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Abstract—In this paper, the design of a high precision device
using a Linear Delta manipulator was proposed to compensate
for the tremor signal in three translational directions. A Linear
Delta manipulator is a suitable tremor suppression device due to
the simple structure and high stiffness with the vertical direction
in the application of micro manipulation such as microsurgery
and cell manipulation. In order to implement the mechanism of
the Linear Delta manipulator to the device, three voice coil

motors and three linear encoders with high resolution were used.

The flexure mechanism was applied to the device to avoid the
friction effect of the small ball joint. Finally, the experiments for
the validation of the proposed device were performed as follows:
(1) position control in each axis for accuracy, and (2) sine wave
tracking (500 pm, 12Hz) for bandwidth of the system.

1. INTRODUCTION

Micro-scale positioning technology has been a primary
concern in the field of micromanipulation. Of many devices
that satisfy individual requirements for high precision control,
there are needs for hand-held devices in order to give an
operator more natural motion [1-2]. However, in case of
hand-held devices, the physiological tremor of the operator
can be transmitted into the device. In [2], Patkin, M revealed
the physiological hand tremor fundamentally limited the
accuracy of the manipulation, especially for cell-manipulation
such as insertion and extraction, and could inhibit the quality
and efficiency of the repetitive tasks. Also, the limb motion of
the micro-surgeon can considerably degrade an operator’s
performance during microsurgery [3-4].

Moreover, physiological tremor occurs in small magnitude
even in the case of healthy people, though it is barely
recognizable to the naked eye due to the amplitude of 50 - 150
um in each principle axis [1]. The tremor originates from the
central nervous system (CNS) and has the characteristics of
the non-stationary and modulated frequency within the range
of 8-12Hz. Several robotic approaches by passive suppression
were performed [5-8] to reduce the magnitude of the tremor
with the high frequency band compared to the frequency of
voluntary motion. However, the passive suppression method
was limited to fully eliminate the tremor signal, because the
mechanical properties of the passive system with a person’s
hand and arm just played a role of a low pass filter. In this
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context, many active compensation devices have been widely
suggested [9]-[19].

The Micron instrument [19], a well-known active
hand-held device developed by Riviere et al. [10] and Wei T.
Ang et al. [9], allows effective suppression of erroneous
motions of the hand during micro-surgery. The device is a
successful hand-held micromanipulator that self-actuates
through three piezoelectric actuators located between the
handle grip and the tip of the instrument. The manipulator is a
three degree of freedom (DOF) parallel manipulator and has
one vertical movement and two rotational movements that
meet requirements in the fields such as retinal laser
photocoagulation and retinal vessel cannulation [12-14]. The
ITrem instrument developed by Latt et al. [17] was nearly
similar with the Micron instrument in terms of motion of
mechanism of the main manipulator. Although the mentioned
active platforms were developed, the design using a Linear
Delta manipulator having the high stiffness and simple
structure has not been proposed as a tremor suppression
device.

The Linear Delta manipulator is a 3 DOF translational
parallel manipulator with linear actuation [20-23]. This
manipulator has the following four advantages: (1) Its
kinematics allows a travel space as large as desired in one
direction. The manipulator has a relatively large workspace in
the direction of movement in one side of the axis. The vertical
movement in microsurgery, such as the insertion, is ensured.
(2) It has maximum stiffness of the z-axis directional motion.
(3) It has good sensitivity in the desired direction [23]. (4) As
it has same coordinate system between the base frame and end
frame, it has the inherited structural property of having
relatively simple kinematics and a Jacobian matrix. Very little
research has been presented regarding developing a Linear
Delta manipulator in manipulation applications with small
scale, such as micromanipulation. Because the stiffness is
required to transmit the force of the operator during the
insertion task, the Linear Delta manipulator is appropriate for
the task. Also, its high stiffness ensures efficiency in the
vertical direction of repetitive tasks such as back-and-forth
motion along the z axis direction.

The paper proposes the design of a tremor suppression
device based on the Linear Delta mechanism, which is
applicable to micromanipulation to compensate for the tremor
signals in the three translational directions. We implemented
three voice coil motors with high resolution encoders to the
actuating parts of the device to ensure the workspace and
resolution of the motion. And a flexure mechanism was
applied to the spherical joint parts of the device to avoid
friction effect of the use of small ball joint. This paper is
organized as follows. Section II summarizes the requirements
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tremor suppression device. Section III presents the
experimental results of the position control of the device as a
feasibility test. Finally, Section IV discusses and concludes
about the proposed system.

II. METHODS & MATERIALS

As the tremor suppression system, the manipulator can
operate active compensation in the anti-phase of tremulous
signals. Hence, the design of the manipulator was considered
for the requirements; the ability to track the linear combination
of the sinusoidal signals with frequency range of 8-12 Hz,
amplitudes of 50-150 um, and accuracy of 10 pm. Because the
task direction of micro-manipulation is the insertion direction
of the tool, the end-effector should have large workspace
along the z axis. The Linear Delta mechanism was appropriate
to meet the requirements mentioned above.

A. Linear Delta parallel mechanism

The Linear Delta mechanism was suggested as a one of the
parallel manipulators with three DOF translational motions
[20]. Unlike a well-known Delta mechanism, it uses three
linear actuators enabling a mobile platform, its end-effector, to
three translational movements (x-y-z) with respect to its base
platform. The base platform has three identically aligned
linear guides in the vertical direction z. Each of these prismatic
components has one slider that can move along the
corresponding guide, activated by each actuator. Furthermore,
all sliders contain the same kinetic chains, which connect
between the mobile platform and the base platform. Each
kinematic chain consists of two parallel bars with identical
length L and four spherical joints at each end of the full
parallel bars. All notations and equations are followed by [20].

Mobile
platform

B32 Mobile platform
(b) (c)

Fig. 1. (a) Schematic diagram of the Linear Delta manipulator, {b)
geometric description of the mobile platform, base platform and (c) base
of the Linear Delta manipulator [21]

If the control variable [¢,,4,,q,]" is given, the kinematic
model of the device can be easily represented to determine the
pose (position and orientation) of the end-effector with respect
to a reference frame { R, }, which has constraint equations as

follows, as shown in Fig. 1:
AB*-L'=0fori=1, 2, 3, 1)

where the coordinate points and in the reference frame
related to the base are given by

[4 ] =[R, cOser,, R, sine;, q;]

[Bi ]mobile = [x + Rn €os ai ’ y+Rn Sin ai bl Z]a

@

2 .
where ¢, :Tﬁ(z‘—l) fori=1,2,3 (see the Fig. 1), and

R, and R indicate the radius of the base platform and mobile

platform, respectively. The constraint equations can be
evolved into the inverse kinematics model of the system. Then,

each element of control variables [¢,,4,,4,] is formulated by

g, =2+ '~ (x—(R, —R,)cos,))* —(y — (R, — R,)sina,))’
fori=1,2,3
3

or

q, =z+\/L2—(x—a’)2 —y?

%:H\/Lz_(ﬁld)z_(y_ﬁd)z @
2 2
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To find the relationship between the velocity of the
end-effector and the control variables, we need to derive the
Jacobian matrix by differentiating (4).

X 4
J ¥ |=J,] 4 )
z 4
x—d y zZ—4,
(Bl_A1)T 1 \/§
J,=|(B,=4)" | = xtod yo—-d z-gq| (6)
B, - 4)"
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TR %]
z-q, 0 0
J,=| 0 z—gq, 0
0 0 z-q,

Also, as J, is a diagonal matrix and non-singular (if

guaranteed),
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J=J (7

x

To avoid singularity problems, we need to consider two
types of singularities of the parallel manipulator; serial

singularities (‘J q‘ =0 ) and parallel singularities (|JX| =0).
The former singularities arise

{z|z=q3Ulz[z=q,}U{z[z=¢,} . which
L=R -R , by geometric expression; hence, it leads to

from
implies

R, —R <L .The latter one arises from the constraint that three
vectors (B, —A4)", (B, —A4,)" and (B, — 4,)" are coplanar. In

summary, to eliminate this configuration, we can effectively
avoid the singularities by imposing the following constraints:

R-R <L (8)
0<‘Pi<%, fori=1,2,3

To determine the workspace of the robot, the intersection
of the three kinematic chains has to be set forth. As the
workspace of each kinematic chain is a sphere of radius [

with center 4, (dcosq,, dsine,, g,) , the workspace of the
robot is the set of the intersections of the three circles along a
given ¢, withradius R, = /I’ —(z—¢,)* . Inside this cylinder

in Fig. 2, we can prescribe a parallelepiped of volume 2r to
obtain the regular dexterous workspace, where

©)

The manipulability represents how easy the device can get
operation speed in the link’s range of interest and, it is

expressed by the formulation of w=q/det(J'J)" or
w= ‘det J 71‘ . For this manipulator, we can infer that the

F=(52+5,)* +(N,z+ N, )’

value of the manipulability is proportional to d, especially in z
direction to d* . Because the manipulator contains only
translational displacement, which is proportional to the
manipulability, we can meet the range of motion along the z
direction with no concern of the manipulability.

B. Selections of actuator and sensor

We selected a voice coil motor a linear actuator that has
sufficient stroke as well as sufficiently fast response up to
12Hz sinusoidal motion. Using the inverse kinematics (4), the
stroke of each voice coil motor was determined by giving the
constraints. The stroke was bounded as the mass and size of
the coil because the magnetic flux depends on the size.
Considering this, the AVR-19.5 (Motion Control Product Ltd.)
having sufficiently long Smm stroke, was selected according
to the specifications of the actuator. A Mercury II™ 1600 (GSI
MicroE Systems) linear encoder was selected to meet the
requirements of a minimal positioning accuracy of 10 um. The
encoder is the incremental optical encoder, which detects the
amount of light reflected from the scratched surface. The
encoder gathers the light reflected and digitalizes the amount
of light into the A and B phase with the 0.5 pum resolutions.

———
< .,
0 ",

N,

N,

;’ RC2 ‘\

-
i s ,
' AZ" [/ A
\
\

"~

o, o
A\
TN
PN
\
Y
1
1]
; )
-
- -..-——
p-3
=
Pl
O
b4
"~ __"

~——

S

——,
@
o
e
",
.,

-
L,

Rcs 4
., g
. "
pO—

Fig. 2. Workspace of the Liear Delta manipulator [21]

C. Design of the tremor suppression system

To construct the tremor suppression device, two parts of
design — the actuating part and manipulating part — are needed.

First, the actuating part consists of three modules, and a
module involves a voice coil motor, a high precision encoder,
and a linear guide to generate three translational motions, as
shown in Figs. 3(a)-(c). A linear guide with low friction
enables accurate high-speed linear movement, and a small
scale linear guide (WRG1020, Won ST, 3.8mmx4mmx20mm)
was selected to connect the coil part of the voice coil motor.
Since the mass of the magnetic part of the voice coil motor is
larger than the coil part, the coil part was mounted on the main
body of the fixed frame, as shown in Fig. 3 (a). Here, an upper
support attached to the coil part was designed to make linearly
move. The upper support was able to move together with one
of the leg of the parallel manipulator, to be shown in Fig.4 (b).
While, the lower support is attached to the fixed frame and the
magnetic part of the voice coil motor. For an accurate and
immediate transportation up to 12 Hz, the design has to be
made so that two guides were attached in parallel for stable
linear movement. In same manner, two pairs of additional
modules were made, and these were placed in 120-degree
intervals on the end plate holder. The end plate holder, as
shown in Fig. 3 (e), supports these modules and helps the
magnetic bar make the linear movement parallel to the linear
guide under a certain friction with the magnetic bar. The fixing
parts in Fig. 3 (f) were made to prevent the bending of each

Fig. 3. The 3D modeiing of the actuating module ({(a) — {c)) and assembly
of the module {d) with (e) end plate holder and (f) fixing part.
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sub system with respect to the end plate. The full actuated
system is shown in Fig. 3 (d). It has a hand grip with a
minimum diameter of 14mm, height of 60mm, and maximum
radius of 27mm.

On the other hand, the second manipulating part is to give
the desired three-dimensional translational position to the
end-effector of the manipulator. As the conventional spherical
joint has the limitations of small size and high friction, the
concept of the flexure joint [23]-[24] was introduced. The
flexure joint allows bending and torsions and can reduce the
inaccuracy compared to the conventional spherical joint. From
such consideration, all twelve spherical joints in three
kinematic chains were modeled as a wide range of flexure
joints, in same manner in [24], as shown in Fig. 4 (a).
Furthermore, for low-cost and easy fabrication, a manipulator
was made by using the Rapid Prototype (RP) material of
FullCure 720 (Objet Geometries, Ltd). As the material of RP
is not rigid, unexpected overshoots of the actuator may cause
damage. To avoid this, all flexure-based spherical joints may

be modeled as a cylindrical bar with a radius of at least 0.8 mm.

Finally, in order to avoid the singularities as mentioned earlier
in (8), the main properties of the kinematic chain in Linear
Delta manipulator, the length of linkage L , the radius of the
mobile platform R and base platform R, are chosen as 9 mm,

5.5 mm and 9 mm, respectively. From these considerations, the
manipulating part is proposed, as shown in Fig. 4 (b).

The proposed parallel manipulator is attached to the
actuating part which enables us to allow the base frame of the
manipulator into three parallel vertical motions in Fig. 5.
Combining those, it leads the tool tip to generate three
translation motions. As the device has a resolution of 0.5 pm

(b)

Fig. 4. (a) Consideration of the spherical joint into the flexure joint, (b) the
proposed manipulator made by Rapid Prototpye.

Magnetic Encoder

Fig. 5. Confiugration of the system assembly.

(b)

Fig. 6. (a) Expen'ental environements and {b) experimental setup

and maximum speed of 20 mm/s, it can have an accuracy of
1pm and an average speed of at least 12 mm/s. The total size
of the system is about 10 cm in length and 200 g in weight.

III. EXPERIMENTS AND RESULTS

The goal of the experiments is to check whether or not it is
possible to use the developed manipulator as a device for
tremor suppression. In order to suppress the physiological
tremor, although real microsurgical applications includes the
technics of the anti-phase compensation of the tremor, it will
be verified here that the desired values to be compensated in
anti-phase can be appropriately controlled by the proposed
system. It is essential to consider the control performance of
the tracking the desired trajectory in terms of speed (rising
time and frequency) and accuracy (to remove the control
error).

At first, each of the voice coil motors have been controlled
appropriately and then the end-effector has moved correctly 1)
when its desired trajectories (two types: incremental steps,
sine wave tracking) were given. Then, from the manipulator
with three voice coil motors, 2) the end-effector has followed
the desired trajectories (incremental steps in the x and z axes,
sinusoidal signal in the z axis). The trajectory values of the
desired position of the end-effector are modeled as the Sth
polynomial and all position controls in all procedures were
performed through the PID control. Also, all the movements
of each actuator were measured by the encoder attached on the
based frame and the magnetic bar.

Fig. 6. shows the experimental environments and the
detailed configuration of the control box (the computer used
for the experiments is not shown). The motor drive (Cello,
Elmo Motion Control) and power supply are used to actuate
the three voice coil motors. For all experiments, the MATLAB
2009Ra (Matworks Corporation) environment using
MATLAB Simulink and Quarc Q8-USB board was used. All
experiments were conducted on a PC running on an Intel®
Core™ i7 3.70 GHz CPU and a Geforce GTX 570 graphic
card. The DAQ components of the Quarc Q8-USB board
(Quancer, Canada) consist of eight encoders, eight analog
outputs, and eight analog inputs. In this study, to control each
axis of the voice coil motors of the manipulator, three encoder
signals were used. Finally, three analog outputs were used to
provide the desired positions. All signals were sampled at a
rate of 1kHz using this data acquisition board. For the
following tests, as in Fig. 6(b), a microscope was used as a
precise displacement sensor by means of visual processing of
the focal plane. The manual micro-positioning device and jig
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were used for precise movement of the base platform of the
proposed manipulator.

In this study, simple experiments were conducted for
characterizing the developed manipulator. On the other hand,
the actual movement of each motor may exceed 200um, so the
end-effector has to be moved, particularly in the z axis. Also,
actual tremulous signal components include the rapid
vibrations of 10Hz during the sine wave tracking. Considering
these facts, the procedural steps of this study can be described
as follows: Figs. 7 (a) and (b) represent the control
performance of a single axis motor of the sub-system,
respectively. In this figure, the desired position varies with
incremental steps of 50um, and is given as the sinusoidal
signal with an amplitude of 500pm and a frequency of 10Hz.
Although the desired position in each axis was not perfectly
controlled, they had negligible delay below 2ms and roughly
followed the value of the desired position. Therefore, robust
position control using the voice coil motor was performed.

After these two tests, it was essential to check how well the
desired position of the end-effector was followed. Three voice
coil motors were confirmed to be properly controlled, where
the end-effector of manipulator could move with respect to
each desired position values. From the fact that the Linear
Delta manipulator has a structure easily movable along the z
direction and if the end-effector of the Linear Delta
manipulator is only moving along the z direction, it is evident
that the motors should all be controlled all equally along the z
direction, as in Fig. 8(a). Similarly, the control performance
along the x or y direction could be tested. The test would be
sufficient for only the x direction in that the x and y directions
in the workspace of Linear Delta manipulator appears
symmetrically in Fig. 1. Each real movement of the motors

(a) (b)

250

—desired position
position

n
=3
S

a
S

o
S

position(um)

o
S

=)

-50
0

5 10 15 20 25

time(s)

30 35 40 45

can be correlated with corresponding values calculated from
the end-effector by means of the inverse kinematic model of
the Linear Delta manipulator (4). The effector was forced to
move with a certain step in the z axis and 100um in the x axis
every step, respectively, as shown in Fig. 8 (b).Given 100pum
of the desired position in the axis, each actuator has to be
moved 40.8um, -21.4um, and -21.4pm respectively in the z
axis. Fig. 8(c), on the other hand, shows the response of the
sine wave tracking. The frequency of the input signal was 8Hz
and the amplitude was 100um. They had negligible delay but
the results following the peak-to-peak were not perfect. The
third motor had more control input for the same movement,
which resulted from the friction between the end plate holder
and the magnetic bar of the corresponding sub-system.

IV. DISCUSSION AND CONCLUSION

In this study, a new design of a parallel manipulator for the
suppression of physiological hand tremor in the field of
microsurgery has been proposed. For efficient compensation
of tremor while performing microsurgery, a manipulator
should meet the following requirements: sinusoidal waves fast
as 8-12Hz in frequency, amplitudes of 50-150pm, and an
accuracy of 10um.

Therefore, for immediate and accurate tremor
compensation, the voice coil motor was selected and the
design of the new parallel manipulator for tremor canceling
was proposed and finally the manipulator was developed.
Tremor compensation using the Linear Delta parallel
manipulator has several advantages. As it has the inherited the
structural property of having relatively simple kinematics and
Jacobian matrix, the numerical error can be reduced. Also, due
to the fact that it has a relatively large workspace in the
direction of movement in the z axis, it is applicable to insure
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Fig. 7. The graphs of the current position (blue line) when the desired position (green line) is given as (a) an incremental step of 50um and (b) a sine wave

with an amplitude of 500um and a frequency of 10Hz
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the vetical mobility in microsurgery. Lastly, from the fact that
it has no additional computation related to coordinate
transformation, computational efficiency can be improved.

To validate the feasibility of the developed manipulator,
simple experiments were performed using the microscope as a
vision-based displacement sensor onto how well it tracks if
given 1) the desired trajectory (for example, a rectangle with
the length of one side of 200 um) and 2) sine wave trajectory at
the end-effector. The feasibility tests show promising results
of the proposed manipulator in microsurgical applications for
the compensation of tremor. In future work, to identify the
movements of the end-effector of the manipulator, the
microscope will be used as a precise displacement sensor, as
shown in Fig. 9. The movement of the surgical needle attached
to the end-effector of the device can be observed in the focal
plane of the microscope in real time, and the sine wave

tracking and chirp signal tracking should be performed further.

While this study mainly focused on actuating part and
manipulating part, the suppression experiments using the
proposed device including the sensing part will finally be
performed during the insertion task.
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