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A novel parallel-kinematic flexure mechanism that provides highly
decoupled motions along the three translational directions (X, Y,
and Z) and high stiffness along the three rotational directions (hx,
hy, and hz) is presented. Geometric decoupling ensures large
motion range along each translational direction and enables inte-
gration with large-stroke ground-mounted linear actuators or
generators, depending on the application. The proposed design,
which is based on a systematic arrangement of multiple rigid
stages and parallelogram flexure modules, is analyzed via nonlin-
ear finite elements analysis (FEA). A proof-of-concept prototype
is fabricated to validate the predicted large range and decoupled
motion capabilities. The analysis and the hardware prototype
demonstrate an XYZ motion range of 10 mm� 10 mm� 10 mm.
Over this motion range, the nonlinear FEA predicts cross-axis
errors of less than 7.8%, parasitic rotations less than 10.8 mrad,
less than 14.4% lost motion, actuator isolation better than 1.5%,
and no perceptible motion direction stiffness variation.
[DOI: 10.1115/1.4007768]

1 Introduction and Motivation

Flexure mechanisms derive motion from elastic deformation
instead of employing traditional sliding or rolling interfaces [1,2].
This joint-less construction entirely eliminates friction, wear, and
backlash, leading to highly repeatable motion [3]. Further benefits
include design simplicity, zero assembly and maintenance, and
potentially infinite life.

As a result of these attributes, flexure mechanisms are widely
employed in various design applications. In particular, multi-axis
flexure mechanisms are used in precision alignment and actuation
instruments, MEMS sensors and actuators, energy harvesting
devices, micro and nanomanipulators, high dexterity medical
devices, scanning probe systems for precision metrology and
nanomanufacturing, as well as consumer products [4].

Multi-axis, or multiple degrees of freedom (DoF), functionality
may be achieved either via a serial kinematic [5,6] configuration
or a parallel-kinematic [7–9] configuration. While a serial kine-
matic design may be simply conceived by stacking one single-
axis system on top of another until the desired degrees of freedom
are achieved, this construction is often large and bulky. Moreover,
moving cables and actuators adversely affect dynamic perform-
ance. Parallel-kinematic designs, on the other hand, employ
ground-mounted actuators and are often compact and simple in
construction. Compared to serial kinematic designs, their main
drawbacks include smaller motion range, potential for overcon-
straint, and greater error motions. Parallel-kinematic designs are

also not obvious in their conception and therefore present a nontri-
vial design problem.

The objective of this paper is to overcome the above-mentioned
traditional drawbacks in the design of an XYZ parallel-kinematic
flexure mechanism. The proposed concept is inherently free of
geometric overconstraints, resulting in large translational motions
along the X, Y, and Z directions, and exhibits small error motions
(cross-axis errors and parasitic rotations). Large motion range
along multiple axes is critical in many of the above applications,
particularly nanopositioning and kinetic energy harvesting, which
provide the primary motivation for this work.

Nanopositioning systems are macroscale mechatronic motion
systems capable of nanometric precision, accuracy, and resolution
[10], and are therefore vital to scanning probe based microscopy,
manipulation, and manufacturing [11,12]. Given their lack of
friction and backlash, flexure mechanisms are the most common
bearing choice for nanopositioning systems. However, most exist-
ing flexure-based multi-axis nanopositioning systems are limited
to approximately 100 lm motion range per axis (see prior art in
Sec. 2). To broaden the impact of scanning probe techniques in
nanometrology and nanolithography, there is a need to increase
this motion range by several folds [13–15]. The challenge here
lies not only in creating a multi-axis flexure mechanism that is
capable of large motion range but also in the mechanical integra-
tion of the flexure mechanism with ground-mounted actuators.

Since flexure mechanisms exhibit the motion guidance attrib-
utes of mechanisms as well as the elastic attributes of structures,
they are also highly suited for energy harvesting schemes based
on a resonant proof mass subject to cyclic inertial loads. Even
though the excitation, and therefore the available energy, is gener-
ally in multiple directions, most energy harvesting devices employ
single-axis resonators [16]. Given the fact that the energy har-
vested is directly proportional to the amplitude of oscillation [17],
multi-axis flexure mechanisms with large motion range are prom-
ising for efficient kinetic energy harvesting. However, in addition
to providing large motion range in each direction, any candidate
flexure mechanism also has to interface with fixed-axis generators
for mechanical to electrical energy conversion.

In both the above applications, a motion range of several milli-
meters per axis would be desirable in a macrosize construction.
This paper covers the conception, FEA, and preliminary hardware
validation of an XYZ parallel-kinematic flexure mechanism
(Fig. 1) that meets the large motion range requirement as well as
the pertinent actuator/generator integration challenges associated
with these applications. Section 2 describes these design challenges
in addition to providing a brief overview of the existing literature
on XYZ flexure mechanisms. Section 3 presents the proposed XYZ
flexure mechanism design along with a detailed description of its
motion characteristics and a proof-of-concept hardware prototype.

Fig. 1 Proposed XYZ flexure mechanism design
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A comprehensive nonlinear FEA of this flexure mechanism is pre-
sented in Sec. 4. The predicted motion performance in terms of
motion range, stiffness variation, cross-axis error, actuator isolation,
lost motion, and parasitic rotations is reported. Conclusions and
future work are summarized in Sec. 5.

2 Design Challenges and Prior Art Review

Motion range in multi-axis parallel-kinematic mechanisms is
often restricted due to overconstraint, which can arise from a geo-
metric layout that exhibits coupling between the motion axes.
This ultimately leads to binding and restricts mobility. Thus, the
motion axes—X, Y, and Z, in this case—must be sufficiently
decoupled from each other so that motion in one axis does not
affect or constrain motion in the other axes. Additionally, the
undesired parasitic rotations (i.e., hx, hy, and hz) should be inher-
ently restricted and minimized by the kinematics of the design.
This eliminates the need for additional actuators, beyond the mini-
mum three needed for X, Y, and Z actuations, to correct these
undesired rotations. Moreover, in addition to providing geometric
decoupling between the three motion axes, it is also important that
the flexure mechanism addresses the geometric constraints associ-
ated with integrating practically available actuators or generators.

For an XYZ nanopositioning system, the use of linear actuators
provides the greatest simplicity by avoiding any additional trans-
mission. However, most linear actuators [18]—including voice
coils, linear motors, piezoelectric stacks, and inchworm style
actuators—produce motion along an “actuation axis,” defined by
their geometry, and do not tolerate off-axis loads or displace-
ments. Thus, for these actuators to be integrated with a multi-axis
flexure mechanism in a nanopositioning system, it is critical that
the point of actuation on the flexure mechanism be inherently
constrained to move only along the direction of actuation. At the
same time, this point of actuation should not be influenced by the
actuation in other directions, and vice versa. This attribute is
referred to as actuator isolation [19].

Similarly, most generators also have a fixed linear or rotary
axis of motion, defined by their geometry, which is essential
for effective mechanical to electrical energy conversion. This
geometric requirement has to be accommodated in a parallel-
kinematic flexure mechanism designed for multi-axis energy
harvesting.

Existing systematic and deterministic methods for the design of
parallel-kinematic flexure mechanisms [20–22] are limited to the
study of motion between a ground and a motion stage, and do not
address the additional geometric constraints associated with trans-
ducers. Also, many of these existing approaches do not recognize
the benefits of elastic averaging in flexure mechanisms, which can
be leveraged to generate highly symmetric designs [21,23]. Con-
sequently, most existing parallel-kinematic designs are based on
qualitative arguments and rationale; a sampling of these designs is
presented next.

Several desktop-size parallel-kinematic XYZ flexure mecha-
nisms have been reported in the literature, but none provide the
desired large motion range capability (�10 mm per axis). While
some of these designs are true parallel-kinematic arrangements,
others represent a hybrid arrangement comprising a parallel con-
nection of multiple serial kinematic chains.

In the former category, Davies [7] reports a three-DoF (XYZ)
as well as a full six-DoF parallel-kinematic design, with a sub-
millimeter range per translational axis. Culpepper and Anderson
[24] present a planar monolithic six-DoF compliant structure with
a stroke of 100 lm per translational axis. Dagalakis and Amatucci
[8] offer a six-DoF hexapod type parallel-kinematic design with
improved actuator isolation. A six-DoF parallel-kinematic stage is
reported by Yamakawa et al. [25] which provides a 100 lm range
in the X and Y directions, and 10 lm in the Z direction. Yet
another XYZ design, with 140 lm range per axis, is presented
by Li and Xu [26]. In all these cases, the motion range in each

direction is primarily restricted due to inadequate geometric
decoupling and/or actuator isolation between the multiple axes.

In the hybrid category, Yao et al. [9] use a parallel connection
of three serial kinematic chains, each comprising two four-bar
parallelogram flexure mechanisms, to obtain X, Y, and Z motions
(85 lm per axis) without any rotation. Arai et al. [27] also present
a spatial arrangement to achieve XYZ motion capability. Actuated
by piezoelectric stacks, a motion range of 20 lm is reported. Simi-
larly, Xueyen and Chen [28] employ a 3-PPP parallel mechanism
to achieve good geometric decoupling and actuator isolation
between the three motion directions. An overall motion range of
1 mm per axis is experimentally demonstrated. Another decoupled
XYZ flexure mechanism design is conceptually proposed by Hao
and Kong [29]. Here each of the three kinematic chains, which are
connected in parallel, is individually a serial–parallel hybrid
arrangement. While all these designs appropriately address the
issues of geometric coupling and actuator isolation, their hybrid
serial–parallel construction leads to a relatively bulky and com-
plex construction.

Apart from these macroscale designs, several of multi-axis
MEMS designs have also been reported for applications in inertial
sensing and micro/nanomanipulation [30–34]. In this case, the
designs and their associated performance are often dictated by the
fundamentally planar nature of microfabrication. Given their
small size, these designs generally exhibit a motion range of less
than 10 lm per axis. However, the focus in this paper is primarily
on macroscale devices and applications where spatial geometries
are relevant and beneficial.

3 Proposed XYZ Flexure Mechanism Design

In this section, we first present a parallel-kinematic constraint
map that overcomes the above-listed challenges and inherently (i)
provides geometric decoupling between the X, Y, and Z motion
axes, (ii) constrains motion along the three rotational directions,
and (iii) allows actuator/generator integration along each transla-
tional direction. This constraint map serves as the basis for the
synthesis of a novel, compact, parallel-kinematic XYZ flexure
mechanism design that embodies the above desired attributes.

The proposed constraint map is shown in Fig. 2, and comprises
two kinds of building blocks—rigid stages represented by the
blocks and constraint elements represented by the colored connec-
tors. The rigid stages are labeled as Ground, X stage, Y stage, Z
stage, XY stage, YZ stage, ZX stage, and XYZ stage. This nomen-
clature is based on the primary mobility of any given stage—the
X stage is constrained such that it has mobility along the X direc-
tion only, the XY stage is constrained such that it has mobility in
the X and Y directions only, the XYZ stage is constrained such
that it has mobility in the X, Y, and Z directions, and so on. In the
subsequent paragraphs, we will describe how such mobility and
constraint characteristics are achieved.

In addition to the rigid stages, there are constraint elements
classified by color—green, blue, and red (see color in on-line

Fig. 2 Proposed constraint map for parallel-kinematic XYZ
flexure mechanism synthesis (color in online version)
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version). The green constraint elements allow motion in the X
direction only and constrain all other motions ðX�Y�Z�hX

�hY
�hZÞ; the

red constraint elements allow motion in the X direction only and
constrain all other motions ð�XY�Z�hX

�hY
�hZÞ; and, the blue con-

straint elements allow motion in the X direction only and con-
strain all other motions ð�X�YZ�hX

�hY
�hZÞ.

Next, we describe the rationale behind this constraint map. For
a three DoF parallel-kinematic mechanism, there have to be three
parallel connecting paths between Ground and the XYZ stage—
one each for the X, Y, and Z directions. Each path should have the
following characteristics:

(1) There should be an actuation stage that is constrained to
move in one translational direction only.

(2) The translational motion of this actuation stage should be
entirely transmitted to the XYZ Stage, without restricting
the motion of the XYZ Stage in the other two translational
directions.

(3) Rotational motions of the XYZ Stage should be
constrained.

Thus, the X stage is connected to Ground via a ðX�Y�Z�hX
�hY

�hZÞ
constraint that allows an X actuator to be integrated at this loca-
tion. In order to transmit the resulting X translation of the X stage
to the XYZ stage, while permitting relative Y and Z translations,
these two stages should be connected via a ð�XYZ�hX

�hY
�hZÞ con-

straint. In other words, the connection between the X and XYZ
stages should allow only Y and Z DoF, and constrain all others.
This can be accomplished by connecting a ð�XY�Z�hX

�hY
�hZÞ con-

straint and a ð�X�YZ�hX
�hY

�hZÞ constraint in series, as shown in
Fig. 2.

An analogous rationale is followed along the Y and Z actuation
paths to complete the constraint map. The fact that each path pro-
vides actuation in one direction only without affecting the other
two directions provides the desired geometric decoupling. The
resulting constraint map provides the basis for generating flexure
mechanism topologies that inherently provide large, uncon-
strained translations in the X, Y, and Z directions, actuator isola-
tion between these three directions, and restricted rotations.

To generate a physical flexure mechanism embodiment, we
populate the constraint map of Fig. 2 with the parallelogram
flexure module (PFM), which serves as an effective single transla-
tional DoF constraint element. The resulting flexure mechanism is
shown in Fig. 3. The rigid stages are all colored white, and the
PFMs are colored green, blue, and red (color in online version),
according to Fig. 2. The green PFMs deform primarily in the X
direction and remain stiff in all other directions; the red PFMs
deform primarily in the Y direction and remain stiff in all other
directions; and, the blue PFMs deform primarily in the Z direction
and exhibit high stiffness in all other directions.

It is important to recognize that neither the constraint map of
Fig. 2 nor the embodiment of Fig. 3 follow the principles of “exact
constraint” design [20]. For example, the rotations of the rigid
stages are overconstrained, which actually helps reduce these
undesired rotations. The embodiment of Fig. 3 may be further
augmented by incorporating additional PFMs that serve as non-
conflicting constraint elements to yield the highly symmetric,
cubic flexure mechanism embodiment shown in Fig. 4. The
enhanced symmetry resulting from this intentional use of

Fig. 3 Flexure mechanism concept based on constraint map
(color in online version)

Fig. 4 Proposed flexure mechanism design: (a) X motion only,
(b) Y motion only, and (c) Z motion only (color in online version)

Journal of Mechanisms and Robotics FEBRUARY 2013, Vol. 5 / 015001-3

Downloaded From: http://mechanismsrobotics.asmedigitalcollection.asme.org/ on 04/09/2013 Terms of Use: http://asme.org/terms



overconstraint further reduces the stage rotations and cross-axis
errors, while retaining the geometric decoupling and actuator iso-
lation provided by the original constraint map of Fig. 2. The dis-
tributed compliance of the PFMs enables “elastic averaging” [23],
which makes the overall design more tolerant to manufacturing
and assembly errors in spite of the overconstraint.

In this parallel-kinematic flexure mechanism, the X stage is
constrained to move primarily along the X direction guided by the
green PFM labeled G1, as shown in Fig. 4(a). Because of the high
stiffness of the blue and red PFMs in the X (color in online
version) direction, the X displacement of this X stage is passed on
to the XY, XZ, and the XYZ stages. But at the same time, the XY
and XYZ stages remain free to move in the Y direction because of
the compliance of the red PFMs, and the XZ and XYZ stages
remain free to move in the Z direction because of the compliance
of the blue PFMs.

Similarly, the Y stage is constrained to move primarily along
the Y direction because of PFM R1, as seen in Fig. 4(b) (color in
online version). This Y displacement of the Y stage is transmitted
to the XY, YZ, and XYZ stages because of the high stiffness of
the green and blue PFMs in the Y direction. But at the same time,
the XY and XYZ stages remain free to move in the X direction
because of the compliance of the green PFMs, and the YZ and
XYZ stages remain free to move in the Z direction because of the
compliance of the blue PFMs.

Finally, the Z stage is constrained to move primarily along the
Z direction because of PFM B1 (Fig. 4(c)) (color in online
version). This Z displacement of the Z stage is transmitted to the
YZ, XZ, and XYZ stages because of the high stiffness of the green
and red PFMs in the Z direction. But at the same time, the XZ and
XYZ stages remain free to move the X direction because of the
compliance of the green PFMs, and the YZ and XYZ stages
remain free to move in the Y direction because of the compliance
of the red PFMs. The completely analogous behavior of each of
the X, Y, and Z axes, with respect to the other two, highlights the
geometric symmetry of this design.

Thus, while the X stage is constrained to move primarily along
the X direction, its motion does not influence the Y and Z stages.
Due to symmetry, the same holds true for the Y stage and the Z
stage. This provides the desired actuator/generator isolation
between the three directions. A video demonstration of the overall
motion characteristics of this XYZ flexure mechanism may be
viewed in Ref. [35].

Furthermore, the proposed parallel-kinematic flexure design
behaves like a mechanical summation device—the X motion of
the X stage, the Y motion of the Y stage, and the Z motion of the
Z stage are all combined and exhibited at the XYZ stage. In a
multi-axis nanopositioning system, large-stroke fixed-axis linear
actuators would be mounted at the X, Y, and Z stages, and the
XYZ stage would serve as the motion stage with three DoF. In the
context of multi-axis energy harvesting, this flexure mechanism
would serve as a mechanical separator. Any arbitrary combination
of the X, Y, and Z motions of the XYZ stage, which would serve
as a proof mass in this case, would be mechanically separated into
an X motion only at the X stage, a Y motion only at the Y stage,
and a Z motion only at the Z stage. These single-axis motions
could then be efficiently harvested using large-stroke fixed-axis
linear generators.

The constraint map of Fig. 2 can also be populated using other
single translational DoF flexure modules, such as the multibeam
parallelogram, the double parallelogram, etc. This would result in
different XYZ flexure mechanism embodiments, but with the
same geometric decoupling and actuator isolation behavior as
seen above. However, more detailed motion performance, such as
error motions, stiffness variations, and dynamic behavior, would
be different for each. In fact, if the constraint elements were ideal,
i.e., exhibiting zero stiffness in their DoF direction, and infinite
stiffness and zero motions in their constrained directions, the
resulting XYZ flexure mechanism would also be ideal—zero stiff-
ness in the X, Y, and Z directions, zero parasitic rotations of all

the stages, perfect decoupling between the motion axes, perfect
actuator isolation, zero lost motion between the point of actuation
and the main motion stage, etc. However, in reality, any flexure
module that is used as a constraint element is not ideal [36]. This
gives rise to small but finite deviations from the ideal motion
behavior in any XYZ flexure mechanism resulting from the above
constraint map.

A primitive variation of such a parallel-kinematic XYZ flexure
design has been proposed in the past [37], but without proper con-
straint-based rationale for topological layout. This resulted in sig-
nificantly compromised performance in terms of stage rotations,
actuator isolation, and lost motion.

The proof-of-concept prototype shown in Figs. 1 and 4 was fab-
ricated to validate the above claims of unconstrained, decoupled,
and large motions along the X, Y, and Z directions as well as actu-
ator/generator isolation. The overall size, detailed dimensions,
and material selection were selected to provide a 65 mm motion
range (D) per axis while ensuring adequate safety factor (g¼ 3)
against material yielding. Given the geometry and constraint pat-
tern of the proposed design, it is evident that the constituent beam
flexures deform predominantly in an S-shape. For this deforma-
tion, the maximum allowable end deflection of an individual
beam before the onset of yielding is given by [37]

D ¼ 1

3
� 1
g
� Sy

E

� �
� L2

T

� �

where Sy is the yield strength, E is the Young’s modulus, T is the
beam thickness, and L is the beam length. For the material,
Aluminum 6061 was chosen because of its overall good flexural
properties and machinability. With this material choice, the
desired motion range and safety factor were achieved with
L¼ 101.6 mm (4 in.) and T¼ 0.762 mm (0.030 in.). The beam
depth was chosen to be 25.4 mm (1 in.), a standard plate stock,
to minimize the stage rotations. This resulted in a center-to-
center beam spacing of 24.64 mm for each PFM, and a
25.4 mm� 25.4 mm� 25.4 mm size for each of the rigid stages.
Standard machining and assembly methods were employed to
fabricate the prototype.

While the expected motion behavior of the XYZ flexure mecha-
nism design was qualitatively validated by this simple hardware
prototype, as seen in Fig. 4, assessment of the small deviations
from ideal motion behavior requires more detailed analysis, which
is covered next. Of particular interest are motion direction
stiffness and variation, cross-axis errors, transmission stiffness
variation, lost motion, actuator isolation, and parasitic rotations.

4 Prediction of Motion Performance via Finite

Elements Analysis

Predicting the detailed motion performance of large range flex-
ure mechanisms requires a nonlinear force–displacement analysis,
as shown previously [19,36]. Ideally, a closed-form nonlinear
analysis is preferable since it offers quantitative and parametric
insights into the relation between the mechanism’s geometry and
its motion performance. However, such an analysis entails consid-
erable mathematical complexity and is the subject of our ongoing
and future work. Instead, to expediently obtain early validation
and assessment of the proposed design, we conducted nonlinear
FEA using ANSYS.

Each beam in the flexure mechanism is modeled using square-
shaped SHELL181 elements, with the large displacement option
(NLGEOM) turned on to capture geometric nonlinearities and
cross-sectional warping. Additionally, this element accurately
models the finite stress along width of the beam, and the Wagner
effects that play an important role in the torsion of thin, wide
beams [38,39]. To determine an optimal mesh density, a conver-
gence test is conducted between end displacements and mesh size.
A 64� 16 mesh of square elements per beam is chosen to provide
better than 0.25% convergence with respect to mesh size [39].
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The corner stages are modeled using the MPC184 rigid elements.
Standard material properties for Aluminum 6061 are assumed
(E¼ 68,900 N mm�2 and �¼ 0.33). The displacement in each
direction is varied over a range of �5 mm to þ5 mm in five equal
increments, resulting in a total of 125 loading conditions that are
analyzed. While reporting the FEA results in the following para-
graphs and figures, we follow a nomenclature in which the super-
script represents the rigid stage being considered and the subscript
represents the relevant direction of displacement, rotation, or force

associated with this stage. For example, UY
x represents the X

direction displacement of the Y stage, hZ
y represents the Y direc-

tion rotation of the Z stage, FX
z represents the Z direction force on

the X stage, and so on.
Figure 5 illustrates the geometric decoupling between the X, Y,

and Z motion directions in the proposed design. The X direction
force applied at the X stage (FX

x ) is plotted versus the X direction
displacement of the X stage (UX

x ), for various combinations of Y
and Z actuations (UY

y and UZ
z ). The resulting X direction stiffness

not only remains constant over the entire X direction motion range
but it is also insensitive to actuation in the Y and Z directions.
The small shifts in the force–displacement line (inset) in the pres-
ence of UY

y and UZ
z are due to small cross-axis errors that are char-

acterized further below. Although not plotted here, the Y and Z
direction stiffnesses also exhibit a similar behavior because of
the symmetric design. This validates the unique attribute of the

proposed flexure mechanism that its mobility in one direction is
not influenced by motion in the other directions. This decoupling
allows large motions in each direction, unconstrained by the
geometry and limited only by material failure.

Figure 6 captures the X direction motion that is “lost” between
the point of actuation and the point of interest. This difference
between UXYZ

x and UX
x is plotted over the entire range of X actua-

tion for different values of the Y actuation (UY
y ). Because this lost

motion is found to be largely insensitive to the Z actuation (UZ
z ),

the curves in Fig. 6 are plotted for UZ
z ¼ 0 mm only. The X direc-

tion lost motion varies from 0.6 mm, when UX
x and UY

y are both
�5 mm to �0.84 mm when UX

x and UY
y are both 5 mm. Lost

motion is also inversely related to the transmission stiffness,
which represents the stiffness between the point of actuation and
the point of interest and is critical in high speed motion control
applications.

Next, the cross-axis error, which represents any motion of the
XYZ stage in one direction caused by actuation in a different
direction, is illustrated in Fig. 7. This error in X direction is math-
ematically given by the difference between the actual X displace-

ment of the XYZ stage (UXYZ
x ) in the presence of Y and Z

actuations (UY
y and UZ

z ) and the nominal X displacement of the

XYZ stage (UXYZ
x ) in the absence of Y and Z actuations is plotted.

Thus, UXYZ
x �

�
UXYZ

x

�
@UY

y ¼ UZ
z ¼ 0

��
is plotted over the entire

range of UY
y for three values of UZ

z . Since this error motion is

Fig. 5 X direction force–displacement relation

Fig. 6 X direction lost motion

Fig. 7 X direction cross-axis error motion

Fig. 8 X actuator isolation (Y direction)
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found to be largely insensitive to X actuation (UX
x ), the curves in

Fig. 7 are plotted for UX
x ¼ 0 mm only. The cross-axis error

motion in X direction varies from a maximum value of 0.25 mm

when UY
y is �5 mm and UZ

z is 5 mm to �0.53 mm when UY
y is

5 mm and �UZ
z is 5 mm. The same trend is observed for the Y and

Z direction cross-axis errors.
Actuator isolation in a multi-axis flexure mechanism ensures

that the point of actuation in any given direction moves only in
that direction and is not influenced by actuation in the other direc-
tions. Figures 8 and 9 show the Y and Z direction displacements
of the X stage, UX

y and UX
z , respectively. For different values of Y

actuation (UY
y ), the Y direction displacement of the X stage (UX

y )
is plotted over the entire range of Z actuation (UZ

z ) in Fig. 8. Since
this motion is found to be largely insensitive to X actuation, the
curves are plotted for UX

x ¼ 0 mm only. The maximum Y direction
motion of the X stage is 0.073 mm when UY

y is 5 mm and UZ
z is

�5 mm, and �0.073 mm when UY
y is �5 mm and UZ

z is 5 mm.
Figure 9 shows the Z direction displacement of the X stage

(UX
z ) over the entire range of X actuation (UX

x ). Since this motion
is found to be largely insensitive to both Y and Z actuations, the
curve is plotted for Y and Z actuations held at 0 mm. The maxi-
mum Z direction motion of the X stage is �0.148 mm when UX

x is
65 mm.

In an XYZ flexure mechanism, all rotations are undesired and
represent parasitic errors. Figure 10 shows the XYZ stage rota-
tions about the X direction (hXYZ

x ) over the entire range of Y
actuation for three different Z actuations. Since this rotation is
found to be largely insensitive to X actuation (UX

x ), the curves are
plotted for UX

x held at 0 mm. The maximum X direction rotation
of the XYZ stage varies between a maximum positive value of 5.4
mrad when UY

y and UZ
z are both 5 mm to a maximum negative

value of �5.4 mrad when UY
y and UZ

z are both �5 mm. Because
of design symmetry, the XYZ stage rotation about the Y direction
(hXYZ

y ) depends similarly on the X and Z actuations but not as
much on the Y actuation. And, the XYZ stage rotation about the Z
direction (hXYZ

z ) depends on the X and Y actuations but not as
much on the Z actuation.

Below, we summarize the FEA based motion performance of
the proposed XYZ flexure mechanism, with the chosen
dimensions

(i) 10 mm motion range in each direction, with the stiff-
ness remaining invariant with actuation along the other
two directions.

(ii) Lost motion per axis less than 1.44 mm over the entire
motion range (<14.4% of range).

(iii) Cross-axis error less than 0.78 mm over the entire
motion range (<7.8% of range).

(iv) Actuator isolation less than 0.15 mm in any given
direction over the entire motion range (<1.5% of
range).

(v) Parasitic rotations of the XYZ stage less than 10.8
mrad over the entire motion range.

These FEA results also help highlight the extent of nonlinear
behavior in the mechanics of the proposed flexure mechanism
design. However, final validation of the performance attributes of
the proposed XYZ flexure design can only come from quantitative
experimental measurements, which are part of our ongoing and
future research.

5 Conclusion

This paper presents a novel, compact, and symmetric XYZ
parallel-kinematic flexure mechanism that provides highly
decoupled motion along the three translational directions, inher-
ently minimizes error motions, and accommodates large-stroke
single-axis actuators/generators. These claims have been quantita-
tively validated via finite element analysis and physically demon-
strated by means of a proof-of-concept prototype.

Ongoing research efforts include a closed-form nonlinear anal-
ysis of this flexure mechanism to gain greater design insight and
to enable a parametric design optimization of its motion perform-
ance (e.g., maximize motion range, minimize error motions, etc.)
for applications in nanopositioning. A more refined hardware
prototype and associated metrology setup are currently being
fabricated to experimentally measure the predicted motion direc-
tion stiffness, cross-axis error, lost motion, actuator isolation, and
parasitic rotations. Furthermore, given the significance of struc-
tural dynamics in nanopositioning as well as energy harvesting
applications, a systematic dynamic modeling is also being
conducted.
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