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Abstract: We have developed a twist pantograph
mechanism for robotic tele-echography. We have
reduced the total weight of the robot from the previous
version. By introducing the inverse kinematics, three-
dimensional position and angle of ultrasound probe are
able to operated on body surface. Movable area, precision
of the position and performance are satisfied with
requirement of a diagnosis in echography. We have
considered safety by detecting contact force on body
surface. We have experimented and confirmed to be able
to obtain echogram of remote patient by controlling the
robot as physician’s desire.

Introduction

Echography is nowadays indispensable in every field of
medical diagnosis because of its safety and costeffectiveness.
However, a physician is required to be experienced to handle
an ultrasound probe and to obtain echograms as his desire. To
reproduce a technique of an expert physician, medical robots
for echography have been developed[1-6] to place the
ultrasound probe on patient abdomen. Their main
applications aimed to a remote diagnosis of echography by
controlling position and angle of the probe remotely, which is
called as tele-echography. The system enables ultrasound
diagnosis under a condition where a patient is apart from a
physician. Though there were problems in movable area and
weight in our previous robot[5,6], we have solved them by
introducing a twist pantograph mechanism. We have reduced
number of actuators for size reduction and compensated the
necessary motion by combining motions of other parts. It
enables a mobile tele-echography between an ambulance and
a hospital by connecting with wireless network. In this paper
we introduce a medical robot for tele-echography to be
applicable in a narrow space of an emergency vehicle.

Robot constructions and twist motion

The robot is designed to move the ultrasound probe on
the human abdomen in three dimensions. It has 6 degrees of
freedom and detects contact force on the body. The robot
consists of pantograph, gimbals and slide parts as shown in
Figure 1. The gimbals part locates in the centre of the robot
and grasps the probe to rotate in pitch and yaw angle.
Pantograph part has two arms which run on the rail of slide
parts. The pantograph and the slide parts translate the probe in
x-z plane and in y-position, respectively. The roll angle of the
probe is realized by combining motion of both the pantograph

and the slide parts, to twist two arms of the pantograph
independently.

ultrasound probe — pantograph part

‘_IF_ Y/

gimbals part slide part

Figure 1: Construction of the twist pantograph mechanism

Other robots[2-4] for echography employed serial link
mechanism with stiff joints to guarantee precise position.
However, it requires heavy basement to sustain total weight
of the serial link and occupies large spatial area. Thus the
situation of application is limited and is not suitable to be
loaded on board of a vehicle. Safety to a patient should be
regarded more important than preciseness of position because
resolution of mm order is not necessary for echography. By
using two arms, the probe is more stabilized where single arm
of the pantograph is insufficient to handle the probe by itself.

The motion of the gimbals part is equivalent to wrist of a
physician. Figure 2 shows the construction of the gimbals
which includes three rings. Ellipse ring is to connect two arms
of the pantograph. Outer and inner rings are for pitch and yaw
angle rotation, respectively. To avoid mechanical interference
between actuators and rings, the axes of actuators are bent 90
degree through bevel gears. Removing an actuator for roll
angle rotation from the gimbals in our previous robot[5,6], the
gimbals are slimmed and the total weight of the robot reduced
from 3.3 to 2.0[kg].

ultrasound probe outer ring

(pitch rotation of
innter ring and probe)

inner ring
(yaw rolation of probe)

Figure 2: Construction and motion of the gimbals part

To grasp the probe in the inner ring of the gimbals, we
have developed a pentagonal-shape vice as shown in Figure 3.
Various types of probe can be grasped stably by using it.
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Figure 3: Inner ring with the pentagonal-shape vice

Figure 4 shows the way to realize roll angle rotation of the
probe by twisting each arm of the pantograph. Two arms are
shifted in the opposite y-direction to tilt the arms inside.
Three-dimensional rotation is possible by combining the twist
motion of the pantograph with the gimbals.

Figure 4: Twist motion of the pantograph

Introduction of inverse kinematics

In our previous robot[5], relative position control was
employed because an arm of the pantograph had an actuator
only at the basements of O or O’ in Figure 5. We have added
more two actuators at the joints C and D to designate the
coordinate of the head (the contact point to body surface) of
the probe by introducing inverse kinematics.

Figure 5: Definition of points, angles and lengths

Figure 5 shows the definition: the head of the probe as P,
the centre point of the gimbals as Q, distance between P and
0 as I, lengths of link as /; and , distance between two slides
as [; x-width of the gimbals as /,, movable y-length of the
slides as [, joint angles of the pantograph as 6;-6; and angles
of the gimbals as o and S. All angles should be expressed by
command of the position P(xp, yp zp) and the orientation

angle (¢ ¢, ¢) of the probe.

(a) Pivot motion

Pivot motion of the probe is necessary by touching the
head of the probe on body surface which is a principal motion
in actual echography. First, angles of the gimbals o and f3
correspond to ¢, and ¢, as shown in Figure 2. Once position
of the gimbals varied by the pantograph motion, the angles a
and f3 rotate to compensate the difference between the
command and the actual angle. Figure 6 and equation (1)
show the way for the pivot motion.
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Figure 6: Pivot motion of yaw (left) and pitch angle (right)
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(b) Slide motion for roll angle rotation

To realize roll angle rotation of the probe, two arms of the
pantograph shift Ay in the opposite direction as shown in
Figure 7. Displacement of the slide is calculated from sine
component of the roll angle ¢.. Assuming the initial y-position
of P as y,, y-position of the arms are calculated as equations
(2) and (3).

Figure 7:  Roll angle rotation by twisting two arms of pantograph
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(c) Patograph motion for roll angle rotation

In the same time, the pantograph produce cosine
component of the roll angle ¢. Coordinates of 4 and B are
calculated from equations from (4) to (7).

l
X, =X, —%cosq&z +1,sing cosg, 4
z,=zp+l,co8¢, cosg, 5)
Xg=Xp+ Egcosd)z +1,sing, cosg, ©)
Zy=2zp+[,c089, cosg, 7
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(d) All angles in the pantograph and the gimbals

Considering all relations above, all angles of joints 6,-6,
are calculated from equations from (8) to (11), where /, and Iy
are given as equations (12) and (13).

2 2 2
0, = Cos™ b+l +Tan™ 24 ®
211, X,
6, = Cos™ S  Cos™! -+ )
21, 201,
2 g2, g2
0, = Cos™ =L+l + Tan-' 25 (10)
20,1, I, - x,
0, = Cos Tt oo oLl )
~21, 21,
1, =~x5+ 2 (12)
Ly =y, -x, +z, 13)

Finally, the angles of & and f3 are calculated from varied
roll angle ¢. as equations (14) and (15).
a=¢ cosp +¢ sing, (14)

p=-¢ssing + q)y CoSQ_ (15)

Mechanical property and its evaluation

(a) Movable area

Movable area of the head of the probe is mainly
calculated with the lengths of the link of the pantograph. We
defined the boundary whether solution of the inverse
kinematics exists or not. The distance between two slides is
adjustable but it is fixed to /,=650[mm] because of the width
of a general stretcher for emergency use. Figure 8 shows a
theoretical movable area in x-z plane using ;=208[mm] and
L=168[mm]. The area forms as axial cross section of human
body and covers the shape of a normal adult patient where (x,
z)=(0, 0) is defined as the middle of two slides on the surface
of bed. Also actual movable area is measured and plotted on
the same graph. The shape of the trajectory reveals an ellipse
but includes two notches at z=250[mm] that means
interference between the slide and the gimbals. Movable
length in y-direction is 300[mm] which is defined by the y-
length of the slide and independent to the pantograph part.
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Figure 8: Movable area of the head of the probe in x-z plane

(b) Position and angle precision

Figure 9 and 10 show the relation between the operated
command and actual response of the position in x-directional
translation by the pantograph and the roll angle by twist
motion, respectively. The precision in x-directional translation
is about 12[mm] inside movable area. It is allowable in
echography but must be considered that surface of patient
abdomen is not mathematical plane. The precision of the roll
angle rotation is less than 2[deg] where absolute roll angle is
within 45[deg]. Otherwise, however, it is not reliable with
maximum error of 10[%].
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Figure 9: Comparison of the command and actual position in x-
directional translation
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Figure 10: Comparison of the command and actual roll angle

(c) Performance of twist motion
Figure 11 shows a response of the roll angle rotation,
which is produced by the twist motion of the pantograph and
the slides. To rotate 15[deg], it took more than 1[sec] because
y-positions of the slides are determined with rotary encoders
which speed is reduced quarterly from the original actuator. It
is allowable for diagnosis of echography but should be
improved faster. The response in x- and z-direction translation
in 50[mm] is less than 1[sec] which thought to be comfortable
response for a physician.
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Figure 11: Response of the roll angle rotation
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Contact force detection

We also considered to detect contact force on body
surface not to damage the patient. Miniature strain gauge was
pasted on the middle of each longer link of the pantograph.
When the head of the probe contacts on body surface of the
patient, restitution force to the probe is sensed as strain of the
link, which is shown in Figure 12. To enhance the sensitivity
of the strain gauge, the link is slitted slightly on the opposite
face of the strain gauge. To measure contact force, we have
calibrated output of the strain gauge to restitution force. It
must be always monitored during examination because
normal volunteers felt pain if contact force exceeds 1[kgf].

..@4—_— strain gauge

slit for sansation

Figure 12:  Location of strain gauges to detect contact force on body
surface

Results of remote control experiment

We also have developed software to control the robot via
network using socket transportation of TCP/IP. Figure 13
shows a scene of experience with 100[Mbps] of campus
LAN. The control device is seen in the right, which is
especially developed for tele-echography by using parallel
wire drive system[7] and is able to produce virtual restitution
force to the hand of the physician. Minimum delay time was
0.5[sec] on the best condition of software.

Figure 13: A scene of remote control experiment

Figure 14 shows a scene of experience with a normal
male volunteer under the robot. The contact force on body
surface was calculated and transferred to the control device.
The physician performed to obtain echograms as her desire
without any dangerous situation. Total weight of the robot is
2.0[kg] and that made the volunteer not feel any discomfort.

Figure 14: A scene of the robot mounted on a volunteer
Conclusions

We have developed and experimented a twist pantograph
mechanism of ultrasound probe for robotic tele-echography.
The total mechanism is improved to be slimmed from the
previous one and to be easily carried with the patient. Though
the performance should be improved, precision of three-
dimensional position and angle of the probe is reliable inside
the movable area which covers almost body surface. We have
confirmed the robot to realize robotic tele-echography in a
narrow space as even in an emergency vehicle.
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