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Recent advancements in fetal surgery have proven that tracheal occlusion in fetuses with congenital
diaphragmatic hernia is an effective way to prevent the occurrence of pulmonary hypoplasia. A novel
flexible fetoscope with a parallel mechanism structure of a thumbstick to carry on the fetal tracheal
balloon occlusion by the targeting and manipulation of the fetal endoscope at a high standard of quick
response and dexterity is proposed in this paper. This design is compared with a commercial rigid feto-
scope in terms of operation timing and reduced stress to the fetus at neck level. Experiments using a
phantom have demonstrated that the flexible fetoscope has a better dexterity and is able to perform
stable tracheoscopy and balloon inflation at different levels of the trachea, with the help of a fiberoptic

© 2013 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Congenital diaphragmatic hernia (CDH) occurs in about 1/4000
live births. The intrathoracic displacement of the fetal liver and
bowel compresses the lungs and impairs their development. This
often results in neonatal death from respiratory insufficiency due
to pulmonary hypoplasia and hypertension (Fig. 1).

In the last twenty years, several attempts have been made to
carry out fetal surgery to prevent the abnormal development of
the fetal lungs. Initially, open fetal surgery was carried out, which
involved laparotomy and hysterotomy with partial birth of the
fetus for thoracotomy and repair of the diaphragmatic defect [1,2].
Recently, a minimally invasive technique has been developed and
this has replaced open fetal surgery [3-5]. A rigid fetoscope is
introduced into the uterus and then into the fetal mouth, orophar-
ynx and trachea. A balloon is then used to occlude the trachea and
prevent the escape of lung secretions. The resulting increase in
pressure and stretching of the lungs stimulates lung growth [6,7].
The balloon is usually inserted at around 26 weeks and removed by
asecond fetoscopic procedure at 34 weeks, which involves bursting
the balloon.

The use of arigid fetoscope, as seen in Fig. 2, necessitates a series
of manipulations to achieve hyperextension of the fetal neck and
subsequently to direct the endoscope under the epiglottis in order
to visualize the vocal cords. Using a rigid fetoscope for such proce-
dures produces an increased stress on the cervical vertebrae or the
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neck joint of the fetus. Such an abnormal neck posture may result
in increased stress on the cervical vertebra, discomfort to the fetus
and difficulty in the surgical procedure and it may also result in
unprecedented injuries to the delicate structures of the fetus. More-
over, handling a rigid fetoscope for the procedure would demand
great surgical skill and hand-eye co-ordination.

The research is about the development of a flexible hand manip-
ulated fetoscope with parallel axis control for increased stability,
dexterity and ease of manipulation. Such a system can be manipu-
lated and steered into the trachea of the fetus without injuring the
fragile fetal structures and in a way that reduces the tediousness of
the surgical process.

2. Methods

A traditional endoscope uses a multi-cable driven system to
manipulate the bending of the section tip. The distal tip of the
endoscope is controlled by pulling wires attached at the tip and
passing the back through the length of the endoscopic shaft to the
two angulation control wheels on the control head. This current
instrument is less excellent in its performance and requires further
development of endoscopy for its serial type controlling mecha-
nism. Based on a high level of dynamic properties, high accuracy,
and quick response, a parallel mechanism can be considered in an
endoscope for distal tip controlling [8].

This parallel mechanism, due to its significant advantages in
terms of its high stiffness, accurate positioning, high speed, and
capacity for acceleration, has been widely used in precision surgi-
cal tools [9]. For instance, Merlet accomplished an optimal design
for a parallel mechanism MIPS (micro parallel structure) at the tip
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Fig. 1. Fetus with congenital diaphragmatic hernia.

of an endoscope in 2002 [10]. A redundantly actuated 3-UPU par-
allel mechanism for ankle rehabilitation has been studied in 2008
and 2009 [11,12]. A control algorithm for endoscopy with a simpli-
fied Stewart mechanism was explored by Wedlandt and Sastry in
the University of California [13]. Also, such MIPS mechanism can
be adapted in future to match the needs of other fetal surgeries like
meningomyelocoele repair [14].

This paper describes a novel flexible fetoscopic system which
has been developed from scratch, controlled by a thumbstick
manipulator with a parallel mechanism. The design of this new type
of flexible fetoscope is investigated and discussed. The geometry
and also the analytic formulae of the relation between the thumb-
stick input and the distal section output are presented. Ultrasound
guided experiments are used to demonstrate the better function-
ality of the flexible fetoscope when compared to the currently
available rigid fetoscope.

2.1. Design of a flexible fetoscope

The flexible fetoscope is composed of a 30,000 Pixel - definition
CCD/CMOS based micro-camera unit 1.2 mm in diameter and an
optical fiber consisting of a thin tube which can be divided into a

Fig. 2. Process of tracheal intubation using a rigid fetoscope.

Fig. 3. Construction of the flexible fetoscope.

more flexible part attached to a probe in the bending section and a
less flexible part which serves as a shaft. As illustrated in Fig. 3, the
fetoscope control system can be considered to be composed of three
parts: a thumbstick which contains a parallel mechanism, a shaft
and a bending section attached to a probe which is more flexible.
The bending section and part of the shaft gains access to the mouth
of the fetus, while the thumbstick control system is manipulated
outside the mother’s uterus. The thumbstick interface is denoted as
a hemisphere, as shown in Fig. 3. The terminal surface is the surface
of the micro-probe in the bending section, which would carry the
optical fiber based camera and the inflatable balloon.

In minimally invasive tracheal occlusion, the fetoscope is driven
by the manually-controlled thumbstick. So the inputs of the feto-
scope are the two rotation angles of the thumbstick interface and
the output is the position of the fetoscope tip. The intermediary of
the two above mentioned sections is the length of the three con-
necting wires. The connecting wires are 0.2 mm in diameter and are
made of titanium having a maximum elongation of 1.785 mm for
20 Newtons of force applied. Since the procedure is USG guided, the
surgeon can manipulate the thumbstick and can easily add more
pressure to achieve the position required. So the position of the
tip of the fetoscope can be calculated by the output of the parallel
mechanism in the thumbstick indirectly and the error induced by
elasticity can be easily corrected.

The diagram in Fig. 4 provides the design of the construction of
the thumbstick. The mechanism can be considered as a 3-UPU (Uni-
versal Prismatic Universal) parallel manipulator mechanism with
a central strut. The thumbstick interface directly controlled by the
human thumb serves as the platform for the parallel mechanism.
The cylinder handle acts as the base and support of the parallel
mechanism. Each rigid wire is regarded as a limb which acts as a

Rotation pitch
androll

Moving
platform‘

Fig. 4. Construction of the thumbstick.
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Fig. 5. Geometry of the parallel manipulator in flexible-fetoscopy.

connector to the base and the moving platform by means of a uni-
versal joint, a prismatic joint and another universal joint, one after
the other, constituting the wire structure. The mechanical spring of
the central line of the spring does not change during the bending
so that it can be used in the place of a central strut connecting the
platform and the base with two universal joints.

2.2. Thumbstick geometry

The geometry of the thumbstick is shown in Fig. 5. Three limbs
link the base platform at points A, A, and A3 and a moving platform
at points By, By and B3, respectively. Two Cartesian coordinate sys-
tems A(x,y,z) and B(u, v, w) are attached to the base and the moving
platform. The origin O of the fixed coordinate system is attached at
the center point of AA1A3A3 and the x-axis points in the direction of
0A;. The z-axis is perpendicular to the A;A,A3 plane and the y-axis
is defined by the right hand rule. Similarly, the origin P of the mov-
ing coordinate system is attached at the center point of AB{B;B3
and the u-axis points in the direction of PB;. w-axis is perpendicular
to the B1B,B3 plane and the v-axis is defined by the right hand rule.
The limb connects the moving platform and the fixed platform. In
each limb there is a universal joint and a prismatic joint. The length
of the limbs are defined by d;(i=1, 2, 3). Two manually actuated
angles « and B are used by the surgeon to control the length of the
three wires dq, d; and ds.

The transformation from the moving platform to the base can be
described by a position vector p = OP, and a 3 x 3 rotation matrix
ARg. Let u, v and w be three unit vectors defined along the u, v and
w axes of the moving coordinate system B(u, v, w), respectively.
Then the rotation matrix can be expressed in terms of the direction
cosines of u, vand w as:

Uy Ux Wy
A
Rp=|uy vy wy (1)
u vz wg

The three rotation angles y, B and « are defined as the yaw, pitch
and roll about the z, y and x axes.

As the parallel mechanism mentioned before, the universal
joints of the central strut constrain rotation about z-axis of the

Prismatic joints.
Fixed platform.

Cables.
Fig. 6. Construction of the optional parallel manipulator.

platform. The rotation angle y is zero. Thus, the rotation matrix
with two input angles « and § is expressed in Eq. (2).

cos B 0 sin B8
R(B,a)= | sinasinf cosa -—sinacosf (2)
—cosasinf cosa cosacosf

The position vectors a;(i=1, 2, 3) and Bb;(i =1, 2,3) of point
Aij=(i=1,2,3)and B;=(i=1, 2, 3) in the coordinate systems A(x,y,z)
and B(u,v,w) are given by:

a; =[m,0,0]" (3a)
T
a) = [—;m, ?m, 0:| (3b)
T
az = [—;m, —?m, 0} (30)
and
Bb, = [h, 0,0]" (4a)
B 1, v3, ]
by = |-5h ="h.0 (4b)
B 1, v3, ]
bs = |—5h, ==h,0 (4c)

The positionvectorq;(i=1,2,3)of pointB;(i=1, 2,3) with respect
to the fixed coordinate system A(x,y,z) can be obtained by the fol-
lowing expression:

q; =p+"ReBb; (i=1,2,3) (5)

where px, py and p; stand for the three components of position
vector p.
The length d;(i=1, 2, 3) can be expressed as follows:

d? = (a—q)* (i=1,2,3) (6)

2.3. An optional design for the thumbstick mechanism

In the design progress, different types of structure for the thumb
designs have been considered. The second architecture, called a
3-PUU manipulator with parallel sliders, is shown in Fig. 6. This
manipulator also consists of a moving platform, a fixed base, three
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Fig. 7. Geometry of the optional parallel manipulator.

limbs and a central strut. Each limb with the same length connects
the fixed base to the moving platform by a prismatic joint followed
by two universal joints. The wires which control the position of the
tip connect the tip of the fetoscope and the prismatic joints at the
limbs. The outputs of this mechanism are the changes of the three
prismatic joints’ lengths.

The geometry of the 3-PUU parallel manipulator is shown in
Fig. 7. As with the 3-UPU in the last section, the position vectors
aj(i=1,2,3)and Bby(i=1, 2, 3) of points A;(i=1, 2, 3) and Bj(i=1, 2,
3) in the coordinate systems A(x,y,z) and B(u,v,w) are given by:

a;[n,0,0]" (7a)
T
1 V3
ay {2”’ = O} (7b)
T
1 V3
a3 |:—2n, 7”, 0:| (7C)
and
Bb; = [k, 0,0]" (8a)
T
B | 1, V3
b, = [ Sk, 7k,o (8b)
T
By, _ |1, V3
bs = [—zk, 5 k,0 (90)

The position vector g;(i=1, 2, 3) of point B;(i=1, 2, 3) with respect
to the fixed coordinate system A(x,y,z) can be obtained by the fol-
lowing expression:

g =p+MRgBb; (i=1,2,3) (10)

X
Fig. 8. Configuration of the bending section.
The length d;(i=1, 2, 3) can be expressed as follows:
B=(-g)? (i=1,2,3) (11)

1

2.4. Configuration of the distal section

In Fig. 8, the base surface is defined as the intersecting sur-
face of the bending section and the connecting wires. The bending
section can be considered as the bending starts from the base
surface. There are three pulling wires that drive the terminal sur-
face to the required position. When the lengths of the three wires
change, the bending section with the camera is driven into dif-
ferent positions. The terminal surface always bends toward the
direction of the shorter wires with a constant radius. Thus, the
shorter wires pull the tip of the fetoscope into the desired posi-
tion.

The coordinate system O(x,y,z) is assumed to be as follows. The
origin point O is coincident with the geometrical center of the inter-
secting surface on the base. The plane where the bending section
is located is the bending plane which is perpendicular to the x-y
plane.

The shortest, medium and longest wires intersect the tip surface
at Qq, Q; and Qs, respectively. Point Q is denoted as the center point
of the terminal surface. The position of Q (gx, gy, q;) of the terminate
surface can be described by two angles 8 and «, as illustrated in
Fig. 8. o demonstrates the angle between the bending plane and
the x-y plane. B8 denotes as the angle between the line from the
centroid C of the base surface to the centroid Q of the terminate
surface and its projection in the z-x plane. The configuration of the
distal section is illustrated in Fig. 8.

Larepresents the distance from the centroid O of the base surface
to the center point Q of the terminate surface. The maximum length
of the three pulling wires under the bending deformation in the
bending section is

Imax = Admax + 1 (12)

where Admax =max(d; —d) (i=1, 2, 3) is the maximum difference
between the ith (i=1, 2, 3) limb length with deformation and the
ith (i=1, 2, 3) limb length without deformation in the thumbstick,
and ! is the length of the pulling wire without deformation.

d is the diameter of the distal section. From Fig. 9, the distance
La from the centroid O of the base surface to the centroid Q of the



36 W. Yao et al. / Medical Engineering & Physics 36 (2014) 32-38

Fig. 9. Flexible tip with deformation in the bending plane.

terminate surface are obtained by the triangle relation of triangle
ASOQ.

12

La:\/r2+r2—2r2cos(n—2): 2
(m—-2

ﬂ)z [1 - cos(mr —28)]

(13)

ris the constant radius of the bending deformation.

Among the three pulling wires, there can be two wires having
the same length. The flexible tip is driven by two longer wires with
the same length and one shorter wire. The tip bends toward the
shorter wire. When one of the longer wires becomes shorter, the
tip twists along the y axis toward the shorter wire. The bending
surface is in the middle of the two shorter wires. There might be a
third special situation for the distal section, which is that the three
wires might have equivalent lengths. In this case, deformation does
not happen to any of the wires as they are constrained by the central
strut design in the thumbstick.

3. Results
3.1. The fetoscopic manipulation system

3.1.1. System overview

Comparing to the first structure in Fig. 4, the second design in
Fig. 6 shows a better reliability but less workspace. The first design
in Fig. 4 was chosen to develop a prototype. Fig. 4 shows the parallel
thumbstick manipulator system, which is proposed to enable the
control of the flexible tip of the fetoscope manually by the surgeon
with a high level of dexterity. The fetoscope and the manipulator
are inserted into the uterus and imaging via the fetoscope and ultra-
sound is used to navigate with the manipulator, in order to place
the DSB (detachable silicone balloon) in the fetal trachea. Finally,
the fetal trachea is occluded using the DSB to increase the pressure
in the fetal lung. Our approach involves developing an inexpen-
sive, simple and thin flexible manipulator for easier and swifter
balloon insertion. The length of the tracheal intubation element
is calculated by having 6 cm as a constant minimum value of the
endotracheal flexible tube length and adding 1cm to every 1kg
increment in the weight of the fetus. Since the fetus weighs approx-
imately 600-1 kg at 24-36 weeks, the flexible tip length required
would be 7 cm approximately. Hence the proposed fetoscope can be
used on the fetus any time after it is 24 weeks old. Certain devices,

Video Monitor,

Fig. 10. System overview - flexible fetoscope insertion under USG and live video
monitoring and guidance.

both rigid and inflatable, have been tried for immobilization of the
fetus which may be used in addition to using this device [15].

3.1.2. Design of the manipulator

The outer diameter of the manipulator’s shaft is designed to
be 4.50 mm so that the manipulator can be inserted into a 20F
(6.60 mm) trocar. The length of the flexible tip is 70 mm a design
based on the neonatal ET (Endo Tracheal) Intubation requirements
for a neonate of weight 1kg. Since the incision in the uterus is
very small, the incision need not be sutured, since the contractive
force of the uterus itself closes the small hole unaided. Besides, the
smaller incision is necessary to avoid premature rupturing of the
chorioamniotic membrane, given its poor healing ability.

The developed manipulator uses a parallel axis metal rod driven
mechanism to achieve three bending degrees of freedom, using a
stable flexible shaft control system acting as a tensigrity structure
for improved dexterity and control.

3.2. Procedure overview

The flexible fetoscope is introduced into the uterus and then
into the fetal mouth, oropharynx and trachea with the fetus in its
anatomical position, as showninFig. 10.In contrast to the technique
used in rigid fetoscope insertion, where a series of fetal manipula-
tions were required, the use of a flexible fetoscope would require
only the manipulation of the thumbstick to facilitate the bending
and steering of the manipulation system, as seen in Fig. 11. The sur-
geon manipulates the fetoscope using the thumbstick to reach the
mouth of the fetus initially and steers it further into the orophar-
ynx, visualizing the esophagus and the trachea and manipulates the
flexible tip into the trachea. When the desired position is reached,
the balloon inflation is done. The entire procedure would be

é

Flexible ‘entening
trachea with uninflated baloon

7 TOHIOI0PE GRLACHed T1Om the BAICOn
inflated in the % and iflated

Fig. 11. Process of balloon inflation using a flexible fetoscope.
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Fig. 12. Optitrack setup for the flexible fetoscope motion tracking.

controlled by the thumbstick manipulation co-ordinated and
guided by ultrasound imaging and the video images from the feto-
scope.

3.3. Dexterity analysis using an opti-track system

The dexterity analysis of the thumbstick system was carried out
with the help of an Optitrack motion tracking system in Fig. 12 at
100 Hz, with the help of IR microtrackers placed on the thumbstick
and the flexible tip. The thumbstick end and the tip end trackers
were grouped in the optitrack software as mobile rigid bodies and
a set of trackers were placed on a plane surface to set the reference
plane. The thumbstick was manipulated manually and the corre-
sponding displacement of the flexible tip trackers was tracked with
reference to the thumbstick trackers.

In the graph Fig. 13, the net displacement of the trackers on the
thumbstick has been compared to those on the flexible tip with
reference to the time for every 10 milliseconds. The average time
difference between the thumbstick controller and the tip for the
motion transmission has been estimated to be 330 microseconds
approximately. Hence it is evident that the system operation is well
within the time frame required to carry out the procedure using a
flexible fetoscope.

Dexterity Analysis using Optitrack Motion tracking data
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Fig. 13. Dexterity analysis using Optitrack motion tracking data.

Fig. 14. Ultrasound guided fetoscope insertion with thumbstick control.

3.4. Testing the system on a fetal phantom

The methodology of experimentation is shown in Fig. 14. A latex
fetal phantom was used with similar specifications of a 25 week
old fetus placed in a latex bladder filled with water placed inside
a plastic tub. An ultrasound is then carried out and the nose of
the phantom is found. An incision of 4.5 mm is made on the latex
wall with the nose of the phantom as the point of reference. The
fetoscope was inserted through the incision made on a transparent
latex bladder to simulate the layers of the abdominal wall and the
uterus.

The mouth of the fetus is visualized using the images trans-
mitted by the USG to the screen and then the flexible tip of the
fetoscope is manipulated with the help of the thumbstick control
and inserted inside the mouth of the phantom. The tracheal and
the esophageal openings are identified, just as in real-time fetal
surgery, and then, using careful manipulation of the flexible tip,
the fetoscope is inserted into the trachea and then at the desired
level a balloon inflation can be performed.

4. Conclusions

This paper has presented an analytical model of a flexible
fetoscopy for use with CDH and it has compared the effectiveness
of such a system with a rigid fetoscope in reducing the stress on
the fragile fetal structures. A novel model of a thumbstick par-
allel manipulation mechanism, a combination of three universal
joints connected to a wire-driven bending tip has been produced,
which will result in high levels of dexterity and ease of use for the
surgeon.

The study has presented for the first time a way of analyzing
the thumbstick based on the parallel mechanism. The thumbstick
control parameters were converted into tip control parameters
which would produce the required tip operation. The study was
demonstrated using a novel dexterous thumbstick with a flexible
fetoscope.

The procedure used in CDH surgery was simulated by using
a fetal phantom under water under ultrasound guidance and the
intubation procedure was successfully performed by the manipu-
lation of the thumbstick without having to change the anatomical
position of the head of the fetal phantom. Hence we can conclude
that such a flexible fetoscopic manipulator can be used in CDH with-
out requiring any sort of head manipulation or causing injury to the
surrounding fetal soft tissues.
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