogram-like shape, as shown in Fig. 4(e). Stage-
specific state transition points are denoted by sublC

sup
subr

: the
superscript (sup) indicates the current displacement direction,
the right subscript (subr) denotes the subsequent state, and the
left subscript (subl) denotes the preceding state. The four crit-
ical transition points are labeled slipCP

stick, stickCP
slip, slipCN

stick,
and stickCN

slip. Points with zero friction, referred to as fric-
tion zeros, are labeled CP

0 and CN
0 based on the direction of

motion. When a 6= 0, asymmetric friction coefficients arise
between positive and negative sliding phases due to stress
heterogeneity,[32] causing the hysteresis loop to deviate from
a parallelogram-like morphology. As a result, the transition
points no longer coincide with characteristic quadrilateral ver-
tices, as illustrated in Fig. 4(f). Time-domain plots of mo-
tion under uniform normal stress distribution are shown in
Fig. 4(g), and those under heterogeneous normal stress dis-
tribution are shown in Fig. 4(h).

3. Improved fretting friction model
Building on Sanliturk’s vibration analysis method,[35] a

fretting friction model was developed to describe the nonlin-
ear evolution of contact parameters arising from stress distri-
bution fluctuations. The model incorporates periodically vary-
ing stress distributions under broadband frequency excitation,
as validated in Fig. 5.
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Fig. 5. Fretting friction model accounting for contact parameter fluctua-
tions caused by stress variations.

The stress distribution is simulated by N Jenkins spring–
slider elements in parallel. Fni denotes the normal force acting
on the i-th Jenkins element, and yi represents the compres-
sion of the normal spring under the influence of Fni . Each
element consists of a normal spring (stiffness kni), a tangen-
tial spring (stiffness kti), and a damping slider Di with friction
force fi; xi corresponds to the displacement of Di. Notably, the
normal and tangential stiffnesses exhibit no coupling effects.

Specimen 2 remains rigidly constrained, while specimen 1 is
kinematically coupled to a fixed boundary through a parallel
spring–damper system with linear stiffness KX and viscous
damping coefficient CX . The equivalent mass of specimen 1
is represented by M.

Specimen 1 undergoes normal-direction sinusoidal ex-
citation FY and tangential-direction sinusoidal excitation FX ,
governed by Eqs. (5) and (6), respectively.

FY = FY m (1+RFY sin(2πωt +φFY )) , (5)

FX = FXa sin(2πωt +φFX ), (6)

where FY m is the mean value of FY , and FXa is the amplitude of
FX . RFY denotes the normal force fluctuation coefficient, and
φFY and φFX represent the initial phases. The mean value of the
normal contact force Fnm equals the mean value of the normal
excitation FY m, as shown in Eq. (7).

Fnm = FY m. (7)

The no-load tangential displacement of specimen 1 is de-
fined as X0, and the no-load normal displacement as Y0, ex-
pressed by Eqs. (8) and (9), respectively.

X0 = Xm +Xa sin(2πωt), (8)

Y0 = Ym +Ya sin(2πωt), (9)

where Xm and Xa are the mean value and amplitude of the tan-
gential displacement, and Ym and Ya represent the mean value
and amplitude of the normal displacement.

The interfacial friction force Ft is the aggregate of the fric-
tion forces fi from all Di, as formulated in Eq. (10). Similarly,
the critical friction Fc corresponds to the sum of the critical
friction forces fci across all Di, as given in Eq. (11).

Ft =
N

∑
i=1

fi, (10)

Fc =
N

∑
i=1

fci. (11)

Considering the hysteresis of friction when a 6= 0, the di-
rection of the frictional force fi at point Di is determined by
the direction of acceleration. The transition criteria for the
four states are presented in Eq. (12) and further elaborated in
Eq. (13), where xi,rev and fi,rev denote the displacement and
friction force at point Di when the state velocity becomes zero.

stickCP
slip : fti(t)≥ fci(t) and kti(t)Ẋ(t)− ḟci(t)> 0,

stickCN
slip : fti(t)≤− fci(t) and kti(t)Ẋ(t)+ ḟci(t)< 0,

slipCP
stick : Ẋ(t)+ ḟci(t)/kti(t)≥ 0 and Ẍ(t)+ f̈ci(t)/kti(t)> 0,

slipCN
stick : Ẋ(t)− ḟci(t)/kti(t)≤ 0 and Ẍ(t)− f̈ci(t)/kti(t)< 0,

(12)
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fi =


fci stickCP

slip→ slipCN
stick,

− fci stickCN
slip→ slipCP

stick,

kti(X(t)− xi,rev)+ fi,rev slipCP
stick→ stickCP

slip,

kti(X(t)− xi,rev)+ fi,rev slipCN
stick→ stickCN

slip,

(13)

where fti(t) is the tangential force of Di, fci(t) is the critical
frictional force of Di, and kti(t) is the tangential stiffness of Di.

When φFY = 0◦ and φFX = 0◦, Eqs. (4) and (14) govern the
non-uniform equivalent stress fluctuations induced by normal
force variations. The stress distribution coefficient a is jointly
determined by the mean coefficient am and the amplitude co-
efficient aa. Utilizing Eqs. (4) and (14), the equivalent load Fni

at point Di can be derived, as given in Eq. (16).

a = am +aa sin(2πωt), (14)

Fn = Fnm (1+Rna sin(2πωt)) , (15)

Fni = Fn×P(i,a) = FnmP(i,a)(1+Rna sin(2πωt)) , (16)

where Rna represents the normal force fluctuation coefficient.
The friction coefficient µ(t) incorporates hysteresis ef-

fects, with µp denoting its value in the positive sliding regime
and µn in the negative sliding regime. The friction force fci is
governed by the normal force Fni on Di and the regime-specific
friction coefficient, as defined in Eq. (17) for the positive slid-
ing regime and Eq. (18) for the negative sliding regime. The
ratio of negative to positive friction coefficient is Rµ , given by
Eq. (19).

f P
ci = FniµP, (17)

f N
ci =−FniµN, (18)

µN = Rµ µP. (19)

Kt(t) denotes the interfacial tangential stiffness that incorpo-
rates the effect of fluctuating normal loads. Experimental anal-
ysis provides the value of Kt under different orientation angles
α , as shown in Eq. (20). When the resultant interfacial con-
tact force acts at an angle α0 to the interface, the tangential

stiffness is identical in both sliding regimes and can be ex-
perimentally determined. RK is the stiffness fluctuation coeffi-
cient. The interfacial tangential stiffness Kt increases with nor-
mal force but does not exceed the structural tangential stiffness
KX . When Kt ≥ KX , the displacement at the contact interface
equals that of specimen 1, and Kt consequently takes the value
of KX . The mean tangential stiffness Ktm is linearly depen-
dent on the mean normal force Fnm, as given in Eq. (21). The
friction-coefficient behavior is analogous and is formulated in
Eq. (22).

Kt =

Ktm (1+RKRna sin(2πwt)) , Rna ≥ µ tanα0 and Kt < KX ,
Ktm(1−RKRna), Rna < µ tanα0 and Kt < KX ,
KX , Kt ≥ KX ,

(20)

Ktm = p1Fnm + p2, (21)

Rµ =

{
p3Rna + p4, Rna ≥ µ tanα0,
1, Rna < µ tanα0,

(22)

where p1, p2, p3, p4, and RK are determined from experimen-
tal parameter identification.

Based on the above analysis, the equation of motion for
the fretting friction model is established, as shown in Eq. (23).
X(t) is the relative interfacial displacement

MẌ +CX Ẋ +KX X(t) = FX (t)−Ft(µ(t),Kt(t),P(t)). (23)

The tangential force Ft at the contact interface is calcu-
lated using Eq. (10). The friction force Ft incorporates the
influence of three nonlinear parameters: the friction coeffi-
cient µ(t), the tangential stiffness Kt(t), and the stress distribu-
tion P(t). The friction coefficient µ(t) incorporates hysteresis
effects, as defined in Eqs. (17)–(19). The interfacial tangen-
tial stiffness Kt(t) accounts for stress-distribution fluctuations,
governed by Eqs. (20)–(22). P(t) represents the stress dis-
tribution induced by fluctuating normal force, as defined by
Eqs. (4) and (14).

Table 2. Input parameters for the fretting friction model.

Parameter Symbol Parameter Symbol

Normal force mean value Fnm Tangential stiffness mean value Ktm

Normal force fluctuation coefficient RFY Tangential stiffness fluctuation coefficient RK

Positive friction coefficien µP Stress distribution mean value coefficient am

Negative friction coefficient µN Stress distribution amplitude coefficient aa

Displacement fluctuation amplitude Xa Excitation frequency ω

Figure 6 schematizes the computational algorithm for the
fretting friction model. Experimentally identified parameters
serve as inputs, as shown in Table 2.

The output parameter is the steady-state response δSS(ω),
where the subscript SS denotes steady state. The relation-
ship between δSS(ω) and the relative interfacial displace-
ment X(t,ω) is given by Eq. (24). Typically, δSS(ω) corre-

sponds to the amplitude of X(t,ω) extracted at the 100th-cycle
time instant

δSS(ω) = lim
t→∞

sup |X(t,ω)| . (24)

The steady-state response δSS varies with the excitation
frequency ω . The curve plotting δSS against ω — with ω

as the abscissa and δSS as the ordinate — is termed the
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amplitude–frequency characteristic curve of the steady-state
displacement response. This amplitude–frequency curve en-
ables evaluation of interfacial stress distribution effects on sys-
tem vibration characteristics, supports resonance risk assess-
ment, and facilitates dynamic design optimization.

The solution sequence comprises: (i) stick–slip state de-
termination, (ii) sliding-direction identification when applica-
ble, (iii) Jenkins-element friction-force computation, (iv) as-
sembly of the resultant interfacial friction force, (v) acceler-
ation solution via the equations of motion, (vi) time-domain
numerical integration to obtain velocity and interfacial dis-
placement, and (vii) quantification of the steady-state fretting
response by the interfacial displacement amplitude.

4. Fretting friction simulation analysis
4.1. Experimental identification of input parameters

In Section 2, experiments using the total reflection
method were conducted with PMMA specimens to determine
stress-distribution patterns at the contact interface. Given the
widespread application of stainless steel in mechanical inter-
faces, SUS304 was adopted for parameter identification in this
experimental phase. The resulting parameters for the fretting
friction model were subsequently used in the simulation anal-
yses.

The input parameters for the fretting friction model in
Fig. 6 require experimental identification. External excita-
tion frequencies applied by the PZT were set to 2 Hz, 10 Hz,
20 Hz, 30 Hz, 40 Hz, 50 Hz, 60 Hz, 70 Hz, 80 Hz, 90 Hz,
100 Hz, 110 Hz, and 120 Hz. Physical quantities, includ-
ing normal contact force, tangential contact force, and rel-
ative displacement, were measured using the test bench in
Fig. 2. These measurements were substituted into the equa-
tions in Fig. 6 for inverse analysis, yielding the contact pa-
rameters: α = 45◦, M = 9.988 kg, KX = 1.013× 107 N/m,
CX = 202.236 N·s/m, Ktm = 3.006× 106 N/m, µP = 0.36,
µN = 0.42, Xa = 2.842× 10−5 m, RFY = 0.49, RK = 0.13,
φFY = 0◦, φFX = 0◦, p1 = 3.41× 104, p2 = 3.88× 105, p3 =

0.38, and p4 = 1.09. M represents the equivalent mass ac-
counting for system constraints (e.g., compliant hinges).

Using these parameters with an excitation frequency of
2 Hz and normal force of 50 N, the micro-slip frictional vibra-
tion model calculated the system’s dissipated energy ED for
Jenkins-element counts N = 1, 4, 7, 10, 20, 50, and 100. Re-
sults are shown in Fig. 7(a), with relative errors in Fig. 7(b).
Higher N values require more computational resources. At
N = 10, the relative error remains below 2.3%, satisfying ac-
curacy requirements; therefore, N = 10 was adopted for sub-
sequent simulations.

With experimentally identified parameters, we set N =

10, am = 0.5, and aa = 0.5. Normal forces of 50 N, 100 N,

200 N, and 500 N were input into the fretting friction model
program. Computational results are presented in Fig. 8(a). Us-
ing the test system in Fig. 2, maximum displacements were
measured at excitation frequencies of 2 Hz, 6 Hz, 12 Hz,
24 Hz, 36 Hz, 48 Hz, 60 Hz, 72 Hz, 84 Hz, 96 Hz, 108 Hz,
and 120 Hz, with results in Fig. 8(b). Lines in Fig. 8(b) denote
simulation data from Fig. 8(a).

At am = 0.5 and aa = 0.5, the coefficient of determination
R2 reaches 0.961 for normal forces of 50 N, 100 N, 200 N, and
500 N, demonstrating excellent agreement between simulation
and experimental data and validating the model’s capability to
replicate observations.

Input:

Case 1
 stick 

   Case 2
positive slip 

    Case 3
negative slip 

 

 

fi/fci/FniµP

fi/fci/FniµP

fi/kti↼X↼t↽↩xi↪rev↽⇁fi↪rev

fi/kti↼X↼t↽↩xi↪rev↽⇁fi↪rev fi/kti↼X↼t↽↩xi↪rev↽⇁fi↪rev

and ktiX↼t↽↩fci↼t↽ > 0

(Fnm,Rna,µN,µP,Xa,Ktm,RK,ω,am,aa)

fti↼t↽ ≥ fci↼t↽

and kti↼t↽X↼t↽⇁fci↼t↽ < 0

fti↼t↽ ≤ −fci↼t↽

P

fi/↩fci/↩FniµN
N

P fi/↩fci/↩FniµP
P

X↼t↽⇁fci↼t↽/kti↼t↽ ≥ 

and X↼t↽⇁fci↼t↽/kti↼t↽ > 

.

.

.

..

..

..

.

... ..

. .

X↼t↽↩fci↼t↽/kti↼t↽ ≤ 

and X↼t↽↩fci↼t↽/kti↼t↽ < 

. .

....

Ft/Sfi

MX⇁CXX⇁KXX↼t↽/FX↼t↽↩Ft↼µ↼t↽↪Kt↼t↽↪P↼t↽↽

X↼t↽/∫X↼t↽dt

X↼t↽/∫X↼t↽dt

X/X↼t↽

δss(ω)=lim max|X(t,ω)|
t→∞

Output:
 δSS(ω)

Fig. 6. Flowchart of the fretting friction model accounting for periodi-
cally varying stress distribution.

For frequencies below 120 Hz, the values of am and aa ex-
hibit minimal influence on the simulation outcomes. Through
deliberate combinations of these parameters, optimal values
for frequencies below 120 Hz were identified, as summarized
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in Table 3. Conversely, at frequencies above 120 Hz, am and aa

exert a significantly greater influence on the simulation results
— an effect that will be investigated in subsequent sections.
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Fig. 7. Effect of the Jenkins element count on energy dissipation. (a) Dis-
sipated energy for varying N. (b) Relative error for varying N.
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Fig. 8. Simulation and experimental results under varying normal forces
at frequencies below 120 Hz. (a) Simulation results. (b) Comparison
between experimental and simulated data.

Table 3. The R2 for varying values of am and aa.

am aa R2 am aa R2 am aa R2

0 0 0.947 0 0 0.947 0 0 0.947
0.5 0 0.957 0 0.5 0.958 0.5 0.5 0.961
1 0 0.955 0 1 0.954 1 1 0.956
2 0 0.952 0 2 0.948 2 2 0.944

Due to experimental constraints, fretting friction exper-
iments with excitation frequencies exceeding 120 Hz could
not be conducted. Therefore, for excitation frequencies above
120 Hz, the interfacial relative displacement influenced by
non-uniform stress distribution was simulated using the fret-
ting friction model.

4.2. Effect of stress distribution mean value coefficient on
steady-state response

Set N = 10, M = 9.988 kg, KX = 1.013×107 N/m, CX =

202.236 N·s/m, Ktm = 3.006×106 N/m, Xa = 2.842×10−5 m,
α = 45◦, µP = 0.36, µN = 0.42, RFY = 0.49, RK = 0.13,
φFY = 0◦, φFX = 0◦, p1 = 3.41× 104, p2 = 3.88× 105, p3 =

0.38, p4 = 1.09. The natural frequency of the system is
ωn = 159 Hz. The upper limit of excitation frequency in sim-
ulation is 240 Hz.

The mean normal forces were set at 50 N, 100 N, 200 N,
500 N, 2000 N, and 10000 N. It should be noted that although
the tangential stiffness increases with increasing normal force,
the tangential stiffness of the interface cannot exceed that of

the structure. When Kt ≥ KX , the interface displacement δ

matches that of specimen 1, and relative motion ceases, i.e.,
Kt = KX . At this stage, the interface transitions to a full-stick
state accompanied by dominant plastic deformation. At nor-
mal forces of 2000 N and 10000 N, the interfacial pressure
exceeds the yield strength of the experimental specimen. Con-
sequently, structural strength becomes the primary factor gov-
erning vibrations. Simulations were performed to identify the
system’s second resonance frequency and to investigate ampli-
tude variations near this frequency as functions of parameters
am and aa.

It should be noted that the nonlinearity of contact param-
eters mainly affects the viscous sliding section and the fully
viscous section, and has a relatively small influence on the fre-
quency response near the first resonance frequency. By vary-
ing the values of am, the following friction vibration simula-
tion curves were obtained.

Under low normal force, specifically Fnm = 50 N, the in-
terface exhibits full slip, with damping primarily arising from
sliding friction energy dissipation, as shown in Fig. 9(a). The
amplitude–frequency response features a high-amplitude peak
near the first resonance frequency, while the frequency curve
remains smooth due to negligible interface stiffness contribu-
tion and weak nonlinear effects.

Under medium normal forces, Fnm = 100 N and Fnm =

200 N, the interface enters mixed stick–slip states, where fric-
tional hysteresis and stiffness fluctuations jointly govern the
dynamics. The reduced proportion of sliding energy dissi-
pation manifests as progressively diminishing amplitudes in
the amplitude–frequency characteristics. When the mean nor-
mal force is Fnm = 100 N, the amplitude–frequency curve is
shown in Fig. 9(b); the interface exhibits stick–slip behavior,
though sliding remains dominant. Chaotic oscillations emerge
at Fnm = 200 N, as shown in Fig. 9(c), where the interface
approaches a critical stick–slip transition. Significant nonlin-
earities in contact parameters — specifically friction coeffi-
cient hysteresis and stiffness fluctuations — destabilize the
amplitude–frequency response.

Under high normal forces, Fnm = 500 N, Fnm = 2000 N,
and Fnm = 10000 N, the interface reaches a full-stick state
dominated by interfacial stiffness, as shown in Figs. 9(d), 9(e),
and 9(f). The amplitude–frequency characteristics exhibit a
shift of the resonance frequency toward higher frequencies due
to increased contact stiffness, which enhances the total system
stiffness. Under heavy loading, the stronger coupling between
interface stiffness and system modes causes the peak steady-
state response to occur near the second resonance frequency.

As Fnm increases from 0 N to 200 N, the maximum re-
sponse gradually decreases, with interfacial sliding behavior
dominating this regime. Damping primarily arises from inter-
facial sliding. Under light loading conditions, the maximum
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response diminishes with increasing normal force, mainly near
the first resonance frequency. When Fnm increases from 200 N
to 10000 N, the response gradually increases because stick
contact becomes dominant, and the interface contributes ad-
ditional stiffness to the system, raising the resonance fre-
quency. Under heavy load conditions, the maximum response
increases with increasing load, occurring near the second res-
onance frequency. The second resonance frequency rises with
increasing normal force, primarily due to tangential stiffness
changes induced by normal force variations. Notably, con-
tact parameter nonlinearities predominantly affect the stick–
slip and full-stick regimes, exerting minimal influence on the
frequency response near the first resonance frequency.
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Fig. 9. Steady-state response for aa = 0 with varying am: (a) Fnm = 50 N,
(b) Fnm = 100 N, (c) Fnm = 200 N, (d) Fnm = 500 N, (e) Fnm = 2000 N,
(f) Fnm = 10000 N.

4.3. Effect of stress distribution amplitude coefficient on
steady-state response

When am = 0, the influence of aa on the amplitude is
shown in Fig. 10. When Fnm = 50 N, the effects of different
aa values on the amplitude (with am = 0) exhibit no significant
difference compared with the effects of different am values on
the amplitude when aa = 0, as shown in Fig. 10(a).

When Fnm = 100 N and am = 0, the influence of varying
aa values on the amplitude is shown in Fig. 10(b). The peak
interface response near the first resonance frequency is closer
to that in Fig. 9(b). This behavior differs markedly from the
influence of am on the interface response when aa = 0. The

difference arises because variations in aa do not change the
maximum value of the local contact stress at the interface.
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Fig. 10. Steady-state response for am = 0 with varying aa: (a) Fnm =
50 N, (b) Fnm = 100 N, (c) Fnm = 200 N, (d) Fnm = 500 N, (e) Fnm =
2000 N, (f) Fnm = 10000 N.

When Fnm = 200 N, the influence of different aa values
on the amplitude (with am = 0) is shown in Fig. 10(c). Com-
pared with Fig. 9(c), the peak values of the interface response
near the first resonance frequency are closer, the maximum
responses all decrease, and no nonlinear phenomenon occurs
when aa = 2.

When Fnm = 500 N, the influence of different aa values
on the amplitude (with am = 0) is shown in Fig. 10(d). In
Fig. 11(d), the maximum responses, ranked from highest to
lowest, correspond to am = 2 with aa = 0, am = 1 with aa = 0,
am = 0.5 with aa = 0, and am = 0 with aa = 0. In Fig. 10(d),
the maximum responses, ranked from highest to lowest, cor-
respond to am = 0 with aa = 0, am = 0 with aa = 0.5, am = 0
with aa = 1, and am = 0 with aa = 2. Specifically, when aa = 0,
increasing am leads to an increase in the maximum response;
conversely, when am = 0, increasing aa results in a decrease
in the maximum response. Compared with Fig. 9(d), the first
resonance frequency where the maximum response occurs is
closer. Larger normal forces lead to faster attainment of max-
imum response with increasing frequency; as the frequency
increases further, the attenuation rate of the response also in-
creases.

When Fnm is 2000 N and 10000 N, the influence of dif-
ferent aa values on the amplitude (with am = 0) is shown in
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Figs. 10(e) and 10(f), respectively. Compared with Figs. 9(e)
and 9(f), the first resonance frequency where the maximum
response occurs is closer for different aa values. Moreover,
larger normal forces cause the response to reach its maximum
value more quickly as frequency increases, and further in-
creases in frequency lead to faster attenuation of the response.

4.4. Effect of synchronous variation of stress distribution
mean value coefficient and stress distribution ampli-
tude coefficient on steady-state response

The interface response under synchronized variation of
am and aa is shown in Fig. 11. When Fnm = 50 N, the influ-
ence of synchronized variation of am and aa on the amplitude-
frequency curve is shown in Fig. 11(a), demonstrating no sig-
nificant difference compared with Figs. 9(a) and 10(a).
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Fig. 11. Steady-state response for synchronized variation of am and aa:
(a) Fnm = 50 N, (b) Fnm = 100 N, (c) Fnm = 200 N, (d) Fnm = 500 N,
(e) Fnm = 2000 N, (f) Fnm = 10000 N.

When Fnm = 100 N, the influence of synchronized varia-
tion of am and aa on the amplitude-frequency curve is shown in
Fig. 11(b). Stronger nonlinear characteristics in the interface
stress distribution lead to more pronounced nonlinear behavior
in the interface response compared with Figs. 9(b) and 10(b).

When Fnm = 200 N, the influence of synchronized varia-
tion of am and aa on the amplitude-frequency curve is shown
in Fig. 11(c). Figures 9(c), 10(c), and 11(c) all exhibit highly
nonlinear behavior.

When Fnm = 500 N, the influence of synchronized varia-
tion of am and aa on the amplitude-frequency curve is shown in
Fig. 11(d). In Fig. 11(d), the maximum responses, ranked from
highest to lowest, correspond to am = 2 with aa = 2, am = 1
with aa = 1, am = 0 with aa = 0, and am = 0.5 with aa = 0.5.
When am and aa increase synchronously, the maximum re-
sponse first decreases and then increases. Compared with
Figs. 9(d) and 10(d), the first resonance frequencies where the
maximum responses occur are most dispersed, and the sepa-
ration between curves increases most rapidly with increasing
normal force.

When Fnm is 2000 N and 10000 N, the influence of syn-
chronized variation of am and aa on the amplitude is shown in
Figs. 11(e) and 11(f), respectively. Compared with Figs. 9(e),
9(f), 10(e), 10(f), 11(e), and 11(f) exhibit the weakest nonlin-
ear characteristics. In Fig. 11(e), the frequencies correspond-
ing to different maximum responses are most dispersed, while
in Fig. 11(f), they are most concentrated.

4.5. Fretting friction simulation of slip-stick state transi-
tion

According to the results calculated by the vibration re-
sponse analysis program, when the average normal excitation
force is 200 N, the amplitude-frequency curve exhibits strong
nonlinearity. Therefore, we analyzed the amplitude-frequency
curves near a normal excitation of 200 N and designed three
groups of controlled experiments.

Under the condition am = 0 and aa = 0, the first group cal-
culates the response for normal excitations of 185 N, 190 N,
195 N, 200 N, 205 N, 210 N, and 215 N, with a frequency
sweep from 120 Hz to 240 Hz, as shown in Fig. 12.

As the frequency increases, the steady-state response rises
gradually, undergoes nonlinear fluctuations, reaches a peak,
and then declines slowly while exhibiting further nonlinear os-
cillations.

Based on the findings in Subsection 4.1, the coefficient of
determination R2 reaches its maximum when am = 0.5 and
aa = 0.5. Consequently, the second and third group sim-
ulations were conducted under the condition am = 0.5 and
aa = 0.5, focusing on the parameter range near Fnm = 200 N.

The second group calculates the response for normal ex-
citations of 185 N, 190 N, 195 N, 200 N, 205 N, 210 N, and
215 N, with a frequency range from 120 Hz to 240 Hz, as
shown in Fig. 13. The steady-state response-frequency curve
for the second group (am = 0.5 and aa = 0.5) exhibits greater
stability than that for the first group (am = 0 and aa = 0). Inter-
estingly, more uniform stress distribution results in more pro-
nounced amplitude fluctuations of the relative displacement
(in the frequency domain), challenging the conventional un-
derstanding that uniform stress promotes stability. The curves
exhibit distinct stage differentiation.
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Fig. 12. Steady-state response for am = 0 and aa = 0, with mean normal
force varying from 185 N to 215 N.
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Fig. 13. Steady-state response for am = 0.5 and aa = 0.5, with mean
normal force varying from 185 N to 215 N.

(i) Gradual ascent stage (120–150 Hz): At low frequen-
cies, the excitation energy is insufficient to trigger stick-slip
state transitions. The interface remains predominantly in the
slip state, with limited influence from uneven stress distribu-
tion. Curves for different mean normal forces exhibit strong
coincidence. The steady-state response increases gradually
with frequency, showing no significant nonlinearity.

(ii) Rapid ascent stage (150–170 Hz): As frequency ap-
proaches the first resonance frequency, the response arises
from the superposition of the stick state in high-pressure con-
tact zones and the slip state in low-pressure zones. Higher
tangential stiffness in high-pressure zones results in elevated
local natural frequencies, driving these regions into a pre-
critical stick-resonance state. Lower tangential stiffness in
low-pressure zones maintains slip-dominated friction. The
global response features coupled multi-frequency ascent, char-

acterized by the coexistence of incipient stick resonance and
prevailing slip states, with displacement rising rapidly with
frequency.

(iii) Peak transition stage (170–190 Hz): Stick dominates
high-pressure zones, while discrete dissipation from sliding
friction persists in low-pressure zones. Their coupling causes
the steady-state response to first rise, then decline, and subse-
quently rise to its peak. In high-pressure zones, viscoelastic
contact leads to energy dissipation efficiency initially increas-
ing and then decreasing with rising frequency, producing the
initial ascent-descent trend. In low-pressure zones, continu-
ous sliding friction dissipates energy, preventing unlimited dis-
placement growth. Peak amplitude occurs when energy input
and dissipation reach equilibrium.

(iv) Post-peak decline stage (190–240 Hz): At higher fre-
quencies, the energy dissipation efficiency decreases with in-
creasing frequency. Stick dissipation efficiency declines in
high-pressure zones, while the contribution of sliding friction
recovers in low-pressure zones. Sliding friction (frequency-
independent) causes displacement to decrease smoothly with
frequency. Discrete slip effects are averaged at high fre-
quencies, eliminating significant fluctuations in the amplitude-
frequency curve.
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Fig. 14. Steady-state response for am = 0.5 and aa = 0.5, with mean
normal force varying from 125 N to 350 N.

The third group calculated the response of normal ex-
citation from 125 N, 150 N, 175 N, 200 N, 250 N, 300 N,
350 N, and the frequency from 120 Hz to 240 Hz, as shown
in Fig. 14. It was observed that the amplitude curves of nor-
mal excitation between 185 N and 215 N exhibit similar spuri-
ous fluctuations, while the amplitude curves gradually smooth
out as the normal excitation decreases from 200 N to 125 N
and increases from 200 N to 350 N. This clearly suggests that
the interface is particularly prone to the stick-slip phenomenon
when the normal excitation is around 200 N, indicating a criti-
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cal and highly sensitive state of dynamic frictional behavior at
the contact interface.

When the amplitude of normal force fluctuation is large,
the frequency at which the peak occurs increases with in-
creasing normal force (stiffness-dominated behavior), and
the steady-state response displacement at the peak decreases
with increasing normal force (dissipation-dominated behav-
ior). Stick-slip state transitions at the contact interface simul-
taneously exhibit both spatial asynchronicity (different con-
tact areas display different stick-slip states at the same time
due to pressure gradients) and temporal asynchronicity (phase
fluctuations in the timing of periodic stick-slip state switch-
ing within the same area under dynamic stress cycles), form-
ing a complex and intricate spatiotemporal dual-dimensional
stick-slip coupling. The frequency difference between stick-
slip transitions in high-pressure regions (high stiffness) and
low-pressure regions (low stiffness) is denoted as ∆ fspace, and
the frequency difference between the excitation-induced dy-
namic stress frequency and the dynamic restructuring fre-
quency of contact spots is denoted as ∆ ftime. When ∆ fspace

closely matches ∆ ftime, the energy dissipation efficiency dur-
ing stick-slip transitions is significantly enhanced, nonlinear
fluctuations in the amplitude-frequency curve increase, and
the frequency components become more complex, richer, and
widely distributed in detail.

The amplitude-frequency curves exhibit strong nonlinear
fluctuations under normal excitation around 200 N. The rea-
sons for this can be attributed to the following:

(i) Critical state of the stick-slip phenomenon.
When the normal excitation is close to 200 N, the inter-

face is in a critical state, transitioning from slip-dominance
(low normal force) to stick-dominance (high normal force).
The interface frequently switches between stick (static fric-
tion) and slip (dynamic friction), resulting in discontinuous
friction jumps. This dynamic instability directly triggers pro-
nounced and unpredictable random fluctuations in amplitude.

(ii) Non-uniformity of stress distribution.
Simulation of the equivalent stress distribution function

(power function) reveals that the stress distribution exhibits
significant non-uniformity around 200 N. Local stress concen-
tration regions reach the slip condition first, while adjacent
areas remain in stick state, forming partial slip. This spatial
heterogeneity exacerbates the nonlinearity of energy dissipa-
tion, resulting in more irregular, complex, and highly sensitive
fluctuations in the response curve.

(iii) Coupling effect of nonlinear contact parameters.
The improved IwanN model integrates tangential stiff-

ness fluctuations, frictional hysteresis, and stress distribution
variations. Near 200 N, these nonlinear parameters may reach
the peak of their synergistic effect. Changes in normal force
cause dynamic adjustment of the interface contact stiffness,

resulting in a resonant frequency shift. The directional depen-
dence of the friction force during stick-slip further exacerbates
the asymmetry of energy dissipation. These combined effects
amplify the overall complexity and richness of the system re-
sponse.

(iv) Limitations of the dynamic properties of the experi-
mental setup.

Fluctuations around 200 N occur mainly in the low- and
mid-frequency bands. In this range, the system is more sensi-
tive to nonlinear variations in contact parameters, and exper-
imentally observed fluctuations may result from the coupling
of the device’s dynamic characteristics with the nonlinear be-
havior of the interface. Control experiments show that fluctua-
tions are significant when the normal excitation is in the range
of 185–215 N, while the curve tends to be smooth when the
normal excitation is far from 200 N, directly verifying the ex-
istence of the critical state and confirming the highly sensitive
nature of the interface dynamics.

IwanN[17] model simulations show that stress distribution
inhomogeneity significantly affects the flatness of the ampli-
tude curve, supporting the role of non-uniform stresses. The
theory of Menq[5] states that energy dissipation in the stick-
slip state is dynamically related to the normal force, and the
vicinity of 200 N lies in the transition interval dominated by
stick-slip, consistent with the interpretation of the critical state.

Taken together, the spurious fluctuation near 200 N is
a combined result of the dynamic properties of the interface
(stick-slip transition), the non-uniformity of the stress distribu-
tion, and the coupling effect of nonlinear contact parameters.
This phenomenon reveals the complex and highly sensitive dy-
namic behavior of the mechanical contact interface under crit-
ical load, providing an important reference for high-precision
vibration control, damping design, and mechanical reliability
studies.

The rule that the normal contact force governs interfacial
contact states (full slip — partial slip — full stick), as estab-
lished in this study, is applicable under the specific experimen-
tal conditions and material combinations employed. The de-
tailed scope of applicability is defined as follows:

Material combination: The conclusion has been validated
for contact pairs consisting of PMMA and SUS304, which are
widely used in mechanical interface research. For material
pairs with substantially different mechanical properties, the
critical normal force for contact state transition may vary. Dif-
ferences in elastic modulus, yield strength, and intrinsic fric-
tion coefficient influence the actual contact area and interfacial
friction resistance, necessitating further experimental verifica-
tion.

Surface roughness: The surface roughness of the speci-
mens in this study was controlled within the range of Ra 0.01–
1.6 µm, consistent with typical machining standards for me-
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chanical structural components. For surfaces with extremely
low roughness (Ra < 0.01 µm, e.g., polished surfaces), the in-
terlocking effect between asperities is weakened, which may
enhance the tendency for slip and increase the critical normal
force required for the transition to the stick state. Conversely,
for surfaces with high roughness (Ra > 1.6 µm, e.g., rough
cast surfaces), local stress concentrations become more pro-
nounced, potentially promoting early stick behavior and re-
ducing the critical normal force for state transition.

Excitation frequency range: Experimental validation and
simulation analyses were conducted within an excitation fre-
quency range of 2–240 Hz, covering typical vibration frequen-
cies encountered in critical mechanical interfaces such as aero-
engine blade roots and automotive transmission joints. At
frequencies exceeding 240 Hz, inertial effects at the contact
interface and bandwidth limitations of the piezoelectric ac-
tuator (a core component of the test system) may introduce
deviations in the measurement of contact forces and relative
displacements, affecting the determination of contact states.
At frequencies below 2 Hz, creep deformation of PMMA be-
comes increasingly significant, altering the normal force dis-
tribution across the interface and modifying the transition be-
havior among contact states.

Beyond the above ranges, additional experiments and ad-
justments to model parameters are required to ensure the reli-
ability of the conclusions.

5. Conclusion
Based on the above analysis, the following conclusions

can be drawn.
First, interfacial stress nonuniformity directly governs vi-

bration response irregularity. Compared to non-uniform stress
distribution, uniform stress distribution leads to less stable
stick-slip transitions and amplifies the steady-state relative
displacement response at the contact interface observed in
frequency-domain characteristics.

Second, distinct vibration anomalies emerge near the
stick-slip transition threshold, attributed to the coupled effects
of stress heterogeneity, friction hysteresis, and tangential stiff-
ness variations during state transitions.

Third, the magnitude of the normal contact force system-
atically shifts vibration dominance regimes: Under lower nor-
mal force, the interface contact state is full slip; under higher
normal force, the interface contact state becomes partial slip;
and with further increases in normal force, the interface con-
tact state transitions to full stick. Lower normal forces lead to
slip-dominated energy dissipation, characterized by peak re-
sponse at the first resonance frequency, whereas higher nor-
mal forces induce stick-dominated energy dissipation, charac-
terized by peak response at the second resonance frequency.

Based on the established fretting friction model, this
study quantitatively analyzes the influence of dynamic contact
interface stress distribution on the steady-state response of the
contact interface as the frequency increases from low to high,
and explains the underlying mechanisms. The stress distribu-
tion at the contact interface affects not only the magnitude of
the peak steady-state response but also the frequency at which
the steady-state response occurs. This work provides a foun-
dational framework for predicting and controlling vibration in
jointed structures subjected to dynamic interfacial loading.
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