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Abstract
XYZ-precision positioning stages are of great significance in micro/nanoscale manipulation applications. This paper

presents a novel parallel 3-degree-of-freedom (3-DOF) XYZ precision positioning stage with compact structure. Compared

with the existing parallel triaxial positioning stages, the proposed stage features more compact size in the height. A newly

developed Z-shaped flexure hinge based mechanism is introduced in the design of stage to generate decoupled motions in

both z-axis and y-axis based on the bending deformation of the beams and the differential moving principle, respectively.

The input stiffness of the positioning stage is calculated by resorting to matrix-based method, and validated by finite-

element analysis. The simulation results are shown to be almost consistent with the results of the derived analytical model

with negligible errors. Moreover, the reachable workspace is determined and the maximum stress is also obtained by

loading the assumed maximum input displacement on the platform. The preliminary results pave the way for promising

applications of the proposed stage in the future.

1 Introduction

Micromanipulators with high precision and quick response

consist of flexure-based compliant mechanisms and

piezoelectric actuators (PZTs), drawing lots of attention

from widespread applications such as bio-cell manipulation

(Gao et al. 2016), optical fibers alignment, micro device

assembly, scanning probe microscopes, ultra-precision

manufacturing, and microelectromechanical systems

(MEMS) (Hao and Zhu 2019). The traditional rigid motion

pair-based manipulators can no longer satisfy the manip-

ulation requirements of high precision and fast response,

due to the adverse effects of backlash and friction of the

traditional rigid joints (Maeda and Iwasaki 2012). Instead,

the compliant mechanism has the technological merits of

easily manufacturing, being free of backlash and friction,

ultrahigh repeatable precision, compactness and needless

lubrication (Lobontiu 2002), since it delivers motions by

using the elastic deformations of the material (Jywe et al.

2008). Therefore, compliant mechanism based manipula-

tors have been widely employed in micron or nano-scale

operation applications. On the other hand, the PZT is the

most universally used driver in the compliant mechanisms,

owing to the unique advantages including compact struc-

ture, easy to control, high resolution and rapid response

(Gao et al. 2020).

The XYZ-precision positioning stage is one of the

commonly used manipulators in various applications as

aforementioned, and thus lots of investigations have been

conducted by researchers. Generally, positioning stages can

be divided into two types based on different kinematic

schemes, namely serial and parallel positioning stages. The

serial-kinematic scheme features ease of control and free of

coupled motion (Wadikhaye et al. 2012), since the X, Y

and Z translations connected in serial can be controlled

independently, and it has been well developed by scholars

and employed in commercial stages. Moreover, serial-

kinematic configuration is well suited for scanning type

applications (Ando et al. 2008; Leang and Fleming 2008;

Picco et al. 2006), due to the requirement of one lateral axis
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operating much faster than the others. A three-axis serial-

kinematic high-speed nanopositioning stage with kilohertz

bandwidth is presented in the literature of (Kenton and

Leang 2011). However, serial-kinematic configuration

suffers from high inertia, low natural frequency and

accumulative errors. Furthermore, the dynamic character-

istics are different from each axis. In contrast, the parallel-

kinematic scheme featuring the outstanding merits of low

inertia, high resonant frequency, no cumulative errors and

identical dynamic features in all axes, overcomes the

aforementioned problems (Angeles 2002; Merlet 2006).

Therefore, large amo-unt efforts have been devoted to

developing XYZ parallelkinematic stages, and many of

them are reported in the literature of (Cai et al. 2018; Gao

et al. 2016; Hao and Li 2014; Li and Xu 2010; Liu and Li

2016; Xu and Li 2007; Zhang and Xu 2015). Nevertheless,

most of the proposed positioning stages have a hulking

body size in both the footprint and the height, since each of

the working axis consists of a PZT embedded in the

guidance or amplification compliant mechanisms and is

arranged orthogonally.

In order to develop a novel XYZ positioning stage with

parallel-kinematic and more compact structure, the

Z-shaped flexure hinge (ZFH) based mechanism is incor-

porated in the design of the stage. The ZFH based mech-

anism is able to achieve decoupled motions at both

horizontal and vertical directions by using a pair of in-

plane placed PZTs, shrinking the vertical size and the

overall structure dimensions of the stage. In the following

sections of the paper, the mechanical design is illustrated in

Sect. 2. Compliance and stiffness modeling of the stage

based on matrix method are performed in Sect. 3. In

Sect. 4, the finite element analysis (FEA) is conducted to

verify the calculation results. Finally, some concluding

remarks are summarized in Sect. 5.

2 Mechanism design

The mechanical structure of the novel proposed XYZ

parallel-kinematic positioning stage based on compliant

mechanisms is illustrated in Fig. 1. It is composed of four

symmetric driving units made up of dual parallelogram

guidance mechanisms (guidance mechanism 1), four

symmetric ZFH based mechanisms connected with two

symmetric parallelogram flexures (guidance mechanism 2),

a pair of mirror symmetric universal parallelogram flexures

(guidance mechanism 3) and a mobile platform. Moreover,

the PZTs, preloaded by the screws, are fixed at the input

ends of the guidance mechanism 1. The majority of com-

pliant mechanisms mentioned above transfer motions via

the right circular flexure hinges, as shown in Fig. 2, due to

its high precision in rotation and constraint of lateral

motions, excepting the ZFH based mechanism, which

consists of three orthogonally connected leaf spring flexure

hinges.

The concept of the ZFH based mechanism was first

proposed by Guan and Zhu for a one-dimensional thermal

actuator (Guan and Zhu 2010). After that, Zhu et al.

derived the ZFH based mechanism motions in both x-axis

and z-axis directions by exerting same/different opposite

inward motions on the two input ends of the mechanism,

and they extended its application to a two degree-of-free-

dom (DOF) fast tool servo system for diamond turning of

optical microstructured surfaces with scattering homoge-

nization (Zhu et al. 2014). More recently, the ZFH based

mechanism has been used in the application of 2-DOF XY

compliant micro/nano-positioning stage for large work-

space in the literature of (Zhu et al. 2016a, c) by the same

author. Moreover, a 3-DOF XYHz nano-positioning stage

with simple kinematics, bi-directional motion and ampli-

fied motion range was also developed by them using the

Fig. 1 Mechanical structure of the proposed 3-DOF XYZ positioning

stage

Fig. 2 The right circular hinge
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ZFH based mechanism (Zhu et al. 2016a, b, c). In this

paper, the ZFH based mechanism is employed for devel-

oping a parallel 3-DOF XYZ positioning stage with com-

pact structure for the first time.

The working principle of ZFH based mechanism can be

illustrated as follows. When a pair of equal and opposite

forces are exerted on two ends of the ZFH based mecha-

nism, as shown in Fig. 3, the long beam of ZFH based

mechanism will bend to accommodate the space decrease,

thus driving and moving the central platform in Z direction.

For the motion along y-axis, two different magnitude

driving force exerted on two ends will induce such motion

of the central platform based on the well-known differen-

tial moving principle (DMP). Therefore, a biaxial motion

platform can be achieved through the ZFH based

mechanism.

As for the motion along x-axis, when the PZT 3 extends,

the corresponding motion can be achieved. Combining the

biaxial motion derived from the ZFH based mechanism, a

compact positioning stage with 3-DOF (XYZ) is devel-

oped. It is well known that the PZTs are easily damaged by

the tangential force or bending deformation caused by the

coupled motion. In order to alleviate the coupled motion of

the positioning stage, dual parallelogram flexures (guid-

ance mechanism 2) are connected with the ZFH based

mechanism, and a pair of mirror symmetric universal

parallelogram flexures (guidance mechanism 3) are

designed, as shown in Figs. 6, 7, respectively.

3 Modeling and analysis

Various approaches have been applied to model the com-

pliant mechanisms, including pseudorigidbody (PR-B)

method, nonlinear modeling approach and the matrixbased

compliance/stiffness modeling method. Among these

methods, the matrix-based modeling method models the

flexure with the consideration of 6-D compliance in space

based on the Hooke’s law of material deformation. It is

well known that the matrix operations can be easily con-

ducted with higher calculation efficiency (Dai and Ding

2006; Koseki et al. 2002), and thus the matrix-based

modeling method is employed in this paper.

The compliance matrix with the coordinate frame

assigned in Fig. 2 can be derived as:

Ch ¼

c1 0 0 0 c3 0

0 c2 0 � c4 0 0

0 0 c5 0 0 0

0 � c4 0 c6 0 0

c3 0 0 0 c7 0

0 0 0 0 0 c8

2
666666664

3
777777775

ð1Þ

Where the compliance factors with the best accuracy, as

reviewed in Yong et al. (2008), are adopted in the present

study.

As shown in Fig. 2, C0
i ¼ Ch is defined as the local

compliance of the specific free end coordinate of the

flexure hinge with respect to the ground, where the upper-

right superscript ‘‘0’’ denotes the fixed end that will be

omitted for the clarity of representation, and the lower-

right indicates the free end. The compliance Ci is able to be

transferred from one to another frame based on the fol-

lowing equation:

Cj ¼ Tj
iCiðTj

i Þ
T ð2Þ

Where Tj
i is the coordinate transformation matrix.For a

rotational matrix around the x-axis for the compliance

matrix, namely Rx, can be derived by:

RxðhÞ ¼
RxðhÞ 0

0 RxðhÞ

� �
ð3Þ

Where RxðhÞ describes the h rotation around the x-axis. In

addition, Ry and Rz can be also derived in the same way.

For the translational transformation, the translational

matrix can be defined in Eq. (4).

Pðpx; py; pzÞ ¼
I p̂

0 I

� �
ð4Þ

Note that p̂ means the outer product with the vector

P ¼ ðpx; py; pzÞ, and P is the coordinate of the original

origin with respect to the new coordinate frame. I is the

identity matrix.

Fig. 3 The ZFH based mechanism

Fig. 4 Schematic of the key part of the guidance mechanism 1
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p̂ ¼
0 � pz py

pz 0 � px

�py px 0

0
B@

1
CA ð5Þ

I ¼
1 0 0

0 1 0

0 0 1

0
B@

1
CA ð6Þ

3.1 Input stiffness of guidance mechanisms

The guidance mechanism 1 is given in Fig. 4, and its left

half part as shown in Fig. 5 is picked out for the purpose of

analysis, due to the left-right symmetric property of the

mechanism. The compliance of point G with respect to

point O1 and O4 can be written as Eqs. (7 , 8), respectively,

since the flexure hinges are connected in serial.

C1
G ¼TG

2 C2ðTG
2 Þ

T þ TG
3 C3ðTG

3 Þ
T ð7Þ

C4
G ¼TG

5 C5ðTG
5 Þ

T þ TG
6 C6ðTG

6 Þ
T ð8Þ

Furthermore, the compliance CO
G can be derived as Eq. (9),

due to the parallel connection between the two chains A

and B.

CO
G ¼ ðKO

GÞ
�1 ¼ ðK1

G þ K4
GÞ

�1 ¼ ½ðC1
GÞ

�1 þ ðC4
GÞ

�1��1

ð9Þ

Assign lCG ¼ CO
G as the compliance of the left part of the

guidance mechanism 1 with respect to the ground. Owing

to the left-right structural symmetry as mentioned before,

the compliance of the guidance mechanism 1 can be

derived as:

CG ¼ ðKGÞ�1 ¼ ½ðlCGÞ�1 þ ðTl
rðlCGÞðTl

rÞ
TÞ�1��1 ð10Þ

Where Tl
r is the transformation matrix transferring from the

right to left.

Tl
r ¼

RxðpÞ 0

0 RxðpÞ

� �
ð11Þ

From which, the input stiffness can be derived as

Kin ¼ 1=C. The similar principle can also be applied to the

calculation of the other stiffness of guidance mechanisms

as shown in Figs. 6, 7.

3.2 Amplification ratio of the ZFH based
mechanism

In order to establish the analytical modeling of ZFH based

mechanism, half of the mechanism structure is picked out

for analysis, as illustrated in Fig. 8, due to the structure

symmetry.

Based on the energy method, we can obtain the fol-

lowing set of equations:

f11 f12 f13

f21 f22 f23

f31 f32 f33

2
64

3
75

Fy

P

M

2
64

3
75 ¼

Dy
2
Dz

0

2
664

3
775 ð12Þ

Where

f11 ¼
2Lz
EA

þ
l3z
3EI

þ
Lzl

2
z

EI
; f12 ¼

3L2z lz

2EI
þ
Lzl

2
z

2EI
;

f13 ¼
�l2z
2EI

� Lzlz
EI

;

f21 ¼
Lzl

2
z

2EI
þ 3L2z lz

2EI
; f22 ¼

lz
EA

þ L2z lz

EI
þ 8L3z
3EI

;

f23 ¼
�2L2z
EI

� Lzlz
EI

;

f31 ¼
�l2z
2EI

� Lzlz
EI

; f32 ¼
�2L2z
EI

� Lzlz
EI

;

f33 ¼
2Lz
EI

þ lz
EI

:

Assuming that the virtual force P equals to zero, the

deflection in the tip alone Z-axis can be derived as:

Fig. 5 Front view of the half part of the guidance mechanism 1

Fig. 6 Schematic of the mobile platform and the guidance mechanism

2
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Dz ¼
6ðDy

2
ÞL2z

l2z þ 6Lzðlz þ w2
z

3lz
Þ

ð13Þ

As a consequence, the amplification ratio of the ZFH based

mechanism can be obtained as:

Az ¼
Dz
Dy

ð14Þ

4 Finite element analysis (FEA) validation

To verify the analytical model and the performance of the

proposed positioning stage, FEA numerical simulation is

conducted using commercial software ANSYS. The

dimensional parameters of the mechanism are given in

Table 1. Aluminum alloy Al 7075-T6 is selected as the

substrate for manufacturing the positioning stage, due to its

comparatively low density and larger rs=E ratio value,

which may acquire light-weight and higher elasticity

mechanisms. The detail properties of the chosen material

are: Young’s modulus E=71.7 GPa, Poisson’s ratio l=0.33,
density q ¼ 2:81� 103 kg/m3, and yield strength rs=503
MPa.

Input stiffness is an important index, and it can be

derived by dividing input load with the corresponding

displacement of the input end of the guidance mechanisms.

Constant forces of 1N are applied to the input ends of the

guidance mechanisms in FEA simulations, and the

corresponding deformation displacements are given in

Fig. 9. Based on the simulation results, we can easily

obtain the input stiffness. Taking the FEA results as the

bench mark, the comparative study results are listed in

Table 2. It suggests that the predicted results calculated

by the analytical models agree well with the simulation

results obtained by FEA simulations.

For the amplification ratio of the stage obtained by the

ZFH based mechanism, it can be determined by dividing

the corresponding output motion of the mobile platform

with the displacement applied at the input end of the ZFH

based mechanism. In the FEA simulation, a displacement

of 1lm is exerted on the input end as shown in Fig. 10, and

the output displacement as well as the amplification ratio

are obtained.

In addition, taking into account the assumed maximum

stroke of 60 lm of the PZT, the reachable prism-shaped

workspace of the XYZ positioning stage is depicted in

Fig. 11. The maximum output displacements are approxi-

mately 60 lm in the X direction, 30 lm in the ±Y direc-

tions and 309.6 lm in the Z direction. It is worth

mentioning that the maximum output displacement devia-

tion in Z direction is around 16.56% by comparing with the

FEA simulation results. The offset can be mainly linked to

the structure constraint of the guidance mechanism 3. FEA

simulation has also been conducted to verify the safety of

the platform by applying the prescribed input displacement

or input force at the input ends of the guidance mecha-

nisms. When the assumed maximum stroke of 60 lm of the

PZTs are exerted on the input ends, as shown in Fig. 12,

the maximal stress is 235.31 MPa, occurred in the thinnest

place of the right circular hinges, which is much lower than

Fig. 7 Schematic of the guidance mechanism 3

Fig. 8 Schematic of the ZFH based mechanism

Table 1 Architectural parameters of the parallel XYZ positioning

stage

Guidance 1 and 3 Guidance 2 and ZFH

Symbol Value(mm) Symbol Value(mm)

L1 20 L3 11.7

L2 10 L4 9.3

l1 6.8 t2 0.5

t1 0.8 r2 0.25

r1 2 d2 3

b1 6 s2 0.4

L5 32 h2 30�

L6 9.5 b2 2.5

L7 34.5 L 16

L8 12 Lz 11.5

t3 0.5 lz 2

r3 1 wz 1

bz 3
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the yield strength 503 MPa with a safety factor larger than

1.5. Therefore, the platform has enough strength in the

working stroke, guaranteeing the long-term linearity and

repeatability of the mechanism.

5 Conclusions

A novel 3-DOF XYZ positioning stage with compact

structure is proposed in this paper. Compared with the

existing triaxial stages, the introduction of ZFH based

mechanisms in the design of stage reduces the height of the

Fig. 9 The corresponding deformation of the guidance mechanisms, a guidance mechanism 1, b guidance mechanism 2, c guidance mechanism 3

in Y direction, d guidance mechanism 3 in Z direction

Table 2 Performance of the parallel XYZ positioning stage

Methods Input stiffness of guidance

mechanism 1 (N/lm)

Input stiffness of guidance

mechanism 2 (N/lm)

Input stiffness of guidance

mechanism 3 (N/lm)

Amplification

ratio

Analytical

model

0.965 1.71 0.035 2.58

FEA 0.93 1.57 0.038 (y)/0.036 (z) 2.76

Deviation(%) 3.76% 8.92% - 7.89%(y)/-2.78%(z) -6.52%
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proposed positioning stage, achieving a compact size.

Parallelogram mechanisms, serving as decoupled guidance

mechanisms, are employed in the design of positioning

stage to reduce the parasitic motions. The input stiffness of

the stage is calculated based on matrix-based method and

validated by FEA using ANSYS. The reachable workspace

is determined and the maximum stress is also obtained by

loading the maximum output stroke of the PZT on the

platform. Future research will concentrate on the opti-

mization of the dimension parameters of positioning stage

to achieve better performance. A prototype is also expected

to be fabricated to experimentally study the kinematics

analysis, dynamics analysis and error analysis of the pro-

posed stage in the upcoming work.
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