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Abstract— In the fields of medicine and biology, it is essential
to realize fine manipulation. Therefore, micromanipulation
techniques and micromanipulators such as microgrippers and
optical tweezers have been developed. We have developed a two-
fingered microhand which is using the parallel mechanism to
realize precise and stable micromanipulation. However, the pre-
vious microhand has problems about workspace and vibration.
In this paper, the development of a new microhand which solves
problems of previous microhand. The characteristic of new
microhand is to enlarge the workspace utilizing the singularity
of the parallel mechanisms. Inverse kinematics and structural
analysis are used to analyze the workspace, and we show that
results of two analyses match. Vibration analysis simulates
transportation task and grasping task for manipulation. The
new microhand has a potential to reduce the vibration by
vibration analysis results.

Index Terms— Two-Fingered Microhand, Parallel Mecha-
nism, Singularity

I. INTRODUCTION

In the fields of medicine and biology, researches on
tissue engineering are conducted extensively. Manipulation
of micro-objects while observing them under a microscope
is one of the frequently tasks in these researches, and its
importance led to the introduction of assisted microma-
nipulation with micro-robotics systems such as an optical
tweezer[1], a microgripper[2], and a microfluidic chip[3].
Micromanipulation requires precise and stable positioning.
We have solved this problem by developing a two-fingered
microhand.

The two-fingered microhand has a structure which imi-
tates the use of chopsticks[4], the system summary[5] is
shown in Fig. 1. A transportation task on the system is
realized by stages of the lower module, and grasping task
is realized by the parallel mechanism of the upper module.
Parallel mechanism, which is used in two-fingered microhand
system, has many advantage for micromanipulation such as
precise positioning and high stiffness. As the reasons, many
researchers have studied parallel mechanisms which have
link mechanisms placed at even intervals. However, the size
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Fig. 1. Two-Fingered microhand system.

Fig. 2. CAD image of the 3-PRS model.

of previous parallel mechanisms is generally larger than the
size of the general microhand, these parallel mechanisms
can use various joints. Therefore, it is important to realize
compact joints and to combine them when applying parallel
mechanisms to the microhand. Piezoelectric elements which
are used as actuators in a previous microhand model[6] have
high responsibility and resolution. However, the maximum
motion range of piezoelectric actuators is approximately a
thousand of the length of a piezoelectric actuator. For realiz-
ing a microhand which has a large workspace, piezoelectric
actuators should be appropriately used with consideration to
their structure. As the previous microhand is developed after
consideration of above-mentioned points, it does not work
as well in the real workspace as in the simulated workspace.
Furthermore, the previous microhand drops a grasping object
at high-speed micromanipulation, because of low stiffness in
the part of structure.

In this paper, we discuss design guidelines for a new mi-
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crohand to solve above problems, and propose a microhand
which has a large workspace by utilizing the singularity of
the parallel mechanisms.

II. DESIGN CONCEPT OF NEW MICROHAND STRUCTURE

A. Problem Analysis of a 3-PRS Parallel Mechanism
In Fig. 2, the microhand developed by A. Ramadan et

al.[6] has a 3-Prismatic Revolute Spherical (3-PRS) parallel
mechanism. The 3-PRS parallel mechanism is composed of
3 serial link mechanisms with prismatic revolute spherical
joints from the base plate to the end-effector. Piezoelectric
actuators are used as prismatic joints. A flexure hinge is used
as a revolute joint. A flexible joint is used as a spherical
joint, and contains a thin wire which facilitates bending and
twisting. The 3-PRS parallel mechanism has one transitional
DOF and two rotational DOFs.

The 3-PRS parallel mechanism has three critical problems
as shown in below. Firstly, the 3-PRS parallel mechanism
does not utilize the two rotational DOFs. The two rota-
tional DOFs affect the workspace of horizontal direction
because these DOFs can swing the end-effector in the same
direction. This shows that the workspace is enlarged when
expanding displacement for the vertical direction is realized.
However, the displacement for the vertical direction in the
3-PRS parallel mechanism depends on the extension of the
piezoelectric actuator because the piezoelectric actuators are
placed parallel to the vertical direction. Secondly, the 3-
PRS parallel mechanism does not work as well in the real
workspace as in the simulated workspace because stiffness
of the flexible joint is much lower than one of the flexure
hinge. Furthermore, it is difficult to produce the flexible joint
because of very compact and complicated structure. Finally,
the end-effector with the 3-PRS parallel mechanism vibrates
widely[7] because a part of 3-PRS parallel mechanism does
not satisfy required stiffness for stable micro manipulation in
high speed movement. The low stiffness problem should be
solved, and the main causes of the problem are the flexible
joints and the fabrication procedure such as a distortion of
the bonding plane at the piezoelectric actuators.

B. Design Guideline for a New Microhand
Based on the problem analysis for previous microhand

structure, we set the design guideline as shown in below:
1) 3-DOFs with one transitional DOF and two rota-

tional DOFs.
2) Piezoelectric actuator used in a prismatic joint.
3) Flexure hinge used as a revolute joint.
4) Enlarging the displacement in the Z-axial direction

by the singularity of the parallel mechanism.
5) Only using revolute joints as passive joints
6) Configure a prismatic joint by a piezoelectric actu-

ator and a prismatic mechanism[8]

1), 2) and 3) refer to the advantage of the 3-PRS par-
allel mechanism. 4) is an important specification for en-
larging the workspace by the singularity of the parallel
mechanism[9],[10]. As far as 5) concerned, we consider

Fig. 3. Proposed model.

that the new microhand should consist of same-stiffness
passive joints to solve the workspace problem and the
stiffness problem. 6) is achieved high stiffness because the
piezoelectric actuator is embedded the prismatic mechanism
and the bonding process of the piezoelectric actuators in the
3-PRS parallel mechanism, which is one of the cause of
error, is eliminated. Furthermore, the prismatic mechanism
compensates straight-running of the piezoelectric actuator.

C. Proposed model for a New Microhand
A proposed model is shown in Fig. 3. The basic structure

of the proposed model refers a mechanism proposed by
J. Nielsen et al[11]. This microhand has a planar parallel
mechanism in the YZ plane. The main characteristic of
the proposed model is that is applied the design guideline
4) to the planar parallel mechanism in the YZ plane. The
method of enlarging the workspace by the singularity of the
parallel mechanism is described briefly, the upward force on
prismatic joints h1 and h2 are converted into vertical motion
by giving the angle ϕ fabricated the prismatic mechanisms.

III. WORKSPACE ANALYSIS

To analyze the workspace of the proposed model, inverse
kinematics and structural analysis are applied. In inverse
kinematics, the revolute joints of the proposed model are
ideal joints excluding stiffness and force. However, the
flexure hinge used as the revolute joint should be considered
stiffness and force. Therefore, we use structural analysis to
solve the problem that the 3-PRS parallel mechanism does
not work as well in the real workspace as in the simulated
workspace by inverse kinematics. Structural analysis finds
out stress concentration of passive joints and displacement
of the end-effector.

A. Inverse Kinematics
For the proposed model, the inverse kinematics problem

can be stated as follows: for a given location of the end-
effector Pe(Pex, Pey, Pez), find the piezoelectric actuators
parameters h1, h2, and h3. The solution to the inverse
kinematics problem is indicated below.
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Fig. 4. The mechanism of the proposed model in the plane defined by p
and the axis of the revolute joint at L5.

Fig. 5. The linkage alignment of the proposed model on the Y Z plane.

The proposed model in the plane defined by p and the axis
of the revolute joint at L5 is shown in Fig. 4. The linkage
alignment of the proposed model on the YZ plane is shown
in Fig. 5. The component of the end-effector is given in
Figs. 4 and 5:

Pex = (Ez + Le)sinα (1)
Pey = {p+ q + (Ez + Le)cosα}sinθ (2)
Pez = h3 + {p+ q + (Ez + Le)cosα}cosθ (3)

In this equation, we set the assumption that Le is a extension
of Ez . The equation is expressed below based on Fig.4:

Ezsinα+ Excosα+ L3cosθ3 + L4 = Bx (4)
p+ q + Ezcosα = Exsinα+ L3sinθ3 + L5 (5)

To solve h3, we focus on Eq.(1)-(5). The angle α is calcu-
lated by Eq.(1), and the angle θ3 is calculated by substituting
α into Eq.(4). Then, the unknown parameter p is calculated
by Eq.(5), and the angle θ3 is calculated by Eq.(2). Therefore,
it is now possible to find the values of h3 in terms of Pe by
substituting the above parameters into Eq.(3).

Next, to solve remaining h1 and h2, we focus on two
polygons separated by the boundary of p in Fig.5. Eq.(6)
and (7) expressed the equation of each axial direction in the

left polygon. Similarly, Eq.(8) and (9) is expressed by the
right polygon.

h1cosϕ+ L1cosθ1 +
Ey

2
cosθ =

By

2
+ psinθ (6)

Bz + h1sinϕ+ L1sinθ1 = h3 + pcosθ +
Ey

2
sinθ (7)

h2cosϕ+ L2cosθ2 +
Ey

2
cosθ + psinθ =

By

2
(8)

Bz + h2sinϕ+ L2sinθ2 +
Ey

2
sinθ = h3 + pcosθ (9)

To solve h1 and h2, the unknown angles θ1 and θ2 need to
be found. The configurations of interest are given by:

θi = sin−1

(
Aicosϕ+Bisinϕ

Li

)
+ ϕ (i = 1, 2) (10)

A1 = h3 + pcosθ +
Ey

2
sinθ −Bz (11)

B1 =
Ey

2
cosθ − By

2
− psinθ (12)

A2 = h3 + pcosθ − Ey

2
sinθ −Bz (13)

B2 =
Ey

2
cosθ − By

2
+ psinθ (14)

Therefore, it is now possible to find the values of h1 and
h2 in terms of Pe by using Eq.(6) and (8). With all of the
above results, we find the piezoelectric actuators parameters
h1, h2, and h3 in the proposed model.

B. Structural Analysis
To analyze the stress concentration and the workspace

of the end-effector by ANSYS, the 3D design drawing
of the proposed model is designed. We aim to downsize
flexure hinges and shorten links because the 3-PRS parallel
mechanism are not concentrated stress on passive joints.
Furthermore, to improve stress concentration, the number
of parts is reduced by composed some revolute joints of
one part. The structural analysis can be stated as follows:
for given the piezoelectric actuators parameters h1, h2, and
h3, find a displacement of the end-effector Pe and stress
concentration.

The result of the deformation is shown in Fig.6, and the
result of the stress concentration is shown in Fig.7. We

Fig. 6. The structural analysis result
of the deformation.

Fig. 7. The structural analysis result
of the stress.
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TABLE I
DESIGNED PARAMETER OF THE PROPOSED MODEL.

Ex Ey Ez q
[mm] 2.28 5.57 1.37 4.76

L1,2,3 L4 L5 Le

[mm] 2.50 1.11 12.3 40.0

TABLE II
EACH AXIAL DISPLACEMENT OF WORKSPACE FOR THE PROPOSED

MODEL BY TWO ANALYSES.

[µm] Inverse kinematics Structural analysis
X -142 - 251 -154 - 251
Y -61.0 - 61.0 -60.9 - 61.5
Z 0 - 29.8 0 - 28.0

give a 17.4µm displacement to the surface because it is the
maximum extension of the piezoelectric actuators, which are
used in the developed microhand. This result shows that the
flexure hinges concentrate the stress and realize the intended
motion.

C. Workspace Analysis Result

Design parameters agreed with two results of the inverse
kinematics and the structural analysis are shown in TABLE
I. In Fig.8, the result of the inverse kinematics is shown
as blue plots, and the result of the structural analysis is
shown as red lines. TABLE II shows the axial displacement
of the workspace. Based on the above results we can say
that, the proposed model is realized enlarging the workspace
by using the singularity of the parallel mechanism, because
the Z-axial displacement of the proposed model is larger
than the maximum extension of the piezoelectric actuators
17.4µm. Furthermore, the X-axial displacement of the pro-
posed model is enough to realize manipulation tasks for a
microobject. In Fig.9, a prototype of the proposed model
using the parameters of TABLE I is designed.

IV. VIBRATION ANALYSIS

To verify the stiffness of the prototype of the proposed
model, vibration analysis is applied to the prototype of
the proposed model and the 3-PRS parallel mechanism by
ANSYS. We simulated transportation task and grasping task
on micromanipulation.

A. Simulation of Transportation Task

The transportation task on micromanipulation is realized
by the motorized stages of the lower module in Fig.1.
Therefore, if the prototype of the proposed model and the
3-PRS parallel mechanism were moved in the simulation,
the vibration of the end-effector of each mechanism can
be observed and compared. The result of simulation of
transportation task for the 3-PRS parallel mechanism and the
proposed model are shown in Fig.10 and 11, respectively. In
TABLE III, maximum amplitudes and settling time is shown
as evaluations of the stiffness. The settling time is defined as
when the vibration amplitude is within ±0.1µm. With the
above results, the prototype of the proposed model vibrates

Fig. 8. Comparison of inverse kinematics result with structural analysis
result for the proposed model.

Fig. 9. CAD image of the proposed model for prototype fabrication.

much lower than the 3-PRS parallel mechanism. Therefore,
the stiffness of the proposed model is higher than the stiffness
of the 3-PRS parallel mechanism in the transportation task.

B. Grasping Task Simulation

The grasping task on micromanipulation is realized by
driven the piezoelectric actuators of the microhand. As
simulation input, a step response is applied only the ex-
tension of the piezoelectric actuator to the contact surface
of the piezoelectric actuator and the prismatic mechanism.
The responsivity of the piezoelectric actuator depends on
the length of the piezoelectric actuator. The piezoelectric
actuators in the 3-PRS parallel mechanism are 40mm in
lengh. On the other hand, in the proposed model they are
20mm in length. Therefore, we give the responsivity of
each length as simulation input. The result of the grasping
task simulation for the 3-PRS parallel mechanism and the
proposed model are shown in Fig.12 and 13. In TABLE IV,
damping constants and settling time is shown as evaluations
of the stiffness. The settling time is defined as when the
vibration amplitude is within ±1µm. The damping constant

1528



TABLE III
VIBRATION ANALYSIS RESULT OF SIMULATED TRANSPORTATION TASK

FOR EACH MODEL.

Model Amplitude[µm] Settling time[ms]
3-PRS model 4.64 249

Proposed model 0.458 21.6

TABLE IV
VIBRATION ANALYSIS RESULT OF SIMULATED GRASPING TASK FOR

EACH MODEL.

Model Damping constant Settling time[ms]
3-PRS model 0.0369 36.4

Proposed model 0.0415 21.8

Fig. 10. Vibration analysis result of simulated transportation task for the
3-PRS model.

Fig. 11. Vibration analysis result of simulated transportation task for the
proposed model.

is found using Eqs. (15) and (16):

h =
δ

2π
(15)

δ =
1

m
ln

an
an+m

(16)

The parameter δ is the logarithm damping rate. The ampli-
tude value after n periods is expressed an.

With the above results, the damping constant of the
proposed model is larger than the damping constant of the
3-PRS parallel mechanism. Furthermore, the settling time of
the proposed model is shorter than the settling time of the
3-PRS parallel mechanism. Therefore, the stiffness of the
proposed model is higher than the stiffness of the 3-PRS
parallel mechanism in the grasping task.

V. FABRICATION AND EXPERIMENT

In Fig.14, we fabricated the prototype of the proposed
model based on the above analysis results. The prototype is

Fig. 12. Vibration analysis result of simulated grasping task for the 3-PRS
model.

Fig. 13. Vibration analysis result of simulated grasping task for the
proposed model.

used as the material of stainless steel because high stiffness
is required. Each part of the prototype is fastened by screws
and nuts. To compare real workspace of the prototype to the
simulation result, the extensions of the piezoelectric actuators
is measured by a microscope. As the piezoelectric actuators
can extend 17.4µm in the specification, each actual extension
of the piezoelectric actuators is 10.7µm. The problem is
considered that the stainless steel as the material has high
stiffness.

We conduct experiments to measure a real workspace of
the prototype. Displacements for each axial direction of the
end-effector are measured in the case that each piezoelectric
actuator is driven singularly. One example of the experimen-
tal result is shown in Fig. 15. In Fig. 15, the real workspace of
the prototype is shown red lines, and the results of the inverse
kinematics is shown blue plots in same condition of the
prototype. In this experiment, the length of the end-effector
Le is 55mm, and the maximum extension of the piezoelectric
actuators is 10.7µm in the inverse kinematics. TABLE V
shows the axial displacement of the workspace. The Y and
positive X-axial displacement of the prototype are smaller
than the result of the inverse kinematics, because small
fastening powers and cutting errors of the electrical spark
machining in fastening points decrease the workspace of the
prototype. On the other hand, the Z and negative X-axial
displacement are similar in the inverse kinematics. Given the
actual extension of the piezoelectric actuators, the enlarging
the Z-axial displacement by utilizing the singularity of the
parallel mechanism is realized.
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Fig. 14. Prototype of the proposed model.

Fig. 15. Experiment for X axis in the case that h3 is driven.

Fig. 16. Workspace result of the prototype.

VI. CONCLUSION

In this paper, we reported the developmental process of the
new microhand which utilizes the singularity of the parallel
mechanism. Firstly, we pointed out the problems of the
previous microhand and then established design guidelines of
for the new microhand. Secondly, a new model of microhand
was proposed. Thirdly, the inverse kinematics and the struc-
tural analysis are applied to analyze the workspace of the
proposed model because we maintain a consistency between
the ideal revolute joints of the model and the actual flexure
hinges. The two analysis results of the proposed model were
same. Fourthly, we designed the prototype of the proposed
model by 3D CAD and fabricated. Fifthly, the vibration
analysis result showed that the proposed microhand is higher
stiffness than the previous microhand. Finally, the workspace
of the prototype was analyzed. The real workspace result

TABLE V
EACH AXIAL DISPLACEMENT OF WORKSPACE FOR THE PROTOTYPE.

[µm] Inverse kinematics Experiment
X -119 - 211 -116 - 148
Y -48.2 - 48.2 -35.8 - 31.1
Z 0 - 18.4 0 - 18.2

showed that the proposed microhand realized the enlarging
the workspace by utilizing the singularity of the parallel
mechanism. Through the severel simulations and experi-
ments, it can be said that the proposed microhand can realize
stable and flexible operation compared with previous micro
hand.

As future works, we need to make an experiment of mi-
cromanipulation on the prototype. Furthermore, to verify the
stiffness of prototype, we observe the vibration of the end-
effector of the prototype with high speed micromanipulation.
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