1268 KSME International Journal, Vol. 17 No. 9, pp. 1268~ 1275, 2003

Design and Performance Evaluation of a 3-DOF Mobile
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In this paper. a compact 3-DOF mobile microrobot with sub-micron resolution is presented.
It has many outstanding features : it is as small as a coin; its precision is of sub-micrometer
resolution on the plane; it has an unlimited travel range; and it has simple and compact
mechanisms and structures which can be realized at low cost. With the impact actuating
mechanism, this system enable both fast coarse motion and highly precise fine motion with a
pulse wave input voltage controlled. The 1-DOF impact actuating mechanism is modeled by
taking into consideration the friction between the piezoelectric actuator and base. This modeling
technique is extended to simulate the motion of the 3-DOF mobile robot. In addition,
experiments are conducted to verify that the simulations accurately represent the real system. The
modeling and simulation results will be used to design the model-based controller for the target
system. The developed system can be used as a robotic positioning device in the micromani-
pulation system that determines the position of micro-sized components or particles in a small
space, or assemble them in the meso-scale structure.
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alizations of the platforms for micro positioning

1. Introduction

Recent advancements in mif:ro/nano technolo-
gy have created the need for appropriate devices
for precise positioning of objects. These instru-
ments are used to manipulate micro components
or to measure nano-scale surface profiles with
SPM (scanning probe microscope). Previous re-
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mainly involved parallel stages. This mechanism
is very reliable and has a high resolution for
positioning. Some drawbacks of such solutions
are high space requirement, high cost and highly
limited working space. To overcome these draw-
backs, Higuchi's group (Higuchi et al., 1990:
Yamagata et al., 1995: Mendes et al.. 1996)
presented the impact drive mechanism and plat-
form which allow an unlimited travel range and
yield a compact system. Later, many instruments
using this mechanism (Juhas et al., 2000 : Martel
et al., 1999 : Shim et al., 2001) have appeared.
In this paper, a compact 3-DOF (x, y transla-
tion, &, rotation) mobile microrobot using the
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impact actuating mechanism with sub-micron
resolution is presented. The stacked piezoelectric
actuator is used for impact actuation. The piezo-
electric element can be controlled accurately from
a few picometers to a few hundred micrometers,
and can generate large force at high frequencies.
Moreover, the piezoelectric element can be used
as a sensor which has high sensibility, such as a
force sensor and a pressure sensor (Nam et al.,
2002). Therefore, much research has been made
using piezoelectric actuators, such as active vi-
bration control of a flexible cantilever beam (Oh
et al.. 1998), and piezoelectric smart structures for
noise reduction (Lee et al., 1999). In this study,
the stack piezoelectric actuator is used for its
small size and large force with high frequency.

Therefore, the presented microrobot has many
advantages with its small size, high precision, an
unlimited travelling range. compact structures,
and low cost. With the impact actuating mec-
hanism, this system enable both fast coarse mo-
tion and highly precise fine motion with a pulse
wave input voltage controlled. The developed
system can be used as a robotic positioning device
in micromanipulation systems that determines the
position or assemble micro-sized components or
particles in a small space.

The |-DOF impact actuating mechanism in
consideration of the stick-slip model between the
microrobot and the base is simulated. This result
is extended to a model for the 3-DOF mobile
microrobot. Using these results, simulations are
performed for the target system. In addition,
experiments are carried out to verify usefulness of
the simulations. The modeling and simulation
results will be used to design the model-based
controller for the target system.

2. 3-Dimensional Microrobotic
Manipulation System

Figure | shows the schematic of a sensor-based
microrobotic manipulation system (Kim et al.,
2002) . It comprises a self-sensing AFM cantilever
and a 3-DOF mobile microrobot under a con-
focal laser scanning microscope (model : ZEISS
LSM5 PASCAL) (Sheppard, 1997). In order to
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Fig. 1 Schematics of a microrobotic manipulation

system consisting of a 3-DOF mobile micro-
robot, a piezoresistive AFM cantilever, and a
confocal laser scanning microscope

observe the microscopic physical environment, a
microrobotic manipulation system is equipped
with different kinds of sensors, such as a visual
sensor and a piezoresistive force sensor. The con-
focal laser scanning microscope as a visual sensor
has a lateral resolution of about 200 nm and a
vertical resolution of about 100 nm. In addition,
the self-sensing AFM cantilever can sense grip-
ping force with sub-nanonewton resolution by
measuring changes in stress-induced electrical re-
sistance. The developed mobile microrobot on a
well-polished base is used as a subsystem which
provides 3-DOF motion with sub-micron resolu-
tion in a small working space under the confocal
laser scanning microscope.

Asshown in Figure |, the 3-DOF mobile micro-
robot is integrated with a piezoresistive AFM-
cantilever (“AFM-based nanomanipulator” for
short)
directions by using the compact and simplified

which can move in the x, v, and 6,

impact actuating mechanism. It comprises one
square shaped main body and four inertia parts
integrated with multilayer piezoelectric actuators
(model : AE505D08 from Tokin). The structure
is symmetric and has three contact points at the
bottom of the main body for reliable performance
in translation and rotation. It has no limitation in
the travel range with sub-micron resolution. Its
moving and rotating velocity and direction are
easily controlled with a saw-tooth wave input
generated. When it is needed to translate in the
x-direction, the 2nd piezoelectric actuator must
be extended and the 4th contracted rapidly. If
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Fig. 2 Schematics of a 3-DOF mobile micro robot :
mechanical design and operating principle

the opposite direction is desired, the behaviors
of the 2nd and 4th piezoelectric actuators are
required in the reverse direction. The similar
method is used to move in the y-direction and 6,
rotation. Two piezoelectric actuators are used for
translation and four piezoelectric actuators are
required for rotation (see Figure 2).

3. Analytic Models

3.1 Modeling of 1-DOF impact actuating
mechanism

For estimation of the operating conditions and
performance, modeling of the target system is es-
sential. First, the 1-DOF impact actuating mec-
hanism is presented using a switching model
including the stick-slip model. We assume that
a piezoelectric actuator behaves like a mass-
spring-damper system (Michael et al., 1997:
Adriaens, et al., 2000). In the previous work, the
modeling of a piezoelectric actuator was focused
on the behavior in which one end of the actuator
is fixed and the other is free. In this article, we
separate the slip model in which the inertia part
and the main body move simultaneously, and the
stick model in which the inertia part moves but
the main body is stuck as the criterion of an
equilibrium point between the friction force and
the piezoelectric force. Figures 3 and 4 show a
diagram for the 1-DOF impact actuating mec-
hanism when it moves or is stuck. This modeling
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Fig. 3 Schematics of the 1-DOF impact actuating
mechanism in motion
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Fig. 4 Schematics of the 1-DOF impact actuating

mechanism when stuck

is described in Eqs. (1) ~(2). In the slip model,
it is assumed that the mass of a piezoelectric
actuator is divided into identical parts. In the
stick model, because it is similar to the model
employed by Adriaens et al.(2000), the mass of
the piezoelectric actuator is added to the inertia

mass.
Slip model
(Mot 1/2mp) $1=bp (2= %1) +hp (12— 21) -F.—F ()
(Mit1/2mp) %= by (i1 —%2) + ko (01— 2) + F
subject to
s (Mo+mp+ M) g<| bp(2—31) + ko (t2— 1) — F |

In Eq. (1), Fr=3S8gn{i) e Ms+mp+M)g
is the friction force, Fp is the piezoelectric force
produced by voltage in PZT, M, is the mass of
the main body, M; is the mass of the inertia part,
my is the mass of the piezoelectric actuator, b, is
the damping coefficient of the piezoelectric actua-
tor, and kp is the spring constant of the piezo-
electric actuator.
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Stick model

Meqpiézs=bp(—2%2) +kp(—x2) + Fp (2)

subject to

s Mo+ mp+ M) g > bplta—30) Tk (ta—21) + Fp |

In Eq. (2), Meqw=M; + is the equivalent

mass of inertia part and PZTA

3.2 Modeling of the 3-DOF mobile micro-
robot

Figure § shows a schematic diagram for the
3-DOF mobile microrobot. The modeling tech-
nique in the previous chapter can be easily
extended to the modeling of the 3-DOF mobile
microrobot. Since modeling of translation in the
x—direction and in the y-direction is conducted in
the same way, modeling of translation only in the
x—direction is described in this article. Rotation of
the main body is considered as the sum of torques
induced from the acceleration of four inertia parts
and the friction force.

Equations of motions for translation and rota-
tion are derived as follows:

Modeling of translation

(Mmu+3mp+2Mm,)x bp(x1 +kp (x—
+bp(Xz )+kp()€2
—(FntFp) —F; (3)
(Mt 1/2mp) 51=bp (X — %)) +hp(x—21) +Fpy
(Mni+1/2mp) $a=bp (% — %) + ko (x ~x2) + Fpy

Modeling of rotation

Imuészeqv(i;1—'X:'2+_vl_ ) l—Fra
Muneqiir=bp{—3%1) +kp(—x1) + Fy
Muneq¥2=bp(—%2) +hp(—2x2) + Fpz (4)
Mrea¥1=>bp(—31) +kp(—31) + Fps
Mneqwy2=bp(—v2) +kp(—y2) + Fps

In Egs. (3) ~(4), Iy is the equivalent rota-

tional inertia of the main body, My, is the mass of
the main body in the microrobot, Mp; is the mass
of the inertia part in the microrobot, Mpeq is the
equivalent mass of the inertia part and PZT in the
microrobot.
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Fig. 5 Schematics of the 3-DOF mobile microrobot

Based on the above equations, various simula-
tions were performed using MATLAB/SIMU-
LINK to design the control strategy and shapes of
the input signal. These simulations can be used to
evaluate the effect of the parameters such as the
ratio of masses between the main body and the
inertia part, and the friction coefficient between
the target system and the base.

Figure 6 shows the simulation results regar-
ding the effect of ratio of masses between the main
body and the inertia part in the 1-DOF impact
actuating mechanism. The assumption for simula-
tion is that a force of 800 N force is generated
from the multilayer piezoelectric actuator. As a
result, the main body should be made as heavy as
possible and the inertia part as light as possible
for more accurate positioning of the target system.
Thus, we select SUS304 for the inertia part and
aluminum for the main body. Figure 7 shows the
experimental results about variation of step size
according to the ratio of masses between the main
body and the inertia part in the 1-DOF impact
actuating mechanism. The data points are deter-
mined as the mean value of repetition of identical
simple saw-tooth wave forms. The variation of
step size in the experiments is similar to that of
simulation. A small value of the mass ratio leads
to the small step size of the main body. Using this
small step size, the microrobot can be controlled
accurately.
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Fig. 7 Experimental results about variation of dis-
placement according to the ratio of masses

4. Fabrication and Experimental
Setup of 3-DOF Mobile Microrobot

Figure 8 shows a photograph of the fabricated
3-DOF mobile microrobot. The dimension of the
3-DOF mobile microrobot is 26.5X26.5X7 mm.
The main body is composed of four SUS304
metals and its dimension is 26.5X7X3 mm. The
inertia part is made of aluminum and its size is
6 X6 X3 mm. There are three contact points which
correspond to the vertices of an equilateral trian-
gle at the bottom of the main body for preserving
the stability of the system. Three contact points
are required for stable control of a microrobot.
If four or more contact points exist, at least one
of them is redundant in movement. In previous
work, such as Fahlusch and Fatikow (2001), and
Martel et al.{(1999), three legs are used for the
microrobot. To guarantee uniform friction force,
the well-polished base is made of Cr-plated
S45C.

Figure 9 shows the experimental setup for the
3-DOF mobile microrobot. The control program
was implemented using the C+ + Builder. A 12-
bit digital analog (DA) converter was used to
supply pulses to the four piezoelectric actuators.
The displacement and velocity are monitored by
a laser vibrometer from Polytec and data is ac-
quired through a 12-bit analog digital (AD)
converter to the main computer.

(a) Top view of microrobot

(b) Bottom view of microrobot

Fig. 8 Photograph of the 3-DOF mobile microrobot
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Fig. 9 Experimental setup for the 3-DOF mobile
microrobot

5. Experimental Work on the 3-DOF
Mobile Microrobot

To examine the performance of the device, a
simple saw-tooth wave is applied to the piezo-
electric actuator. The driving frequency is 500 Hz,
and the voltage amplitude is 20 V for fine motion
and 80 V for coarse motion. As shown in Figure
10, the speed of the device is almost constant (has
a constant slope) when the frequency and ampli-
tude of the input signal are fixed. Figure 11 shows
that the device provides translational motion with
around 0.1 u#m resolution. when 50 V is applied.
50 V is the smallest input size that can distinguish
the smallest displacement signal from the raw
data. Below this voltage, we can not determine
smallest resolution because of noise in signal.
Through these results, the presented device can be
effectively used for micromanipulation systems.

Figure 12 shows the comparison of simulations
with experiments. The experimental result shows
the translational motion in the x-direction when
the saw-tooth input voltage, whose amplitude is
80V and frequency is 1 Hz, is applied. The simula-
tion conditions are the same as those of the
experiments. As indicated in Figure 11, the model
derived in this study is feasible and the simulation
is very useful in estimating the behavior of the
target system.

1273

40 \ v T

35+

-]

Coarse Motion

[um]

NN
(=)

Displacement

2 25 3

Fig. 10 Comparison of coarse translational motion
with fine translational motion

-
- N

Dispiacement [um})
£ 88

©
N

e T Yo7

03 o4 0e
Time [sec)
Fig. 11 Experimental result showing the resolution
in translational motion below the sub-mi-

cron level when 50 V is applied

5
E
"
2
o
R

Time [sec)

Fig. 12 Comparison of simulation with experiment
results



1274 Jungyul Park, Deok-Ho Kim, Byungkyu Kim, Taesung Kim and Kyo-Il Lee

Using the modeling and simulation, not only
can we predict behavior of the system, but also
we can calculate the sensitivity of the system
parameters and design the model-based controller
for the target system.

6. Conclusions

In this paper, we propese a 3-DOF mobile
microrobot for applications in micromanipula-
tion. The device is as small as a coin, can move
in the x, y, and @; direction on the plane with
sub-micrometer resolution. It can travel an un-
limited range, and is simple and compact. There-
fore, it can be realized at low cost. By using the
impact actuating mechanism, this system is capa-
ble of both fast coarse motion and highly precise
fine motion by controlling a pulse wave of the
input voltage.

To estimate the operating conditions and per-
formance, modeling of the target system is deriv-
ed. Based on the model, simulations are perform-
ed using MATLAB/SIMULINK to design the
control strategy and shapes of the input signal.
Experiments are conducted to check the system
performance of positioning. The minimum step
size, which can be controlled, is around 0.1 zm
in translation and can easily be controlled by
changing the amplitude of the voltage. Simula-
tions are verified through the experiments and
faithfully represent the real system.

The 3-DOF mobile robot provides the guide-
lines for design of a microrobot system, which is
used in a small space, and when long travel length
with sub-micro resolution is required. The pres-
ented 3-DOF mobile microrobot may effectively
be used in micromanipulation systems.
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