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Development of flexure based 6-degrees of freedom parallel
nano-positioning system with large displacement

Dongwoo Kang1,a) and Daegab Gweon2

1Advanced Manufacturing Systems Research Division, Korea Institute of Machinery and Materials,
156 Gajeongbuk-Ro, Yuseong-Gu, Daejeon 305-343, Korea
2Nano-Opto-Mechatronics Laboratory, Department of Mechanical Engineering, KAIST 291 Daehak-Ro,
Yuseong-Gu, Daejeon, 305-701, Korea

(Received 20 January 2012; accepted 22 February 2012; published online 22 March 2012)

This paper details the development of a novel flexure jointed precision parallel nano-positioning
system in combination with piezo-electric stepping motor for the application of precise optics align-
ment. The characteristics of the developed system are evaluated in this paper by the simulation and
experiments. Based on the precision piezo-electric stepping motor and flexure joints, a high preci-
sion motion is obtained. Results of this paper include that of a translation resolution of 15 nm and a
rotational resolution of 0.14 arc sec being achieved. In addition, the piezo-electric stepping motors
provide a power-off hold characteristic to the system. Meanwhile, the parallel structure provides the
high dynamic bandwidth of the lowest resonant frequency of 396.1 Hz. The symmetric structure is ad-
vantageous for thermal variation. To increase the motion range of the system, all of flexure joints are
designed specially and the coupled workspace of ±2 mm × ±2 mm ×±2 mm × ±2◦ ×±2◦ × ±2◦ is
achieved. The overall size of the designed system is �350 mm × 120 mm. © 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.3693345]

I. INTRODUCTION

Recently, manufacturing and measuring systems based
on optics have been widely used in several precision engineer-
ing fields, such as those of optical microscopy, microbiologi-
cal cell manipulation, semiconductor manufacture, and space
engineering.1–5 For the proper operation of these optical sys-
tems, it is necessary that all of optical elentments should be
alinged accurately in their pre-defined position. For example,
in an x-ray microscopy, precision alignment between the illu-
mination optic and objective optic must be achieved in order
to obtain a uniform and bright image with a reasonable signal
to noise ratio.4 In projection lens system of semiconductor
manufacturing, an acceptable aberration level should be ob-
tained by aligning each lens element sufficiently, as reducing
aberration is essential for producing the critical dimension of
less than 3x nanometer node and the overlay performance less
than 5 nm. In addition, precision mirror alignment is crucial
for the effective functioning of a space telescope.5

This paper focuses on the development of the six degrees-
of-freedom (DOF) positioning system which can be used for
aligning the optic elements of the high precision optics sys-
tem. Recently, many kinds of 6-DOF precision positioning
systems have been reported because there are lots of com-
binations, according to, for example, the selection of actuator,
motion guide, and configuration. The most widely-used high
precision 6-DOF systems are piezoelectirc actuated stage with
flexure guide.6–9 However, these mechanisms have the disad-
vantage of having a small motion range so that they shoud be
combined with an additional mechanism in order to achieve a
sufficiently large motion range. Another type is the magnetic

a)Author to whom correspondence should be addressed. Electronic mail:
dwkang@kimm.re.kr. Tel: +82-42-868-7237. Fax: +82-42-868-7176.

levitation systems in which the motion generation and guid-
ance are accomplished by electro-magnetic force.10–12 In this
case, it is not suitable for optics alignment for the reason that
the current should be supplied continuously after alignment
as the in-position stiffness used to maintain position is only
given by the control force. An electro-magnetically driven
stage in combination with flexures were proposed by Culpep-
per and Anderson.13 This mechanism has a large workspace
of 7 mm × 7 mm × 7 mm × 7 ◦ × 7 ◦ × 7 ◦ and it is able to
be manufactured in low cost. However, it fails to provide the
power-off hold function as it also uses electro-magnetic actu-
ators. In fact, the piezoelectric motor based stage system was
developed in order to get the power-off hold with nanometer
precision and a sufficiently large motion range. ALIO indus-
tries developed the hexapod system using six ultrasonic mo-
tors and twelve ball joints.14 The resolution of piezoelectric
motor stage is 5 nm and its repeatability is ±50 nm; however,
the performance of all system was not verified. Due to the
clearance and backlash of conventional ball joints, the preci-
sion of the stage would be limited. EXPO corporation devel-
oped a serial type precision alignment robot using inchworm
motors and cross-roller guides.15 A resolution of 10 nm and
a repeatability of 50 nm were achieved. Despite this, it had
low bandwidth due to serial configuration and, as a result, it
is disadvantageous for the application that requires the high
in-position stability.

In this paper, a novel flexure based 6-DOF parallel po-
sitioning system is presented for aligning the precision optic
elements. In Sec. II, the design requirements of the position-
ing system for precision optic alignment are introduced and
the design overview of the proposed system is presented. The
design characterictics are outlined and evaluated in Sec. III.
The experimental evaluation results are explained in Sec. IV,
and we present our conclusions in Sec. V.
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II. DESIGN OVERVIEW

A. Functional requirements for aligning
precision optics

Before designing the mechanism, the functional require-
ments for aligning the precision optics need to be summa-
rized. The first one is the high motion resolution and motion
accuracy. Nowadays, the typical level of positioning precision
for several industrial processes has been scaled down to the
nanometer level.15 In most cases, the friction takes the ma-
jor portion in the motion errors of the precision positioning
systems. Therefore, a frictionless system is necessary for ob-
taining more accurate motion. Furthermore, high in-position
stability is required after finishing the alignment. The pre-
cision optics alignment system should maintain the position
stably after it has arrived at the desired position. In other
words, the system should prove robust to disturbances such
as vibrations and temperature difference. For this reason, the
system requires its design to have a high structural stiffness
and the symmetric structure. A third factor is to have a suffi-
cient travel range. The positioning system should travel more
than the alignment error of the optics. In the case of a large
and complex system, machining tolerance and assembly tol-
erance are accumulated and their sum can be larger than a
few millimeters. The forth one is the power-off hold charac-
teristics. If the optics element is aligned, it should be held
in position for a sustained period time. For this reason, the
power-off hold is nessary to reduce power consumption and
in-position stability. The last factor in the desired design is
compactness. In most cases, the space for the positioning sys-
tem is limited, while a compact system is also advantageous
in terms of power consumption. As the specific values of each
functional requirement can vary from application to applica-
tion, we derived the detail specifications based on alinging
the condenser mirror in this paper and it is summarized in
Table I.4

B. Design overview of the proposed system

Based on the functional requirements and detail speci-
fications given in Sec. II A, we developed a novel 6-DOF

TABLE I. Required specifications of the 6-DOF precision optics alignment
system.

Required specifications

Characteristic Specification

Motion range Translation with ±2◦ rotation ±2 mm
Maximum translation ±5 mm

Resolution Translation 10 nm
Rotation Sub arc-second

Repeatability 100 nm
Stability during 10 minutes 100 nm

Load capacity 1 kg
Power-off hold ·

Vacuum compatible 10−6 torr
Compactness Ø 350 × 120 mm

FIG. 1. Embodiment of the developed a novel 6-DOF nano-positioning
system.

nano-positioning system and its embodiment is shown in
Figure 1. The mechanism used the 3-PPRRRR tripod paral-
lel structure which is suggested by Tahmasebi.16 To show the
operation of the mechanism, the simplified limb structure is
shown in Figure 2(a). The bottom two prismatic joints are
active joints which are actuated and the upper four revolute
joints are passive joints. The actuation of six bottom pris-
matic joints makes the 6-DOF motion of the platform on top
of mechanism. For example, Z-motion of the platform can
be made by moving six prismatic joints along the radial axis
by the same amount, provided the platform is at its initial
pose. When all prismatic joints are moving in X-direction,
X-motion can be obtained. In this case, there is no rotation in
all revolute joints. This means that X-motion can be increased
by just increasing the motion range of the prismatic joints
without depending on the rotation range of the revolute joints.
Y-motion is similar to X-motion except all of the prismatic
joints should be actuated to Y-direction. The rotation motion
of the platform can be calculated by simple inverse kinematic
analysis.17

FIG. 2. Limb structure. (a) Simplified limb diagram to show the operation
of the mechanism. (b) Embodiment of the proposed flexure jointed limb
structure.
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To achieve the nanometer positioning resolution and ac-
curacy, all joints in each limb should be re-designed. Firstly,
the high precision linear actuation systems are needed for re-
placing all of the prismatic joints. We adapted the XY piezo-
electric stepping positioners, which were developed by the
authors due to their high resolution, high stiffness, compact
size, high-force density, and power-off characteristics.18, 19 As
shown in the authors’ previous work, this actuation system
can provide the high precision motion, even though there are
sliding frictions in the linear guide, because it uses the direct
drive and direct measure on its final moving part. However,
for the revolute joints in this mechanism, the conditions are
different as there is neither the measure nor the correction on
the joints to address the problem of the joints causing impre-
cise motion due to clearance and backlash. Therefore, it is
necessary that all of the revolute joints should be replaced
by the compliant joints to get rid of backlash and clearance
effects. It is well-known that compliant joints, based on elas-
tic deformation, have many advantages, including a negligible
backlash, stick-slip friction and wear, smooth and continuous
motion, an almost linear displacement relationship between
input and output and an inherently infinite resolution. The
compliant jointed limb configuration is shown in Figure 2(b).
To increase the rotational movement, all of the flexures are
based on the leaf-springs. The 1-DOF revolute flexure joint
on the top is the cartwheel type flexure hinge. The 1-DOF
torsional flexure joint is the axial strip flexure. The bottom
2-DOF universal flexure joint is composed of four cartwheel
type flexure hinges and it is kinematically the same as the con-
ventional universal joint except for using compliance for the
rotation.

The benefits of the proposed design for aligning precision
optics may be summarized as follows:

(1) The parallel structure has a high level of dynamic band-
width due to having a small moving mass and also due
to the several limbs being connected to the moving mass
in parallel. This mechanism is less sensitive to external
disturbances and can maintain a stable position easily
after optic alignment. The symmetric structure of the
proposed design can provide a high degree of thermal
variation susceptibility.

(2) The mechanism is easy to construct because all actua-
tors are fixed to the base. All limbs just have the revo-
lute joint and the overall structure is simple and compact.
There is no moving electric line.

(3) The in-house developed precision XY piezoelectric
stepping positioner is well suited to this mechanism.
The high-precision motion can be generated and the
holding force which is an inherent characteristic of
this positioner can provide the power-off hold for this
mechanism.

(4) There is no friction and stick-slip in all of the passive
joints. The high precision motion can be achieved and
there is no uncertainty in each limb configuration. It
means that this parallel mechanism can generate the very
repeatable motion even with open-loop control via in-
verse kinematics.

TABLE II. Design parameters of the proposed positioning system.

Symbol Design variables (unit) Value

r Length of RiPi (mm) 51.5
p Length of GPi (mm) 49.7

ηi,o Angle between the limb and base plane (◦) 45.2

RX Motor fixed θX Length of leaf-spring (mm) 10.3
bX universal Width of leaf-spring (mm) 8.5
tX cartwheel joint Thickness of leaf-spring (mm) 0.3

RY Motor fixed θY Length of leaf-spring (mm) 5.4
bY universal Width of leaf-spring (mm) 4.5
tY cartwheel joint Thickness of leaf-spring (mm) 0.3

RP Platform fixed Length of leaf-spring (mm) 14.9
bP cartwheel joint Width of leaf-spring (mm) 30
tP Thickness of leaf-spring (mm) 0.3

Lt Limb torsional Length of leaf-spring (mm) 10.7
bt axial strip joint Width of leaf-spring (mm) 8.7
tt Thickness of leaf-spring (mm) 0.3

(5) The motion range can be extended to several millimeters
and several degrees due to the specially designed flexure
joint structure based on the leaf-spring. offset="-4pt"

III. DESIGNED CHARACTERISTICS OF THE
PROPOSED POSITIONING SYSTEM

A. Design parameters

The structure of the proposed positioning system can be
fixed by determining the parameters in Table II. First, the
initial pose of the limb can be determined by selecting the
limb length (|PiRi|), the radius of the top platform (|GPi|) and
the initial angle of the top revolute joint (ηi) as shown in
Figure 3. Next, the parameters of three cartwheel flexure
joints should be determined. Each cartwheel flexure joint can
be determined by three parameters given in Figure 4. Finally,
the torsional axial strip joint should be fixed by three pa-
rameters shown in Figure 5. The determined parameters are

FIG. 3. Design variables of the limb structure. The limb structure is deter-
mined by selecting length of GPi, length of PiRi, and the initial angle of ηi.
The rotation axis of each flexure joint is given as ηi , θ x , θ y , and θ z.
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given in Table II and they are optimized while considering
the characteristics of the positioning system that are explained
below in this section. The size of the designed system is
�350 mm × 120 mm.

B. Motion range

The motion range is coupled with the 2-DOF linear ac-
tuation displacement and the rotation limitation of the flexure

joints. To simulate and verify the motion range, the workspace
analysis based on the inverse kinematics is required. The
inverse kinematics can be derived by using the notation in
Figure 3. In the inverse kinematics problem, when the trans-
lation and orientation of the platform with respect to the fixed
base reference coordinate system are given, the input dis-
placements of the three 2-DOF actuators (displacement of
points R1, R2, and R3) and are found.20 First, the coordinate
of point Pi is calculated via coordinate transformation,21

⎡
⎢⎢⎢⎢⎣

XP,i

YP,i

YP,i

1

⎤
⎥⎥⎥⎥⎦ = A

⎡
⎢⎢⎢⎢⎣

p cos αi

p sin αi

0

1

⎤
⎥⎥⎥⎥⎦ , (1)

αi = π

2
+ (i − 1)

2π

3
(i = 1, 2, and 3), (2)

A =

⎡
⎢⎢⎢⎢⎣

cθY cθZ sθX sθY cθZ − cθX sθZ cθX sθY cθZ + sθX sθZ XG

cθY sθZ sθX sθY sθZ − cθX cθZ cθX sθY sθZ + sθX cθZ YG

−sθZ sθY sθZ cθX cθY ZG

0 0 0 1

⎤
⎥⎥⎥⎥⎦ . (3)

The displacement of point G, the center of gravity of the plat-
form, is given as [XG YG ZG �X �Y �Z]T. Next, the input
displacements of the three 2-DOF actuators are derived. As-
suming that all of Ri is the same plane with XY plane of the
fixed base reference coordinate system, the XR,i and YR,i are
given as follow. The XR,i and YR,i are the displacement of the

FIG. 4. Design variables of the cartwheel flexure joint.

input displacements of each 2-DOF actuator,

X R,i = [
n2

x X P,i + n2
y X P,i + nx nz Z P,i ∓ ny

(
n2

xr2 + n2
yr2

− n2
x Z2

P,i − n2
y Z2

P,i − n2
z Z2

P,i

)0.5]/[
n2

x + n2
y

]
, (4)

YR,i = [
n2

x YP,i + n2
yYP,i + nynz Z P,i ± nx

(
n2

xr2 + n2
yr2

− n2
x Z2

P,i − n2
y Z2

P,i − n2
z Z2

P,i

)0.5]/[
n2

x + n2
y

]
. (5)

Above, [ny, ny, nz] is [Xp,i+2-Xp,i+1, Yp,i+2-Yp,i+1, Zp,i+2-
Zp,i+1] and i is 1, 2, and 3. The subscripts are cyclic. If i is
2, i+2 represents 1. If i is 3, i+1 and i+2 represent 1 and
2, respectively. The coordinate of all points is defined with
respect to the fixed base reference coordinate system. As the
developed 2-DOF piezo-electric stepping positioner has the
limited actuation range of 15 mm, XR,i and YR,i are limited as
follows:

|X R,i cos αi − YR,i sin αi | ≤ 7.5 mm, (6)

|X R,i sin αi + YR,i cos αi | ≤ 7.5 mm. (7)

Above, αi is given in Equation (2) and i is 1, 2, and 3.
Based on the calculated XR,i and YR,i, the required rotation
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angle of the joints according to each pose of the top platform can be calculated,

�ηi =
∣∣∣∣∣cos−1 GoPo

i × Po
i Ro

i∣∣GoPo
i

∣∣∣∣Po
i Ro

i

∣∣ − cos−1 GPi × PiRi∣∣GPi
∣∣∣∣PiRi

∣∣
∣∣∣∣∣ , (8)

θX,i = A tan 2

((
Pi+1Pi+2

|Pi+1Pi+2| × RiPi

|RiPi|
)

· Po
i+1Po

i+2∣∣Po
i+1Po

i+2

∣∣
/

cθY,i ,
Pi+1Pi+2

|Pi+1Pi+2| · Po
i+1Po

i+2∣∣Po
i+1Po

i+2

∣∣
/

cθY,i

)
, (9)

θY,i = A tan 2

⎛
⎜⎝− RiPi

|RiPi| · Po
i+1Po

i+2∣∣Po
i+1Po

i+2

∣∣ ,
√√√√(

RiPi

|RiPi| · Ro
i Po

i∣∣Ro
i Po

i

∣∣
)2

+
[

RiPi

|RiPi| ·
(

Po
i+1Po

i+2∣∣Po
i+1Po

i+2

∣∣ × Ro
i Po

i∣∣Ro
i Po

i

∣∣
)]2

⎞
⎟⎠ , (10)

θZ ,i = A tan 2

(
RiPi

|RiPi| ·
(

Po
i+1Po

i+2∣∣Po
i+1Po

i+2

∣∣ × Ro
i Po

i∣∣Ro
i Po

i

∣∣
) /

cθY,i ,
RiPi

|RiPi| · Ro
i Po

i∣∣Ro
i Po

i

∣∣
/

cθY,i

)
. (11)

Above, the superscript o means the initial position of each
point and i is 1, 2, and 3. The rotation axes of X, Y, and Z are
given in Figure 3. The workspace of the platform is calculated
using Masory’s algorithm.22 Due to the actuation range lim-
itation, the maximum motion ranges are limited and they are
shown in Table III. As the translation and angular motion is
coupled in the designed system, the translation motion is re-
duced when combined with the angular motion. The required
motion range, specified in Table I, is satisfied.

In addition, all flexure joints can also provide a suffi-
cient rotation angle to get the above designed motion range.
From the workspace analysis based on Equations (8)–(11) and

FIG. 5. Design variables of the axial strip flexure joint.

Masory’s algorithm, the required maximum rotation angles
for each joint is calculated and they are given in Table IV.
The rotation ranges of the designed flexure joints are verified
via FEM simulation (PRO/ENGINEER and PRO/MECHANICA

software). The maximum stress is simulated to get the re-
quired rotation of each flexure joint. The maximum stress
should be less than the yield strength of the material used for
flexure joint. Al-7075 T6 is used for all flexure joints and its
yield strength is 500 MPa. For aligning optics, there is al-
most no fatigue failure because the optics aligning procedure
doesn’t company the repeated fast cyclic operation. Figure 6
shows FEM results of the stress simulation to satisfy the re-
quired rotation angle in each flexure joint and they are sum-
marized in Table IV. The maximum stress of all of flexure
joints is about 80% of the yield strength.

C. Resonant frequencies

FEM simulation is done to see the dynamic bandwidth
of the designed system. In the simulation, the drive mod-
ule of the piezo-electric stepping motor is replaced by the
spring element which has the stiffness of 6 N/um.19 The reso-
nant frequency of the lowest mode is 396.1 Hz and the lower

TABLE III. Motion range of the designed system. As the translation and
angular motion is coupled in the designed system, the translation motion is
reduced when combined with the angular motion.

Characteristics Value

Maximum motion X (mm) ±7.5
range Y (mm) ±7.5

Z (mm) +5.00 to −5.43

Motion range with X (mm) +6.15 to −3.32
2◦ angular motion Y (mm) +4.66 to −5.45

Z (mm) +3.16 to −4.56
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FIG. 6. FEM results of the stress simulation to satisfy the required rotation angle in each flexure joint.

six mode shapes and the resonant frequencies are given in
Figure 7.

D. Actuator force

The actuators should provide sufficient force to overcome
the elastic deformation energy of all of flexure joints for the

platform to reach the intended position. As the system is op-
erated slowly in the optics alignment, acceleration force is ig-
nored. To derive the required actuator force for the proposed
positioning system, an elastic model of the system is needed.
The elastic model is derived via the numerical method pro-
posed by Ryu et al.7 From this model, the stiffness matrix of
the system is calculated numerically. In this paper, the detail

FIG. 7. Lower six mode shapes and resonant frequencies.
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TABLE IV. Maximum required joint rotation and maximum stress for each
flexure joint.

Maximum rotation Maximum stress
Flexure joint angle (◦) (MPa)

1-DOF revolute flexure joint (�η) 12.31 395
2-DOF universal flexure joint (θX) 8.55 409
2-DOF universal flexure joint (θY) 3.56 372
1-DOF torsional flexure joint (θZ) 3.55 397

derivation procedure of the elastic model is not included be-
cause it’s not the scope of this paper. As a result of modeling,
the following stiffness matrix is obtained:

Kx =
[

K11 K12

K21 K22

] [
x1

x2

]
=

[
F1

F2

]
. (12)

Above, K is the stiffness matrix, x1 is the 6-DOF dis-
placement vector of the platform, x2 is the 6-DOF displace-
ment vector of other bodies that used in the elastic mod-
eling, F1 is the actuation force vector which is given as
[ f R1

X f R1
Y f R2

X f R2
Y f R3

X f R3
Y ], and the F2 is the external

force vector of other bodies that is zero vector. As the number
of bodies is 16 in this system and the model includes 6-DOF
for each body, the size of K matrix is (96×96). Through the
matrix decomposition in Equation (12), the actuation force
vector of F1 is obtained as follows:

F1= K11x1 + K12K−1
22 (F2 − K21x1). (13)

The required actuation force is simulated at all positions
of the platform within the boundary specified in Table I. The
designed maximum required actuation force is 16.21 N and
this force can be provided by our 2-DOF piezo-electric step-
ping motor:19

FIG. 8. Experimental setup. The displacement of three 2-DOF linear actua-
tion is measured by laser interferometer.

IV. EXPERIMENTAL EVALUATION

The experimental setup of the developed nano-
positioning system is shown in Figure 8. Position is
measured by laser interferometer. 3-axes are measured by
10706 B, HP having the resolution of 5 nm and other 3-axes
are measured by RLD10, Renishaw having the resolution
of 10 nm. The control algorithm is implemented via DSP
controller (dSPACE, dSPACE Inc.). There are two amplifiers,
SVR 350-3 bip (Piezo mechanik corp.) for the feed piezo-
electric actuators and LA75B (CEDRAT Technologies) for
the clamp piezoelectric actuators.

The platform is controlled in open-loop via inverse kine-
matics. As the motion range is relatively small when com-
pared with the conventional parallel positioning system, the
error in the inverse kinematics is negligible. In addition, open-
loop operation is preferable for the application of optics align-
ment. The control block diagram is presented in Figure 9.

FIG. 9. Control block diagram of 6-DOF position control. The open-loop control is used because it is preferable for the application of the optics alignment.
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FIG. 10. Precision motion test result. The translation resolution is less than 15 nm and the rotational resolution is less than 0.14 arc sec.

FIG. 11. Motion range test. All positioners follow the defined trajectory obtained by the inverse kinematics.
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Each positioner is controlled independently and the total sys-
tem can be controlled by the simultaneous control of three
piezo-electric positioners.

First, precision motion is tested. The translation resolu-
tion is less than 15 nm and the rotational resolution is less
than 0.14 arc sec as shown in Figure 10. In this test, the move-
ment of the platform is measured in 6-DOF by six capaci-
tance sensors (Lion precision, Probe C5-D and ADE corp.,
Probe 2805). The motion range is verified by checking if all
positioners follow the defined trajectory obtained by the in-
verse kinematics. This method was chosen as our experimen-
tal condition lack sufficient sensors to measure the large dis-
placement of the 6-DOF platform movement and the large
displacement of three 2-DOF piezo-electric positioners at the
same time. As mentioned before, because the error in the
inverse kinematics within several millimeter travel range is
negligible, it is sufficient for motion range verification. The
test results are shown in Figure 11. Coupled displacement of
2 mm × 2 mm × 2 mm × 2◦ × 2◦ × 2◦ and −2 mm × −2 mm
×−2 mm ×−2◦ × −2◦ ×−2◦ are tested and all actuators
follow the defined trajectory.

V. CONCLUSION

The manufacturing and measuring systems based on op-
tics have been popularly used in several precision engineering
fields and it is necessary that all optical elentments should
be alinged accurately in their pre-defined positions for the
proper operation of these optical systems. In this paper, a
novel flexure jointed precision parallel nano-positioning sys-
tem in combination with piezo-electric stepping motor is de-
veloped to apply a precision optics alignment. Based on the
precision piezo-electric stepping motor and flexure joints,
a high-precision motion has been developed and proven. A
translation resolution of 15 nm and a rotational resolution of
0.14 arc sec were achieved. In addition, the piezo-electric
stepping motors provide a power-off hold characteristic to
the system. The parallel structure provides the high dynamic
bandwidth of the lowest resonant frequency of 396.1 Hz. The
symmetric structure is advantageous for thermal variation. To
increase the motion range of the system, all flexure joints
are designed specially and a coupled workspace of ±2 mm

× ±2 mm ×±2 mm × ±2◦ ×±2◦ × ±2◦ has been achieved.
The overall size of the designed system is �350 mm
× 120 mm. For future work, the precision calibration of the
inverse kinematics is needed to improve the accuracy of mo-
tion because the open-loop control is preferable for the appli-
cation of the precision optics alignment.
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