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Abstract: In ultra-precision positioning equipment, the positioning accuracy is affected by the friction
characteristics, especially the pre-slip stage. At present, the research on friction mainly includes
contact theory and the dynamic friction process. There is no time variable in contact theory models,
so they only apply to the stage of static contact, while the establishment of a friction dynamics model
depends on parameter identification and cannot reflect the influence of a rough morphology and load.
Therefore, neither theory can elucidate the ultra-precise slip mechanism. In this paper, maximum
static friction force, tangential stiffness, and tangential damping models of contact surfaces were
deduced through fractal contact theory. By substituting the contact parameters into the modified
LuGre model, a dynamic slip model of the mask was established. Finally, the above model was
verified by a reticle dynamic slip measurement system. The experimental results showed that in
the pre-slip stage of the reticle, with an increase in the normal external load, the slippage of the
reticle decreased. The theoretical value calculated by the model was basically consistent with the
experimental value, and the slippage of the reticle mainly originated from the tangential deformation
and relative sliding of the contact surface. With the increase in the normal external load, the proportion
of the tangential deformation in the sliding of the entire contact surface was larger. For the change in
slippage during different motion stages, the theoretical value was close to the experimental value
after eliminating system errors such as vibration and fiber bending, which proved the correctness of
the model in this paper.

Keywords: friction; slip; contact theory; fractal

1. Introduction

In the field of ultra-precision engineering, contact and friction between mechanical
components are widespread. When a friction pair is subjected to tangential load, the
contacting surfaces slide relative to one another, which affects the performance of the
equipment. In lithography, in order to accurately project the pattern of a reticle onto a
wafer, a reticle stage carries the reticle in a reciprocating motion, and the contact between
the reticle and the stage is realized by vacuum adsorption. When the acceleration of the
stage exceeds a certain value, there is significant relative slippage between the reticle and
the chuck, which substantially affects the overlay accuracy of the lithography. In order to
avoid the excessive deformation of the reticle, the adsorption force of the chuck should be
smaller. Therefore, it is necessary to predict the slippage of the reticle from the point of
view of the contact mechanism and suppress its sliding. The friction process has become
a major problem in the ultra-precision positioning process due to its nonlinearity and
uncertainty. In the research on the friction phenomenon, two types of friction models have
been developed: a theoretical friction model for the friction mechanism and an empirical
model for the dynamic friction process.

In the study of friction mechanisms, a contact friction model of a single asperity on the
surface is usually established based on contact theory, and then the friction characteristics
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are extended to the entire surface based on a topographic characterization model. Aiming
at a contact model of a single asperity, Hertz [1] constructed an accurate model of the
contact area between the normal load and the elastic asperity; subsequently, the Johnson–
Kendall–Robert (JKR) [2], Derjaguin–Muller–Toporov (DMT) [3], and Maguis–Dugdale
(MD) [4,5] models introduced the Lennard–Jones potential [6] function to the Hertz model,
and the adhesion model of contact asperities was established. Based on the finite element
method, the Kogut–Etsion (KE) [7,8] model divided the deformation of the asperities into
four stages, fully elastic, first elastic–plastic, second elastic–plastic, and fully plastic, which
further improved the contact model. There are two main methods for the characterization
of rough surfaces: the statistical approach represented by the Greenwood and Williamson
(GW) [9] model, and the fractal theory put forward by Mandelbrot [10,11]. However, the
characterization of rough surfaces by the GW model depends on the sampling length of
the measurement. Fractal theory can realize the unique characterization of rough surfaces
by determining the fractal dimension D and fractal roughness coefficient G. In recent years,
theoretical models of contact stiffness [12–14], damping [15–17], contact area [18], static
friction [19–23], etc., have been developed based on contact theory and fractal theory. The
establishment of the theoretical friction model was based on the actual physical parameters.
However, the above models do not include differential equations related to time. Therefore,
the theoretical friction model can only describe the mechanism of static contact friction.
When two contact surfaces slide relative to each other and produce dynamic friction, the
above models are no longer applicable.

In the study of friction processes, numerous friction properties have been found, such
as pre-slip [24], friction hysteresis [25], friction memory [26], and directional friction [27].
Ultra-precision equipment requires high positioning accuracy, so these friction character-
istics need to be considered, especially pre-slip. The Coulomb model [28] was the first
proposed friction model, which introduced the concept of the friction coefficient. On the
basis of the Coulomb model, the nonlinearity in the friction process was characterized by
the Stribeck model [29], which showed the relationship between the friction force and speed
and found that in the low-speed region, the friction force decreases with an increase in
speed. Dahl [24] simulated the pre-slip and hysteresis effects of friction for the first time by
introducing differential equations. The bristle model [30] abstracted the friction resistance
into the contact deformation resistance of elastic bristles. C. Canudas De Wit et al. [31]
further divided the friction force into three parts (the bristle deformation resistance, the
damping force generated by the bristle deformation speed, and the viscous damping force)
and combined these with the Stribeck curve to propose a more complete model, the LuGre
model. Subsequently, more dynamic friction models were proposed, including the elastic–
plastic model [32], the Leuven model [33], and the GMS model [34]. The LuGre model not
only accurately simulates friction behavior, but also has certain physical significance, so it
is a very popular friction model. The above models are dedicated to accurately expressing
various characteristics in the friction process for friction compensation in combination with
control algorithms, so they are widely used in the field of control engineering [35–38], but
they greatly simplify the contact of the contact surface. In addition, the above models are
mostly used for friction compensation, and the parameters in the models (maximum static
friction, tangential stiffness, tangential damping, etc.) are obtained through parameter
identification. Therefore, the numerical values do not represent the real contact state,
nor can they be used to study the influence of a rough morphology and contact load on
slippage. In essence, they are empirical models and cannot provide guidance for the design
of subsequent contact surfaces.

There are differences between theoretical models and empirical models for friction
problems, so they have different application ranges. The mechanism of friction and slip
cannot be fully explained by theoretical models or empirical models alone. The dynamic
friction characteristics of two objects mainly depend on three important parameters: the
maximum static friction, tangential stiffness (the elastic deformation of the contact surface
under tangential load), and tangential damping (the energy dissipation of the contact
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surface during sliding) of the contact surface, and the above parameters mainly depend on
the roughness and the contact states.

In Section 1, the current mainstream contact theory model and friction dynamics model
are introduced. In Section 2, based on fractal theory and contact theory, the maximum
static friction force model of the contact surface is established. In Section 3, the contact
deformation of a single asperity under a normal load and tangential load is analyzed.
Considering fractal theory, tangential stiffness and damping models of the contact surface
are established. In Section 4, taking account of the dry friction between the reticle and
the chuck in lithography, the LuGre model is modified, and the dynamic slip model is
established. Section 5 shows the dynamic slip measurement system, which measures the
slip of the reticle under different vacuum degrees (normal load). The experimental results
showed that in the pre-sliding stage, the slippage between the reticle and the chuck mainly
originated from the deformation of the contact surface; with an increase in the normal load,
the slippage of the reticle decreased, and the theoretical value fit well with the experimental
value, which confirmed the correctness of the dynamic slip mode in this paper.

2. Maximum Static Friction Model

Thomas pointed out that most engineering rough surfaces have obvious fractal charac-
teristics [39]. According to the Yan–Komvopoulos (YK) model [40], the anisotropic fractal
function can be expressed as a function of a single variable:

Z(x) = L
(

G
L

)(D−2)( ln γ
M

)1/2 M
∑

m=1

( m
M
)(3−D)nmax

∑
n=0

γn(D−3)

×
{

cos φm,n − cos
[

2πγnx
L cos

(
πm
M
)
+ φm,n

]} (1)

where Z represents the profile height of the surface; L is the sample length; G is the fractal
roughness coefficient; D denotes the fractal dimension of the surface; γ is a parameter
that determines the density of frequencies in the surface and is a constant greater than 1,
because the height of most rough surface profiles obeys a normal distribution—in order to
reflect this feature, γ usually takes a value of 1.5; M represents the number of overlapping
ridges on the fractal surface; φm,n is the random phase; and n is the frequency index.

The contact between two rough surfaces is equivalent to the contact between the rough
surface and the ideal rigid plane [9]. When a single asperity is in contact with a rigid plane
and bears a normal load Pn, since the actual contact size of the asperity is much smaller
than its radius of curvature, the asperity can be approximately regarded as a sphere, as
shown in Figure 1.
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In Figure 1, r’ is the truncated radius of the asperity. Based on the YK model, the
deformation of the asperity is:

δ = 2GD−2
(

ln γ

M

)1/2(
2r′
)3−D (2)

The radius of the curvature of the asperity can be obtained as follows:

R =
a′(D−1)/2M1/2

25−Dπ(D−1)/2GD−2(ln γ)1/2 (3)

where a’ is the truncated contact area of the asperity, a′ = πr′2.
According to the Hertz theory, when the deformation is less than the critical elastic

deformation δec, the asperity deforms elastically, and the elastic critical deformation can be
expressed as:

δec =

(
πKH

2E

)2
R =

(
KH
E

)2 a′(D−1)/2M1/2

27−Dπ(D−5)/2GD−2(ln γ)1/2 (4)

where E is the equivalent elastic modulus of the rough contact surface, expressed as:
E−1 =

(
1− υ2

1
)
/E1 +

(
1− υ2

2
)
/E2 (E1, E2 and υ1, υ2 are the elastic modulus and Poisson’s

ratio of the two contact surface materials, respectively). H is the hardness of the softer
material; K represents the hardness coefficient; and the relationship between K and the
Poisson’s ratio v of the material is: K = 0.454 + 0.41υ.

According to Equations (2) and (4), the elastic critical truncated area of asperities a′ec
can be obtained as follows:

a′ec =

[
211−2D

π4−D

(
E

KH

)2 G2D−4

M
ln γ

]1/(D−2)

(5)

On the basis of the Hertz theory and according to the expansion law of the plastic
deformation of an asperity, the deformation of the asperity could be divided into four
stages: fully elastic (δ < δec), first elastic–plastic (1 ≤ δ/δec ≤ 6), second elastic–plastic
(6 ≤ δ/δec ≤ 110), and fully plastic (110 ≤ δ/δec). Based on Equations (2) and (4), the
fractal theory divides the deformation into four stages according to the critical truncated
area, as shown in Figure 2.
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a′epc and a′pc are the elastic–plastic and plastic critical truncated areas, respectively,
which can be expressed as:

a′epc =

[
1
6

211−2D

π4−D

(
E

KH

)2 G2D−4

M
ln γ

]1/(D−2)

(6)

a′pc =

[
1

110
211−2D

π4−D

(
E

KH

)2 G2D−4

M
ln γ

]1/(D−2)

(7)
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When the contact truncated area satisfies a′ec < a′, the asperity deforms elastically, and
the normal contact load of a single asperity can be expressed as:

Pe =
4
3

ER0.5δ1.5 =
2(11−2D)/2

3π(4−D)/2
E

M1/2 GD−2(ln γ)1/2a′(4−D)/2 (8)

In addition, according to finite element analysis and data fitting, Kogut and Etsion [7]
presented the relationship between the normal load, the real contact area, and the deforma-
tion of the asperities in first elastic–plastic and second elastic–plastic deformation stages as
follows:

Pep1 =
0.34a′1.1375+0.2875D

π4−D ME
211−2Da′ec

2.1375−0.7125DG2D−4(ln γ)

(
KH
E

)3
(9)

aep1 = 0.465× a′ec
0.568D−0.704a′1.704−0.568D (10)

Pep2 =
0.47a′0.8945+0.3685D

π4−D ME
211−2Da′ec

1.8945−0.6315DG2D−4(ln γ)

(
KH
E

)3
(11)

aep2 = 0.47× a′ec
0.573D−0.719a′1.719−0.573D (12)

When the deformation of the asperity is in the stage of the fully plastic regime, its
truncated area satisfies 0 < a′ < a′pc, and the relationship between the normal load and the
truncated area of the asperity is:

Pp = Hap = Ha′ (13)

When the normal load acts on the contact surface, the asperities in the second elastic–
plastic and fully plastic regime undergo plastic flow under the local load and can no longer
bear the tangential load. Based on the Hamilton theory [41] and the Tresca yield condition,
the expressions of the maximum static friction force of a single asperity in the fully elastic
region and the elastic–plastic region are as follows:

T =
8aσs

π(6− 3ν)
+

8(2ν− 1)
π(6− 3ν)

P (14)

where σs is the shear strength of the contact surface material.
Mandelbrot [10,11] compared the contact conditions of the asperities on a fractal rough

surface to the distribution of islands on the Earth, believing that the distribution of the
truncated contact area a’ of the asperities resembles the distribution of islands in the ocean;
thus, he proposed the following truncated contact area density distribution function for the
asperities:

n
(
a′
)
=

D− 1
2a′l

(
a′l
a′

)(D+1)/2

(15)

where a′l is the maximum truncated contact area.
The maximum static friction force of the contact surfaces is the integral of the tangential

load of the asperity in the fully elastic and the first elastic–plastic regime, which can be
expressed as:

Tt =
∫ a′ec

a′epc

Tep1n
(
a′
)
da′ +

∫ a′l

a′ec

Ten
(
a′
)
da′ (16)

where Tep1 is the maximum static friction force of the asperity in the first elastic–plastic
regime, and Te represents the maximum static friction force of the asperity in the fully
elastic deformation stage.
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3. Tangential Stiffness and Damping Models

When the asperities are subjected to normal load, the deformation is divided into four
stages. When the force is unloaded, the asperities in the fully plastic regime cannot return
to their original shape, and only energy dissipation occurs. After unloading the normal
force, the deformation of the asperities in the first and second elastic–plastic regions cannot
be completely restored. At this time, the asperities both store and dissipate energy. The
deformation process of the elastically deformed asperities is completely reversible, and
after unloading the normal force, only energy storage occurs. The amount of energy stored
depends on the stiffness of the interface, while the amount of energy dissipated depends on
the damping of the interface. Therefore, when studying the tangential stiffness of a contact
surface, it is necessary to consider the asperities in the fully elastic, first elastic–plastic, and
second elastic–plastic regimes.

A single asperity produces a circular contact area under the action of normal load
Pi; the normal stress at the boundary of the contact circle is small, while the shear stress
tends to infinity. A tangential load t of any magnitude will cause the asperity to slip in the
contact circle boundary. When the tangential load t is less than the maximum static friction
force, the contact surface is divided into an annular slip area and a non-slip area (adhesion
area), and the asperities appear to slip locally, as shown in Figure 3. A narrow slip ring
corresponds to a small tangential load, and as the tangential load increases, the slip ring
becomes wider. When the tangential load reaches the maximum static friction force, the
contact surface is completely occupied by the slip area, and the entire asperity begins to
slip tangentially.
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When two rough surfaces are in contact and bear a tangential load, the asperity will
slide locally, and the tangential load and tangential displacement of a single asperity have
the following relationship [42]:

t = µtPi

[
1−

(
1− 16G′δx

3µtPi

)3/2
]

(17)

where G′ is the equivalent shear modulus of the contact surface, which satisfies the relation
1/G′ = (2− υ1)/G1 + (2− υ2)/G2; and µt is the friction coefficient of the contact surface.

In this study, the ratio of the tangential load to the normal load for a single asperity
is equivalent to the ratio of the tangential load to the normal load for the entire contact
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surface, that is, t/Pi = T/P. Thus, the tangential stiffness of a single asperity in contact can
be obtained:

kτ =
dt

dδx
= 8G′r

(
1− t

µtPi

)1/3
=

8G′a1/2

π1/2

(
1− T

µtP

)1/3
(18)

The total tangential stiffness of the contact surfaces can be obtained as:

Kτ =
∫ a′epc

a′pc

kτep2n
(
a′
)
da′ +

∫ a′ec

a′epc

kτep1n
(
a′
)
da′ +

∫ a′l

a′ec

kτen
(
a′
)
da′ (19)

where kτep2 is the tangential stiffness of the asperity in the second elastic–plastic regime,
kτep1 is the tangential stiffness of the asperity in the first elastic–plastic regime, and kτe
represents the tangential stiffness of the asperity in the fully elastic deformation stage.

When contact surfaces are subjected to both normal load and tangential alternating
load, and the tangential load does not exceed the maximum static friction force, the asperity
presents a slip ring, as shown in Figure 3, and the tangential displacement and load of
the asperity form a closed elliptic curve, as shown in Figure 4. The energy dissipation in
one loading cycle is equal to the area of the closed curve formed by the displacement and
the load.
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The energy dissipation of the contact surface occurs in the plastic deformation stage,
so the damping model mainly considers the asperities in the first elastic–plastic regime
and the second elastic–plastic regime. The elastically deformed asperities only store energy,
and the energy is released after the tangential force is unloaded. Therefore, the energy
storage involves asperities of the fully elastic regime, first elastic–plastic regime, and second
elastic–plastic regime.

In one cycle of tangential alternating load, the tangential damping energy consumption
of a single asperity is expressed as [42]:

wtd =
9µ2

t P2
i

10G′r

{
1−

(
1− T

µtP

)5/3
− 5T

6µtP

[
1 +

(
1− T

µtP

)2/3
]}

(20)

The total energy dissipation on the contact surface is the synthesis of the energy
dissipation of all asperities. The energy dissipation of all asperities in the first and second
elastic–plastic regime on the contact surface is as follows:

Wtd =
∫ aec

aepc
wdep1n

(
a′
)
da′ +

∫ aepc

apc
wdep2n

(
a′
)
da′ (21)

where wdep1 is the energy dissipation of the asperity in the first elastic–plastic regime, and
wdep2 is the energy dissipation of the asperity in the second elastic–plastic regime.
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In one cycle of the tangential excitation force, the maximum energy required for the
tangential displacement of a single asperity is the integral of the tangential load with respect
to the tangential displacement, which can be written as:

wt =
∫ δx

0
tdδx =

3π0.5µ2
t Pi

2

16G′a0.5

[
3
5
−
(

1− T
µtP

)2/3
+

2
5

(
1− T

µtP

)5/3
]

(22)

The energy storage of the contact surface is the sum of the energy storage of all
asperities in the fully elastic region, the first elastic–plastic region, and the second elastic–
plastic region, which can be written as:

Wts =
∫ al

aec
wten

(
a′
)
da′ +

∫ aec

aepc
wtep1n

(
a′
)
da′ +

∫ aepc

apc
wtep2n

(
a′
)
da′ (23)

where wte represent the energy storage of the asperity in the fully elastic regime, wtep1 is
the energy storage of the asperity in the first elastic–plastic region, and wtep2 is the energy
storage of the asperity in the second elastic–plastic regime,

According to the Sabot theory [43], the tangential damping of the rough contact surface
can be obtained by the following formula:

Cτ =
Wtd
Wts

(mKτ)
1/2 (24)

where m is the is the mass of the slider.

4. Dynamic Slip Model

The dynamic friction of a contact surface is characterized by nonlinearity and un-
certainty, which is a major problem to be solved in the high-precision positioning of
ultra-precision equipment. The relative sliding of the two contact surfaces can be divided
into two stages: pre-slip and macro-slip. The LuGre model, as the most popular dynamic
friction model, is derived from the bristle model, which regards the asperity on the rough
surface as a bristle with a certain stiffness. When there is a relative velocity between the
two surfaces, the bristle deforms and generates resistance, as shown in Figure 5.
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Figure 5. Contact based on bristle model.

In the pre-slip stage, there are two sources of friction, the elastic resistance generated
by the deformation of the bristles and the damping force created during the deformation
of the bristles, and the relative displacement is reflected in the deformation of the bristles.
When the deformation of the bristles reaches the maximum, macro-slip appears between
the contact surfaces, the deformation of the bristles remains at the maximum value, and
the friction force obeys the Stribeck curve. During this process, the frictional force changes
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depending on the relative velocity, damping, and viscosity of the contact surfaces. The
LuGre model is shown in Equation (25) [31]:

Ff = σ0z + σ1
dz
dt + σ2v

dz
dt = v

(
1− sgn(v) σ0z

g(v)

)α

g(v) = Fc + (Fs − Fc)e−(v/vs)
β

(25)

where z is the equivalent deformation of the bristles; σ0 is the equivalent stiffness of all
bristles on the contact surface; σ1 is the equivalent damping of all bristles on the contact
surface; dz/dt is the deformation speed of the bristles; σ2 represents the coefficient of
viscosity of all bristles on the contact surface; v is the relative sliding velocity of the contact
surfaces; and g(v) is the friction force based on the Stribeck curve.

In lithography, the reticle stage causes the reticle to move through vacuum adsorption;
the driving force of the stage comes from a linear motor, and the reticle is driven by the
friction force from the vacuum chuck. The friction force depends on the contact between
the reticle and the chuck and the dynamic friction characteristics. The dynamic friction
slip model of the reticle included two parts: (1) the dynamic model of the reticle and the
stage and (2) the friction model of the contact surfaces. During the movement of the stage,
the dynamic model of the reticle and the chuck is equivalent to a spring-damped vibrator
model, as shown in the Figure 6. Ff is the friction force between the contact surfaces, m1 is
the quality of the stage, m2 is the quality of the reticle, Kτ is the equivalent stiffness of the
contact surface, and Cτ is the equivalent damping of the contact surfaces.
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Figure 6. Equivalent contact model for reticle and chuck.

The relative sliding between reticle and chuck represents dry friction, and there is no
obvious displacement during the actual movement, so there was no need to consider the
viscosity between the contact surfaces. In Equation (25), the equivalent stiffness σ0 could
be replaced by the tangential stiffness Kτ , and the damping σ1 could be replaced by the
tangential damping Cτ .

In the pre-slip stage, the tangential deformation of the contact surface is less than
the maximum deformation, and as the relative sliding speed or sliding distance increases,
the friction process reaches a macro-slip state. In this case, the tangential deformation of
the contact surface remains at the maximum value, the change in friction depends on the
change in damping force, and the maximum tangential deformation of the contact surface
could be expressed as:

zmax =
Fs

Kτ
(26)

In the pre-slip stage, the Stribeck friction is approximately equal to the maximum
static friction of the contact surface, that is, g(v) ≈ Fs. Therefore, the slip model of the
reticle could be expressed as:

Ff = Kτz + Cτ
dz
dt

dz
dt = v

(
1− sgn(v) σ0

Fs
z
)α

∆x =
∫ (

a(t)− Ff
m1
− Ff

m2

)
tdt

(27)
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where ∆x is the slippage of the reticle relative to the chuck and a(t) is the acceleration of
the reticle stage.

5. Experiment
5.1. Surface Morphology Measurement

In lithography, the reticle is fixed on the reticle stage by a pair of vacuum chucks. In
order to simulate the actual working conditions of lithography, a pair of fused silica chucks
with nano-roughness were processed and combined with a 6-inch standard reticle to form a
friction pair. The material of the reticle was quartz ceramic, and the roughness of its contact
surface (Ra) was <1 nm. The reticle surface and the chuck adsorption surface were scanned
and measured with a three-dimensional profiler. The sampling spacing was 0.8 µm, the
sampling length was 1 mm, and the contact surfaces are shown in Figure 7.
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Figure 7. Reticle and chuck and their surface morphology. 1© represents the fused quartz surface of
the chuck, and 2© represents the quartz ceramic surface of the reticle.

According to the measurements, the surface roughness of the chuck (Ra) was 1.50 nm,
and the surface roughness of the reticle was 1.22 nm. When two surfaces come into contact,
the equivalent surface can be replaced by the difference between them. In this paper,
the fractal dimension D of the equivalent surface was determined based on the 3D-RMS
method [44]. D determined the details of the surface, and the roughness parameter G
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determined the height of a single asperity on the surface. Therefore, after determining D,
the roughness coefficient of the contact surface was calculated based on the roughness. The
fractal dimension and roughness coefficient of the chuck, reticle, and equivalent surface are
shown in Table 1.

Table 1. D and G confirmed by 3D-RMS method.

Surface D G

Chuck 2.9271 1.125 × 10−11 m
Reticle 2.7532 6.653 × 10−13 m

Equivalent surface 2.8821 7.768 × 10−12 m

5.2. Slip Measurement

The reticle stage drives the reticle to complete a reciprocating motion. During the
acceleration and deceleration of the stage, the reticle slides. In order to measure the sliding
of the reticle during movement, a dynamic slip measurement system was designed, as
shown in Figure 8. The system included a reticle, vacuum chuck, vacuum system, linear
stage with air bearings, and laser interferometer. The maximum vacuum produced by the
vacuum system was 80 kPa. The displacement resolution of the laser interferometer was
0.4 nm. In order to reduce the influence of external noise on the experimental system, a
sound-proofing mechanism was also designed.
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measurement system; (b) dynamic friction sliding measurement experiment.

The area of the adsorption surface of the chuck was 909 mm2. The nominal contact
area was 2101.72 mm2. When the reticle was in contact with the chuck, the normal external
load F included the gravity of the reticle and the pressure generated by the vacuum, which
could be expressed as:

F = AvPv + Gr (28)

where Av is the area of the adsorption surface, Pv represents the vacuum degree, and Gr is
the gravity of the reticle.
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The size of the reticle was 152. 4 mm × 152.4 mm × 6.34 mm, with a mass of 0.321 kg.
The material parameters [45,46] of the reticle and chuck are shown in Table 2.

Table 2. Reticle and chuck material parameters.

Material Quartz Ceramic Fused Silica

Young’s modulus E (GPa) 70.5 90.3
Shear modulus G (GPa) 30.2 36.3

Hardness H (GPa) 1.372 6.5
Yield strength σs (MPa) 490 500

Poisson’s ratio υ 0.164 0.243

Based on the model described in Sections 2–4, the maximum static friction, tangential
stiffness, tangential damping, and maximum tangential deformation between the reticle
and chuck were obtained for chuck vacuum degrees of 0.6 kPa, 2 kPa, 4 kPa, 7 kPa, 10 kPa,
and 20 kPa, as shown in Table 3.

Table 3. Contact parameters between reticle and chuck under different vacuum degrees.

Vacuum
Degree (kPa)

Normal
External
Load (N)

Maximum
Static

Friction (N)

Tangential
Stiffness

(N/m)

Tangential
Damping

(Ns/m)

Maximum
Tangential

Deformation
(nm)

0.6 3.6912 0.4868 1.4878 × 107 771.0516 32.7295
2 4.9638 0.7372 2.1478 × 107 708.8274 34.3235
4 6.7818 1.0861 3.0343 × 107 712.2624 35.7941
7 9.5088 1.7201 4.5509 × 107 749.7264 37.7969

10 12.2358 2.4402 6.1890 × 107 799.5422 39.4280
20 21.3258 5.7685 1.3173 × 108 994.1022 43.7903

In lithography, the motion process of the reticle stage in a single cycle is as follows:
static–acceleration phase–uniform motion phase–deceleration phase–static. The greater
the acceleration of the stage, the greater the friction required by the reticle to ensure
synchronous movement. In the experiment, the maximum speed of the positioning stage
was set to be 0.5 m/s, and the maximum acceleration was 1 m/s2, as shown in Figure 9.
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The theoretical slip and deformation of the contact surfaces could be obtained by sub-
stituting the parameters in Table 3 and the acceleration curve into Equation (27). Figure 10
shows the comparison of the theoretical deformation and slippage and the measured slip-
page of the contact surface under different vacuum degrees. It can be seen from Figure 10
that with the increase in the normal external load, the slip of the reticle showed a decreasing
trend; the slippage did not exceed the maximum deformation of the contact surfaces; and
the friction was in the pre-slip stage. In a reciprocating motion cycle, the variation trend of
the theoretical slip with time was basically consistent with the experimental value.
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When the reticle stage reached the steady acceleration phase (0.25 s~0.6 s) from static
(0.0 s), we measured the average slippage between the reticle and the chuck for suction-cup
vacuum degrees of 0.6 kPa, 2 kPa, 4 kPa, 7 kPa, 10 kPa, and 20 kPa, as shown in Table 4.
In this state, the reticle demonstrated a forward slip, and the average error between the
theoretical value and the experimental value of the slippage was 2.93~27.72%.

Table 4. Theoretical value, experimental value, and error of slippage (static to steady accelera-
tion phase).

Vacuum Degree
(kPa)

Theoretical Value of
Slippage (nm)

Experimental Value
of Slippage (nm) Theoretical Error

0.6 40.85 33.05 23.60%
2 21.36 17.36 23.04%
4 13.27 10.39 27.72%
7 8.09 7.86 2.93%
10 5.70 6.03 5.47%
20 2.58 2.46 4.88%

Table 5 shows the average slippage between the reticle and the chuck under different
vacuum degrees from the stable acceleration phase (0.25 s~0.6 s) to the uniform motion
phase (0.73 s~1.5 s) of the reticle stage. At this time, the acceleration dropped to 0 m/s2, the
deformation between the reticle and the chuck started to recover, and the slippage decreased.
The average error between the theoretical value and the experimental value of slippage was
2.88~404.26%. When the true space was 20 kPa, the maximum error was 404.26%, which
was due to the deformation of the optical fiber of the laser interferometer, resulting in an
insufficient slippage change (0.47 nm) for the reticle from the stable acceleration phase to
the uniform movement phase of the reticle stage. In addition, when the vacuum degree
was 0.6 kPa, the error between the theoretical slippage and the experimental value was
55.81%, due to the relative displacement between the reticle and the chuck.

Table 5. Theoretical value, experimental value, and error of slippage (stable acceleration phase to
uniform motion phase).

Vacuum Degree
(kPa)

Theoretical Value
of Slippage (nm)

Experimental Value
of Slippage (nm) Theoretical Error

0.6 −10.00 −22.63 55.81%
2 −10.04 −11.17 10.12%
4 −8.30 −8.75 5.14%
7 −6.08 −6.26 2.88%
10 −4.56 −4.06 12.32%
20 −2.37 −0.47 404.26%

When the reticle stage moved from the uniform motion phase (0.73 s~1.5 s) to the
stable deceleration phase (1.65 s~2.0 s), we measured the average slippage and error of
the reticle under different chuck vacuum degrees, as shown in Table 6. In this process, the
acceleration of the reticle stage was negative, and the reticle demonstrated a reverse slip.
The average error between the theoretical value of slippage and the experimental value
was 6.44~21.78%.

Table 7 shows the average slippage and error of the reticle under different vacuum
degrees from the stable deceleration phase (1.65 s~2.0 s) to static (2.3 s). At this time,
the acceleration of the reticle stage decreased, and the deformation between the reticle
and the chuck began to recover. The average error between the theoretical value and
the experimental value of the slippage was 12.21~51.46%. When the vacuum degree was
0.6 kPa, the normal load between the reticle and the chuck was too small, and there was a
relative displacement between the contact surfaces, resulting in a large difference between
the theoretical slippage and the experimental value.
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Table 6. Theoretical value, experimental value, and error of slippage (uniform motion phase to stable
deceleration phase).

Vacuum Degree
(kPa)

Theoretical Value
of Slippage (nm)

Experimental Value
of Slippage (nm) Theoretical Error

0.6 −40.41 −43.92 7.99%
2 −21.16 −24.31 12.96%
4 −13.24 −11.44 15.73%
7 −8.10 −7.61 6.44%
10 −5.95 −5.51 7.99%
20 −2.55 −3.26 21.78%

Table 7. Theoretical value, experimental value, and error of slippage (stable deceleration phase
to static).

Vacuum Degree
(kPa)

Theoretical Value
of Slippage (nm)

Experimental Value
of Slippage (nm) Theoretical Error

0.6 13.8 28.43 51.46%
2 11.76 14.24 17.42%
4 8.76 11.02 20.51%
7 6.29 8.1 22.35%
10 4.89 5.57 12.21%
20 2.34 2.06 13.59%

In addition, it can be seen from Figure 10 that the slippage between the reticle and
the chuck included the deformation and relative displacement of the contact surfaces.
When the vacuum degree was larger, the proportion of contact surface deformation in the
slippage was larger. This was mainly because the tangential stiffness of the contact surfaces
increased with the increase in normal load.

6. Conclusions

The friction-slip process between contact surfaces is divided into the pre-slip and
macro-slip. In ultra-precision equipment, the positioning accuracy is affected by the friction
characteristics, especially the pre-slip. The main factors influencing the pre-slip are the
maximum static friction force, tangential stiffness, and tangential damping; the maximum
static friction force and tangential stiffness together determine the critical state of the contact
surface transitioning to macroscopic sliding. Based on contact theory, maximum static
friction, tangential stiffness, and tangential damping models of a contact surface were
established in this paper. Then, by modifying the LuGre model and introducing the above
contact model, a dynamic slip model was established.

In order to verify the accuracy of the dynamic slippage model based on contact theory,
we built a dynamic slippage measurement system by simulating the contact and movement
process between a lithographic reticle and chuck. The experimental results showed that
when the vacuum degree of the chuck was 0.6 kPa, 2 kPa, 4 kPa, 7 kPa, 10 kPa, or 20 kPa,
and the acceleration of the stage formed a trapezoidal wave with a maximum value of
1 m/s2, there was a pre-sliding phenomenon between the reticle and the chuck. It was
found from the measurement results that with the increase in normal load, the slippage
of the reticle decreased, and the theoretical value was consistent with the experimental
value. When the movement process of the reticle stage changed, the overall error between
the theoretical slip of the reticle and the experimental value was small; when the vacuum
degree was 2 kPa, 4 kPa, 7 kPa, or 10 kPa, the error between the theoretical slippage and
the experimental value was less than 30%. However, the relative displacement between
the contact surfaces caused errors. When the vacuum degree was 0.6 kPa, due to the
obvious relative displacement between the reticle and the chuck, the error between the
theoretical slippage and the experimentally measured slip was large, and the maximum
value was not more than 60%. In addition, when the vacuum degree was 20 kPa, the
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slippage measured in the experiment was too small due to the bending of the optical
fiber of the laser interferometer from the stable acceleration phase to the uniform motion
phase of the reticle stage, which led to a large error between the theoretical value and the
experimental value.
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