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Abstract-The conventional flexure parallel micromanipulators 
(FPM) usually suffer from small stroke. The performances of a 
FPM are highly related with the stroke of each actuated limb 
and the constraints including the non-actuated limbs. To 
conquer the drawbacks of the small workspace of the 
conventional FPM, the mechanism for displacement 
amplification would make a great contribution when it is 
imported into the design of the actuated limbs. This research is 
focused on a unique FPM based on multi-level displacement 
amplifier. Firstly, the structure modeling based on compact 
modular design is introduced. The macro/micro analysis of the 
displacement amplifier is conducted. Then, the comprehensive 
finite-element modeling including the strain and total 
deformation are implemented to examine the actual 
mechanical behavior of the proposed mechanism. The 
developed method and technology provide a promising solution 
to enhance the performance of the generic FPMs. 
 
    Keywords-Flexure parallel micromanipulator; multi-level 
displacement amplifier; finite-element analysis; symmetrical 
topology structure 

I.  INTRODUCTION  

    With the rapid and extensive development in both 
theories and applications in the past several decades, parallel 
manipulator has become a nondisplaceable technology 
which reflect its merits in areas of machine tools [1-6], 
sensors and transducers [7-10], micro devices and MEMS 
systems [11-15], and motion platforms [16-18], majorly due 
to its distinct advantages including higher positioning 
precision, higher dynamic performance, higher stiffness, 
less accumulative error and easier for inverse kinematic 
modeling.   
    In the area of multi-axis micro-positioning, many scholars 
have developed different types of flexure parallel 
micromanipulators to achieve the expected goals [19-25]. In 
[20], a 3-limb 6-DOF parallel micromanipulator with 3PPSP 
structure was investigated. In each limb, there are two 
actuator joints which are integrated in a x-y plane attached 
to the base. In [21], the special materials including 
olyvinylidene fluoride and lead zirconium titanate were 

utilized to develop the piezoelectric actuators for the 
vibration control of a planar compliant parallel manipulator. 
In [22], a nanopositioning parallel stage which has high 
bandwidth, high motion range and low cross-coupling was 
developed so that control strategies based on single-input 
single-output for trajectory tracking was available. In [23], a 
compliant positioned based on parallel kinematic structure 
was dually driven by six piezoelectric actuators and six 
piezoelectric ceramics. Through testing, it could be found 
that this structure simultaneously generated wide motion 
range and high precision. In [24], the pseudo rigid-body 
model was calculated for a 3-DOF flexure parallel 
micromanipulator in which three limbs are perpendicular to 
each other. In [25], the electromagnetic actuators with less 
than 0.1% full-scale position error were fabricated to drive a 
six-axis compliant parallel mechanism.   
    However, since every coin has its opposite side, 
especially for the case of parallel micromanipulators, the 
natural limitation of the small stroke of the traditional 
actuators restrict the workspace and the limb displacement 
in a small region. Regarding this, a unique FPM with 3-
DOF based on multi-level displacement amplifier is 
designed for the potential application situations where large 
motion range is required in a micro- or nano- positioning 
environment. The proposed multi-level displacement 
amplifier based on a series of flexure hinges is integrated in 
each compliant limb as a monolithic structure which is 
driven by piezoelectric actuator.  
    The rest part of this paper is organized as follows: the 
conceptual designs and the kinematics modeling of the 
displacement amplifier and related planar/spatial flexure 
parallel micromanipulators are introduced Sections 2 and 3. 
In Section 4, the finite-element analysis is conducted to 
examine the static performance of the proposed FPM. Final 
section gives the conclusion. 

II. CONCEPTUAL DESIGN 

As the key part of the flexure parallel micromanipulators, 
the conceptual structure of the multi-level displacement 
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amplifier is illustrated in Fig. 1. The piezoelectric actuator 
will be placed in the middle of the mechanism between the 
two convex stages connected to the inner bars. The four free 
lower/upper ends are attached to a fixed base. Through 
multi-stage amplification of the original displacement, large 
workspace of the end-effector can be achieved.   

  
Figure 1. The CAD model of the proposed displacement amplifier 

   The following figure shows how to combine two multi-
level displacement amplifiers to develop a high-precision 
XY positioning stage.  

 
Figure 2. Planar flexure parallel micromanipulator based on displacement 
amplifier  

    Figure 3 displays a spatial FPM with large motion range 
for the potential application in micro positioning 
environment. The mechanism is utilized as the case study in 
this research to verify its characteristics. 

 
Figure 3. Spatial flexure parallel micromanipulator based on displacement 
amplifier  

III. ANALYSIS OF THE DISPLACEMENT AMPLIFIER 

A. Macro Analysis  

    In this subsection, it is focused on the amplification 
analysis of the proposed displacement amplifier based on 
the macro dimensions which are shown in Fig. 4.  

 
Figure 4. The macro dimensions of the proposed displacement amplifier 

 
     When the deformation Δy1 occurs, it has 
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 Thus, the amplification k is given as, 
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B. Micro Analysis  

    The circular flexure hinge can be expressed with the 
following compliance matrix, 
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As the most important element, z
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where, R denotes the radius of circular arc. E is the elastic 
modulus of selected material. b represents the width of the 
hinge. t is the thickness of the thinnest part of the circular 
flexure hinge. 
    The elastic potential energy of the half part of a single 
displacement amplifier can be derived as, 
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    The above equation can be rewritten as, 
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IV. FINITE ELEMENT ANALYSIS  

    Finite element analysis (FEA) is a paramount method to 
test the performance of the flexure based compliant parallel 
manipulator. The different selection of materials also 
affects the practical characteristics. With a critical 
evaluation of design criteria based on various materials, 
stainless steel is chosen whose properties is described in 
Table 1.  

TABLE I.  MATERIAL PROPERTIES 

Density 7.85e-006 kg mm-3 
Coefficient of Thermal Expansion 1.2e-005 C-1 

Specific Heat 4.34e+005 mJ kg-1 C-1 

Thermal Conductivity 6.05e-002 W mm-1 C-1 
Resistivity 1.7e-004 ohm mm 

    Figure 5 illustrates the strain and deformation results 
under external forces applied on one displacement amplifier. 
When F = 1N, the maximal/minimal equivalent elastic strain 
is 2.8858×10-7 mm/mm and 0 respectively, and the maximal 
total deformation is 3.198×10-5 mm. When F = 6N, the 
maximal/minimal equivalent elastic strain is 1.7351×10-6 
mm/mm and 4.4355×10-20 mm/mm respectively, and the 
maximal total deformation is 1.9188×10-4 mm. When F = 
11N, the maximal/minimal equivalent elastic strain is 
3.1744×10-6 mm/mm and 8.1323×10-20 mm/mm respectively, 
and the maximal total deformation is 3.5178×10-4 mm. 
When F = 16N, the maximal/minimal equivalent elastic 
strain is 4.6173×10-6 mm/mm and 1.1828×10-19 mm/mm 
respectively, and the maximal total deformation is 
5.1168×10-4 mm. When F = 21N, the maximal/minimal 
equivalent elastic strain is 6.0601×10-6 mm/mm and 
1.5524×10-19 mm/mm respectively, and the maximal total 
deformation is 6.7158×10-4 mm. 

 
(a) 

 
(b) 
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Figure 5. The strain and deformation results under external forces applied 
on one displacement amplifier 

Figure 6 (a) shows the fitting curve of the maximal total 
deformation under different external forces. Figure 6 (b) 
and (c) describes the fitting curve of the maximal/minimal 
equivalent elastic strain under different external forces 
respectively. It can be found that the proposed FPM based 
on displacement amplifier has advantageous characteristics 
in terms of linearity and sensitivity. 
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(c) 
Figure 6. The fitting curve of the deformation and strain 

 

The resonant frequency of FPM can be utilized for its 
modal analysis. The classic sample of a mechanical 
resonance is a discrete system consisting of a mass attached 
to a spring with a constant force. The proposed FPM based 
on displacement amplifier is more complicated than a 
simple spring, which implies that it may contain more than 
one resonance frequency. Through simulation, it can be 
found in Fig. 7 that there are at least four resonance 
frequencies. The total deformation under different 
frequency inputs are depicted in Fig. 8.    

 
Figure 7. Mode and resonance frequency 

(a) 

(b) 
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(c) 

(d) 
Figure 8. Modal analysis of the total deformation under different frequency 
conditions; (1) the first modal with the resonance frequency 56.282Hz, (2) 
the second modal with the resonance frequency 57.627Hz, (3) the third 
modal with the resonance frequency 66.079Hz, (4) the fourth modal with 
the resonance frequency 96.477Hz.   

    To analysis the forced vibrations and the steady-state 
response, harmonic response can be analyzed when the 
following assumptions are given: static structural modeling 
is implemented firstly and damping is neglected for modal 
analysis. Figure 9 reflects the frequency response of the 
directional deformation in z-axis, normal elastic strain and 
directional acceleration in z-axis. An external force of 10N 
is applied on the moving platform in z-direction.    

 
(a) 

 
(b) 

 
(c) 

Figure 9. Frequency response when an external force of 10N is applied on 
the moving platform in z-direction when the first level mode 56.282 Hz is 
attached; a) directional deformation, b) normal elastic strain, c) directional 
acceleration  

V. CONCLUSIONS AND FUTURE WORK 

This research investigates on the conceptual design and 
performance analysis of a novel multi-level displacement 
amplifier based flexure parallel micromanipulator in which 
the stroke direction is perpendicular to the translation of the 
end-effector. The displacement amplifier is analyzed in 
macro and micro aspects. The finite element analysis proves 
the feasibility of the proposed design and it can be found 
that the proposed FPM has advantageous characteristics 
including high compliance, high linearity and high 
sensitivity. The proposed models and methods provide a 
new viewpoint for the development of compliant parallel 
micromanipulators. To eliminate the bending in undesired 
points, the improved symmetrical topology structures both 
in plane and in space will be developed for the future study. 
A physical prototype will be fabricated and tested. The 
experiments will be conducted to deeply explore the actual 
performances of the proposed design. 
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