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Abstract. The dynamic characteristics of the mechanical joint surface are important aspects of the dynamic
theoretical analysis and optimization design of the machine tool. In this paper, the typical mechanical joint sur-
face is taken as the research object. Through the combination of theoretical analysis and experimental analysis,
the dynamic characteristics of typical joint surface parameters with different surface textures and the influence
of texture parameters on the dynamic characteristics of the joint surface are studied. Based on the Hertz elastic
contact theory and the contact fractal theory, the normal and tangential contact fractal models of the joint surface
are derived, and then a mathematical model of the joint surface normal and tangential contact stiffness con-
sidering the domain expansion factor is established. The influence of surface texture parameters on the dynamic
characteristics of the surface is further studied according to the model. In addition, the design of the experimental
device and experimental scheme design are completed by the contact resonance method and the ERA algorithm,
and the joint surface parameter identification experiment with texture is conducted. The normal and tangential
frequency response functions of the joint surface, the dynamic characteristic parameters of the joint surface and
the influence law of the joint surface parameters on the contact characteristics are obtained through the dynamic
test analysis technology.

1 Introduction

Mechanical structures and machines are widely used in the
field of aerospace manufacturing and biomedical as impor-
tant components, and these mechanical systems consist of
many components containing joint surfaces according to spe-
cific requirements. Therefore, the dynamic characteristics of
the joint surface not only has a decisive influence on the ef-
fectiveness of the constructed kinetics model, but also di-
rectly affects the service life of the mechanical structure.
Hence, it has a very important impact on the dynamic perfor-
mance of the entire mechanical structure. For instance, the
contact stiffness on the joint surface of the machine tool ac-
counts for 60 %–80 % of the rigidity of the whole machine
(Wang et al., 2017; Mao et al., 2010; Pecorari and Rokhlin,
2007), which means about 60 %–80 % of the vibration prob-
lems on the machine tool result from the existence of the
joint surface. The contact damping on the joint surface take
up more than 90 % of the overall damping of the machine tool
(Ma et al., 2014; Jaumouillé et al., 2010). Compared with the

material damping of the component itself, the contact damp-
ing between the joint surfaces has obvious advantages. As
explained above, it is necessary to establish a suitable me-
chanical dynamics model when performing dynamic analysis
of the joint surface. In addition, in recent years, with the de-
velopment of surface texture technology, the surface texture
technology is used to process the micro-shape on the sur-
face of the friction pair, which is used to improve the surface
friction performance of the joint surface, and has attracted
extensive attention from many scholars abroad. The technol-
ogy improves the mechanical joint surface by adding texture
to the joint surface of the mechanical structure, thus improv-
ing the contact stiffness and contact damping, which obtains
an improved dynamic state of the mechanism system in the
maximum space to achieve the required product performance
(Zhao and Bai, 2011; Bruzzone et al., 2008).

Many scholars pay much attention to the contact stiffness
and contact damping of the mechanical joint surface, for
these two parameters has a great impact on the dynamic re-
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sponse of the mechanical system. In the study of mechanical
contact dynamics, the joint surface can be simplified as one
or more spring damping systems; the resistance to deforma-
tion of the joint surface as contact stiffness; the energy dissi-
pation of the joint surface as contact damping. For the exper-
imental study, Andrew, Thomley and others designed many
experimental devices and experimental schemes, obtained a
series of normal dynamic parameters between mechanical
joints, and analyzed their dynamic characteristics (Andrew et
al., 2010; Liang et al., 2013). Smallwood et al. (2000) stud-
ied the dynamic characteristics of the tangential direction of
the mechanical joint surface by experimental methods. Based
on the experimental data obtained, the conclusion was drawn
that the damping is mainly aroused by hysteresis nonlinear-
ity of tangential direction dynamic characteristics of the joint
surface (Smallwood et al., 2000; Flores et al., 2006).

In theoretical research, J. A. Greenwood and
J. B. P. P. Williamson used Gaussian distribution method
to simulate the distribution law of micro-convex among
the joint surface, and proposed a GW model based on
single hypothesis (Greenwood and Williamson, 1996).
However, since the premise assumptions in this model were
independent mutually, they could only be applied under
conditions of small load. Subsequently, D. J. Whitehouse
and J. F. Archard studied the relationship between peak
height of the contact surface micro-protrusions among the
mechanical bonding surfaces and the curvature of the peak.
Moreover, the joint distribution density was studied and WA
model was proposed (Blossey, 2003; Hoffmann and Gaul,
2003). According to the GW and WA models, R. A. Oninn
and J. F. Archard used WA to determine the separation
relationship between contact area, load and surface, and the
calculation results are consistent with GW, which is called
OA model (Jackson, 2006; Fu et al., 2002). Majumdar and
Bhushan used the method of geometric in mathematics to
analyze the contact theory and proposed the fractal geometry
basis surface model (Majumdar and Bhushan, 1991).

In addition, the so-called surface texture is to process a se-
ries of regular micro-textures (such as grooves, micro-pits,
etc.) on the contact surface of the bonding surface, and the
obtained surface has different physical properties from the
previously smooth surface, Changing the physical properties
of the bonding surface. It has been found that if the joint sur-
face is textured on the friction pair, the frictional wear of the
contact surface can be reduced. Etsion (2004) processed the
micro-pit texture and applied it to the piston ring surface of
the engine. It was found through experiments that the ma-
chined surface texture can reduce the friction coefficient be-
tween the piston ring surface and the cylinder liner by about
30 % (Etsion, 2004; Bechert et al., 2000). Ulrika Pettersson
found that under lubrication conditions, when the surface tex-
ture is machined to different coated steel surfaces, the wear
of the contact surface can be effectively reduced (Petters-
son and Jacobson, 2003; Buczek et al., 2011). In addition,
the texture has a certain influence on the wetting property of

the contact surface, that is, when the specific micro-texture
is processed on the surface, the contact angle of the surface
of the droplet can be effectively changed, thus changing the
hydrophilic and hydrophobic properties of the surface.

In this paper, the remaining section of this paper is orga-
nized as follows: In Sect. 2, the normal and tangential con-
tact fractal models of the joint surface considering domain
spreading factor are derived by Hertz elastic contact theory.
And the mathematical model of the normal and tangential
contact stiffness of the joint surface is established; In Sect. 3,
the joint surface parameter identification experiment is car-
ried out, and the design of the experimental program and ex-
perimental device are conducted through contact resonance
method and ERA algorithm. Besides, the surface texture is
processed by laser processing technology and the calibration
of the experimental equipment is completed. In Sect. 4, the
normal and tangential frequency response functions of the
joint surface are obtained by analysis technology through dy-
namic test, and the dynamic characteristic parameters of the
joint surface are identified. Then, the influence of bonding
surface parameters on contact characteristics was also an-
alyzed. Some conclusions are obtained in Sect. 5. And the
logical structure of the paper is shown in Fig. 1.

2 Fractal model and numerical simulation of contact
stiffness of the binding surface considering
domain spreading factor

2.1 Analysis of joint contact characteristics

At present, the analysis of the joint surface contact theory is
mainly carried out from two aspects: the deformation anal-
ysis of micro-bonding surface and the equivalent parameter
analysis of macro-bonding surface. The purpose is to estab-
lish a suitable joint surface dynamics model, and then the
actual joint surface parameters is calculated by theoretical
method to analyze the dynamic characteristics of the whole
mechanism. However, the joint surfaces that are in contact
with each other during the research process are not com-
pletely smooth and are affected by many factors, such as
machining, friction and wear, and lubrication. Therefore, the
mechanism of contact surface about contact stiffness and
contact damping is analyzed based on the microscopic sur-
face and deformation mechanism of the joint surface.

During the analysis, it was found that the micro-bonding
surface is composed of many tiny protrusions, which are gen-
erally represented by using roughness and waviness in the
machine. When the two surfaces are in contact, the actual
contact area is smaller than the contact area of the outline
due to the presence of peaks and troughs. When the pressure
at the time of contact is increased, the contact surface begins
to elastically deform, then it slowly is transformed into plas-
tic deformation, and the actual contact area also is increased.
Based on the Hertz elastic contact theory, the characteristics
of microscopic dynamic are analyzed. In addition, some as-
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Figure 1. Logical structure of the paper.

sumptions are considered. Which is each object is considered
an elastomer and the load is applied to a small elliptical area
of the surface. It is also assumed that the contact area on the
contact surface is much smaller than the size of the object
and the relative radius of curvature of the surface (Fang et
al., 2008).

1. The surfaces are continuous and uncoordinated: a� R;
the effective size of the contact area is a; the relative
radius of curvature of the surface is R;

2. Small strain: a� R;

3. Each object can be regarded as an elastic half space:
a� R1,2, a� l; the effective radius of the two objects
isR1,R2; the effective size of the horizontal and vertical
directions of the object is l.

2.2 Establishment of micro-contact point distribution
function and analysis of contact point deformation

Before analyzing and establishing the joint surface normal-
ized contact stiffness fractal model and the tangential contact
stiffness fractal model considering the influence of the do-
main expansion factor, the distribution function of the micro-
convex is firstly obtained based on the surface fractal theory
in the paper. Furthermore, the influence of the relevant pa-
rameters of the joint surface on the stiffness of the normal
contact and the tangential contact stiffness is discussed by
the established model analysis. When the contact point dis-
tribution function n(a) with contact area a is developed, the

ratio of the maximum microcontact area al to the true contact
area of the rough surface Ar is derived from n(a). And when
the fractal dimension D→ 1 the ratio is al/Ar ≈ 1. How-
ever, whenD→ 1, the limit value of al/Ar must be less than
1. Therefore, in order to more accurately reflect the ratio of
al/Ar when D→ 1, the size distribution function n(a′) of
the contact point of the microcontact cross-sectional area a′

in the contact fractal theory is introduced in the paper. Its
distribution function is as follows:

n(a′)=
D

2
ψ

2−D
2 a
′
D
2

l a′−
D+2

2 (0< a′ ≤ a′l) (1)

Where a′ is the micro-contact cross-sectional area; a′l is the
cross-sectional area of the largest contact point; ψ is the do-
main expansion factor of the micro-contact size distribution
(ψ < 1), the size of which is related to the fractal dimension
D and is satisfied the transcendental equation;

ψ
2−D

2 −

(
1+ψ

−D
2

)− 2−D
D
=

2−D
D

(2)

When the value of D is tended to 1, the ψ value can be ob-
tained:

ψ =

(
1+
√

5
2

)2

≈ 2.62 (3)

In addition, when the value of D is tended to 2, the ψ value
can be obtained:

ψ = e− 1≈ 1.72 (4)
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2.3 Development and simulation of contact stiffness
fractal model

The joint surfaces between the samples are generally ob-
tained by machining, so the microscopic surface features are
irregular. Therefore, in order to facilitate the study of the con-
tact characteristics of the bonding surface, it is assumed that
the contact surface is formed by two rough surfaces con-
tacting each other. When the joint surface is subjected to
the normal load, the micro-convex bodies of different cross-
sectional areas are pressed against each other, and different
deformations are generated. As shown in Fig. 2a, from the
microscopic point of view, the micro-convex body with large
cross-sectional area is elastically deformed, and the elastic
strain energy is stored without consuming energy. The ability
to resist deformation is measured by the contact equivalent
stiffness Kn. When the cross-sectional area is smaller, the
micro-convex is underwent plastic deformation under pres-
sure, consuming system energy, and the contact damping Cn
is used to characterize the energy dissipation rate (Arghir et
al., 2007; Eisenstein et al., 2011; Zhang et al., 2012).

In addition to elastic and plastic deformation in the normal
direction, tangential deformation and energy loss are gener-
ated due to the tangential extrusion and slip of the micro-
protrusions. As shown in Fig. 2b, when the joint surface is
subjected to both normal and tangential loads, the micro-
scopic and macroscopic slip between the contact surfaces and
the micro-convex extrusion deformation are the main causes
of system energy loss (Abad et al., 2012). The damping co-
efficient Cr is represented the energy loss capability. Among
them, when the joint surface is composed of materials with
different stiffness, Cr is mainly related to plastic deformation
and micro-slip (Mi et al., 2012; Shafiei and Alpas, 2009); the
tangential equivalent stiffness Kr is used to characterize the
resistance to tangential deformation.

2.3.1 Development of fractal model of normal contact
stiffness

The joint surface is essentially composed of two rough sur-
faces. Its model can be simplified to a rough surface in con-
tact with a real plane. For a single micro-protrusion on a
rough surface, it can be equivalent to a sphere of radius R,
as shown in Fig. 3.

When the sphere is in contact with the rigid ideal plane
under the action of the normal load p, the normal contact
deformation δ is generated. If the radius of the contact area
is r , then the following relationship is developed:

p =
4
3
ER

1
2 δ

3
2 (5)

r =

(
3pR
4E

) 1
3

(6)

1
E
=

1− v2
1

E1
+

1− v2
2

E2
(7)

WhereE1 andE2 are the elastic moduli of the two elastomers
in Fig. 3; v1 and v2 are the Poisson’s ratio of the two elas-
tomers respectively; and E is the composite elastic modulus
of the two contact materials. According to Eqs. (5) and (6),
the normal contact stiffness of a single micro-protrusion in
contact with a plane can be expressed as:

kn = 2rE (8)

For a circular contact area, the contact area a can be ex-
pressed as:

a = πr2 (9)

Therefore, the Eq. (10) can be further obtained:

kn = 2E
√
a

π
(10)

In addition, based on a′ = 2a, the normal contact stiffness
Kn of the joint surface can be obtained:

Kn =

a′l∫
a′c

knn(a′)da′ (11)

Where a′c is the critical microcontact cross-sectional area.
Further, the normal contact stiffness kn of the single micro-

protrusion in contact with the rigid plane can be expressed as:

kn = 2E

√
a′

π
(12)

The Eq. (13) can be further obtained:

Kn =
2ED

√
2π (1−D)

ψ
2−D

2 a
′
D
2

l

(
a
′−

D+2
2

l − a
′−

D+2
2

c

)
(13)

According to the relationship between the actual contact area
a of the contact point and the cross-sectional area a′, i.e.,
a′ = 2a, the normal contact stiffness Kn of the joint surface
can be obtained:

Kn =
2ED

√
2π (1−D)

ψ
2−D

2 a
D
2

l

(
a

1−D
2

l − a
1−D

2
c

)
(14)

By dimensionless processing of Eq. (14), the dimensionless
normal contact stiffness K∗n can be obtained as:

K∗n =
2
√
π
g1 (D)ψ

(
2−D

2

)2

A
∗
D
2

r

·

[((
2−D
D

) 1−D
2
ψ
−D2

+3D−2
4 A

∗
1−D

2
r − a

∗
1−D

2
c

)]
(15)

Where, K∗n =
Kn

E
√
Aa

, g1 (D)= (2−D)
D
2 D

2−D
2

1−D , A∗r =
Ar
Aa

, a∗c =
ac
Aa
=

G∗2

(kφ/2)
2

D−1
, G∗ = G

√
Aa

.
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Figure 2. Schematic diagram of contact surface. (a) The diagram of normal contact. (b) The diagram of tangential contact.

Figure 3. The contact diagram of equivalent sphere single peak and
rigid plane.

Therefore, Eq. (15) is the fractal model of the joint contact
normal stiffness affected by the domain expansion factor ψ .
Where Aa is the nominal contact area; A∗r is the dimension-
less true contact area; a∗c is the dimensionless critical contact
area; G∗ is the dimensionless feature length scale parameter.

In addition, according to the radius R of curvature of the
tip end of the micro-protrusion and the deformation of the
micro-protrusion having the sectional area a′, the relation-
ship between the sectional area a′ of the elastic contact point
and the normal elastic contact load pe is obtained as follows:

R =
a′

D
2

π2G(D−1) (16)

δ =G(D−1)a′
2−D

2 (17)

Pe
(
a′
)
=

√
2π
3
EG(D−1)a′

3−D
2 (18)

The relationship between the cross-sectional area a′ of the
plastic contact point and the normal plastic contact load pp
is satisfied:

Pp
(
a′
)
= kσya = kσya

′ (19)

Where k =H/σy (H is the hardness of the softer material;
σy is the yield strength of the softer material). Therefore, the
relationship between the total surface load P and the true
contact area of the joint surface is satisfied:

P =

√
2πEG(D−1)

3

a′l∫
a′c

n
(
a′
)
a′

3−D
2 da′+ kσy

a′c∫
0

n(a′)a′da′

(20)

a′l = 2al =
2(2−D)
D

ψ−
2−D

2 Ar (21)

a′c =
G2

(kφ/2)2/(D−1) (22)

Where, φ = σy/E; and Ar is the true contact area.
When D is satisfied the following relationship, i.e., 1<

D < 2, D 6= 1.5:

P =
kσyDψ

2−D
2

2(2−D)
a
′
D
2

l a
′

2−D
2

c +

√
2πEDG(D−1)ψ

2−D
2

3(3− 2D)
a
′
D
2

l

·

[
a
′

(
3
2−D

)
l − a

′

(
3
2−D

)
c

]
=
kσyDψ

2−D
2

2(2−D)
a
D
2

l a
2−D

2
c

+
2(4−D)/2√πEDG(D−1)ψ

2−D
2

3(3− 2D)
a
D
2

l

·

[
a

(
3
2−D

)
l − a

(
3
2−D

)
c

]
(23)

In addition, When D is satisfied the following relationship,
i.e., D = 1.5:

P =

√
2πEG

1
2ψ

1
4

4
a
′

3
4

l ln
a′l
a′c
+

3
2
kσyψ

1
4 a
′

3
4

l a
′

1
4

c

= 2
1
4
√
πEG

1
2ψ

1
4 a

3
4
l ln

al

ac
+ 3kσyψ

1
4 a

3
4
l a

1
4
c (24)

Since ac is constant for a determined rough surface, the nor-
mal total load P is depended on the actual contact area al
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of the maximum contact point. Therefore, the relationship
between the normal load P and the true contact area Ar is
obtained. According to Eqs. (23) and (24), and the dimen-
sionless normal total load P ∗ acting on the joint surface is
obtained by dimensionless processing:
D 6= 1.5:

P ∗ =

√
π

3
G∗(D−1)g2 (D)ψ

(
2−D

2

)2

A
∗
D
2

r

·

[(
2−D
D

) 3−2D
2
ψ
−2D2

+7D−6
4 A

∗
3−2D

2
r − a

∗
3−2D

2
c

]

+ kφg3 (D)A
∗
D
2

r a
∗

(
2−D

2

)
c (25)

D = 1.5:

P ∗ = 2
1
4
√
πG∗

1
2ψ

1
16

(
A∗r
3

) 3
4

ln
A∗r

3ψ
1
4 a∗c

+ 3kφψ
1

16

(
A∗r
3

) 3
4
a
∗

1
4

c (26)

Where, P ∗ = P
EAa

, g2 (D)= 2
4−D

2 ( 2−D
D

)
D
2 D

3−2D , g3 (D)=

( D
2−D )

2−D
2 .

Therefore, the dimensionless normal total load consider-
ing the influence of the domain spread factor ψ of the micro-
contact size distribution is also obtained. Since both K∗n and
P ∗ are functions of A∗r , the nonlinear implicit function rela-
tionship betweenK∗n and P ∗ is developed. And the results of
simulation are shown in Figs. 4–7.

The dimensionless normal contact stiffnessK∗n of the joint
surface is increased with the increase of the dimensionless
normal total load P , as shown in Fig. 4. Moreover, the range
of fractal dimension is D = 1.1–1.6, the linear relationship
between K∗n and P is obvious, as shown in Fig. 4a. And
when the normal load of the joint surface is increased, it
is beneficial to increase the normal contact stiffness of the
joint surface. When the following relationship is satisfied,
i.e., φ = 0.01, φ = 0.1 and φ = 1.0, and the range of fractal
dimension is D = 1.1–1.7, the dimensionless contact stiff-
ness K∗n of the joint surface is increased with the increase
of the fractal dimension D of the joint surface, as shown in
Fig. 5a, b, c. However, when φ = 1.0,D > 1.7 (Fig. 5a4) and
φ = 0.1, D > 1.8 (Fig. 5b4), K∗n is decreased with the in-
crease of the fractal dimensionD. The dimensionless normal
contact stiffnessK∗n of the joint surface is decreased with the
increase of the dimensionless fractal dimension length pa-
rameter G∗ of the joint surface, as shown in Fig. 6. Since the
dimensionless fractal dimension length parameter G∗ is re-
duced, it means that the surface roughness is reduced. There-
fore, it can be seen that when the surface roughness of the
bonding surface is reduced, it is advantageous for improving
the normal contact stiffness of the bonding surface. In ad-
dition, the dimensionless normal contact stiffness K∗n of the

joint surface is increased with the increase of k, as shown in
Fig. 7a. This is because when k is increased, then a∗c is also
decreased, so that the percentage of elastic contact between
the bonding faces is increased. The dimensionless normal
contact stiffness K∗n of the joint surface increases with the
increase of φ, as shown in Fig. 7b. This is because the φ is
increased to improve the yield strength of the softer material.
And when the yield strength of the material is increased, it
is known from a∗c =

ac
Aa
=

G∗2

(kφ/2)2/(D−1) that a∗c is decreased,
resulting in an increase in the percentage of elastic contact
between the bonding faces.

2.3.2 Development of fractal model of tangential contact
stiffness

As can be seen from the analysis in the previous section,
when it is not subjected to the load or when the two are sub-
jected to the load p in the normal direction of the contact
point, the contact state is as shown in Fig. 3. However, when
the tangential force t is applied in the x direction, a tangential
deformation dt is occurred, as shown in Fig. 8.

At this time, the relationship between the tangential force
t and the tangential deformation dt can be expressed as:

dt =
3(2− v)

16Gr
µp

[
1−

(
1−

t

µp

) 2
3
]

(27)

When a single micro-protrusion is in contact with a plane,
the tangential contact stiffness kt can be expressed as:

kt =
5Ḡr
2− v

(
1−

t

µp

) 1
3

(28)

Where Ḡ, v and µ are the equivalent shear modulus, Pois-
son’s ratio and friction coefficient of the two contact mate-
rials of the bonding surface, respectively. In addition, Ḡ=
E

2(1+v) , and the contact area a of the contact area can be ex-
pressed, i.e., a = πr2.

Therefore, the tangential contact stiffness kt can be ob-
tained,

kt =
8Ḡ
√
a

(2− v)
√
π

(
1−

t

µp

) 1
3

(29)

According to the theoretical analysis, the tangential contact
stiffness kt is related to the normal load p, the tangential load
t and the contact area a; and only when, t/p < µ, the tan-
gential contact stiffness is present; when, t/p ≥ µ. A relative
slip is occurred.

For the sake of research, the following assumptions are
made here:

– The microscopic morphology of the rough surface is
isotropic;
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Figure 4. Effects of normal load P ∗on normal contact stiffnessK∗n (k = 1.0, φ = 1.0, G∗ = 1.0× 10−10).

– The interaction between the micro-protrusions on the
rough surface is ignored;

– The force received by the micro-protrusion is propor-
tional to the size of its contact surface.

According to the above assumption, the relationship between
the tangential force Tµ on the unit contact area and the actual
contact area Ar of the joint surface and the tangential force
T acting on the entire joint surface is satisfied:

Tµ =
T

Ar
(30)

Therefore, the tangential force t acting on the contact area a
is satisfied:

t = aTµ = a
T

Ar
(31)

The normal force p acting on the contact area a is satisfied:

p = a
p

Ar
(32)

In the Eq. (32), P is a normal force acting on the entire bond-
ing surface.

kt =
8Ḡ
√
a

(2− v)
√
π

(
1−

T

µp

) 1
3

(33)

Considering that the micro-convex body that has undergone
plastic deformation has been plastically flowed due to the lo-
cal contact load, it isn’t able to continue to bear the tangential

load. Therefore, when the tangential stiffness of the mechani-
cal joint surface is calculated, it is not included the plastic de-
formation of the micro-protrusions that has occurred. While
the micro-protrusions that do not reach the elastic limit, it can
continue to withstand the tangential load, thereby contribut-
ing to the tangential contact stiffness of the bond faces.

Based on the Eq. (1) of the microcontact sectional area
distribution function n(a′) and the Eq. (28), the tangential
contact stiffness of the joint surface can be expressed as:

Kt =

a′l∫
a′c

ktn(a′)da′ (34)

Where, the following relationship is satisfied, i.e., h= T
P

,

kt =
8ḠD

(1−D) (2− v)
√
π

(
1−

h

µ

) 1
3
ψ

2−D
2 a
′
D
2

l

·

(
a
′

1−D
2

l − a
′

1−D
2

c

)
(35)

Therefore, the Eq. (36) can be further obtained:

kt =
8ḠD

(1−D) (2− v)
√
π

(
1−

h

µ

) 1
3
ψ

2−D
2 a

D
2

l(
a

1−D
2

l − a
1−D

2
c

)
(36)
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Figure 5. Effects of fractal dimension D on normal contact stiffnessK∗n .

By dimensionless processing Eq. (36), the dimensionless tan-
gential contact stiffness can be obtained as:

K∗t =
8

√
π (2− v)

(
1−

h

µ

) 1
3
g1 (D)ψ

(
2−D

2

)2

A
∗
D
2

r

·

[((
2−D
D

) 1−D
2
ψ
−D2

+3D−2
4 A

∗
1−D

2
r − a

∗
1−D

2
c

)]
(37)

Where, K∗t =
Kt

Ḡ
√
Aa

; Eq. (37) is a fractal model that com-
bines the tangential contact stiffness of a surface considering
the influence of the domain expansion factor ψ of the micro-
contact size distribution.

Based on the above analysis, the tangential contact stiff-
ness Kt of the joint surface and the normal force P acting
on the joint surface and the performance parameters of the
joint surface material (such as hardness H , yield strength σy,
equivalent elastic modulus E, equivalent shear Modulus Ḡ
etc.) are established. And the complex nonlinear relationship
between the fractal dimensionD and the fractal roughnessG

of the joint surface is also developed, thus a fractal model of
the tangential contact stiffness is developed. And the dimen-
sionless normal total load P ∗ and dimensionless tangential
contact stiffness K∗t can be calculated, as shown in Figs. 9–
11.

The simulation results are shown that the dimensionless
tangential contact stiffness of the joint increases with the in-
crease of the dimensionless tangential total load. Moreover,
when the range of fractal dimension isD = 1.1–1.3, the non-
linear relationship between K∗t and P is very obvious. when
fractal dimension is D > 1.4, the relationship between K∗t
and P is nearly to linear. When the normal load of the joint
surface is increased, it is beneficial to increase the tangen-
tial contact stiffness of the joint surface. And when k = 1.0,
k = 0.1 and k = 0.01 are taken respectively, φ = 1.0, φ = 0.1
and φ = 0.01 are respectively taken; and the fractal dimen-
sion D = 1.1–1.7 is used, the dimensionless tangential con-
tact stiffness of the joint surface is increased with the increase
of the fractal dimension of the joint surface. In addition, the
dimensionless tangential contact stiffness of the joint surface
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Figure 6. Effects of fractal characteristic length scale parameter G∗ on normal contact stiffness K∗n (k = 1.0, φ = 1.0).

is decreased with the increase of the dimension parameter of
the dimensionless fractal feature of the joint surface. Since it
means that the surface roughness is reduced, it can be seen
that when the surface roughness of the joint surface is re-
duced, it is advantageous for improving the tangential con-
tact stiffness of the joint surface. And the dimensionless tan-
gential contact stiffness of the joint surface is increased with
the increase of k. This is because that as the value of k is in-
creased, the value of a∗c is decreased, thereby the percentage
of elastic contact between the bonding faces is increased.

3 Measurement experiment of combined surface
contact parameters

The contact stiffness and contact damping of the mechanical
joint have a great influence on the dynamic characteristics of
the machine. However, most of the current research is that
the contact stiffness and contact damping of the bonding sur-
face are controlled by selecting materials. There is little re-
search on the contact stiffness and contact damping that the
bonding surface can be affected by the surface texture. There-
fore, the influence of texture on the contact stiffness and con-
tact damping of the joint surface is analyzed through exper-
iments in the paper, and then the method of controlling the
contact stiffness and damping of the joint surface is explored
by texture. The contact resonance method is used to mea-
sure the contact stiffness and contact damping of the bonding
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Figure 7. Effects of k and φ on normal contact stiffness K∗n (k = 1.0, φ = 1.0).

Figure 8. The tangential deformation of asperity.

surface during the experiment, that is, the method of intro-
ducing the contact parameters according to the contact reso-
nance. The specific process is that it is given the preload, and
then mechanical bonding part is given by an exciting force,
the contact stiffness of the bonding surface corresponds to a
contact frequency, which can be displayed by the vibration
spectrum obtained by Labview. And the algorithm of ERA
eigenvalue is used to identify the signal generated by the ex-
citation force on the vibration of the joint surface, and the
contact frequency and corresponding damping under the ex-
citation force can be obtained, and then the contact stiffness
is obtained by reverse thrust.

According to the experimental device, the test piece is
simplified into the upper test piece m1 and the lower test
piece m2, and the joint surface is equivalent by a spring
and a damper. The experimental research object is shown in
Fig. 12a. The vibration equation of the system is easily de-
rived from the simplified model of the system:

m1ẍ1− cc (ẋ2− ẋ1)+ kc(x1− x2)m1g (38)

m2ẍ2− cc (ẋ2− ẋ1)+ kc (x1− x2)+ k2x2 =m2g (39)

The characteristic equation is further obtained:∣∣∣∣ m1ω
2
+ jccω+ kc −jccω− kc

−jccω− kc −m2ω
2
+ jccω+ kc+ k2

∣∣∣∣= 0 (40)

Therefore, the relationship between contact stiffness and
contact frequency is obtained:

kc =
m1m2ω

4
− jccω

3 (m1+m2)− k2m1ω
2
+ k2jccω

(m1+m2)ω2− k2
(41)

In the data processing, the ERA eigenvalue implementation
algorithm is used to identify the acceleration signal gener-
ated by the vibration, and then the contact frequency and the
corresponding contact damping can be obtained. The contact
stiffness is derived from the contact frequency and Eq. (41).

According to the experimental principle, the excitation
signal is input through the data acquisition card in the com-
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Figure 9. Effect of normal load P ∗ on tangential stiffness K∗t (k = 1.0, φ = 1.0, v = 0.3, h= 0.02, G∗ = 1.0× 10−11).

Figure 10. Effect of normal load P ∗ on tangential stiffnessK∗t (k = 1.0, φ = 1.0, v = 0.3, h= 0.02, G∗ = 1.0× 10−9).

puter, and the excitation force is applied to the bonding sur-
face through the amplification of the power amplifier. The
acceleration signal of the test piece is measured by two ac-
celeration sensors, and the exciting force applied to the joint
surface is measured by the force sensor. The test signals ob-
tained by the force sensor and the acceleration sensor are
conditioned by the charge adaptor, then transmitted to the
data acquisition card, and then transmitted to the computer.
According to the above experimental principle, the ERA
eigenvalue algorithm is used to identify the contact of the
joint surface of stiffness and damping. The normal parameter
identification system is shown in Fig. 12b. The experimental
test system combined with the face tangential direction is ba-
sically the same as the normal direction, as shown in Fig. 12c.

In addition, this experiment is mainly for the experimental
analysis of experimental specimens. The purpose of the ex-
periment is to analyze the main influencing factors (including
material properties, processing methods, surface roughness
and joint texture size) under the external factors (additional
load and intermediate medium). And the main analysis ob-
ject is the joint part of the test piece. In order to avoid the
influence of the added external quality on the dynamic per-
formance of the combined interview part, the test accuracy
is increased, and the interview part is placed on the vibration

isolation table by bolt fixing installation, and the excitation
device is excited by a force hammer with a force sensor, then
the excitation signal is collected by the data acquisition card
through the acceleration sensor.

3.1 Experimental equipment

In this experiment, the pulse excitation method is used to ap-
ply the exciting force to the test piece first, and then the vi-
bration is measured. A hammer with a force sensor can emit
an exciting force, and the vibration signal can be received by
a sensor that is magnetically attracted to the test piece. The
measurement signal is subjected to FFT transformation in the
analyzer, and the contact parameters of the bonding surface
can be obtained according to the solution frequency response
function. The selected experimental equipment is as shown in
Table 1 and Fig. 13. Data acquisition card NI USB-6009, Dy-
namic test analyzer DH5922, Acceleration sensor CQV9345,
Charge controller DH5857, Excitation hammer B&K, Force
sensor, Torque wrench.

In this experiment, the frequency range is between 0 and
1800 Hz according to the designed test piece. Therefore, this
paper uses a hammer with a rubber hammer to meet the re-
quirements of the excitation force is used in the paper.
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Figure 11. Effects of different characteristic parameters on tangential stiffness K∗t .

Figure 12. (a) Normal experimental study and dynamic model of normal experiment. (b) Normal parameter identification test system.
(c) Cutting parameter identification experiment system.
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Table 1. Experimental equipment.

The instrument Equipment type Function

Hammer – Generated an excitation signal
Force sensor – Collected force signal
Acceleration sensor CQV9345 Collected vibration signals
Charge controller DH5857 Piezoelectric sensor signal transmission
Dynamic signal analyzer DH5922 Collected and analyzed signals
Data acquisition card NI USB-6009 Acquisition of experimental data

In addition to this, it is considered that the shaking of the
device can be occurred during the excitation in the experi-
ment. Therefore, in order to avoid this situation during signal
acquisition and processing, the AC586 acceleration sensors
for data acquisition is used. The two acceleration sensors
are attached to the other end of the untextured smooth sur-
face. Each time a set of experiments is completed, the data
collected are averaged to ensure the accuracy of the experi-
ment. The appropriate amount of beeswax is applied to the
other end surface of the smooth non-textured surface, and
the sensor is pressed on the surface. To ensure that the sensor
does not fall off during the experiment, the sensor is onto the
beeswax. The sampling frequency is 120 KHz. The collected
data is mathematically converted into acceleration.

3.2 The design of experimental parameter

The purpose of this paper is to test and compare the contact
stiffness and contact damping with load in the normal and
tangential specimens of different surface textures. Therefore,
before processing the texture, some factors are considered,
such as the size of the load, the shape of the test piece, the
type of surface texture and its size.

The designed textured and tangential specimens are con-
nected by pre-tightening bolts. In this paper, the experimental
specimen is designed into a step shape, the surface texture is
machined on the surface of the small round table above, and
the bolt holes are machined on the steps. In consideration of
the rust prevention and the fineness requirements in process-
ing the surface texture, the material used for the processing of
the test piece is 45# steel. The textures processed at the con-
tact surface herein are groove texture and micro-pit texture,
as shown in Fig. 14.

In the Table 2, D, h, L are shown in Fig. 14a as the width
of the micro-pits, the depth of the micro-pits, and the spacing
between the center points of the micro-pits. Among them,
the test piece A is a smooth surface without texture, and the
surface is subjected to fine grinding treatment. The micro-
pit texture designed in this paper is laser-machined because
of its small size. The surface morphology of the micro-pit
texture obtained by laser processing is shown in Fig. 14a.

In Table 2,D, h, L are respectively expressed as the width
of the groove, the depth of the groove, and the spacing be-
tween the center points of the groove, as shown in Fig. 14b.

Among them, the test piece A is a smooth surface without
texture, and the surface is subjected to fine grinding treat-
ment. The groove texture designed in this paper is laser-
machined because of its small size. The surface texture of
the groove obtained by laser processing is shown in Fig. 14b.
In the above Table 2, L/(D+L) is the ratio of the area of
the groove textured portion of the upper surface to the to-
tal area. Among them, the sixth column of Ra directly mea-
sured the textured test piece by a three-dimensional contour
scanner. According to the research situation, the diameter of
the groove texture is designed in increasing order of 40, 60,
80 µm. In this paper, the surface real shape, actual size and
roughness of all the tested specimens were tested. The data in
Table 2 above is the actual size measured by the 3-D profiler.
In the above Table 2, L/(D+L) is the ratio of the area of the
micro-pit texture convex portion of the upper surface to the
total area. Among them, the Ra of the last column is directly
measured by a three-dimensional contour scanner. Accord-
ing to the research situation, the diameter of the micro-pit
texture is designed in increasing order of 40, 60, 80 µm.

This experiment is designed as the surface texture effect
of the joint surface when adding lubricating oil to the sur-
face. The lubricating oil parameters are as follows. The style
is Mobil Super HP: 5W-30; SAE Viscosity grade is 5W-30;
CST@40 ◦C is 61; CST @100 ◦C is 10.4; Phosphorous is
0.078; Specific Gravity is 0.87; flash point (◦C) is 221; pour
point (◦C) is −36.

In this paper, the contact parameters obtained when the
surface textured surface is in contact with the smooth and
non-textured surface are studied. Therefore, 9 sets of experi-
ments are performed in the normal direction and the tangen-
tial direction respectively, in the case of lubrication and no
lubrication, a contact experiment with a textured surface and
a smooth with non-textured surface.

The main parameters are included: the size of the tex-
ture, the normal excitation force and the tangential excita-
tion force, lubricating oil and other parameters. The specific
dimensional design and processing of the textures studied
herein were listed above. The normal excitation force is 10,
20, 30, 40 N, and the tangential excitation force is 5, 10, 15,
20 N. The experiment is shown in Fig. 15.
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Figure 13. (a) Dynamic signal analyzer. (b) Torque spanner. (c) Hammer. (d) Acceleration sensor.

Table 2. Parameter of the normal and the tangential experimental specimen of the groove (A, B1, B2, B3, C1, C2, C3, E1, E2, E3) and the
micro-pits (A, b1, b2, b3, c1, c2, c3, e1, e2, e3).

NO. D (µm) h (µm) L (µm) L/(D+L) Ra (µm) NO. D (µm) h (µm) L (µm) L/(D+L) Ra (µm)

A 0 0 0 NA 0.53 A 0 0 0 NA 0.54
B1 40 8.9 150.3 0.79 0.31 b1 39.60 3.9 101.31 0.72 0.34
B2 41 15.2 201.1 0.83 0.36 b2 43.97 1.7 149.79 0.77 0.37
B3 40 18.2 248.9 0.86 0.41 b3 45.33 16.2 201.54 0.82 0.43
C1 57 8.8 151.2 0.72 0.24 c1 64.77 4.8 99.83 0.61 0.25
C2 62 15.9 199.7 0.76 0.27 c2 61.93 11.2 150.99 0.71 0.34
C3 58 19.7 250.6 0.81 0.31 c3 60.39 15.3 199.57 0.77 0.39
E1 80 10 152.3 0.65 0.17 e1 82.88 5.2 98.26 0.54 0.21
E2 83 15.5 200.1 0.71 0.23 e2 75.93 10.1 149.72 0.66 0.29
E3 78 19.6 251.0 0.76 0.28 e3 78.78 15.5 200.63 0.72 0.33

NA: not available

Mech. Sci., 11, 1–27, 2020 www.mech-sci.net/11/1/2020/



C. Zhu and Z. Yan: Research on the micro and dynamic characteristics of combination surface 15

Figure 14. Surface topography of specimen. (a) Surface topography of groove specimen. (b) Surface topography of micro pit specimen.
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Figure 15. (a) Normal experiment. (b) Tangential experiment.

4 Analysis of the influence of surface texture on
contact parameters

4.1 Spectrum analysis of acceleration signals

The vibration acceleration signal obtained by the experiment
is decomposed by the Fourier transform method to become
a function of frequency, and then the signal is analyzed and
processed in the frequency domain. In this paper, the spec-
trum analysis is used to perform Fourier transform on the ac-
celeration signal to obtain the amplitude map. And the accel-
eration sensor is used to collect and measure the acceleration
signal and use the relevant program in the software to obtain
the contact stiffness and contact damping of the joint surface.
The measured contact stiffness corresponds to a contact res-
onant frequency on the amplitude map. There are generally
two peaks in the processed spectrum. These two peaks are
the system frequency and the contact frequency, as shown in
Fig. 16.

As shown in Fig. 16, the processed spectrum analysis of
a smooth, non-textured test piece is shown, which is given a
30 N excitation force in the normal direction. It can be seen
from the acceleration signal diagram that the magnitude of
the acceleration gradually is decreased with the time, and the
maximum value of the acceleration can reach 0.19 ms−2. In

the spectrogram, the system frequency is about 780 Hz, and
the contact resonance frequency is about 1530 Hz.

4.2 Influence of surface texture on normal contact
parameters

4.2.1 Influence of texture size on normal contact
parameters

In this paper, the surface texture of the experiment is pro-
cessed to study the influence of the texture size on the con-
tact stiffness of the joint surface. The processed texture spec-
imens are shown in Table 2.

Firstly, it can be seen from Fig. 18 that the size of the tex-
ture has a very significant effect on the contact stiffness of
the bonding surface. When the load is relatively small (such
as 5 N in this paper), the contact stiffness of the joint sur-
face is greatly increased whether it is a grooved textured test
piece or a micro-pitted textured test piece. However, when
the normal excitation force is gradually increased, the influ-
ence of the texture on the contact stiffness of the joint sur-
face becomes more complicated, and the contact stiffness of
the joint surface is greatly increased. In addition, with the in-
crease of the applied normal load, the influence of the groove
texture on the contact stiffness of the joint surface and the in-
fluence of the micro-pit texture on the contact stiffness of the
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Figure 16. Acceleration signal and frequency spectrum.

Figure 17. (a, b) The impact of texture on the normal stiffness (groove and micro-pits). (c, d) The impact of texture on the normal damp
(groove and micro-pits).

joint surface are consistent, but the magnitude of the change
is not uniform. When the exciting force is increased, the in-
fluence of the groove texture on the contact stiffness of the
joint surface is increased compared to the smooth untextured
surface, and the influence of the micro-pit texture on the con-

tact stiffness of the joint surface is smoother than that of the
smooth surface. The textured surface is also increased, but
the growth trend is slightly reduced compared to the groove
texture.
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When the roughness of the specimens with surface texture
is relatively close, their contact stiffness is compared. From
the case where the contact stiffness of several specimens with
similar roughness in the groove texture and the micro-pit tex-
ture changes with the load, it can be seen that as the ratio of
the area of the textured portion of the textured surface to the
total area is changed, the effect of texture on the contact stiff-
ness also is changed. When the ratio of the convex portion
of the test piece to the total area reached 90 %, the contact
stiffness was not changed much compared with the smooth
test piece. However, when this ratio continues to decrease to
75 %, the contact stiffness of the test piece is improved to
some extent. When the ratio of the projections to the total
area is reduced to 60 %, the change in the contact stiffness
begins to slow down. This situation is caused by the pressure
of the contact surface and the actual contact area. When the
texture is formed, the actual contact area becomes small, and
the pressure of the contact surface becomes large. When the
actual area is large, the joint contact stiffness increases with
the increase of pressure. However, when the texture size on
the bonding surface is too large, the actual contact area of
the bonding surface is largely reduced, and the contact area
is reduced, resulting in a decrease in the ability of the bond-
ing surface to resist deformation, and resulting in a decrease
in the contact rigidity of the bonding surface. The above find-
ings indicate that the influence of the existence of the texture
on the contact surface contact stiffness has a great relation-
ship with the size of the texture, so the contact stiffness of
the joint surface is improved by selecting the proper size.

For the analysis of the damping ratio, the ERA algorithm
is used to obtain the change of the contact damping ratio of
the bonding surface with the normal excitation force under
different texture conditions, as shown in Fig. 17c–d.

The result of contact damping measured when the test
piece with the groove texture and the micro-pit texture is in
contact with the smooth test piece, respectively. It can be seen
from the figure that whether the groove texture or the pit tex-
ture, the contact damping of the bonding surface is increased
first and then is decreased with the increase of the normal ex-
citation force. Compared with the previous research results,
it is found that the cause of this phenomenon is that the ex-
citing force acts on the bonding surface to cause the bonding
surface vibration, causing the micro-protrusions on the bond-
ing surface to vibrate together, and the micro-convex on the
surface is combined with the increase of the exciting force.
The larger the deformation, the more micro-protrusions that
participate in the contact, making the energy less dissipative.

Theoretically, the contact area of the bonding surface is
reduced due to the existence of the texture, so that the micro-
protrusions in contact with the bonding surface are reduced,
the energy is dissipated faster, and the contact damping is in-
creased. However, the experimental data analysis did not find
this effect. The possible reason is that although the texture
causes the number of micro-bumps of the contact surface to
decrease, the contact pressure of the bonding surface is also

increased in this case. The coupling effect of the two is such
that the influence of the texture on the contact damping is not
obvious. In summary, the contact damping decreases with the
increase of the exciting force, but the influence of the pres-
ence or absence of the surface texture on the contact damping
is not significant.

4.2.2 Influence of exciting force on normal contact
parameters

Figure 18 is shown the changes of contact stiffness and con-
tact damping under the action of exciting force on the surface
of the grooved texture and the surface of the micro-pit tex-
ture. It can be seen from the Fig. 18 that the influence of the
exciting force on the contact stiffness is obvious for both the
groove texture and the micro-pit texture. The contact stiffness
is increased with the increase of the force, and the contact
damping is decreased with the increase of the force. The rea-
son is that when the exciting force is increased, the bonding
effect of the bonding surface is made closer, and the ability
to resist deformation becomes large, so the contact rigidity
is increased. As the exciting force is increased, the micro-
protrusions on the contact surface are deformed, the distance
between the two bonding faces is narrowed and the gap be-
comes smaller, then the energy dissipation becomes slower,
so the damping is reduced.

4.2.3 Effect of lubrication on normal contact parameters

Through research, it is found that the main mechanism of lu-
brication for texture reduction in friction and wear. The spe-
cific process is that lubricating oil is added to the surface
so that the grooves and micro-pit textures can be stored lu-
bricating oil, supplement the oil-deficient contact area, and
when the lubricating oil is changed, it is entangled by dy-
namic pressure lubrication. Therefore, the lubrication is used
as an experimental condition to analyze the influence of the
texture on the contact stiffness of the joint surface with or
without lubrication in the paper.

Figure 19 is shown the relationship between the contact
stiffness and the excitation force of the groove texture and
micro-pit texture under the condition of lubrication and no
lubrication. The test piece joint surface is marked in the
above figure. The contact stiffness with the change trend of
the exciting force can be seen: the contact stiffness is in-
creased with the increase of the exciting force, because the
height of the microscopic protrusion on the surface of the
bonding surface is not uniform, and the exciting force is
smaller. The number of micro-protrusions in contact with
the contact surface is smaller. As the exciting force is in-
creased, the number of contact micro-protrusions gradually
is increased, and the ability to resist deformation is increased,
so the contact stiffness is increased. The analysis of the above
reveals that the presence of lubricating oil has a significant
effect on the increase in contact stiffness compared to the
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Figure 18. (a, b) The impact of exciting force on the normal stiffness (groove and micro-pits). (c, d) The impact of exciting force on the
normal damp (groove and micro-pits).

surface without the addition of lubricating oil. The reason is
that the micro-texture of the surface of the bonding surface
can be stored a certain amount of lubricating oil, filling the
gap at the time of surface contact, and forming an oil film
contact area capable of resisting contact deformation to bear
the pressure of the contact surface portion.

Comparing the contact stiffness of the grooved textured
contact surface with the contact surface with micro-pit tex-
ture as a function of the exciting force, it can be found that
the micro-pit texture is bonded to the joint surface in the pres-
ence of lubricating oil. The contact stiffness is increased by a
higher degree than the groove texture, because the lubricating
oil stored in the micro-pits is not easily lost, and the groove
texture is not closed due to the two ends, and the lubricating
oil may be lost as the groove width is increased. The effect
on the contact stiffness is reduced, and the micro-pits do not.
In general, whether it is groove texture or micro-pit texture,
the contact stiffness is significantly improved when there is
lubricating oil.

Theoretical analysis is shown that the contact area of the
bonding surface is reduced with the increase of the surface
texture, so that the number of microscopic protrusions of the
bonding surface is reduced, the energy dissipation is faster,
and the contact damping is increased. However, this effect
was not found in the experiment. The analysis may be that al-
though the number of micro-protrusions on the bonding sur-
face is reduced, the contact pressure of the contact surface is
increased at the same time, and there is coupling between the
two. Therefore, the influence of texture on contact damping
is not obvious. In general, the contact damping decreases as
the exciting force of the bonding surface is increased, and the
presence or absence of lubricating oil between the bonding
surfaces does not significantly affect the contact damping.
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Figure 19. (a, b) The impact of lubrication on the normal stiffness (groove and micro-pits). (c, d) The impact of lubrication on the normal
damp (groove and micro-pits).

4.3 Influence of surface texture on tangential contact
parameters

4.3.1 Influence of texture and exciting force on
tangential contact parameters

Figure 20 is shown that the tangential stiffness of the contact
interface is changed under different load conditions when the
test piece of the groove texture, the micro-pit texture and the
smooth test piece are in contact.

Firstly, it can be seen from Figs. 20 and 21 that the tangen-
tial contact stiffness is significantly reduced with the increase
of the tangential excitation force, whether it is a smooth test
piece or a textured sample. And the tangential contact damp-
ing is getting bigger and bigger. Because this paper aims to
measure the stiffness and damping of the contact joint sur-
face, the set excitation force is relatively small, and there is
no degree of slippage. Then, as the exciting force increases,
the contact stiffness of the tangential joint surface becomes
smaller and smaller. This is also a reasonable matter. The
greater the excitation force, the smaller the applied excita-
tion force for the tangential joint, the more likely it is that a

larger joint deformation will be obtained. The reason is that
even without a smooth surface without texture, there are still
many tiny protrusions, and the tangential joint surface is such
that the microscopic small protrusions between the surfaces
are combined with each other to resist the tangential shear
deformation. Therefore, the greater the tangential excitation
force, this combination is the more unfavorable. The micro-
scopic small bulges that are combined with each other are
less and less, so the ability to withstand the exciting force
is smaller. Therefore, as the tangential excitation force is in-
creased, the tangential contact stiffness becomes smaller and
smaller.

The relationship between the contact damping condition
of the tangential joint surface and the exciting force is oppo-
site to the normal result. The greater the tangential excitation
force, the more unfavorable the combination of the micro-
protrusions between the bonding faces. Energy dissipation is
easier, so the tangential contact damping is increased with
the increase of excitation force.

Secondly, the above figure is shown that the textured sur-
face contact stiffness is significantly lower than that of the
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Figure 20. (a, b) The impact of texture on the tangential stiffness (groove and micro-pits). (c, d) The impact of texture on the tangential
damp (groove and micro-pits).

untextured smooth surface. Moreover, as the proportion of
the convex area of the texture to the total area decreases, this
trend becomes more and more obvious. Since the texture is
machined on the tangential joint surface, for such a joint sur-
face, some voids appear in the contact surface, so that the
actual contact area is reduced, so that its actual load bearing
capacity is lowered, and the tangential contact stiffness of the
joint surface is lowered. As this ratio becomes smaller and
smaller, the contact stiffness becomes smaller and smaller.

The analysis of the above experimental results is shown
that the greater the exciting force, the smaller the tangential
contact stiffness. The existence of the texture weakens the
tangential contact, and the proportion of the convex portion
to the total area is getting smaller and smaller, and the trend
is more obvious. Therefore, an increase in the exciting force
and an increase in the texture size are disadvantageous in im-
proving the contact rigidity of the bonding face.

4.3.2 Effect of lubrication on tangential contact
parameters

In order to compare the tangential contact stiffness and con-
tact damping in the case of lubrication and no lubrication, the
change of contact surface contact stiffness and contact damp-
ing under the condition of lubrication is obtained, as shown
in Fig. 22. It is shown whether there is lubrication between
the joint surfaces of the test pieces, and the lubricated and
non-lubricated textured test pieces are respectively subjected
to contact experiments with the non-textured test pieces.

As can be seen from Fig. 22, contrary to the experimental
results of the normal contact stiffness, the contact stiffness
for the tangential contact stiffness is reduced due to the pres-
ence of a lubricant. It is believed that the presence of lubri-
cants is to reduce the tangential contact stiffness because the
effects of the lubricant are different for extrusion and shear.
Lubricating oil is to fill the gaps in the contact surface and
is to increase the pressure resistance of the contact surface
because the lubricating oil shares part of the pressure and
deformation. For the tangential contact interface, in the case
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Figure 21. (a, b) The impact of exciting force on the tangential stiffness (groove and micro-pits). (c, d) The impact of exciting force on the
tangential damp (groove and micro-pits).

of dry contact, the microscopic small protrusions before the
contact surface “hook” each other to resist shearing. The sur-
face of the bump with an oil film is covered by the presence
of lubricating oil, which makes the surface “slip”. The pro-
trusions before the two surfaces do not compress and bond
with each other very well, so the shear resistance is lowered.

First of all, it can be seen from the above figure that the
tangential contact damping increases with the increase of
the exciting force, which is contrary to the tangential con-
tact stiffness. For normal contact, the greater the excitation
force, the better the contact between the bonding surfaces,
the more unfavorable the dissipation of energy. The relation-
ship between the tangential contact damping and the exciting
force in this section is opposite to that of the normal contact.
The greater the tangential excitation force, the more unfavor-
able the combination of the surface micro-protrusions seen
on the bonding surface, and the easier the energy dissipa-
tion. Therefore, the greater the tangential excitation force,
the greater the tangential contact damping.

In addition, the analysis revealed that the tangential damp-
ing of the textured specimens was greater than that of the
non-textured specimens, with or without lubrication. More-
over, the smaller the ratio of the projections to the total area,
the greater the contact damping. Since the existence of the
texture is a decrease in the contact area between the bond-
ing faces, the tightness between the contact faces is reduced,
and the energy is more easily dissipated, so the greater the
tangential damping of the bonding faces.

5 Conclusion

This paper mainly studied the surface texture effect com-
bined with the surface contact parameters. The joint surface
contact stiffness model considering the domain expansion
factor was established. And the influence of texture on the
contact stiffness and contact damping of the joint surface was
studied in detail by measuring the texture effects of the two
different contact interface parameters in the normal and tan-
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Figure 22. (a, b) The impact of lubrication on the tangential stiffness (groove and micro-pits). (c, d) The impact of lubrication on the
tangential damp (groove and micro-pits).

gential directions. All the research on the joint surface lead
to the conclusions as follows.

1. The normal contact stiffness of the joint surface is a
function of the normal load P acting on the joint sur-
face, and there is a strong nonlinear relationship be-
tween them, especially under a rougher joint surface.
Increasing the normal load between the joint surfaces
can increase the normal contact stiffness of the joint sur-
face. When the fractal dimension D = 1.1–1.7, where
the parameters of the joint surface material are 1.0,
0.1 and 0.01 respectively, the normal contact stiffness
of the joint surface increases with the increasing frac-
tal dimension D of the joint surface. However, when
D > 1.7, the normal contact stiffness of the joint sur-
face decreases as the joint surface fractal dimension D
increases. In addition, the stiffness of the joint surface
decreases with the increase of the scale parameter G,
increases with the increase of k (the ratio of the hard-
ness of the material to the yield strength) and the mate-
rial properties φ. The variation of the tangential contact
stiffness to the normal load, fractal dimension parame-
ters and material property parameters is similar to that
of the normal contact stiffness.

2. Through a large number of experiments, the influence
of the texture size and of lubricating oil on contact stiff-
ness and on contact damping were obtained. Firstly,
as the normal excitation force increases, the contact
stiffness and the contact damping become smaller and
smaller. Secondly, the experimental results show that
the greater the roughness of the contact bonding sur-
face, the smaller the contact stiffness value. Thirdly, the
influence of the texture on the contact stiffness are as
follows: as the actual contact area decreases, the con-
tact stiffness decreases as well. Fourthly, the lubricating
oil fills the gap of the contact surface and shares the
pressure, which improves the contact stiffness.

3. The texture effect of tangential contact parameters
was experimentally analyzed. As the tangential excita-
tion force increases, the tangential contact stiffness de-
creases and the contact damping increases for the rea-
son that the tangential contact bonding surface resists
the tangential force by mutual squeezing and “hooking”
between the microscopic small protrusions of the con-
tact surface. The greater the tangential excitation force,
the less the number of hooks and more unfavorable
the combination of the surface. Meanwhile, the energy
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dissipation increases, so the stiffness reduces and the
damping increases. Both texture and lubricants can in-
crease tangential contact damping because of accelerate
energy dissipation.
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Appendix A: Nomenclature

A∗r The dimensionless true contact area PePp The normal elastic contact load, the normal plastic
contact load, respectively.

D The fractal dimension φ The material parameters
n(a′)n(a) The size distribution function of the contact point P ∗ the dimensionless normal total load acting on the

joint surface
ψ The domain expansion factor of the micro-contact

size distribution
µ The friction coefficient of the two contact materi-

als of the bonding surface
al, a′l The micro-contact cross-sectional area, the cross-

sectional area of the largest contact point respec-
tively

v The Poisson’s ratio of the two contact materials of
the bonding surface

E1E2 The elastic moduli of the two elastomers Ḡ The equivalent shear modulus of the two contact
materials of the bonding surface

p The normal load TµT The tangential force on the unit contact area, the
tangential force acting on the entire joint surface,
respectively

r The radius of the contact area K∗t The tangential contact stiffness of the joint surface
δ The normal contact deformation kt The tangential contact stiffness of the single

micro-protrusion
kn The tangential contact stiffness of the single

micro-protrusion
σy The yield strength of the softer material

Kn The normal contact stiffness of the joint surface H The hardness of the softer material
G∗ The dimensionless feature length scale parameter t The tangential force acting on the contact area a
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