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Abstract
In the field of advanced manufacturing technology, there is a growing need for high-precision micro/nano positioners. The 
traditional single stage actuated positioners have encountered performance limitation in achieving longer travel range and 
higher precision. This motivates us to develop a novel dual stage piezoelectric-actuated micropositioner presented in this 
paper. The micropositioner incorporates displacement amplification mechanisms to overcome the limited range of piezo-
electric actuators. Design considerations such as flexure characteristics and material selection are discussed, and structural 
analysis is performed using finite element analysis (FEA). For precise positioning, the dual stage control strategy is investi-
gated and compared with the conventional proportional-integral-derivative (PID) single stage control method. In the proposed 
positioner, a combination of parallelogram and bridge mechanisms is utilized. The bridge mechanism works to amplify the 
piezoelectric actuator displacement output. The parallelogram mechanism, integrated within the system, helps mitigate 
resonance modes and contributes to the achievement of linearized motion. The characteristics of the micropositioner were 
evaluated using analytical modelling and FEA. Multiple analysis was used to optimise the positioner’s design parameters. 
Furthermore, experimental studies were carried out to validate the characteristics of the micropositioner performance in 
terms of achievable output travel range and sustained positioning accuracy.

Keywords  Piezoelectric actuator · Parallelogram mechanism · Bridge-type mechanism · Dual stage control · 
Micropositioner

1  Introduction

Piezoelectrically actuated micropositioning systems have 
emerged as a significant technological breakthrough, find-
ing extensive use in various fields, notably in scanning probe 
microscopy and nanometrology [1–4]. These systems are 
celebrated for their precision and the capability to operate at 
high frequencies, reaching hundred hertz. The use of piezo-
electric tube scanners, which were previously widespread 

in scanning probe microscopy [5, 6], has seen a decline 
as piezoelectric stack-actuated stages have become more 
prevalent. This shift is attributed to their enhanced range of 
motion, superior mechanical bandwidth, and reduced cross-
coupling effects among different axes.

Piezoelectric substances are considered as a type of func-
tional ceramics that have the ability to transform electri-
cal energy into mechanical energy [7–11]. These materials 
possess various advantages such as prompt response, high 
precision, compactness, and stiffness, making them a perfect 
actuation source for precision positioning systems. [12–15]. 
Nonetheless, their output displacement is usually restricted 
to less than 0.1% of their longitudinal length, thereby con-
straining their usage [16, 17]. It is necessary to make use 
of the amplification mechanisms in order to get around this 
problem. More specific, the lever mechanism, the bridge 
mechanism, and the Scott-Russell (SR) mechanism are three 
common examples of displacement amplification mecha-
nisms [18].
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The lever mechanism is an example of a displacement-
amplification mechanism that is both straightforward and 
efficient [19, 20]. Xing and colleagues, in their study [21], 
developed a gripper by integrating a single-lever mecha-
nism with a flexible parallel four-bar mechanism, result-
ing in a ratio of displacement amplification being 4.16. 
Nonetheless, the amplification capability of a solitary lever 
usually does not exceed a factor of 10. Thus, the utiliza-
tion of a compound lever magnifying mechanism could be 
considered for extended magnification.

Various lever mechanisms with deformable structures, 
such as levered parallelograms and right-angle levers, are 
in use. The right-angle lever, specifically designed for per-
pendicular motion conversion, usually features input and 
output ends at right angles to each other [22–24]. This 
design has been effectively employed by researchers like 
Wang et al. in creating grippers for precise manipulation 
tasks [24]. Notable for its simplicity, robustness, energy 
conservation, and linear amplification characteristics, the 
L-shaped lever mechanism, however, faces limitations 
in amplification due to spatial constraints. Additionally, 
based on the mechanical advantage, increasing the output 
arm’s displacement inversely affects the clamping force.

The Scott-Russell (SR) mechanism is designed to 
transform orthogonal displacement into linear output in 
response to a specific input displacement. By connecting 
multiple SR mechanisms in series, it’s possible to enhance 
the magnification ratio. Studies on the SR mechanism 
indicate that the orientation and positioning of the flexure 
hinge play crucial roles in determining both magnification 
and linearity ratios. Often, the SR mechanism is employed 
alongside other amplification mechanisms to meet particu-
lar objectives. For example, combining it with lever or par-
allelogram mechanisms has led to the development of grip-
pers with unique functionalities. An advanced version of 
the SR mechanism has demonstrated a 3.56-fold increase 
in magnification ratio over traditional designs. Addition-
ally, the SR mechanism has found applications in guiding 
micromanipulators and as an integral part of microgrip-
pers, known for their high natural frequencies. The bridge 
mechanism, widely recognized in the field of amplification 
mechanisms [19, 25], operates on the compression link-
age instability principle from materials mechanics. This 
principle suggests that when an input force is applied, the 
flexible hinge in the mechanism deforms to produce move-
ment in a direction orthogonal to the input. Bridge mecha-
nisms often employ right-angle or round flexural joints 
to facilitate substantial motion amplification. Although 
offering more compact designs for equivalent amplifica-
tion compared to lever mechanisms, bridge mechanisms 
present more intricate displacement analysis models [26]. 
Researchers such as Lobontiu, Ma, Qi, Ye, and Lin have 
advanced various models of the bridge mechanism, each 

based on distinct principles of kinematics and mechanics 
[27, 28].

To achieve single-sided or double-sided output, piezo-
electric is commonly embedded in the centre of the bridge 
mechanism [29, 30]. Piezoelectric materials are often inte-
grated into the center of bridge mechanisms for generat-
ing either single-sided or double-sided output. In systems 
where piezoelectric elements are used for actuation, bridge 
mechanisms that are aligned longitudinally typically produce 
a double-sided output. Liang and colleagues strategically 
placed both the bridge mechanism and the piezoelectric 
element at the center of their clamp design, mitigating the 
effects of shearing stress and bending moment on the actua-
tor. Conversely, bridge mechanisms aligned horizontally 
are more inclined to yield a single-sided output [31–33]. 
Furthermore, to extend the clamping stroke, bridge struc-
tures can be arranged either in series or parallel. The series 
configuration of bridge mechanisms uses a limited space 
to attain a higher amplification ratio [34], exemplified by 
Chen et al.’s approach of linking two bridge mechanisms 
in series to enhance the stroke of the end-effector. Parallel 
arrangements typically feature a common fixed end [35, 36]. 
Xu’s design of a flexible composite bridge mechanism stands 
out for its high magnification ratio, compactness, and robust 
lateral stiffness [29, 30].

The bridge-type mechanism has benefits such as high 
rigidity, load-bearing capacity, and a large working range, 
which make it suitable for a wide range of applications. On 
the other hand, the Scott-Russell and lever-type mecha-
nisms have some disadvantages. They have a limited range 
of motion, nonlinear output, and lower rigidity and stability 
compared to the bridge-type mechanism. Additionally, the 
Scott-Russell and lever-type mechanisms have lower load-
bearing capacity, which can restrict their use in applications 
that require high force or weight handling. Despite these 
disadvantages, these mechanisms can still be useful in spe-
cific applications where their limitations are not a significant 
concern. Hence, in this paper the combination of flexures 
and bridge-type mechanism has been used for designing the 
micropositioner.

Table 1   A comparison of key characteristics of flexure-based mecha-
nisms

Literature Amplifica-
tion ratio

Accuracy ( �m) Travel 
range ( �
m)

Xing et al. [21] 4.2 7.5 249.4
Zhang et al. [37] 6.0 0.6 60
Zhang et al. [38] 22.8 N/A 190
Wang et al. [39] 18.1 N/A 310.2
Our proposed design 28.17 1 648
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In summary, Table 1 offers a detailed comparison of key 
characteristics of flexure-based mechanisms as documented 
in existing research. Previous studies, including those by 
Xing et al. [21] with an amplification ratio of 4.2, Zhang 
et al. [37] achieving 6.0, another study by Zhang et al. [38] 
at 22.8, and Wang et al. [39] reporting 18.1, have contributed 
valuable insights into this field. Remarkably, our proposed 
design surpasses these figures with an amplification ratio of 
28.17, alongside superior accuracy at 1 � m and an extensive 
travel range of 648 � m, marking a significant advancement 
over the documented works.

In piezoelectric-actuated mechanisms, advanced control 
methodologies are utilized to achieve precise positioning, 
high performance, and real-time motion. Currently, pro-
portional-integral-derivative (PID) control is a commonly 
utilized approach due to its effectiveness and independence 
from models. Carrozza et al. utilized a proportional-integral 
(PI) strategy to attain precise and consistent grip force con-
trol in the assembly of microelectromechanical systems [40].

Nevertheless, the PID controller is frequently unable 
to fulfil the requirements because micropositioning often 
involves the presence of high-frequency dynamic force 
vibration. This limitation led to the development of the 
sliding mode control (SMC), which performs better than 
the PID force controller in terms of force regulation per-
formance. To address this, Wang et  al. devised a novel 
position/force switching control scheme by combining an 
incremental PID controller and discrete SMC [41]. Based 
on the experimental results, the proposed strategy demon-
strated high-speed, accurate, and robust micro-operation. In 
a similar case, Liang et al. incorporated different specific 
control strategies in their position/force switching control 
scheme. In this instance, the gripper’s motion position was 
regulated using a PID controller, favored for its straightfor-
ward feedback loop and easily adjustable parameters [42]. 
Additionally, Wu and associates recommended an adaptive 
backstepping SMC approach to counteract hysteresis effects 
[43]. Sliding mode control can suffer from high-frequency 
chattering, sensitivity to uncertainties and modeling errors, 
and difficulties in design and implementation [18, 44]. To 
overcome the disadvantages by existing methods, the dual 
stage control method was proposed by using two actuating 
control loops that combine a high-gain feedback controller to 
provide robustness against uncertainties and a low-gain feed-
back controller to smooth out the control signal and improve 
positioning accuracy. As a result, the dual stage control has 
been shown to provide better disturbance rejection, reduced 
chattering, and improved stability in certain applications 
compared to SMC approaches [45].

The concept of a dual-stage system, characterized by 
the integration of coarse and fine stages for achieving long 
stroke, rapid, and accurate placement, has been introduced 
as an advancement over traditional single-stage positioners. 

In such systems, the coarse stage is employed for broader 
and larger motion range, while the fine stage is dedicated 
to more precise and smaller range adjustments. Typically, 
the fine stage has minimal force and limited displacement, 
but enhanced accuracy, while the coarse stage has the oppo-
site characteristics. By adopting the benefits of both coarse 
and fine stages, it is possible to create a motion control sys-
tem with a large workspace and high resolution. Numerous 
studies have utilised the concept of dual stage compound 
stages. Several works, for instance, are available on macro/
micro manipulators. Presently, the most dynamic research 
in dual stage servo systems is being conducted in the area of 
hard disc drives (HDD) [46–48], where fine actuators made 
through micromachining technology facilitate rapid track 
following. This study employs two types of piezoelectric 
actuators - one designed for long-range and the other for 
short-range movements - as an alternative to a voice coil 
motor (VCM), aiming to enhance accuracy and leverage the 
advantages of piezoelectric actuators.

1.1 � Objectives and Outlines

The primary objectives of this study are as follows:

•	 Design a dual stage micropositioner combined with novel 
flexure-based displacement amplification systems and a 
high-bandwidth platform to simultaneously achieve a 
large displacement range and high precision in a small 
form factor.

•	 Develop the dual stage micropositioner prototype with 
appropriate dual stage controller to achieve the desired 
positioning performance.

•	 Conduct experiments on the fabricated prototype to ver-
ify the performance of the design and development.

The design of micropositioner is described in Sect. 2. This 
is followed by a discussion on a variety of design factors, 
including flexure characteristics, the material employed, 
rigidity and piezoelectric actuator rigidity. ANSYS is used 
to do the FEA analysis on modal shape and static analy-
sis. Section 3 describes the experimental setup and system 
identification for the two stages on the micropositioner and 
simulation results are given. The dual stage controller is 
described in Sect. 4, where the performance of single stage 
and dual stage control methods is also compared.

2 � Design of the Dual Stage Micropositioner

The proposed dual stage micropositioner is designed based 
on the principles of flexible mechanisms, specifically uti-
lizing a combination of a parallelogram mechanism and 
a bridge-type mechanism [49, 50]. These flexure-based 
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mechanisms rely on the elastic deformation of the structures 
to generate precise motion. This design approach offers sev-
eral advantages, including the ability to generate substantial 
forces and achieve high accelerations, which are crucial for 
developing a high-bandwidth positioning stage. In the fol-
lowing, the design and prototyping of the micropositioner 
will be thoroughly described to provide detailed insights into 
the development process.

2.1 � Design Description

To amplify the displacement of piezo actuators, most piezo-
actuated positioners incorporate flexure-based mechanical 
amplification mechanisms. Because a piezoelectric stack 
actuator can only produce displacement of about 0.1% of 
the piezo stack’s length [51, 52], movement is limited to 
several tens of micrometres. As a result, mechanical ampli-
fication mechanisms are essential for applications requiring 
tens to hundreds of microns. To achieve precise motion, the 
micropositioner incorporates a bridge-type mechanism as 
well as parallelogram mechanisms. The embedded piezo-
electric actuator produces an output displacement that drives 
the mechanism’s input ends. The bridge-type mechanism 
then amplifies the resultant movement to increase the total 
displacement of the system.

The parallelogram linkages are critical in ensuring the 
linear motion of the output of the micropositioner. They 
effectively reduce any unwanted cross-directional transla-
tional displacement of the stage. The micropositioner has a 
compact design thanks to the use of a single stage amplifica-
tion mechanism. This design is made possible by the use of 
right-angle flexural hinges, which allow the mechanism to 
form revolute joints. In certain applications, the right-angle 
flexural hinge is preferred over circular hinges due to its abil-
ity to evenly distribute stress and provide lower resistance 
to movement at the mechanism’s input point. This makes it 
a more suitable option when there is a need for the hinge to 
withstand forces without causing stress concentration in one 
specific area, as well as when flexibility and responsiveness 
to external forces are desired. This enables the mechanism to 
be driven effectively with small piezoelectric actuators [53].

The proposed dual stage micropositioner is composed of 
two parts:

•	 The first stage, which contains flexure-based amplifica-
tion mechanisms to supply a large displacement output.

•	 The second stage, which contains flexure-based mecha-
nisms of a high stiffness to ensure the high precision at 
the dual stage position output.

The required input displacement is provided by two piezo-
electric stack actuators, one for each stage. A bridge-type 
and parallelogram mechanism with right-angle flexure 

hinges was employed to achieve a high amplification 
ratio in the first stage. The parallelogram mechanism 
is frequently utilized in conjunction with displacement 
amplification mechanisms to achieve parallel motion. 
This combination allows for the generation of synchro-
nized and coordinated motion across multiple elements 
or stages in a system [54]. By incorporating the paral-
lelogram mechanism in a serial configuration with the 
displacement amplification mechanism, the system can 
effectively produce parallel motion, enabling precise and 
coordinated movement in various applications. Among 
various mechanisms, the bridge-type mechanism is con-
sidered for amplification purposes in this paper. Figure 1a 
shows such a mechanism, which consists of twelve paral-
lel elements arranged in a bridge configuration. When a 
voltage is applied to the piezoelectric actuator, it creates 
a displacement perpendicular to the applied force. The 
main advantage of this mechanism type lies in its ability 
to facilitate movement in both directions. This means that 
it can provide both pushing and pulling forces, which is 
essential for accurate and stable positioning. Additionally, 
the bridge-type mechanism provides a larger displacement 
range compared to other mechanisms, which is important 
for achieving high precision and accuracy. Furthermore, 
the bridge-type mechanism has a high stiffness and low 
hysteresis, which ensures precise and repeatable position-
ing. The low hysteresis also allows for fast response time, 
making it suitable for high-speed applications. Figure 1b 
shows the design for the secondary stage, aimed at off-
setting the inaccuracies introduced by the first stage, and 
thus it is designed with a mechanism of high stiffness and 
without displacement amplification. Figure 1c shows the 
final assembled mechanisms, leading to the dual stage 
micropositioner.

One of the main objectives in the design of the first stage 
was to enhance the amplification ratio of the mechanism 
by decreasing the flexure hinges thickness. Through experi-
mentation and analysis, it was determined that the minimum 
manufacturable thickness for the design was 0.3 mm, which 
resulted in an amplification ratio of 28.17. This represents a 
notable advancement over the previous amplification ratio 
reported in the literature. The findings were obtained by 
utilizing wire electric discharge machining (WEDM) tech-
niques and materials. Figure 2 depicts the displacement of 
the stage, which shows that the maximum output displace-
ment is increased from 310 � m to 648 � m when the beam 
thickness decreases from 0.8 mm to 0.3 mm.

As seen in Fig. 1, the proposed mechanism consists of two 
stages, where the first stage is equipped with a piezoelectric 
stack that enables long-range motion within 674 � m range. 
The second stage is attached to the first stage and moves 
in tandem without any amplification ratio, operating within 
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a range of 12 � m. A total of 24 beam flexures are imple-
mented for the stages, chosen for their increased flexibility 
and capacity to provide larger motion ranges compared to 
circular flexures. This design effectively addresses the need 
for precise and controlled motion within a specific range, 
while also ensuring optimal functionality and reliability.

The pseudo-rigid-body model (PRBM) is extensively used 
in the examination and development of compliant mecha-
nisms. In this model, the flexural hinges of the mechanism are 
represented as simplified right-angle flexures [53]. Based on 
the quasi-rigid-body approximation and PRBM methodology, 

these simplified right-angle flexures are equivalent to the 
combination of two fixed linkages, a pivot joint and a rota-
tional spring [55]. Figure 3 depicts this modeling procedure.

Additionally, considerations such as the displacement of 
centres of rotation and the rigidity of orthogonal flexural 
hinges are overlooked. Figure 4 showcases the PRBM (Par-
allel Right-Angle Bridge Mechanism) of the initial design 
stage under review. In this figure, A − H and A� − H� denote 
the centers of rotation of the compact orthogonal elastic 
joints, Δin represents the movement at the input point, and 
Δout indicates the resulting movement of the micropositioner.

Fig. 1   a First stage design by 
using parallelogram bridge-type 
mechanism b Second stage 
design c Assembled dual stage 
mechanism

Fig. 2   a Maximum displacement with 0.8 thickness b Maximum displacement with 0.3 thickness
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Analyzing the design of the amplification system 
reveals a bridge-type mechanism represented by a four-
bar linkage R

1
− R

2
− R

3
− R

4
 , which can be incorporated 

on one side of the structure, as illustrated in Fig. 5. In this 
arrangement, �

1
 , �

2
 , �

3
 , and �

4
 correspond to the initial 

angles of the linkages R
1
R
2
 , R

2
R
3
 , R

3
R
4
 , and R

4
R
1
 respec-

tively. The direction of tangential velocity for the link R
1
R
2
 

at point R
2
 is represented by � . The geometric specifica-

tions of the micropositioner are detailed in Table 2. All 
right-angle flexures within the micropositioner maintain 
a consistent length, denoted as l , and a planar thickness, 
indicated by t  . The thickness of these flexures is 0.3 mm.

The examination of the dynamic interrelation 
between geometric and kinematic properties in the 
R
1
− R

2
− R

3
− R

4
 four-bar linkage system validates its 

effectiveness in precisely depicting linkage relationships, 
as adapted from Das (2020) [53, 56]:

Fig. 3   a Parallelogram mecha-
nism used in the first stage b 
PRBM of the mechanism prior 
to and following displacement 
c A compact orthogonal flexure 
and its PRBM

Fig. 4   First stage design of the 
micropositioner a CAD drawing 
b PRBM representation

Fig. 5   Bridge-type mechanism
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Application of Euler’s formula facilitates the derivation of 
x and y displacement components:

Further differentiation of Eqs. (2) and (3) yields:

Under specific angular conditions ( �
2
= 0 , �

4
= 2� , 

�
2
= �

3
 ), the following is obtained:

Substitution of �
3
 from (7) into (6) leads to:

Tangential velocity at R
2
 is described by:

Substitution of �=�-�1 and v
1
 into (8) results in the ampli-

fication ratio:

This design focuses on developing a compact microposi-
tioner with an enhanced amplification ratio, structured to 
facilitate integration with a secondary stage for ultra-pre-
cise manipulation. Prior literature [56, 57] underscores the 
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necessity for a high resonance frequency, which in turn 
dictates a design with both compactness and rigidity. As a 
result, the dimensions of the flexures are minimized, which 
naturally elevates the stage’s resonance frequency while cur-
tailing its range of motion. To strike an equilibrium between 
these elements, iterative design processes were conducted 
using ANSYS software, ensuring adherence to predefined 
design requirements, with key parameters presented in 
Table 2. The flexures’ thicknesses were meticulously cali-
brated to extend the travel range and bolster the stage’s reso-
nance frequency.

Material choice is pivotal, as the stage’s resonance fre-
quencies are influenced by the material properties. Opting 
for a material characterized by both high Young’s modulus 
of elasticity E and low density ratio � enhances the stage’s 
mechanical rigidity and operational bandwidth. An alumin-
ium alloy 7075-SN (Al 7075), known for its high modulus-
to-density ratio with E = 72 GPa and � = 2.81 g/cm3, was 
selected for construction.

The system’s design process included an in-depth assess-
ment of the stage’s structural stiffness Ks , which is integral to 
the performance of the coupled piezoelectric stack actuator. 
This examination is crucial to define the piezoelectric stack 
actuator’s maximum displacement, which is governed by Ks , 
depicted by the equation:

Here, ΔL
0
 signifies the piezoelectric stack actuator’s maxi-

mum displacement without external spring load, ΔL repre-
sents the displacement when subjected to an external spring 
load, Ks indicates the stage’s structural rigidity, and KPiezo 
quantifies the piezoelectric stack actuator’s stiffness. Ele-
vating Ks is imperative for enhancing the stage’s resonance 
frequencies, yet it inversely affects the maximum displace-
ment ΔL . To reconcile these factors, Ks is set to be roughly 
10% lower than KPiezo , fostering a harmonious balance. The 
selected piezoelectric stack actuator, with a robust KPiezo of 
50 N/m, ensures a substantial Ks and elevates the mechani-
cal resonance frequency without significantly diminishing 
the motion span. Ultimately, the positioner is designed to 
reach a primary resonance frequency of 88 Hz and a motion 
extent of 674 �m.

2.2 � Prototyping and Analysis

Figure 6 presents the prototype of the proposed micropo-
sitioner fabricated by using WEDM. The piezoelectric 
actuators (PI P −885.91 for the first stage and P −883.31 for 
the second stage) are also mounted in the micropositioning 

(12)ΔL =
KPiezo

Ks + KPiezo

ΔL
0

Table 2   Principal design parameters of the micropositioner

Parameters l t l
1

l
2

l
3

Values (mm) 2 0.3 2.7 30.5 14.3
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mechanism. The stage is fixed on top of a steel plate of 10 
mm thickness to maintain its position securely. The sec-
ond stage consists of four sets of threaded holes for attach-
ing it to the mounting plate as well as four other mounting 
holes for the fixtures that sit between the first and second 
stages. As illustrated in Fig. 6, a small aluminum surface 
block, featuring a smooth surface finish, is attached to the 
platform stage. This block acts as the target for a capaci-
tive displacement sensor (MicroSense 8810), which is used 
to measure the stage’s output displacement. In addition, a 
real-time control system (dSPACE-DS1103) is utilized to 
implement the controller for the piezoelectric actuators. The 
sampling rate for the real-time controller in the study is 
established at 1 kHz.

2.2.1 � Stress Analysis

This section investigates the stress distribution characteris-
tics of the assembled micropositioner, as illustrated in Fig. 7.

In the Finite Element Method (FEM) analysis of the 
dual-stage micropositioning system, a highly detailed 
mesh size was employed to accurately model the intri-
cate features of the mechanism. For the simulation, the 
second stage of the micropositioner was modeled as a 
load on the first stage, applied as a force. The force along 
with the displacement, was applied at both ends of the 
piezoelectric elements, representing the actual operational 
conditions. The material selected for the FEM analysis is 
aluminium 7075-SN, consistent with the material used in 

Fig. 6   Fabricated prototype 
of the micropositioner. a First 
stage b Second stage c Assem-
bled dual stage
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the fabrication of the actual positioning stage. This choice 
ensures that the simulation closely mirrors the physical 
properties and responses of the real-world system. The 
maximum stress is 148.42 Mpa appearing at the flexure 
connected with the fixed part of the mechanism. The infor-
mation obtained from this analysis can serve as a valuable 
reference for optimizing the performance of the micropo-
sitioner and improving its overall structural reliability for 
future mechanism design.

2.2.2 � Modal Shape Analysis

The modal shape frequencies for each constituent stage, 
specifically the first and second stages, must be examined 
in the context of the dual stage configuration. These modal 
shape frequencies are critical indicators of their dynamic 
behaviours.

The modal frequencies in the first stage, depicted in 
Fig. 8a–c, are as follows: the first mode shape resonates at 
117 Hz, while the second and third mode shapes resonate 
at 171 Hz and 416 Hz, respectively. The modal frequencies 
correspond to the first, second, and third mode shapes of the 
second stage, are shown in Fig. 9a–c. The first modal shape 
registers at 729 Hz, the second mode shape at 1530 Hz, and 
the third mode shape at 2160 Hz at this stage. These frequen-
cies represent the vibrational characteristics of the second 
stage of the dual stage configuration.

Furthermore, the modal characteristics of the assembled 
dual stage system have improved, resulting in a wider fre-
quency range. Figure 10a shows the first modal shape, which 
is 80 Hz. Moving on to the second modal shape, it has a 
frequency of 161 Hz, as shown in Fig. 10b. Finally, as shown 
in Fig. 10c, the third modal shape has a frequency of 241 Hz.

Fig. 7   Stress analysis results

Fig. 8   First stage modal shapes. a First mode b Second mode c Third mode
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3 � System Identification and Verification

3.1 � Identified Model

In this section, the mathematical models for the first and sec-
ond stage are respectively identified by using the measured 
model data and frequency-domain identification method.

3.1.1 � First Stage Model

The model data is measured by using a dynamic signal ana-
lyzer (DSA), This creates the swept-sinusoidal stimulation 

signals and gathers data on the frequency response result-
ing from the output of these excitation signals. After that, 
based on the measured frequency response data, discrete 
Fourier transform (DFT) in MATLAB’s invert frequency 
approach was used to identify the transfer function of the 
stage. Without solving the whole differential equation, the 
transfer function offers a framework for determining crucial 
system response characteristics.

After examining the order of the transfer function, and 
using the Invfreqs, it was found that 16 zeros and 17 poles 
provided the best fit for both the modal shape and the phase 
plot. Figure 11 depicts Bode diagram of both ithe identified 

Fig. 9   Second stage modal shapes. a First mode b Second mode c Third mode

Fig. 10   Modal shape analysis of the dual stage micropositioner. a First mode b Second mode c Third mode
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Fig. 11   System model of the first stage under dual-stage assembly
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model and measured model. Since the order of this model 
is high and developing a PID controller for such a model is 
difficult, a model reduction algorithm was used to remove 
the high-frequency portion of the model. The model order 
was reduced from 17 to 6 by weighting the fit-errors versus 
frequency. As such, the final transfer function model for the 
first stage mechanism can be expressed as follows:

3.1.2 � Second Stage Model

Following the same procedure as conducted on the first stage 
modeling, the modeling results for the second stage mecha-
nism are shown in Fig. 12.

The identified transfer function for the second stage con-
sists of 8 poles and 4 zeros with the following expression:

4 � Control Design

Dual stage positioning systems are commonly used in many 
applications, particularly in the fields of optics and semicon-
ductor manufacturing, where precise positioning is essential. 
In a dual stage system, two actuators are used to indepen-
dently control the motion of two cascaded stages, enabling 
high precision along a large working range. The two-stage 
system allows for high bandwidth and dynamic range, which 
are particularly useful in applications that require fast and 
accurate motion control. Additionally, dual stage systems 
have a high load capacity, making them ideal for use in 
applications where a large payload needs to be moved with 
high precision.

(13)P
1
(s) =

(s2 − 1.5154s + 1.5711)(s2 − 0.0256s + 0.4769)

(0.001465s2 + 1.145118s + 1.14248)(s2 + 0.184008s + 0.17353)

(14)P
2
(s) =

(s2 − 3.5464s + 3.9837)(s2 + 0.4733s + 6.3519)

(s2 − 0.146s + 5.9442)(s2 + 0.0472s + 2.1599)(s2 + 0.0125s + 2.0069)(s + 0.0535)

Another advantage of dual stage positioning systems is 
their versatility. By using two independent actuators, dual 
stage systems can achieve both large and small movements 
with high precision, making them ideal for a wide range of 
applications. Moreover, dual stage systems can be designed 
to provide precise control over both linear and rotational 
movements, making them an attractive option for use in 

applications that require both types of motion. Addition-
ally, dual stage systems can be combined with other control 
systems, such as optical encoders or strain gauges, to achieve 
even greater levels of precision and control. Overall, the high 
precision, versatility, and load capacity of dual stage posi-
tioning systems make them an excellent choice for a wide 
range of applications in which precise positioning is critical.

Fig. 13   Decoupled master–slave 
control structure for the dual 
stage positioner

4.1 � Decoupled Master–Slave Control Structure

This paper employs the decoupled master–slave control 
structure to design the controller for the developed dual stage 
positioner. The control structure is shown in Fig. 13, which 
consists of a master loop (the second stage loop denoted by 
P
2
C
2
 ) and a slave loop (the first stage denoted by P

1
C
1
 ) to 

collaboratively achieve fast and accurate positioning control. 
The slave loop (i.e., the first stage ) will carry out the primary 
control action in response to the reference and disturbance 
input, which may result in a coarse positioning precision. On 
the other hand, the master loop (i.e, the second stage) has a 
faster and finer dynamic performance and will ensure to com-
pensate for the residual tracking error caused the slave loop. In 
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addition, the expression P̂
2
(s) denotes the estimated model of 

the second stage, and it is set as equivalent to P
2
(s) to decouple 

the behaviour between the master and slave loop.
In the development of the dual-stage micropositioner, a 

Proportional-Integral-Derivative (PID) controller was selected 
over Sliding Mode Control (SMC) due to its simplicity and 
effectiveness in our specific application. This decision was 
driven by the nature of the system, which did not exhibit sig-
nificant uncertainties or disturbances that typically necessitate 
the robustness of SMC. The PID controller, with its straight-
forward feedback mechanism, adequately met the system’s 
requirements, allowing for reliable trajectory tracking while 
maintaining the focus on the mechanical design and devel-
opment of the stage. To analyze the stability of dual stage 
control system, denote G

1
= P

1
C
1
 and G

2
= P

2
C
2
 and assume 

P̂
2
(s) = P

2
(s) . Hence, the closed-loop transfer function of the 

system can be easily obtained by

Obviously, for a given set of controllers C
1
 and C

2
 , the dual 

stage control system is stable if all the poles of (15) are in 
the left half-plane.

In addition, the disturbance rejection transfer function in 
response to the disturbance input at P

1
 as shown in Fig. 13 is 

given by:

(15)Hcl =
y

yr
=

G
1
+ G

2
+ G

1
G

2

(1 + G
1
)(1 + G

2
)
.

Equation (16) indicates that a smaller value of Hd(s) will 
result in better disturbance rejection performance. By adding 
the second stage, it is clear that Hd(s) has a further reduction 
of gain by the ratio of ( 1 + G

2
 ). This validates the principle of 

dual stage control system in enhancing the tracking accuracy.
The following equations show the final designed dual-

stage controllers, both of which are cascaded PI-controller 
with a notch filter to compensate for the first resonance mode 
in each stage:

4.2 � Experimental Results

The purpose of this study was to improve the performance 
of a single stage positioner by using the dual stage approach. 
Firstly, the single stage positioner was tested under a 3 � m 

(16)Hd =
y

d
=

P
1

(1 + G
1
)(1 + G

2
)
.

(17)C
1
=

(

0.0006 +
250

s

)

(

s
2
+ 0.004�90s + �180

2

s2 + 0.9�90s + �1802

)

(18)

C
2
=

(

0.0001 +
400

s

)

(

s
2
+ 0.009�1000s + �2000

2

s2 + 0.07�1000s + �20002

)

Fig. 14   Tracking performance 
comparison. a Single stage 
under a 3 � m and 1 Hz sine 
wave reference, b Dual stage 
with 3 � m and 1 Hz sine wave 
reference, c Single stage with 
3 � m and 2 Hz sine wave refer-
ence, d Dual stage with 3 � m 
and 2 Hz sine wave reference

Time(s)

(a)

-2

0

2

4

0 0.5 1 1.5 2 0 0.5 1 1.5 2

Time(s)

(b)

-2

0

2

4

D
is

pl
ac

em
en

t(
m

)

0 0.5 1

Time(s)

(c)

-2

0

2

4

D
is

pl
ac

em
en

t(
m

)
D

is
pl

ac
em

en
t(

m
)

0 0.5 1

Time(s)

(d)

-2

0

2

4

D
is

pl
ac

em
en

t(
m

)

Reference Output Tracking error



	 International Journal of Precision Engineering and Manufacturing

1 3

sine wave reference at both 1 Hz and 2 Hz, while the dual 
stage positioner was also tested under the same reference 
profiles. Figure 14 show that the dual stage positioner out-
performs the single stage one in terms of tracking error 
reduction. Specifically, when the frequency is 1 Hz, the 
improvement on the tracking error was 43%. The mean 
absolute value for the single stage under 1-Hz sine wave 
reference was 0.5691, while for the dual stage it was 0.3225. 
Similarly, for 2-Hz sine wave reference, the improvement 
was 46%, with 0.8470 for the single stage and 0.4512 for the 
dual stage experiments. These results suggest that the addi-
tion of a second stage to the system is highly beneficial in 
terms of improving tracking accuracy. This can be attributed 
to the fact that the second stage significantly compensates 
for the errors introduced by the first stage, leading to a more 
accurate dual stage system.

Secondly, disturbance rejection experiments were con-
ducted to further evaluate the performance of the sys-
tems as shown in Fig. 15. The results showed a significant 
improvement by the dual stage positioner, with the mean 
absolute value of 0.0408, compared to 0.7129 for the single 
stage system. This indicates that the dual stage system is 
highly effective in rejecting the disturbances, further high-
lighting its superior performance. The results of this study 
suggest that a dual stage system is more effective than a 
single stage system in terms of accuracy and disturbance 
rejection. These findings have important implications for 
the design and implementation of precision control systems 

in various applications. The first stage, while precise due 
to its PZT actuator, is designed primarily for a large dis-
placement amplification, resulting in lower stiffness and a 
slower response speed. This design optimizes the working 
range. The second stage, by contrast, focuses on enhanc-
ing response speed and accuracy. Control gain tuning was 
meticulously optimized, considering the trade-off between 
response speed and tracking accuracy, particularly in the 
context of amplified sensor noise at higher gains. This dual-
stage design strategy effectively addresses the inherent limi-
tations of PZT stages in terms of working range and dynamic 
performance.

Third, experiments were carried out to assess the tracking 
performance when using a staircase reference. The purpose 
of these experiments was to compare the settling time and 
tracking error of the single stage control with that of the 
dual stage control. The results obtained from the experi-
ments indicate notable difference between the two control 
configurations as shown in Fig. 16. In addition, Fig. 17 
shows the tracking errors profiles that corresponding to the 
period from 8.5 to 14 s in Fig. 16 for a clearer comparison. 
It can be seen that for the single stage control, the settling 
time was found to be approximately 0.7 s. In contrast, the 
dual stage control exhibited a significantly improved settling 
time of 0.2 s, representing a remarkable 71% reduction in 
settling time. This outcome demonstrates the advantage of 
utilizing a dual stage control system in terms of achieving 
faster response time.

Fig. 15   Disturbance rejection. a 
Disturbance profile, b Position 
output
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Lastly, the improvement of settling time was further veri-
fied with a larger 620-� m step response (i.e., the positioner’s 
full motion range driven by the given piezoelectric actuator) 
as shown in Fig. 18. The results obtained from the experi-
ments indicate a substantial discrepancy in settling time 
between the single stage and dual stage control systems. 
Specifically, the settling time for the single stage control 
was measured to be approximately 0.75 s. In contrast, the 

Fig. 16   Tracking performance 
under staircase reference. a 
Single stage, b Dual stage
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Fig. 17   Tracking error comparison between single stage and dual 
stage under the 40 � m staircase reference
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Fig. 18   Settling time comparison between single stage and dual stage 
under a 620 � m step reference

Table 3   A comparison of FEM analysis and experimental results

Characteristics Simulation Experiment Discrepancy 
(%)

First resonance frequency of 
dual-stage assembly (Hz)

80.47 77.71 −3.43

Displacement amplification 
ratio

29.57 28.17 −5

Max travel range ( �m) 680 648 −4.71
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dual stage control exhibited a significantly improved settling 
time of 0.25 s, showcasing an impressive 67% reduction 
in settling time. These findings underscore the substantial 
advantage of employing a dual stage control configuration 
in terms of achieving significantly faster and more efficient 
settling of the system’s response.

Table 3 compares simulation data with actual experimen-
tal results, focusing on three main aspects, the first resonance 
frequency of a dual-stage assembly, the displacement ampli-
fication ratio, and the maximum travel range. According to 
the table, the first resonance frequency was simulated to be 
80.47 Hz, but observed at 77.71 Hz, showing a slight dis-
crepancy of −3.43%. The displacement amplification ratio 
was predicted to be 29.57 but measured at 28.17, leading 
to a −5% difference and the maximum travel distance was 
expected to be 680 � m and was actually � m, with a −4.71% 
variance. These differences are minor, suggesting that the 
simulation closely matches the experimental outcomes.

5 � Conclusion

This paper presented the design, control and performance 
evaluation of a flexure-based micropositioner to achieve a 
longer travel range and higher precision by using the dual 
stage approach. It was shown that by using the bridge type 
mechanism a large amplification ratio of 28.17 was obtained 
to enlarge the travel range up to 648 � m and a second high-
stiffness stage was designed to ensure the positioning accu-
racy of 1 � m across the extended travel range. The improved 
performance was achieved under the dual stage control 
structure, which was also presented. The experimental 
results showed that the proposed dual stage micropositioner 
significantly reduced the tracking error and improved the 
disturbance rejection capability in comparison with the sin-
gle stage positioner. These results demonstrate the effective-
ness of the dual stage design in improving the overall perfor-
mance of the system. Overall, this study provides important 
insights for the design and optimization of high-precision 
positioning systems for various applications.
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