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Fig. 6 A is manipulator with Nd:YAG laser fiber bended toward 66 degrees. B is laser photocoagulation
of phantom model of placenta (boneless chicken leg) with bending motion of the miniature manipulator.
C is macro view of laser ablated scars.

about 200 gf at the manipulator tip’s part, enabled to bend a laser fiver with bending
radius of 3.82 mm without fiber breakage failure. On the other hand at tip-side DOF
bending mechanism, bending radius was too small against allowable curvature radius of
solid quartz fiber to give much bending angle. For this issue about insufficient bending
angle, it can be solved by adjusting bending radius to adequate length, by turning up
bending torque, and by selecting more flexible laser fiber without photocoagulation
efficiency reduction.

4. Conclusion

Newly designed 2-DOFs bending mechanism was suitable to fabricate forceps
manipulator of 3.5-mm diameter which has sufficient durability and rigidity owing to
stainless-steel linkage mechanism and slip-less wiring guide mechanism. This
manipulator is also equipped with an adequately spaced central channel to pass various
end-effectors. Based on our feasibility evaluation, we are sure that the manipulator
which has a maximum bending angle of 66 degrees enables us much less invasive laser
therapy for TTTS.
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Abstract—We designed and fabricated a prototype of the
fetus supporting manipulator with a flexible mechanism and a
soft balloon-based stabilizer for endoscopic intrauterine sur-
gery. The flexible bending and curving mechanism enables the
stabilizer to reach the required position in the uterus under the
guidance of ultrasound. The balloon-based stabilizer could be
inserted into the uterus from a small incision. The experimen-
tal findings demonstrated feasibility of the developed manipu-
lator. The developed flexible manipulator could be controlled
to reach an optimal position in the uterus and the balloon-
based device could stabilize the fetus softly. The manipulator
has the potential to be used in minimally invasive intrauterine
surgery, though further improvements and experiments re-
main to be carried out.

Keywords— Enter up to five keywords and separate them
by commas

1. INTRODUCTION

Myelomeningocele is one of the most common congeni-
ta] defects of the central nervous system. It is a neural tube
defect in which the bones of the spine do not completely
form, and the spinal canal is incomplete. This can result in
the spinal cord and its covering membranes protruding from
the infant’s back. Myelonmeningocele accounts for about
75% of all cases of spina bifida and may occur in 1 per
1000 infants.

Previous studies showed that the intrauterine environ-
ment may cause secondary injury to the spinal cord that is
already dysplastic [1]. This suggested that early closure of
the myelomeningocele sac could prevent the secondary
injury and then improve neurologic outcome [2].

The surgical treatment to the myelomeningocele or spina
bifida at 19-25 weeks of gestation can improve the obstacle
of central nerves and hydrocephalus within the uterus. This
resulted normalizing the development of a fetus brain. Both
animal and human studies have shown that the ability of the
body to repair damaged nervous tissue is best in young
individuals [3]. Because of these considerations, doctors
have been working on ways to close spina bifida defects as
early as possible.

In recent year, endoscope has provided a technological
advances and a minimally invasive approach to surgical
treatment. Minimally invasive endoscopic fetal surgery
enables intrauterine intervention with reduced risk to the
mother and the fetus [4]. The treatment required the mother
to undergo surgery under the guidance of endoscope. Neu-
rosurgeon will close the lesion on the baby’s back. The
problem is that the fetus is floating in the amniotic fluid and
the movement will affect the implementation of surgical
treatment. It is necessary to develop a device to prevent the
fetus from moving. A previous research was to develop a
stainless steel fetal stabilizer [5]. The fetus is fixed com-
pletely by the device, which has a bad influence on the
fetus. Other device included suction type stabilizer using
suction holes in a silicone tube to aspirate the skin of the
fetus [6]. The suction part of the fetus will be made con-
gested during the long time operation.

Our proposal to overcome these issues is to develop of a
manipulator with a flexible mechanism and a balloon-based
soft support stabilizer. In this study, we summarize the
mechanism and design criteria of the fetal supporting ma-
nipulator for endoscope intrauterine surgery, followed by
evaluation studies from mechanism performance experi-
ments and fetus model test experiment with ultrasonic guid-
ance.

II. METHODS

A. Requirements of fetal surgery

The gestational age selected for myelomeningocele
treatment is at 19-25 weeks corresponding to the character-
istics of the fetus. The fetus in the target gestation is very
small with a length of about 30 cm and weight of about 500
g. The volume of the amniotic fluid is about 500 ml.

The fetal surgery is different from the other forms of sur-
gery as follows. First, the fetus is fragile; the surgical in-
strument needs to be made small and flexible enough from
hurting the fetus and the placenta. Second, the insertion
sites for the surgical instrument into the uterus depend on



the position of the placenta and the umbilical cord. Third,
the operation space for instrument within the uterus is lim-
ited and the quality of endoscope image falls off due to the
cloudy amniotic fluid. Those conditions limit the design of
fetal surgical instrument,

B. Fetus stabilizing mechanism

During the myelomeningocele surgical repair, the forces
pushed or pulled to the fetus will change the position and
the posture of the fetus. In order to prevent the fetus from
moving or rotating, the points supported to the abdomen
side corresponding to the back of the fetus are required.
Furthermore, it is necessary to support the breast of the
fetus since the head is heavy. Considering of above two
requirements, the designed fetal stabilizer should be enable
supporting the abdomen side of the fetus from breast to the
abdomen softly.

To meet the requirements mentioned above, we devel-
oped a fetal stabilizing mechanism with a balloon that
swells into a circle shape to support the fetus (Fig.1). This
balloon-based stabilizer is possible to support the fetus
softly without any physical damage. We can fold the bal-
loon and insert it into the uterus from a small incision. Fur-
thermore, we use inject physiological saline from a syringe
to swell the balloon. The injected amount and the pressure
are controlled by PC. Even the balloon is broken during the
operation it will not influence the fetus. The inserted part of
the bending mechanism is covered by silicon so that the
fetus and the placenta will not be injured.

manipulator

uterine

(a) (b)
Fig.1 Fetus supported by a balloon-based flexible manipulator. (a)
Viewed from left side. (b) Viewed from head side.
backbone

manipulator uterine wall

mechanism balloon

(b} (©
Fig.2 Manipulator insertion procedure: (a) insert the manipulator
straightly. (b) bend and adjust the curving mechanism to a optimal
position. (c) pump the balloon by injecting physiological saline
and stabilize the fetus.
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C. Procedure of inserting the balloon-based stabilizer

The procedure of inserting the balloon-based stabilizer to
the uterus and stabilizing the fetus with the ultrasound guid-
ance is shown in Figure 2.

I) We insert the instrument with a shrunk balloon accord-
ing to the position of the fetus. The spatial relationship
of the fetus, the uterine wall and the instrument is ob-
served using an ultrasonic diagnosis device.

2) The bending angle of the link part and the curving part -
of the manipulator are controlled by a PC according to
position of the fetus. The bending and curving mecha-
nisms are crooked and inserted into the required posi- .
tion with the guidance of intra-operative ultrasonic im-
age.

3) When the silicon covered curving part arrive the abdo-
men of the fetus, we inject the physiological saline into
the balloon and adjust the balloon to optimal position
for stabilizing the fetus.

The circle-shape balloon supports the fetus near the hand
and the foot. The umbilical cord passes by the balloon as
shown in Fig.2c.

D. System overview

The prototype of the fetal support manipulator is com-
prised of three units: the flexible manipulator unit with a
balloon-based stabilizer and a curving mechanism; the PC
for controlling the bending mechanism and the syringe; the
ultrasonic device for viewing the intra-operative situation of
the fetus and the instrument (Fig.3).

Ultrasound system

Manipulator Controller

4
syringe
([

Fig.3 Fetus support manipulator system for intrauterine surgery.
Mechanism of the manipulator

Our linkage mechanism includes a tube to transmit the sa-
line to the balloon. The linkage mechanism made of
stainless steel 6 mm in diameter. The length of the curving
mechanism is determined by the size of balloon. Since the
circumference of the fetus’s body is about 15~20 c¢m and
the diameter of the corresponding balloon is about 10 cm,
we developed a curving mechanism with 15cm length
which is suitable for enlarging the balloon.



2966

The balloon is connected with a syringe. The pressure is
generated by an electric linear slider with a syringe (60 ml)
similar to a syringe pump. The manipulator is held by the
surgeon and controlled by the PC. The manipulator is per-
formed under the guide of the ultrasonic image.

In order to minimize the size of the incision, we devel-
oped a curving mechanism that is comprised of a plate
spring and a wire mechanism (Fig.4c). The balloon could be
stored between the curving mechanism and the linkage part.

To the bending mechanism, we adopt a linkage-driven ap-
proach so that the manipulator enables a high stiffness, dura-
bility and accurate performance than a wire-driven approach.
Since the latex may trigger the fetus allergic reaction, they
will not be considered as material for the supporting device.
The balloon is made of polyethylene so that fetus could be
supported almost without pressure. The area in contact with
the fetus becomes larger and the pressure to the fetus be-
comes smaller when the balloon is made bigger. However,
the incision to the patient would be large. As shown in Fig.
4c, the diameter of the curving mechanism is 6 mm.

The tip part of the manipulator is sterilized by the auto-
clave (high-pressure steam), and connected with the actua-
tor by draping mechanism.

Fig.4 Linkage bending mechanism, carving mechanism and bal-
loon-based stabilizer.

III. EXPERIMENTAL RESULTS

A. Accuracy evaluation of stabilizer curving mechanism

We carried out experiment to evaluate the mechanical
performance of the stabilizer bending mechanism. For sup-
porting the fetus with required shape of the balloon, it is
necessary to shorten the distance between the root and the
tip part of the curving mechanism. Furthermore, even the
curving mechanism was not contacted the womb during the
curving process, it is possible to touch the womb when the
curving mechanism is elongated if the hysteresis existed.
The first set of tests aimed to measure the distance change
from the root point to the tip end point of the curving link-
age. We use a camera (QV-R51, CANON) to capture the
situation of the curving process and measure the position of
the tip end point.The hysteresis was existed and the error
was a maximum of 7 mm (Fig.5). This result showed the

accuracy of curving mechanism is sufficient in stabilizing

the fetus.
26
Ql'r
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Fig.5 Tip end point positions of the manipulator.

B. Accuracy evaluation of linkage bending performance

The second set of tests assessed the performance of the
linkage bending mechanism. We inserted and adjusted the
stabilizer corresponding to the position of the placenta using
the bending mechanism. It is necessary to ensure the bend-
ing range of the linkage mechanism, We evaluated the accu-
racy of the bending angle from -45° to 45° and compared
the results with the theoretical values. It was found that the
measured values were satisfied with the theoretical value.
The maximum error of the bending angle was 5° and the
standard deviation was 1.6°.

C. Accuracy evaluation of linkage bending performance

The flexible fetal supporting manipulator was applied to a
fetus model stabilizing experiment. The fetus model weighs
600g with volume of about 600 cm® and length of 30cm.
The long radius of the abdomen is about 6 cm. The fetus
model was suspended in a water tank. We inserted the ma-
nipulator from the side of the fetus, bending the linkage
mechanism and crooking the stabilizing mechanism. The
balloon was swelled and adjusted to support the fetus from
the abdomen side. Figure 6 showed that the developed ma-
nipulator could support the fetus model and stabilize the
posture. The picture also showed that only the balloon con-
tacted with the fetus and the metal curving mechanism was
not in contact with the fetus. The balloon could stabilize the
fetus and prevent it from moving or rotating. The experi-
ment showed that the fetus model could be supported and
lifted up sufficiently using the manipulator.

Fetus modei

Curving Balloon
mechanism

e

Fig.6 Manipulator stabilizes the fetus model softly.
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Fig.7 Ultrasound guided manipulator insertion in stabilizing the
fetus model (a) the curving mechanism was observed clearly. .(b)
both of the curving mechanism and the swollen balloon were
observed. (c) the fetus model and the manipulator is observed . d)
The manipulator and the curving mechanism could be observed
under the fetus model.

D. Ultrasound guided manipulator insertion

We carried out experiments to evaluate the feasibility of
the ultrasonic image guidance to the insertion of the ma-
nipulator. The situation of the fetus model in the action of
the manipulator is also identified using the ultrasonic de-
vice.

The first set of tests is to evaluate the ultrasonic image of
the manipulator without placing the fetus model. Figure 7a
showed the situation when the balloon was shrunk. The
curving mechanism was observed clearly. Figure 7b showed
that both of the mechanism and the balloon were observed
clearly after the balloon was swollen up.

The second set of tests is to use fetus model to similar an
implementation of fetal surgery with the developed manipu-
lator. Figure 7c showed that the fetus model and the ma-
nipulator could be observed. We adjusted the stabilizer to
the optimal position to support the fetus (Fig.7d). The ma-
nipulator and the curving mechanism could be observed
under the fetus model clearly.

IV. DiScUSSIONS AND CONCILUSIONS

The prototype manipulator has the potential to success-
fully insert the uterus in endoscope intrauterine surgery,
while the balloon-based stabilizer has the potential to sup-
port the fetus softly. The experimental findings demon-
strated feasibility of the developed manipulator. First, the
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hysteresis evaluation experiment of the curving mechanism
showed that the error was 7 mm and the accuracy evaluation
of the linkage bending mechanism showed the standard
deviation of bending angle was 1.6°, which is satisfactory
for the endoscope intrauterine surgery. Second, the fetus
model could be supported and lifted up by the balloon based
stabilizer. Third, the manipulator could be controlled under
the guidance of ultrasound and the curving mechanism with
balloon in the stabilizer could be observed clearly.

The results of ultrasonic image showed that although the ~
manipulator could be observed clearly with fetus model,
some information below the fetus model could not be iden-
tified as shown in Fig. 7c. Actually, we can move the ultra- -
sonic probe and identify the situation of the fetus and the
manipulator from different directions. The endoscope could
also be used to achieve the intra-operative information.

In conclusion, we reported the development of a new
method of supporting fetus in endoscope intrauterine sur-
gery. The developed flexible manipulator could be con-
trolled to reach the optimal position in the uterus and the
balloon-based device could stabilize the fetus softly. The
manipulator has the potential to be used in minimally inva-
sive intrauterine surgery, though further improvements and
experiments remain to be carried out.
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Abstract— In this report, we present feasibility of our newly
developed laser device for prospective human fetoplacental
surgery. Fetuses having congenital fetoplacental anomalies, if
untreated before birth, occasionally deteriorate in utero with
high perinatal mortality and/or morbidity. If this is the case,
outcomes of conventional postnatal care might be quite unre-
warding medically as well as economically. Although the ad-
vent of minimally invasive fetal endoscopic laser treatment
(fetoscopic laser photocoagulation, FLPC) has strikingly im-
proved the natural history of fetuses with twin-twin transfu-
sion syndrome (TTTS), this underwater unique surgery is still
technically demanding depending on placental location, posi-
tion of floating twins, gestational age, and fetomaternal obstet-
rical conditions. In an attempt to resolve most of these difficul-
ties associated with FLPC, we developed a composite-type
optical fiber scope that enables transmission of laser light and
endoscopic images concurrently. This technology is a spin-off
of our research works on the International Thermonuclear
Experimental Reactor (ITER) at Japan Atomic Energy
Agency and the device is an integrated system consisting of a
composite-type optical fiber scope (2 mm in OD), a coupling
device for transmission/distribution of laser light along with
object images, a laser light source and a magnified image
monitoring system. A lens made by quartz is installed on the
tip of composite-type optical fiber scope. It has the resolution
of about 9,000 pixels and the angle of view of 54 degrees. In
addition, it can transmit the 40W laser energy with a focal
length of 10 mm. Clinically, the composite-type optical fiber
scope, if mounted on our multi-DOF robotic manipulator, is
supposed feasible for much more accurate identification and
coagulation of the target placental vessels responsible for
TTTS pathophysiology. Our current state of the art will be
presented in detail along with basic test results.

Keywords— Laser forceps, Fetal surgical treatment,
Composite-type optical fiberscope

1. INTRODUCTION

Treatment of fetal abnormalities such as twin-twin trans-
fusion syndrome (TTTS) and fetal myelomeningocele is
difficult and has limited effects after birth. Some cases
require fetal treatment, by fetoscopic surgical intervention.
However, as this treatment targets fetuses floating in the
small amniotic cavity, dramatic technological advance-
ments are necessary to functionally enhance current endo-
scopic surgical devices.

The following issues are given concretely; (1) Collimation
of a laser are not always enough to hit the targets precisely,
because the fetal endoscopic scanning axis is different from
that of optical fiber for laser irradiation, (2) It is difficult for

the laser focus to agree with the targets well, because we do
not measure a distance between the laser tip and the object
definitely. (3) Excessive cauterization is always the risk
because the laser energy required for sufficient cauteriza-
tion are not accurately measured in advance. and (4) occa-
sionally we cannot access some placental surface areas,
because our straight and rigid fetoscope cannot be me-
chanically bent.

On the other hand, technological developments have
been achieved at the Japan Atomic Energy Agency (JAEA)
for remote maintenance as required by International Ther-
monuclear Experimental Reactor (ITER)[1]. Based on our
accomplishments, the composite-type optical fiber technol-
ogy was developed, which could transmit laser energy and
images for observation in parallel. Now, using the compos-
ite-type optical fiber, we are aiming to develop a new de-
vice for TTTS laser surgery that is "flexible and extra-fine-
diameter endoscope equipped with a laser transmitting
function”.

This paper presents its design and feasibility test results.

1. COMPOSITE-TYPE OPTICAL FIBER

JAEA has developed a tool used in the cooling pipes at-
tached to major structures inside the TTER{2]. This tool can
access the pipe wall (internal diameter of 100 mm) from
inside, then it bends to weld, cut, and inspect inside branch
pipes (internal diameter of 50 mm). Because the tool for
welding and cutting needs to access inside the pipe to carry
out inspection and repair at any location, sufficient power
must be transmitted to the target site. A confirmation proc-
ess is also necessary before and after welding and cutting as
well as during the process. Since the processes of welding
and cutting are performed on the inner surface of the pipes,
visual inspection is extremely difficult. To observe the
status of the welding and cutting processes before, during
and after the processes inside the small pipes with limited
space, JAEA has developed a composite-type optical fiber
system shown in Fig.1. This system performs the processes
of welding, cutting, and observation using a multi-
functional optical fiber and lens optics system, while ena-
bling parallel transmission of the observation images and a
1 kW YAG laser beam(3]. Characteristics of this system are
as follows; (1) Fibers for laser induction and image trans-
mission are integrated into the same axis, (2) Separation
and integration of laser light (wavelength of 1064 nm) and
images (wavelength of 400~780 nm) are capable.
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Extra fine optical fiber for image YAG laser YAGélaser
transmission (15,000 pixels) TV Monitor Images*}

Optical fiber for laser
transmission (one unit)
Composite-type
optical fiber
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camera /

Refiection for
laser beam
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Optical fibers for image transmission
(99 pm/fiber, 15,000 fibers)

One optical fiber is capable of
parallel transmission of 1 kW
YAG laser light and images.

Transmission efficiency:
Over 92% of 1 kW of laser
energy can be transmitted.

—

Optical fiber for laser transmission
| (¢0.7 mm, 1 fiber) j

Fig.1 The composite-type optical fiber system (patented) capable of
parallel transmission of laser light and image (A large lens was at-
tached to the tip of the composite-type optical fiber, and an image was
taken under external illumination.)

This composite-type optical fiber is capable for processes
other than remote maintenance of ITER, and possible appli-
cations in diverse fields have been studied.

In this paper, we are hoping to contribute for the fetal
treatment by developing the new device with using this
technology.

111. NEW DEVICE FOR FETAL TREATMENT

In this study, we utilized our experiences and technologies,
and have developed a flexible and extra-fine-diameter en-
doscopic device having a laser irradiation function. To
develop the device, there were following issues; (1) Devel-
opment of a composite-type optical fiber scope of the al-
lowable diameter for the use in utero, (2) Development of a
device which can transmit laser beam with a narrow spot
diameter, (3) Development of a coupling device for trans-
mission / distribution of laser light and object images.

(1) Composite-type optical fiberscope

Based on our experiences of welding / cutting by the YAG
laser light, the diameter of an optical fiber core to transmit
high output laser of several kW needs to be around ¢0.7mm
to transmit the collected lasers from a laser oscillator to an
optical fiber. Tn addition, the optical fiberscope for observa-
tion should have around 2,000-20,000 pixels to ensure a
field of vision. In consideration of these conditions, we
designed and developed the fiberscope as follows.

An optical fiber for laser transmission was designed as
thin as ¢0.1mm, because minimum laser output of around
40W is necessary for treatment in utero. About a lens at-
tached to a tip of optical fiber, we developed a small lens

N
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which can collect laser beam and obtain an image at the
same time. Furthermore, optical fibers for illumination were
placed surrounding the optic fiber for laser transmission.
The total outer diameter was designed for the use in utero.

The specifications of the newly developed composite-type
optical fiberscope are shown in Table 1 and Fig.2.

Table 1 Specifications of the composite-type optical fiberscope

Item Specification

Core diameter for laser About 100um

Cladding surface diameter for laser ~ About 120um

Core materials A quartz glass

Cladding materials A quartz glass

The number of the picture element About 9,000

An angle of view About 54 degrees

Materials of an object lens A quartz glass

A total external diameter of a scope  $2.2mm

(a flexible part)

Full length of a scope 3m

Flexibility of a scope Smallest bending radius of

(a flexible part) 45mm

Waterproofing A tip is a waterproofing
structure

Disinfection processing EOG sterjlization is capable

Lens (laser irradiation from the center)

Lens for cover .
(b) Side view
Fig.2 The tip of the composite-type optical fiberscope

(2) Laser source

A laser spot produced by a laser oscillator cannot be con-
densed to a smaller spot. Therefore, a laser source with a
good condensing performance is necessary as to condense a
laser beam to the laser fiber of the composite-type optical
fiberscope mentioned above. In other words, a laser source
is necessary with a laser spot diameter smaller than the
optical fiber diameter of ¢0.1mm for laser transmission of
composite-type optical fiberscope. For this reason, we se-
lected a fiber-laser having a wavelength of 1,075nm, not a
conventional Nd:YAG laser oscillator having a wavelength
of 1,064nm. The selected fiber-laser can collect the laser
beam to the diameter of the optical fiber of ¢0.1mm, be-
cause the minimum diameter of the laser spot condensed
with the fiber-laser is $0.05mm. In addition, a power supply
is 100V-20A and laser output of SOW is capable, which is
sufficient under normal operation environment.

(3) Coupling device

In order to collect the laser beam from the laser source and
transmit a laser to a composite-type optical fiberscope, a
coupling device was developed. This coupling device is
composed of a beam splitter which can transmit a visible
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light of wavelength 400-780nm and reflect the fiber-laser of
wavelength 1,075nm. Fine adjustment mechanisms were
installed in each optical system to maintain precise connec-
tions in its interface. The imaging system was composed
with a condenser system, a dielectric multi-layer coated
mirror, and an imaging lens. Each optical component has an
anti-reflection (AR) coat. A CCD camera for imaging was
1/4 inches digital color camera. Its image signal is NTSC
signal output with a BNC connector.

TV. PERFORMANCE TESTS

The devices mentioned above were installed in a 19 inches
rack of Japanese Industrial Standards. Fig.3 shows the
whole setup with all devices necessary for composite-type
optical fiberscope. A prototype of the composite-type opti-
cal fiberscope (named Tainai-LaMiel) was successfully
developed for prenatal surgical treatment and we carried
out feasibility tests.

Light ource fol illumination

Composite-type optical
fiberscope
Fig.3 Newly developed composite-type optical fiberscope system
(named Tainai-LaMiel)

4(énlarged view)

(1) Laser irradiation test

The laser beam was transmitted to the composite-type op-
tical fiber scope and the phases of cauterization is shown in
Fig.4. The test conditions were that the scope's tip was kept
10mm away from a color chart paper in the air and the laser
beam of 3W at the scope’s tip was irradiated for two sec-
onds. The tests demonstrated that the device can perform
observation and cauterization of an object simultaneously.

Before During irradiation

After

A 4

Fig.4 Laser irradiation test on a color chart paper

(2) Laser transmission efficiency test

Laser beam was transmitted to the composite-type optical
fiberscope through the coupling device, and then the power
efficiency of the laser transmission was measured between
the laser source and the composite-type optical fiberscope
when the laser source output was set at a range of 10-90%.
A power sensor (LM-100HTD ,COHERENT JAPAN Inc.)
and an energy meter (Field Master-GS, COHERENT
JAPAN Inc.) were used for measurement of laser output.
Table 2 shows the test resuits.

When the output of the laser source was set at 55W (set-
ting point of 90%) and the laser was transmitted to the
composite-type optical fiberscope through the coupling
device, the laser output of 46W was confirmed at the tip of
the composite-type optical fiberscope. The transmission
efficiency was therefore 83.6%. For the output setting
points of 10-90% at the laser source, the average of 84.7%
transmission efficiency was obtained.

Table 2 Laser transmission efficiency of the composite-type optical fiber-
scope

Output from the composite-type

Output from laser source optical fiberscope tip
Set-point (%)  Power (W) Power (W)  Efficiency (%)
10 0.72 0.60 83.3
20 7.07 6.0 853
30 13.7 11.8 86.1
40 20.6 176 854
50 274 234 854
60 34.2 29.1 85.1
70 412 349 84.7
80 48.0 40.1 83.5
90 55.0 46.0 83.6

(3) Comparison test

We carried out the cauterization performance test to com-
pare the composite-type optical fiberscope (a quartz lens at
the tip) to a normal laser fiber usually used in fetal surgical
operations (diameter of ¢0.6mm, without a lens at the tip).
We used a resected liver of a pig as an irradiation object.
The laser power at the laser fiber tip was changed at the
range of 10, 20, 30, 40W, and distance between the tip and
the object was changed at the range of 5, 10, 15, 20mm, and
then the burnt areas were observed. We carried out the tests
in the water tank filled with physiological saline kept at a
temperature of 37 degrees to simulate intrauterine environ-
ment.

Fig.5 shows the relations between the distance from fiber
tip to the target and the diameter of the burnt area of pig
liver using the normal laser fiber at several conditions of
laser output. The burnt size was measured with a micro-
scope.

From the measurement results, we found that a cauterized
area greatly changes according to the laser output. The
burnt depth, not described in the figure, showed the same
tendency. Since the surface of the pig liver intensely burst
in the case of 40W output at the distance of Smm, careful
setting of the Jaser output parameter is necessary in a real
operation.



Fig.6 shows the relations between the distance from fiber
tip to the target and the diameter of the burnt area of pig
liver using the composite-type optical fiberscope at several
conditions of laser output. The test results showed that the
diameter of the cauterized area at the distance of 10mm, did
not change according to the laser output change, and the
stable cauterization was always achieved. In addition, it
became clear that the cauterization performance extremely
decreased when distance was over 10mm. Because the focal
length of the lens attached to the tip was designed 10mm,
the laser beam is spread when the distance to the object is
over the laser focal length. In other words, we can secure
safety for inadequate positioning of the fiberscope.
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Fig.5 Result of laser cauterization test by the normal optical
fiber ($0.6mm).
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Fig.6 Result of laser cauterization test by the composite-type
optical fiberscope.
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V. CONCLUSIONS

We successfully developed a composite-type optical fi-
berscope with outer diameter of $2.2mm. A quartz lens was
installed at the tip of this fiberscope. The fiberscope has the
image resolution of about 9,000 pixels and the angle of
view is 54 degrees. In addition, the fiberscope can transmit
laser energy of more than 40W at the focal length of 10mm.
As the results of fundamental feasibility tests, the laser
beam collection was sufficient and the depth of focus was
kept constant. On the other hand, the cauterization showed
best performance at the focal area (focal length = 10mm).
In addition, cauterization performance decreased at those
points off the focus resulting in safe and efficient operation.

In the future, the composite-type optical fiberscope will be
mounted on a freely-bending robotic manipulator(4] in
order to move the fiberscope freely in the uterus.
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Fetus Supporting Flexible Manipulator for Endoscopic Fetal Surgery

Hongen L1ao," Hirokazu Suzukr,** Kiyoshi MATSUMIYA**
Ken MasaMuNg,** Takeyoshi Dour,** Toshio CHsa***

Abstract

Minimally invasive endoscopic fetal surgery enables intrauterine intervention with smaller risk to

the mother and fetus. We designed and fabricated a prototype of a fetus-supporting manipulator equipped with
flexible bending/curving mechanisms and a soft balloon-based stabilizer to prevent the fetus from free-floating
during endoscopic intrauterine surgery. The manipulator enables the stabilizer to reach the target sites within
the uterus under ultrasound guidance. The balloon-based stabilizer can be inserted into the uterus from a small
incision. The experiments using a fetus model show that the manipulator is well controlled using ultrasound guid-
ance, and its curving mechanism and balloon-based stabilizer are clearly visible when implementing fetus

support.

Keywords: Fetal surgery, stabilizer, manipulator, ultrasound guidance.

1. & U & I

TEIREICRET 2RED—DI2, BHMEBEEISITLN
5. FHHEREIEEREOPBEMEOFHT, EEETH
REVHSE TR SN TR ShOERI-EHT 2
EBTHE. AARTIE, 3000 A2 1 ADEETRIET 2
A1), % FHT5BHT, REHICBEHI TP
TVLDH—FITH 5 [2-3].

FAERCH L TERIATHOR LD, BEEESE L O
HHEM (CSF: Cerebrospinal fluid) DEEE - B4 - RILD
EEVBC AR HEEIET LTV BBETHY, ZoOFH
W, PREBEREOLEL VS L ik, BRETHEIUR
FIHEREDBTEXBME L b D TH2, KBEL LT,
ZOFHTIE, CSFBROBEIZ X 5 /KEASEAES

FHRETHY ORI A 2006 %E (200649 8 , 8
2006 £ 7 A 26 BZfF, 20064 10 B 31 kT
Received July 26, 2006 ; revised October 31, 2006.
"HEEAEAZERISIAWER
Graduate School of Engineering, the University of Tokyo
P HEEKEAERERET LA
Graduate School of Information Science and Technology,
the University of Tokyo
ENKEER Y § — SRR
Department of Strategic Medicine, National Center for
Child Health and Development

WRICHEEL, WEBES ¥~ MO LESIBEMT
5.

INEIHBIC, BETObA TV AIERHOREEEEE
ROBEMR, BIE 19~ 25 BOBRAHKRE LTS
72, PRMEBRECKEEESBRITNICKETES. 20
BEELTEZONDLZ Lid, BIBMOEEBENE S
ENBILITHDE. T/, MERBIIHEEEI LY UL
PEFTL TV, BBRRMEEAGOIYTIS4 T
A - TEREYPEC, REROMBLHENET 2V LA
EMBEROBEREIERENTVWEEE L 5N [4).

ERDBIRFMEL, BAEBEEFEWEICTITbNLS
2%, BRNOBEMAFEECFRTHY, F-HHEETS
DHEETH VEEE 2o T 5 (4],

TITEE, BREABETORBUEFHIZEI LT
2%, FEURATOFRRABZZOFRIIED CHETD
5(5]. EOMBOVE DI, KEIZIBRAIEELTWD
VI EPBITOND, FOBREL LT, BEYFHH
CRELZZDBEORARNELLNS. £ITHELELT
&, A7 ¥ L R8O Fetal Stabilizer 2HITo N 5[6]. =
DEzEAZ, BEAIETIBI, BEZESICEZLTY

LD, BRILEREES 5 EZONE. I, BE

Tid, REEHABSIER VS A FLERESNT VA
(7], BRGERTCOREBEENIAZLEL26NE. 2
TAETIE, ARETEFRLZITOIBICBRREZ R8RS



(644) EHETSY #E45 (20065 12 A)

Ly Bw=tal—y%B%L, ZOAMBEFMET 5.
2. BEEIHE

2.1 BRIZHE

BIRREET 5 M, NRETCHFHBREZFHRT
BB, BROSEABEHNE, FREARCEDLIL
D, ZOBIC, BRA~OEBLEHEMG TP CRIEY
kHbhb.
%%@%iﬁ%%iéubth,ifﬁ,%ﬁﬁuﬁﬁ
%%Ewﬁﬁéziéﬁﬁﬁ&é.%E%%%K?ﬁ?é
DI, HHIE19 ~ 25 B2EME ERTWw5. BROKER
#5000 SEEH0cm, £LT, FRERIHS00mT
56.L#L%%Kd,ﬁ%ﬁﬁ#&b&ékﬁﬁt,ﬁ
%%ﬁ?%%ﬁuu,&ﬁtwﬁaogﬁﬁané.Eﬁ
%%®$$EM%<®%6,?ﬁﬁ%t@ofwéﬁ,%
5&&@%%?%§ﬁﬂ%f&5.im@&%?u,%E
WKEE@EK%M%%&ELT,%ﬁuﬁ@&éu%%
+ 5 LATERTH S (8], '

2.2 BBEEFHICHTIERLE

BB D EEISIERS EER £ 1T ) B, RRIBICH LE
ﬁ&wtﬁﬂﬁ%&&#%f%ié.ﬁofzwlbtﬁ
£2F-TH, BEFEELZCLBBLEZVE)CHEE
HIRRLS B A%tk b.

Myelomeningocele Center of balance

o

Suggested points for fetus support

1 BBROTIRES
Fig. 1 Points for fetus non-compressing support.

manipulator

4!5‘&5;7
placenta

@Eéﬁ&wtbnﬁ,%%E%ﬁuﬁbf,ﬁﬁ%i
i,%%ﬁﬁﬁ-@iénfwﬁﬁn&&%&w.%@t
buu,%E@E%E%%%EL,%%%%Eﬁ%iié
BENDD.

TG 2AREET AL, REOHE, OEBICHITT,
E@#B%&Kiﬁ?%:kﬁ*b%ﬁé(ﬁl%

2.3 BAREZIHRE

Lﬁwﬁﬁéﬁtiﬁ%kbf,F—fvﬂt@%ﬁﬂ
Ve v RRA LS. EEHEBHSELET, SV—YD
T%Lf%%wﬁﬁ%mwﬁﬁtl5%%%@%%?0
o, FHREZFHIFTRE 2D,

S— v HRORAIZ, ASWEAOPSFEANEA
Lf%,%%«mﬁmﬁﬁéﬁﬁKQMTééck#ké
&ﬂﬁféé.it,ﬂw—yuéﬂﬁﬁméﬁlbf@
%i%%wf&nw,Aw—yﬁﬁ@Lf%%E«@%@
BhhrwnwtELONS.

s F—F U BRIV — VI X W EREIRT 2 TR
%ﬁ?étbuu,Aw~y®Eﬁﬁﬁiwﬁw—>®ﬁ
kE%I%Téﬁﬁﬁﬁé.%:ﬁ,ﬁﬁ%t@%%%%
ﬁﬁovzelv—y%%%Lt.ﬂ%%nu,ﬂzu%
1;5K,F—fv%ﬁﬂw—ywﬁ%ﬁ%mﬁﬂﬁﬁb
TWABETHS.

:@%%ﬁ%%ﬂ%ﬁ%ikfwéﬁ%%ﬂ3KﬁT.

N

Manipulator

Balloon

Bending unit

Curving unit

2 MERDOISV— 2 EWT bR RRE
Fig. 2 Round-shaped balloon for fetus support.

manipulator

head

arm

(b)

3 BREZAL-VIZTTHLY X2 HEER. (2 VB ERAF XY RAE (b YRR ERMrHRH
Fig. 3 Fetus supported by a balloon-based flexible manipulator. {a)Viewed from left side. (b)Viewed from the head.




B BRI, BRFMICBIAEIH 2L — S OHE (645)

RER OB B & BT Z NV — UK RT B
Z2oTEBY, BHEEI S SV—VIZIAFEHEESI 2 WEET
»55.

24 BRROFFZIEEIE

B3 RLAEBh, BREOHBHNS X UCRBEFHES
V=TT IRL2oTED, BHII V-2 kg
ZEFTLEBEZT2VEEIC 2. ZOBEOEAEIE
ZUTOR 4127,

ETOERBIZBWT, BERF A FEEVLhE, 8
2, FEE»POY-Y 2L — Y2 EROCEATS (”
4a). ZORB, BRCPEFEOBEZBITZNOEATS.
SEDFEE~OEME BT LN BHBS % Bl L5
(H4b). #L T, BREXFL) aBII<=¥alL—¥
eBESELN, COBRBEHBERELOOBEEZTH
POXZHMEF CRERERHB LTV, 208, &Y
ZUETV—-U2ES 8, BROIHERTS (H4c).

Backbone

Manipulator

Amniotic

Abdomen fluid
(a)

3. EXHvEailL—4

3.1 AT LRBMEG

JEREXF VAT AEMMEEZR S IZRT. VAT A,
FXFeCal -4, fiEzY v u—35, BEESW
EEDIONLRA, w=VPal—%, BEOEIZLY
AL, BEES FTCEYRUBICEHRLERE, B
ghad, "Vv-Y2BOFLCRIESZXZRTS.
BREFIELDATV23BEIR, BEEES5mm BUTT
Hb., LrLieds, FHETREEBOERIULIZRE
BE2ERL, "V—C2BLERE-00F2—T%8T
FRANVEETAEEZ6mm D) Y EBBER+ $TEE
7.

T, Va2 oEmEk, REORSBEE (1S
~20cm) IZHIEL, EE10cm BED V- L7253 15
M EBEOESIEDEE 2 5.

Uterine wall

mechanism Balloon

(c)

B4 REIBY=Val - OHEAFIE. BEBESA FTTFER~OEALTS. (a)v=Val—2 2 EHHIHEATS. (b)

YIVal -5 OEBERESEBEERTSEIL bO—0 Ladb, BRELZEZ I BERICEILEE5. (¢ IRIBOTEIZ) <
BRETELRAT, "V—r2BoIEsRBYRELEET2
Fig. 4 Fetussupported by a balloon-based flexible manipulator using ultrasound guidance. The insertion procedures shown in( a }-
(c): (a)Insert the manipulator straightly. ( b)Bend and adjust the curving mechanism to an optimal position. ( ¢ ) Inflate
the balloon and optimally stabilize the fetus from underneath.

Intra-operative information |
Ultrasound system US image, endoscope, )

o
(o

Patient Manipulator 548 < Surgeon
? Endosgee .
us
H Controller Syringe
Image =INE
=}

5 AEETREFHICBIIATVY2L -7 327 2BRE
Fig. 5 Fetus support manipulator system for intrauterine surgery.
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Fig. 8 Linkage mechanism. (a )Initial position of the linkage. (b )Ax movement of Link 1 results in the bending angle 6 of Link 3.

(¢ )Coordination of each pin joint of the linkage mechanism.
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ing manipulator and inflated balloon. ( ¢ ) Fetus model and manipulator. (d) The manipulator and curving mechanism ob-

served underneath the fetus model.
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