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Abstract; For the smaller thrust, it is difficult to achieve 3D trans-scale precision positioning based on previous
stick-slip driving. A large thrust trans-scale precision positioning stage is studied based on the inertial stick-slip
driving. The process of the movement is divided into two steps, i. e. , the "sliding” phase and the "stickness” phase.
In the whole process, the kinematics model of the inertial stick-slip driving is established, and it reveals some fac-
tors affecting the velocity of inertial stick-slip driving. Furthermore, a simulation of movement is preformed by
Matlab-Simulink software, and the whole process of the inertial stick-slip driving is displayed. After one experi-

mental prototype is designed, the back and forth velocity is tested. Finally, the simulation verifies the accuracy of
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the kinematics model.
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0 Introduction

Micro-driving system, which is widely ap-
proved in technology and industry, is a very im-
portant part of micro electro mechanical system
(MEMS). Because of the advantages of the high
displacement positioning accuracy, fast response,
large driving force, low driving power and the
wide working frequency, etc, the piezoelectric ce-
ramic actuators have been comprehensively uti-
lized in precision machinery. Usually, majority of
positioning and operation are driven directly by
PZT in precision positioning technology. Howev-
er, the devices of PZT actuator work in lower mi-
cron range, or even in sub-micron range. At
present, the large trans-scale precision positio-
ning technology, with not only nanometer posi-

tioning accuracy, but also millimeter moving
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range even greater movement scale, has become
crucial technical issues in the field of nanotechnol-
ogy. For the sake of micro-operation and observa-
tion in the limited space, some scholars extend
the moving range to tens of millimeter by means
of accumulating deformation of piezoelectric ce-
ramics. Some typical trans-scale precision positio-
ning technologies have been further studied for
now, such as macro-micro hybrid driving, piezoe-
lectric ultrasonic motor driving, piezoelectric
inchworm driving, stick-slip driving, and so on.
Inertial stick-slip driving technology, which has
better flexibility and higher integration, also sat-
isfies the above requirement. It has an extensive
application prospect in the field of nanotechnolo-
gy, such as cell operation, burning disks, assem-

bly and packaging of MEMS device, etc-?,

» Corresponding author: Zhong Bowen. Lecturer, E-mail: zhbw(@ suda. edu. cn.

How to cite this article; Li Zongwei, Zhong Bowen, Wang Zhenhua, et al. Large thrust trans-scale precision positioning
stage based on inertial stick-slip driving[J]. Trans. Nanjing U. Aero. Astro., 2015,32(2):204-209.

http://dx. doi. org/10. 16356 /j. 1005-1120. 2015. 02. 204



No. 2 Li Zongwei, et al. Large Thrust Trans-scale Precision Positioning-+- 205

-

1 Principle of Inertial Stick-Slip

Driving

Specifically, the driving is divided into step-
ping-mode and scanning-mode™*'. In the step-
ping-mode, the sawtooth wave and the principle
of an inertial stick-slip driving are shown in
Fig. 1(a). Driving the step signal from @ to @,
the power drives the piezoelectric ceramic in great
acceleration motion. Meanwhile, slider and iner-
tial mass generate different micro displacement in
two opposite directions. The sum of the displace-
ment of slider and inertial mass is equal to the de-

When the

driving signal applied on the piezoelectric ceramic

formation of piezoelectric ceramic.

is from @ to @, the slider holds its position un-
der the effect of friction force, but the inertial
mass walks toward the slider. As a result, the
model of inertial stick-slip driving fulfills a cycle
of displacement AX,. Repeating the process of
movement, the model will achieve the accumula-
tion of displacement step by step. The aim of
large trans-scale movement accomplishes.

The total displacement of such a macro/mi-

cro arrangement is written as
X(0) =Xy + Xeww = D2 AX, + V() (D

where the displacement of the stepping-mode X,
is replaced by a sum of steps AX;., which have

previously been performed, and X.., the displace-

U PZT actuator
Inertial mass

—>

@

N\

(a) Driving signal (b) Displacement of every step

Fig. 1 Principle of inertial motion

ment of the scanning-mode. There is function re-
lationship between voltage values V(¢) and X....
Approximately, the displacement of the seanning-

mode X, is linear with input voltage V(¢).
2  Model of Inertial Stick-Slip Driv-
ing

Actually, the model of inertial stick-slip
driving can be described as two degrees of free-

dom system. As shown in Fig. 2.

Fig. 2 Kinematics model of inertial stick-slip driving

Under the action of external electric field,
PZT actuator will produce the accumulation of
charges which is called polarization. PZT pro-
duces strain under the both action of outer and in-
ner electric field®”. PZT can be considered as a
big capacitance in electric field. According to the
capacitance charge-discharge formula, the voltage
on both ends of PZT actuator V (¢) can be ex-

pressed as

V) =V, +V, = V) x[1—e 7 ] (2)
where V is initial voltage, V, the voltage of ex-
ternal electric field, R the resistance of Charge-
discharge circuits, and C the equivalent capaci-
tance of PZT.

Apparently, the deformation of PZT can be
described as

Xp:n'dgg'v(t):n'dgg' {VQ+

(V, =V e [1—e ™7} (3)
where V, =0, V, is the output value of the driv-
ing power, and V, =V. Therefore, the Eq. (3)
can be simplified as

X,=nedy- (VX[1—e(®) ]y (D)
Otherwise, according to the piezoelectric equation
Vi

P

5:533'U+d33° (5)
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where ¢ is the strain of piezoelectric in the direc-
tion of axis d//l=X,/(nt,), Ss; the modulus of
elasticity of piezoelectric, ¢ the stress of piezoe-
lectric in the direction of axis, ds; the piezoelec-
tric constant, V,, the voltage of driving, and ¢,

the thickness of piezoelectric.

Xp o Vin o - Fp Vin
nt, - Ssa o+ dss t) - Sss A + dss t
(6)

where F, is generated by PZT and imposed on sli-
der and inertial mass. F, can be observed as

F :dggA X,A
" Sy t, nt,Ss;

Vm - (7)

Like the two degrees of freedom system, the mo-
tion of the inertial stick-slip driving can be de-
scribed by differential equation. The equation of

motion can be written as

ny 0 X] (:1 +(/‘/, 7("/’ X1
.|t . . ) |+
0 n, X2 7(//) (//, +(/3 X2
K, +K, - K, X, B
—K, K,+K,| |x,|
— F, —m; gsina
P , (8
F,—F, —sgn(X,)F, —m;gsina
When the inertial stick-slip driving system is in
horizontal plane, i. e. =0, stiffness damping co-
efficients C, =0, K,=0, C;,=0, K;=0, and the
external load F;,=0, Fy=0, Eq. (8) can be sim-
plified as

n, 0 Xl C/, 7C/) Xl
. |t .|+
O n, Xg C/) C/) X2

K, —K,][X, —F,
~K, K, ||X.| |F, —sgn(X)F,

D)

Eq. (9) is the form of second-order matrix. More
simplified form is shown as

lelerng:*sgn(Xz)F# (10)

We can approximate displacement X, with X, +

X, of m, in Eq. (10) to obtain the equation of mo-
tion in its simplified form as

—sgn(X)F, +m X,

m, +m,

Xzz

(1D

Specifically, F, is the friction between the sub-

P
strate and slider. Coulomb friction model is used

to calculate the friction forcet™.

jo X, =0
Ifsgn(Xg)-F, X, #0
where F,= Gm; +m,) gus p is the friction coeffi-

F,— (12)

cient between the slider and the environment
ground.

Based on the driving principle and the kine-
matics model of the inertial stick-slip driving sys-
tem, the process of the movement will be execu-
ted by Matlab-Simulink software. The aim is to
understand the principle of inertial stick-slip driv-
ing, and obtain displacement and velocity curves.
Intuitively, the effect of the friction force and the
mass of slider and inertial part on the movement
have been discovered in theory.

Fig. 3 is the simulation process diagram of

inertial stick-slip driving system. The parameters

used in simulation are shown in Table 1.

Fig. 3 Simulation diagram in Matlab-Simulink

Table 1 Parameters in dynamic model simulation
Parameter Symbol Value
Piezoelectric ;
Ao —12
coefficient/(m « V) 5 72010
Number of layers n 50
Equivalent capacitance/pF C 0.18
Resistance/Q R 60
“harge-disch
(A arge-discharge - 10.8
time constant/ps
Step voltage/V \% 150
Mass/kg m 0.003 14
Mass/kg ms 0.004 18
Coefficient of friction P 0.3

According to the parameters given in Table 1
and the simulation model shown in Fig. 3, the

displacement curves of PZT, inertial mass, slider
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and the instantaneous velocity curves of inertial

mass, slider can be obtained, as shown in Fig. 4.
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Fig. 4 Displacement and instantaneous velocity

In Fig. 4, the PZT actuator is driven by the
sharply rising signal from @O to @. The slider
walks toward the positive direction, while the in-
ertial mass goes toward the negative direction.
The sum of the displacement of slider and inertial
mass is equal to the deformation of piezoelectric
ceramic, i.e. | X,— X, [=|X,]|.

When PZT shortens slowly, i. e.
phase, corresponding to @ and @ in Fig. 1(a),

U . U
" stick”

the state of motion of slider can be described as
X,=0, X,=0. In the sticking phase, F, is static
{riction, which is be concerned with F,, as shown
in Eq. (13).

F,|=|F, —mX, |< Gn, +m)gu (13)

Repeating the process of the movement, the

inertial stick-slip driving model achieves accumu-
lating the displacement of every single step.
Commonly, we call it the stepping-mode move-

ment.

3 Design and Experiment
3.1 Structure design

According to the inertial stick-slip driving
principle, a large thrust trans-scale precision po-
sitioning platform has been designed, which is
driven by PZT stack actuator (5 mm X 5 mm X
6 mm). The maximum deformation of PZT is
5.34 pm under 150 V. The friction between the
axle and the V-groove can be adjusted by the

spring. The length of the spring is 30 mm and the

stiffness of the spring is 0. 38 N/mm. The mass
of slider and inertial part will be transformed by
means of increasing or reducing the number of
copper billet on each side. The movement range
of the prototype is 20 mm along the direction of
the PZT deformation. The thrust of the proto-
type will reach 8 N. Each part of the thrust trans-

scale inertial stick-slip driving platform is shown

in Fig. 5.

Fig. 5 3D model of inertial stick-slip driving

3.2 Prototype experiment

A prototype of novel trans-scale precision po-
sitioning stage based on the inertial stick-slip
effect is processed and the prototype will be test-

ed by the equipments shown in Fig. 6.

Fig. 6

Experimental equipments in prototype testing

Referring to the Eq. (11) and the result of
simulation of inertial stick-slip movement, the
characteristics of kinematics of inertial stick-slip
driving system relates to the mass of slider and
inertial part, friction, the frequency of the input
voltage, etc.

In the experiment, the form of wave is gen-
erated by waveform generator. To test the for-

ward and the backward velocity, two types of



208 Transactions of Nanjing University of Aeronautics and Astronautics

sawtooth wave are inputted, respectively. Moreo-
ver, the external step voltage is applied to inertial
stick-slip stage by the PZT driving power. Poly-
tec laser vibrometer records the displacement of
the prototype, and the actual forward displace-
ment curve in Fig. 7 is similar to the simulation
result in Fig. 4 (a). The forward and the back-

ward velocities are as follows

X
v,—V+ (14
v,:% (15)

where v is the forward velocity, v_ the back-
ward velocity, X the forward displacement, X_
the backward displacement, T the time taken by
the forward walking, and T_ the time taken by
the backward walking.

g
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=
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Fig. 7 Forward displacement curve of prototype

As discussing the mass of inertial part effect
on the velocity of the inertial stick-slip driving
stage, the friction F,, the frequency of the input
voltage f and the amplitude the input voltage U
are considered as constant. The mass of slider m,
is 3. 12 g. The mass of inertial part m, is inde-
pendent variable, and the velocity of the stage V
is induced variable. Increasing or decreasing the
mass of inertial part is available by adding or tak-
ing down the copper billet from the stage. The
result is shown as Fig. 8.

In Fig. 8, the bigger the mass of inertial part
is, the faster the stage work. In other word, the
stage walks more quickly along with the mass of
inertial part increasing. Besides, the forward ve-
locity comes closer to the reverse one when the
mass of inertial part increases. The rule shown in
Fig. 8 matches the Eq. (11) in the kinetics model.

Moreover, in Eq. (11), the characteristics of
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Fig. 8 Mass of inertial part m, affecting velocity

kinematics of inertial stick-slip driving system is
related to F,. To study the friction impact on the
process of the movement, the adjusting nut is
screwed to compress or loosen the spring. Differ-
ent length of spring supply different pressure on
the axle, and that means different friction on the
contact interface. Obviously, the larger the de-
formation of the spring is, the larger the friction
is. Some data have been sorted as shown in

Fig. 9.

Velocity / (mm * s )

10 12 15 18 20 22
Deformation of spring / mm

Reverse velocity (mm/s)

Forward velocity (mm/s)

Fig. 9 Deformation of spring affecting velocity

In the experiment, the mass of the slider
m;=3.12 g, the mass of inertial part m, =4. 18
g, the frequency of the input voltage f=1 kHz,
the amplitude of the input voltage U=90 V. All
in all, it is concluded that the stage walks more
slowly along with the friction on the contact in-
terface increasing. In addition, there is more
difference between the forward and the reverse
velocities. The experimental result is correspond-

ing to the above kinetics model.

4 Conclusions

The background and the principle of inertial

stick-slip driving are introduced. An initial ap-
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proach in movement modeling of inertial stick-slip
driving stage is put forward. The process of the
movement is divided into two steps, the "sliding”
phase and the "stickness” phase. The movement
of the inertial stick-slip driving is simulated by
Matlab-Simulink software. Furthermore, a large
thrust trans-scale precision positioning platform is
designed. Some experiments are conducted on the
platform to verify the accuracy of the kinetics
model. Obviously, there is a close relationship
between the velocity and some system parame-
ters, the mass of slider and the friction on the
surface. Roughly, the larger the mass of inertial
part is, the faster does the prototype work. But
the prototype walks more slowly along with the
friction increasing. It is different between the for-
ward velocity and the reverse velocity. Two rea-
sons are taken into account: (1) PZT responses
differently in two types of input signal, which are
sharp rising and sharp dropping. (2) The friction
between the slider and the substrate is different in

the forward direction and the reverse direction.
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