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Abstract: A fully flexure micro/nano transmission platform (MNTP) which has five degrees of freedom is designed
on the basis of bridge type amplification mechanism. According to the kinematic theory and the elastic beam theo-
ry. the theoretical output displacement equation of the platform is derived, and then piezoelectric actuator (PZT) is
calibrated. Meanwhile, a full closed-loop control strategy of the platform is established using the feedforward pro-
portional-integral-derivative (PID) compound control algorithm based on the Preisach model. Moreover, the total
transfer function of the micro positioning system is derived. and the calculation method of output signal is ac-
quired. Finally, the theoretical output displacement is verified by finite element analysis (FEA) and positioning ex-
periments.
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1 Introduction

Micro/nano transmission platform (MNTP)
is used to produce small linear and angular dis-
placement. With rapid development of microelec-
tronics technology, aerospace and biological engi-
neering, the research of MNTP with high accura-
cy and stability, multiple degrees of freedom and
high controllability is increasingly gaining aca-
demic attention.

So far, MNTP has become a research focus
and many MNTPs have been developed in the
past two decades. Zhang, et al.™™ developed a
micro positioning table with long stroke. The mi-
cro positioning mechanism driven by piezoelectric
actuators (PZTs) has two degrees of freedom and
the displacement in X or Y directions is about 288

pm. Wang. et al. ! proposed an MNTP based on
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3-revolute-revolute-revolute ( 3-RRR ) parallel
mechanism, and successfully realized =70 pm
displacement in both X and Y directions, as well
as +0. 1° rotation about Z axis. Zhang, et al.
designed a precision positioning table with three
degrees of freedom, and acquired #=300 pm dis-
placements in Z direction and 4 0. 25° rotation
about both X and Y axes. Chu, et al. " developed
a long-travel linear nano-positioning stage driven
by PZTs, and 35 um displacement along X axis
was thus realized with a precision of 10 nm.

1. ®presented a micro positioning plat-

Yuen, et a
form with rapid movement in X and Y directions,
followed by 25 pmX25 pm displacement success-
fully. Deepkishore, et al.'™ developed a new
linkage mechanism which could achieve 18 pm

displacement in X or Y direction and 1. 72° ro-
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tation around Z axis. Li, et al. "™ proposed a new
type of decoupled large-displacement micro posi-
tion platform with two degrees of freedom, on
which the stroke of each two linear axes is 117
pm. Although the above-mentioned micro posi-
tioning platforms have high accuracy and repeat-
ability, there still exist some disadvantages, such
as small movement range. Hu, et al. ¥ designed
a long range nano-transmission platform based on
the principle of inchworm motion. It featured a
maximum linear speed of 13.9 pm/s, a minimum
step of 10 nm and a movement distance of more
than 20 mm. Though it met the requirements of
both long displacement and high precision, it can
only move along a single direction. Therefore,
the study of MNTP with large displacement, high
precision, and multiple degrees of freedom is
challenging researchers in the field.

In addition, the control strategies are also
central to the development of micro positioning
platforms. Since precision can be improved by
using an effective control means, the research on
control algorithms and control strategies has been
carried out to improve the performance of micro
positioning platforms. The digital proportion in-
tegration differentiation (PID) method is widely
adopted due to its effective and simple setup. Mo-
reover, some advanced control algorithms such as
fuzzy algorithm, neural network algorithm and
genetic algorithm were also applied to the preci-
sion control of MNTPM ],

control strategies have been used, including feed-

Currently, several

forward open-loop control, PID closed-loop con-
trol, and hybrid control which combines feedfor-
ward, closed-loop control and adaptive inverse
control ¥,

This paper presents a fully flexure MNTP
with five degrees of freedom driven by PZTs. The
platform adopts leaf-springs and bridge type am-
plification mechanism (BTAM) to realize the am-
plification of input displacements. Firstly, the
theoretical output displacements and driving
mechanism of MNTP are analyzed according to
the kinematic theory and elastic beam theory.
PZT actuator is calibrated. Meanwhile, the whole
closed-loop control strategy of MNTP is estab-

lished using the feedforward PID compound con-

trol algorithm based on the Preisach model. Mo-
reover, the total transfer function of the positio-
ning system is derived, and the calculation of out-
put signal in the positioning system is performed.
Finally, the finite element analysis (FEA) simu-
lation and positioning experiments are conducted
to verify the effectiveness of the control strate-

gies.
2 Principle of Structural Design

According to the principles of machinery and
compliant mechanism, the large displacement
MNTP with five degrees of freedom is designed
(Fig. 1), whose dimensions are 260 mm X
260 mm X 120 mm. It consists of a upper plat-
form, a lower platform and six PZTs. The upper
platform is composed of four micro displacement
amplification mechanisms driven by four PZTs.
And the four displacement amplifiers, symmetri-
cally arranged, can make the upper platform to
move along Z axis and rotate around both X and
Y axes. The lower platform is composed of two
micro displacement amplification mechanisms
driven by two PZTs. It employs an asymmetric
structure to realize the motion in X and Y direc-
tions. This configuration ensures the high accura-
cy and fast response of MNTP. MNTP is manu-
factured by drilling, milling, grinding, and wire
electrical discharge machining (EDM), etc. , on
one piece of material, therefore, without gap and
mechanical {riction. By controlling the input volt-
ages of the six PZTs, an MNTP with high-preci-
sion, high dynamics, and multiple degrees of
freedom are obtained.

MNTP consists of 56 leaf springs and 42 rig-
id rods (Fig. 1), and it is fixed on an experiment
table by bolts. To ensure that the piezoelectric
actuator is fully engaged with the micro displace-
ment amplification mechanism, pre-loads are ap-
plied by threaded screws. The force and motion
are conveyed by the pure elastic deformation of

leaf springs.
3 Performance Analysis of MNTP

Fig. 2 shows the micro-displacement amplifi-
cation mechanism of MNTP. BTAM is a key com-
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BTAM can be expressed as
6[2 Sin2a
Ramp = (1)

Fig.1 MNTP with five degrees of {reedom

ponent of MNTP. The input displacement of PZT
is amplified by the amplification mechanism
which also makes the platform move along a spec-
ified direction. Different rigid rods are connected
with each other by leaf springs. In order to ana-
lyze the amplification performance of MNTP, the
amplification ratio of BTAM should be first con-
sidered with the assumption that the material of
different rigid rods and leaf springs is isotropic.
According to the kinematic theory and

the elastic beam theory, the amplification ratio of

Flexible
spring

Bridge-type mechanism

Fig. 2 Drawing of displacement amplification mecha-

nism

t?cos'a + 612 sin’a
where [, is the center distance of adjacent leaf
springs, t the thickness of leaf springs, and « the
amplifying angle of BTAM (Fig. 2).

Considering the relationship of geometric pa-
rameters of MNTP, the theoretical output dis-
placements in different directions can be derived.

The linear displacements along X, Y, and Z
axes can be described by the equation

Axr=Ay=Az=AL * R,,, (2)
The rotation angle around X or Y axis can be ex-
pressed as

Rm,pL- AL)

where AL is the elongation displacement of PZT

AlOx = Aby =arcsin< (3)

under variable force, which can be obtained as

kPZT
) “

where AL, is the elongation displacement of PZT

AL =AL, + (

under free condition, kp,r the stiffness of PZT,
and k. the stiffness of MNTP.

Based on the elastic beam theory, the stiff-
ness of the leaf spring can be determined by the
equation

_Ee«bet’
k= 12« /

According to Eq. (5) and the principle of vir-
tual work, the stiffness of BTAM can be calculat-
ed

(5

_E«ber - (cosa)’
60

From Egs. (5,6), the stiffness of MNTP can be

expressed as

k. (6)

[Eb[3L%# (cosa)® + 12t°] ]

2 Lz?g 0 0 0 0
Eb[3L%t (cosa)® + 121 ]
0 2% Lz‘zg 0 0 0
Ebt? (cosa)?
— 0 0 =7 0 0
K, 81’
Ebt? L% (cosa)®
0 0 0 o 0
372 Y
0 0 0 0 Ebt L1 ((;Oba)
L 16/ i

(7
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where ¢, a,/, L and L, are the structural parame-
ters of the displacement amplification mechanism
in Fig. 2, b the thickness of BTAM, and E the
Young's modulus.

Substituting Eq. (7) into Eq. (4), AL is ob-
tained. Then according to Eqs. (2,3) , the dis-
placements along X, Y and Z axes can thus be de-

termined.

4 Drive and Control Strategies

4.1 Drive mechanism of MNTP

PZT is usually adopted as the actuator of mi-
cro positioning system. It works by utilizing the
inverse piezoelectric effect, which means when an
electric field is applied on PZT, it will generate a
small deformation, accompanied by the micro-dis-
placement of MNTP. The inverse piezoelectric effect
of PZT can be expressed as follows

S=a%«T' +d, + E €))
where ds; is the piezoelectric constant, S the
strain, T’ the stress, E the electric field
strength, and 2% the elastic constant,

For accurate and reliable positioning of
MNTP, PZT used in the experiments has been
calibrated under a free loading condition. By var-
ying input displacements for PZT ( model
40VS15), the output displacement values are col-
lected by a capacitance displacement sensor (mod-
el Micro-Epsilon CS5). The calibration tests are
repeated three times and the average values meas-
ured in the tests are shown in Fig. 3.

From Fig. 3, it can be concluded that there is
slight deviation between actual output displace-

ments and target displacements. The overall er-

40 r e - Target %A 0.20
g 38 b --6-- Measured gx 4 0.18
o3 36|  —* Emor o 016
O
55 34¢ 0.14 g
i Jg‘ 32t 0.12 =
8 2 ¢ 0.10 5
§ 2 28 0.08 &
oA § 26 0.06
E T%“ 24 t 0.04
Es) 2 F 0.02
20 x’ﬁ{u L 1 1 L L L ! L 0.00

20 22 24 26 28 30 32 34 36 38 40
Displacement input / pm

Fig. 3 Calibration test results

rors are within 0. 1 pm range mainly due to the
effect of the electromechanical coupling. The
effect makes PZT exhibit hysteresis, creep, and
nonlinear, etc. , which are the main factors that
generate errors. Therefore, a well-calibrated PZT

can also help to improve the control accuracy of

MNTP.
4.2 Control strategies of MNTP

To effectively eliminate the displacement
difference of PZT, the encapsulated ceramic with
strain gauge sensor (SGS) is utilized. In addi-
tion, in order to reduce the stiffness of MNTP
and obtain larger motion distance and swing an-
gles, the lower platform adopts the aforemen-
tioned asymmetric structure. But the asymmetric
structure will increase the coupled displacement
and affect the platform precision. A full closed-
loop control system is thus designed to improve
the positioning performance of the platform. Fig.
4 presents the schematic of the positioning system
and Fig. 5 the block diagram of the basic control
algorithm. The main control process can be ex-
pressed as follows: first, the driving control sig-
nal R;(kT) is sent out by computer, and then the
feedforward controller based on the Preisach
model predicts the output values Uy (£T) more
accurately by a certain control voltage sequence.
Meanwhile, by a D/A converter, high voltages
are generated to drive PZT, which will make the
platform have an extremely small displacement
C(s). The micro displacement can be measured
by capacitance displacement sensors. And the po-
sition voltage signal x (£T) is sent back to the
computer by the A/D converter, then the signal
x(kT) will compare it with the signal R;(¢T) to
obtain the deviation signal ¢ (#T). By the PID
controller, a certain offset AU(kT) will be gener-
ated to compensate the hysteresis and creep
effects of the piezoelectric ceramic as well as ex-
ternal disturbances, so as to realize precise posi-
tioning.

Taking the movement in X direction as an
example, the differential equation of the positio-

ning system holds
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Feedforward controller
based on Preisach model

= la=f

il L

MNTP
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¥ Sensors
Control PID controller 713 Ctuators  PZT(40VS15) Y direction
computer Measuring »
unit (apaNCDT6500) 4 K7
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Fig. 4 Full closed-loop control principle of positioning system
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Fig. 5 Feedforward PID control algorithm based on Preisach model
d*x dx lish precise positioning. The PZT controller
m ot G kD2 = PHSH precise b S .
L t here is equivalent to a scaling up link whose
kg » AL(1 — kpzr ) (9) transfer function can be expressed by
kpzr + k,

where m is the mass of MNTP, x the damping
coefficient, kpyr the stiffness of PZT, k. the stiff-
ness of MNTP, £, the stiffness of BTAM, AL the
elongation displacement of PZT under variable
force, and x the output displacement along X di-
rection of MNTP.

According to Eq. (9), the transfer function
of the MNTP in X direction can be obtained as

kg kpyr . w.

Cogr + k) Ckpgr + k) 5% 4 280,5 + i
where w, is the natural frequency of MNTP, ¢ the

Gy (s) = QL))

relative damping coefficient of MNTP.
Similarly, MNTP transfer functions in Y and

Z directions are introduced by the equations

G (5) — kngZT . wrzl
' Chogr + k) (kg + kD 57 + 26w,s +
Gz(S) — 4kg’lzr’ZT (U:%

(Akpyr + k) (Akepyr + R 5%+ 2805 + ol

Since the output of computer is a digital sig-
nal, D/A conversion and high voltage amplifica-
tion are prerequisite for PZT actuator to generate
a DC high voltage, which makes MNTP accom-

G, (s) =y, an
where y, is the amplification coefficient of the
PZT controller.

Therefore, the transfer function of the feed-

back system is as follows

AL 1
Ramp ° AI‘ Ramp

Based on Egs. (10—12), the transfer function of

G, (s) = 12>

the positioning system moving along X direction
can be expressed as

Gi(S) + Gx(S) _
TG (S) « Gy(S) « G, (S

2
Ramp Vot /3;; ’ /el’ZT ' Wy,

G(s) =

Vo }Jg *kpyr 0 wi +Ramp : (&PZT+/?g) o (kpzp TR (5 +2§wu~" +w,2,)

(13)
Similarly, the transfer function of the posi-
tioning system along Y and Z directions can be

written as

G1(S) + Gy(S) _
1+G (S« Gy (S + G, (S

2
Rimp * Vo * kg * kpgr * 0

}/1, . K’g . K’pz'l‘ . w;z, +Rﬂmp . (/{’pz'[‘ +/{’g) . (kpz'r +ks> ‘ (.\'2 T 2:(1),,‘\' 'w,z,)
a4

G (s) =
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_ G (S) -« Gz(S) _
1+Gi(S) « G,(S) « G;:(S)

R * Vo * b * o v,

4y, /?g Chpyr wi JFRamp ' (4’%PZ’I‘+K7g) (pyr T4 (4 2§wu-"‘w72:>
15
Based on Egs. (13 —15), the output of the

G ()

positioning system in X, Y and Z directions can

be obtained as

c(s) G(s) 0 0
) |=1| 0 G () 0 .
I(s) 0 0 G’ ()

Ug(RT) + kye(kT) + by DV e(kT) + by {elT) —e [(k=DT] }
UgBT) + kye(kT) + b D e(kT) + by {eT) —e [(h=DT] }

Ua(RT) + kye(kT) + b >V e(kT) + b {elT) = e [(k=DT] }
(16)

where T is the sampling period of the control sys-
tem. k,, k; and k4 represent the proportion, inte-
gral and differential coefficients of the PID con-

troller, respectively.

5 Simulation and Experimental Ana-
lyses

The simulation is performed by the commer-

(a) Meshing of MNTP

cial FEA package ANSYS. The FEA model and
displacement contours in different directions are
illustrated in Fig. 6.
65Si2Mn, and its

The platform is made of
mechanical properties are
shown in Table 1. The structural parameters are

shown in Fig. 2 and Table 2.

Table 1 Mechanical properties of 65Si2Mn
Y 'S . Yiel
oung s Poisson's Density/ feld
modulus/ G (k N strength/
GPa rato g m MPa
210 0.28 7 850 1176

Table 2 Key structural parameters of MNTP
L/ L./ 1/ L/ L/ t/ a/

mm mm mm mm mm mm )

20 6 8 98 58 0.8 1.8

In order to validate the effectiveness of the
positioning control system, the feedforward PID
rcontroller based on the Preisach model is inte-
grated into the PZT controller. The device in
Fig. 7 is to implement the control principle shown
in Fig.5, and it includes PZTs (40VS15), XE-
500/501 modularized PZT controller, the capaci-

tance displacement sensor (CS5 with a measuring

Eaf

(b) Displacement in X axis direction

range

(c) Displacement in Y axis direction

(d) Displacement in Z axis direction

Fig. 6 FEA model and movement simulation
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of 5 mm and the highest resolution of 3. 75 nm),
a capacitance displacement sensor controller (ca-
paNCDT6500), an RS6500 circuit controller and
computers. Taking the movement in X axis direc-
tion as an example, the specific testing method is
as follows: the PZT controller controls the output
displacement of PZT, and then the capacitance
displacement sensor collects the output displace-
ment signals of MNTP, the signals are subse-
quently sent back to the computer and the PID
controller so as to readjust the platform output.
For the better test results, the range of 20—
40 pm is chosen as the PZT's testing output. The
test results of MNTP in different directions are

shown in Figs. 8(a—1).

XE-500/501«

From Figs. 8(a,c,e), it can be concluded
that when PZT output displacement is within
20—40 pm, the positioning system has a good re-
peated positioning performance, and the meas-
ured results in X, Y and Z axes directions are ba-
sically identical. It can also be known that the
minimum and maximum output displacement is
117.612 pm and 355. 863 pm, respectively, and
the repeated positioning errors are within 6—
8 um range. In Figs. 8(b,d,I), the experimental
results agree well with the theoretical results and
the FEA results, which further verifies the effi-
ciency of the PID control algorithm based on the
Preisach model. Besides, the positioning errors
are mainly due to the change of material proper-
ties caused by local high temperature in the wire
EDM processing. The change of material proper-
ties in turn results in the variation of stiffness and
the increase of processing errors. Moreover, the
asymmetric structure of the lower platform can
also cause the nonlinear displacement coupling er-
rors of the platform. All of these will affect the
precision of the micro positioning system. There-
fore, further optimization design about the con-
trol system, structural parameters and machining
method of the platform are essential to MNTP for

achieving the higher precision.

—o-The first time

e~ The se?Ond time
~x- The third time

W
W
(=]

300
250

Fig. 7 Experimental apparatus for testing positioning
performance
g —<-The first time g
3- 350 -»ﬁ--%e sﬁc?lnd time y E‘- 350
5 300~ The third time g S 300
& &
3 250 3 250
< -
g 200 g 200 -+ Theoretical results
g 150 8 150 4 -+~ Experimental results
S S Zd ——~ ANSYS results
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350 z
300
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= /0‘""
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150 - Theoretical results

—— ANSYS results

1 L ) ) )

0020 24 28 32 36 40
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(d) Positioning performance in
Y axis direction

Displacement output / pm

Displacement input / pm

(b) Positioning performance in
X axis direction

—o-The first time
~-The second time
- The third time

350
300
250
200
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10020 2I4 2IS 3IZ ?;6 4IO
Displacement input / pm

(e) Repetitive positioning performance in
Z axis direction

Displacement output / pm

200
150
100

20 24 28 32 36 40
Displacement input / pm

(c) Repetitive positioning performance in

Displacement output / pm

Y axis direction

-+ Experimental results

- Theoretical results
—— ANSYS results,

350
300
250
200
150

1
0020 24 28 32 36 40

Displacement input / pm

(f) Positioning performance in
Z axis direction

Fig. 8 Positioning performance tests in X, Y, and Z axis directions
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6 Conclusions

The following conclusions can be drawn from
this research:

(1) A long stroke MNTP, driven by PZT,
with five degrees of freedom is designed. The am-
plification and guidance mechanism of micro dis-
placement is achieved by flexure hinge. In addi-
tion, the structural design and displacement am-
plification performance of MNTP are analyzed.

(2) The driving mechanism of MNTP is ana-
lyzed, and the PZT actuator is calibrated. As a
result, the overall positioning errors are within
0.1 pm range. Meanwhile, the full closed-loop
control strategy of MNTP is established using the
feedforward PID compound control algorithm
based on the Preisach model. Moreover, the total
transfer functions of the positioning system are
derived, and the calculation method of the output
signal of the positioning system is obtained.

(3) The experimental apparatus is built to
assess the local performance. The maximum out-
put displacement of the positioning system is
355.863 pm and the repetitive positioning errors
are kept within 6—8 pm. Finally, the experiment
results, the FEA results and the theoretical val-
ues are in good agreement. The results also fur-
ther verify the effectiveness of the PID control al-

gorithm based on the Preisach model.
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