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Abstract: This paper designs a two-degrees-of-freedom (DOF) compliant positioning stage with
antagonistic piezoelectric actuation. Two pairs of PEAs are arranged in an antagonistic configuration
to generate reciprocating motions. Flexure mechanisms are intentionally adopted to construct the
fixtures for PEAs, whose elastic deformations can help to reduce the stress concentration on the
PEA caused by the extension of the PEA in the other direction. Subsequently, the parameter and
performance of the 2-DOF compliant positioning stage is optimized and verified by finite element
analysis. Finally, a prototype is fabricated and tested. The experimental results show that the
developed positioning stage achieves a working stroke of 28.27 um x 27.62 um. Motion resolutions
of both axes are 8 nm and natural frequencies in the working directions are up to 2018 Hz, which is
promising for high-precision positioning control.

Keywords: piezoelectric actuator; antagonistic actuation; flexure mechanism

1. Introduction

Precision actuation is one of the important technologies in the fields of micro/nano
processing and assembly [1,2], bio-manipulation [3-5], and optical pose adjustment [6,7].
The rapid development in these fields requires higher demand on the actuation method,
such as stroke, motion resolution, and degree-of-freedom (DOF) [8-10]. For cross-scale posi-
tioning, the positioner is required to have both large-stroke and high-motion resolution [11].
However, due to the conflict between stroke and positioning precision, it is difficult to use
a single driving method to achieve both two requirements. Thus, combining coarse motion
that can achieve a large stroke with fine motion that can achieve high motion resolution is
one of the solutions.

Coarse positioning technology has been extensively investigated, and thus, it will
not be further discussed herein. Precision actuation technologies can be mainly classified
into the following five types. First, electromagnetic actuation can achieve relatively large
motion strokes, but is susceptible to external electromagnetic interferences. Further, the
structure is relatively large in size, making it difficult to miniaturize [12]. Second, electro-
static actuation has the advantages of fast response, low power consumption, and simple
structure, but it has high requirements for driving voltage, dielectric materials, and environ-
mental conditions [13]. Third, electrothermal actuation has the advantages of low driving
voltage and no electromagnetic interference, but it requires good insulation conditions
and is difficult to control [14]. Fourth, magnetostrictive actuation has the advantages of
fast response speed and a large stroke, but it is easily affected by external electromagnetic
interference [15]. In contrast to the aforementioned four actuation methods, piezoelectric
actuation can achieve high displacement resolution, large output force, and fast response
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speed [16]. Therefore, piezoelectric actuator (PEA) has gradually become a core actuator in
the field of ultra-precision engineering.

The combination of compliant mechanism and PEA has become a common practice
in developing micro/nano positioning stages [17]. In these systems, a specially designed
compliant mechanism is used to amplify the stroke of the PEA and to generate complex
motions [18]. For instance, millimeter stroke and micrometer positioning precision can
be achieved in stick—slip positioning stages with PEA actuation [19-24], where the PEA
works in the following two modes. If no slip occurs, the displacement of the PEA is directly
transmitted to the slider, achieving small stroke but high precision positioning. If the slip
can be precisely controlled, a large stroke can also be achieved by the same PEA based
on the stick-slip effect [25-27]. Alternately, coarse—fine dual actuation based on “motor
and PEA” can also effectively resolve the conflict between the stroke and precision. The
motor-driven coarse positioning stage realizes a large stroke, but with low precision. In the
meantime, the positioning precision can be improved via the PEA-actuated fine positioning
stage. It must be noted that in coarse—fine dual actuation, the fine positioning stage is
only responsible for compensating for the positioning error of the coarse positioning stage,
greatly simplifying the difficulty of the structure design [28]. For instance, Salton et al.
designed a coarse—fine positioning stage using a linear motor and a PEA to realize high-
precision positioning [29]. Zhang et al. designed a single-axis coarse—fine positioning
stage of voice coil motor and PEAs, and conducted research on the vibration reduction
mechanism and precision positioning method under high speed and high acceleration [30].
The coarse—fine stages designed by Zhu et al. are driven by a moving magnetic linear motor,
and the coarse—fine stages are controlled by a dual feedback control structure [31]. Torralba
et al. presented a novel two-dimensional nano positioning stage based on a three-layer
architecture design [32].

Currently, coarse positioning stages are typically driven by motors or voice coil mo-
tors, while fine positioning stages generally adopt flexure mechanisms based on PEAs or
magnetostrictive actuators to compensate for the positioning error of the coarse positioning
stage [33-36]. For PEAs, negative driving voltages are generally not acceptable. Hence,
only unidirectional displacement can be provided for a single PEA. Although half of the
maximum driving voltage can be adopted as the bias to the control voltage to achieve
bidirectional driving, keeping PEA energized for a long time is not considered beneficial to
the PEA.

Placing two PEAs antagonistically has been proposed as an alternate to realize bidi-
rectional driving without initializing the driving voltage [37]. In most current designs,
the tail of each PEA is fixed. For instance, the structure of a 2-DOF flexure-based XY fine
positioning stage driven by PEAs is proposed by Jiao et al. It is based on rectangular flexure
hinges and PEAs arranged symmetrically to realize XY motion [38]. Wang et al. proposed a
novel linear-rotary piezoelectric positioning stage that uses a double octagon drive module
to generate rectangular drive trajectories of a surface [39]. Liao et al. reported a 2-DOF
super-resolution stage with a self-sensing unit. In this arrangement, the input unit and
the output unit are arranged in the shape of the red part of the Union Flag [40]. Xie et al.
presented a novel parallel 3-DOF XYZ precision positioning stage with a compact structure.
A newly developed Z-shaped flexure hinge-based mechanism is introduced in the design
of the stage [41]. However, in an antagonistic configuration, if the tails of both PEAs are
fixed, the stress on each PEA will be accumulated due to the preload force and the driving
force of the other PEA. Irreversible damage is inevitable, and the service life will also be
affected once the generated thrust of one PEA exceeds the permissible force load of the
other PEA. Therefore, the design of a 2-DOF compliant positioning stage with low stress
accumulation and short energization time for PEAs is desired.

This paper develops a 2-DOF compliant positioning stage, which is composed of a
series of flexure hinges and rigid bodies. On each axis of the 2-DOF compliant positioning
stage, two PEAs are arranged in an antagonistic configuration to provide bidirectional
driving for this axis. Through this approach, not only can the moving platform achieve
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reciprocating motion on the X or Y axis, but the energization time of each PEA is also
reduced because the initialization of the PEAs to half of the maximum control voltage is not
necessary. Based on the research of piezo-driven flexure mechanism, the main contribution
of this paper is the use of a flexure mechanism in fixing the PEA to replace the fixed end
and release the stress concentration.

The rest of this paper is arranged as follows: the mechanical design of the 2-DOF
compliant positioning stage is presented in Section 2. The corresponding finite element
analysis (FEA) and optimization is given in Section 3. The experimental verification is
presented in Section 4. Finally, the conclusion is given in Section 5.

2. Mechanical Design

Coarse—drive methods like stepper motors, despite offering the advantage of open-
loop control, inevitably suffer from £6 um positioning errors, limiting their applications
in high-precision positioning, as illustrated in Figure 1. Conventional closed-loop control
systems typically employ encoders or other sensors to detect position, but this increases sys-
tem complexity and cost. Utilizing a piezoelectric-driven compliant positioning stage can
provide closed-loop feedback, effectively compensating for the 6 pm positioning errors
of the stepper motor, thereby enhancing the overall positioning accuracy of the system.

X axis of the stage | Xaxis of the stage | | X axis of the stage |
Stepper motor for X axis Stepper motor for X axis Stepper motor for X axis
s : Forward Backward
! g ! ! direction direction
Target: 0 B £ .
Positioning errors: +0 | ; ; R i R i o
[l ] [l 7 T 7 T 7>
i i i X i X ! X
-5 0 5 0 0

Figure 1. Compensation for the +5 um positioning errors of the stepper motor.

Combining antagonistic PEA with a compliant positioning stage forms a new hybrid
driving method offering enhanced flexibility and adaptability. The compliant positioning
stage exhibits excellent dynamic performance and displacement continuity, facilitating
smooth, uninterrupted adjustment of fine displacements. On each axis, the positioning error
of the stepper motor is denoted as 5 pum. It is required that the compliant positioning stage
can move forward or backward so as to compensate for the positioning error of the stepper
motor. In the existing approaches, there are two ways to realize bidirectional motion.

(1). Single PEA actuation. In this case, a single PEA is used to drive the moving platform.
The PEA is unidirectional in nature because only non-negative voltages are allowed
for PEAs. To realize bidirectional actuation, half of the maximum voltage is adopted
as a bias to the control voltage. This is equivalent to manually translating the origin
of the PEA from 0% to 50% of the stroke. To compensate for the positioning error of
£0 um, the stroke of the PEA should be larger than 26 um. This method has been
widely adopted, whereas it will keep the PEA energized all the time. This might cause
undesired heating to the PEA and reduce the lifetime of the PEA.

(2). Dual PEAs in antagonistic actuation. In this case, two PEAs are placed in an antagonis-
tic configuration and energized alternately to realize bidirectional actuation. Different
from the first method, in antagonistic actuation, neither PEA has to be initialized
to half of the maximum voltage, and the stroke of the PEA only needs to be larger
than 6 pm.

Antagonistic actuation inherits advantages such as fast response, the absence of
residual strain, and high resolution, thus enabling swift and precise compensation for the
£6 um positioning errors of stepper motors. However, in the conventional designs, the
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tail of each PEA is fixed to the base, as shown in the left side of Figure 2. As a result, each
PEA has to bear the preload force and also the driving force of the PEA in the opposite
direction. In this case, the PEA’s thrust will damage the other PEA if the load force exceeds
the permissible value. To address the above problem, the fixed end of the PEA’s tail is
modified to be a flexure mechanism. As shown in the right side of Figure 2, the elastic
deformation of the flexure mechanism helps to reduce the stress concentration on the PEA
caused by the extension of the PEA in the other direction, thus protecting the PEA.

Fixed

< S i g™

Figure 2. Comparison of PEA under different boundary conditions.

Based on the above flexure mechanism, a compliant positioning stage with antagonistic
piezoelectric actuation has been designed to improve the positioning precision in X and
Y axes. As shown in Figure 3a, on each axis, two PEAs are arranged in an antagonistic
configuration. Flexure parallelograms are used to transmit the actuation of the PEAs
and decouple the motions of the moving platform. Due to the antagonistic actuation,
the moving platform can generate bidirectional motion without applying a bias-driving
voltage to the PEAs. This effectively reduces the energization time of each PEA. In the
antagonistic actuation, there are two PEAs working parallel on each axis, responsible for
the bidirectional movement. If one PEA fails, the other one can still provide unidirectional
motion. For a single piezo-actuation system, if the PEA fails, the entire system will lose its
ability to move. Therefore, the antagonistic actuation can also improve the fault tolerance
and reliability of the system.

e
I, b
t — — —9 — — — L
3 5
%Jé 0 (=%
T — - ky, flexure .
I /‘

7 20 8 R
NN N i, rigid body

(a) (b)

hed

Double

yviad

Figure 3. (a) Structure design of the proposed 2-DOF compliant positioning stage, (b) flexure hinges
connected iy, rigid body.

At the end of each PEA, a flexure mechanism is used to connect the PEA to the base.
In the middle of the stage, sets of double parallelograms are used to connect the moving
platform to the base. The double parallelograms perpendicular to the PEAs are used to
transmit the PEA’s actuation, and the double parallelograms parallel to the PEA are used
as a motion-decoupling structure. As shown in Figure 3a, the flexure mechanism of the
compliant positioning stage can be treated as a rigid body system containing 41 rigid bodies
connected by three kinds of right-circular flexure hinges (RCFHs), which are shown by ky,
flexure hinge (k = 1, 2 and 3) in Figure 3b. In order to easily describe the motion of each
rigid body in the compliant positioning stage, the 3-DOF of each rigid body’ mass center in
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XY plane is expressed as generalized coordinates q(i) = [qg) qy) qéi)]T, wherei=1,2,...,41,
as shown in Figure 3b.

3. Parameter Optimization and FEA Verification

In order to verify the parameter and performances of the 2-DOF compliant positioning
stage, its 3D model with 190 x 190 x 10 mm?3 is constructed and imported into ANSYS
Workbench for FEA. The selected material is aluminum 7075 with an elastic modulus of
E =70 GPa, a yield strength of 434 MPa, and a Poisson’s ratio of v = 0.3.

Since the 2-DOF compliant positioning stage is driven by PEAs, the PEAs can be
treated as force generators with built-in springs. To correctly simulate this situation, the
PEAs are modeled to be spring elements. Specifically, spring elements with corresponding
stiffness values of 24.39 N/um are placed at the original locations of the PEAs, based on
their effective stiffness parameters. This approach can simulate the effect of PEAs on the
overall structure while avoiding the complex geometric modeling of the PEAs themselves,
thereby improving computational efficiency.

In terms of meshing, in order to balance computational efficiency and accuracy, the
mesh is divided by the hexahedral method with a cell size of 2 mm, which is shown in
Figure 4a. To set the boundary conditions, fixed constraints are applied to the 12 circular
hole positions, as shown in Figure 4b. Two equal and opposite load forces with a value
of 1000 N are applied to the position of PEA4 to simulate the working state of the 2-DOF
compliant positioning stage more accurately.

B: Static Structural
Static Structural
Time: 1. s

. Force: -1000. N
[B] Force 2:-1000.N
. Fixed Support

Figure 4. Initial setup for FEA: (a) meshing and (b) boundary conditions.

3.1. Parameter Optimization

The structure parameters of the RCFH and rigid body significantly influence the
performance of the 2-DOF compliant positioning stage, and they should be carefully tuned.
By considering the size of the PEA selected, b = 10 mm, [ = 40 mm, s = 42.5 mm and
Wpre = 61 mm are preset, respectively. There exist also the following constraints: wpre = 8Ry
+2d +1(ifk=1,2,1=10; else I =1.), and s; = t; + Rg. So, there are only independent
parameters that need to be tuned, namely Ry and f; (k =1, 2, 3) of the RCFH. The working
stroke is selected as the index, and the following optimization model is established to
maximize it.

Objective : q§,41)

R1 € ]2.5,3.0], t €[50, 6.0] )

Subject to = Ry € [1.8,2.1], t, €05, 1.0]
Rs €[1.2, 1.6], t3€[0.5, 1.0]

The adaptive single-objective method employs a gradient-based approach to deliver a
refined, globally optimized solution. It targets a single output parameter as the objective
function while accommodating multiple constraints. The algorithm’s goal is to locate the
global optimum. Therefore, the built-in adaptive single-objective method in the ANSYS
Workbench is employed for convergence assessment. The specific optimization settings
and optimization status are presented in Table 1. According to the optimization results, the
model converged after 142 design points and 1 domain reduction, with 53 failed evaluations.
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The size of the generated sample set is 114 points. The convergence tolerance of 1 x 107° is
(41)

set for the output displacement of the g,

. Convergence is determined when the increment
or relative error of it falls below this value. The corresponding optimization process is

shown in Figure 5a. Meanwhile, the optimization process and results of the Ry, f; and g

are shown in Figure 5b.

Table 1. Optimization settings and optimization status of adaptive single-objective method.

Optimization Settings

Optimization Status

I Update response surface model I

Adaptive sampling
point enrichment

Property Value Property Value
Estimated number of . .
. . 220 Number of design points 142
design points
Number of Number of
L 66 . . 1
initial samples domain reductions
Maxi b .
axumum number 220 Number of failures 53
of evaluations
Convergence Size of generated
8 1% 107 & 114
tolerance sample set
3.05 6.05
g El
@ gws E585 WMM“W
< <
y 2.45 5.65
I Design of experiments | 22 1.05
g g
y E 2 £0.75
Build initial response o -
surface model 1.8 0.45
1.6 1.05
g B
y £ 14 £075
I Search for optimal solution I " -
12 0.45
0 20 40 60 80 100115 0 20 40 60 80 100115
Number of iterations (—) Number of iterations (—)
17 T T T r T
N Evaluate .
convergence g 16 1
3
=15 ]
T
=14
1 3 1 1 1 1 1
0 20 40 60 80 100 115

@)

Figure 5. (a) Optimizing the flow of the adaptive single-objective method and (b) optimization

(41)

process of the Ry, t; and g,

As can be seen in Figure 5b, the convergence state of each parameter roughly goes

through the following three status:

@.

Number of iterations (—)

(b)

Stochastic vibration status (the red background): This is the status where the optimiza-
tion algorithm explores the parameter space extensively. The vibration phenomenon
indicates that the algorithm is trying different parameter combinations, attempting
to escape local optimums and find the global optimum. Vibrations at this stage are

normal and indicate that the algorithm has not prematurely converged.

Q).

Decreasing vibration interval status (the yellow background): In this status, the
vibration interval gradually decreases, indicating that the algorithm is searching
around one or a few potentially optimal solution regions. This is the transition process

of the algorithm from extensive exploration to fine-tuned search.
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(3). Convergence trend status (the green background): The value of the optimization
objective function gradually stabilizes at this stage, indicating that the algorithm has
approached the optimal solution. The convergence trend indicates that the optimiza-
tion process has achieved a certain level of success, and the optimized values obtained
can be used as a reference for the final design.

The optimized parameters of the compliant positioning stage are shown in Table 2. In
addition, the optimized parameters are manually rounded to facilitate the machining.

Table 2. Main parameters of the 2-DOF compliant positioning stage.

Parameter Value (mm) Parameter Value (mm)
Ry 2.5020—2.50 H 5.9960—6.00
Ry 2.0688—2.10 ty 0.8624—0.80
R3 1.5886—1.60 t3 0.8228—0.80
dq 15.492—15.5 ds 4.1456—4.10
dy 17.224—17.1

“A—B” indicates that the value of B is obtained by manually rounding the value of A.

3.2. Static Analysis and Comparison

The maximum driving force of Fi, = 1000 N is applied to the input ends of the
2-DOF compliant positioning stage along the Y axis. As shown in Figure 6a, the PEA3 is
compressed by 5.7 um under the drive of the PEA4. The selected PEA in this work has a
nominal stiffness of 24.39 N/ um. It can be concluded that its load force is 139.02 N, which
is less than the allowable load force (400 N). In this case, the output displacement of the
moving platform in the +Y direction is 16.80 pum.

Ag =14.37-8.67 pm=5.70 um, 4,”=16.80 um 13.09 um, Q1" =18.57 um

B: Static Structural - H: Static Structural B: Static Structural
Directional Deformation 0.40 U Directional Deformation Equivalent Stress
Type: Directional Deformation < ! Type: Directional Def on Type: Equil

Unit: pm Unit: prm Unit: MPa

Global Coordinate Systern Global Coordinate Systern  Time: 1

Time: 1 Tirme: 1

26.853 Max
23.87

20.886

17.902

14.919

11.935

8.9512

5.9675

2.9838
-0.51643 Min 7.0725e-5 Min

19.705 Max
16.078

L 12451

= 8.8238
5.1966

mechanism

@ (b)

Figure 6. Static analyses of the 2-DOF compliant positioning stage: (a,b) deformation of the proposed
and the conventional configuration; (c) the stress distribution.

The same driving force of Fj, is applied to the conventional fixed-end configuration,
as depicted in Figure 6b. It is observed that the stroke of the moving platform is slightly
increased, whereas the PEA3 is compressed by 13.09 um, corresponding to a load force of
319.27 N. This is approximately 2.3 times more than the proposed configuration. For PEAs,
a proper preload force is generally exerted so as to increase the contact stiffness between
the tip of the PEA and the flexure mechanism. For conventional fixed-end configuration,
the compression force might easily go beyond the allowable range. Therefore, it is better
not to maintain the PEA under prolonged high stress. The results also demonstrate the
effectiveness of the proposed configuration in reducing the stress on the PEA.

Moreover, the static stress analysis is conducted to verify whether the safety factor is
qualified, as shown in Figure 6¢c. The maximum stress is 26.85 MPa, which is far lower than
the yield strength of the material.
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3.3. Dynamic Analysis Results

Natural frequency refers to the inherent vibration frequency of a mechanical system
without external force excitation. For a complex multi-DOF system, there will be multiple
natural frequencies corresponding to different modes. Since the natural frequencies along
the working direction directly determine the dynamic response performance of the 2-DOF
compliant positioning stage, it is necessary to analyze the natural frequencies along X
and Y axes.

Because the PEA is an elastic material, the dynamic characteristics of the 2-DOF
compliant positioning stage will be affected when PEAs are installed. For the FEA modeling
in dynamic analysis, the PEA can be equivalent to a spring with mass, and the installed
target and its support can be regarded as a load mass on the 2-DOF compliant positioning
stage, as shown in Figure 7a. The frequencies along the working direction of the 2-DOF
compliant positioning stage with the PEA and load mass (1.5 kg) installed are 595.61 Hz
and 596 Hz, respectively.

1st mode: 596.00 Hz
.

C: Modal

Total Deformation 3
Type: Total Deformation
Frequency: 596. Hz

C: Modal

Total Deformation 2
Type: Total Deformation
Frequency: 595.61 Hz

Unit: mm Unit: mm
26.725 Max 26.788 Max
23755 23.811
20.786 20.835
17.817 17.859
14.847 14.882
11.878 ° 11.906
8.9083 8.9293
5.9388 Y 5.9528
2.9694 X 2.9764
0 Min Z(0) 0 Min
()

<3400 A T T

52900 [ TTAL —>— Ist mode _X ---- 3rd mode

% AA - -0 - 2nd mode -~ ==+ 4th mode

'S 2400

=1

15)

=

jon

2

=]

=

e

2

<

Z

10
Load mass (g)
(b) (©)

Figure 7. (a) Mode shapes of the 2-DOF compliant positioning stage with PEAs and load mass,
(b) relationships between the natural frequencies and the load mass and the (c) region of load mass.

The high consistency between the first and second modes in Figure 7a reflects the
inherent symmetry of the structure, which is a normal and expected phenomenon for
symmetric structures. For such symmetric structures, it is anticipated that the lower-order-
mode shapes exhibit high consistency. The third and fourth modes are the translation and
rotation of the moving platform on the Z axis, respectively. As the load mass increases, the
natural frequencies of the overall system gradually decrease, as shown in Figure 7b.

4. Experimental Verification

To experimentally validate the design and the 2-DOF compliant positioning stage, a
190 x 190 x 10 mm? prototype is fabricated by Al 7075. The input displacement is gener-
ated by four PEAs (Model PK4FYP2 from Thorlabs, Newton, NJ, USA) using the voltage
amplifier (Model PDM840 from Nanomotions, Shanghai, China). The output displacement
of the whole system is measured by two laser interferometers with a resolution of 0.1 nm
(Model SP2000 from SIOS, Thuringia, Germany). Furthermore, this model of laser interfer-
ometer is equipped with temperature sensors and an electrical noise isolation unit, which
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can compensate, in real time, for the impact of temperature drift and filter out the electrical
noise on the measurement results. In addition, all the signals are transmitted by the PXI
system (Model PXle-1082 equipped with a PXI-8135 controller, a PXIe-6363 data acquisition
card, all from National Instruments, Austin, TX, USA). All equipment and the prototype
are placed on a pneumatic vibration isolation optical table to reduce the impact of external
vibrations on the system. The experimental setup is shown in Figure 8.

Figure 8. Experimental setup.

4.1. Stroke and Coupling Performance Testing

Firstly, in open-loop mode, the hysteresis loops of the 2-DOF compliant positioning
stage on X and Y axes are tested to obtain its travel range. The test results are shown in
Figure 9a. According to the measurements, the strokes of 28.27 um (—13.87~14.40 pum)
and 27.62 um (—13.31~14.31 um) can be achieved on the X axis and Y axis, respectively.
As shown in Figure 9b, when only one X axis is driven by a sinusoidal signal with an
amplitude of 14 um and a frequency of 0.5 Hz, the output displacement along the Y axis is
measured, exhibiting a maximum coupled motion of 0.38 um. Employing the same driving
methodology to actuate the Y axis, the maximum coupled motion observed along the X
axis is measured to be 1.17 um.

~ 15 : ; e

g 10k X:28.27 pm g

E ............... Y: 27.62 Nm 52

5 %

g 5 5.

8 i

20 -

o, -

12

A st E

= %

2.-10f 2

= 8-75¢ ! 1

5_15 | I | > 15 ‘/Xaxié\.ll v M N
-10 -5 0 5 10 0 2 4 6 8 10

Control Voltage (V) Time (s)

(a) (b)

Figure 9. (a) Hysteresis curve and the (b) coupling of the proposed 2-DOF compliant positioning
stage.

The double parallelogram structure is widely used in planar 2-DOF compliant position-
ing stages for decoupling purposes [42-44]. The maximum coupling motion is measured to
be 2.64% for full stroke. It should be noted that it is very difficult to completely eliminate
coupling motion by only using the decoupling mechanism. Thus, closed-loop control can
be used to further reduce coupling motion.

4.2. Natural Frequency Testing

To obtain the natural frequencies of the 2-DOF compliant positioning stage along
its working direction, an impact load is applied to the output end of the mechanism,
allowing it to vibrate freely. This method is a widely used experimental technique in
modal analysis due to its simplicity and accuracy. The excitation method does not require
any prior installation or adjustment and does not introduce additional mass, stiffness, or
damping to the test specimen. Additionally, this approach provides excellent mobility for
the excitation location. As long as the impact force remains within the permissible range
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of the test object’s strength, stiffness, or precision, excitation can be achieved at locations
where actuator installation is not possible.

The displacement data from the free vibration are collected and then sent to Matlab to
obtain the frequency-domain signal response of the system via Fast Fourier Transform. If
no PEA is installed, the natural frequencies in X and Y axes are measured to be 1323 Hz and
1327 Hz, respectively. When the PEAs are installed, the PEA’s stiffness and mass will affect
the dynamic characteristics of the 2-DOF compliant positioning stage. If PEA is installed,
the natural frequencies on X and Y axes increase to 2018 Hz and 2024 Hz, respectively. For
the case of installed PEA and load mass (1.5 kg), the natural frequencies on X and Y axes are
reduced to 598 Hz and 610 Hz, respectively. Table 3 summarizes the comparison between
the experimental testing results of natural frequencies along the X and Y axes mentioned
above, and the FEA. For the case of installed PEA and load mass, the maximum relative
errors are 1.03% and 2.30%, respectively.

Table 3. Natural frequency of the 2-DOF compliant positioning stage.

FEA (Hz) Exp. (Hz)
X Axis Y Axis X Axis Y Axis
Without PEA 1457 .4 1450.7 1323.0 1327.0
With PEA 2064.0 2070.5 2018.0 2024.0
With PEA and load mass 595.60 596.00 598.00 610.00

4.3. Hysteresis Compensation and Resolution Testing

The direct inverse modeling (DIM) method [45] is used to construct feedforward
hysteresis compensators for the PEAs. The modeling accuracy of the hysteresis compensator
can be found in Figure 10a. Thus, proportional-integral (PI) controllers are adopted as
the feedback controller to further account for the dynamic characteristics of the 2-DOF
compliant positioning stage. Finally, the compensation effect of the DIM + PI composite
control on the X axis is shown in Figure 10b.
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Figure 10. Hysteresis compensation results: (a) DIM method and (b) DIM+PID method.

To obtain the motion resolution of the moving platform in the 2-DOF compliant
positioning stage in the bidirectional motion, the composite control of the DIM + PID
controller is used to test the staircase input signal with an 8 nm step height. During the
entire testing period, it is necessary to ensure that no unrelated personnel are present and
that the testing personnel remain silent. Meanwhile, devices that may introduce weak
vibrations, such as cooling fans, are briefly shut down. As shown in Figure 11, the motion
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resolution of the moving platform in the 2-DOF compliant positioning stage both on the X
and Y axes can reach up to 8 nm.
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Figure 11. The motion resolution of the proposed 2-DOF compliant positioning stage: (a) X axis,
(b) Y axis.

5. Conclusions

A 2-DOF compliant positioning stage has been designed in this paper with antagonis-
tic PEA actuation, which enables bidirectional motion along the actuation axis. Moreover,
the fixed end of each PEA’s tail is modified to be a flexure mechanism to release the stress
concentration on the PEA. The FEA is used to optimize the parameters of the RCFH and ver-
ify the performance of the proposed 2-DOF compliant positioning stage. A prototype is also
fabricated for experimental testing. The experimental results show that the proposed 2-DOF
compliant positioning stage can achieve a working range of 28.27 pm (—13.87~14.40 um)
and 27.62 um (—13.31~14.31 um) on the X axis and Y axis, respectively. The maximum
coupling motion is measured to be 2.64% for full stroke. After installing four PEAs, the
natural frequencies are 2018 Hz and 2024 Hz, respectively.

To compensate for the hysteresis of PEA and the dynamics of the 2-DOF compliant
positioning stage, a combined DIM + PID control strategy is adopted. The motion resolution
of the moving platform in the 2-DOF compliant positioning stage is tested to be 8 nm. Future
work will focus on the design of a high-performance controller based on the proposed
2-DOF compliant positioning stage.
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