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Abstract; To satisfy the demand on dynamic performance and load characteristics of piezoelectric actuators in aero-
nautics and astronautics fields, a novel 2D piezo-nanopositioning stage utilizing a triangle amplifier mechanism is
proposed. The stage is driven by piezoelectric rhombic units in both X and Y directions, which is composed of four
piezoelectric stacks. Theoretical static model develops the relationships among output force, displacement, static
stiffness and the structure parameters of the platform. The experimental results of the prototype show that the
output performances in X and Y directions are similar and both of them are within an 8% deviation from the theo-
retical values. The stroke of the stage reaches 41. 6 pm and 42. 9 pm in X and Y directions, respectively, and is di-
rectly proportional to the amplitude of the input sinusoidal voltage 10 Hz. Moreover, the nano-positioning stage is

featured with bidirectional symmetrical output characteristic and millisecond starting characteristic, whose mini-
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mum output displacement step is 50 nm.
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0 Introduction

Piezo-nanoposititioning stages are widely
used in precision, ultra-precision machining and
measurement, large scale integrated circuit manu-
facture, MEMS, scanning probe microscope, bio-
logical engineering, due to their high resolution

and positioning accuracy™*J,

In general, for
nano-positioning systems, the primary motivation
of design is to achieve large travel ranget™. How-
ever, the output displacement of piezoelectric ma-
terials is small, even the piezoelectric ceramics
can barely extend 0. 1% of its own length (up to
tens of micrometers as usual)™. In order to ob-
tain larger travel range and implement nanometer
level positioning with high resolution, displace-
ment amplifiers are applied. So far, research on
micro displacement amplifiers has mainly focused
on the mechanisms such as lever-type, bridge-

type, trigonometric and buckling amplification
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(o1 Ref. [8] proposed a novel hon-

mechanisms
eycomb amplification structure, whose maximum
displacement was approximately 410 pm (single
piezoelectric actuator's free stroke was 42 pm).,
the first resonance frequency was 355 Hz.
Ref.[11] presented a bridge-type amplifier,
whose maximum stroke reached 963 pm (single
piezoelectric actuator’s free stroke was 80 pm).,
and its first resonance frequency was 83 Haz.
These amplifiers were actuated forward by the pi-
ezoelectric ceramics and backward through the de-
formation of the elastic structure, leading to
asymmetry bidirectional output characteristic and
low stiffness of the structure. To satisfy the de-
mand on dynamic performance and load character-
istics of piezoelectric actuators in the fields of
aeronautics and astronautics in 2015, a novel
rhombus displacement amplification mechanism is

[12]

proposed by our team""*', which is driven by four
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piezoelectric stacks. This structure has bidirec-
tional symmetric operating performance while
amplifying the displacement. Meanwhile, it has
good dynamic characteristics due to the compact
arrangement.

For 2-dimensional (2D) actuations, flexure
mechanisms are generally utilized to guide the

23] Elastic would improve

motion of the platform
the resolution and smoothen moving motions as
well. Because of the difficulties in motion cross
coupling, serial combination of motion guide is
widely used for driving and controlling independ-
ently in two axes'?®’. In this study, we propose a
novel 2D piezoelectric nano-positioning stage,
based on the novel rhombus bidirectional dis-
placement amplification mechanism™*. In the
scheme, diamond-shaped laminated piezoelectric
ceramics played the role of core drive unit in each
direction. Two perpendicular directions of the
stage are separately driven, with flexible parallel

four-bar mechanism guiding the directions.

1 Principle and Structure

Fig. 1 shows the basic structure of rhombus
bidirectional displacement amplification mecha-

02 Two trian-

nism based on triangle amplifier
gular blocks are stuck to both ends of the piezoe-
lectric ceramic stacks, and four assemblies are
distributed at four edges of the rhombus. When
the upper two piezoelectric actuators stretch and
the lower ones abridge at the same time, the cen-
tral part will output a forward displacement D, ;
On the contrary, the central part will output re-
verse displacement. Owing to the complete sym-
metry of the structure, the bidirectional output
performance of the structure is completely sym-
metrical.

The 2D piezoelectric nano-positioning stage,
as shown in Fig. 2, consists of two orthogonal
tandem rhombus displacement amplifiers as driv-
ers, and a flexible parallel four-bar mechanism as
a guider. Interior Y-moving section exports dis-
placement in two directions, and exterior X-mov-
ing section propelling X and Y moving section in

X-direction. By electric spark wire cutting, the

Piezoelectric

ceramic stacks
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- X
Fig.1 Rhombus bidirectional displacement amplifi-

cation mechanism
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Fig.2 2D piezoelectric nano-positioning stage

base of the platform processed embeds piezoelec-
tric ceramics units into V-grooves, which is fixed
by pre-tightening screw. The 2D piezoelectric
nano-positioning stage designed has strong stiff-
ness, relative large displacement and reduced cou-
pling by rhombus bidirectional displacement am-
plification mechanism and flexible parallel four-
bar mechanism. Since the piezoelectric ceramics
cannot endure tensile stresst’®, the preloaded
mechanism is designed to keep the piezoelectric

ceramics under compression forces in working

status. Fig. 3 shows the preloaded mechanism for

Fig. 3 Preloaded institutions
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laminated piezoelectric ceramics in the micro dis-
placement stage.

Thrusted by the preloaded screw (force F),
flexible elastic beam promotes a deformation to-
gether with the V-grooves and pressurizes two pi-
ezoelectric ceramics units at the same time. The

pre-tightening force of each piezoelectric ceramics
F

=_—-—_. Two groups'

2sind

pre-tightening forces of laminated piezoelectric ce-

units can be obtained as P,,.

ramics are equal in each direction, and the result-

ant force on Y-moving section is zero.

2 Theoretical Model

Fig. 4 shows a simplified static model of the

nano-positioning stage. Piezoelectric ceramic
stacks are divided into four groups, named after
the voltage of each group. As can be seen in
Fig. 4, X and Y directions are controlled by U, ,
U, and U;, U, , respectively. The Y-moving sec-
tion is entirely nested in the X-moving section.
Both directions are guided by the flexible parallel
four-bar mechanism. Theoretically, motions in

two orthogonal directions are independent.
2.1 Stiffness analysis of flexible hinges

As shown in Fig. 4, flexible hinges are cho-
sen to be the ordinary circular flexure hingest'*'>
in the structure. Supposing that the base of the
platform is made of completely linear elastic ma-
terial, and the rotational stiffness of the straight
circular flexure hinge is given by Refs. [14, 16,

known as the following expressions

O C— EbR” D
Q- B COSw
N |
= [t/R+2—2cosw|*® do

where E is the Young’s modulus of circular flex-
ure hinges, R the cutting radius of circular flexi-
ble hinges, ¢ the minimum thickness of circular
flexible hinges, b the width of the flexible hinges,
and h the height of the flexible hinge.

In Fig. 5, when the Y-moving section is
forced on the Y direction by 4F,, circular flexure
hinges will turn a tiny angle a. round the thinnest
place of the flexure hinges. Within the elastic

range of the material, we assume that the system

is an elastic system. According to energy conser-
vation theorem, the following equation can be ob-
tained.

Ly o2 =2E, + E, 2)

WF: 2

where E,; = %Kaaf

of a rotate single flexible hinge as it is in rotation.

is the elastic potential energy

E, :%I(\.(E)‘ysirla:)2 is the elastic potential energy

of the elastic rod as it is in tension, here, K, the
tensile stiffness of the flexible rod.
The stiffness of a single flexible bar in the Y
direction is expressed as
K, =2K,/l* + K. sin’a. (3)
It is clear that the stiffness of a single flexi-
ble rod in Y direction increases with larger a. .
When «. is with a small quantity (in the micro dis-
placement stage particularly), the second items in
Eq. (3) is a second-order infinitesimal small quan-
tity, which can be ignored. Consequently, given
that the stiffness of a single flexible bar in the Y
direction can be regarded as a constant, the flexible

rod can be regarded as a spring in the Y direction.
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Fig. 4 simplified static model of the nano-positioning stage

Fig. 5 Force analysis of flexible hinge

2.2 Theoretical static model of the stage

Theoretically, the elongation has a linear re-

lationship with the voltage and the output force of

[13]

laminated piezoelectric ceramics under a low
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frequency. The relationship can be expressed as

S=nd;U—F/K, 4)
where n is the layer number of laminated piezoe-
lectric, ds; the piezoelectric strain coefficient, F
the output force of the piezoelectric stacks, and
K, the stiffness of single laminated piezoelectric
ceramics.

Thus, we can consider a single laminated pi-
ezoelectric ceramic as a spring with stiffness of
K,. when it is preloaded and applied with a con-
stant voltage ( e.g. when short-circuited ).
Accordingly, laminated piezoelectric ceramics in the
structure can be predigested as springs at 90° — @ an-
gle with the direction of motion. The force analysis of

Y-moving section is shown in Fig. 6.

v
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Fig. 6 force analysis of Y-moving section

Considering the Y-moving section as a rigid
body, the relationship between output force F
and displacement in Y-direction can be simplified
as

F,=C WU, —U;) —Cyv (5
where vis the displacement of Y-moving section in
the Y direction, constant coefficients are C, =
2nd 33 K, sinf and C, = 4K ,sin’ 0+ 4K ,.

Similarly, supposing that X-moving section
is rigid and the tensile stiffness of the flexible rod
is strong enough to ignore the displacement of the
X-moving section in Y direction, force analysis is
similar to that in Y direction. Therefore, the re-
lationship between output forces and output dis-

placement for the stage can be expressed as

Fu U1 - U2 u
- Cl - CZ (6)
F'u U’l - U:% v

where F,, F, are the forces output in X and Y di-

rections, and u, v are the displacements of Y-

moving section in the X and Y directions, respec-
tively.

In Eq. (6), motions in two directions are
theoretically independent of each other. Output
force and displacement are influenced by the
difference between voltages of two piezoelectric
stacks groups in the same direction. Thus, for
the sake of larger output force and displacement,
increasing the difference between voltages is ef-
fective. Whereas, for the specified piezoelectric
ceramics available, the highest voltage is limited.
When the voltages are applied to the piezoelectric
ceramics stacks without constraint of external
force, the Y-moving section generates the maxi-

mum displacement as follows

{umax}zcl {Ul UQ} (7)
Umax (;Z U/l - U.‘% max

When the stage is constrained by external

force without output displacement, it can produce

the maximum force as

Fumx - U1 - Uz
- (/1 ( 8 )
F:/max U’l 7 US max

Furthermore, when all of the piezoelectric
ceramics stacks of the stage are preloaded and ap-
plied a constant voltage, the Y-moving section
can be simplified as an elastic structure with static
stiffness of C, in two directions. In conclusion,
the coefficients C, and C, determine the static me-
chanical properties of the stage in the design
process. From Eq. (5) in each direction, the stiff-
ness C, is composed of the stiffness of the parallel
four-bar mechanism and the laminated piezoelec-
tric ceramics.

Static theoretical analysis and modeling helps
us select and optimize the structural parameters.
Coefficient C, and C, are the functions of parame-
ters of laminated piezoelectric ceramics, flexible
hinges and the angled. Therefore, when the lam-
inated piezoelectric ceramics are selected, struc-
tural parameters are determined by the desired

output performance.

3 Experiment and Results

According to the theoretical modeling, the

parameters of micro displacement stage are deter-
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mined in Table 1, and the prototype of the nano-
positioning stage with four groups of piezoelectric
ceramics units is shown in Fig. 7. Here, the pie-
zoelectric ceramics from the Danish company NO-
LIAC(NAC2013-H14) is selected; whose base
and triangular blocks are made of 65Mn spring
steel. The structure of the base is processed by e-
lectric spark wire cutting, ensuring the maximum
machining accuracy and the symmetry of the

structure.

Fig. 7 Prototype of nano-positioning stage and assembly

Charge amplifier in Fig. 7 is used to assem-
ble, which has been calibrated the linear relation-
ship between the charge (display as voltage on the
screen) and the pre-tightening force. Each of pie-
zoelectric ceramics stacks is pre-loaded with the

optimal force of 50 N.

Table 1 Geometric size and material parameters

Parameter Value
R/mm 1.75
t/mm 0.5
Geometric b/mm 10
parameter h/mm 4
//mm 8
0/ 20
Parameter of K,(measured)/(N « pm™") 10
piezoelectric
ctacks B (150 V) /pm 19. 8
Parameter E/GPa 210
of 65Mn 0. /MPa = 784

Fig. 8 shows the experimental setup of the
prototype. The 2D nano-positioning stage is fixed
on the vibration isolation table. Laser displace-
ment sensor (KEYENCE Inc. LK-H1W) meas-

ures the output displacements. Stiffness of the

Computer

Oscilloscope Power_ Laser XY stage
ator amplifier displacement
monitor

Fig. 8 Experimental setup

stage with or without piezoelectric ceramics units
is obtained by balancing weight. The signal gen-
erator generates positive input voltage (U, ,U,,
U, and U,). According to Eq. (6), the output
displacement of the stage is in a linear correlation
with the difference between voltages of two piezo-
electric ceramics groups in one direction (U, —
U,, U,—U,;). Therefore, we consider the voltage
difference as the control signal.

Table 2 shows the comparison between spe-
cific measurement results and theoretical values.
The errors between theoretical and measuremen-
tal results in the X direction are larger than tha-
ose in the Y direction, and it is probably owing to
the simplified theoretical model of force transmis-
sion structure in the X direction. Theoretical
maximum output displacement of the stage is ap-
proximately 44. 4 pm in both X and Y directions.
Strokes measured in the experiment are 41. 6 pm
and 42.9 pm in X and Y directions, as shown in
Fig.9, which approaches to the theoretical
stroke. When the stage is powered in one direc-
tion, it generates coupled displacement (no more
than 11. 7% of the maximum stroke) in the other
direction, errors might be caused by inadequate
machining accuracy. However, full symmetry
can hardly be guaranteed under actual processing
condition. Thus, forces output by each piezoelec-
tric ceramics units are non-uniform, which leads
to the coupled displacement.

Measured stiffness of flexure hinges in the
actuation direction ( 4K, ) is larger than the the-
oretical value, which is mainly because of the sur-
face residual stress produced during the electric
spark wire cutting process. Experimental stiff-

ness of the structure with piezoelectric ceramics
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units embedded in it approaches to the theoretical
calculation values (errors within 7. 9%) in one di-
rection. It proves that the stiffness in one direc-
tion is composed of stiffness of the parallel four-
bar mechanism and two groups of laminated pie-
zoelectric ceramics. Accordingly, we consider the
theoretical model reasonable and useful for desig-

ning and optimizing the stage structure.

Table 2 Theoretical and experimental results

Stiffness

Total
Coupled of flexure . ota
Stroke/ . . stiffness/
Parameter displace-  hinges
pm (N -
ment/pm 4K,/ |
. Hm )
(Nepm")
Theoreti- _
4.4 0 2.576 7.255
cal value
X,
.. Experimen-
direction 41.6 4. 85 2.711 7.874
tal value
Error/ % 6.7 — 5.0 7.9
Theoreti- _
44. 4 0 2.576 7.255
cal value
Y-
.. Experimen-
direction 42.9 3.524 2.693 7.619
tal value
Error/ % 3.5 4.3 4.8

Fig. 9 shows the hysteresis loops of the out-
put displacement in two directions when voltages
applied to the prototype are from 0 to 180 V. The
shapes of the hysteresis loops in two directions
are similar. The maximum width ratios of the
hysteresis loops are 9. 4% in the X direction and
10.2% in the Y direction. At the same time, the
which

means the bidirectional output performances of

hysteresis loops are centro-symmetric,

the nano-positioning stage are symmetrical in two
directions.

Fig. 10 shows the relationships between the
amplitude of the output displacement and the in-
put sinusoidal control signal, where the ampli-
tude of the sinusoidal voltage at 10 Hz raises from
10 V to 200 V in two directions. The output per-
formances in two directions are similar. The line-
ar goodness-of-fit reach 99. 68% and 99. 77% in
X and Y directions, respectively, indicating its
good linearity. The linear fit of the relationships
proves that the output displacement is proportion-

al to input voltage.
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Fig. 9 Hysteresis loops of Y-moving section
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Fig. 10 Relationship between amplitudes of output dis-

placement and input control signal under sinusoidal

voltage of 10 Hz

As shown in Fig. 11, under open loop con-
trol, the minimum output displacement step of
the stage in the X, Y directions is 50 nm.
Through signal generator, the step of the stair-
case voltage increases stepwise: keep the ampli-
tude of the staircase voltage stepping from
0.05 V to higher. The laser displacement sensor
measures the output displacements in the two di-
rections. When the step amplitude of voltage is
0.25 V, the steps of output displacement in two
directions are relatively stable.

Fig. 12 shows the step response of the Y-
moving section in the Y direction under different
amplitude of the step voltage with an open loop
control.

The Y-moving section weighs 148 g (calcula-
tion value). By the linear fitting of the rising
curve part, we can obtain the response speeds un-

der different amplitudes of the step voltage (from
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Fig. 11 The minimum output displacement step of nano-

positioning stage in X,Y directions

acement/ nm
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@
-

Fig. 12 Step response of Y-moving section in Y direction

20 V to 100 V). The speeds are 3. 868, 7. 886,
7.062, 7.158 and 8. 945 mm/s; and the time to
peak are 0. 001 5, 0. 001 3, 0.002 3, 0.002 7 and
0.002 7 s, respectively. Accordingly, we consider
that the response time of the stage is in millisec-
onds, which means a rapid response speed.
Meanwhile, the stabilization time is less than
0.02 s. In a word, the stage has millisecond
starting characteristic, which can achieve the

speedy response and positioning.
4 Conclusions

A novel 2D piezoelectric nano-positioning
stage is proposed based on triangle amplifier
mechanism, which is driven by innovative piezoe-
lectric thombic units and guided by the flexible
parallel four-bar mechanism in both actuating di-
rections. Two rhombus displacement amplifiers
are vertical and independent of each other, as Y-
moving section is entirely nested in the X-moving

section. This design improves the dynamic and

bidirectional performances of traditional nano-po-
sitioning actuators.

Theoretical statics model of the nano-positio-
ning stage is built to select and optimize the
structural parameters. Relationship among out-
put force, displacement, static stiffness and
structural parameters is presented. Meanwhile, it
is discovered that the total stiffness is composed
of that of the parallel four-bar mechanism and the
laminated piezoelectric ceramics in one direction.

According to the theoretical modeling, pro-
totype experiment was conducted. The stroke of
the stage measured reaches 41. 6 pm and 42. 9 pm
in the X and Y directions, respectively. The total
static stiffness tested in one direction has an error
within 8% deviation from the theoretical one,
which verifies the theoretical model. When the
stage is powered in only one direction, the other
one generates coupled displacement (less than
11.7% of the maximum stroke), and that is
probably because of the asymmetry of the struc-
ture produced during the machining process. The
shapes of the hysteresis loops in two directions
are similar, i. e. centrosymmetric, which means
that the bidirectional output performances of the
stage are symmetrical. Under the sinusoidal volt-
age of 10 Hz, output stroke is directly propor-
tional to the amplitude of the input voltage with a
good linearity. The nano-positioning stage has
the minimum output displacement step of 50 nm
and the millisecond starting characteristic. Al-
though the micro displacement platform has small
stroke compared with traditional displacement
amplifiers, it can output symmetrical bidirection-
al performances with great dynamic characteris-
tics, which could be further applied to rapid pre-
cision positioning technology and optical precision

engineering.
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