
Citation: Ye, T.; Li, Y. Synthesis of

2-DOF Decoupled Rotation Stage

with FEA-Based Neural Network.

Processes 2023, 11, 192. https://

doi.org/10.3390/pr11010192

Academic Editors: Yuchu Qin and

Peizhi Shi

Received: 29 November 2022

Revised: 3 January 2023

Accepted: 4 January 2023

Published: 6 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Synthesis of 2-DOF Decoupled Rotation Stage with FEA-Based
Neural Network
Tingting Ye and Yangmin Li *

Department of Industrial and Systems Engineering, The Hong Kong Polytechnic University,
Hong Kong SAR 999077, China
* Correspondence: yangmin.li@polyu.edu.hk

Abstract: Transfer printing technology has developed rapidly in the last decades, offering a potential
demand for 2-DOF rotation stages. In order to remove decoupling modeling, improve motion
accuracy, and simplify the control method, the 2-DOF decoupled rotation stages based on compliant
mechanisms present notable merits. Therefore, a novel 2-DOF decoupled rotation stage is synthesized
of which the critical components of decoupling are the topological arrangement and a novel decoupled
compound joint. To fully consider the undesired deformation of rigid segments, an FEA-based neural
network model is utilized to predict the rotation strokes and corresponding coupling ratios, and
optimize the structural parameters. Then, FEA simulations are conducted to investigate the static
and dynamic performances of the proposed 2-DOF decoupled rotation stage. The results show larger
rotation strokes of 4.302 mrad in one-axis actuation with a 1.697% coupling ratio, and 4.184 and
4.151 mrad in two-axis actuation with undesired Rz rotation of 0.014 mrad with fewer actuators
than other works. In addition, the first natural frequency of 2151 Hz is also higher, enabling a wider
working frequency range.

Keywords: 2-DOF rotation stage; compliant mechanisms; micro manipulation; transfer printing

1. Introduction

With the emergence of transfer printing technology in micro/nano-manufacturing, de-
formable electronics are endowed to be fabricated [1] and enable many novel applications,
such as intelligent electronic skin [2], electronic eye camera [3], bendable photovoltaics
module [4], etc. Generally, the operating processes of transfer printing can be divided into
three steps [5], as shown in Figure 1a. The main modules contain inks, a donor, a stamp,
and a substrate. First, inks are mounted releasably on a donor and prepared to be retrieved
by an elastomer stamp. Then, the stamp pasted with the inks is moved above a flexible
substrate. At last, the inks are printed onto the flexible substrate. In this process, it is likely
that the contact interface between the stamp and the donor/substrate suffers uneven force
due to the non-parallel nature of the adjacent faces, easily resulting in poor fabricating
quality [6]. To adjust the angle between the adjacent faces, Figure 1b shows a potential
application of the 2-DOF (degree of freedom) rotation stage, on which the donor/substrate
can be assembled.

Kinematic coupling and positioning precision are issues of great concern in the topo-
logical design of the 2-DOF rotation stage. Whether the 2-DOF motions are coupled or not is
an important influencing factor in terms of control complexity. As for the decoupled 2-DOF
rotation stages proposed by Liang and Lee et al. [7,8], two or four actuators are required,
and the 2-DOF rotation motions are not coupled because the arranged planes of actuators
are both perpendicular to the installation platform and each other, i.e., the actuators are
arranged on the xoz and yoz planes, as shown in Figure 1b. In contrast, the coupled 2-DOF
rotation stages developed by Li and Kim et al. [9,10] need three evenly arranged actuators
to achieve coupled 2-DOF rotation motions, causing demand for coupled models and
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increasing control complexity. Concerning positioning precision, compliant mechanisms
exhibit advantages over traditional rigid mechanisms since the former realize the transmis-
sion of motion and force through elastic deformation of joints, inducing frictionless and
gapless situations [11–13].
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Figure 1. Schematic of transfer printing and potential application of 2-DOF rotation stage in this field.
(a) Illustration of the operating process of transfer printing. Step 1: some releasable inks are mounted
on a donor; Step 2: the inks are retrieved by an elastomer stamp and moved above a substrate; Step
3: the inks are printed onto the substrate. (b) Potential application of 2-DOF rotation stage in micro
transfer printing.

Given a designed mechanism, the most common design procedure is to predict the
performance corresponding to a set of parameters through theoretical modeling and then
inverse it, aiming at the desired performance to determine the parameters [14]. Due to the
geometric nonlinear deformation and complex series/parallel configuration, the theoretical
modeling of compliant mechanisms is faced with considerable challenges [15]. The pseudo-
rigid-body method is widely employed to describe the relationship between parameters
and performance, whereas its capability to solve large deflection problems is relatively
weak, owing to the low accuracy caused by distorted assumptions [16,17]. In the last
decade, numerous modeling methods have emerged with higher accuracy, such as the
multi-R pseudo-rigid-body methods [18,19], improved elliptical integral solutions [20–22],
improved constraint beam models [23–26], generalized shooting method [27], etc., which
usually comes at the expense of derivation simplicity, computational efficiency, ease of
use, etc. What is more, insufficient model descriptiveness usually leads to local optimum
problems due to the wide design domain. Inspired by machine learning’s strong capability
for mine mapping relationships from large-scale data, several machine learning methods
have been utilized to solve the synthesis of the graphene kirigami by convolution neural
networks [28], the brittle polymers with super-compressible metamaterials by Bayesian
neural networks [29], etc. However, rare applications have been conducted in synthesizing
compliant mechanisms. Liu et al. employed neural networks for modeling and optimizing
the constant force compliant mechanism composed of flexure beams with uneven cross
sections based on FEA simulations [30].

Motivated by reducing the hardware costs, simplifying the control methods, and mak-
ing the motion more precise during transfer printing, a 2-DOF piezo-actuated decoupled
rotation stage is synthesized with FEA-based neural networks for a large rotation stroke
with high precision and a small coupling ratio, which can serve as a substrate as shown in
Figure 1. With comparisons of static and dynamic performances with other piezo-actuated
rotation stages, the developed 2-DOF rotation stage shows a larger rotation stroke and a
lower coupling ratio with fewer actuators, making control simpler and more precise. Its
first natural frequency presents as quite higher than others, resulting in a wider working
frequency range. The main contributions of this paper are as follows: (1) A decoupled com-
pound joint is proposed to realize 2-DOF pure rotation motion. (2) A novel piezo-actuated
2-DOF decoupled rotation stage is designed with the proposed decoupled compound joints,
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2-DOF rotation hinge, bridge-type amplifiers, work platform, etc., as the main compo-
nents. (3) Applications of machine learning in the synthesis of compliant mechanisms are
expanded. The remainder of this paper is organized as follows. The mechanism design
of the 2-DOF decoupled rotation stage is conducted in Section 2, of which the dominant
performance results are predicted by the neural network model in Section 3. At last, the FEA
simulation is carried out to validate the static and dynamic performance results in Section 4.

2. Mechanism Design

A monolithic 2-DOF decoupled rotation stage is proposed, which comprises a work
platform, two decoupled compound joints, a 2-DOF rotation hinge, two piezoelectric stacks,
two preload screws, two bridge-type amplifiers, a pillar, and a fixed base, as shown in
Figure 2. The topology is symmetrical, of which the central symmetry plane forms an angle
of 45◦ with the two planes xoz and yoz. Taking the left half of Figure 2 as an example,
the topological arrangement and motion transmission are as follows.

Pillar

2-DOF 
rotation hinge

Work 
platform

x

y

z

o

Fixed 
base

Piezoelectric 
stack

x
y

z

Proposed decoupled 
compound joint

Preload 
screw

Bridge-type 
amplifier

Rx Ry

a

Figure 2. Mechanism of 2-DOF decoupled rotation stage.

As for the topological arrangement, the lower side of the bridge-type amplifier is
connected to the fixed base. The piezoelectric stack is assembled inside the bridge-type
amplifier, and preloaded by the screw on its polarization direction (i.e., input displacement
direction). The work platform is connected with the pillar by the 2-DOF rotation hinge
and the bridge-type amplifier with the decoupled compound joint. As for the motion
transmission, the polarization direction of the piezoelectric stack is parallel to axis x. The
piezoelectric stacks composed of several piezoelectric sheets are chosen as the actuators
to provide input displacement and force for the proposed stage due to the merits of high
precision and fast response. Through the bridge-type amplifier, the displacement direction
in its output end is in axis z. Several parallelogram mechanisms are utilized in bridge-type
amplifiers to avoid parasitic displacements of their output ends in axis x. Then, taking
the 2-DOF (Rx and Ry) rotation hinge [7,31] as the rotational center of the work platform,
the output displacement of the bridge-type amplifier brings the Rx decoupled rotation
motion of the working platform through the proposed decoupled compound joint.

To realize 2-DOF (Rx and Ry) decoupled rotation motions, the critical components
comprise the topological arrangement and the proposed decoupled compound joint. The
decoupled compound joint is composed of a 1-DOF rotation hinge and two perpendicular
thin beams. When only the left piezoelectric stack is working, the 1-DOF (Rx) rotation
hinge in the left decoupled compound joint is deformed, and the two perpendicular thin
beams are undeformed approximately, owing to the high stiffnesses in the directions of Rx
and Ry. Meanwhile, the 1-DOF (Ry) rotation hinge in the right decoupled compound joint
is undeformed, and the two perpendicular thin beams have rotations in the direction Rx.
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3. FEA-Based Neural Network Model

In this section, a neural network model based on FEA is utilized to predict the domi-
nant performance of the proposed 2-DOF decoupled rotation stage precisely, including the
rotation strokes and corresponding coupling ratios, as shown in Figure 3.

rb θb tb wb b1 b2 b3 b4 b5 t1r1 w1 t2r2 l3t3
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Figure 3. FEA-based neural network model.

Despite the side length a of the work plane set as 12 mm, 16 structural parameters
exist. However, N16 sets of input vectors mean an extremely huge volume, resulting in
high computational costs. Therefore, six less influential parameters, rb, wb, b3, b4, b5, and
w1, were assigned specific values based on past experience, as shown in Table 1. Moreover,
the lower and upper values of the parameters associated with flexible hinges are related
to design experience, relevant literature, and manufacturing limitations. According to the
set of upper values, the normalized parameters are used for the input layer of the neural
network model. Moreover, the minimum value of each parameter is set as the lower limit.
For each parameter, 15 values are taken evenly in their designed range. Among them,
five values are picked randomly to create 510 sets of input vectors as the input layer of
training data sets.

Table 1. Range or assigned value of structural parameters.

Parameter Assigned Value Parameter Lower Value Upper Value

a 12 mm θb 0.5◦ 8◦

rb 1 mm tb 0.2 mm 1 mm
wb 5 mm b1 1 mm 10 mm
b3 4 mm b2 1.5 mm 4.5 mm
b4 6 mm r1 0.5 mm 1.5 mm
b5 1 mm t1 0.3 mm 0.9 mm
w1 3.8 mm r2 0.5 mm 1.5 mm

t2 0.3 mm 0.9 mm
t3 0.3 mm 0.9 mm
l3 3 mm 10 mm
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Through FEA with the software ANSYS, the dominant performances can be obtained
and served as the output layer of the neural network model. The employed material is AL
7075-T651, whose mechanical properties are presented in Table 2. The finite element model
is set up with the element sizes as 0.1 mm in flexure segments (i.e., the segments that will
deform during work, including all flexure hinges and flexure beams) and 0.5 mm in rigid
segments (i.e., the segments that hardly deform during work), as shown in Figure 3. In
particular, the 2-DOF rotation hinge is considered a complete flexure segment due to spatial
overlap and small size. According to the element quality Q ∈ [0, 1] that corresponds to the
higher quality when the value is bigger obtained by the mesh metric module in ANSYS,
more than 92% elements gain their assessed values of more than 0.7, which can prove that
the mesh division is reasonable.

Table 2. Mechanical properties of AL 7075-T651.

Item Density Poisson’s Ratio Young’s Modulus Yield Strength Tensile Strength

Parameter 2.810 0.33 71.7 500 570
Unit g·cm−3 Gpa Mpa Mpa

In this work, the neural network model is trained in the software MATLAB. During the
training process, several deep neural networks with various hidden layers are considered:
the size of the input layer is 10 × 1, the size of the output layer is 2 × 1, and the size of the
hidden layer is varied. Two types of loss functions are tried to evaluate the performance of
the neural networks, including the mean squared error and the mean absolute percentage
error. The employed activation functions compromise the Sigmund activation function,
the Gaussian error linear unit activation function, and the Softplus activation function. The
stochastic gradient descent optimizer and the Adam optimizer are tried. After considerable
trial and appropriate adjustments, the hidden layers with the size of 542 × 1 and 328 × 1
are determined. The mean squared error is assigned as the loss function. The Sigmund
activation function is served as the activation function in the input-hidden transmission and
the hidden-hidden transmission. The linear activation function is served as the activation
function in the hidden-output transmission. The Adam optimizer is employed.

After training with 510 times, the neural network model is tested with four values
outside the input data set of each parameter, which are chosen randomly in the designed
range. The comparisons of the one-axis rotation stroke and maximum coupling ratio
between results by the neural network model and FEA simulation are shown in Figure 4.
It can be seen that the overlapping areas of rotation stoke and maximum coupling ratio
between the training set and the test set are quite high, which can prove that the neural
network model fits the data set well. Moreover, the ratios of the results predicted by the
neural network model to those simulated by FEA are 1:1 approximately, which shows that
the current neural network model is sufficient for predicting and optimizing the dominant
performance of the proposed 2-DOF decoupled rotation stage.

Then, the genetic algorithm is utilized with the function gamultiobj in MATLAB to
optimize the structural parameters. The upper and lower values refer to Table 1. The
optimization objective function is defined as

min

{
σ1 = −θR,

σ2 = γR,
(1)

where θR is the one-axis rotation stroke, and γR is the maximum coupling ratio.
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Figure 4. Comparisons of the one-axis rotation stroke and maximum coupling ratio between results
by neural network model and FEA. (a) Rotation stroke in y-axis actuation. (b) Maximum coupling
ratio in y-axis actuation.

Consequently, several Pareto front solutions can be obtained by calculation. The solu-
tion with relatively small coupling is preferred, and the optimized parameters are shown
in Table 3.

Table 3. Optimized structural parameters.

Parameter Value Parameter Value Parameter Value

θb 3.5◦ tb 0.6 mm b1 5.02 mm
b2 1.6 mm r1 0.6 mm t1 0.3 mm
r2 0.5 mm t2 0.5 mm t3 0.3 mm
l3 8.2 mm

4. Characteristic Analysis

To evaluate the performance of the proposed 2-DOF decoupled rotation stage with
structural parameters in Table 3, FEA simulation is conducted with the software ANSYS.

4.1. Static Performances
4.1.1. Static Performances without Load

(1) One-axis actuation

The fixed supports are set to the bottom face of the fixed base and one of the input
ends of the piezoelectric stack, while the other input ends of the piezoelectric stack are
assigned the input displacements with 20 µm to investigate the rotation stroke and corre-
sponding decoupled behavior in one-axis actuation. Through FEA with ANSYS, the static
performance results in the y-axis actuation are shown in Figure 5. It can be seen that the y-
direction deformation of nodes A, B and D are 25.948, −25.681, and −26.564 µm, as shown
in Figure 5a. Since the side length of the work platform is 12 mm, the Ry rotation stroke in
y-axis actuation can be derived as 4.302 mrad. As for the decoupled performances, the cou-
pling rotation angles in Rx and Rz can be calculated as 0.073 and 0.061 mrad, according to
the y-direction deformations of nodes A and B in Figure 5b. That is, the coupling ratios of
Rx and Rz rotations in y-axis actuation are 1.697% and 1.418%. In addition, the amplifying
ratio of the bridge-type amplifier is derived as 4.002. Then, the z-direction deformations of
nodes A and B present as linear with the input displacement assigned as 2 µm/s, as shown
in Figure 5c.

With the maximum input displacement of 20 µm, the maximum equivalent stress
occurs at the exact center of the 2-DOF rotation hinge as 207.182 Mpa, which is far less
than the yield strength of AL 7075-T651 as 500 Mpa. The maximum equivalent stress of the
bridge-type amplifier is located at the half-circular flexure hinge as 155.941 Mpa, and the
counterpart of the decoupled compound joint is located at the circular flexure hinge as
69.315 Mpa.
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Figure 5. Static performance results in y-axis actuation without load. (a) z-direction deformation in
y-axis actuation. (b) y-direction deformation in y-axis actuation. (c) z-direction deformation of nodes
A and B in y-axis actuation. (d) Stress distribution in y-axis actuation.

(2) Two-axis actuation

As for the two-axis actuation, the fixed supports are set to the bottom face of the fixed
base, while the input ends of two piezoelectric stacks are assigned the input displacements
with 20 µm to investigate the rotation strokes and consistency behavior in the two-axis
actuation. Through FEA with ANSYS, the static performance results in the two-axis
actuation are shown in Figure 6. It can be seen that the y-direction deformation of nodes
A, B and C are−0.871,−50.684, and 49.339 µm, as shown in Figure 6a. Since the side length
of the work platform is 12 mm, the Rx and Ry rotation strokes can be derived as 4.184
and 4.151 mrad. As for the decoupled performance results, the Rz rotation angle can be
calculated as 0.014 mrad, according to the y-direction deformations of nodes A and B in
Figure 6b. In addition, the amplifying ratios of the bridge-type amplifiers are derived as
3.954 and 3.952. The inconsistency ratio is 1.008:1, in which the discrepancy between the
Rx and Ry rotation motions may be attributed to the counteracting effect of the parasitic
rotation displacements. Then, the z-direction deformations of nodes A, B, and C present as
linear with the input displacements assigned as 2 µm/s, as shown in Figure 6c.

With the maximum input displacement of 20 µm, the maximum equivalent stress
occurs at the exact center of the 2-DOF rotation hinge as 420.221 Mpa, which is less than
the yield strength of AL 7075-T651 as 500 Mpa. The maximum equivalent stress of the
bridge-type amplifier is located at the half-circular flexure hinge as 134.580 Mpa, and the
counterpart of the decoupled compound joint is located at the circular flexure hinge as
95.841 Mpa.
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Figure 6. Static performance results in two-axis actuation without load. (a) z-direction deformation in
x and y-axis actuation. (b) y-direction deformation in x and y-axis actuation. (c) z-direction deformation
of nodes A and B in x and y-axis actuation. (d) Stress distribution in x and y-axis actuation.

4.1.2. Static Performance Results with Loads

With loads from 1 N to 5 N applied on the work platform of the proposed stage,
the static analyses in one-axis and two-axis actuation are performed. With respect to y-axis
actuation with loads from 1 N to 5 N, the rotation motions in directions Rx, Ry, and Rz are
shown in Figure 7a. As the load increases, the rotation stroke in the Ry direction decreases,
while the coupling rotation motions in the Rx and Rz directions increase. The relationship
between the rotation stroke and the load is approximately a straight line with a slope of
−6.667× 10−3 mrad/N. Similarly, the slopes of the straight lines of the coupling rotation
motions with respect to the loads are 7.103× 10−3 mrad/N and 8.919× 10−4 mrad/N,
respectively. In addition, the maximum stress increases from 207.182 MPa to 218.750 Mpa
with the growing loads from 0 N to 5 N. As for the x and y-axis actuation with loads from
1 N to 5 N, the rotation motions in directions Rx, Ry, and Rz are shown in Figure 7b. As the
load increases, the rotation stroke in the Ry direction decreases, the rotation stroke in the
Rx direction increases, and the coupling rotation motion in the Rz direction reduces. The
relationships between the rotation motions and the loads are all approximately straight
lines. The slopes of the straight lines of the rotation motions in the Rx, Ry, and Rz di-
rections with respect to the loads are 6.420× 10−3 mrad/N, −6.460× 10−3 mrad/N, and
−6.000× 10−5 mrad/N, respectively. The maximum stress increases from 420.221 MPa
to 454.081 Mpa with the growing loads from 0 N to 5 N. It can be seen that the static
performance results of the designed stage possess good stability under loads applied on
the work platform from 0 N to 5 N.
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4.2. Dynamic Performances

With the fixed support on the bottom face of the fixed base, the modal analysis is
conducted to the proposed 2-DOF decoupled rotation stage. The first six natural frequencies
are 2151, 2154.6, 2194.7, 2432.4, 3175.1, and 3252.2 Hz, respectively. Despite the problem
of dense modes due to the symmetric structure, the bandwidth of the 2-DOF decoupled
rotation stage covers a fairly high-frequency range. The vibration shapes of the first six
modes are shown in Figure 8.

0
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630.14
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651.18
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0
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Figure 8. Modal analyses of proposed 2-DOF decoupled stage without loads. (a) Total deformation in
the first mode (2151 Hz). (b) Total deformation in the second mode (2154.6 Hz). (c) Total deformation
in the third mode (2194.7 Hz). (d) Total deformation in the fourth mode (2423.4 Hz). (e) Total
deformation in the fifth mode (3175.1 Hz). (f) Total deformation in the sixth mode (3252.2 Hz).
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On this basis, the harmonic responses with actuation frequencies as 100∼3500 Hz in
one-axis and two-axis actuation are carried out. For one-axis actuation, the fixed supports
are applied on the fixed base and the input ends of one of the piezoelectric stacks, while
the input ends of the other piezoelectric stack are assigned input force as 200 N. The y-
direction deformations of nodes A and B can be viewed in Figure 9a. Sharp amplitude
changes appear around 2100, 2400, and 3200 Hz, which is consistent with the results of the
modal analysis. For two-axis actuation, the fixed supports are applied on the fixed base,
while the input ends of both piezoelectric stacks are assigned input force as 200 N. The
y-direction deformations of nodes A, B, and C can be viewed as Figure 9b. Sharp amplitude
changes appear around 2100, 2400, and 3200 Hz, which is consistent with the results of the
modal analysis.

Node C
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Figure 9. Harmonic responses of proposed 2-DOF decoupled stage. (a) y-direction deformation in
y-axis actuation. (b) y-direction deformation in x and y-axis actuation.

In addition, the modal analyses of the designed stage under loads are conducted, in which
the volumes of the cuboids assembled on the work platform are 10× 10× 3 mm3 (0.3V) and
10× 10× 10 mm3 (V). The first six natural frequencies fi(i = 1∼6) of the designed stage
without and with loads are shown in Table 4, where ρ denotes the density of Al7075-T651.

Table 4. The first six natural frequencies fi(i = 1 ∼ 6) of the designed stage without and with loads.

Loads f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz) f5 (Hz) f6 (Hz)

0 2151.0 2154.6 2194.7 2423.4 3175.1 3252.2
0.3ρV 2005.1 2023.3 2169.3 2410.4 3112.9 3127.4

ρV 1405.8 1457.7 2170.7 2415.0 2858.8 2866.6

4.3. Comparisons of Performances with Other Piezo-Actuated Rotation Stages

Comparisons of performance results of the proposed 2-DOF decoupled rotaion stage
with other rotation stages are listed in Table 5. It can be seen that the proposed 2-DOF
rotation stage has decoupled function, leading to easier control than coupling stages.
The rotation stroke and corresponding coupling ratio of the proposed stage also show
better performance results with minimal actuators. As for the dynamic performance,
the first natural frequency of the proposed 2-DOF rotation stage presents the highest value,
leading to a wider working frequency range.
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Table 5. Comparisons of performance results with other piezo-actuated rotation stages.

Decoupling Stoke (Mrad) Rotation
Coupling Ratio

First Natural
Frequency (Hz)

Number of
Actuators Reference

X 2.12 2.09% 580 2 [7]
X 4 / 165.5 4 [8]
× 1.03 / 249.6 3 [9]
× 0.5 / 88.1 3 [10]
X 4.302 1.697% 2151 2 This paper

5. Conclusions

The mechanism design, the FEA-based neural network modeling and optimization,
and the FEA simulations of the proposed 2-DOF decoupled rotation stage are conducted
in this article. With two piezoelectric stacks arranged at two axes and preloaded by two
screws, the developed 2-DOF decoupled rotation stage is composed of two bridge-type
amplifiers, two decoupled compound joints, a 2-DOF rotation hinge, a work platform,
a pillar, and a fixed base, of which the critical components to realize 2-DOF decoupled
rotation motions present as the topological arrangement and the decoupled compound
joints. To avoid the neglect of the undesired deformation of rigid segments, an FEA-based
neural network model is applied to accurately predict the rotation stroke and the coupling
ratio and optimize the structural parameters. At last, the FEA simulations are conducted to
evaluate the static and dynamic performance of the proposed 2-DOF stage. Actuated by
fewer piezoelectric actuators, it shows larger rotation strokes for 4.302 mrad in one-axis
actuation with the 1.697% coupling ratio and 4.184 and 4.151 mrad in the two-axis actuation
with undesired Rz rotation of 0.014 mrad compared to other works. A higher first natural
frequency of 2151 Hz is displayed, resulting in a wider working frequency range. However,
it is respected through the modal analyses under loads that the dynamic performance of
the developed stage under loads is not outstanding. Similar problems can also be found
in compliant mechanisms with high amplifying ratios or serial connections. In future
work, the comprehensive performance will be further considered during the design and
optimization process; a prototype of the designed stage will be fabricated and tested to
evaluate the static and dynamic performance results.
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