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Master-Slave Robotic System for 3 dimensional Needle Steering
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Abstract—This paper proposes a new 4-Degree-of-Freedom
(DOF) master-slave system for 3 dimensional needle steering.
Both master and slave devices are commonly composed of a 3
DOF spherical type parallel mechanism and a 1 DOF needle
insertion mechanism. This system provides users with 3
dimensional needle steering and force reflection capabilities.

The real time forward solution of the master device is addressed.

The design of the master-slave system is described in detail.
Finally, the effectiveness of this system for 3 dimensional needle
steering task is verified through experimental work.

I. INTRODUCTION

EEDLE insertion is an important aspect of many

medical diagnosis and treatments. Also, recently, the
trend of contemporary medicine is toward less invasive
surgery. Needle insertion task is one of typical tasks in many
minimally invasive surgeries. It is very important to move a
needle freely in a limited, affected area; nevertheless, some of
needle steering mechanisms have one or two DOFs [1-3], so
they are not adequate to perform the needle insertion task
requiring more motion DOFs.

On the other hand, Fichtinger, et al. [4], Masamune, et al.
[5], and Emad, et al. [6] proposed serial type needle
placement devices that have more than six DOFs. They
belong to typical serial type of needle insertion devices and
are classified as floating needle insertion devices in that the
robot is not mounted on the patient’s body, but it is attached
to the end of the medical robot. Note that the da Vinci surgical
system employs a similar design concept. However, stiffness
for this type of serial needle insertion devices is relatively low
and also its accuracy is relatively low due to its cantilever
structure. Thus, they may not be suitable for tasks requiring
very high precision or for tasks under external disturbances.

As one of efforts to resolve the drawbacks mentioned
above, Chung, et al. [7] proposed the 4 DOF parallel
mechanism, which is composed of a 3 DOF spherical type
parallel mechanism and a 1 DOF needle insertion mechanism.
Merits of this device are that the motion DOFs and the needle
insertion task can be achieved with one mechanism module
and the platform is attachable to skin. Thus, compared to
previous needle insertion devices, the mechanism is compact
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and resolves the problem of floating type needle insertion
device.

A proper master device is required to implement such a
needle insertion device to a real clinic. This paper proposes a
proper master device to control this slave device and a
master-slave control system. The parallel mechanism has
been extended its applications to master devices since it has
nice features such as its low inertia, which could be achieved
by locating heavy actuators toward the ground, its high
stiffness and etc. There have been many parallel mechanism
designs proposed in literature for master devices [8-11].
Particularly, a spherical type parallel mechanism was
attempted as the master device [12]. Another master device
using the 4 DOF spherical parallel mechanism is proposed by
Park, et al. [13], which has less singularity and better isotropy.
Using the same kinematic structure, Yi, et al. [14] proposed to
use a redundantly actuated spherical shoulder mechanism for
fault tolerant operation, which enhances the force
transmission capability.

In order to realize the 3 dimensional needle steering
operation using the master-slave robotic system proposed in
this paper, the forward kinematics of the master device should
be derived firstly. Then, the output angles obtained by the
forward kinematics are provided as a output position
command to the slave device which follows the master device
through conducting the inverse kinematics. On the other hand,
the force generated by needle insertion is measured by a force
sensor attached to the slave robot and it is fedback to the
operator by the actuator mounted on the platform of the
master robot.

The main goal of this bilateral control process is to make a
user conduct an operation of steering and inserting the needle
easily and intuitively as possible. Particularly, a different and
promising feature of this work from the previous needle
steering researches [1-6, 15-18] is that the current system
could conduct the 3 dimensional needle steering operations
naturally. In fact, steering a bevel-tip needle by a rotary
actuator in the previous systems [15-18] tends to limit
workspace inside biological tissues in actual operation.
However, regardless of the types of needles (bevel or straight
tip, stiff or flexible needle), the proposed master-slave needle
insertion system could provide the user with a more natural
and general needle steering capability.

The contents of this work are summarized as follows. In
section II, the master device is introduced and its forward
kinematic model is derived. The slave device is introduced in
section III. Experimentation of the 4-DOF master-slave
system is conducted in section IV. Finally, section V draws
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II. DESIGN OF A MASTER DEVICE

A. Description of the Master Device

Fig. 1 depicts a parallel mechanism that generates 3 DOF
spherical motions by using redundant actuation (i.e., 4
actuators). It consists of a top platform and four serial
sub-chains connected to it. Each of the four serial sub-chains
consists of two links and three revolute joints. The direction

of each joint axis can be denoted as the unit vector S, where

the superscript m and the subscript 7, respectively, denotes
the sub-chain and the joint location in the specified sub-chain.
Note that this vector represents the unit vector along the

z-axis of the corresponding local frame. Also, all S vectors

Fig. 1. The 3 DOF master device.

(b)
Fig. 2. Kinematic parameters of the master mechanism. (a) One serial chain
(b) Side view of the top platform.
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Fig. 3. Twist angle, Apex angle, and Edge displacement angle. (a) Twist
angles (b) Apex angles (c) Edge displacement angles.

intersect at the common intersection point where the origins
of all local frames including both the base frame and global
frame are located at the center O of the mechanism as shown
in Fig. 2.

The vectors aj, (for j,k=1,2,3) representing the unit
vector, respectively, along the x-axis of the corresponding
local frames and are defined along the direction commonly
perpendicular to those two neighboring S vectors as follows:

ag =S" xSy, a3 =8"xS8Y, a3y =8"xS;, ajy, =8S,xS;.
The twist angle a}, , representing the angle between two
neighboring S vectors about the vector a} , is defined by
m -1 m m
ay =cos (ST -S).
Remark that the twist angle shown in Fig. 3(a) is one of
important design parameters of the shoulder mechanism in

aspect of size and shape of the workspace. The parameters
describing the edge displacement angle of the base and the

top links are denoted as y; and yi, (see Fig. 3(c)),
respectively.

B. Forward Kinematics of the Master Device

Forward kinematics is to find the output position and
orientation of the mechanism when the input variables are
known. The output pose of the top plate of the master device
is represented as x-y-z Euler angles ( 44, i, £, ) as shown in

Fig. 4.

7'=7

Fig. 4. Euler angle rotations.

The output rotation matrix [R ] is expressed as

[R,]=[Rot(X, pi)][Rot(Y, ;) ][ Rot(Z, 1;)]. O]
The output rotation matrix [, R;] of each sub-chain which
can be expressed as
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[ RS1 =L R 1L R RN, ROTE, RS fOr m=1,23,4,(2)
where m is the number of sub-chains and the rotation matrix
of each local frame with respect to its previous local frame,
from the base frame to the top frame in order, can be
expressed as follows:

[, Ro1=[Rot(Z, ys)][Rot(X ,aq))],
[, Ry1=[Rot(Z,y")],

[, R 1=[Rot (X, a3 )[Rt (Z,y1' )],
[, R21=[Rot (X, e JIlRot(Z,y1" )1

and

[, R;1=[Rot(X,—ai)I[Rot(Z,~y5)],
where

w'=¢" +7/2,

vy = +7/2,
and

wy =@ —7/2.

Since (1) and (2) represents the same output orientation of
the mechanism, the following equation holds

[R1=L, R0, R, R, R, R . (3)
Now, (3) can be rearranged as below:
0 0
LRV TRIL, RST| O | =L, 10, REIL, R21) O |- O]
1 1
For convenience, the left hand side of (4) is denoted as
0 s
LR T TR RYT | O] =| 15 |- (5)
1 T3

Then, from (4) and (5) the following two equations are
obtained as below:

m m _ m_, . m

CY\ 3 +SW T3 = SW, SAy (6)
—_ m m m m m

Iy = SO CY, SOy + CQH 0, @)

Lastly, from (6) and (7) the final form of a constraint equation
for the m-th chain is obtained as

m m 2 m m m 2 m m 2
I =(r33 —calzcaB) +{sa12(ct//1 T3+ sYy ”23)} _(Salzsazs)
=0. ®)
Note that out of four constraints expressed as in (8), only

three constraint equations are enough to compute three output
variables (u,, u,,and g, ). Particularly, since the proposed

parallel mechanism has multiple forward position solutions
(i.e., 8" order [19]), a numeral method is adopted to calculate
the desired robot pose which turns out to be fast enough for
real time applications as explained below. The output variable
is obtained numerically using the Newton-Raphson method.
In order to verify the real time application of this numerical
method, the computation time to calculate the forward
position solution is estimated. The data transmission time
from the master device to the slave device is measured as 10
milliseconds, but it takes only 50 microseconds to calculate
the one forward position solution as shown in Fig. 5. Thus,
the numerical method to solve the forward position of the

proposed spherical mechanism is regarded acceptable for real
time control.
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Fig. 5. The computation time for one forward position solution. (a)
Transmission time from the master to the slave (b) Time to find the forward
position solution.

III. DESIGN OF A SLAVE DEVICE

A. Description of the Slave Device

Fig. 6(a) shows the slave device adopted for our system.
The slave device consists of a top plate, a base plate, four
external legs with UPS structure (where U, P, and S,
represents universal joint, prismatic joint, and spherical joint,
respectively), and one internal leg with PS structure
connecting those two plates. Particularly, this system was
proposed as needle insertion device by Chung, et al. [7] and
was investigated for singularity-free design along with its
kinematic performance. Fig. 7 shows their prototype
developed. According to their results, the offset angles, which
represent the locations of the joint either on the base plate and
on the top plate, need to be assigned as shown in Fig. 6(b) to
secure large singularity-free dexterous workspace around its
center. Thus, two offset angles need to be selected. 1, and

4, denote those two offset angles on the base plate and on the

top plate, respectively.

Two promising merits of the slave device in Fig. 7 would
be i) it provides the characteristic of RCM, the motion DOFs
and the needle insertion task can be achieved only with one
mechanism module, and ii) the platform is attachable to skin.

@ : Spherical Joint

O : Universal Joint

H : Prismatic Joint

Base plate

Top plate
(®)
Fig. 6. The description of the slave mechanism.
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Thus, compared to previous needle insertion devices, the
mechanism is compact and resolves the problems of floating
type needle insertion device.

B. Working Principle of the Slave Device

With the mechanism shown in Fig. 6 being flipped upside
down and the upper platform of this device could be attached
to the skin. Fig. 7 shows the proposed configuration where a
needle is being inserted to the skin through the hollow path
guider in the middle chain, and exited through the ball joint
located at the center of the lower plate. Note that through this
path guider, the needle can be inserted manually by a user or
inserted by an automatic insertion device with the human
supervision particularly when a needle needs to be inserted
through hard tissue region.

Fig. 7. The slave device.

The needle insertion process using the implemented
mechanism can be explained as follows. First, the upper
platform of this device is fixed to the target position of skin or
body. Then, the mechanism is steered so that the needle can
be oriented to the target direction. As a last step, the moving
plate of the mechanism is pushed down so that the needle can
be inserted into the skin. Note that the operating ranges of
steering (or tilting) angle and roll angle of this device are
confined within +25° and +30°, respectively, mainly due to
the mechanical limitations of spherical joints and mechanical
interference.

IV. EXPERIMENTAL SYSTEM

A. The master-slave device

Fig. 8(a) shows the master device. A handle is attached to
the top of the needle part so the operator can grip and control
the device more comfortably. Fig. 8(b) shows the needle
insertion device. The device uses the rack and pinion
transmission in which the handle and the needle are fixed to
both ends of the rack and the motor drives a pinion gear. The
maximum stroke of the handle is 130mm. Note that the
master device not only derives the needle but also has
reflecting force capability. In fact, there are various types of
needles (bevel or straight tip, stiff or flexible needle) which
could be employed in our master device. However, in this
experiment, we employ a stiff and straight needle rather than
using a flexible needle [15-18] with a bevel tip.

Fig. 9 shows the needle driving mechanism mounted on the
platform of the slave device. A 1 DOF force sensor is attached
to the end of the needle to measure the contact force generated

by the needle insertion into a skin. Both the needle and the
force sensor are moved by a lead screw. The maximum stroke
of the needle is 80mm. Fig. 9 shows the detailed design of the
needle insertion mechanism.

Pinion

Rack

(b)
Fig. 8. The proposed master device. (a) Master device (b) Needle insertion
device.

B. Tele-operation Experiments

o - \
1a3d Screw A
Fig. 9. The needle insertion device of the slave robot

Fig. 10 shows the master-slave robotic system implemented
for the 3 dimensional needle steering operation. Fig. 11 and
Fig. 12 show the block diagram of the control system and the
controller for this system, respectively. Since the workspace
of the master device is larger than one of the slave device, the
motion scale factor of 2:1 is applied to the movement of the
slave robot.

Fig. 10. The master-slave system for the needle insertion experiment.

860



Inverse

Kinematics

Monitor

-
E Encoder

Measured

Converted foree

force

Master Device

Motor Drive
(MCDC 3006S)

Desired | £

Taverse | & PID Z,| Motion Board D/A
pose

Kinematics Controller (PCI-8136)

DC Servo motor

Fig. 12. The controller design.

C. Experimental Results

Experiments on a master-slave position control are
performed. As a first step, the operator moves the master
robot to align the needle of the slave robot to the direction of
the target point inside the phantom before penetrating the
needle into the surface of the phantom. The attached video
clip demonstrates the synchronized motion of the
master-slave system. Once alignment is done, both the poses
of the slave robot and the master device are fixed.

Then, the needle of the slave robot is being inserted into the
phantom as shown in Fig. 13 through moving the needle of
the master device. The phantom tissue is made of gelatin
which is visco-elastic, and it is wrapped with layers of vinyl
papers so that they mimic a human skin. The depth of the
phantom tissue is 60mm. Note that in general, the stiffness of
the skin is stiffer than that of biological tissues. Fig. 14 shows
the measured force in this needle insertion experiment. This
experiment result shows that the measured force before
penetration of the needle into the skin is larger than the one
after penetration. A similar phenomenon was reported in [20].
Thus, it can be confirmed that this phantom tissue can be
employed as a virtual human tissue.

As mentioned in section III, the slave mechanism provides
the characteristic of RCM. Thus, in the third experiment, we
performed the 3 dimensional needle steering operation as
RCM. Fig. 15 shows that using the 3 DOF spherical motion of
the slave mechanism, the user is able to steer the needle inside
the phantom. Fig. 16 shows the measure force in this
experiment.

Fig. 13. Experiment for needle insertion.
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Fig. 14. The force generated by inserting the needle.

Lastly, a complete experiment consisting of insertion of the
needle and tracking a target via master-slave control is
performed. A piece of almond embeded into the gelatin is
considered as a target. The phantom is set under the base plate
of the slave device. The experiment procedure is as follows.

(1) Control the orientation of the master robot so that the
needle of the slave robot is aligned to the direction of the
target inside the phantom.

(2) Insert the needle into the phantom by controlling the
needle insertion drive and check the position error
visually.

(3) Make an adjustment of steering the needle inside the
phantom so that the needle is aligned to the target.

(4) Repeat (2) and (3) until the needle hits the target.

Fig. 17 shows some of snap pictures during this operation,
and the attached video clip demonstrates the whole procedure
of this experiment.

©
Fig. 15. Experiment for the RCM motion. (a) The needle was steered to the
left (b) The needle was inserted straightly (c) The needle was steered to the

right.

The needle contacts

7. thisurface 1
5 ]

The needle steering in the tissue
2 (RCM)

1 o

1] 5 10 15 20 2% 30 35
Timeisecond)

Fig. 16. The force measured during the target tracking experiment.



(©)
Fig. 17. The target tracking experiment. (a) The position control (b) The
needle insertion (c) The 3 dimensional needle steering.

V. CONCLUSION

A new 4-DOF master-slave system having three rotational
motions and one needle insertion motion was proposed. Proto
type of the master-slave system for the 3 dimensional needle
steering task was developed and tested to confirm
effectiveness of the proposed system. A promising feature of
this work over previous needle steering researches [1-6,
15-18] is that the proposed system has capability of the 3
dimensional needle steering. Steering a bevel-tip needle by a
rotary actuator provides a limited workspace inside biological
tissues. Nonetheless the type of needles (bevel-tip or straight
tip), the proposed master-slave needle insertion system
provides the user with a general needle steering capability.
Future work involves a diagnosis of the biological organ by
the force measurement and the feedback control of the needle
insertion force during a special clinical operation of
biological organs.
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