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A novel hybrid-type XYθz micropositioning mechanism driven by piezoelectric actuators is proposed in this paper. With the
purpose of realizing a large motion range and 3-DoF independent motion within a compact size, the mechanism is designed using
a symmetric translational part and a rotational part that are linked serially. (e translational part is based on a double-am-
plification mechanism incorporating a guidance mechanism for decoupling; the rotational part uses a nonuniform beam with an
amplification mechanism to translate the linear output displacement of piezoelectric actuators into a large rotational angle around
the Z axis. To precisely predict the output displacements and implement dimensional design, electromechanical models of the
translational mechanism and rotational mechanism are established. According to the theoretical model, dimensional optimization
is carried out to achieve large motion ranges within a compact size. A prototype of the proposed mechanism is fabricated
according to the optimized results, and the performance of the mechanism is validated by experiment. (e experimental results
show that translational travel in X and Y directions of 204.2 μm and 212.8 μm, respectively, and travel of 8.7mrad in the θz
direction can be realized in a small size of 106mm× 106mm× 23mm. And, the output coupling was evaluated to be below 3%,
indicating an excellent decoupling performance.

1. Introduction

(ree-degree-of-freedom (3-DoF) XYθz micropositioning
mechanisms based on flexure hinges are widely applied in
various fields; e.g., such mechanisms are used for atomic
force microscopes, micromanipulation, scanning systems,
high-precision image stabilization systems, and biomedical
applications [1–7]. (e mechanisms can improve the re-
peatability and reliability of scanning and image resolution
of an optical-image stabilization system. Following the rapid
development of optoelectronic technology and the
expanding fields of implementation, it is necessary to correct
the optical axis shift of space camera in real time and
compensate image motion caused by low-frequency vibra-
tion via the design of servo mechanism in the optical path.

(erefore, the XYθzmicropositioning mechanism with large
travel, high displacement resolution, and compact structure
that can be applied for the optical-image stabilization system
is urgently required.

Generally, a piezoelectric actuator is commonly used in
these micropositioning mechanisms because of its advantages
of high positioning resolution, fast response, high stiffness,
and no electromagnetic interference issues [8, 9]. However,
the small deformation range of piezoelectric materials, which
is merely about 1 μm/mm, restricts engineering applications.
Existing piezo-actuated XYθz micropositioning mechanisms
typically therefore have limited motion travel [10–12]. Hwang
et al., for example, developed an in-plane XYθz positioning
mechanism with dimensions of 240mm× 240mm× 25mm
and translational and rotational motion ranges of 58 μm and
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1.05mrad, respectively [11]. Zhu et al. presented a redundantly
piezo-driven XYθz compliant mechanism with high dynamic
characteristics but working ranges in X, Y, and θz directions of
merely 12.42μm, 24.82μm, and 1.75mrad, respectively [12]. To
increase motion ranges, bridge-type amplification mechanisms
are used for amplification of the deformation of piezoelectric
materials because of their compact structure and high dis-
placement amplifying ratio [13–17]. Although an existing XYθz
micropositioning system having an amplification mechanism
has larger working ranges, it employs larger stack-type actu-
ators, which increase the system size [18]. Additionally, in the
design of the above parallel-type XYθz mechanisms employing
four or three actuators, the actuation of rotational motion
shares the same piezoelectric stacks with the actuation of
translational motion. (is means that the strokes of rotation
and translation cannot reach their expected maximum values
simultaneously in reality [7, 18]. And also, the actuators of
rotational part are often driven by high voltage for achieving
large rotational angle, which limits practical application in the
design of miniaturized instrument.

To overcome the aforementioned problems and satisfy the
application in the optical-image stabilization system, a novel
hybrid-type XYθz micropositioning mechanism featuring an
enlarged workspace, compact size, and 3-DoF independent
motion is proposed and developed in this study. (e mech-
anism mainly comprises a translational part and rotational
part, which are linked serially for kinematic decoupling. (e
parallel translational mechanism characterized by high pre-
cision and compactness uses a double-amplification mecha-
nism incorporating a guidance mechanism for decoupling,
aiming to realize large translational travel and guide the
moving platform in the desired direction by preventing the
platform from moving in a parasitic manner [19–21]. (e
rotational mechanism consists of a nonuniform beam and two
piezoelectric actuators arranged in opposite directions. To
translate the linear output displacement of the piezoelectric
actuators into a larger output angle around theZ-axis at a lower
voltage, a nonuniform beam with lever amplification is
designed using flexure hinges. Generally, to estimate the output
displacements of the XYθz micropositioning mechanism,
electromechanical models of the translational mechanism and
rotational mechanism are established employing a pseudo-
rigid-body model and beam theory. Because of the finite
stiffness of the piezo stack, the deformations affected by the
input voltage and counterforce are simultaneously considered
in this analysis, which improve the accuracy of the theoretical
model. Using the established model, the mechanism is opti-
mized to achieve larger motion ranges within a compact size.
Finite element analysis (FEA) is then carried out to verify the
output displacements and to investigate the dynamic perfor-
mance of the mechanism. Finally, a prototype of the proposed
micropositioning mechanism is fabricated according to the
optimized parameters and the performance of the mechanism
is experimentally validated.

2. Structure Design and Operating Principle

Figure 1 shows the structure of the proposed XYθz micro-
positioning mechanism, which mainly comprises a

translational part, rotational part, and the cruciform con-
necting structure illustrated in Figure 2(a). (e parallel
translational mechanism connected with the rotational part
serially by the cruciform connecting structure employs a
double-amplification mechanism including a rhombic pie-
zoelectric actuator (RPA) and two levers that amplify the
deformation of the piezo stack. On the basis of the right
circular flexure hinges, the guidance mechanism is designed
to deliver the platform high-resolution motion in desired (X
and Y) directions and to restrict the platform in undesired
directions. In the proposed mechanism, the rotational part
consists of two piezoelectric actuators arranged in opposite
directions, a nonuniform beam and a fixture. Figure 2(b)
shows the design of the nonuniform beam, the two ends of
which are fixed by flexure hinges. (e beam consists of five
segments. One rigid segment in the center works as an
output port connected with the cruciform connecting
structure by a groove and screw; two rigid arms are used to
drive the output port; and two right circular flexure hinges
are used to connect the above three rigid segments. Because
of the symmetry of the translational part and the charac-
teristic of hybrid-type design, independent motions of the
platform along the X, Y, and θz directions can be achieved.

To actuate 3-DoF in-plane motion independently and
achieve large motion ranges, the platform requires three
pairs of piezoelectric actuators. (e independent X-di-
rectional motion of the platform can be implemented by the
coordinated work of piezoelectric actuators PZT1 and PZT3.
Similarly, the Y-directional motion can be realized by ac-
tuating PZT2 and PZT4. When one pair of differential
voltages is applied to the pair of piezoelectric actuators
located on one axis (X or Y), the corresponding pair of RPAs
applies forces and displacements to one end of the levers in a
push-and-pull driving mode. In this mode, the RPAs pro-
duce displacements and forces in two opposing directions.
In the first direction, as shown in Figure 3(a), the RPA
produces a downward force or displacement, which is in-
duced by an increase in the voltage input to the piezo stack,
resulting in transverse elongation of the mechanism. In the
second direction, the RPA produces an upward output, as
shown in Figure 3(b), which is induced by a decrease in the
input voltage, generating elastic recovery of the compliant
mechanism. (erefore, when the voltage applied to the RPA
of one axis (X or Y) is increased and the voltage applied to
the RPA opposing that axis is decreased, the platform
produces translational motion along that axis via the flexure
guidance mechanism.

(e independent θz-directional motion of the platform
can be obtained by simultaneously driving PZT5 and PZT6.
When a voltage pair is applied to the pair of oppositely
located piezoelectric actuators in the rotational part, each
piezoelectric actuator applies an actuation force on the rigid
arm of the nonuniform beam in either the positive or
negative Y direction (F and −F) through flexure hinges,
generating a torque around the Z-axis, which imposes a tilt
angle of the output port that allows the whole translational
mechanism to generate θz-directional motion. Accordingly,
3-DoF independent in-plane motion of the platform can be
achieved using the three pairs of piezoelectric actuators.
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In the described micropositioning mechanism, the
parallel-type translational motion part and the rotational
motion part are decoupled and linked serially. (e two parts
are therefore modeled, respectively. (e static analysis of the
proposed mechanism is further discussed in Section 3.

3. Kinematic Analysis

3.1. Analysis of the Translational Mechanism. (e trans-
lational mechanism can be abstracted as a serial mechanical
network, as shown in Figure 4. To clarify the performance of
the mechanism, it is necessary to establish an accurate
theoretical model to comprehensively determine the

translational motion transmission from the piezo stacks to
the platform. A governing equation of the RPA is therefore
derived as a starting point for calculating the relationship of
input-output static displacements and forces.

Because of the symmetry of the rhombic mechanism, we
consider only a quarter of the structure as the study object.
(e mechanical model based on a pseudo-rigid-body model
and Euler–Bernoulli beam theory is shown in Figure 5. In
this analysis, the rhombic mechanism is considered to be
constructed of rigid bodies interconnected by flexure arms
in which the mechanism compliance is lumped. According
to the energy principle, the input and output displacements
of the structure can be expressed as

Moving
platform

Screw
holes

Rhombic
piezoelectric

actuators

Rhombic
piezoelectric

actuators Connecting
structure

(a)

PZ
T 

1

PZ
T 

3

PZT 2

PZT 4

Levers

Guidance
mechanism

X

Y

θZ

Bases

Double
amplification
mechanism

(b)

PZT 6

PZT 5 X

Y

Fixture

Nonuniform beam

Fixing hole

Piezoelectric
actuator

θZ

(c)

Figure 1: Model of the proposed XYθz micropositioning mechanism: (a) 3D model; (b) translational part; and (c) rotational part.
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Figure 2: (a) Cruciform connecting structure and (b) nonuniform beam.
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Here, Fin is the driving force provided by the piezo stack,
which produces input displacement Δin for the rhombic

mechanism, Fp is the output force, and Δp is the output
displacement of the RPA; E is the elastic modulus; A and I
are, respectively, the area and moment of inertia of the
corresponding cross section of the beam; and FN(x) and
M(x) are, respectively, the axial tension and moment along
the neutral axis. According to the static analysis shown in
Figure 5, we have

FN(x) �
1
2

FP sin α−Fin cos α( ,

M(x) �
1
2

FP cos α + Fin sin α(  x−
l

2
 .

⎧⎪⎪⎪⎪⎪⎪⎨
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(3)

By substituting equation (3) into equations (1) and (2),
the relationship between input and output forces and thus
the displacements can be obtained:

Fin cos α−FP sin α �
EA

l
Δin cos α−ΔP sin α( ,

Fin sin α + FP cos α �
2c

l
Δin sin α + ΔP cos α( .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(4)

Here,

c �
6EI

l2
. (5)

As mentioned above, the input displacement and force
acting on the rhombic mechanism are provided by the piezo
stack (P885.91, PI). When the hysteresis nonlinearity of the
piezoelectric material is ignored, the linear deformation of
the piezo stack can be written as

δ � UinCV +
1

KP
fP, (6)

where δ is the output displacement of the piezo stack, CV is
the piezoelectric constant and can be calculated as CV � nd33
(with n being the number of layers of the piezo stack), Uin is
the change in the voltage applied to the piezo stack, Kp is the
stiffness of the piezo stack, fp is the external force imposed on
the piezo stack, and fp �−Fin. (us,
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Figure 3: Schematics of the RPA: (a) pull driving mode; (b) push driving mode.
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Δin � UinCV −
1
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Substituting (7) into (4), the governing equation of the
RPA can be expressed in matrix form as
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To further characterize the output displacement of the
double-amplification mechanism, the mechanical model of
the lever mechanism is shown in Figure 6. (e right circular
flexure hinges sharing the same geometry configuration are
simplified as rotational springs attached to the lever. Each
flexure hinge therefore imposes an angular moment on the
lever:

Mk � Kr1θk, k � C, O, D, (9)

where θk is the rotational angle of the hinges and equals the
tilt angle of the rigid lever. θk can be expressed as θk � ΔP/L2
owing to the small value of θk. Kr1 is the rotation stiffness of
right circular flexure hinge 1, which can be calculated using
the equations presented by Zhu et al. [22]. (e force
equilibrium equation and geometrical equation of the rigid
lever are then established:

MC + M0 + M D + FCyL1 −FDyL2 � 0,

Δout �
L1

L2
ΔP,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(10)

where FCy and FDy are vertical forces of nodes C and D, and
FDy �−FP/2.

In the analysis of the parallel configuration, the reaction
of the guidance mechanism can be considered equivalent to
an elastic load with port stiffness of Kload. According to
Newton’s third law of motion, the output force of the
double-amplification mechanism is then

Fout � −FCy � −
Kloadxout

4
. (11)

(e mechanical model of the guidance mechanism with
four rods is shown in Figure 7. (e equivalent stiffness Kload
can be expressed as

Kload � 4kx, (12)

where kx is the stiffness in the x direction of each guidance
rod and be calculated as

kx �
Kr1 + Kr2

L2
3

, (13)

with Kr2 being the rotation stiffness of right circular flexure
hinge 2.

Owing to the symmetry of the translational mechanism,
the output displacements along X and Y axes are equal. (e
electromechanical model of the translational mechanism,
which relates the output displacement of the translational
mechanism to the voltage applied to the piezo stack, can
therefore be obtained from equations (8)–(11) as

xout �
2L1L2

12Kr1 + KloadL2
1

⎡⎣
f22 12Kr1 + KloadL2

1(  + 2f12L
2
2

f21 12Kr1 + KloadL2
1(  + 2f11L

2
2
−f12⎤

⎦

· CVUin.

(14)

3.2.Analysis of theRotationalMechanism. In this subsection,
to accurately establish a theoretical model of the rotational
mechanism, the nonuniform beam is modeled using the
stiffness equation of the flexible segments. It is assumed that
the compliance of the rotational part is lumped in the flexure
hinges and the flexible segments of the beam. (e modeling
of the mechanism therefore begins with the analysis of the
flexure connectors.

(e flexible segment, namely, the right circular hinge, is
used to connect the rigid segments and to deliver high-
resolution motion to the output port. Figure 8 shows the
degrees of freedom of the two nodes and the nodal loads of a
right circular hinge in the coordinate system originating at
node i. (e stiffness equation of the right circular hinge can
be referred to the literature [22].

In the nonuniform beam, the other flexure joints be-
tween rigid bodies also employ right circular flexure hinges
to fix the two ends of the beam and connect the beam with
two piezoelectric actuators. (ese flexure hinges have the
same geometrical configuration. A mechanical model of the
beam is established to characterize the static response of the
structure. (e right circular flexure hinges are simplified as
rotational springs. (e flexure hinges then impose an an-
gular momentMi (i�A1, B1, C1, D1) on the rigid beams, as
shown in Figure 9. We thus have
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Mi � Kr3θi, i � A1, B1, C1, D1, (15)

where θi is the rotational angle of the hinges and equals the
tilt angle of the rigid arms. Kr3 is the rotation stiffness of
flexure hinge 3.

(e force equilibrium equations of the beam can then be
derived:

FA1 + FC1 � FB1 + FD1,

MA1 + MB1 + MC1 + MD1 −FB1x + FC1(L− x) � FD1L,


(16)

where FB1 and FC1 are the actuation forces provided by two
piezoelectric actuators and FB1 � FC1 � F.

From equation (16), the nodal forces of the right circular
flexure hinge used to construct a flexible segment at point E
can be expressed as

FE �
1
L

2Fx− 4Kr3θi( ,

ME � 1−
2la

L
  Fx− 2Kr3θi( .

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(17)
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(e axial loads are ignored in this analysis owing to the
small deformation of the beam. (e stiffness equation of the
right circular flexure hinge can therefore be derived to
characterize the deflection of the beam:

FR � KRXR, (18)

where

FR � FE ME FF MF 
T
,

XR � ΔyE ΔθE ΔyF ΔθF 
T

� θila θi θo
lo

2
−θo 

T

,

KR �
1

C1C3 −C2
2

C1 C2 −C1 C2

C2 C3 −C2 2RC2 −C3

−C1 −C2 C1 −C2

C2 2RC2 −C3 −C2 C3

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(19)

with Cm (m� 1 – 4) denoting the compliance, which refers to
the displacements produced by the corresponding applied
forces, and R being the cutting radius.

(en, from (17) and (18), the defined equivalent stiff-
nesses Ko and Ki can be obtained:

Ko �
Fx

θo
�

pL C1la + C2(  + 4Kr3 f−pL C1 lo/2(  + C2( 

2
,

Ki �
Fx

θi

�
Ko

f
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(20)

where

p �
1

C1C3 −C2
2
,

f �
C2la + 2 2RC2 −C3( − L− 2la(  C1 lo/2(  + C2( 

2 C2la + C3 +(2/p) 1− 2la/L( ( Kr3 − L− 2la(  C1la + C2 + 4Kr3/pL( ( 
.

(21)

According to (20), the output angle θo depends on the
moment M� Fx that is derived from the actuation force
generated by one piezoelectric actuator. It is therefore
necessary to obtain the force F of the piezoelectric actuator
that consists of a preloading mechanism and a piezo stack. A
simplified model of the piezoelectric actuator is thus built as
shown in Figure 10. In this model, the piezo stack is
equivalent to a source of displacement connecting in series
with a spring, which has stiffness Kp. (e preloading

mechanism, which has stiffness Kc, is incorporated with the
piezo stack to output the actuation force F. (e force
equilibrium equation can be established according to the
deformation equation of the piezo stack given as equation
(6):

F � CVUin − δ( Kp − δKc, (22)

where δ is given by δ � xθi owing to the small value of θi. By
substituting equation (22) into (20), the electromechanical
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model of the rotational part, which relates the output angle
around the Z axis of the mechanism to the voltage applied to
the piezo stack, is obtained:

θo �
Fx

Ko
�

xKpCV

f x2 Kp + Kc  + Ki 
Uin. (23)

4. Dimensional Optimization

According to the above theoretical analysis, it is obvious that
the dimensions are critical to the actuation performance of
the XYθz micropositioning mechanism. Hence, to confirm
the dimensions of the X/Y-directional part and θz-di-
rectional part, design optimization is performed in this
section with the goal of achieving large motion travel within
a compact size.

According to (14) and (23), the output displacements of
the mechanism rely on parameters of the geometric con-
figuration, the performance of the piezoelectric actuators,
machining feasibility, and material properties. In this
optimization analysis, aluminum alloy AL7075-T6 is used
because it has a high ratio of the yield strength to Young’s
modulus. To reduce the rotation stiffness and increase the
rotation precision of the right circular flexure hinges, the
hinge thickness and cutting radius should be designed as
small as possible. However, the minimum of the two pa-
rameters has to be larger than 0.3mm to avoid the melting
of the material during wire electro-discharge machining. In
addition, to achieve a low-voltage design in specific cases,
the range of the operating voltage in the rotational part is
set from 0 to 50 V. All these fixed parameters are given in
Table 1.

(e output displacements in the X/Y direction and θz
direction are therefore functions formulated by equations
(14) and (23), respectively, in terms of the remaining design
parameters. (en, equations of the objective functions are
determined as follows:

Maximum xout � f1 α, w, L1( ,

Maximum θo � f2 la, lo, R, x( .
(24)

(e constraints are described as follows:

(1) To satisfy several specifications, these design pa-
rameters are constrained. To achieve a compact size,
the following geometric constraints are imposed for
the optimal design:

L1 + L2 � 21.8, 10≤ L1 ≤ 20,

5≤ α≤ 40, 1≤w≤ 4,

2la + 4R + lo ≤ 44.2, 6≤x≤ 21,

5≤ lo < 48, 0.3≤R≤ 3.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(25)

(2) In order to guarantee design reliability, the following
maximum stress at each outer surface of the thinnest
part of the flexure hinge needs to be treated [19]:

σmax �
E(1 + β)9/20

β2f(β)
θ ≤ [σ] �

σy

n
, (26)

where β� t/R, θ is an angular displacement, σy is the yield
stress of the material, and n is the safety factor.

(e optimization process can be carried out in MATLAB
software to investigate how the maximum output displace-
ment depends on each parameter in a given range; for an
arbitrary value of a parameter, there is a corresponding
maximum of the output displacement in the parameter space
formed by the given domain of the remaining parameters.(e
optimization results are shown in Figures 11–13.

Figures 11(a) and 11(b) show how the translational dis-
placement changes with beam angle α, thickness w, and length
L1. It can be seen from Figure 11(a) that when the angle α is
constant, the output displacement increases as the thickness w

decreases. (us, the thickness w of the beam should be the
minimum value in its range. Angle α and length L1 reach their
respective thresholds when the translational displacement is a
maximum, and when α or L1 increases continuously, the
maximum translational displacement decreases. Figure 12
shows the dependence of the maximum translational travel
on α and L1 when thickness w is taken as constant as discussed
above. (e constraint for α and L1 is shown as a plane in this
3D plot. It is seen that the translational travel has a maximum
value. (e thresholds of α and L1 at the maximum dis-
placement can therefore be calculated as

zf1 α, L1( 

zL1
� 0,

zf1 α, L1( 

zα
� 0.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(27)

Figure 13(a)–13(d) shows the dependence of the
maximum angle travel θz on the design parameters of the

Table 1: Fixed parameters of the mechanism.
Piezoelectric actuator (P885.91, Physik Instrumente, Germany)

Stiffness of the piezo stack 25N/μm
Stiffness of the preloading mechanism 5.89N/μm
Size of piezo stack 5mm× 5mm× 36mm
Operating voltage −20V–120V
Piezoelectric constant 0.316 μm/V

Material (Al 7075)
Elastic modulus 72GPa
Shear modulus 27GPa
Density 2750 kg/m3

Yield strength 500MPa
Right circular flexure hinge 1

Hinge thickness, t1 0.4mm
Cutting radius, R1 1.2mm

Right circular flexure hinge 2
Hinge thickness, t2 0.5mm
Cutting radius, R2 1.0mm

Right circular flexure hinge 3
Hinge thickness, t3 0.4mm
Cutting radius, R3 0.5mm

8 Advances in Materials Science and Engineering



θz-directional part. (ese plots clearly show that la should
take a maximum value while lo, R, and x should take
minimum values in their ranges.

(e optimization results of the design parameters of the
X/Y-directional part and θz-directional part are summarized
in Table 2.

5. FEA

In this section, FEA of the XYθz micromechanism is carried
out using ANSYS software according to the optimized pa-
rameters. (e 3D model is generated by Solidworks and
imported to ANSYS. A multiphysics analysis is then con-
ducted to estimate the performance of the mechanism.

To begin with, a static analysis via FEA numerical sim-
ulation is conducted to validate the output displacements of
the mechanism. In order to calculate the output displace-
ments accurately, piezoelectric stacks are defined as piezo-
electric bodies in ANSYS software. And, voltage boundary
conditions are exerted to two surfaces of corresponding pi-
ezoelectric stack. (e results are shown in Figure 14.
Figure 14(a) shows the motion of the platform along the
positive X-axis with a driving voltage of 70V. And, the

maximum bidirectional translational travel can be ob-
tained; the output displacement in the X/Y direction is
240.0 μm. In addition, when the platform is driven in the
X direction, the output displacement in the Y direction
is almost zero, which shows excellent output decoupling
performance of the micropositioning mechanism. (erefore,
when the two pairs of PZTs in the translational part are given
the same voltages simultaneously, the platform has motion in
a direction 45 degrees to the X-axis as seen in Figure 14(b).
(e motion in the θz direction is shown in Figure 14(c), and
the rotational angle around the Z-axis is determined as
10.0mrad. (e maximum stress at maximum deformation is
345.9MPa and occurs in the flexure hinge. It is lower than the
yield stress of the material which is 500MPa. Meantime, the
rotational motion of the whole structure around Z-axis is
shown in Figure 14(d). It can be seen that the torsionalmotion
does not cause the translational displacement inX/Y direction
because of the excellent decoupling characteristics of the
mechanism.

(e results of theoretical analysis and FEA are
compared in Table 3. (e corresponding relative errors of
output displacements in the X/Y direction and θz di-
rection are about 8.2% and 13.0%, respectively. (e
output displacements obtained from FEA are smaller
than the theoretical values. (is is mainly due to the rigid
levers and rigid arms having elastic deformation in the
FEA.

Moreover, the modal analysis of the mechanism with
consideration of piezoelectric actuators is also carried out
through FEA to investigate the dynamic performance. (e
modal analysis results in Figure 15(a)–15(c) show that
natural frequencies along the θz, Y, and X directions are
about 105, 505, and 518Hz.

A prototype of the XYθz micropositioning mechanism
was fabricated according to the results of optimization.
(e translational part and rotational part were mono-
lithically machined from AL-7075 using wire electro-
discharge machining technology for high precision. As
shown in Figure 16, the overall dimensions of the
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Figure 11: Dependence of the maximum translational displacement on the designed parameters.
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prototype were 106mm × 106mm × 23mm. (ree pairs of
piezo stacks (P885.91, PI) were used to drive the platform.

6. Experiment

(e basic characteristics of the mechanism are experi-
mentally investigated in this section. (e principle experi-
mental components are pictured in Figure 17. A LabVIEW
system (LabVIEW 8.5 with NI PXI-1050) was used to
generate the driving signals that were sent to the power
amplifier (PA-12D developed at Xi’an Jiaotong University)
and to acquire the signal of output displacements from the
laser sensor. To measure the output displacements, two pairs
of differential voltages were applied to the two pairs of
piezoelectric actuators located in the translational part and
one pair of the same voltage was applied to the actuators
located in the rotational part. Figure 18 shows the re-
lationship of output displacements in X, Y, and θz directions

with input voltages. (e input voltage of each axis is de-
scribed by the one input voltage of the voltage pair to the
corresponding axis. To achieve a low-voltage design in
specific cases and guarantee the security of the structure, the
range of the operating voltage in the rotational part is set
from 0 to 50V.

Figure 18(a) shows that the output displacement along
the X-axis reached 204.2 μm, which is slightly shorter than
the output displacement along the Y-axis (212.8 μm) for a
voltage of 120V. (ese errors seem to originate from the
difference in piezo stacks, machining errors, and installation
errors of the mechanical structures. Figure 18(b) shows that
the output angle around Z-axis reached 8.7mrad with a
driving voltage of 50V.

Owing to the design of the guidance mechanism and the
symmetrical design of the translational part, there is no
coupling displacement between the X-axis and Y-axis in
theory. However, it is virtually impossible to achieve ab-
solute symmetry of the mechanism owing to the machining
and installation errors of piezoelectric actuators. (erefore,
the coupling displacement of the two axes was also tested by
using the sinusoidal input signal in this work. Figure 19
shows the output displacements when only the X-axis was
actuated. It is seen that the maximum coupling error along
the Y-axis was about 2.5%. Similarly, when only the Y-axis
was actuated, the corresponding maximum coupling error
along the X-axis was about 2.9%.

Figure 20 compares the experimental results with the
results of FEA.(ere are two curves for each direction of the
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Figure 13: Dependence of the angle travel θz on the design parameters: (a) la; (b) lo; (c) R; (d) x.

Table 2: Optimization parameters and results.

Parameters
X/Y-directional

part θz-directional part

w α L1 la lo R x
Parameter limit
Lower 1 5 10 0 5 0.3 6
Upper 4 40 20 19 48 3 21
Optimization results 1 17 17.8 19 5 0.3 6
Unit mm deg mm mm mm mm mm
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0.13446 Max
0.11482
0.095185
0.075546
0.055907
0.036268
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–0.022649
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X
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0.058386
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X

Y

45˚

(b)

2.595e – 5 Max
2.0184e – 5
1.4417e – 5
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2.8841e – 6
–2.8824e – 6
–8.649e – 6
–1.4416e – 5
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–2.5949e – 5 Min
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0.00016327
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0.00010884
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5.4422e – 5
2.7211e – 5
0 Min
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(d)

Figure 14: Results of static analysis: (a) motion along the positive X-axis; (b) motion in a direction 45 degrees to the X-axis; (c) motion of
rotational part; (d) motion of the entire structure in the θz direction.

Table 3: Comparison of outputs obtained employing the theoretical model and FEA.

X/Y (μm) θz (mrad)
(eoretical modal 259.7 11.3
Finite element analysis 240.0 10.0
Error (%) 8.2 13.0

168.7 Max
149.96
131.21
112.47
93.722
74.978
56.233
37.489
18.744
0 Min

(a)

270.07 Max
240.07
210.06
180.05
150.04
120.03
90.025
60.016
30.008
0 Min

(b)

271.37 Max
241.22
211.06
180.91
150.76
120.61
90.456
60.304
30.152
0 Min

(c)

Figure 15: Modal shapes of the structure in (a) θz direction, (b) Y direction, and (c) X direction.
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experimental result because of the hysteresis of piezo stacks.
(e experimental results indicate that the actual trans-
lational travel and rotational angle around the Z axis were

smaller than the results obtained using the finite element
model, and the corresponding maximum relative differences
(i.e., errors) between the experimental results and FEA were

Output
displacements Driver signal

to piezo
stacks

micropositioning
mechanism

XYθZLaser sensor

Power amplifier
Commander

signal DA

NI PXI-1050

Figure 17: Principle and experimental setup of the mechanism.

Figure 16: Prototype of the XYθz micropositioning mechanism.
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Figure 18: Tested output displacements in (a) X and Y directions and (b) θz direction.
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about 12.7% and 14.9%, respectively. (ese errors mainly
originated from machining errors and installation errors of
the mechanical structures.

To determine the first natural frequency of the platform,
the frequency response was measured. Sweeping sinusoidal
signals were used to excite the PZTs in θz direction, and
frequency response signal was measured by using laser
sensor. Figure 21 shows that the first natural frequency is
87.8Hz, which is slightly smaller than the FEA result. (e
deviation may be due to machining error and installation
error of the structure. (e additional mass caused by the
mounting screws and the wires of the piezoelectric stacks can
also reduce the natural frequency of the actual structure.

In addition, the motion resolution is tested. As can be
seen in Figure 22, the minimum resolutions are clearly
resolved from the multistep response experiment, which are
52 nm in the X/Y-axis and 9 μrad in the θz-axis, respectively.
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In this test, the movement of the platform is measured by
KEYENCE laser displacement sensor.(e resolution of laser
sensor is lower than the capacity position sensor. If the
resolution of the displacement sensor can be improved, a
higher resolution of the developed structure can be achieved.

7. Conclusions

(is paper presents the design, modeling, optimization, and
experimental testing of a novel piezo-actuated XYθz
micropositioningmechanism featuring large travel, compact
size, and 3-DoF independent motion. (is mechanism
consists of a translational motion part and a rotational
motion part, which are linked serially. To achieve large
motion ranges, electromechanical models of the trans-
lational mechanism and rotational mechanism were
established to describe the relationship between the input
voltages and the output displacements.(e mechanism was
then optimized using the theoretical model, realizing large
output displacements within a compact size. On the basis of
optimized parameters, the FEA results of the mechanism
confirmed that the parallel translational part was well
decoupled. Finally, a prototype of the mechanism with
dimensions of 106mm× 106mm × 23mm was fabricated.
Experimental results show that translational travel in X and
Y directions was, respectively, 204.2 and 212.8 μm, while
travel of 8.7mrad in the θz direction could be realized. And,
the minimum resolutions are 52 nm in the X/Y-axis and
9 μrad in the θz-axis. In addition, the output coupling was
evaluated to be below 3%, indicating an excellent decou-
pling performance. (ese results show that the developed
XYθz micropositioning mechanism can be used in several
industrial applications that require large motion ranges
within small spaces, especially the optical image stabili-
zation system. (e testing of closed-loop control of the
micropositioning mechanism will be presented in future
work.
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