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ABSTRACT

In order to investigate the influence of the stiffness of the compliant prismatic pair, a planar four-bar paral-
lelogram, in a fully compliant parallel mechanism, the stiffness model of the passive compliant prismatic
pair in a compliant parallel positioning stage is established using the compliant matrix method and matrix
transformation. The influences of the constraints and the compliance of the connecting rods on the flexibility
characteristics of the prismatic pair are studied based on the developed model. The relative geometric pa-
rameters are changed to show the rules of the stiffness variation and to obtain the demands for simplification
in the stiffness modeling of the prismatic pair. Furthermore, the finite element analysis has been conducted
to validate the analytical model.
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INTRODUCTION no backlash, friction free and no need for

As a combination of parallel manipulator and
compliant mechanism, compliant parallel
mechanisms can provide the merits of both
mechanisms, such as high stiffness, wide
response band, vacuum compatibility, clean
room compatibility, zero error accumulation,
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lubrication. Consequently, compliant parallel
mechanisms have a potential in various fields
where an ultra-precision manipulation system
is first and foremost required (Ryu & Gweon,
1997a; Ryu & Gweon, 1997b; Yi, Na, & Chung,
2002; Tian, Shirinzadeh, & Zhang, 2008; Tian,
Shirinzadeh, & Zhang, 2009).

The stiffness characteristic of the flexure-
based parallel mechanism plays an important
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role in the practical applications. It will affect
the workspace, load-carrying capacity, dynamic
behavior and the positioning accuracy of the
entire mechanism. A spatial compliant parallel
mechanism with high stiffness can provide a
more dexterous and precise motion and possess
high natural frequency. Currently, the research
on the stiffness of flexure-based mechanism
mainly focuses on the modeling and analysis
of whole mechanism or individual flexure
hinges including elliptical flexure hinges,
corner-filleted hinges, and right circular hinges,
etc. Lobontiu and Garcia (2003) provided an
analytical method for stiffness calculations
of planar compliant mechanism with single-
axis flexure hinges based on the strain energy
and Castigliano’s displacement theorem. By
discussing about the relationship between the
input/output stiffness and mechanism geometric
parameters, a stiffness optimization procedure
was proposed. Koseki, Tanikawa, and Koyachi
(2000) and Yu, Bi,and Zong (2002) obtained the
stiffness model based on the matrix method and
the equilibriums of displacements and forces.
Pham and Chen (2005) analyzed the stiffness
ofasix-DOF flexure parallel mechanism based
on the simplified modeling method. Xu and
Li (2006) introduced a more straightforward
approach, which employed only one kind of
transformation matrix, to derive the stiffness
matrix of an orthogonal compliant parallel
micromanipulator. Dong, Sun, and Du (2008)
established the stiffness equation of a 6-DOF
high-precision parallel mechanism via as-
sembling stiffness matrices and formulating
constraint equations. By simplifying the flexure
hinge as an ideal revolution joint with a linear
torsional spring and the equation equilibriums
of forces, Tian, Shirinzadeh, & Zhang (2008)
derived the stiffness model of a compliant
five-bar mechanism. Based on the model, the
influences of the position on the stiffness and the
position of the end-effector point are discussed.

Stiffness modeling of individual flexure
hinge is the premise to analyze the compliance
of'spatial flexure-based mechanism. In general,

the single axis flexure hinge is utilized as the
compliant revolute joint and the flexure-based
planar four-bar parallelogram as compliance
prismatic pair. Paros and Weisbord (1965),
Smith, Badami, and Dale (1997), and Tian,
Shirinzadeh, and Zhang (2010) have done a
number of works on the stiffness modeling
of flexure hinge with different notches, and
established the analytic formulations. How-
ever, when the stiffness of compliant prismatic
pair was involved in the above literatures, the
simplifications have commonly been adopted.
The flexure hinges and the right/left links in the
parallelogram were regarded as elastic bodies
and the compliance of the connecting rods on
the upper/lower terminal of the parallelogram
was neglected. In addition, the research was
primarily focused on the stiffness along the
translation direction of compliant prismatic pair,
although Yang, Yin, and Ma (2005) formulated
the stiffness equation of compliant prismatic
pair using the energy method.

In order to solve above mentioned prob-
lems, the mechanical structure of a 3-DOF
flexure-based parallel positioning stage is
described briefly in this paper. The stiffness
of the passive compliant prismatic pair is
modeled analytically and the influences of the
geometric dimensions, restriction conditionand
the compliance of the connecting rod on the
stiffness are investigated and discussed. Finally,
the proposed analytical model is validated by
FEM simulation.

MECHANICAL DESIGN

A modified Delta parallel mechanism which
consists of only revolutejoints, firstly presented
by Tsai and Stamper (1996), is chosen as the
prototype of compliant mechanism. The revo-
lute joints only offer rotation about one axis
that is similar to the single-axis flexure hinge.
Therefore, replacing the revolute joints in the
modified Delta mechanism with single-axis
right circular flexure hinges and adjusting the
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