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Abstract

Purpose. To design an endoscopic manipulator for fetal
surgery. The viscoelastic properties of fetal skin were
estimated from both the viewpoint of mechanical struc-
ture and data collection for controlling the device.
Methods. The skin of fetal Wistar rat (19.5 days old) was
set on a rheometer and the relationship between stress
and strain was examined. Morphological damage was
assessed histologically.

Results. The stress-strain curve was nonlinear and sig-
moidal throughout the process. The skin fracture point
was estimated to be over 4kPa. After multiple chal-
lenges of low-level loading under 150Pa, the curve
showed no detectable change due to mechanical fatigue.
Histologically, the basement membrane was not dam-
aged even at the fracture point; however, severe dam-
age to the dermis was observed.

Conclusion. The viscoelastic properties of the fetal rat
skin were mainly caused by the dermis and the value of
the shear stress that causes skin fracture was estimated
to be 4kPa. To design a robotic stabilizer, limit of
mechanical loading was thus tentatively set at 400 Pa,
with a 1/10 fracture point.

Key words Rat - Fetal surgery - Skin - Robot - Endo-
scopic surgery

Introduction

Recent technological progress in prenatal diagnoses~
such as obstetrical ultrasonic diagnosis has led to further
innovations in the medical technology related to fetal
surgery.>® Myelomeningocele is one promising target
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condition that lends itself to fetal surgery because the
disease is usually a simple malformation without any
other serious complications including genetic muta-
tions, and surgical treatment during the fetal stage can
result in a marked improvement in the quality of life
(QOL) after birth. Conventional surgery for fetuses
under a laparotomy has several undesirable aspects,
such as an increased risk of massive hemorrhaging, dif-
ficulty in controlling the fetal body temperature, the
need for special anesthetic care, and fetal anemia or
congestion due to the occlusion of the umbilical vessels.

As a result, a new surgical procedure, namely endo-
scopic robot surgery, has attracted attention because
this technique can allow us to overcome some of the
disadvantages of conventional surgery. For example,
the da Vinci surgical system is able to replace certain
types of surgical procedures. Generally, the robot ma-
nipulator consists of three parts, i.e., the operator site
(master), the interface, and the operating site (slave)
(Fig. 1). The roles of interface are (1) to transmit the
operator’s movement to the point of action, (2) to con-
vey the position of the instrument by a sensory feedback
mechanism, and (3) to intercept an excessive load.
Therefore, the physiological data input to the interface
is indispensable when constructing a robotic surgical
device. As a final goal, data accumulation will allow us
to optimize the slave movement regardless of the
operator’s handling.

So far, there have been no trials to develop endo-
scopic surgical apparatuses specifically for fetal surgery.
Besides the size and fragility of the fetus, other difficul-
ties for designing the apparatus are as follows: (1) the
fetus is floating in uterine amniotic fluid and thus is hard
to keep in place, (2) unlike ordinary endoscopy, the
operating field is in liquid, (3) surgical devices such as
the electric scalpel and ultrasonic scalpel cannot be
used, (4) the insertion point of the manipulator is lim-
ited by the position of the placenta, and (5) the visual
field of the endoscope is unclear in the stagnant intrau-
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Fig. 1. Overview of the robotic surgery system. This system consists of a master controller, interface, and a slave mampulator
Input from the master controller is fed to the slave manipulator through the interface
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terine amniotic fluid. Among these points, devising a
proper holding technique is considered to be the most
important factor, not only for designing the operating
slave site but also for constructing an appropriate inter-
face program.

The aim of this study was to construct a holding sys-
tem for the fetal operating field and also to evaluate the
mechanical fragility of fetal tissue, i.e., the stress—strain
response of the skin. Based on the present data, we
herein propose a safety range of surgical stress to fix the
operating position and dynamical model of fetal skin
tissue.

Materials and Methods

Animals and Fetal Skin Sampling

Both male and female Wistar rats (specific pathogen-
free grade) were purchased from Japan Clea (Tokyo,
Japan) and mated in our animal facility. Impregnation
was confirmed by a smear test. In all experiments, 19.5-
day fetuses were used because the rat fetal age of 19.5
days is equivalent to a human fetal age of 20-25 weeks,
the time at which fetal surgery is normally performed,
according to Witschi’s stage classification.’® After
fetuses were taken out by cesarian section under ether
anesthesia and decapitated, full-thickness dorsal skin
samples (8 x 8mm) were cut and stored at 0°C in ice
until analysis. The range of the storage times was ap-
proximately 2-6h. In one experiment, the skins from
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Fig. 2A,B. Outline of the creep test. A
Rheometer. B Schematic illustration of
the creep test. The pressure of the geom-
etry plunger was 0.1 N (arrow a) and shear
stress was loaded from 50 to 4kPa by ro-
tating the plunger (arrow b) for 5min. The
time course change in the plunger move-
ment was recorded as strain

approximately 10 rat littermate fetuses were harvested
to use for each condition and the data from four
independent experiments were compiled. All experi-
mental procedures were performed according to our
institutional animal ethics guidelines, which are based
on those of the National Institutes of Health of the
USA.

Rheometer Analysis

A stress-strain experiment under constant stress, which
is called the “creep test” in technological terminology,
was performed by using a rheometer (AR-550; TA-
Instruments, New Castle, DE, USA) (Fig. 2A). Fetal rat
skin was placed on a piece of sandpaper on the speci-
men tray to fix the skin in position (Fig. 2B). The skin
was pressed by a geometry plunger (8 mm in diameter)
to 0.1N (Newton), and shear stress was loaded gradu-
ally for Smin for 50Pa to 4kPa by rotating the plunger
and evaluating the strain as a ratio of rotation displace-
ment / full circumference. After loading, the shear siress
was released and the residual strain was recorded after
5min following the release of the load. The maximal
strain and the residual strain were determined as shown
in Fig. 4A.

Histological Examination

Skin samples were fixed with neutralized formalin
and microscopic sections were stained with
hematoxylin—eosin.
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Results

Growth of Rat Fetus

The implantation of rat embryo occurs 5 days after
fertilization and the gestational period is around 22.5
days.*® Figure 3 shows the growth of fetal craniocaudal
length and body weight in our animal experiment. The
rats were delivered 22.5 days after the day of mating.
The craniocaudal length and body weight at the time of
delivery were 44.1 + 1.43mm and 5.44 + 0.29g, respec-
tively. In this experiment, we took skin from day-19.5
fetuses, since this gestational age is equivalent to 20-25
weeks of human gestational age.® The craniocaudal
length and body weight on day 19.5 were 27.0 + 1.37 mm
and 1.95 + 0.08 g, respectively, and the ratios to the full-
term rats were 61.4% and 35.8%, respectively.

Stress and Strain Curve by Creep Test

A typical time-course curve of the strain change is
shown in Fig. 4A. Approximately during the first
second, the strain rose rapidly to a particular level (ap-
proximately 1/3 of the maximal strain) depending on the
elasticity of the sample due to the initial elastic potential
of the skin and then, after a brief oscillation period
(~6s) (Fig. 4B), the value increased logarithmically. The
maximal strain was defined expediently as the value at
Smin after the start of loading, which corresponded to
the point when the equilibrium of strain was approxi-
mately attained (Fig. 4A). After the release of stress,
the strain decreased logarithmically during the recovery
stage and then converged to the residual strain, thereby
indicating the degree of irreversible change of skin after
stress loading. Based on the time-course curve of strain,
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Fig. 3. Growth curve of the rat fetus in body weight (dia-
monds) and craniocaudal length (squares). The data were ob-
tained in 15-20 fetuses from 3—4 pregnant rats
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the mechanical-dynamical model shown in Fig. 4C was
plotted. The skin model is composed of springs (elastic-
ity) and dumpers (viscosity) connected serially and in
parallel.

The relationship between stress and maximal strain is
shown in Fig. SA. Three independent experiments were
performed up to a fracture point and the maximal and
residual strain was plotted. A nonlinear sigmoidal rela-
tionship was observed throughout the process and the
curves were similar. The skin fracture point was re-
vealed by the skidding of the plunger and was estimated
to be approximately 4kPa, i.e., 4g per cm?, the value of
which is approximately equivalent to the power needed
to penetrate 10% soft gelatin by a finger (preliminary
observation, not shown).

Figure 5B shows a plot of strain as a function of the
repeated loading of shear stress. Closed circles denote
the maximal strain and open circles residual strain. The
standard deviation (SD) of five measurements for each

A Maximal
&« Strain

Strain

Residual
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Fig. 4A—C, Stress-strain curve of fetal rat skin. A Typical
time course change of strain in the creep test. The sample was
loaded with a constant load of 100Pa of shear stress for Smin,
and then was released for Smin. B Magnification of the initial
change (area within circle in A). The maximal point at the end
of Smin stress loading and residual strain after Smin release
were recorded. C The mechanical-dynamical model was
drawn based on the stress—strain relationship. The skin model
is composed of springs (S) (elasticity) and dumpers (D)
(viscosity).
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Fig. SA,B. The relationship between shear stress and strain.
A The mean maximal strain (closed circle) and residual strain
(open circle) obtained from three independent experiments
were plotted. The bars indicate SD. B The strain values when
skin was loaded repeatedly (five times) with the same shear
stress. The tespective strain values were plotted (maximal
strain, closed circle; residual strain, open circle). The bars indi-
cated the mean + SD

of the two strains was not greater than the individual
variations of skins from different fetuses. For instance,
the SD of maximal strain in repeated experiments was
not greater than the deviation of the individual speci-
men difference (0.215, 0.255, 0.354 vs 0.348, 0.865, 1.353
at 50, 100, 150 Pa, respectively), ie., the shear stress of
the putative safety range did not induce mechanical
fatigue in the skin. The same tendency was observed
with residual strain.

Histological Observations of the Fetal Skin After
Mechanical Stress

Microscopic studies of fractured skin are shown in
Fig. 6. Unlike intact skin (Fig. 6A), there were cracks in
the epidermis (arrows in Fig. 6B). However, most of the
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basal layer remained intact even beneath the damaged
area (arrowhead in Fig. 6B). The damage in the dermis
was much more severe than in the epidermis (Fig. 6C).
Figure 6D shows the skin after five times of repeated
loading of 150 Pa. There was no observable histological
change, which was consistent with the lack of evidence
of mechanical fatigue as shown in Fig. 5B.

Discussion

To develop microsurgical manipulators, it is important
to input the data regarding the response of soft tissue
against the surgical procedure as well as to design the
device hardware. In a classical macroscopic operation,
device control depends upon the operator’s senses,
based on direct feedback from the point of action. As a
result, the improvement was mainly concerned with
morphological design. However, a microscopic opera-
tion such as endoscopic surgery needs a programmed
regulation that is independent from human sensing. In -
other words, artificial feedback from the manipulator is
necessary for the smooth and harmonized movement
by the operator. The present experiments provided
the basic data for the establishment of manipulator
regulation.

In humans, the body length and weight at weeks 20—
25 as a percentage of those of newborn infants just after
delivery are 56.4%-64.0% and 19.7%~21.7%," respec-
tively, thus suggesting that the 19.5-day fetus is a rea-
sonable choice for the period of gestation.

The operation for myelomeningocele needs highly
careful techniques to retain, exfoliate, cut, and suture
soft fetal tissues,'!® and the introduction of robotic
surgery will lead to invaluable innovations in this treat-
ment. So far, most investigators have determined the
elasticity of soft tissue in order to estimate morphologic
change. In the present report, we evaluated not only the
dynamics but also the histological changes caused by the
viscoelastic properties of fetal skin. Viscosity differs
from elasticity in that it includes the factor of time and,
therefore, we used a rheometer instead of a simple
tension tester.

Moreover, a histological examination revealed-that
the viscoelastic response was mainly caused by the der-
mis, and not the epidermis in nature. Interestingly, the
basement membrane, the epidermal stem cell layer, re-
mained almost completely intact even after the loading
of fracture-level stress, thus suggesting that the regen-
erative activity is restored. It has been postulated that
the dynamic response of soft tissue such as the skin
consists of elasticity and viscosity.?* Since the dermis is
composed of collagen fibers and elastic fibers, these two
different physical properties result in a complex re-
sponse against shear stress, as indicated in the strain
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curve. Based on the present data, we herein propose
an original mechanical-dynamical model which is com-
posed of springs and buffers (Fig. 4C); however, the
biological elements responsible for elasticity and viscos-
ity remain to be elucidated.

A key principle in any surgical procedure is to avoid
the crushing and grinding of the tissue. Since the fetus is
floating in amniotic fluid in the uterus and is thus hard
to hold in position, the retention of the fetus or the
operation area should be ensured to achieve effective
surgical treatment. Therefore, the present data will be
useful for designing a stabilization system. The skin did
not show the strain change with multiple stress chal-
lenge of low-range stress. Judging from the proposed
mechanical-dynamical model (Fig. 4C), the stress—
strain relationship is exponential rather than linear,
and the safety limit was set up at a 1/10 fracture point
at present, but further precise considerations are called
for. According to our preliminary experiments, the frac-
ture point was equivalent to the force which caused
irreversible change to 10% gelatin. It is therefore likely
that the nondamaging retention of the fetus is attainable
inside the tentative safety range.

To develop a robotic manipulator as shown in
Fig. 1, there remain mechanical difficulties to overcome,
For instance, some hinges must turn more than 90° to
work in the narrow in-utero space and the material
should be compatible with other medical tools, such as
those used in such as magnetic resonance imaging.
The present data on fetal skin should enable us to
design and develop appropriate tools for necessary skin
manipulations.
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Fig. 6A-D. Histological observation
of the fractured fetal rat skin after the
creep test. A Normal fetal skin. B Skin
fractured with 4kPa of shear stress
loading. Spotty damage was seen in
the epidermis (arrows). In spite of the
intense damage to the epidermis, the
basal lamina remained intact (arrow-
head). C Fractured dermis. The dam-
age was much more severe in the
epidermis. D Skin after five repeated
loadings of 150Pa. There was no ob-
servable change. Original magnifi-
cation: A x100; B x40; C x200; D x100
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In this report, we propose newly devised surgical assis-
tance for endoscopic fetal surgery using a micro ma-
nipulator and a new forceps navigation system. For
this purpose, we fabricated a prototype of a micro
manipulator 2.4mm in diameter. The manipulator on
which a laser fiber is mounted bends in any direction
using ball joints driven by four wires. We also devel-
oped a forceps navigation system in which computer
graphics can indicate forceps positions even when they
stay outside the endoscopic view. This navigation is ex-
pected to make endoscopic surgery much more feasi-
ble.

Keywords: surgical robot, fetal surgery, safety, naviga-
tion

1. Introduction

The recent advances in prenatal diagnosis have made
more accurate identification of fetuses with treatable ab-
normalities [1,2]. Fetal treatment is particularly justified
for diseases which probably deteriorate in utero if un-
treated prenatally. Fetal surgery is expected to less expen-
sively improve the perinatal/life-long prognosis of those
affected infants. Historically, interventional procedures
for fetal surgery initially focused on open surgical tech-
niques which include invasive maternal laparotomy and
hysterotomy. Fetoscopic surgery has been increasingly
introduced since 1980 in the hope that less invasive pro-
cedure might improve therapeutic outcomes with shorter
hospital stay and smaller expenses [3]. However, under-
water use of conventional surgical instruments with re-
stricted fetoscopic views and 2-dimentional sonographic
navigation imposes varied technical difficulties including
floating fetuses, low operability of surgical instruments,
limited intrauterine perspective, and extreme vulnerabil-
ity or fragility of fetal tissues. We propose an innovative
surgical assistance for endoscopic achievement of less in-
vasive and more accurate fetal surgery. Our newly inte-
grated in utero surgery system is based on a bending ma-
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nipulator for laser tissue ablation and a forceps navigator
using computer graphics (CG).

2. Intrauterine Fetal Surgery

2.1. Goals

Our research goals are to develop safer and faster op-
erative procedures for laser photocoagulation of placen-
tal vessels in twin-twin transfusion syndrome (TTTS) [4]
and fetal repair of myelomeningocele (MMC) [5, 6]. Re-
portedly, TTTS is seen in 10-15% of monochorionic di-
amniotic twin pregnancies (single placenta and two am-
niotic sacs). Almost always, the monochorionic placenta
has communicating vessels between both twins and, in
TTTS, one twin (donor) and the other (recipient) share
abnormal net blood flow with resultant circulatory im-
balances as shown in Fig.l. The donor is accompa-
nied by significantly less renal blood supply resulting
in definitely decreased amniotic fluid (oligohydramnios),
whereas the recipient with frequent heart failure as well
as much increased renal blood flow presents with a large
amniotic fluid volume (polyhydramnios) ultrasonogfraph-
ically. Accordingly, without any prenatal treatment, both
twins are likely to die or have irreversible brain damages.
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Currently, an increasingly accepted treatment is laser co-
agulation of placental communicating vessels. Using a
single laser fiber mounted on a fetoscope, intrauterine
photocoagulation of responsible vessels is carried out on
the placental surface. When the placenta is located anteri-
orly (anterior placenta, 40%), an available window on the
maternal abdominal wall is occasionally quite limited to
avoid intraoperative placental injury. We propose a micro
manipulator that bends laser fiber freely inside the uterus
for treating TTTS with anterior placenta (Fig.2).
Myelomeningocele (MMC) is congenital anomaly hav-
ing spinal bone defects with open spinal canal. An in-
evitable prenatal injury to the exposed spinal code wors-
ens peri-/postnatal infant’s neurologic function with re-
sultant life-long disabilities including lower extremity
paralysis, dysuria, hydrocephalus (brain disorder). MMC
which is usually non life-threatening is one of the most
common birth defects. Surgical closure or patch cover-
age of the spinal defects during mid-gestation have been
expected the best way to alleviate postnatal disabilities.
Both open and fetoscopic surgeries have been clinically
attempted to prevent prenatal spinal cord damages. Here,
we propose further less invasive fetoscopic laser surgery
to cover the exposed spinal code by agglutinating a col-
lagen patch onto the fetal skin in a quick and water-tight
manner (Fig.3).
in Intrauterine Fetal

2.2. Technical Problems

Surgery
The technical problems unique to the intrauterine fetal
surgery exist in addition to problems in other forms of
minimally invasive surgery as follows [7]:

1) The fetus in the target gestation is very small (the
weight of 250-650g) and fragile.

2) A fetusis floating in amniotic fluid in the uterus with
unstable position and posture.

3) An available insertion window for surgical instru-
ments’ insertion depends on the location of the pla-
centa and the allowable space for instruments’ move-
ment within the uterus is limited.

4) The endoscopic view is unclear due to the physiolog-
ically cloudy amniotic fluid.

5) The performance of common surgical instruments,
such as an electric scalpel, is limited in amniotic
fluid.

6) Stimulus to the uterus or fetus could lead to prema-
ture delivery.

7) A flaccid uterus under anesthesia is always at risk of
massive bleeding.

8) The mother under surgical operation is also at risk of
infection and a lost next chance of pregnancy.

9) The use of a thin fetoscope narrows the field of view
and makes it difficult to grasp the position of surgi-
cal instruments especially when they stay outside the
endoscopic view.

Fig. 2. Manipulator for intrauterine TTTS laser therapy.

Fig. 3. Open (left) and intrauterine (right) surgery for MMC.

2.3. Surgical Assistance for Intrauterine Fetal
Surgery

Many studies conducted to enhance the endoscopic
operability have led to some clinical commercialization
of surgical robots [8], and these robotic techniques are
expected to be introduced in minimally invasive fetal
surgery. Reports on experiments applying commercial
surgical robots to fetal animal surgery examined the feasi-
bility of robotic fetal surgery but encountered many prob-
lems [9, 10]. Commercial surgical robots of 5Smm or more
are too big for the fetal size and allowable surgical space.
One report found that although a surgical robot is costly
and requires long setup time, clinical outcomes differ lit-
tle between robotic and manual surgery. In addition, con-
ventional navigation systems are not available for a mo-
bile fetus and the resolution of intraoperative sonographic
images are too low to locate of instrument’s distal tip.
Our approach is to develop an inexpensive, handheld mi-
cro manipulator for dexterous manipulation and a forceps
navigation system to help surgeon grasp the surgical in-
struments’ position.

3. Micro Manipulator

3.1. Design

When an incision in the uterus is less than 3mm, it need
not sutured, since the contractive force of the uterus itself
closes the small hole unaided. A trocar directly inserted
into the uterus should have an outer diameter of 3mm or
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Fig. 4. Manipulator design (1: Ball with through hole, 2:
Bending components, 3: Part inserted into a pipe: Each part
of 2 and 3 has four holes for the wire path).

Fig. 5. Wire-pull length versus bending angle.

less, and then we designed a micro manipulator with an
outer diameter of 2.4mm. The designed manipulator has
two degrees of freedom (DOF) bending at its distal tip for
improved operability (Fig.4). Ball joints are used to bend
in any direction by four wires. The micro manipulator
includes an inner hole through all ball joints for the in-
sertion of other surgical applications such as a laser fiber.
The micro manipulator has a diameter of 2.4mm and a
bending radius of 2.45mm. The features of this mecha-
nism include small diameter and bending radius, ease of
fabrication, and high rigidity, and low cost for manufac-
turing compared to other bending mechanism (wire drive
[11, 12], shape memory alloy drive [13], etc.).
Figure 5 shows the bending mechanism as follows:

- Wire-pull length of each joint

t,- Maximum distance between joints

1,- Distance between contact wires of ball and joint

t;- Wire length between joints

R- Distance between ball centers and wire gnide

6- Bending angle of bending parts

O- Center of ball
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FTTTI R =TT

Fig. 6. Bending mechanism components.

Fig. 7. Micromanipulator prototype.

a- Distance from contact wire between ball and joint to
joint center
b- Distance between joint center and wire guide center

h=2R-aA*
ty=1t;c08(6/2) = 2asin(0/2) . . . . . . (2)
=t,~2(b—a)sin(6/2) . . . .. .. . (3)

t=t —1t3
=t —t cos(0/2)+2asin(6/2)
+2(b— a)sin(0/2)
=2(R*—a®)'?(1 - cos(0/2)) +2bsin(0/2). (4)

When the joint number is N, pull length T and entire
bending angle © are expressed as follows:

T =2N{(R* - a*)'/*(1 - cos(®/2N))
+bsin(©/2N)}. . . . . . ... (5)

3.2. Fabrication

Components of the fabricated bending mechanism are
shown in Fig.6, the assembled bending mechanism in
Fig.7, and the bending mechanism on which a laser fiber
is mounted in Fig.8. The laser fiber is 0.4mm in laser
core diameter and 0.7mm in outer diameter. The maxi-
mum bending angle was limited to 60° due to the allow-
able fiber bending radius. We designed its user interface
as handheld type so that the bending angle is controlled
at one touch (Fig.9). Focusing on enhancing DOF at ma-
nipulator’s tip reduces its cost and setup time compared to
big, master-slave type surgical robots. We used two ultra-
sonic motors generating high torque at low speed to drive
bending, and controlled them with a PC104 (Fig.10).
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Fig. 8. Bending laser manipulator tip.

Fig. 9. Bending laser manipulator.

L Control Command
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104 "] Controller Driver Motor Encoder
X
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Counter

Fig. 10. Motor control.

3.3. Evaluation

Figure 11 shows the result of bending laser manipula-
tor’s evaluation. The tip of the manipulator was moved
starting at 0° and up to +20° then moved to —20° end-
ing at 0°. This motion was repeated five times and mea-
sured with a microscope. The observed hysteresis was
due to laser fiber rigidity and the gap between the laser
fiber and bending mechanism. The unit drive angle was
within three degrees and is sufficiently accurate in relative
positioning.

4. Forceps Navigation

4.1. System Configuration

The thin endoscope or fetoscope is used to minimize
the incision for tool insertion, but the field of view is
reduced and even the slightest forceps movement could
make its distal tip go out of the endoscopic field, po-
tentially damaging peripheral tissues outside the field of
view. Moving the forceps from outside the endoscopic
field inside makes it difficult to predict its position, an-

260

260

U
Ca culate%/

Bending Angle [degl

-y
/ gAY
a0

Wire Pull Length [mm]

Fig. 11. Bending angle evaluation.

Fig. 12. Forceps navigation.

gle, and speed, lowering surgical instrument operability.
We therefore propose forceps navigation system using CG
displayed with an endoscopic image (Fig.12). An en-
doscopic image is usually presented as a circularly cut-
ting off image to mask the distorted image area. In the
proposed forceps navigation, CG created with OpenGL®
(Silicon Graphics, Inc.) are shown in the masked area to
indicate the location of forceps tips. Most conventional
microscopic or endoscopic navigation present endoscopic
images overlayed with CG and this affects the intraop-
erative observation. Moreover, such navigation requires
pre-registration between a patient and preoperative im-
ages. Here, we propose a minimum system configura-
tion to grasp the relative position between an endoscope
and surgical instruments without intraoperative registra-
tion procedures. This navigation is applied to surgery
with both conventional instruments and hand-held surgi-
cal robots.

4.2. Position Detection

We used the optical position measuring device
OPTOTRAK® (Northern Digital Inc.) to detect forceps

Journal of Robotics and Mechatronics Vol.18 No.3, 2006



Fig. 14. Forceps navigation with CG.

3-dimensional positions (Figs.13 and 14). In Fig.13, the
base of the forceps with infrared OPTOTRAK® makers
are observed enabling the forceps tip in the body cavity to
be calculated. The center of the concentric circle given by
the CG indicates the tip of the forceps with the diameter
of the circle varying according to the distance between the
endoscope’s tip and forceps’ tip in depth direction. The
straight line passing through the center of the circle indi-
cates the forward direction of the forceps. We used an in-
dication format similar to a map contour for intuitive pre-
sentation. Simple 2-dimensional CG was chosen instead
of 3-dimentional CG so that surgeons are less conscious
of position detection error or noise.

4.3. Evaluation

The forceps was moved at random by seven subjects
and the difference was evaluated between forceps tip posi-
tion calculated from the makers on the base of the forceps
and that measured using makers on the tip of the forceps
(Figs.15 and 16).

The average accuracy was 3.33mm in high-speed
movement and 3.19mm in low-speed movement, thus the
average accuracy is less dependent on the speed of move-
ment. This difference was due to the initial positioning
error for maker attachments. Although slight fluctuation
was observed during high-speed movement, the accuracy
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Fig. 15. Accuracy of forceps tip measurement (high-speed).
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Fig. 16. Accuracy of forceps tip measurement (low-speed).

Table 1. Results of subjective evaluation (Subjects: 6, Eval-
uation score: —3 to +3).

without CG | with CG
Operabirity of the system -23 1.8
Perception of depth =27 -03
Anticipation of forceps position -2.3 2.0
Surgical speed —22 1.3
Feeling of Stress -1.7 1.3
Operation difficulty -23 0.2

of approximately 3mm is enough to grasp the rough po-
sition, angle, and speed of the forceps outside the endo-
scopic field.

Qualitative evaluation was conducted to ask six sub-
jects to move forceps with/ without CG for 10 minutes
and filled out a questionnaire scoring following six items:
operability of the system, perception of depth, anticipa-
tion of the forceps position, surgical speed, feeling of fa-
tigue, and operation difficulty. The score for each item
was given from —3 to 43 points and the result is listed
in Table 1. We found that the CG navigation greatly con-
tributed to the high evaluation of operability and anticipa-
tion of the forceps position.

261
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5. Conclusion

We have developed a micro manipulator and a forceps
navigation system for minimally invasive endoscopic fe-
tal surgery. The bending laser manipulator of 2.4mm in
diameter was fabricated and the experiment demonstrated
its precise positioning. The evaluation of the forceps nav-
igation showed that CG navigation is useful especially for
high operability and anticipation of the forceps position.
Forceps navigation has not applied to the bending motion
so far, but the position of the bending manipulator’s distal
tip will be calculated in synchronization with the motor
control. Integrated surgical assistance with the combina-
tion of the micro manipulator and a forceps navigation
system will lead to safer and less invasive fetal surgery.
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HHELT, FICUTO2ARBTFOIS, 1
DIZid,shunt catheter BBM I BT 5 FERIHE
(L) 12, ZOMBERINESTIRRE
I ThHhB. 2FHICHME LB L,
shunt &I & 2 IRBEME D RE DA T, 72
LR EEREE (B - RE) BEEEEEI TV
LEELRTDH, BhkRENHALERN
BIETLHWEEEZET L ThHE, F0EHEE,
MaRBEE D FEEIIE, AEWL “BR—IERY
AN DEEDLETHH?, BER~0
shunt B8 - WEDA TRERSEZICE -TE
BREZORFHRELONL-DTH 5.

BB EET A FT OB BRI &
LT, BEAHSE (BBRRERSE) 12X 52 F5K
2% Quintero 5 9~ 2k b, JER PUV ER T
DV —W—2 LERE R REREE - W
ELTHESNTHS, ZOBRRABON BEL
BFHEDS, BAEBKEELV LEYE guide wire
KELAHMBEFEY LLT, RAbhTw
5., TOE)FFIE, EEBEESS4FT
R RBRANICEE SN HERREIZT, R
RED - REFZIESFCBREBELODITHNRT
v»% (fetal antegrade cystourethroscopy). <
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CTHORUONYEBETREZED—DIL, B
ME»CBRESNDEMRER, FERNTOR
REE - B2 CBERBIEL T B E
WIHZETHB, FLTEFOHEBIZ, ENRE
RIEHRHOBERICH T 2HE - 51\ (ante-
grade angle) 7%, HRBEICHFEVE/LL TW
CZLHB. bbb, HEEYH (14~ 16
B) TIHEMRENERICH L TAENDL 2
&< (Wb straight 12) #5835 b0,
R 20 ~ 24 BIZE N, Z D antegrade
angle 207% Y B 2o TS B DTH B (K 2).
LzHoT (ERNEPHEDOY A7 25 Th
) Vol ABEREREEY 2 BT AN,
IRE IR R B MRS TEET S
CLEBEHTHHOIIHL, BROETIZED
BOREBRDT SO0 —F iz ORI L TL
b, ZOZEF, »rAERAREFHICLS
PUV @ (antegrade) REFLIBMTZII—F
DEEEZRITTHIOEEL LN S,

—7%, Z0X9 NN antegrade I
2L, Soothill Hix, PIRREDZKEA LRTE
Lo &7 L7 JREH ureterocele 123 L, BE
WHAFTOHT (WEREEHEHETIC)
V=980 - 3L @A) 23R A, BE
MR EBEDTNEW,

bhbhd, FERICLVEXRERILLZR
BEREDODICEERBHE (megacystis, %
KBA) %2 U IR 19808 B RTERER & #7
EBNIHT L, BEIRAREE CGEAIER) 12X 55
TR EBED L — P —22FUilF (AR ablation)
ITVv, AZEOME (EABLOER) AT
Vw5 (72721, REMH chorioamnionitis B3
WX BIUFD 2 &7-1L72). hbhix, oo
£ RRBIIHT 5 LV REBEEOFRE (-
Z & high-intensity focused ultrasound, HIFU
E) BAZEY, BERVoE) OBRBEE
WEFEDLIDEHELT WS,



