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Abstract— In recent years, due to the increasing rate of
elderly people in Japan, the needs to detect adults’ diseases at
the early stage becomes a high priority. In particular, an
increased interest in detecting heart and cerebrovascular
diseases at an early stage may allow clinicians to begin
treatment sooner, when interventions are generally more
effective and less expensive. Recently, the Wave Intensity (WI)
has been proposed as a new hemodynamic index that provides
information about the dynamic behavior of the heart and the
vascular system and their interaction. However; the
repetitiveness and accuracy of the WI measurement depend on
the precision of the positioning of the ultrasound probe.
Therefore a positioning device for ultrasound probe is required.
Such a device should not only be used to keep the position but
also for the fine positioning of the probe. For this purpose, at
Waseda University, we have proposed the development of a
robot system to assist a carotid blood flow measurement using
ultrasound diagnostic equipments. In this paper, the
development of Waseda-Tokyo Women’s Medical-Aloka Blood
Flow Measurement System No. 1 Refined II (WTA-1RII) is
detailed. The system consists of an ultrasound diagnostic device,
a 6-DOFs parallel link manipulator, a serial link passive arm,
ball joint, and a joystick type controller. The WTA-1RII has
improved the design of the gravity compensation mechanism. In
addition, a genetic algorithm has by implemented to determine
the optimal link’s position of the 6-DOFs parallel manipulator
to increase the workspace. Finally, a set of experiments were
carried out to determine the usability of the proposed system.

1. INTRODUCTION

HE heart and vascular diseases are among the main
causes of death in the world, especially developed
countries. In particular, 29% of the cause of death in the
world is cardiovascular diseases which include myocardial
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ischemia, acute stroke, etc. [1]. Henceforth, due to the effects
of the elderly society, it is important to detect and treat
arteriosclerosis and myocardial dysfunction, which cause the
abovementioned adult diseases, at an early stage when more
treatment options are available.

For this purpose, recently a methodology to measure the
force of cardiac contraction has been proposed. Such
methodology is based on the measurement of the index Wave
Intensity (WI). Basically, the WI is a hemodynamic index that
can be defined any location in the circulatory system
proposed by Parker et al. [2]. It can be defined at any site in
the circulatory system, and provides information about the
interaction of forward and backward traveling waves, and
hence, information about the dynamic behavior of the heart
and vascular system and their interaction. Wave intensity was
originally defined as the product of AP and AU, where AP
and AU are the changes in blood pressure P and velocity U,
respectively, during constant short time intervals. Wave
intensity has the dimension of rate of energy flux per unit area
and corresponds to acoustic intensity. This original wave
intensity depends on the sampling interval, /AAt, which makes
it difficult to compare data measured at different sampling
rates. Therefore, Sugawara et al. normalized wave intensity
by dividing AP and AU by At [3]. Thus, the
time-normalized wave intensity (WI) is given by as Eq. 1.

me(ala) o
dt )\ dt

WI is usually measured at common carotid artery. Blood
pressure P is determined by tracking the maximum/minimum
diameter of the vessel observed in ultrasound image and
calibrated by the blood pressure measured by blood pressure
cuff. Blood flow velocity U is measured by Dopplar
ultrasonography [4-6]. Conventional WI measurement is
done manually by a doctor or technician. Basically, the
operator manipulates the ultrasound diagnostic system while
fixing a probe to the measurement point (in which the patient
must adopt a supine posture). The change of the vessel
diameter is very small; therefore the probe has to be kept at
exactly the center of the vessel. The allowable error from
exact center to ultrasound beam is considered as maximum of
0.5mm. In the case that probe or patient moves, the
measurement may be incorrect so that it has to be done again.
Therefore the overall measurement time takes long time
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(around 18 minutes). Up to now, there are different passive
probe holding devices, however; such devices cannot enable
adjusting the position once fixed.

Up to now, there are different kinds of robot-assisted
ultrasound diagnostic systems have been proposed [7-10].
Most of them are mainly designed to implement a
tele-echography system and their researches are focused on
path planning and force control of the ultrasound probe,
methods of image data transmission, etc. However; few of
them have tried to scan vessels. Pierrot ef al. [11] developed a
6-DOFs serial link arm and implemented a 3D image
construction of carotid artery. Zhu et al. [12] developed a
6-DOFs serial link manipulator and a counter balanced with
orthogonal three rotational axes by employing parallelogram
mechanism for one link. In addition, visual servoing and
3D-image construction of carotid artery for tele-echography
has been implemented [13]. Ikeda et al. [14] are developing
5-DOFs serial link manipulator, which also has orthogonal
rotational axes by using arch-shaped slide link. This research
aims in measuring brachial artery diameter. From all the
above systems, all of them are designed for implementing
vessel echography based on serial link mechanisms. However,
diagnosis of vessel does not require wide workspace, whereas
accuracy of positioning is important. Furthermore, optimal
workspace is rather preferable for safety reasons. Therefore
we have chosen the parallel link mechanism for manipulator.
The main advantages are as follows: workspace can be
optimized and higher precision of positioning can be
achieved.

Therefore, at Waseda University, we have proposed the
development of an active 6-DOFs manipulator based on a
parallel mechanism designed to provide assist to doctors for
assuring the accurate positioning of ultrasound while
performing the measurement of the WI, increasing the

accuracy of the measurement and enhancing the
Probe Supporting
—» Robot

’\.-
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user-friendliness of the assisted-robotics system.

As aresult of our research, in 2006, we have developed the
Waseda-Tokyo Women’s Medical-Aloka Blood Flow
Measurement Robot System No. 1 (WTA-1) [15]. The
WTA-1 is composed of an ultrasound diagnostic system, a
probe-supporting device and a controlling device. The probe
supporting device consists of a compact actuated parallel
manipulator for fine positioning of ultrasound probe, and
6-DOFs passive arm for the approximate positioning of the
manipulator close to the patient’s neck. Even that the WTA-1
has demonstrated to reduce the required time for doing the
measurement of the WI and enhance the user-friendliness,
further mechanical improvements were required, i.e., the
workspace of the manipulator was not enough, passive arm
for holding manipulator added a small force including gravity
and friction to operator’s hand during positioning.

For this purpose, in this paper, we present the
Waseda-Tokyo_ Women’s Medical-Aloka Blood Flow
Measurement Robot System No. 1 Refined I (WTA-1RII)
which has been developed at Waseda University. In particular,
the parallel manipulator of the WTA-1RII has been designed
to optimize the workspace by means the Genetic Algorithm.
Furthermore, a gravity compensation mechanism has been
proposed to eliminate any force while the operator is grasping
the manipulator. A set of experiments are proposed to verify
the effectiveness of the redesigned manipulator of the
WTA-IRIIL.

II. WTA-1RII SYSTEM

A. System Overview

The overall system is composed of the ultrasound
diagnostic system (Pro Sound II SSD-6500SV that is
commercialized by ALOKA Ltd.), a probe supporting robot

Ultrasonic
Diagnostic System

~

Patient

Controller

Y
-

Fig. 1. Waseda-Tokyo Women’s Medical-Aloka Blood Flow Measurement Robot System No. 1 Refined II (WTA-1RII)
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and its controller as shown in Fig.1. The probe supporting
robot is composed by 6-DOFs passive serial link arm,
3-DOFs passive ball joint and a 6-DOFs active parallel link
manipulator (Figure 2). The detailed configuration of the
mechanism is shown in Fig 3.

All passive joints of the serial link arm include magnetic
brakes which are used to lock/unlock the joints controlled by
foot switch controller. On the other hand, a push switch
controller is attached to the probe holder. The magnetic
brakes unlock the joints when power supply is on, so that risk
of injury caused by power shut down is minimized.

The active manipulator employs the linear parallel link
mechanism, which each contains an actuation system
composed by a DC servo motors, a ball screw and universal
joint (Figure 4). The actuation mechanism is used accurately

Fig. 2. Details of the probe supporting robot; where the passive arm is
used to roughly positioned the probe on the patient body and the parallel
manipulator is used to refine the location of the probe.

o

@—@—Manipulator—(OﬂProbe
z Ball Joint
[

O

Fig. 3. Details of the mechanism configuration of the probe supporting
robot which is composed by a passive arm mechanism and a 6-DOFs
parallel mechanism manipulator

340~400

Fig. 4. Detail of the 6-DOFs Parallel Link Manipulator of the WTA-1RII

control the positioning and posture of the end-effector (where
the ultrasound probe is attached). The control system
calculates the inverse kinematics of linear parallel link
mechanism according to the target position commanded a
joystick-styled controller designed at our laboratory.

In particular, the joystick-styled controller is attached with
a set of sensors to measure the position and posture of the tip
of the device. In particular, the following sensors were
embedded: accelerometers, gyro, photo reflectors and laser
mice. Thanks to the design of the controller device, the
adjustment of the probe position can be easily done with high
level of precision.

By using the proposed WTA-1RII, the operator can unlock
the passive joints and accurately control the positioning the
manipulator close to measurement point by hand (rough
positioning), then lock the joints, and finally, adjust the
positing with precision by means of the joystick-styled
controller. In the first step of the procedure, it is important
that the operator do not perceive any affect due to external
forces (gravity, friction, etc.), so that the probe can be
positioned just on the measurement point. On the other hand,
for the next step, if the workspace of the parallel link
manipulator is too small, the positioning in the first step
should be highly accurate. Therefore, we have improved the
workspace of manipulator and gravity compensation
mechanism of WTA-1.

B. Gravity Compensated Passive Arm

We have designed a gravity compensation mechanism for
the passive arm based on a constant force spring (Figure 5).
The constant force spring is attached on a slide guide so that
the direction of spring force is always vertical. As a result, the
proportion of the moment arm length of right and left side of
the joint is always the same regardless of any change in the
angle of link. Thus, this mechanism works as counter balance
weight (but substantially more light). However, the constant
force spring adds non-linearity components. In order to
counteract such effect, the angle of the slide guide respect to
the base of the arm can be mechanically adjusted. As a result,
the non-linearity of the output of constant force spring is
effectively cancelled. From these improvements stated above,

Fig.5 Screenshot of the passive arm designed for the WTA-1RII which
includes a gravity compensation mechanism
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a higher level of controllability of the passive arm can be
assured.

C. Design of Link’s Position based on GA

The maneuverability of the probe supporting robot is highly
related to the designed workspace of the active manipulator.
If the workspace of the 6-DOFs parallel manipulator is small,
the operator is required to accurately positioning the passive
arm to assure the effectiveness of the measurement. In
contrast, if the active manipulator is designed to have a wider
workspace, the time for adjustment of the positioning of the
passive arm can be considerably reduced. In order to increase
the workspace of the active manipulator, there are two
possible strategies: to increase the dimensions of the
manipulator or to optimize the link position of the parallel
links. The first strategy may cause a considerable increase of
the weight of the active manipulator. Therefore, in this paper,
we have proposed to apply the Genetic Algorithm in order to
optimize the workspace of the active manipulator by setting
the position of the links. In particular, as it is shown in Table I,
we have defined the target workspace of the active
manipulator based on our discussion with doctors.

The chromosome (C) is defined as in Eq. (2) where i
represent the link number, b denotes the base of the link and e
denotes the end-side of the link [16]. The positions of three
of the links of the manipulator are defined on the zx plane as it
is shown in Fig. 8 (considering the symmetry properties
regarding the other three links).

C:{Zbi’xbi"”’Zeﬂxei""}; i=l,2,3 ()

In particular, in this paper, we focused on finding the
optimal position of each of the links so that the resultant
workspace of the parallel manipulator satisfies the
specifications shown in Table I. For the present model, GA
has been developed in real code representation using Roulette
wheel selection, arithmetic crossover and uniform mutation
[16]. In particular, the mutation rate has been experimentally
determined (0.05). The cost function is the volume of the
workspace in which the target posture (Table I) is achieved.
Moreover, in order to avoid the singularity problem of the
proposed parallel mechanism, the following considerations
were taken into account.

The computed length of each link (%;) corresponding to the
movement of the end-effector along the x-axis can be
expressed as hy,= (h; hy h; hy hs hs). Based on the same
principle, the other five vectors hy, h,, hg, hyy and hy, can be
defined. As a result, the motion of the end-effector can be
easily expressed as a linear combination from those vectors,
as is shown in (3).

h=Ah +Ah +Ah +4,hg +Aphe, + 2.0, 3)
If we consider that the six vectors are linear independent,
the link position will not have singularity. For this purpose,
we have rejected those solutions obtained by the GA
algorithm when the following condition is fulfilled, as is
shown in (4). The parameter k is a threshold that is

determined as twice the minimum value of the determinant
measured on our first prototype which had no singularity.

detth, h, h, h,

y z X

hy,

h@z) <k 4)
However, in some cases the above determinant may not be
satisfied; particularly if any two vectors are nearly parallel
depending on the other vectors. As a result, we have
implemented an additional condition as is shown in (5).

d=1- (b)) :1—‘005_1 0‘ ®)
HhXH'Hh}’H

By using (5), those solutions which fulfills the condition d
< d, are rejected. In this case, d, is a threshold which is
determined as twice of the measured d of our first prototype.
Therefore, for each computation step of the GA algorithm,
the resultant workspace is calculated. If the resultant
workspace does not satisfy the target requirements, a further
computation step is performed by slightly increasing the link
length until the target workspace is satisfied.

Based on the above computations, the position of each of
the links has been determined as it is shown in Fig. 6. The
target specifications were satisfied when the link length was
set to 70mm.

Table I. Required specifications of the workspace of the active
manipulator designed for the WTA-1RII

Parameter Axis Specifications
(mm)
X +10
Position y +10
z 0 ~-10
X (pitch) +5.0
Rotation y (roll) +7.5
z (yaw) +10.0
_ @ Base
( xej:‘z.el) 20 (x;’fil.) B End
( Xp1>Zp1 )0"' e (xbl,zbl)
10
e * (_be’ZhZ) A (xbzazbz)
E : : o -
N -20 -10 10 o 2
( Xe2sZe2 10 - (xd,zeg) (xe25zgz)
( xLZ’Z€2) ...".. ,“".
. PRS
(—x,3,2,3 )20 (%3523

x (mm)

Fig. 5 Definition of the chromosomes applied for the Genetic Algorithm
in order to optimize the workspace; where each of the chromosomes
represents the position of each of the links of the 6-DOFs parallel
manipulator.
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Fig. 6. Experimental results while applying the GA to optimize the
workspace of the parallel manipulator designed for the WTA-1RII. The
length of the links was designed to 70mm and the position of each link is
shown in the graph.

D.6-DOFss joystick type controller

A joystick-styled controller has been designed with a set of
embedded sensors to measure the position and posture of the
tip of the device (Figure 7). In particular, the transitional x
and y axes are detected by laser mouse sensor. Yaw rotation is
also detected by multiple laser mouse sensors. Regarding the
roll and pitch rotation as well as the transitional z axis, we can
measure them by means of potentiometers. However,
mechanical design at the joint will be slightly complicated.
Therefore, we used rate gyro and acceleration sensors to
detect roll and pitch angle, and photo reflector to detect the
transitional z axis.

Accelerometers
for Roll, Pitch axes

[ Rate Gyro, ]
Pitch 2 ‘

\ """" [ Photo reflector ]
for Z axis

Laser mice
for X,Y,Yaw axes

[ Universal Joint ]
Fig. 7 The joystick type controller detects 6 axes of movement.

E. 3-DOF’s Magnetic Ball Joint

As it was previously detailed, the passive arm for the rough
positioning of the probe is designed to simplify the task of the
operator. However, in some cases, an operator may require to
adjust the positioning of the manipulator in order to
synchronize the direction of the probe respect to the carotid
artery. For this purpose, three passive degrees of freedom
have been implemented between the manipulator and
ultrasound probe. Figure 8 shows the mechanism of the ball
joint. When power is off, the permanent magnet pushes the

Permanent
magnet

Electric
magnet

et ¢

Magnetic material

Case (SS400)

Fig. 8 Detail of the 3-DOF ball joint mechanism. A permanent magnet is
used to lock the ball when power is off. On the contrary, the electric
magnet unlocks the ball when the power is on.

ball and locks it. When the power is on, the electric magnet
withdraws the permanent magnet from the ball, and ball is
free.

III. EXPERIMENTS & RESULTS

A. GA’s Optimization Results

In this experiment, we have focused in confirming the real
workspace by using the determined position of each of the
links of the parallel manipulator based on the GA. In Fig. 9, it
is shown the actual workspace of the parallel manipulator of
the WTA-1RII. As observed, the target workspace is within
the obtained workspace. Moreover, as it shown in Table II,
the maximum reachable range which the target rotation
specification is not considered for transitional axes and
maximum rotational axes are at the center position.
Furthermore, we have plotted the actual workspace based on
the optimal position of the links. The experimental results are
shown in Fig. 9. As we may observe, the target workspace is
satisfied in any position along the z axis (from Omm to
-10mm). In addition, in Table II, we have compared the range
of motion of the WTA-1’s parallel manipulator with the
WTA-IRII’s one (Table II).

40 r Z coordinate
/\ —O0mm
—-2mm
y ; : \ —4mm
/ 30 F N
—6mm
—-8mm
E —-10mm
E 20
>
5}
-20 -10 0 10 20

x (mm)

Fig. 9 Experimental results while analyzing the actual workspace of the
WTA-IRII’s parallel manipulator. In those areas surrounded by lines,
the rotation specification is satisfied. Each color shows specified “z”
coordinate.
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Table 11
Maximum movable range
Transitional axes (with no rotation)

movable range (mm) Increased

WTA-1 WTA-IRIT (%)

X +27 +45 67
y +20 +30 50
z -32~29 -48~43 49

Rotational axes (at the center position)
movable range (deg.) Increased

WTA-1 WTA-IRIT (%)

x (pitch) -14~8 -25~16 86
y (roll) +21 +27 28
Z (yaw) +13 +25 92

Time(min)
0 5 10 15 20
Probe oner@tion WI measureme‘nt
Conventional 10 8
way
WTA-1 without 3 ‘ 7
passive arm
N |
WTA-1RII N/A

Fig. 10. Experimental results while doing preliminary clinical tests to
measure the carotid blood flow with the WTA-1R (before expansion)
and the WTA-1RII (after expansion).

B. Clinical Test

A doctor and a sonographer were asked to perform the
measurements of carotid blood flow with a human volunteer
by using the WTA-1RII and the time required to perform the
task was recorded. Figure 10 shows the measurement time
spent for the positioning of the probe based on the following
cases: WI measurement in conventional way, with WTA-1
without passive arm (with existing upholder using clincher to
fix), with WTA-1, and with WTA-1RII. As we may observe,
the mechanical improvements on the WTA-1RII contributed
to reduce the required positioning time. Although the
reduction of time was not significantly different, operators
commented the WTA-1RII is easier to manipulate during the
WI measurement.

IV. CONCLUSION AND FUTURE WORK

In this paper, we have presented the WTA-1RII, a robotic
assisted ultrasound diagnostic system to measure carotid
blood flow. In particular mechanical design of each part of
the robot which contributes the user-friendliness was
described. A set of experiments were carried out to verify the
effectiveness of the proposed mechanism. From the
experimental results, we have confirmed the proposed system
contributed to reduction of the time spent for positioning.

As a future work, we will extend the usability of the
proposed robotic system to measure other parts of the body.
Moreover, an automated measurement system will be
proposed to improve the repetitiveness of the ultrasound
diagnostics by implementing a feedback control based on the
ultrasound image processing.
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