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We developed a novel catheter operating system with an integrated force sensor for medi-
cal applications which included a highly precise master-slave remote control system. This
paper explaing the system design and control system in detail. As part of our research,
we designed a micro force sensor and included it in the system to ensure safe operation in
intravascular neurosurgery applications. We performed operation simulation experiments
and analyzed the operating errors. The experimental results indicated that the proposed
force sensor-based catheter eperating system works well and can be controlled remotely,
and the force feedback can effectively improve operability ai an aneurysm.
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1. Introduction ' surgery (MIS) frequently involves the use of an
Intracavity intervention is expected to become endoscope or & catheter, and this has a num-
increasingly common in medical practice, both ~ ber of advantages, including reduction of inter-
for diagnosis and for surgery. Minimally invasive vention delay. However, it requires a great deal
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of skill to operate inside the body where direct
observation is not possible.

‘The aim of this project was to develop a
new catheter operating system for intravascu-
lar neurosurgery. Such surgery presents many
challenges:

(1) Doetors must bhe very well trained and

possess the skills and experience fo inseri’

catheters, . Infravascular neurosurgery is
much more difficult than traditional surgery
and there are few skilled doctors who can

perform this type of operation. To keep

pace with the growing number of patients, a
mechanism is required to allow the training
of sufficient numbers of doctors.

(2) During the operation, doctors check the
position of the catheter tip using the X-ray
camera. Although they wear proteciive
guits, it is very difficult to shield the doctor’s
hands and face from the effects of the X-ray
radiation, which may result in radiation-
related iliness after long periods of exposure.

(3} In intravascular neurosurgery, catheters are
ingerted into the patient’s blood vessels,
which in the brain are very sensitive.
When operating in this area, extreme care
is required to avoid damaging the fragile
vessels. An experienced neurosurgeon’ can
achieve an accuracy of about 2mm. How-
ever, as the force of contact between the
blood vessel and the catheter cannot be
judged accurately by the doctor, catheters
are obviously not suited for this type of
SUrgery.

(4) Sometimes doctors cannot be physically
present to operate on patients. There-
fore, Internet-based master-slave systems
are required for such cases so the operation
can proceed.

For these reasons, a remote-controlled
catheter system is urgently required [Feng et al.,
2006; Guo et al., 2007].

There has been considerablc research into
this type of master-slave system |[Guo et al,
1996; Fukuda et al., 1994; Arai et al., 1996]. A

new prototype model of micro catheter incor-

porating an active guide wire with two™ bend-
ing degrees of freedom has been reported, which

uses -an ionic conducting polymer film (ICPFE)
device on the front end to act as the servo
actuator [Tanimoto et al., 1998; Preusche et al.,
2002; Lkeda et al, 2005). Arai el ol reported
a catheter driving mechanism that uses linear
stepping based on the principle of the mecha-
nical pencit [Aral ef al, 2002]. Unfortunately
the step size is not stable and varies between
0.3-1.9 mm, and therefore it must be improved
before it can actually be used for surgery.

We designed a gystem to improve the preci-
sion to 0.015mm to make it suitable for sur-
gical applications. We attached a micro force
sensor to the side of the catheter to detect the
force when the catheter contacts a biood vessel
[Peirs et al., 2004; Sedaghati et al., 2005; Negoro
et al., 1994]. In this paper, we show the struc-
ture, mechanism, and performance of our new
catheter operating system.

2. Concept of the Medical
Assistance System

We propose a new type of multifunctional intel-
ligetit medical assistance system (Fig. 1), con-
centrating on the micro active catheter system
snown in Fig. 2.

In this paper, we report the structure, mech-
anism, and performance of a new catheter

- operating system with an integrated sensitive

pressure force sensor {Fig. 3). This systern has
the potential -for use inpatients as the slave
device in a master-slave system. The aim of this
project was to design a mechanism to replace
manuat operation.

Whole Picture
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Fig. 1. Concept of the multifunctional mtelhgent
medlcal assistance mlcrosystems
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. ‘Fig. 3. Proposed new catheter operating system.

3. Structure and Mechanical
Details

3.1. Design concept and overall
structure

The points we considered in designing the sys-
tem can be summarized as follows:

(1) Movement stability of the catheter in the
virtual blood vessel.
(2) Simulation of system motion during surgery.

{(3) Simulation of the system at a range of

. speeds with different step angles.
{4) Ease of sterilization.
{5) Safety.

The most important aspects of intravascular
neurosurgery are precision and safety. The preci-
sion of experienced doctors navigating by X-ray
mozitor ig not sufficient. As the previons slave
device did not resolve this problem, we devel-
oped a new device with much befter precision.
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Fig. 4. Photograph of the system.

The highest degree of precision of ourgystem
is 0.015mm, and is therefore more suitable for
practical intravascular neurosurgery.

We placed a micro pressure force sensor on
the side of catheter to detect the force when the
catheter contacts the blood vessel.

The gystem and experimental instruments
developed here are shown in Fig. 4. The whole

_system consists of three parts: The catheter and

its suppori, the mechanism, and the control
systern. : 7
For precision, we used a laser displacement

‘- sensor and camera to measure the distance and

rotation angle of the mechanism. A camera
may help doctors to observe the motion of the

~ catheter.

The catheter has two movement modes:
Axial (moving backward and forward) and
radial (rotation). The catheter will usually move
axially, but when it arrives at junction of blood
vessels and encounters difficulty in moving, it
must be able to rotate to enter a specific vessel
or. traverse a blockage.

We used stepping motors as the actuators
to drive the catheter. These motors control
the catheter movement in different directions.

"To reduce weight, the whole mechanism was

made of aluminium with a stainless steel base
to increase stability. The large disk shown in
Fig. 4 provides rotation for the catheter oper-
ating system. Figure 5 shows the mechanism for
its insertion.
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Fig. 5. Basic structure and mechanism of the system.

3.2. Design of the control system

To achieve the high precision required, we used
highly precise stepping motors with a mini-
mum stepping angle of 0.036° as the actuators.
. The whole mechanism works has two control
modes, automatic and manudl. We added a
TCP/IP-based remote control to the system,
and programmed the client to control it over the
Internet. Using the client, a surgeon can eontrol
the catheter remotely as if he/she were stand-
ing beside the slave system. The system control
chart is shown in Fig. 6.
The actuator mechanism is composed of two
~ stepping motors, which represent the main con-
trol requirement. The two stepping motors are
connected to stepping drivers, which receive
power and square wave signals to drive the

Remote
control

Operating
" System

Local control

Fig. 6. Control systeni.

motors. We varied the angle of stepping motors
to adjust the precision of the mechanism.

To make the mechanism more convenient
to control, we used a PHANTOM® Omni™

haptic input device {SensAble Technologies,

Woburn, MA) in the contro! system.

4. Characteristic Evaluation of
System

To evaluate the performance of the system
developed here, we performed experiments using
the control input pulse signals, as shown in
Fig. 7. _

We recorded the motion and rotation char-
acterigtics as functions of input frequency. The
experimental results shown in Figs. 8 and 9 indi-
cated that the amount and speed of movemient
can be controlled. The experimental errors are
shown in Figs. 10 and 11.. The straight line
collapsed for frequencies greater than 500 Hz,
although the frequency and the speed were
roughly proportional in the low-speed area. This
error was most likely dwe to insertion and
removal of the catheter and was influenced by
the insertion speed becausc the degree of error

was directly proportional to the speed of the
motor.

" 5. Operating Experiments

5.1. Micro force sensor

Surgeons report some tactile feedback through
the catheter from the blood wvessels. Micro
force sensors on the catheter tip have been
used in previous studies [Feng et al, 2006].
However, these could only detect the contact
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Fig. 7. Control system for stepping motors.
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force between the catheter head and the blood
vessels. We developed a new micro force sensor
as sufficient attention has not been paid to the
frictional force between blood vessels and the
whole of the catheter tube.

We used a tactile sensor to detect the contact
force between the side wall of the catheter and
the blood vessel, which is an important safety
concern during surgery. As shown in Fig. 12, the
sensor, which is made of pressure-sensitive rub-
ber, measures 1.0 x 1.0-x 0.5 mm and is fixed to
the side wall of the catheter.

The measurement system for sensor calibra-
tion, which consists of an electrical balance, a
single bridge electrical circuit, and a multimeter,

PRESSURE
SENSITIVE
RUBBER

Lead Wire

Fig. 12. Micro force sensor.

Fig. 13. Sensor calibration system.
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Fig. 14, Relationship between load and output voltages.

is shown in Fig. 13. The experimental results are
shown in Fig. 14.

The motor pull power can be controlled eas-
ily based on the output of the sensor, as shown
in Fig. 15.
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5.2, Operation simulation
experiments

We conducted operation simulation experiments
using the blood vessel simulator shown in
Fig. 16. The simulator was made of soft rubber
material, and it presented conditions similar to
those of a blood vessel in the human brain. We
meagured the contact force between the blood
vessel and the catheter, as shown in Fig. 17. The
experimental results are shown in Fig. 18 and
the operating states are shown in Fig. 19. The
experimental results indicated that the proposed
catheter operating system works well and can be
remotely controlled, and that the force feedback
improves the operability at an aneurysm.

Fig. 16.

Operation simulation systern.

A Novel Catheler Operating Syétem 89

4.5

< 3.5

Output Volage(V
N
N W

-

Time (s)

Fig. 17. Sensor contact force output.

0 — : 2
- £. 5 10
—FeedBack|] - /| ~ :
-1 Amount [} ] =
— 15 <
— ensor :
%_2 Outolt Z
o =
Z &
%7 5
3 3
% 4 0.5 g
g 2
T
-5 ¢
-6 0.5

Tirmne (S)

(a) Feedback driving voltage using phantom

’ | . 4.50
........... Pull Power - .
] -3 4.00

80 | ——~Sengor Qutput7 } T

350
3.00
250
2.00
< 150

1.00
1 0.50
.00
1 050
0 1,00

Qutput Voltage (V)

(b) Feedback force using phantom

Fig. 18. Experimental feedback results with force
SEINSOT.

6. Conclusions

We developed a highly precise remote catheter
operating system with an integrated force sen-
sor to help doctors perform intravascular neu-
rosurgery. With the motors degigned here, the
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Fig. 19. Operation simulation experiments. «

‘distance of catheter movement can be easily set

using different stepping angles and step sizes.

We also carried out operation simulation
experiments “to evaluate the peérformance of
the catheter operating system, and measured
forward distances, rotation angles, and syn-
thetic motions. The experimental results showed
that the developed system has a precision of
0.015 mm. The catheter operating system works
well and can be remotely controlled, and the
force feedback effectively improved the operabil-
ity for intravascular neurosurgery.
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