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Abstract: A novel double-foot piezoelectric linear motor is proposed. The kinematic model of the motor under step-

ping motion is presented. The motor mainly consists of a stator with four piezoelectric stacks, a mover, a holding

mechanism, and a preloading mechanism to achieve large stroke with high resolution. Finite element simulations

are carried out to analyze the motion characteristics of the motor. A prototype is fabricated and a serial experiments

are conducted to validate the feasibility of the motor principle. Experimental results indicate that the motor can

move at a speed of 670. 22 pm/s with a driving frequency of 120 Hz and a voltage of 120 V. The resolution of the

proposed motor is 3. 6 um while the resolution of the single-step motion is 0.1 pm.
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0 Introduction

Taking advantages of simple structure, high
precision, quick response as well as low power
consumption, piezoelectric linear motors have

(4] " These mo-

shown wide application prospect
tors can be classified into resonant and non-reso-
nant types by vibration mode. Resonant piezoe-
lectric motor is a conventional type with the ad-
vantages of flexible design, high load capacity and

5-9J " The main disadvantages of this

small size
type is that motion of the motor would be unsta-
ble as the system must work under resonance
state which is used to amplify the displacement of
driving element and it will be easily affected by
the environment. When the working frequency of
the system has small difference with the resonant
frequency, it may cause obvious fluctuation in the

]

performance of motor'”). Non-resonant piezoelec-

tric motors utilize the piezoelectric stack as the
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core driving element. Since the piezoelectric mo-
tor can output a large displacement with small
driving voltage, the motor will work stably with-
out resonant state.

Various kinds of piezoelectric actuators with
piezoelectric stack have been developed by previ-
9

ous researchers. The inchworm motor® *! and in-

(10121 are two important categories

ertial motor
among them. The inchworm motor is a kind of
bionic motor with the advantages of strong load-
ing capacity and high precision accuracy. The de-
vice usually has the drawback of complex struc-
ture and assembling. Another type of motor
based on inertial driving principle often has a high
holding and a high pushing force. However, it
puts forward high demands on driving signal and
control system.,

According to the different ways of producing
linear motion, the work modes of non-resonant

piezoelectric motors can be classified into three
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categories, i. e. , straight moving mode, step ac-
tuation mode, and continuous actuation mode. In
straight moving mode, a movement is generated
by pushing the mover with force of piezoelectric
stack itself. The motor with this mode has the
drawback of limited stroke. The motor with step
actuation mode usually achieves large stroke and
operates in a quasi-static mode. However, these
motors always have complex mechanism and high
demands on fabrication. When a driving signal
with high frequency is applied to the motor, the
motor will work in a continuous actuation mode.
The high frequency drive power supply for this
mode is a technical bottleneck as piezoelectric
stack has high capacitance. On the basis of exist-
ing research on non-resonant piezoelectric mo-

tOr’l\?»—l(i:

, a step actuation mode linear motor is de-
signed and it is aimed to achieve large stroke and
high resolution on one motor to meet the increas-
ing industrial demand of precision linear feed sys-

tem.

1 Design and Analysis
1.1 Motor structure

The model of non-resonant piezoelectric line-
ar motor driving by double-foot is shown in
Fig. 1. It consists of a stator, a mover, a holding
mechanism, and a preloading mechanism. In this
motor, the stator encompasses four piezoelectric
stacks which are divided into two groups setting
in two layer structures of the stator. The mover
is the output element of the motor. The holding
device is fixed at one side of the stator which has
played an important role in positioning, and the
preloading device is set at the other side of the
stator to provide enough preload force to guaran-
tee the stable contact between the stator and the
mover,

The guide mechanism and preload structure
matching the above stator are designed as shown
in Fig. 2.

The holding device consists of a stator box, a
guide mechanism (three adjusting blocks, two

connecting pieces and one preset beam) and a

- Mover (Guide)

Holding

/ device

Base -~ \

Stator

Preloading
device

Fig.1 Structure model of motor

Stator

Preload spring 4
Guide -~ ¥
cylinder
Guide support Stator box Adjusting
plate Preload screw block

Fig. 2 Explode diagram of motor structure

support plate. The stator box is used to limit the
movement of the stator in horizontal and out of
plane directions and keep the degree of freedom of
the stator in longitudinal direction. Adjust the
guide mechanism to make sure the surface of sta-
tor top contact the mover completely when as-
sembling. The preload structure consists of a
guide cylinder, a preload screw, a preload plate,
a spring and a guide support plate. Using the pre-
load screw to make the guide cylinder and the
spring compress the support plate. Thus the pre-
load force between the stator and the mover is

provided by this way.
1.2 Mechanism analysis

As the stator is the input element and core
component of the motor, it has a vital influence
on performance of the motor, the design of the
stator is particularly important. The stator con-
sists of two-layer structures. One-layer structure
of the stator is shown in Fig. 3.

Kinematics model of the layer structure is set
up as shown in Fig. 4, where m, is the mass of
the top of driving foot, m,, and m,, are the mass

of upper part of the flexure hinge and the piezoe-
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Fig.4 Kinematics model of stator

lectric stacks 1 and 2, m, is the mass of lower
part of the flexure hinge and the elastic beam, K,
is the stiffness of stack, K, is the stiffness of
flexure hinge, K, ,» Ky,, K3, K, are the equiva-
lent stiffnesses of the elastic beams 1, 2, 3, 4,
and K. ,» K.,, K. are the equivalent stiffnesses of
the external structure. F, is the initial force of
the hinge, F, the preload force applied on stack,
F, (1), F,(t) the output forces of stack, and F,
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Fig. 5 Input signal applied on stack of y and x directions

the force of screw. The voltage signal in Fig. 5 is
applied on the stacks of y and x directions. This
signal can be derived as
vy direction
JUN 0< G mod T) <+

U1 (t) -
o

x direction

2—?% mod T)

T @D)
?<(t mod T) < T

0< (¢ mod T)<%

Uz(f) =
2Uy

2U027 T

(t mod T) %<(t mod TH<T

(2)
where “mod” is the modulo operation. When the
above signal is applied, the stack of two direc-

tions will output forces

anggUl ([)KsKhl

F, () = 2K, + K. (€D
727‘16{33U2(Z‘)KSKM
F,(t) = 2K, + K. 4

where 7 is the number of layers of the piezoelec-
tric stack and d; is the piezoelectric coefficient.
Firstly, the vibration of the stator in the y
direction is analyzed. In this model, the stiffness
is constrained by K, << K, < K., and the stator
will thus move as expected. Since there is K, <<
K., the elastic beams e; and b, have little deform-
ation which makes the displacement of m; small.
Therefore, it has little influence on the vibration
of two-degree systems m; and m,. Thus the vi-

bration equation can be written as

my 0 [y (D K —K n]
{o mzj &Aw}r [K K+KJ Lzuj_
{ij(t)} _ {Fl(z) —Fp — NFN(t)} 5
Fu(0) —F @ +Fy+N
where K=K_,+2K,,, it can be derived as

M1 K K,

RN E))
K,

where N is the external preload force, and y, (¢)

(6)

the y direction vibration equation of stator top.
The contact stiffness of stator and mover is

written as K.. When the voltage signal is applied

on the structure, the force of the contact surface

will be N+Fy(t), where
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KCKh(Fl(t) 7Fp *N)
K(K, + K

FN(t) :Kcyl (t) -

D)

In the phase t=#T to t=kT+ At (k is the
nonnegative integer, At<< T), vy, (¢) increases
rapidly and the quantity is KcK,U, /[ K (K, +
Kol

In the phase t=(T+ At to t=kT+T/2 (k is
nonnegative integer, Ar<<T), y, () remains un-
changed.

In the phase t=FT+T/2 tot=kT+T/2+ At
(k is the nonnegative integer, At<< T), y, (t)
reduced rapidly and the quantity is K K,Upy/
[K(K,+K)].

In the phase t=kT+T/2+ At to t=~kT (k is
the nonegative integer, At<<T), vy, () remains
unchanged.

To analyze the preload force, the whole pre-
load force applied on the top of the stator is writ-
ten as Niw. When there is single foot of stator
workss Ny 1s

N =N + Fy () 8

As stiffness of external preload structure is
bigger than the stiffness of internal structural,
the y direction motion of stator in whole process
barely changes. Therefore, the motion changes of
y direction of stator in the drive and return phases
are not obvious, which makes it difficult for the
stator to separate completely from the mover in
the return phase. When two driving feet of stator
works alternately

Niw =N, + Fa (0) + Ny, + Fa (D D)

When the double feet work alternatively, the
sum of preload force of each stator Fy (t) +
F.. (1) keeps unchanged. This is because one foot
staying at the drive phase can make another foot
at the return phase achieve better separation, and
thus the motor will attain good movement charac-
teristics. The x direction motion characteristics
of the stator is analyzed next and the lateral vibra-

tion characteristic can be written as

mr 0 (D) +{ K’ — K’ } x, (1) B
0 my| |7 (D —K K +K,|lew!|

{F/A(t)} {Fz(t)f(z‘)}
, = 10
FB([) *Fz(l)

The motion characteristics of the stator in
the x direction is further analyzed while the trian-
gle-rectangle wave voltage signal is applied. If the
stator separates completely in the return phase, it
can be derived that
_F.@ f(O K + K

K’ K' K,
When ¢t mod T=T/2 the x displacement has
When the stator is at a

(D) 1D

the maximum value.
steady state, the stator will drive the mover to
move uniformly and linearly. At this time, with
() =0 the velocity of both mover and top of the
stator can be derived as

2ndy; Uy K Ky
K'T (2 Ky + Ko
S K + Ky

K K,
The motion displacement of the half period

x, () = (t mod T) —

(12)

of the single stator is x=1v,T /2.

- anggUoszKb-l (13)
© K'T@K,+K)

During the return phase of one stator, anoth-

er stator has just completed the return phase and
start the driving phase. Thus the motion charac-
teristics have no change.

If the stator is not separated completely in
the return phase, the mover will still be in a uni-
formly linear motion relative to another stator
when the system reaches the steady state. The
force of the mover and double foot in the steady
state is shown in Fig. 6.

Fig. 6 shows the situation that the right sta-
tor is in the driving phase and the left stator is in
the return phase, where F,;, F,, are the output
forces of the x direction stack of two stators,
Fyi s Fx, are the resultant forces of elastic force in
the motor process of stator, and f,., f, the fric-
tion forces in contact point of stator and mover.
As the mover is in a uniform linear motion, it can
be derived that
fi=1. - (N, +FNl(t)):}lZ (N; + Fax (0)

14

When stator 1 is in the return phase and sta-
tor 2 in the driving phase (Fy () <<Fy, (£)), it
can be derived that g > pu,. If 4 is the dynamic

friction coefficient and g, the maximum static
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friction coefficient of the stator and mover, it can
be drawn that = po s pro<prmax. As Fx(2) has no
change in the driving phase, the friction force of
stator f(¢) in the driving phase is also a constant.
Thus the velocity of mover remain stable in one
period. From the above result, it is also shown
that the external preload force has little influence
on the motion characteristics of this kind of mo-
tor. If the load paralleled to the moving direction
is applied to the mover, which is similar to the a-
bove analysis, it can be obtained that the move-
ment characteristics of motor and the load applied
to the mover is also irrelevant. This feature can
be significantly improved the situation that the
movement velocity reduces rapidly with the in-
crease of load when using the ellipse trajectory to
drive the mover .

To analyze some key point in one circle of sta-

tor, the motion mechanism can be shown as Fig. 7.

Jr—] ——fi
Guide—| Drivi
Driving nving
foot 2~ A A - ;"’Ot 1
Fa F, Fqu "

Fig. 6 Forces in the x direction

Fig. 7 Driving process of the proposed linear motor

There are four working phases of the motor

”» ”

in Fig. 7, where, “a” and “c” represent the mo-
ments of t=0 and t=7T/2, while “b” and “d” re-
present the previous moments of t=T/2 and t=
T. To describe the working process, piezoelectric
stacks 1 and 2 are defined in Fig. 2 and piezoelec-

tric stacks 3, 4 are similar as stacks 1, 2 on an-

other layer of the stator.

(1) In the first phase “a”, the piezoelectric
stack 1 extends in the y direction with a voltage
applied on it. At this moment, the left stator
driving foot pushes the mover.

(2) In the second phase “b”, the piezoelec-
tric stacks 2, 4 extend a micro length ¢ in the x
direction and negative x direction. From phase
“a” to phase “b”, the left stator driving foot
drives the mover to move displacement § in the x
direction.

(3) In the third phase “c”, the piezoelectric
stack 1 returns to the original length. At the
same time, the piezoelectric stack 3 extends in the
y direction with an applied voltage. Thus the
right stator driving foot pushes the mover.

(4) In the fourth phase “d”, the piezoelectric
stacks 2, 4 extend a micro length § in the negative
x direction and x direction. From phase “c” to
phase “d”, the right stator driving foot drives the
mover to move displacement § in the x direction.

In a circle, the stator pushes the mover to
move displacement 28 in the x direction. By re-

peating Steps (1) to (4), the motor will move

linearly and continuously.
1.3 Simulation analysis

In the stator structure shown in Fig. 3, pie-
zoelectric stack is selected as the driving element.
In other parts of the structure, 45 steel is uti-
lized. ANSYS is used to perform the finite ele-
ment method (FEM) analysis. The simulation
model of the stator is shown in Fig. 8. The exper-
iments of the piezoelectric stack show that the
displacement of the stack is in a linear relation-
ship with the voltage of input signal and it barely
has relationship with the frequency of input sig-
nal. When the input signals shown in Fig. 9 are
applied to four piezoelectric stacks, the trajectory
of the top of the driving foot is shown in Fig. 10.
Through the way, two layers of the stator move
alternatively, and the mover will move linearly.
Ceramic materials are used as the contact surface
of the stator and mover. Applied an appropriate

preload force between the stator and the mover,
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dynamic simulation is performed under different

voltages and frequencies.

U
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U
U, ————
t
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T 2T
U
U,
t
T 2T

Fig. 8 Periodic voltage signals applied to four stacks

Simulation model of the stator

Fig. 9

From the trajectory of the top of stator in
Fig. 9., when 100 V, 100 Hz voltage signal is ap-
plied, to the stack, the top of stator is in a rec-
tangular movement. Also the relationship of
movement displacement versus time is shown in
Fig. 10. Fig. 11 shows the mover is in uniformly
linear motion.

When voltage and frequency of the signal ap-
plied to the motor is changed, the relationship be-
tween the velocity of mover and voltage and fre-
3.0
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Fig. 10  Simulation locus of the driving foot top end
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Fig. 11 Curve of displacement of mover versus time

quency of the signal is shown in Fig. 12.
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Fig. 12 Curve of velocity versus voltage and frequency

From the simulation results, it can be con-
cluded when rectangle-triangle wave signal is ap-
plied to the stacks, the movement locus of two
driving feet is rectangle and two feet drive the
mover to linearly move by friction. Furthermore,
the velocity of mover has a linear relationship
with the voltage and frequency of the applied sig-

nal.
2 Experiments

A series of experiments are conducted to val-
idate the working principle and to evaluate the

characteristics of the motor.
2.1 Experiment system

To test this structure, the motor prototype
is assembled as shown in Fig. 13. Four piezoelec-
tric stacks NAC2013-H14 produced by noliac
The driving

signal is applied by the signal generator and the

company is used in the structure.

power amplifier. This signal is displayed on the

oscilloscope and also applied on the stacks of the
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motor, which ensures the motor in an operative
mode. The displacement of the motor can be
measured by the laser sensor LK-H020 from Key-

ence Company with the resolution of 1 nm.

Fig. 13 Prototype of motor

2.2 Performance test

applying rectangle-triangle signal

with different frequency and voltage on the four

Firstly,

stacks to perform the characteristics test. The re-
sults are shown in Fig. 14.

In Fig. 14 (a), there is a linear relationship
between the voltage of signal and the velocity of

the motor. The relationship between the frequen-
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(a) Velocity of the motor versus voltage by different frequencies
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b) Velocity of the motor versus frequency with 100 V voltage

Fig. 14 Results of characteristics test

cy of the signal and the velocity of the motor is
shown in Fig. 14 (b), from which it can be seen
that two parameters nearly have a linear relation-
ship. With a frequency of 120 Hz and a voltage of
120 V, the velocity reaches 670. 22 um/s. When
the frequency of the signal continues increasing,
the motion of the motor will be more complex.
Affected by the hysteresis effect of the stacks, it
would not be in the motion as expected.

As load capacity is also an important factor,
a load experiment is conducted by using the motor
to pull the weights. The results are shown in
Fig. 15. Fig. 15 shows that the velocity of the mo-
tor reduces when the load increases. With a volt-
age of 100 V, the maximum load is 3 N. Since
the frequency used in the experiments is low (0—

200 Hz), the load capacity is not very strong.

—=—100 Hz
200 Hz

Fig. 15 Velocity of motor versus load with 100 V voltage

As the guide of this motor has enough space
to bear something, the bearing capacity is tested
by putting weight on the guide of the motor. The
results are shown in Fig. 16.

When the weight increases to 20 N with a
frequency of 10 Hz and a voltage of 100 V, the
velocity has little change. It shows that the bear-

/l
T ./.\./.
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e
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Weight / N

Fig. 16 Velocity of motor versus weight with 100 V voltage
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ing capacity of the motor is strong. So this motor
can be stacked one by one to realize multi-degree
of freedom of movement.

To test the step distance of the motor, sever-
al pulse signals with different signals are applied
on the piezoelectric elements. The results are

shown in Fig. 17.
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Fig. 17 Displacement-time curve with different frequencies

With frequencies of 1, 10, 50, 100 Hz and a
voltage of 100 V, the displacement-time curves
are shown in Fig. 17. When the frequency are 1,
10, 100 Hz, the stepping distances are 0. 35,
0.65, 3.57, 3. 61 pm in average, respectively.
Theoretically, the step distance will not change
with the frequency shift. But there is a little dif-
ferent on the contact situation of two driving foot
with the mover, it will lead to a large error in
motion of every step. Meanwhile, the curve indi-
cates that the difference on the contact situation
will have a smaller effect on the motion of the
motor when frequency increases. So the step dis-
tance should be described as 3. 6 pm with a volt-
age of 100 V.

3 Conclusions

A double-foot alternate stepping piezoelectric
linear motor is proposed. The motor working on
the basis of non-resonant principle utilizing piezo-
electric stack can achieve large stroke as well as
high precision. Triangle-rectangle wave signal is
applied to the four piezoelectric stacks of two-lay-
er of the stator to achieve step actuation mode.
Kinematics model of the stator is established to
analyze the operation mechanism of this motor.
Also, displacement, velocity and output force are
analyzed theoretically to find some general law of
the motor. FEM analysis manifests the character-
istics with driving signal applied. With the hold-
ing structure and the preload structure of the mo-
tor designed, a prototype is fabricated to verify
the feasibility of the motor. In the performance
test, the following results are concluded:

(1) There is a linear relationship between
frequency (or voltage) of the signal and the veloc-
ity of the motor. With a frequency of 120 Hz and
a voltage of 120 V, the
670. 22 pm/s.

(2) Load experiment shows that the velocity

velocity reaches

of the motor reduces when the load increases.
With a voltage of 100 V, the maximum load is
3 N. And the load capability is not strong because
the working frequency is low (0—200 Hz). Fur-
thermore, the bearing capability is tested. When
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the weight increases to 20 N with a frequency of
10 Hz and a voltage of 100 V, the velocity barely
changes, which indicates that the bearing capacity
of the motor is strong.

(3) As the motor works by double-foot alter-
nate stepping motion, the stepping distance is
measured using the laser sensor. With a voltage of

100 V, the stepping distance is averagely 3. 6 pm.
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