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Abstract. This paper presents analytical and experimental results on a new hybrid
tele-manipulation environment for micro-robot control under non-holonomic
constraints. This environment is comprised of a haptic tele-manipulation subsys-
tem (macro-scale motion), and a visual servoing subsystem, (micro-scale motion)
under the microscope. The first subsystem includes a 5-dof (degrees of freedom)
force feedback mechanism, acting as the master, and a 2-dof micro-robot, acting
as the slave. In the second subsystem, a motion controller based on visual feed-
back drives the micro-robot. The fact that the slave micro-robot is driven by two
centrifugal force vibration micro-motors makes the presented tele-manipulation
environment exceptional and challenging. The unique characteristics and chal-
lenges that arise during the micromanipulation of the specific device are described
and analyzed. The developed solutions are presented and discussed. Experiments
show that, regardless of the disparity between master and slave, the proposed
environment facilitates functional and simple micro-robot control during micro-
manipulation operations.

Keywords: micro-robotic mechanism, haptic mechanism, tele-manipulation,
non-holonomic constraints.

1 Introduction

Recently, research in the area of robotic manipulation in the micro- and nano-worlds
has gained a lot of interest and importance. The research activity focuses in areas such
as microsurgery, direct medical procedures on cells, biomechatronics, micro-
manufacturing, and micro-assembly, where tele-operated micro-robotic devices can
be used. It is well known now that not only the visual but also the haptic feedback can
be helpful for a successful tele-operated micromanipulation procedure, [1]. Therefore,
some of the master manipulators are haptic devices, able to drive the micro-robots and
at the same time to transmit torques and forces to the operator.

A haptic tele-operation system, for use in microsurgery, was presented by Salcudean
and Yan, [2], and by Salcudean, et al., [3]. Their system consists of two magnetically
levitated and kinematically identical wrists, acting as a macro-master and a micro-
slave, and a conventional manipulator that transports them. A tele-nano-robotics sys-
tem using an Atomic Force Microscope (AFM), as the nano-robot, has been proposed
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by Sitti and Hashimoto, [4]. The system provides a 1-dof force feedback device for
haptic sensing, using a linear scaling approach. A microsurgical tele-robot is presented,
which consists of 6-dof parallel micromanipulator attached to a macro-motion industri-
al robot, and a 6-dof haptic master device, [5]. The system provides a disturbance ob-
server to enhance the operator’s perception.

A micro tele-operation system for tasks, such as micro-assembly or micro-
manufacturing, was developed by Ando et al., [6]. The haptic master is a 6-dof serial
link mechanism, and the slave is a parallel mechanism. Alternatively the Phantom, a
commercial haptic interface, can be used as a master device, [7]. The Phantom was
used as a haptic master by Menciassi et al., where a micro-instrument for microsur-
gery or minimally invasive surgery was tested, [8]. Sitti et al. used the same haptic
interface to tele-operate a piezoresistive AFM probe used as a slave manipulator and
force sensor, [9]. A bio-micromanipulation system for biological objects such as em-
bryos, cells or oocytes was presented in [10]. The system uses a Phantom to provide
an augmented virtual haptic feedback during cell injection. A similar system for mi-
croinjection of embryonic stem cells into blastocysts is described in [11], although the
system has no haptic feedback. The mechanical design of a haptic device integrated
into a mobile nano-handling station is presented in [12]. The Delta haptic device was
proposed as a nano-manipulator in [13]. This device is also interfaced to an AFM.

The proposed tele-manipulation environment is designed by taking into account a
micro-manipulation scenario. According to this, a micro-manipulation task consists of
two phases. In the first phase, the micro-robot executes a macro-scale motion towards
a target. In the second phase, the platform executes micro-scale motions, and the mi-
cro-assembly or micro-manipulation task is performed in the field-of-view of a micro-
scope. While the first phase demands increased velocity, the second phase requires
increased motion resolution. Consequently, the proposed environment consists of two
subsystems. The first subsystem, which is first introduced in [14], is a haptic tele-
manipulation master-slave system, responsible for the macro-scale motion of the mi-
cro-robot. The commanding master device is a 5-dof force feedback mechanism,
while the executing slave is a non-holonomic 2-dof micro-robot with special behavior
and driven by two centrifugal force actuators. This slave mechanism has a number of
advantages relative to other micro-robotic devices; namely, it is characterized by low
cost, complexity and power consumption. A detailed analysis of the micro-robot can
be found in [15]. In this paper, the 3" generation of the micro-robotic device is pre-
sented, and a brief description of the kinematics and dynamics are given. A novel
methodology that compensates for the non-holonomic constraints is also presented.
The second subsystem is responsible for the micro-scale motion of the micro-robot in
the field-of-view of a microscope. It includes a video-microscope that records the
motion of the micro-robot, the acquired images are transmitted to the visual servoing
controller, and the calculated control values are transmitted wirelessly to the micro-
robot. The use of the proposed hybrid tele-manipulation environment is illustrated by
several experiments. These show that, regardless of the disparity between master and
slave, the proposed environment facilitates functional and simple to the user micro-
robot control during micromanipulation operations.
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2 Haptic Subsystem of the Micro Tele-Manipulation
Environment

The first subsystem of the tele-manipulation environment employs an existing 5-dof
haptic mechanism as the master and a 2-dof micro-robotic platform driven by two
centrifugal force actuators as the slave. A brief description of the master is given next.

2.1  Haptic Master Device

The master device is the haptic mechanism shown in Fig. 1. It consists of a 2-dof, 5-
bar linkage and a 3-dof spherical joint. All dof are active. To reduce mechanism mov-
ing mass and inertia, all actuators are mounted on the base. The transmission system
is implemented using tendon drives with capstans. Although this haptic device was
not developed for micromanipulation, it is suitable for it, since it has been designed
optimally to exhibit maximum transparency, as seen from the operator side, [16].
The mechanism handle can translate in the X- and Y-axes by 10 cm, rotate about the
X axis by *180° and about the Y and Z axis by +30°, maintaining an excellent
functionality.

Fig. 1. The haptic master device

Employing a Lagrangian formulation yields the following mechanism equations of
motion:

M(q)i+V(q.9)+G(q)=1+]J'F, (1)

where q is a vector containing the five joint angles, J, and M are the mechanism 5x5
Jacobian, and mass matrix respectively, V contains the nonlinear velocity terms, and
G is the gravity torques vector. The vector T contains joint input torques while
the vector J'Fy resolves, to the five joints, the forces and torques applied to the
mechanism endpoint. The device is thoroughly described, including kinematics and
dynamics, in [17].
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2.2 Micro Slave Device

The 3rd generation of a new mobile micro-robot originally introduced in [15], is
employed in this paper. Therefore, a more detailed description is given next.

Motion Principle

A simplified 1-dof mobile platform of mass M is used, whose motion mechanism
employs an eccentric mass m, rotated by a platform mounted motor O, as shown in
Fig. 2. One cycle of operation is completed when the mass m has described an angle
of 360°.
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Fig. 2. Simplified 1-dof platform with rotating mass m

Gravitational and centrifugal forces exerted on the rotating mass are resolved along
the y-, and z-axes to yield:

= mre?* sin@
f;)) m (2)

fy. =—mg—mra; cos@

where w,, is the actuation speed, @ is the rotation angle of the eccentric mass, g is the
acceleration of gravity and r the length of the link between m and O. Above a critical
value of actuation speed, @,.i;ica» the actuation (centrifugal) forces overcome frictional
forces and motion is induced. For counterclockwise rotation of the eccentric mass m,
the platform exhibits a net displacement towards the positive y-axis. It has been
shown analytically that the motion step the platform exhibits over a cycle of operation
can be made arbitrarily small depending on the actuation speed , [15]. In practice,
open-loop motion resolution is limited by the electronic driving modules and by the
unknown non-uniform distribution of the coefficient of friction y along the surface of
the planar motion.

Platform Dynamics
The actuation principle mentioned above was employed to the design and implemen-
tation of a 2-dof micro-robot as shown in Fig. 3 (left).
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The platform dynamics are presented in a compact matrix form by the Newton Eu-
ler equations:

Mv=R)Y"f., i={4,B,C,D,E} 3)
Ly=2Y ("rx"f), i={4,B,C,D,E} 4)

where b is the body-fixed frame, R is the rotation matrix between frame b and the
inertial frame O, v is the platform angular velocity, and v = [%,, 2] is its center of
mass (CM) velocity with respect to the inertial frame O. In (4), I, is the polar moment
of inertia in the body fixed frame and Z denotes the unit z-axis vector. In both equa-
tions the subscripts i = {A, B, C} correspond to frictional forces at the contact points
of the platform, and i = {D, E} correspond to the forces generated by the two vibrat-
ing motors. The actuation forces that act on the platform, when the DC micro-motors
rotate (assuming identical micro-motors), are given by:

"1 =mré cos® —mr6’sind
x L 1 1 1

f. =—mg—mr@ sin® — mré’ cos6.
iz 1 1 1 1

&)

where, i = {D, E}, and 6; is the angle of micro-motor i.
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Fig. 3. Schematic design of the base (left), and the 3™ generation micro-robot prototype (right)

Micro-robot Prototype

The 3" generation of the micro-robot is presented in Fig. 3 (right). This includes two
vibration DC motors fed by pic-controlled H-bridges, wireless communications to a
PC commanding station, a needle with force sensing capabilities, and an on-board
battery. It includes advanced features, such as optical flow displacement sensors,
motor speed optical sensors, and battery recharging through a USB port.

Micro-robot Motion Capabilities
Simulation runs, and experiments on the basic motion capabilities of the micro-robot,
indicated that the micro-robotic platform is capable of moving forward and backward,
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in a straight or curved line, while it can rotate both clockwise and anticlockwise, [18].
Moreover, due to non-holonomic constraints, it is impossible for the platform to move
parallel to the Y-axis connecting the two motors. This would be a problem during a
micromanipulation procedure because the motion of the platform towards the forward
direction results in a small parasitic sideways deviation. More specifically, because of
unmodeled dynamics, the platform deviates towards the sidewise direction from its
straightforward motion by a small amount Ay. Since the platform is incapable of mov-
ing in the sidewise direction so as to correct this parasitic effect, a method of perform-
ing such a positioning correction is developed.

It is based on the execution of a V-shaped motion, divided into two symmetrical
stages. The first part of the motion is achieved when the left motor rotates in the posi-
tive direction. In the second half of the motion only the right motor rotates with posi-
tive angular velocity, see Fig. 4 (left). This specific sequence of motions results in a
net displacement towards the right of the platform, see Fig. 4 (right). Reversing the
two angular velocities a displacement towards the left can be achieved.
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Fig. 4. Angular velocities graph for the sidewise displacement (left), and simulated motion of
the platform (right)

2.3  Haptic Tele-Manipulation Environment Analysis

Slave Micro-robot Features
The design and special features of the slave micro-robot introduce a number of chal-
lenges that need to be tackled by the tele-manipulation environment design.

e The micro-robot is able for coarse and fine motion. Its translational sliding veloc-
ity is up to 1.5 mm/s.

The slave micro-platform and the master haptic device are kinematical dissimilar.
The inverse kinematics of the nonlinear micro-robot is not available in real time.
The micro-robot exhibits complex nonholonomic characteristics.

The vibration actuators must operate within a specific speed range (rpm). When
this upper limit is exceeded, the micro-robot exhibits an additional undesirable
vertical vibration. A low rpm limit also exists and is due to the need to overcome
the support frictional forces, so that net motion may result.
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Master Haptic Device Requirements
The above slave micro-robot features dictate the following requirements for the mas-
ter haptic device.

e The master haptic device has to drive the micro-platform towards the target in
coarse motion.

e To resolve the kinematical dissimilarity between the master and the slave, a map-
ping from the master haptic device Cartesian space to the micro-robot actuator
space has to be developed.

Implementation

In the haptic tele-manipulation environment, the master haptic device transmits mo-
tion commands to the micro-robot. PWM circuits drive the micro-platform actuators,
according to the percentage (0-100%) of their duty cycle. As a result, actuator angular
velocities are set, and produce micro-robot translations and rotations. Consequently
the output of the master haptic device should be the percentage (0-100%) of the PWM
duty cycle. The input to the haptic mechanism is the command given by the operator’s
hand. Two mutually exclusive input modes are defined. The first is the Macroscopic
Input Mode (MalM), and the second is the Macroscopic Rotation Input Mode
(MRIM). The operator can choose and control the modes using the appropriate
software.

Macroscopic Input Mode

The master haptic manipulator uses this mode in order to drive the micro-robotic plat-
form towards the micro-target in linear or curved coarse motion. In this mode the
positive/ negative translation of the master haptic device end-effector in the X axis
results in increase of the positive/negative rotational speed of both micro-robot vibra-
tion micro-actuators, and therefore results in micro-robot translation along the X axis.

10cm «------ - > +100%
Start
point “a”
5cm «-------- > 0%
0cm - > -100%

Haptic device = Microplatform
(macroworld)  (microworld)

Fig. 5. The MaIM input scheme
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To obtain a curved translation, a difference in the micro-actuator rotational veloci-
ties must exist. This is achieved by rotating the haptic device end-effector about the Y
axis. A positive/ negative rotation about this axis results in an increase of the rotation-
al speed of the first/ second micro-actuator. As mentioned earlier, the haptic device
end-effector can translate in the X axis by 10 cm and rotate about the Y axis by about
+30°. Therefore, the start point of the end-effector is taken in the middle of its possi-
ble displacement, see Fig 5, point “a”. A translation of the haptic device end-effector
from start point “a” results in a percentage command of the micro-actuator speeds g
according to,

q=20(p=>5) [%] (6)

where p [cm] is the haptic device end-effector position. Additionally, for each degree
(°) of end-effector rotation about the Y axis, the corresponding micro-actuator speed
is increased by 1%.

Macroscopic Rotation Input Method

The master haptic device uses this mode to rotate the micro-robot without translation,
again in coarse motion. This mode is useful in changing fast the direction of micro-
platform motion, and can be achieved by rotating the micro-actuators in equal and
opposite speeds. To this end, the master operator translates the end-effector along the
X axis resulting in an increase of the rotational speed of both micro-actuators, but this
time with opposite speed direction.

Table 1 illustrates the presented input modes above. The “+”/ “~" symbols denote a
positive/negative rotational micro-actuator speed, the “1” symbol denotes a micro-
actuator speed increase, while “0” denotes that the corresponding micro-actuator is
not influenced. During the MaIM phase, “1” denotes that the corresponding micro-
actuator is functioning, “0” denotes that the micro-actuator is not functioning.

Table 1. Haptic tele-manipulation environment input modes

MalM MRIM
In X positive + + + —
In X negative — — — +
About Y positive i 0 1 0
About Y negative 0 1 0 1
uMotor A uMotor B uMotor A uMotor B

As discussed earlier, above a critical micro-actuator speed, the micro-robot vibrates
vertically and may even tip over. To indicate the limits of the permissible actuation
speed, a spring force proportional to haptic end-effector translation (and micro-
actuator speed) is applied to the operator. This force is given by,

f, =k(p=3) @)

where p is the haptic device end-effector translation, and k is a variable spring
constant. It was found by experimentation that tipping occurs at about 85% of the
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maximum micro-actuator speed, depending on ground type or platform mass. To sig-
nal this limit, a spring constant three times harder than before is employed above the
85% of the maximum speed. To achieve a smooth transition, the spring constant is
changing according to an exponential function. The maximum force applied to the
operator is set at SN. This value is slightly under the 15% of 35.5N, which is the aver-
age maximum controllable force a female can produce with her wrist according to
Tan et al. in [19]. Measurements in [20] showed that humans exert forces up to 15%
of their maximum ability, without fatigue for a long period of time. Consequently, the
chosen spring constant, k, is defined as:

0.33 |p—5|$ 4.25
k=4 08342 _ ) 66 502 p-5[>4.25 (8)
1 |p—5>5.0

3 Visual Servoing Subsystem of the Micro Tele-Manipulation
Environment

As mentioned earlier, the proposed tele-manipulation environment is designed by
taking into account a micro-manipulation scenario, where a micro-manipulation task
consists of two phases. In the first phase, the micro-robot executes a macroscale mo-
tion towards a target. In the second phase, the platform executes microscale motions,
and a micro-manipulation task is performed in the field-of-view of a microscope.
Assuming that the micro-robot, using the first subsystem described above, has posi-
tioned in the field-of-view of the microscope, the tele-manipulation environment
switches to the second subsystem. In this subsystem, the motion of the micro-robot is
not controlled from the haptic device anymore. A visual servoing controller under-
takes this task, described by the following set of rules:

T .
[a)mzw a)mel] lf y < ydes —&

[0) T
= [a)md—> a)me—>] lf yde.v —€< y < yde.v +& (9)

md

me

T .
[wde a)meT] lf y > ydes te

where [®,,41, wmei]T and [w,,41, meT]T denote motor angular velocity pairs that result
in a platform displacement with a positive or negative instantaneous curvature
respectively. The vector [®@,,4, a)m,_,]T denotes the pair of motor angular velocities
that result in straight line translation, and 2¢ designates the width of the acceptable
path. The specific angular velocity pair values depend on system parameters and dis-
tance from the target, and are identified by experiments. The goal for the end-effector
of the micro-robot is to follow a predefined horizontal corridor-like path of width 2e,
reach a desired target point, and then stop. The end-effector motion is recorded by a
video-microscope, and the images are transmitted to the controller. The outcome of
the image processing of each frame is the plane position of the end-effector. This
information is fed back to the controller, and the control inputs are calculated, accord-
ing to (9). The inputs, expressed as PWM commands, are transmitted wirelessly to the
microrobot and the appropriate voltages are applied to its motors.



Design and Experimental Validation of a Hybrid Micro Tele-Manipulation System 173

A graphical representation of the controller action is illustrated in Fig. 6. The co-
lored strip represents part of the desired path. The platform is forced to translate in-
side the desired path strip. When the end-effector of the micro-robot reaches the target
location, both motors are stopped.

Platform

Or—x / direction (xm,s;_ydm)
Y \ P
[a)mdl wmci]T
Target
- point

/11d mea

&/ \ [, @,

“  Partof the
desired path

Fig. 6. Graphical representation of the controller action

4 Simulation of the Micro Tele-Manipulation Environment

Next, a model of the first subsystem of the micro tele-manipulation environment is
defined. It consists of (a) the operator’s hand, (b) the haptic mechanism, and (c) the
micro-robotic system, see Fig. 7 (left). The operator’s hand is modeled as a mass-
spring-damper system, attached to the haptic mechanism modeled as a mass-damper
system, see Fig. 7 (right). Note, that in the first subsystem, the haptic device is con-
nected with a virtual spring defined by (8), with spring constant k.

Hand Hand+Haptic | Haptic device | PWM width Hand+Haptic Device
force F Device Position x,, algorithm
. X X
PWM width
(serial port) F ky, k
— mpb, NN my, b,
Position Micro-
platform

Fig. 7. The model of the haptic tele-manipulation system (left), including the user hand (right)

The transfer function of the “Hand+Haptic Device” block in Fig. 9 is described by
(10), and the related symbols are defined in Table 2.

X (s) k,
= 4 3 2 (10)
F(s) mm s +As’+Bs' +Cs+kk

where A =my, b,, + b, m,,, B=my, (k + k;,) + b, b,, + k, m,,, and C=b,, (k + k) + k;, b
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Table 2. Definition of the symbols in (10) and Fig. 9
Symbol Definition Symbol Definition

F Operator’s hand force My, Haptic mechanism mass
my, Operator’s hand mass b, Haptic mechanism damping
by, Operator’s hand damping X Haptic mechanism position
X Operator’s hand position k Virtual spring constant
ky, Operator’s hand stiffness

During the simulation, the operator’s hand mass my, is 1.46 Kg, the hand damping
b, is 3.6 Ns/m. and the hand stiffness k;, is 200 N/m. These represent average values
taken from the relevant literature, [21-22]. The haptic mechanism apparent mass m,,
in X axis is about 0.27 Kg, and the mechanism damping b,, is about 5 Ns/m. These
values were found through experimentation with the haptic mechanism, see [17]. The
input to the system is a step of about 0.18 N of the operator’s hand force F. The vir-
tual spring value k is 4 N/m. The simulation run realizes the following scenario. The
motion of the micro-robot starts at point (0 m, 0 m) employing the haptic subsystem
of the micro tele-manipulation environment. Here, the haptic device drives the micro-
robot towards the field-of-view of the video-microscope. We assume that it begins at
(0.0001 m, 0 m). When the micro-robot enters the field-of-view, the visual servoing
subsystem takes control, and drives the micro-robot towards the desired target point at
(0.001, 0), according to (9). As shown in Fig. 8, the proposed micro tele-manipulation
environment successfully drives the micro-robot to the target point, and then stops.
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X translation (m)
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T
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Y translation (m)

0.2 0.3 0.4 0.5

time (s)

0.6

Fig. 8. The application of both subsystems of the micro tele-manipulation subsystem
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5 Experimental Results

To validate the proposed environment, various experiments are conducted. The goal is
to use the haptic device to drive the micro-robot towards the field-of-view of the vid-
eo-microscope, and then let the visual servoing controller to drive the micro-robot to a
target point using a predefined path. During the first phase of the experiment the op-
erator moves the haptic device end-effector along the X axis and rotates it about the Y
axis. The end-effector position and the angle are captured by encoders attached on the
haptic device actuators (Maxon dc motors), and transmitted to a PC/104 tower. This
tower is the control unit, running the algorithm that translates the operator input into
the micro-robot input according to (6). At the same time the haptic device applies
forces to the operator according to (7) and (8).

When the micro-robot reaches the field-of-view of the video-microscope, the
second phase of the experiment begins, which is realized by the second subsystem of
the micro tele-manipulation environment. The motion of the end-effector of the mi-
cro-robot is recorded by a video-microscope. The video camera pixel size was chosen
so that the measurement resolution of the system is approximately 2 pm. The video
camera selected was the Marlin F146B, from Allied Vision Technologies, GMBH.
The acquired images are transmitted via a FireWire 400 port to a Core 2, 2 GHz PC
laptop, and processed on-the-fly in Matlab. The outcome of the image processing of
each frame is the plane position of the end-effector of the micro-robot. This informa-
tion is fed back to the controller, and the control inputs are calculated, according to
(9). The inputs, expressed as PWM commands, are transmitted wirelessly to the mi-
crorobot and the appropriate voltages are applied to its motors. The control loop dura-
tion is 80 ms. The path of the end-effector of the micro-robot under the microscope is
shown in Fig. 9a. The desired target point is marked with the red “plus” symbol. We
can see that when the end-effector enters the field-of-view of the microscope, the
visual servoing controller force it to follow the predefined path towards the target.

0 60
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£ s S 40
2 ©
5 1000 § 20 motor E rrrrrrr
~ A~ motor D

0 500 1000 1500 2000 0 2 4 6
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E 1500 g 10001
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Fig. 9. (a) Path of the micro-robot end-effector, (b) PWM output from the controller,
(c) x trajectory of the end-effector tip, (d) y trajectory of the end-effector tip
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6 Conclusions

The analysis and several experimental results of a new hybrid micro-robot tele-
manipulation environment are presented in this paper. The proposed environment
combines two different subsystems. The first subsystem, employed during the coarse
motion of the micro-robot, includes a 5-dof force feedback mechanism, acting as the
master, and a 2-dof micro-robot, acting as the slave. Regardless of the disparity be-
tween master and slave and the fact that the slave micro-robot is driven by two centri-
fugal force vibration micro-motors, the environment gives to the operator the ability
to drive and control the micro-platform in a functional and simple manner. In the
second subsystem, a motion controller based on visual feedback drives the micro-
robot in a predefined path under the field-of-view of a video-microscope.

The proposed environment manages to solve with success problems that arise dur-
ing micromanipulation with the specific micro-robot, such as that the slave micro-
platform and the master haptic device are kinematical dissimilar, that the vibration
actuators must operate within a specific speed range (rpm), and that they must achieve
high speed during the macroscopic motion and sub-micrometer positioning accuracy
during the microscopic motion.
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