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Abstract

Stent placement in gastrointestinal (GI) tract has emerged as an
effective therapy for intestinal obstruction due to the advantages
such as quick relief, non—invasiveness, and regional anesthesia. A
stent refers to a medical device that can be placed in and expand a
stenosed lumen permanently.

Stent placement for non—vascular organ is performed through
the interventional procedure. In GI intervention, the tube for stent
delivery is inserted through the natural orifice (mouth and anus), and
the soft tissue is easily deformed by the inserted tube. Therefore,
there are several issues such as loop formation of an inserted tube,
abdominal pain, ulceration or minor bleeding during the GI
intervention. All these difficulties are caused by flexural rigidity
difference between the soft tissue and inserted tubes. For this reason,
the flexural rigidity of the interventional device should not be
designed too high or too low compared to the organ stiffness. To
overcome the flexural rigidity difference limitation between the tubes
and the soft tissue, the additional tubes with various stiffness are
inserted by trial and errors. However, the use of various tubes in the
interventional procedure increases procedure time. Increased
procedure time affects not only fatigue to clinicians, but also the
increase of radiation exposure to the clinicians and the patients
because the interventional procedure requires fluoroscopic guidance.
Consequently, shortening procedure time is important to both
patients and clinicians. However, the current procedure time 1is
dependent on skills and experiences of the clinicians. Moreover, the
design principle and selection criteria for the interventional devices

have never been quantified systematically yet in terms of engineering.
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In this study, a new design principle of interventional devices
which is based on the conformability model was proposed. The
proposed model was built in order to extract the essence of the
interactions between the soft tissue and the medical tubes during the
GI intervention. As a result, a soft manipulator with variable stiffness
was designed and fabricated on the basis of consideration of those
conformabilities. The soft manipulator can play a role as an overtube
which can maintain a high conformability during GI intervention.

In the proposed conformability model, the complexity of multi—
body contact behavior between the soft tissue and the medical tube
was simplified to the variables: flexural rigidity, curvature, and
effective length of the curved space. Conformability in wvarious
combinations of conventional GI interventional devices was evaluated
in order to design an optimized tube that can be used in GI stenting
procedure.

Through the proposed conformability model, the requirements on
a device for the safe GI intervention were defined. A soft manipulator
with steering capability was designed and fabricated based on the
conformability model. The manipulator was made of a flexible
material of a size that can safely pass through the organ in
consideration of the size and stiffness of the conventional medical
tubes and the anatomy of the upper GI tract. The soft manipulator
adopted a wire—driven mechanism with antagonistic pairs to achieve
two degrees of freedom steering in the thin—walled tubular
continuum structure. The soft manipulator maintained high
conformability during tube insertion into the GI tract, however, it was
difficult to suppress a straightening moment by the steering force
during the stent introducer passing. To solve this issue, partial

replacement in the soft manipulator was done by shape memory
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polymer (SMP). The improved soft manipulator with SMP can
maintain the acute curve configuration during the stent introducer
passing without size change. Since the variable stiffness
characteristic through the phase transition of the SMP, the stent
introducer can be inserted along the desired trajectory. A steering
handle was designed and fabricated to improve the usability of the
soft manipulator. Also, the phantom simulator was made of flexible
materials based on the CT data of the upper gastrointestinal tract of
a patient and conducted feasibility tests. In addition, a device for
measuring the stiffness of the GI tract in an in—vivo environment was
developed and an animal experiment was conducted.

The conformability model is expected to be an index for
predicting and evaluating interactions between a new interventional
device and the soft tissue in various procedures including vascular

and non—vascular interventions.

Keywords: Non—vascular intervention, Stent placement,
Conformability model, Soft manipulator, Variable stiffness,
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Chapter 1. Introduction
1.1 Motivation
1.1.1 Interventional Procedure and Stent Placement in Gl

Tract

Interventional radiology therapies are widely used for the various
treatments such as for benign/malignant tumor, drug delivery,
percutaneous abscess drainage procedure, gastroenteric tube
feeding, thermotherapy, and stent placement. The basic concept
behind interventional radiology is based on demands of diagnosis and
treatment with a minimally invasive technique. Fluoroscopic images
are used to direct interventional procedures, which are usually done
with needles and narrow tubes called catheters (see Figure 1.1(a)).
The fluoroscopic images provide road maps that allow the
interventional radiologist to guide these instruments through the
body to the areas containing disease (see Figure 1.1(b)). Due to the
minimized physical trauma to the patient, the interventional
procedure can reduce infection rates and recovery time as well as
shorten hospital stays [1].

Stent placement through the interventional procedure is one of
the common options that treat a malignant stricture in a stenosed
lumen. A stent is a metallic or plastic tube inserted into the lumen of
an anatomic vessel or duct to keep the passageway open (see Figure
1.2(a)). There is a wide variety of stents used for different purposes,
from expandable coronary, vascular and biliary stents, to simple
plastic stents used to allow the flow of urine between kidney and
bladder. A stent is also used as a verb to describe the placement of
such a device, particularly when a disease such as atherosclerosis

has pathologically narrowed a structure such as an artery, biliary



tract, urinary tract and gastrointestinal (GI) tract [2]. Stent
placement in GI tract usually requires both fluoroscopic and
endoscopic guidance but can be done with either modality safely [3].
Owing to recent technological advances in endoscopic devices and
the introduction of novel stent materials, the endoscopic approach has
become the popular in GI intervention [4]. However, the fluoroscopic
approach is still being widely used owing to its high feasibility under

mild sedation.



(b)

(c)

Figure 1.1: Interventional procedure. (a) Catheterization [5]

(b) Fluoroscopic—guided catheterization [6]

(c) Metallic stent (Cook Medical, Inc.)



1.1.2 Gastrointestinal Obstruction and Stent Therapy

GI obstruction is a significant mechanical impairment or complete
arrest of the passage of contents through the intestine due to
pathology that causes blockage of the bowel. The treatment of
mechanical obstruction is commonly fluid resuscitation and
nasogastric suction, and in most cases of treatment for a complete
obstruction i1s surgery. Mechanical obstruction is divided into
obstruction of the small bowel and obstruction of the large bowel.
About 85% of partial small—bowel obstructions resolve with non—
operative treatment, whereas about 85% of complete small—bowel
obstructions require surgery [4]. Historically, patients with
malignant gastroduodenal obstruction have been treated by a variety
of open surgical interventions intended to restore continuity and
function of the tract. Nevertheless, some patients are not candidates
for open surgical treatment, either because surgery would not be
curative for their disease or because their overall physical status
prohibits such an invasive procedure [7].

Esophageal and duodenal stents were introduced as an
endoscopic palliative therapy in the 1990s and have been described
as a safe, minimally invasive, and cost—effective option for palliative
treatment [8] (see Figure 1.2(a)). Because patients with malignant
GI  obstruction are generally older, may have several
contraindications to invasive procedures, and may have a relatively
short anticipated life expectancy (typically estimated to be 6 months),
stent placement may be preferable to open surgical intervention.
Further, stent placement allows faster resumption of food intake and
a shorter hospitalization compared with surgical gastrojejunostomy
(open or laparoscopic) [9, 10]. Therefore, stent placement is the

first—line treatment for malignant gastric outlet obstruction in
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patients with a single, localized distal gastric and/or small—bowel
stricture. In recently published reports, technical success rates of
endoscopic stent placement for malignant obstruction range from
approximately 92% to 100%, whereas clinical success rates are
lower and range from approximately 80% to 91% [11—14]. Stent
placement is the most frequently used treatment modality for
palliating dysphagia from esophageal or gastric cardia cancer. The
esophageal—duodenal stents have various length and expansion
diameter for an appropriate expansion force by the indications (see
Figure 1.2(a)). The new types of esophageal stents have been
introduced to reduce recurrent dysphagia owing to migration or non—
tumoral or tumor overgrowth recently (see Figure 1.2(b)).
Furthermore, duodenal stents have been used as an alternative to a

stomach bypass operation (see Figure 1.2(c)).
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(a)

(b) (c)
Figure 1.2: Stenting in GI tract. (a) GI stents (Provided by Asan

Medical Center) (b) Stent in esophagus (c) Stent in duodenal bulb
(Cook Medical, Inc.)



1.1.3 GI Stent Delivery System

In GI tract, a Self—Expandable Metallic Stent (SEMS) is inserted
by endoscopy (see Figure 1.3(a)), wherein a fiber optic camera is
inserted either through the mouth or retrograde through the colon, in
order to reach an area of narrowing. SEMS can also be inserted using
fluoroscopy where an X—ray image 1s used to guide insertion, or used
as an adjunct to endoscopy (see Figure 1.3(b)) [15].
Fluoroscopically guided peroral placement of gastroduodenal metallic
stents is widely used to manage malignant gastroduodenal
obstructions [16—18]. In both methods, a dedicated Stent Delivery
System (SDS) that consists of a supporting tube and a pushing
structure to compress a stent in small diameter and deliver into the
target site in the tract. The typical stent introducer consists of a
flexible sheath, a peek tube, a pusher hub and a sheath hub (see see
Figure 1.4).

Endoscopic—guided stent placement is performed through its
working channel (smaller than 3.5 mm in diameter) of the flexible
endoscope. First, the flexible endoscope is inserted through the
patient’ s mouth. Local anesthesia around the patient’ s throat
reduces a discomfort and a pain during the procedure. As same in a
diagnostic procedure, the endoscopic image provides the information
of a tip position and surrounding tissue in the endoscopic insertion.
After the endoscopic tip is positioned nearby a stricture, a stent
introducer with compressed SEMS is passed through the working
channel. In stent placement, the clinician pushes a compressed stent
using a pusher. The compressed stent is pushed out and the shape is

recovered from a narrow shaft to an expanded structure.



(b)
Figure 1.3: Approaches for GI tract stenting (S&G Biotech, Inc.). (a)

Endoscopic—guided stenting (b) Fluoroscopic—guided stenting

Pusher hub

=
. ¥ Rigid shaft

Flexible tube \

Sheath hub Peek tube

Figure 1.4: Stent introducer in endoscopic/fluoroscopic—guided

intervention
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(a) (b)

(c) (d)
Figure 1.5: Devices for fluoroscopic—guided stent placement.
(a) Guidewire (TERUMO, Inc.) (b) Coil catheter (S&G Biotech, Inc.)
(c) Super—stiff guidewire (Amplatz, Boston Scientific, Inc.)

(d) Pre—curved guiding sheath (S&G Biotech, Inc.)



Esophagus

| Soft Guidewire

Stomach

Duodenum

Stricture

Jejunum

(a) (b)

(c) (d
Figure 1.6: Fluoroscopic—guided stent placement process [22].
(a) Soft guidewire is inserted (b) Coil catheter is inserted
(c) Opacified organ by contrast medium [62]

(d) Stent introducer is inserted for stent placement

Fluoroscopic—guided stent placement requires additional devices
compared to the endoscopic approach (see Figure 1.5). In
fluoroscopy, the fluoroscopic imaging device provides an X-—ray
image during the procedure. Clinicians insert a flexible guidewire
with radiopaque tip through the patient’ s mouth (see Figure 1.6(a)).
When the guidewire tip contacts a stenosed lumen, the clinician feels
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a reaction force in their hand. To obtain an image that can show the
geometrical relationship between the guidewire and surrounding
tissue, a coil catheter (see Figure 1.5(a)) is overlapped on the
guidewire and inserted to follow the guidewire’ s trajectory (see
Figure 1.6(b)). After the insertion of the coil catheter, water—soluble
contrast medium is injected to opacify the area of interest (see Figure
1.6(c)). To select an appropriate stent, the stricture length is
measured using the gold markers on the catheter surface after the
contrast medium injection. After the catheter is completely removed,
the stent introducer with a compressed stent is overlapped on the
inserted guidewire and inserted to follow the guidewire’ s trajectory

(see Figure 1.6(d)).

1.2 Challenges in GI Stent Placement

Placement of self—expandable metallic stents for the gastric
outlet and the duodenum has been considered to be technically
extremely difficult because of the anatomic angulation of the
gastroduodenal lumen and the loop formation of the delivery system
in the stomach. A lot of researchers have experienced difficulties in
negotiating a guidewire and the SDS through strictures, especially
due to guidewire buckling or a loop formation of the SDS in the dilated
stomach and gastroduodenal tract [18, 19]. In patients with marked
dilation of the gastric fundus, the tip of a guide wire turns upward and
backward along the gastric fundus, which makes it difficult for the
stent delivery set to make its way to the gastric antrum or duodenum.
In order to facilitate guidewire and SDS introductions, the use of
alternative methods such as the percutaneous approach and
endoscopic guidance have been considered [20]. Of these methods,

endoscopy has often been referred in order to help movement of a
11 21



guldewire through the working channel of the endoscope, eliminating
the possibility that the guidewire becomes trapped in the
gastroduodenal tract [21, 22]. However, the method has some
limitations, in particular the discomfort caused by the endoscopy and

an inability of the currently available large diameter SDSs, which are

designed for covered stents, to pass via the working channel [20, 23].

Further study about usefulness of the guiding sheath in GI stent
placement was reported as a long—term retrospective study [24].
The guiding sheath had been developed as an overtube for GI stent
placement (see Figure 1.5(d)). The guiding sheath has a pre—curved
tip to guide a stent introducer or guidewire into a direction of the
distal side of the stomach. Due to the relatively high flexural rigidity
compared to the guidewire, the guiding sheath plays a role as a
supporting structure in the stomach (see Figure 1.7(a)). In addition,
a soft guidewire is replaced by a stiff guidewire to facilitate smooth
stent introducer passing in the curved portion. Replacing a guidewire
is performed using a lumen of the inserted coil catheter and an
overlapped guiding sheath. Insertion and removal of the
interventional devices is a time—consuming process, and radiation
exposure by the fluoroscopic imaging device increases. For this
reason, the increase of the additional devices for stent placement is
not desirable. Furthermore, even if with such a guiding sheath or a
super—stiff guidewire, distal jejunum is still difficult to access with
stent introducer because of the high stiffness of the loaded stent and
stent introducer itself generate a huge straightening torque at the
curved portion in the stomach (see Figure 1.7(c)). Excessive
pressure on the stomach results in tissue distension. Tissue
distension is a cause of the patient’ s discomfort and perforation of
the organ. Consequently, to overcome the various tortuosity in GI
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intervention, various stiffness range in the device or active steering
tip with multiple degrees of freedom is required at the curved
pathway. For this reason, overcoming the anatomical tortuosities in

distal GI tract such as the 3rd and 4th portion of a duodenum is limited.
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Guiding Sheath

Guiding Sheath

Super-stiff
Guidewire

(a) (b)

Dilated

Loop formation

Stricture

(c)
Figure 1.7: Additional devices for GI stent placement.

(a) Guiding sheath is overlapped on guidewire
(b) Guiding sheath and super—stiff guidewire in GI tract

(c) Tissue distension and loop formation during guidewire insertion
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1.3 Objective and Contribution

In this study, a new design principle of interventional devices
which is based on the conformability model was proposed. The
proposed model was built in order to extract the essence of the
interactions between the soft tissue and the medical tubes during the
GI intervention. As a result, a soft manipulator with variable stiffness
was designed and fabricated on the basis of consideration of those
conformabilities. The soft manipulator can play a role as an overtube
which can maintain a high conformability during GI intervention.

In the proposed conformability model, the complexity of multi—body
contact behavior between the soft tissue and the medical tube was
simplified to the variables: flexural rigidity, curvature, and effective
length of the curved space. Conformability in various combinations of
conventional GI interventional devices was evaluated in order to

design an optimized tube that can be used in GI stenting procedure.

1.4. Thesis Organization

The thesis chapters are organized as follows:

Chapter 2: This chapter presents a new model—based method for
determining flexural rigidity and length that affect
conformability in tube insertion into GI tract. A
numerical simulation of mechanical behavior in the
interaction between the inserted structure and the
soft tissue is described. For simpler expression of the
multi—body contact behavior, conformability factor
based modeling is defined to generalize a condition of
path—following in soft tissue environment. The
conformability model describes the limitation and an

allowable design range for interventional devices for
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Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

stent placement in GI tract.

This chapter describes a design principle and an
actuation mechanism of the steerable soft manipulator.
The design of the soft manipulator is established on
the basis of the form factor analysis and compatibility
with the conventional devices in GI intervention. The
actuation mechanism of the continuum tubular
structure which is made of a soft material is proposed.
A prototype of the proposed device is presented with
a description including the assembly process and the
materials.

In this chapter, the variable stiffness tube for GI
intervention is described. To overcome the design
limitation due to the trade—off relationship between
path—following capability and shape—locking
capability in terms of bending stiffness, the necessity
of reconfigurable stiffness change during the
procedure 1is described. The device prototype,
experimental methods are presented

This chapter details an experimental methods and
results to verify the stiffness requirements in GI
intervention.

Thesis contributions and limitations are summarized,

and the scope for future work is discussed.
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Chapter 2. Modeling of Soft Interaction in GI Tract

2.1Passive Steering in GI Tract

2.1.1 Deformation of Soft Tissue

The fluoroscopic and endoscopic insertion techniques require the
skillful clinicians due to the flexibility of the human organ. In those
insertion procedures, clinicians insert long and flexible devices such
as a guidewire, a catheter, and an endoscope through the natural
orifices (mouth and anus). During the tube insertion, the human organ
that is curved configuration is easily deformed by the relatively stiff
tube. For this reason, deformation of the soft tissue should be
predicted and suppressed with the use of the less stiff tube. However,
the selection of the appropriate tube for each patient is done by trial
and error.

In upper GI tract, the esophagus is the first gateway into the
stomach. It is commonly known as the food pipe or gullet, is an organ
in vertebrates through which food passes, aided by peristaltic
contractions, from the pharynx to the stomach. The esophagus is a
fibromuscular tube, about 25 — 30 cm long in adults, which travels

behind the trachea and heart, passes through the diaphragm and

empties into the uppermost region of the stomach (see Figure 2.1(a)).

During swallowing, the epiglottis tilts backward to prevent food from
going down the larynx and lungs [25].

In upper GI tract intervention, the clinician continuously pushes
a tube from the proximal side to insert a tube into the stomach. When
the distal tip collides with the stomach wall beyond an esophagus, the
stomach is distended by the applied pushing force on the tube
structure due to the high flexibility of the organs. The organs have a

distension limit which is determined by the surrounding tissue and
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the ligaments as shown in Figure 2.1(b). By the pushing force
increases, the wall distension stops and the distal tip bends at the
stomach wall. If the strictures exist in duodenum or jejunum, the
distal tip of a medical tube should be inserted into the duodenum. To
advance a tube into the deeper side, for example, duodenum, the
distal tip should bend in the curvature to conform to the duodenal bulb
shape. However, the achievement of two different curve
configurations in a single continuum structure requires passive
bending characteristics in the GI tract (in this paper, this
characteristic is called passive bending). In order to overcome an
anatomical tortuosity in GI tract, a tube must not be too stiffer than
the stomach wall. If the tube is too stiff compared to the soft tissue,
pushing force on the tube for insertion will result in tissue distension
(see Figure 2.2(b)). By contrast, a soft tube can follow the organ wall

with minimum tissue distension (see Figure 2.2(c)).

GASTROSPLENIC

GASTROPHRENIC .- LIGAMENT

LIGAMENT

GASTROHEPATIC D
LIGAMENT. .\

i 2 N

2~ ) -
UMY 6asTROCOLIC
LIGAMENT

(a) (b)
Figure 2.1: Anatomy of the human GI tract.
(a) Esophagus in human GI tract [25]

(b) Surrounding ligaments of the stomach [26]
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Passive

Bending

*
(a) (b) (c)
Figure 2.2: Passive bending in GI tract.
(a) Medical tube at the curved pathway

(b) Tissue distension increases when rigid tube is passing

(c) Tissue distension decreases when soft tube is passing

2.1.2 Tension Spring Model for Stomach Distension

Prediction of the tissue distension in interventional procedure is
effective in terms of perforation risk factor. In general, the puncture
force of GI tract is estimated as 3- 5N (concentrated force) [27,
28], therefore, the exerted pushing force to the stomach wall through
a tube must not exceed this force range during GI intervention. The
first contact occurs at the stomach wall after the medical tube passing
through the esophagogastric (EG) junction (see Figure 2.3(a)). After
EG junction passing, the stomach is distended by a pushing force that
is applied to the tube. To determine the relationship between the
pushing force and stomach distension, a lumped model that consists

of tension springs (see Figure 2.3(b)) was constructed.
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EG Junction Frn ._...i. Frp

(a) (b) (©)
Figure 2.3: Tension spring model for tissue distension.
(a) Geometry change of the stomach wall by tube pushing
(b) Soft tissue model with two tension springs

(c) Free body diagram of soft tissue distension

ks is the spring constant of the soft tissue, F is the exerted
force, F. is the reaction force of the stomach wall, a is the angle
between a horizontal line and a deformed line, d is the tissue
deflection, and L is the horizontal length in the deflection range. L is
assumed as 50 mm by the average bottom length of the stomach
geometry [29]. The vertical deflection E., and horizontal deflection

F,, are given as

E., = ksALsina 2.1
F.,, = kAL cosa (2.2)

_. _12d AL—L< 1 1)
@ =tan L’ 2\cosa
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To obtain a spring constant of the stomach wall (bottom area in
the stomach) in the lumped model, the following equation (2.3) gives
a conversion from the modulus of elasticity of stomach wall to spring

constant.

48l

F=F=k ek =2="20

(2.3)

To obtain an area moment of inertia of the stomach, the simple
stomach wall model (see Figure 2.4) was proposed. To define the
dimensions of the stomach wall area, the computational model data

from the average value in actual patients was adopted [29].

Stomach wall area B S Simplified wall model

Figure 2.4: Simple stomach wall model
The Young’s modulus of the stomach wall E; was given as
1.7 MPa [30—32]. The area moment of inertia of the stomach wall I

was calculated as 900 mm*. Finally, k; was obtained as 0.7949 N/mm.

Table 2.1: Simulation parameters in tension spring model

L (mm) E;, MPa) | I, (mm*) | k; (N/mm)

50 1.7 900 0.7949

=
— 1 =
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The simulated result for tissue distension — distension
relationship was illustrated in Figure 2.5. The tension spring model,
which is on the basis of the assumption that the soft tissue distension
1s similar to the trampoline deflection was suggested. The contact

surface was assumed as the stomach wall.
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0 L L L L
0 0.2 0.4 0.6 0.8 1

Distension (mm)
Figure 2.5: Tissue tension prediction by distended stomach in simple

stomach model

As illustrated in Figure 2.5, the tensions in two axes show the
different profile by distension increase in the simple stomach model.
The model can describe the very first interaction between the
medical tube and the stomach wall. As a result, the horizontal reaction
force can be extended into the three—dimensional force under the
assumption that a lot of tension springs aligned omnidirectional.
However, the stomach distension does not occur only by the
concentrated force at the tip during the interventional procedure. Due
to the curved pathway in GI tract, the distal tip of the medical tube

follows the stomach wall to slip into the distal side in the GI tract.
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Wall—following in the stomach requires appropriate flexibility that
makes the inserted medical tube conforms in the curved pathway.
Passive bending characteristics of the medical tube in the various
region in the GI tract requires a model to predict an allowable range
in terms of the curve configurations and perforation safety.
Therefore, the multi—body contacts should be considered to simulate
a complete behavior of the interaction between the tube and the
stomach wall. Furthermore, a vertical reaction force and a deflection
are not only dependent on the tissue stiffness but the various
ligaments and anatomical constraints such as a hepatoduodenal

ligament, a peritoneum, and an abdominal wall (see Figure 2.1(b)).

2.1.3 Curves in Stomach

To insert a medical tube into the distal upper GI tract, the
anatomy in the GI tract should be considered. The duodenum is a
20 — 30 cm C—shaped hollow viscus predominantly on the right hand
side of the vertebral column. It lies at the level of L1—3 and the
convexity of the duodenum usually encompasses the head of the
pancreas [33]. In general, due to the limited degrees of freedom by
a long esophagus, the distal tip of a guidewire or an endoscope does
not follow the minimum path from the esophagogastric junction to the
pylorus. In endoscopic—guided approach, a clinician can see the
frontal scene by CCD in its tip and manipulate a distal tip angle by a
control handle. By contrast, in a fluoroscopic—guided procedure, an
approach to the duodenum i1s relying on the passive bending and
wall—following condition. For this reason, the distal tip should follow
the greater curvature region in the stomach wall (see Figure 2.6(a)).
The angle between the stomach and a pylorus is different by a patient.

Moreover, an angle of the greater curvature is extremely acute in
§
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patients with gastroptosis [34, 35]. Thus, the passive bending (or
wall—following) characteristic of a guidewire is important in
fluoroscopic—guided approach.

To investigate a passive bending behavior of the guidewire at the
stomach, Finite Element Analysis (FEA) using a commercial software
ABAQUS 6.12 (Dassault Systémes, France) was conducted under the
assumption that the greater curvature of the stomach is similar to a
curved bowl (see Figure 2.7). Based on the condition that the

circumferential surface of the bowl is completely constrained, the

concentrated force was exerted on the bottom center of the specimen.

The deformation of the soft tissue should be considered in terms
of hyperelastic and viscoelastic behaviors in time scale. In general,
viscoelastic effect should be observed if the time scale is long. To
simulate an actual situation that the tubular structure bending in
steering can occurs in short or long time, both properties should be
considered. The Neo—Hookean model was selected for use here,
which is widely used in soft structure simulations. The Neo—Hookean
material model does not predict that increase in modulus at large
strains and is typically accurate only for strains less than 20%.
Nevertheless, the simple buckling and kinking can be predicted with
two parameters which can be obtained from a shear modulus and a
Poisson’ s ratio. The strain energy function of the three dimensional
incompressible material Neo—Hookean model is given by C;, and D;.
where C;, and D; is a mechanical parameter having a unit of stress.
A Neo—Hookean model is a hyperelastic material model, similar to
Hooke's law that can be used for predicting the nonlinear stress—
strain behavior of materials undergoing large deformations. In
contrast to linear elastic materials, the stress—strain curve of a Neo—
Hookean material is not linear. Instead, the relationship between

2 4 *—-! =
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applied stress and strain is initially linear, but at a certain point the
stress—strain curve will plateau. The Neo—Hookean model does not
account for the dissipative release of energy as heat while straining
the material and perfect elasticity is assumed at all stages of
deformation [36]. The Neo—Hookean model is based on the
statistical thermodynamics of cross—linked polymer chains and is
usable for plastics and rubber—like substances. Cross—linked
polymers will act in a Neo—Hookean manner because initially the
polymer chains can move relative to each other when a stress is
applied. However, at a certain point the polymer chains will be
stretched to the maximum point that the covalent cross links will
allow, and this will cause a dramatic increase in the elastic modulus
of the material.

For positive values of the coefficient C;, the neo—Hookean form
1s always stable. The form of the neo—Hookean strain energy

potential is
U=Cyo(l, —3) + Dil(/el —1)? (2.4)

where U is the strain energy per unit of reference volume; Cy,
and D; are the Neo—Hookean material parameters. J is determinant
of the elastic deformation gradient. I; is the first deviatoric strain

invariant defined as
_ —2 —2 =2
11 =Al +AZ +/13 (25)
Furthermore, viscoelasticity was considered in the simulation.

Viscoelasticity is the property of materials that exhibit both viscous
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and elastic characteristics when undergoing deformation. Prony
series is the most popular model for a prediction of the viscoelastic
behavior of polymer—based material [37]. The mathematical form of

viscoelastic behavior is given by Prony series as
gr@®) =1-3L, g;(1—e /™) (2.6)

where g; is the material constant and t; is the relaxation time.

gr 1s the dimensionless shear relaxation modulus defined as
gr(t) =22 2.7)
0

where G(t) and G, are the time dependent and the initial shear
modulus, respectively. Prony series parameters are merged into one
set of parameters g; (Normalized shear modulus), k; (Normalized
bulk modulus), and 7; (Relaxation time). Neo—Hookean parameters
C10 and D1 are determined from the shear modulus ug and the bulk
modulus k. Normally, the bulk modulus is 0 in incompressible
material, and Cy, is set to be a half value of the shear modulus. The
shear modulus of stomach wall is estimated as 25kPa- 60 kPa [30,
31, 38]. Table 2.2 and 2.3 show the specific parameters in the FEA.

Dynamic explicit analysis was conducted with aforementioned
parameters. For the simple prediction of the viscoelastic model
parameters of the typical rubber analysis was used in the analysis.
However, the simulation time was setto 0.1 seconds, the viscoelastic
effect was almost ignored in the analysis. The friction coefficient
between the tube and the stomach wall was assumed as 0.025 [41].
Figure 2.7(c, d) show a stress — strain relationship at the center

point on the wall surface and a stress — vertical dgﬂelction
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relationship point on the wall surface. The stress — strain did not
show a linear relationship at the center point because the curvature
of the guidewire is continuously change during the passing. As a
result, during the tube passing, stress distribution and deflection of
the stomach constantly change. For this reason, the interaction
between the medical tube and the stomach wall should be considered

in terms of the contact behavior in a broad area.

Esophagus

EG junction

Duodenum

Greater curvature

Stomach

¥ |

‘ (‘,!(( e/

Normal Gastroptosis

o e——)

(b)
Figure 2.6: Anatomy of stomach. (a) Stomach — duodenum region

[33] (b) Insertion angle difference by gastroptosis [34]
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Table 2.2: Parameters for stomach wall deformation analysis

Hyperelastic Parameters

(Neo Hooke)

Viscoelastic Parameters

(Prony series)

C10

D,

i

k; T;

0.388

0

0.3

0 0.1

Table 2.3: Dimensions for stomach wall deformation anlaysis

Thickness Radius of curvature R
L (mm) E; (MPa)
(mm) (mm)
50 1.7 6 25

Stress (MPa)

(a)
0.40 4
0.354
—~.0.30 T
N .
0.254 .
g - e
o 0-204 v g
@ e M
© 0.154 FRETLE: 34
= R T
(/)] i “war g "
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Vertical deflection (mm)

(d)

Figure 2.7:. Simulation of mechanical behavior during the contact at

stomach wall. (a) Stomach wall model (b) Analysis result

(c) Stress - strain relationship at center point on wall surface

(d) Stress - vertical deflection relationship point on wall surface

28

5 Mg o) 8t

e



The bending motion after the guidewire collide into the greater
curvature is initiated by column buckling. In science, buckling is a
mathematical instability that leads to a failure mode. When a structure
1s subjected to compressive stress, buckling may occur. Buckling is
characterized by a sudden sideways deflection of a structural
member. This may occur even though the stresses that develop in
the structure are well below those needed to cause failure of the
material of which the structure is composed. As an applied load is
increased on a member, such as a column, it will ultimately become
large enough to cause the member to become unstable and it is said
to have buckled. Further loading will cause significant and somewhat
unpredictable deformations, possibly leading to complete loss of the
member's load—carrying capacity. If the deformations that occur

after buckling do not cause the complete collapse of that member, the

member will continue to support the load that caused it to buckle [32].

The wall—following on the stomach wall is based on the buckling
of the guidewire (Figure 2.8). The guidewire bends when the reaction
force from the soft tissue exceeds a critical buckling load. A typical
guidewire which is commonly used by interventional radiologists is
nitinol wire. The Young s modulus of the nitinol guidewire
(Radifocus, TERUMO corp.) was estimated as 63.54 GPa. The length
of the guidewire is 260 cm and 0.89 mm in diameter. The critical

buckling load is given as follows:

2
_ mn“Egwlew
P = M Eawlow (2.8)
GW

p _nd4
Gw = 2
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at distal tip
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(b)
Figure 2.8: Buckling on stomach wall.
(a) Tip bending by buckling (b) Buckling coefficient at stomach wall
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where m is the factor accounting for end conditions, Egy is the
Young' s modulus of the guidewire, I;, is the moment of inertia of
the guidewire, Lgy is the maximum distance from the EG junction to
the greater curvature, E. is the reaction force by the distended
stomach, and d is the diameter. If the condition F. > P, is satisfied,

the distal tip of a guidewire bends.

Table 2.4: Parameters for critical buckling load prediction of

guidewire in stomach

m EGW (GPa) IGW (mm4) LGW (mm)

1 63.54 0.0308 100

The buckling load converges to approximately 0.19 N when the
inserted guidewire length is assumed as 100 mm and contacts to the
distended stomach. Incidentally, the contact point is wider than the
diameter of a guidewire due to the J—shaped tip. It means that the
reaction force and the inserted length determine whether the bending
motion occurs or not.

Passive bending phenomenon after buckling continues by an
increase of the pushing force onto the guidewire. When a guidewire
is pushed into the stomach, the curve configuration is determined by
the force equilibrium at the stomach wall. Right after the buckling,
the radius of curvature will decrease by 10 mm (Figure 2.9(b)). This

can be assumed as a bending curve at the stomach.
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Figure 2.9: Buckling load and radius of curvature prediction
of guidewire. (a) Buckling load prediction

(b) Radius of curvature at stomach wall

2.1.4 Friction in Stomach

Organ friction is a factor that can affect the slip conditions in the
interventional radiology. The inner surface of the stomach is lined by
a mucous membrane known as the gastric mucosa. The mucosa is
always covered by a layer of thick mucus that is secreted by tall
columnar epithelial cells. Gastric mucus is a glycoprotein that serves
two purposes: the lubrication of food masses in order to facilitate
movement within the stomach and the formation of a protective layer
over the lining epithelium of the stomach cavity. This protective layer
is a defense mechanism the stomach has against being digested by
its own protein—lyzing enzymes, and it is facilitated by the secretion
of bicarbonate into the surface layer from the underlying mucosa.
The acidity, or hydrogen ion concentration, of the mucous layer,
measures pH7 (neutral) at the area immediately adjacent to the
epithelium and becomes more acidic (pH2) at the luminal level. When
the gastric mucus is removed from the surface epithelium, small pits,

called foveolae gastrique, may be observed with a magnifying glass.
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3 of surface

There are approximately 90 — 100 gastric per 1mm
epithelium. Three to seven individual gastric glands empty their
secretions into each gastric pit. Beneath the gastric mucosa is a thin
layer of smooth muscle called the muscularis mucosae, and below
this, in turn, is loose connective tissue, the submucosa, which
attaches the gastric mucosa to the muscles in the walls of the
stomach [39].

Friction behavior on gastric tissue is known that “Stick—slip”
phenomenon occurs and there are multiple stages which are based on
the repetitive elastic deformation accumulation and the release of the
stored energy [40]. In GI intervention, the guidewire is lubricated by
saline, therefore, the hydrophilic coated surface is highly slippery. In
endoscopy, the friction coefficient of esophagus depended on the
variations of normal load and sliding speed. However, the guidewire
insertion into the duodenum can be assumed that the insertion speed
i1s not dominant due to the number of the contact point is relatively
fewer than an endoscope. The friction between the distal tip of the
guidewire and the stomach wall is an important issue in intervention.
Sometimes, the deformed stomach wall plays a role as a crater—like
constrained space. When the top surface of the distal tip contacts at
the stomach wall surface, the distal tip will bite into the epithelial
layer as illustrated in Figure 2.10. The contact angle cannot be
determined by a clinician in the fluoroscopic—guided procedure
because the fluoroscopic image can only provide a perception of the
contrast difference between a radiopaque section and organs.
Therefore, the clinicians push and pull back the guidewire
repetitively to make the guidewire in a curved configuration at the

stomach.
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Figure 2.10: Interaction on stomach wall

The friction of the stomach wall had been measured by many
researchers and the coefficient of static friction is known as
0.025 - 0.040 in endoscopy [41]. The lubricant and the covering
materials determine the friction coefficient in endoscopy can be
assumed as same in the interventional devices. To verify a friction
effect during a tube insertion, a free body diagram of the stomach
wall interaction was verified through a simple model (see Figure
2.11). Due to the flexibility of the stomach wall, the stomach wall
changes during the interaction. Therefore, an interaction between a
tube and the stomach is divided into two forces: 1) Internal and 2)
External. The internal force occurs by the stomach wall reaction.
The external force is exerted on an inserted structure (guidewire,

catheter). Here, a guidewire insertion process was simulated.

.
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(a) (b)

Figure 2.11: Force decomposition at stomach wall.

(a) Free body diagram of external force at the stomach

(b) Free body diagram of internal force at the stomach

The external force is given as following equation.

sina = uN (2.9
cos a (2.10)

The internal force is given as following equation.

Fry = 3?26 (2.11)
E., =Fsina (2.12)

2E -1
(kta == FtL, kt = M)
Lew
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a 1s the deflection angle, § is the maximum horizontal deflection
at the stomach wall, u is the coefficient of static friction, N is the
normal force to the stomach wall which is same as the vertical force

E,

F, is the horizontal force, Lgy is the maximum distance from the
EG junction to the greater curvature, M, is the straightening moment
by the beam deflection, and k; is the torsional spring constant of the
curved guidewire as above under the assumption that the beam
bending occurs between the EG junction and the stomach wall. F; is
the horizontal load at the tip by the reaction force of the distended
stomach. The external force and the internal force can be
decomposed by horizontal and vertical direction as illustrated in
Figure 2.12 (a, b). As a result, E., increases that follow a quadratic
curve by the E, increase. Figure 2.12(c) shows the force ratio into
the horizontal direction. The friction effect is not significant because
the friction force is dependent on the vertical force on the stomach
wall.

To slip into the duodenum, the pushing force should be

maintained which is to satisfy the following conditions.

F,> pu E, +Fy (2.13)

The kinetic friction coefficient can be approximated as p = u/2.
From the simulation result, the friction is not dominant during the
pushing force increase because of the friction at stomach is
extremely low. Furthermore, the guidewire is generally lubricated by
the saline. Therefore, the friction effect is almost negligible in

intervention.
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Figure 2.12: Force decomposition analysis (Upper: horizontal force,
Lower: vertical force). (a) Decomposition of external force analysis

(b) Decomposition of internal force analysis (c) F,y / F,, ratio

2.2 Conformability Model

2.2.1 Conformability Factor
In an interventional procedure, the physical interaction occurs
between the flexible environment (soft tissue) and the inserted
structures (guidewire, catheter, stent introducer/endoscope). To
determine the appropriate mechanical characteristics of the medical

tube that is designed to be inserted into the GI tract, the conformable

: B L



force and tactile could be the main interests in terms of safety. In
other words, a conformability of the medical tube against the soft
tissue 1s a key factor in an interventional procedure.

Conformability in the tube insertion into the soft tissue is
considered as the degree of shape adaptiveness in static equilibrium.
If conformability between a certain environment and an interacting
structure is high, curved configuration of the inserted tube is close
to the geometry of an anatomical tortuosity (see Figure 2.13(@a)).
Contrary to this, if conformability is low, the soft tissue deforms by
an inserted tube (see Figure 2.13(b)). To avoid the patients'
discomfort and perforation during the interventional procedure,
conformability should not be too low. However, to predict a
conformability with a multi—body contact model requires a huge
computational effort. For this reason, the design parameters of a
medical tube for an interventional procedure cannot be determined
by a simple one.

Conformability of a continuum structure against a curved
environment can be determined by the bending stiffness. If the
bending stiffness of a tube is too high during an insertion process,
the bending points of the structure decreases due to the high
resistance. A bending point of the structure can be considered as a

joint, however, a continuum structure has an infinite number of joints.
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Inserted Tube Deformed Environment

(a) (b)

Figure 2.13: Conformability between continuum structure and flexible

environment. (a) Highly conformable state

(b) Less conformable state

Thus, the bending point in a continuum structure is determined
by its bending stiffness. Bending stiffness, namely flexural rigidity K
i1s the resistance of a member against bending deformation. It is a
function of elastic modulus E, the area moment of inertia I of the
beam cross—section about the axis of interest, length of the beam

and beam boundary condition as follows:

K =EI (2.14)

The flexural rigidity difference between the environment and the
structure affects a shape adaptiveness during an insertion. Thus,
conformability of the environment—inserted tube interaction can be
considered as a normalized flexural rigidity of the environment as

follows:

C= EE;IENVIRONMENT (2.15)

INSERTING TUBE

where C is the conformability factor.

To calculate a conformability factor in the simple stomach wall
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model (see Figure 2.5), the Young' s modulus of the stomach wall Eg
was determined as 1.7 - 2.3 MPa [30, 31, 38] and the area moment of
inertia I; was calculated as 1,800 mm*. The equation (2.16) defines

the area moment of inertia of the contact region in the stomach wall.

Iy =2 (2.16)

To obtain the bending stiffness of each devices and stents for GI
intervention, bending stiffness test machine was developed (see
Figure 2.14(a)). Table 2.5 shows the dimensions and the evaluated
Young s modulus of the common GI stents at the compressed state
inside a silicone tube (see Figure 2.14(b, ¢)). The medical tubes for
GI intervention was also evaluated using the bending stiffness test

machine (see Table 2.6).
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Table 2.5: Young’ s modulus of GI stents

Stent Dimension E (MPa)
en a
LxDxt (mm) MAX
#1 70x23.5x0.6 31.9
#2 64x19x0.3 30.1
#3 85x20x0.3 43.3
#4 64x25x0.3 30.5

Table 2.6: Bending stiffness comparison in GI intervention

. Bending Stiffness
Object & )
(Nmm?)
Stomach wall (bottom) 3,060
Soft guidewire (@0.89,
1,957
Terumo, Ni—Ti)
Stiff guidewire (©0.89, Boston
6,256
Scientific, steel)
Esophageal—Duodenal Stent 2,769
GI Stent introducer (PTFE) 7,157
Coil Catheter (S&G Biotech) 4,721
GI Sheath (@6, PTFE) 12,944
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Figure 2.14: Bending stiffness evaluation.

(a) Three—point bending test machine for interventional devices

(b) Silicone tube test piece and GI stents

(c) Young’ s modulus change in three—point bending test
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For example, during the guidewire insertion into the duodenum,
the guidewire should pass through a bottom wall region of the
stomach. The maximum contact region is determined as a pathway of
the guidewire. At the first step, the soft guidewire is inserted (see
Figure 2.15(a)). The conformability factor of the guidewire passing
in the stomach wall (see Figure 2.5) is calculated as
Cow-s = EI/Egwlsw = 1.56. The subscripts s and GW represent the
stomach and the guidewire respectively.

To deliver a stent into the target site, a stent introducer with a
compressed stent is inserted (see Figure 2.15(b)). In this process,
the conformability factor Cs_gw s is decreased by 0.56 (Subscript SI
represents the stent introducer) because the environment in the
conformability model is replaced by the stomach and the inserted
guidewire (see Figure 2.16). In fact, in the clinical situation, the

perforation risk factor increases in this combination. Therefore, the

soft guidewire is replaced by a stiff guidewire after catheter insertion.

The conformability factor Cs_sews is increased by 0.94 (see Figure
2.15(c)). Subscript SGW represents the stiff guidewire.
Consequently, the stent placement procedure is prolonged because
of the catheter insertion and guidewire replacement. Furthermore,
the pre—curved guiding sheath is used in the difficult situation during
the procedure. The curve configuration of the inserted guidewire is
changed by the guiding sheath insertion. Due to the high stiffness of
the guiding sheath, the conformability factor is increased by 1.50
even though the stiff tube such as stent introducer is passing. In this
case, the stiffness of the stomach wall is ignorable because the

guiding sheath is supported from the proximal side.
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Figure 2.15: Insertion process of guidewire and stent introducer.
(a) Soft guidewire is inserted (b) Stent introducer is overlapped on
the soft guidewire (c) Stent introducer is overlapped on the stiff

guidewire
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Environment
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Compressed Stent

Guidewire Introducer

(c)
Figure 2.16: Environment - structure relationship in conformability
model. (a) Environment - structure in initial state
(b) Newly defined environment - structure after tube insertion

(c) Cross—sectional view of overlapped stent introducer

The conformability factors in various combinations of GI
interventional device were calculated as represented in Figure 2.17.
The conformability factor of the stent introducer against the soft
guidewire is low, therefore, the combination of these devices is not
desirable in the actual procedure [42, 43]. Commonly, the soft
guidewire is replaced with the stiff guidewire through the catheter.
The bending stiffness of the steel guidewire is almost three times of
the nitinol guidewire. The steel guidewire generates a higher bending
stiffness compared to the nitinol guidewire. For this reason, a direct
insertion increases the perforation risk factor during the procedure.

As a result, the additional procedure is required for stent

placement. .

¥ 3
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Environment Inserting Tube Conformability
Soft Tissue Soft Guidewire 1.56
Soft Tissue Stiff Guidewire 0.49
Soft Tissue Gl Stent 0.56

+ Soft Guidewire | + Stent Introducer '
Soft Tissue Gl Stent 0.94
+ Stiff Guidewire | + Stent Introducer ’
Soft Tissue .
+ Soft Guidewire Coil Catheter 1.06
Soft Tissue Stiff Guidewire 1.24
+ Coil Catheter
Soft Guidewire Gl Stent 150
+ Guiding Sheath | + Stent Introducer ’
Guiding Sheath Soft Guidewire 6.61

Figure 2.17

interventional device
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2.2.2 Geometry in Conformability Factor

In GI intervention, to avoid a large deformation of the soft tissue
in the GI tract, the concentrated load at the tortuosities should be
distributed. The bending stiffness is a dominant factor for tissue
deformation, however, the stiffness issue is irrelevant during the tube
is passing through in the straight portion (see Figure 2.18).
Consequently, the curvature that the medical device is supposed to

be overcome should be considered in the conformability model.

?

(a) (b)
Figure 2.18: Geometry difference in GI intervention.
(a) Tube insertion into straight portion

(b) Tube insertion into curved portion

The geometry in curved space is illustrated in Figure 2.21. The

modified conformability factor is defined as follows:

1 _ 2R EIENVIRONMENT (20)

Lt EIINSERTING TUBE

where R is the radius of the circle that is approximated at the
curve and the effective length L; is the minimum distance between
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the input point P;y and the output point Pyyr. Both points are

determined by the natural curve configuration in anatomy.

L; : Effective Length
Curve length RO

.
N L: = 2R sinz

-
Sr————

(b)

Figure 2.19: Geometry of curved space in conformability model.

(a) Approximation of curved space by circle

(b) Geometry difference between obtuse and acute angle in circle

with same radius
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2.2.3 Conformability Space in Stent Placement

In general, a compressed stent inside a tube is pushed out by a
clinician (see Figure 2.20). To deliver the tip of the stent introducer
into the target site, the guidewire should be located at the distal side
in advance. During the insertion process, the stent introducer follows
the pathway of the guidewire as though overlaps the guidewire body.
The stent introducer can be inserted by a pushing force with
resistance from kinetic friction between the stent introducer and the
guidewire. As described in the previous chapter, the stent introducer
is made of PTFE for several reasons such as the lowest friction
coefficient of any polymer, high—use temperature and highly
resistant to UV radiation [44]. However, the bending stiffness of the

PTFE tube is high compared to the other device in GI intervention.

| Stent introducer |

==

Figure 2.20: Stent placement using introducer
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Original curve Deformed curve

Figure 2.21: Curve configuration change by tissue deformation

Deformation of the soft tissue in GI tract should be considered in
the design of the interventional devices. If the guidewire tip is located
in the distal jejunum, the deformation of the soft tissue will increase
when the stent introducer with a large bending stiffness is overlapped.
For this reason, the conformability during GI intervention should be
considered in terms of curve configuration change (see Figure 2.21).
With the modified conformability model, a conformability space can
be evaluated in various effective length and radius of curvature (see
Figure 2.22). Figure 2.22(b) shows that the safe and the dangerous
ranges in terms of the perforation safety. As illustrated in the plot,
the soft guidewire insertion into the stomach can be done safely in a
curve configuration with a large effective length and a large radius of
curvature. In contrast, the stent introducer passing with a soft

guidewire cannot be achieved safely in any curve configuration.
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Figure 2.22: Conformability space in GI intervention.
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Chapter 3. Steerable Catheter Design

3.1Conventional Designs and Mechanisms of Steerable
Catheter
3.1.1 Steerable catheters

A catheter is a tubular device for medical use that has the
capability to pass another device or drug through the inner lumen.
Therefore, a catheter is made from medical grade materials serving
a broad range of functions. The flexible catheter can be inserted into

the body to treat diseases or perform a surgical procedure including

radiofrequency ablation, tissue resection, and biopsy (see Figure 3.1).

By modifying the material or adjusting the way catheters are
manufactured, it is possible to tailor catheters for cardiovascular,
urological, gastrointestinal, neurovascular, and ophthalmic
applications [45].

Recently, a steerable catheter has been one of the most
promising devices in the interventional radiology. Steerability refers
to the ability to turn or rotate the distal end of the catheter with a
like—for—like movement of the proximal section or catheter handle.
It is achieved through strong torque transfer along the length of the
shaft. Cardiac catheterization performed by steerable catheters, is
one of the significant domains in Minimally Invasive Surgeries (MISs)
for electrophysiology studies, heart rhythm abnormality treatment,
and cardiac valve replacement. In past, cardiac catheters are steered
with limited degrees of freedoms (DOFs) in the vascular path to the
heart chambers and on the targeted cardiac tissues. However, with a
steerable catheter, the interventionalists can navigate the catheter by
means of translating and twisting the proximal end with the bending

of the distal shaft using the steering knob on the handle. The long and
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flexible structure of catheters along with fast cardiac motions
restrain accurate positioning and consequently maintaining stable
contact with the endocardium [46].

In GI intervention, the catheter for the biliary tract balloon
dilation is a common product for dilation treatment (see Figure
3.2(a)). Endoscopic balloon dilatation of the biliary sphincter is an
important adjunct to the therapeutic arsenal of the biliary endoscopist
for removal of bile duct stones during endoscopic retrograde
cholangiopancreatography (ERCP). On the other hands, other types
of catheters for diagnosis of gastrointestinal motility disorders are
commercially available (see Figure 3.3(b)). Motility catheters are
air—charged single —use catheters for esophageal motility studies and
anorectal manometry. The steerable catheters in ERCP are known as
a better device for the initial cholangiogram than the standard
catheter [47]. In addition, steerable catheters for neurovascular
intervention have been widely studied recently. Shape Memory Alloy
(SMA) (see Figure 3.3(a)) [48, 49], magnetic (see Figure 3.3(b))
[50], hydraulic (see Figure 3.3(c)) [51], Ion—Polymer—Metal
Composite (see Figure 3.3(d)) (IPMC) [52—54] and wire (see Figure
3.3(e)) [65—58] mechanisms were adapted for the steerable
catheter. Most of these actuation mechanisms are based on the
electric actuation. The electric mechanisms are classified as 1) direct
electric actuation and 2) indirect electric actuation. Direct electric
actuation in steerable catheters can rely on different actuation
mechanismes, yet in all cases, an electric current is provided to create
a bending force and motion at the distal tip like SMA and IPMC
catheters. For direct methods, the most common is by the use of a
PZT (Pb—Zr—Ti transducer or, as it is sometimes called,
piezoelectric z—axis actuating transducer), which is capable of
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vibrating at different frequencies very accurately depending on the
driving voltage. Indirect actuation includes using acoustic vibration to
shake a microsensor much like a piece of paper in front of a speaker
vibrates from the compression waves in the air. Despite the recent
developments in both categories, all known electrically actuated
steerable systems are currently experimental prototypes [59].
Likewise, most of the other catheters are yet in the state of basic
research and not for the clinical use. Commonly, pull—wire type
mechanism is considered as the simplest and verifiable mechanism to

bend a tip of the catheters in the clinical field.
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(c) (d)
Figure 3.1: Catheters. (a) Cardiac catheter (UC Davis) (b) Urinary
catheter (Birth Supplies) (c) Neurovascular catheter (MERCI)
(d) Ablation catheter (St. Jude Medical)

(a) (b)
Figure 3.2: GI catheters. (a) Balloon Dilatation Catheters (Boston

Scientific, Inc.) (b) Catheters for GI motility (MMS, Inc.)
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Figure 3.3: Actuation and mechanisms in steerable catheters.

(a) Shape memory alloy—actuated catheter [48]
(b) Magnetic catheter [50] (c) Hydraulic catheter [51]
(d) Ion—polymer—metal composite catheter [52]

(e) Pull-wire catheter [55]
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3.1.2 Continuum Robots as Catheter

Continuum robot manipulator has been considered as a delivery
system including an endoscope, biopsy forceps, surgical tool, and
ablation tip. This concept was featured as the platform of Natural
Orifice Transluminal Endoscopic Surgery (NOTES) over the decade.
Furthermore, research on multi—degree of freedom manipulators
with flexible structure has been widely conducted, and various
flexible joint mechanisms have been proposed with a simple structure
and high versatility [60—63]. The most typical one is the bending
mechanism of the active endoscope. Breedveld et al. proposed a
Cable—ring mechanism in which drive cables are annularly arranged
between a Ring—spring having annular plate springs bonded together
and a double coil spring and proposed an active endoscope "Endo—
Periscope" (see Figure 3.4(a, b)) [64, 65]. Arata et al. proposed a
compact two degree of freedom bending mechanism combining a leaf
spring and a link mechanism and developed a general purpose tool
manipulator including an endoscope (see Figure 3.5(c)) [66]. Ikuta
et al. [67] And Dario et al. [68] proposed a bending mechanism for
an active endoscope using a shape memory alloy wire which has the
property of being deformed by heat. In addition, pseudo—{lexible
manipulators with cable—driven multi—section link structure [69, 70]
and active probes with flexible bending modules using hydraulically
driven actuators have been proposed [71].

Next, the surgical manipulators have been widely studied in a
continuum robotic platform. Dupont et al. proposed a compact flexible
manipulator in which elastic tubes with different curvatures are
arranged in multiple layers (see Figure 3.4(d)) [72]. The system has
6 DOFs with a simple mechanism in order to achieve positioning the

distal forceps by controlling straight advancement and rotation of
§
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each tube. Nevertheless, due to the low rigidity of the manipulator,
applicable techniques are limited. The flexible bending mechanism by
Simaan et al. [73] adapts hyperelastic alloys for joint structure and
transmission, so that backlash is reduced and the bending portion
becomes long while being a simple structure (see Figure 3.4(e)). The
structure 1s considered that the joint part becomes longer and
provides an insufficient torsional rigidity that can be a drawback
because only the hyperelastic alloy at the center can play a role as a
supporting structure. Peirs et al. proposed a flexible bending
structure in which a hyperelastic alloy pipe was slit processed (see
Figure 3.4(f)) [74]. Compared to the structure using a rigid link
structure, it is a simple structure and has an advantage iIn
miniaturization. In general, the design of a flexible joint mechanism
capable of realizing a compact bending motion while ensuring the
sufficient rigidity for surgery leads to solving the issues in surgical

manipulators.
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(a) (b)

(c) (d

(e) ()

Figure 3.4: Continuum manipulators.

(a) Ring—spring mechanism [64] (b) Cable—ring mechanism [65]
(c) Spring—link mechanism [66] (d) Concentric robot [72]
(e) The multi—backbone continuum robot [73]

(f) Flexible distal mechanism [74]
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Robotic catheter systems have been developed and used in the
clinical field (see Figure 3.5(a, b)) [75—81]. It provides various
advantages such as high precision, dexterity, and radiation—free
environment. However, the drawback that loss of tactile feedback is
one of the most critical problems in the robotic interventional
procedure. To address the issue related to the loss of haptic feedback,
force feedback systems have been proposed recently (see Figure
3.5(c)) [82, 83]. Robotic catheters can be used for a variety of
applications and provide the physician with greater control and less
exposure to radiation. Nevertheless, a robotic system requires a
large footprint in the operating room, and it is still expensive due to

the complex design.

% Haptic
| interface

/ Motion

sensor

L

\l Input

:catheter

(b) (c)
Figure 3.5: Robotic catheter system.
(a) CorePATH (Corindus, Inc.) (b) Sensei robotic catheter system

(Hansen Medical, Inc.) (c) Catheter robot with haptic interface [82]
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3.2 Steerable Catheter Design for Gl Intervention

3.2.1 Structure Design based on Anatomy

In GI intervention, a catheter has two types of roles: 1)Stiffen
the anchoring point at the acute angle for easy negotiation of a
guidewire, 2)Injection of contrast medium. Commonly, the vascular
catheters are essential in diagnostic angiography as well as in
vascular and nonvascular interventional procedures. As in guiding a
guide wire to the area of interest, vascular catheters have some
limitations in upper gastrointestinal interventional procedures
because of the acute angulations of the esophagus, gastric antrum,
duodenum, and small bowel. In addition, in procedures in the stomach
with long durations, it is often difficult to control a hydrophilic guide
wire within a vascular catheter because of friction between the inner
lumen of the vascular catheter and the outer surface of the
hydrophilic guide wire. To overcome the limitations of vascular
catheters in the upper gastrointestinal tract, Song et al. had designed
a multifunctional coil catheter through which they could inject
contrast medium to opacify the area of interest with a guide wire in
place [84].

The functional requirement of steerable catheter had been
considered on the basis of gastrointestinal system anatomy (human
digestive system) and the form factor analysis of the conventional
medical devices such as a guidewire, a coil catheter, guiding sheath,
a flexible endoscope, and an overtube. Every device is designed to
have a specific and a limited property to satisfy the situation that
requires a specific function in the interventional procedure. Most of
the interventional devices have a length of more than 1,200 mm. In
upper gastric system anatomy, the distance from mouth to distal
jejunum is approximately up to 90cm along the organ path. The
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diameter of the upper gastrointestinal tract is up to 2.54 cm.

Table 3.1: Dimensions in upper GI tract [42]

Organ Length (cm) Thickness (mm)
Esophagus 25- 30 4
Stomach 20- 50 4-6

Overall : 25- 30

(1*" portion : 5
Duodenum 2™ portion : 5 3
3" portion : 7.5

4" portion : 10)

Jejunum 90 0.9

3.2.2 Structure Design based on Interventional Devices

In general, the upper GI tract lumen diameter is known as 2.5 —
3cm. The size of each interventional device varies with a device
function (see Figure 3.7). The diameter of the guidewire is 0.68 —
0.89 mm and they are normally made of nitinol or stainless steel
wires [85, 86]. Stent introducer is a tubular structure that consists
of various material and diameter section in it. A peek tube section
with 1.5 — 2.5 mm in diameter is aligned at distal side. The peek tube
is used as a supporting structure to coil a loaded stent and make a
guidewire pass through an inner lumen. The outer diameter of the
stent introducer is 2.5 — 45mm. A smaller diameter provides a
chance to perform a more safe treatment.

In addition, there are size limitations related to the GI SEMS
design. Normally, the GI SEMS is a meshed structure made of a
hyperelastic material. In the manufacturing process, the knitted wires

surrounding a cylinder jig (see Figure 3.7) form a meshed tubular
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structure, therefore, the strut thickness (overlapped diameter of
wires) is a dominant factor in the design of a GI SEMS. Major design
parameters of GI SEMS are divided into the axial force and the radial
force (see Figure 3.8(a)). GI SEMS is designed on the basis upon the
desirable expansion force. To expand a SEMS in a narrow space,
SEMS should be compressed in the delivery process. For this reason,
SEMS 1is designed as a highly compressible tubular structure.
Especially, an esophageal—duodenal stent is compressed in a radial
direction up to 2 — 3.5mm in the introducing tube. In endoscopic—
guided approach, the stent introducer should pass through a working
channel (smaller than 3.5mm in diameter). That is, the outer
diameter of a stent introducer is limited to smaller than 2 — 2.5 mm

due to the minimum wall thickness of the tube.
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Tunica adventitia

Tunica serosa

Guidewire Coil Catheter

0.D.:0.89 mm 2.64 mm
DiameterRange | Endoscope

“] 0..:5-10mm [

Stent Introducer . e Tunica 10.5 mm

0.D.: 4.30 mm . P mucosa Edpam
Tunica muscularis Tunica (pediatric)

submucosa

Figure 3.6: Form factor limitation in interventional devices related to

the average diameter of upper GI tract

(a) (b)
Figure 3.7: GI SEMS pattern design.
(a) Jig for pattern design of GI SEMS (b) Knitted GI SEMS

The shape of the SEMS after the compression is almost the same
as a solid cylinder. Due to the minimum desirable expansion force of
SEMS [87], the strut thickness of SEMS should not exceed a certain
level. Generally, the esophageal—duodenal stents have a knitted strut
which is 0.35 mm in diameter (see Figure 3.8(c)). In most cases, the
axial force of the stents is relatively small compared to the expansion

force inside a lumen. This is because of the necessity of increased
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conformability after placed in the stenosed lumen. Stents should be
compressed in a uniform distribution into a radial direction because
the shape collapse of stents comes to the deployment failure [88].
For this reason, the outer sheath of stent introducer for esophageal —
duodenal stents is commonly designed to endure the large expansion
force by the compressed stent in the tube. Maintaining a radial
stiffness means that the bending stiffness will increase consequently.
Commonly, an outer sheath of the stent introducer is made of
Polytetrafluoroethylene (PTFE). PTFE is the most popular material
for medical tubing that requires maximum surface lubricity, high
chemical, and thermal resistance, biocompatibility, and/or exact
extrusion tolerances. However, the increased bending stiffness of the

stent introducer with a loaded stent generate a straightening moment

and it hinders to overcome the acute angle at the tortuosity in GI tract.

Thus, the steerable catheter should be designed in the basis of
consideration on the stiffness and size limitations in the conventional

devices.
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Figure 3.8: Form factor limitation related to SEMS.
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Expansionforce (N)

(a) Design parameter of SEMS
(b) Expansion force of various stents
(¢) GI stent sample (upper:original shape, lower:compressed in stent
introducer) (d) Expansion force of esophageal—duodenal stents by

the compressed diameter change [88]
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3.2.3 Structure Design based on Required Configurations

In this study, the steerable catheter was designed in terms of a
soft manipulator to be a guiding overtube which can deliver the
conventional stent introducers or other devices through the inner
lumen. Delivering the various treating devices through the continuum
structure means that the treating options in a non—invasive manner
can be expanded. The desirable bending curvatures of a steerable
joint had been considered on the basis of knowledge for the organ
curvatures including the sections from an esophageal—gastric
junction to a duodenal bulb and from a duodenal bulb to a proximal
jejunum. As illustrated in the Figure 3.9, there are three types of
curvature and length to be overcome during the GI interventional
procedure. The first anatomical tortuosity exists as a virtual path
along the stomach wall. Stomach wall is slightly inflated by the gas.
Tension on the wall surface can be replaced as compressed spring,
therefore, the stomach wall will be in the state of relatively stiff. The
tip of catheters or guidewires should be passively bent at the stomach
wall. The first curve forms with approximately 25 — 50 mm (R;) in a
radius of curvature. The second anatomical tortuosity starts from the
duodenal bulb to proximal jejunum with approximately 80 — 90 mm
(R,) in a radius of curvature. The third anatomical tortuosity exists
in the proximal jejunum in highly curved shape with approximately
5—10mm (R3) in a radius of curvature. Strictly, the radii of curvature
of these portion in GI tract vary in the patient to patient, therefore,
the steerable catheter should have a steering curvature which can
cover the broad range during the insertion.

The steering mechanism for the steerable catheter had been
selected under the consideration of the limited space in the tubular

structure and the motion range. The pull—wire mechanism gives an
§
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advantage in terms of the simplicity and a force transmission for the

far side actuation.

Esophagus

Duodenum Ré"\") /

Jejunum
(a)
F 3
@ | - Py w—— -
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-+ | | :
3] ! i [l
> | | i
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e e | :
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v 1 10 cm ! |
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Proximal Distal

Longitudinal section

(b)
Figure 3.9: Desired catheter curve configurations.

(a) Curvature in GI tract (b) Steering configurations in GI tract
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3.2.4 Fabrication of Tubular Joint

At first, the available materials in 3D printing was investigated
before the prototyping of a flexible tubular joint. FilaFlex with Shore
hardness 56A (Recreus) was chosen for the tubular joint material for
the initial prototyping due to the highest flexibility and high
adaptability in 3D printing (see Figure 3.10(a)). Filaflex was
fabricated by a commercial Fused Deposition Modeling (FDM) type
3D printer (see Figure 3.10(b)).

Price
Brand Products Country  (S/kg) Performance Quality Process Conclusion

Le.SS Best filament in the semi-flexible
flexible NII'IJCIHQ;V SemiFlex @ category overall. However, it is alsothe

[
®

priciest.
a
x Very good filament especially from a
= r“ PolyFlex | 76 C @ @ printability and visual quality standpoint.
E Not as good mechanically as its peers.
2 L
While mechanical performance isgood,
@ MADESOLID FlexSolid - 78 B (o] B this filament should be mostly used for
objects with a limited level of details.
. Great, affordable filament, quite different
Q- OO-KUMA TrueFlex 65 @ B B from the other ones. In particular, high
- strength for a flexible category filament
% Very good filamentwith highest resilience
£ NanoFleﬁ NinjaFlex = 04 @ B c andstill fairly easy to print. Quite pricey.
[
As the most flexible filament in the
More @] Recreus FilaFlex = 92 B [ D selection, FilaFlex will find applications
3 but it is not easy to print
flexible
@Outstanding @ Excellent B ' Good C  Fair D | Poor

(a)

| —————————
FilaFlex ="

(b) (c)
Figure 3.10: 3D printing with flexible material.
(a) Flexible materials in 3D printing (3DPrinterOS)
(b) FDM 3D Printer for flexible tube prototyping (Cubicon 310F)
(c) Flexible TPU—TPE filament (FilaFlex 56A, Recreus)
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Figure 3.11 shows a model and the prototyped joint structure. To
achieve a bi—directional bending, a tip that can be pulled in two
opposing directions is required. This is achieved by using two pull
wires connected to a distal tip as shown in Figure 3.12. A steering
wire was passed through in the PTFE tube and fixed at the tip
structure. By pulling a wire from the proximal side, bending motion
of the steering joint occurs (see Figure 3.13(a)). When the bending
curvature of the steering joint exceeds the specific value, the flexible
tubular structure collapses. This phenomenon is called tube kinking

in general (see Figure 3.13(b)).

0.D.: 7mm
1.D.:5mm Joint structure

(FilaFlex, Shore56A)

wuw oy

Rigid tip
(ABS-like)

(a) (b)
Figure 3.11: Steerable joint with a steering wire.

(a) Drawing of joint structure (b) Prototyped tubular joint
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Figure 3.12: Steering mechanism for continuum structure

(d)

(c)
Figure 3.13: Kinking in tubular structure.

(a) Steering setup for prototyped joint
(b) Kinking in the curved joint (c) Filaflex tube kinking
(d) Silicone tube kinking (Shinetsu, KE—1606, Shore 30A)
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Under the assumption that the steering joint is flexible and easy
to bend, the kinking in a shell structure should be considered in the
joint design. The shell structure can be easily kinked by the increased
curvature during the bending motion. Because the rubber or the
silicone is not a compressible material, kinking is an intrinsic issue.
For this reason, most of the medical tubing adapts a braiding wire or
a coiling wire reinforcement around or inside the tube. However, the
reinforcement of a medical tube with a braided wire or a coiled wire
makes hard to fabricate, therefore, the complex design is required.

To verify a shape deformation which is followed by kinking
during the flexible tube bending, a computational prediction was
performed using a commercial Finite Element Analysis (FEA)
software ABAQUS 6.12 (Dassault Systémes, France). The shell tube
model (Diameter: 7 mm, length: 40 mm, thickness: 1mm) for FEA
was designed. To obtain a typical tendency of the flexible tube
kinking, the material property of a typical rubber was assigned on the
model under the assumption that the hardness and shell thickness of
the incompressible material can show a significant tendency of the
tube kinking.

Bottom hoop of the tubular structure was pinned Iin every
direction for a mechanical constraint. A uniform force 1N was
exerted on the upper hoop of the shell tube in the simulation. Shear
Modulus of the silicone model was calculated as 0.16 MPa from the

typical Young' s modulus (1 MPa) of the silicone rubber.
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Table 3.2: Parameters for a flexible tube buckling analysis

Hyperelastic Parameters

(Neo—Hooke)

Viscoelastic Parameters

(Prony series)

C10 Dl

i

k; Ty

0.16 0

0.3

0 0.1

(a)

Figure 3.14: Analytical kink prediction combined with buckling

Stress (MPa)

0.0254

0.020

0.015

0.010

0.005

0.00

0
0.000 0005 0.010 0015 0020 0.025 0.030

Strain

(b)

phenomenon. (a) Kink analysis (b) Stress—strain relationship into

the horizontal direction by the progress of kink
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In the analytical prediction on bending of a flexible tubular
structure, relatively large stress into the horizontal direction was
observed (see Figure 3.14(a)). The tendency of the Stress—strain
curve during the bending shows that the most stressed point in the
simulation (red nodes in Figure 3.14(a)) was in a linear relationship
with strain (see Figure 3.14(b)). In fact, the volumetric increase into
horizontal direction can be observed at the initial stage of bending in

both actual situation (see Figure 3.13(c, d)) and the simulation result.

3.2.5 Kink Prevention Ring Design for Tubular Joint
To increase a critical buckling load, the flexural rigidity of the
structure should be increased. Or, the length of the joint should be

decreased from the critical buckling load definition:

(3.1)

where m is the factor accounting for the end conditions, E is the
Young' s modulus (MPa), I is the moment of inertia (m*), and L is
the joint length (mm). That is, tube kinking during the bending in
flexible material cannot be completely avoided by the design
parameter change of the tubular structure. One of the solutions is
reinforced tubing so far, which allows the significant reduction of the
bend radius of small silicone tubes [89]. Especially, the lumen size
limitation is a critical issue in the medical application that the lumen
size should not be decreased as in the interventional devices.

As illustrated in Figure 3.15, tube kinking in a flexible material
occurs by the geometrical inconsistency between the elongated tube

surface and compressed surface during the bending. The tube kinking
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phenomenon is considered as caused by a local column buckling due
to the incompressibility of the material during the bending. If the
bending motion is induced by the moment equilibrium at both ends,
the center of rotation can be always determined as the center point
of the compressed surface. The center of rotation is expanded into a
horizontal direction by the increased compressive stress. The
expanded center of rotation forms a folding line. If the volume change
into horizontal direction is partially suppressed, the tube will not be

kinked even in the highly curved shape.

Elongated | Compressed

| =Local Buckling

Figure 3.15: Local buckling in flexible tube

To suppress the horizontal deflection, a backbone ring was
designed as shown in Figure 3.16(a). The prototype of the designed
backbone rings were fabricated by 3D-—printing (CONNEX 260,
Stratasys) using an ABS-—like material Vero—white. The ring—
shaped structure has two or four grooves inside and these are the
paths for the steering wires. The backbone rings are fixed on the
joint structure. As shown in Figure 3.15(c), the maximum deflection
can be suppressed by the backbone ring. However, the material is
still incompressible, thus, the stretch occurs into axial direction.
Putting the backbone rings is similar to the hoops on a barrel. The

alignment span and amount of the backbone rings were determined in
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trial and errors so far, however, the qualitative prediction of the
suppression effect by the backbone ring was achieved by the ring
alignment test (see Figure 3.17). The span of backbone ring
optimization can be achieved through the further study on local

column buckling condition during the bending.
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Figure 3.16: Kink—free design for a flexible tubular structure.

(a) Backbone ring for kink prevention (b) Drawing of reinforced

tubular joint with backbone rings (c) Bending test scene

(a) (b)

(c) (d)
Figure 3.17: Ring alignment test.

(a) No ring (b) 1 ring at the center (c) 3 rings (d) 5 rings
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A joint tip and a middle connector for the 1% and the 2™ joint
were designed. The steering wires are passed through the backbone
rings and fixed at the catheter tip with a tied knot (see Figure
3.18(a)). To guarantee enough axial stiffness and a durability in the
limited channel size, SMA wire with 0.2 mm in diameter was used
(Flexinol, Dynalloy, Inc.). Bending motion of the steerable joint can

occur by pulling a wire as illustrated in Figure 3.18 (b).

(b)

Figure 3.18: Steering in tubular joint. (a) Assembly with steering

wire (b) Bending motion by pull—wire actuation
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3.2.6 Steerable Joint for Multiple Curvature

For bi—planar and bi—directional bending, four steering wires
should be embedded in the joint structure (see Figure 3.19(a)). The
first joint and the second joint are connected by a middle connector.

Another two wires are fixed at the middle connector and the

alignment is shifted in 90° from the first set of the steering wires

(see Figure 3.19(b)). Therefore, the plane which connects two
parallel wire paths is perpendicular to another bending motion plane.
These two sets of wires form an antagonistic pair. The bending
motion of steerable joint assembly follows the bi—planar trajectory.
Because the anatomical curves form in a different length and a
curvature (and three dimensional), two different motion planes are
required. Total assembly of the steerable joint are illustrated in
Figure 3.19(c). The components of the steerable joint are shown in
Figure 3.20. Figure 3.21 shows the bi—direction bending test scene

using the developed steerable joint. The bending angle for each joint

was almost 180 °.
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(c)
Figure 3.19: Steering joint assembly. (a) Bending motion plane
assignment (b) Assembly process (c) Joint assembly
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Figure 3.20
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(a) (b)

(c)

Figure 3.21: Bending test scene of steerable joint.

(a) Bending test setup (b) 2™ joint bending

(¢) Bi—direction bending trajectory

In the antagonistic actuation, a tension coupling is a major issue
due to the bi—planar bending. Those two sets of the antagonistic pair
cannot be decoupled mechanically because they are embedded in the
same structure. Pulling a wire which is fixed at the endpoint will apply
a bending moment to the first joint, however, the flexible second joint
will be deformed even though the material of a middle connector is

rigid. Thus, the end position is determined by a combination of the



joint deformation and the joint bending. For this reason, the available
trajectory of the steerable joint should be considered in terms of a
stiffness difference in the joint materials. Figure 3.23 shows the
result from an analytical prediction of the bi—planar joint
configurations. The analytical model is constructed based on Euler—
Bernoulli beam bending theory. Constitutive equations of the

trajectory simulation are described as follows:

2

P=——"—0FI (3.2)
Pdx?

y=— (3L — x) (3.3)

x,(i + 1) = x; cos 8(i) (3.4)

where P is the arbitrarily determined lateral component of the
tension, x is the longitudinal displacement, L is the joint length, 6 is
the deflection angle, E is the Young s modulus, I is the moment of
inertia, y is the lateral deflection, and dx is the infinitesimal
longitudinal displacement.

Figure 3.22(a, b) show the overall scheme and the result example
of the trajectory simulator. The Young' s modulus, dimensions
(length and diameter), and a desired joint deflection angle of the tube
are given as input parameters. The output parameters are entire
trajectory, approximated radius of curvature of the deflected joint,
and the tip position. Approximated radius of curvature was calculated
from the circle that passes through the both ends of the joint after
the deformation. In the condition that is given as Table 3.3, the radius

of curvature was calculated as 48.93 mm. The body structure was set
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to be a rigid shaft.

Table 3.3: Input parameters of trajectory simulator example

Lgopy | Ljoint Ejoint Igopyjoint | Tension
(mm) (mm) (MPa) (mm?*) (N)
60 40 63,547 0.0308 1

Table 3.4 shows the input parameters for the trajectory simulator.

The simulation results which are illustrated in Figure 3.23 are based

on the extension of the calculation into the three dimensional space

with two joint deflection. After the calculation of the second joint

trajectory is completed, the first joint trajectory is calculated and the

entire points on the first joint trajectory are rotated around the

second joint tip position.

(—| Input Parameter I—\
Young’s Dimension Deflection
Modulus (mm) Angle 8

\ J
Calculation

initesi Infinitesimal

Deflection Moment
Infinitesimal Infinitesimal

\ Displacement X Displacement Y )

(—| OutputP‘.ar'ameter I—\

Joint Radius of
Trajectory Curvature
.

(a)

120

100

80

y (mm)

40t

20

60

N

\
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-60 -40 -20

0] 20 40 60
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Figure 3.22: Trajectory simulator of the steerable joint.

(a) Structure of trajectory simulator (b) Trajectory and

approximated radius of curvature of the joint bending example
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Table 3.4: Parameters for trajectory simulation

Lgopy Lioint | Egopyjoint | IBopyjoint Tension
(mm) | (mm) (MPa) (mm*) )
200 80 3 87.18 05-1
300“ 1’ OI9, 111’015 N
, I
<200 )
E
0L
10 = N gt
N - 10
0 RS \»\A_ e =i 0
10 -
y (mm) O =14 x (mm)
(a)
300 - /
E 200 - l /
s A
N 100 -
. 05,086, 1IN
10 -
-\-)'\_ -.'"__-:; 10
0 ~ e s =29
-1 K
y (mm) ¥ = x (mm)
(b)

Figure 3.23: Trajectory analysis in two joint. (a) Bending

configurations of 1% joint (b) Bending configurations of 2™ joint
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3.2.7 Body Structure of Steerable Catheter

To realize the steerable joint as an interventional device, a
tubular body structure should be designed under the consideration of
medical use and the anatomical constraints. From the aforementioned
design constraint, a total length of the continuum structure should be
120 cm — 140 cm to reach a distal jejunum. Besides the tube length,
the diameter was set to 7.5 mm. This is because of the backbone rings
on the joint sections. The overall scheme of the steerable catheter is
illustrated in Figure 3.24. To make a simple and a stiff structure, a
1,200 mm long PTFE tube for GI sheath was (S&G Biotech, Inc.)
connected to the steerable joints assembly. The GI sheath had been
developed and established its usefulness in the interventional
radiology over the decade [22, 24].

On the other hands, the kink in the PTFE tube is also an issue
when the tube bends along the GI tract. Once the kink occurs in PTFE
tube, the shape is not recoverable due to the plastic deformation. To
avoid a kink in a PTFE tube, the backbone rings were designed and
fabricated by a 3D printer using an ABS—like material. A backbone
ring (see Figure 3.25(a)) consists of two half—cylinder structure for
the easy assembly process. The half—cylinders are aligned in every
10 mm into the longitudinal axis and bonded using a medical adhesive
(4C30, Permabond® ), and a Polyolefin Primer (POP, Permabond®,
see Figure 3.25(b)). POP has been developed for surface treatment
of polyolefins, PTFE and silicones prior to bonding with the

cyanoacrylate adhesives (see Table 3.5).
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Table 3.5: Physical properties of POP [90]

Appearance Colorless Liquid
Viscosity at 25T 0.6 mPa.s (cP)
Specific Gravity 0.7
Boiling Point 98T
Flash Point —4C
Evaporation Rate 2.8 (butyl acetate = 1)
Drying time at 23C 30 sec.
UV—fluorescence Yes

Due to their low surface energy, plastics such as PTFE,
Polypropylene (PP), Polyethylene (PE) and Silicones are difficult to
bond without special surface treatment. After the treatment with POP,
durable bonds stronger than the substrate material can be achieved
[90]. As shown in Figure 3.25(c), the back bone ring could resist

kink at the acute curve configuration.

ww oye

Steering Lever
(Proximal)

Steering Lever
(Distal)

92g

Negotiation
Channel

Figure 3.24: Overall scheme of the steerable catheter
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(a) (b)

PTFE Tube

(c)
Figure 3.25: Kink—free design for the body tube. (a) Backbone rings
(Left: 10 mm, Right: 20 mm in length) (b) Medical adhesive and POP
primer (c) Comparison between a body tube with (Right) and without

(Left) the backbone rings

3.2.8 Steering Wire Path Design

In overall, the wire path should be formed inside the joint
connectors because the bending moment at the distal tip on each joint
section should be generated by an applied tension from the proximal
side. At the initial state, a wire tension is not involved in generating
bending moment of each joint. To make a conversion from an axial

load to the bending moment, the joint structure should be pre—cug:ved._
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Otherwise, in the straight shape, the buckling should occur by the
pull—wire tension. Once the bending motion is initiated by the
buckling, the bending moment by the pull—wire actuation after the
buckling will dramatically increase. Therefore, the required steering
force will decrease to bend the same amount of angles during the
motion. Furthermore, due to the condition for column buckling of the
joint structure, the joint connector should be rigid and completely
fixed. The alignment of the steering wire path does not require a high
level of accuracy, because when the wires are pulled, the wires tend
to bite into the grooves in the backbone rings. Compared to the
backbone rings, the joint connectors have a sophisticated structure
inside as illustrated in Figure 3.26. The wire path follows the

continuous trajectory from the distal to the proximal side.

< iU
(a)

T 71 N

¥ 0 7
(b)

Figure 3.26: Tendon path design in joint connectors (Left: Isometric
view, Center: front view, Right: Side view). (a) 1% - 2™ joint
connector (hidden lines visible) (b) 2™ joint — body tube connector
(hidden lines visible)
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3.3 Integration of Steerable Joint

3.3.1 Steering Handle Design

To improve the usability of the steerable joint, a steering handle
was designed. The handle was designed under the considerations that
the simultaneous use with other interventional devices in an actual
procedure. To consider the steerable catheter as a GI interventional
device, the existence of the through hole from the proximal to the
distal i1s required because the guidewires, catheters, and stent
introducers should be passed through the catheter lumen. Sometimes,
the holes in the catheters delivery the contrast medium or the drugs.

First, the steering wires in the antagonistic pair were connected
to the originally designed tendon connector (see Figure 3.27(b)). A
wire with ball forms in Pearl—necklace structure. The balls are
connected by a slightly flexible wire, therefore, the distance between
each ball is variable with a small elongation (longitudinal elongation
was 0.1 — 0.5mm in tension 1—2N). This feature facilitates the
connecting process in the connector assembly for tendon actuation.
The gear tooth profile was designed to fix the balls in the wires as

shown in Figure 3.27(c). To make an antagonistic pair in two wires,

slack in the neutral position of the steerable joint should be prevented.

Thus, the pre—tension (approximately 1N) was applied in the
process of assembly.

Second, the steering handle was fabricated by a 3D printer
(CONNEX 260, Stratasys) with an ABS—like material Vero—white.
The outer shell was designed as 2 mm in thickness (see Figure 3.28
(b)). Several components including a middle tube, adaptors, and a
body tube connector were designed and prototyped. In the assembly
process, the four steering wires are easily aligned by passing through
the body tube connector holes (see Figure 3.29(a, b)). Seyeral
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components are fixed by M3 and M4 bolts.
Finally, the penetration test was done as illustrated in Figure
3.30(d). The 120 cm long stent introducer was completely passed

through the handle and the steerable catheter.

(a) (b)

(c)

Figure 3.27: Transmission components. (a) Wire with ball (b)

Tendon connector (c) Rotating gear with lever (d) Adaptor for



Connecting
Tube

Joint Steering

Lever

(c)
Figure 3.28: Steering handle for steerable catheter.

(a) Handle design for steerable catheter (b) Outer shell for steering

handle (c) Handle prototype for steerable catheter
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(©) (d
Figure 3.29: Handle components and assembly process. (a) Body
tube connector design (Left: Isometric view, Center: Top view,
Right: Front view) (b) Middle connector design (Left: Isometric
view, Center: Top view, Right: Front view) (c) Assembly process of
the body tube connector and handle structure (d) Penetration test

using stent introducer
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The complete assembly of the steerable catheter was fabricated
as shown in Figure 3.30. A control gear contains fixed tendon wires
and it shows an antagonistic motion in the steerable catheter. Figure

3.31 shows schematic of steerable catheter assembly.

T

o~

"h.\\

-
PTFE tube ’\‘

2nd Steering section
15t Steering section

Handle

Figure 3.30: Prototype of steerable catheter with handle
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Figure 3.31: Schematic of steerable catheter assembly
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To obtain an approximation of the bending stiffness when using the
developed steerable catheter, the payload test was conducted. A
push—pull gauge (DTG—-20, DigiTech, Japan) was used to measure
the pulling force of the steering wires (see Figure 3.32). The distal
tip of the manipulator was weighted with the weights 10,20, 30, 40,
and 50g to produce a vertical deflection. As a result, the bending
stiffness of the steerable catheter with/without steering were
2,993 Nmm? and 623 Nmm? respectively. With steering, the wire

tension did not exceed 5N for a safety issue during the test.

(a) (b)

Figure 3.32: Evaluation of bending stiffness in steerable catheter.

(a) Push—pull gauge DTG—20 (b) Payload test scene

The conformability space in stenting with the developed soft
manipulator as an overtube is illustrated in Figure 3.33. Stenting with
a soft guidewire and the overtube shows significantly low
conformability as 0.36. In fact, the overtube cannot maintain the
curved shape when the stent introducer is passing. Consequently, a
shape—locking function without additional tension is required for the
stent placement in the GI tract. In other words, the variable stiffness

characteristic is required for the safe GI stent placement.
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overtube w/o steering into
Soft GW + Stomach

Soft GW + Stomach
Overtube w/ steering

105

Conformability
(9]

50

!
C'=0.36 g

Radjus of Curvature (mm)

Effective Length (mm)

Soft GW + Stomach + Overtube w/ steering
Stent Introducer and Stent

Figure 3.33: Conformability space in stenting with developed

steerable catheter as overtube
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Chapter 4. Variable Stiffness for Steerable Catheter
4.1 Stiffness Control Method

Various stiffness methods have been reported in the literature
and a number of classifications of such methods have been reported.
In a soft structure, there have been several methods for stiffness
control. However, the stiffness control in medical devices is limited
in terms of safety, a material, and a form factor constraint by the
organ size. For this reason, there are two possible types of variable
stiffness methods are considered for medical use: 1)Structure—

based methods, 2)Phase transition—based methods.

4.1.1 Structure-based Variable Stiffness Methods

Variable stiffness can be achieved in soft structure mechanically
by structural designs. Shiva et al. [91] designed a continuum silicon—
based manipulator with controllable stiffness realized by antagonistic
actuation of pneumatic actuation and tendon (Figure 4.1(a)). The
antagonistic actuation configuration increased the manipulator’s load
bearing capabilities. Except for stiffness modulation, the pneumatic
and tendon—based actuation method endows the soft structure with
the ability to control its pose. Another example of variable stiffness
soft structures using antagonistic actuation is by combination of
contracting and extending fluidic actuators as in Figure 4.1(b) [92].
By driving the contracting and extending actuators concurrently, the
combined mechanism can achieve stiffening effect. A variable
stiffness continuum manipulator with active—braid inspired by
muscular hydrostats is proposed [93]. In this research, the stiffness
of the manipulator could be changed when the radial actuators and

the longitudinal tendons were actuated in antagonistic manner.
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Segment locking is also a common approach for variable stiffness
structures especially for flexible manipulators in medical applications
such as MIS. By using central or multiple tensioning cables to lock
the segments, stiffness change can be achieved [94, 95]. The tension

in the cables leads to friction between segments and causes stiffness

variation of the manipulator to adapt to different application scenarios.

Except for controlling the tension of cables, segment locking of the
manipulator could also be obtained via locking joints in the mechanism
as shown in Figure 4.1(c) [94]. The unique geometry in the segment
design facilitates that the segments of the manipulator can be
mechanically locked and stiffened by the applied air pressure. These
working principles showed feasibility, however, the design principles
of the manipulators that are based on the structure —based principles
have either limited stiffness—changing properties or too complex and

bulky bodies to be miniaturized.
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P —— Plastic cap Section View A-A’
Free Silicone
chamber body
A )
£ Guidance hose
S for tendons
e
Pneumatic
actuation
chambers
T Pneumatic 120°
Tendon tube (—
11.5 mm
(a)

(c)

Figure 4.1: Structure—based variable stiffness methods.

Contracting
actuator

Extending
actuator

(b)

(a) Pneumatically actuated soft manipulator using tendons for

stiffening [91] (b) Configuration of combined contracting and

expanding fluidic actuators to achieve variable stiffness [92]

(c) Flexible endoscopic [94]

100

1 Ji.-'r_



4.1.2 Phase Transition-based Variable Stiffness Methods

Among the stiffness control strategies for soft manipualtors,
phase transition—based methods are widely used. Mechanical
properties of thermoplastics show variation during thermal
transitions including glass transition temperature T, and melting
temperature T, . The elastic modulus of thermoplastics changes
dramatically when heated to around its glass transition temperature.
Similar phenomenon is also found in shape memory polymer (SMP).
The change of SMP' s Young s modulus with temperature change
is drastic (see Figure 4.2(a)) [97]. SMP is at glassy phase with high
elastic modulus below T;. Above Ty, SMP transforms to rubbery
phase that can be easily deformed. The Young s modulus ratio
between glassy and rubbery states of SMP can be as high as
hundreds.

Yang et al. reported variable stiffness ball joints that its stiffness
was tuned by thermal stimulus and cascaded a number of these joints
to form a hyper—redundant robotic arm [98]. The ball joint is made
of two materials: ABS and SMP. When heated above Tg, the joint
exhibits low resistive torque and can move freely because SMP is at
rubbery state. When the SMP cools down to below T,, the SMP
structure is at glassy state and the joint’ s resistive torque increases
dramatically. In their further study, variable stiffness soft fingers
were developed using SMP for stiffness control and bending shape
control [99, 100]. They attempted the SMP materials with an
integrated pin heaters and with conductive elastomers. The main
novelty of using conductive elastomers was that they could not only
provide Joule heating for the SMP part but also enable the finger joint
with position feedback capability (see Figure 4.2(b)) [100]. The

three bending joints are realized by heating SMP material above T,
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at the joint regions. As a result, the finger would bend at low stiffness
joints when pressurized air flows in the air chamber. Except for soft
pneumatic fingers, SMP has also been applied in tendon—driven
under—actuated robotic origami structure for stiffness control [101].

Thermoplastics have been used for developing multifunctional
robotic fibers to mimic the capabilities of human muscle fibers in a
research conducted by Yuen et al. [102]. In their study, the glass
transition in PLA (T, = 55-65 C) or ABS (T, = 105 C) was tapped
for stiffness control and thus the long—time lifting of a soft robotic
arm was accomplished without continuous energy input. Except for
thermoplastics and SMPs, SMAs also exhibit modulus variation when
transforming from Austenite to Martensite through wvariation of
thermal energy. The phase transition of SMA is presented in Figure
4.2(c) [103]. However, the range of the elastic modulus change of
SMAs is relative small (< 4x) and its absolute modulus is still high
(83 GPa as Austenite [104]), which limits SMAs’ application for
stiffness control in soft structures.

On the other hands, low melting point alloys (LMPAs) has been
emerging for variable stiffness applications recently since a large
stiffness range can be achieved when LMPASs changing between solid
and liquid states. Schubert et al. developed a variable stiffness
composite with LMPA. The melting temperature of LMPA is
approximately 47 C. The small—sized channels in LMPA were
covered with Polydimethylsiloxane [105]. The composite
demonstrated stiffness change of 25 folds from 40 — 1.5 MPa when
LMPA was heated from solid state to liquid state. Moreover, the
composite possessed inherent strain sensing capability by monitoring
its resistance change since LMPAs were also electrical conductors.

Using this composite, variable stiffness actuators have been
§
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developed by using dielectric elastomers actuators (DEA) and a
LMPA substrate as stiffness tuning module as shown in Figure 4.2 (d)

[106].

Glass transition region

% \
a Glass state
s
(%)
3>
=
el
[¢]
% \ Rubber state
£
© N —
w
TS
Temperature
(a)
Pneumatic Inextensible Conductive
actuator Air chamber layer elastomer

Airinlet ==
N ~ ~ ~__+—1SMP matrix
Joint 1 Joint 2 Joint 3
(b)
Ti Ni

i Actuator without LMPA

Austenite '\Heatlng

lCooIing
i iii
Deformation
—)
Actuator with LMPA (rigid)
Martensite Deformed Martensite
(©) (d)

Figure 4.2: Phase transition—based variable stiffness methods.
(a) SMP’ s elastic modulus change with temperature [97]
(b) Variable stiffness soft finger based on SMP and conductive
elastomer [100] (c) Phase transition in Ni—Ti SMA [103]
(d) LMPA applied in DEA—based soft actuator for stiffness

modulation [106] _
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4.2 Shape Memory Polymer
4.2.1 Backgrounds

SMPs can retain two or sometimes three shapes, and the
transition between those is induced by temperature. In addition to
temperature change, the shape change of SMPs can also be triggered
by an electric or magnetic field, light or solution. As well as polymers
in general, SMPs also cover a wide property—range from stable to
biodegradable, from soft to hard, and from elastic to rigid, depending
on the structural units that constitute the SMP. SMPs include
thermoplastic and thermoset (covalently cross—linked) polymeric
materials. SMPs are known to be able to store up to three different
shapes in memory. SMPs have demonstrated recoverable strains of
above 800% [107]. SMPs are considered that are suitable for
medical use due to the broad elastic range, bio—compatibility, and a

shape—locking capability with no energy input.

4.2.2 Fabrication of SMP Structure

As described previously, the SMP has a frozen strain
characteristic which makes the structure be deformed by the external
load and shape—locked in the room temperature (Figure 4.3(a)). A
temporary shape can be maintained unless the structure is heated.
Recently, the fabrication of the SMP is available due to the advance
in 3D—printing technology. There are several material sources such
as a pellet for extrusion process and molding, or filament (SMP
Technologies and Kyoraku, Japan) for 3D printing (Figure 4.3(b)).
T,, of the SMP filament is around 210 C. Therefore, the printing

temperature was set to be 220 C, and the travel speed was 80 mm/s.
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(a)

Figure 4.3: Shape Memory Polymer. (a) Frozen strain in SMP

(Advanced Polymer Research lab.) (b) SMP filaments and pellets
(SMP Technologies, Inc.) (c) 3D—printing process of SMP

The designed sample structure (Figure 4.4(a)) was printed by a
typical FDM 3D printer. The prototyped structure showed a fine
shape accuracy as illustrated in Figure 4.4 (b). In addition, the tubular
structure was fabricated using the SMP filament as shown in Figure
4.4(c). The tube layer was overlapped by 30 %, leakage was not
observed under the water flow condition. The feasibility test of the
SMP tube was conducted. Before the test, the SMP tube was heated
and cooled down in a curved shape. The bending radius of curvature
was 57 mm. The stent introducer could path through the inner lumen
of the curved SMP tube, and the curvature was maintained (Figure

4.5).
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100 mm

3D-printed SMP Tube

Tube design

(c)
Figure 4.4: Stent structure. (a) SMP structure design
(b) 3D—printed SMP structure (c) Tube design and SMP tube
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(a) (b)
Figure 4.5: Feasibility test of SMP tube. (a) Radius of curvature of
SMP tube (b) Shape—locking capability test with stent introducer

4.2.3 Material Property of SMP

Generally, two states exist in SMP structure by the temperature
change that induces the phase transition. Thus, in SMP structure
design, two possible behaviors in a rigid state and a flexible state
should be considered. To predict two states in design process, the
property of the SMP was measured by tensile testing machine. The
tensile testing was conducted using a standard specimen as shown in
Figure 4.6(a, b). The thickness of the fabricated specimen was
3.2mm. To measure the elongation in the rubbery state of the
specimen, the center of the specimen was coiled by the PTFE tube
which contains nichrome wires (©0.3 mm) inside. The local heating
was done by the electric current to the coiled wires. The electric
current was applied by a DC power supply (0.1 A) for more than 30
seconds. After the SMP specimen was heated enough (around Tg),

the specimen were pulled by a tensile testing machine, and a load cell
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(maximum load = 20kgf) was used to measure the applied load in
every test. The results show that the stress—strain curve in the

flexible state is similar to the typical rubber or silicone (see Figure

4.6(d)).
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Figure 4.6: SMP property test. (a) Specimen for tensile test
(b) Fabricated SMP test piece (c) Tensile test setting for SMP
(d) Tensile test result for SMP
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4.2.4 Heating and Cooling Method for SMP Structure

The heat—induced phase transition requires the instant heating
for the shape deformation. Embedding a nichrome or a nitinol wire is
considered as the simplest method to an entire SMP structure. As
illustrated in Figure 4.7(a), Joule heating can be achieved by the
direct current from the DC power supply. A test piece for joule
heating test was designed (Figure 4.7 (b)). The thru—hole makes the
heating wire pass through and both ends are connected to the metal
electrodes for closed circuit formation. The electric current 0.1 A
was applied to the inner lumen of the SMP structure through the
heating wire during 10 seconds. After the heating, the structure was
deformed by the applied load (Figure 4.7(c)).

Joule heating using a heating wire showed a feasibility in the SMP
structure, however, the heat transfer is not efficient due to the
heating area is limited with a thin wire. To address the issue related
to heating area limitation, coiling a heating wire was considered for
the broad range heating of the tube surface. The experiment using a
coiled heating wire was designed to verify the effectiveness of the
electric heating method (see Figure 4.8(a)). The load cell (maximum
load = 500gf) was used to measure a small amount of the pulling
force with a high accuracy. Figure 4.8(b) shows an experimental
result. When the lateral deflection of the SMP tube did not bend more
than 1- 2mm even though lateral load 150 g was applied. When the
SMP tube is heated above glass transition temperature, the SMP tube
can be bent with a small amount of the lateral force (see Figure
4.8(c)). As aresult, the embedded heating method that contains Joule
heating method can be a candidate for the steerable catheter with a

variable stiffness.
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(a) (b)

(c)
Figure 4.7: Heating and cooling methods.

(a) Electric heating method (b) Test piece for heating test

(c) Heating setup and test scene
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Figure 4.8: SMP heating test. (a) Heating test setup

(b) Experimental result of joule heating
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On the other hands, the cooling method is required to achieve a
shape—locking of the steerable catheter. In thermoelectric heating,
the heat transfer efficiency is low because of the temperature
influence by the surrounding tissue. A low heat transfer efficiency
may not be a critical issue in heating process, however, the cooling
should be instant because the desired shape can be maintained only
with an appropriate wire tension until the cooling is complete.

To evaluate a cooling performance with a thermoelectric cooling,

Peltier module (see Figure 4.9(a)) was used in the thermoelectric

cooling test (see Figure 4.9(b)). A copper wire (©0.25mm) was
coiled on the SMP tube surface and connected to the Peltier module
for heat transfer. The cooling fan was attached on the Peltier module.
A thermocouple—type temperature sensor with a display (MOO02,
makepcb, Korea) was set up to monitor the temperature during the
test. In test, Electric current 6 A by a DC power supply was
constantly applied to the Peltier module, The temperature of the
Peltier module was cooled down instantly by 10 — 15 C, however, the
cooling performance of the SMP tube was extremely low due to the
low heat transfer efficiency. To increase heat transfer efficiency, the
area of the coiled surface should be widened with a shorter
connecting length. Consequently, another method should be

considered for phase transition to the glassy state of the SMP tube.
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Figure 4.9: Thermoelectric cooling test for SMP tube.
(a) Peltier module (FALC1-09506T150, Huimao, Inc.)

(b) Cooling test setup using Peltier module
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To use the simplest way to cool down a heated SMP structure
for medical use, the water chilling method was proposed (see Figure
4.10(a)). In general, the water chilling method requires a circulation
system, however, the flowing the saline into the GI tract through the
medical tube is commonly used to wash and sterilize a soft tissue in
the surgical and the interventional procedures. Thus, direct injection
of water 1s considered as an effective method in terms of safety.
Moreover, a PTFE tube (O.D.: 4mm, I.D.: 2mm) and a syringe (5 mL)
was used for cool water injection into the SMP tube (see Figure
4.10(b)). The heated SMP tube was cooled down using cool water
(3-6.5TC) injection for 10 seconds. As a result, the cool water
method showed a feasibility that can easily cool down the heated SMP
structure compared to the thermoelectric cooling. Furthermore, the
electric heating method has limitations in a temperature control and
requires an additional component for temperature sensing. To
achieve the instant phase transition of the SMP tube, the water
chilling method will be a promising candidate. Further study is
required for feasibility verification of the proposed method in the

clinical scenario in the future.
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Figure 4.10: Chilling method with cool water. (a) Water cooling

scheme (b) Thermoelectric test cooling using Peltier module
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Heating with bending tension
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Cooling without tension

Heating without tension 55°C

Figure 4.11: Thermoelctric heating and water cooling of SMP joint

As shown in Figure 4.11, the heating and cooling strategy to
control a stiffness of the SMP joint was established. First, the SMP
joint is coiled with a heating wire. To insert a whole structure, SMP
joint should be heated during the insertion. The flexibility of the SMP
joint is increased by a thermoelectric heating, then, the shape—

locking function will be activated by the cooling down of the SMP joint

4.3 SMP in Steering Joint
4.3.1 Steerable Catheter with SMP Joint

A steerable catheter with the SMP joint was designed and
assembled as shown in Figure 4.12(b). Figure 4.12(a) shows a design
of backbone rings to suppress a lateral deflection of the SMP tube in
bending motion. Two additional grooves exist for the heating wire
that passes through the entire structure. Moreover, the backbone
rings are used to be a steering wire path and coiling path of the
heating wire. Four slits which are aligned in the perpendicular to the

each direction were designed for the steering wire path, and other

.
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two slits were designed for a closed loop formation of the heating
wire from the proximal to the distal side. Figure 4.12(b) shows
steerable joint assembly with a silicone joint in the distal tip. Due to
the backbone rings, the lateral deflection is suppressed during a
bending motion. The bending angle of the 1 joint was realized up to
180 ° without a tube kinking. This is because of the force
transmission from the proximal side is maintained by the stiffened
SMP joints. The payload was tested using the 1°' joint in the curved
configuration (see Figure 4.12(d)).

In clinical situation, the GI intervention using the proposed
steerable catheter with a variable stiffness is illustrated in Figure
4.13. The new device for GI intervention can be used without any
conflict because the device can play a role as an overtube like other
interventional devices such as an endoscope or a guiding sheath.
Firstly, the soft guidewire is inserted into the stomach (see Figure
4.13(a)). The steerable catheter in rubbery state is overlapped over
inserted guidewire (see Figure 4.13(b)). Shape—locking of the SMP
joint is activated by structure cooling (see Figure 4.13(c)). A
guidewire is inserted into the distal side (see Figure 4.13(d)). In this
case, the SMP joint plays a role as a supporting structure. The
guidewire is steered by the steerable catheter (see Figure 4.13(e)).

Finally, the stent is placed by clinician (see Figure 4.13(f)).
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‘ Heating wire path

(a)

SMP Tube (20 cm

(b)

(c) (d)
Figure 4.12: Steerable catheter with SMP joint. (a) Backbone ring for

SMP tube (Left:Isometric view, Center:Front view, Right:Side view)
(b) Steerable catheter with SMP joint
(c) Bending test of the 1st joint (d) Payload test of the 1st joint
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Stuck
with Loop

e |, Shape-locked

steered N\
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Figure 4.13: New method using steerable catheter.

(a) Soft guidewire is inserted into stomach (b) Steerable catheter
is overlapped over inserted guidewire (c) Shape—Ilocking is activated
by structure cooling (d) Guidewire is inserted into distal side (e)
Guidewire is steered by steerable catheter (f) Stent is placed by
clinician
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The stenting test process is shown in Figure 4.14. The steerable
catheter is heated and the phase is shifted to the rubbery state (see
Figure 4.14(a)). The curved steerable catheter straightens by stent
introducer passing through inner lumen (see Figure 4.14(b)). The
shape of the curved steerable catheter is locked by cooling down (see
Figure 4.14(c)). The stent introducer is completely passes through
the curved steerable catheter lumen without configuration change
(see Figure 4.14(d)). The stent is pushed out from steerable catheter
in the curved configuration (see Figure 4.14(e)).

Through the three—point bending test on SMP tube in two states,
the bending stiffness was obtained as Elgyp ¢ = 34,408 Nmm? (glassy)
and Elgyp g = 119 Nmm? (rubbery). The conformability space of the
SMP manipulator was calculated (see Figure 4.15). The
conformability was maintained by more than 40 in both situations:
insertion into the stomach and stent introducer passing through the
SMP manipulator lumen. Consequently, the conformability was
dramatically increased in any effective length and radius of curvature

using the proposed SMP manipulator.
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(e)

Figure 4.14: Stent placement test using manipulator with variable

stiffness.

(a) Steerable catheter in rubbery state (b) Curved steerable catheter
straightens by stent introducer passing through inner lumen (c)
Shape of curved steerable catheter is locked by cooling
(d) Stent introducer passes through curved steerable catheter
without configuration change (e) Stent is pushed out from steerable

catheter in curved configuration
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Soft GW + Stomach + SMP Joint (stiff state)
Stent Introducer and Stent

Soft GW + Stomach
SMP Joint (soft state)

100 §

50 §

Conformability

30

Radius of Curvature (mm)
Effective Length (mm)

Soft GW + Stomach
SMP Joint (stiff state)

Figure 4.15: Conformability space of the SMP tube during stent

introducer passing
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Chapter 5. Experiments
5.1 In-vitro Test

In—vitro test for GI tract is difficult to realize a texture and
complex geometry. A few researchers have been developed (see
Figure 5.1) [108 — 110]. However, the actual size of the test bed for
GI intervention have not been developed even in the commercial

product.

5.1.1 Simple Phantom for GI Tract

A simple phantom was designed that consists of the acrylic plates,
the acrylic pipe, and the translucent rubber tubes. The total length
and space were designed on the basis on the measured size in several
literatures. The length of the esophagus was set to be 30 cm, the
distance from the EG junction to the greater curvature is 10 cm, the
length from the 1° portion of the duodenum to the 4™ portion of the
duodenum was set to be 25cm. Each portion through the entire
structure was set to be 5,8,3,10 cm. The diameter of the acrylic pipe
is 2cm as shown in Figure 5.2(a). Using the prototyped phantom,
guiding sheath which is the most large diameter interventional device
was tested. In the insertion test, the guiding sheath was lubricated
by a medical lubricant. However, the guiding sheath was kinked at
the acute angle nearby the duodenal bulb. As described in the
previous chapter, the kinked lumen cannot make the stent introducer
pass through. In an actual clinical field, the stomach wall is lubricated
and distended by the €0, gas insertion. For this reason, the tissue
distension of the soft tissue should be concerned in the in—vitro study.
Moreover, the flexible material should be used to realize a tissue

distension, and the dimensions should be set to be based on an actual
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organ size in terms of the realistic scenario.

(a) (b)

pyriahi N EIE RIS
800-686-5232

(c)
Figure 5.1: Phantom for GI tract.

(a) Dynamic GI tract phantom [108] (b) Stomach phantom by

molding process [109] (c¢) Full—size phantom of GI tract [110]
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(c)
Figure 5.2: Simple phantom of GI tract. (a) Simple phantom design

(b) Prototyped simple phantom (c) Interventional device insertion
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5.1.2 Patient-derived Phantom

To consider the realistic scenario in the in—vitro study, the

patient—derived CT image was obtained with a cooperation of the

department of internal medicine and radiology at Asan Medical Center.

The data was obtained from the patient who swallowed a foaming
agent. Owing to this, the 3D model was slightly inflated (see Figure
5.3(b)). However, the distal side of the small intestine was not fully
realized. Hence, the artificial duodeno—jejunal region was designed
on the basis of the anatomic observation of the duodenum [29, 42].
Figure 5.4 shows steerable catheter insertion test procedure with a
guidewire using a patient—derived GI phantom. First, the steerable
catheter is inserted through the mouth part (see Figure 5.4(a)). The
distal tip of the steerable catheter is placed in the stomach region
(see Figure 5.4(b)). The distal tip of the steerable catheter is placed
in the duodenum part by steering (see Figure 5.4(c)). A guidewire is
inserted into the stomach alone (see Figure 5.4(d)). The steerable
catheter is overlapped on the inserted guidewire (see Figure 5.4(e)).
Approaching the duodenum part is achieved by tip steering of the

steerable catheter (see Figure 5.4(f)).
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Esophagus 14 portion

D = 2.54cm
2" portion

R, =80 mm 4™ portion

3¢ portion Rz =15mm

(a)

(b)

Esophagus

Duodenal
Bulb

Mouth

Inflated (45 deg. inclined)

Stomach

(c)

Figure 5.3: Patient—derived phantom. (a) Duodeno—jejunal region

trajectory model (c) Patient—derived phantom model (d) Patient—

derived phantom with artificial duodeno—jejunal region
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In—vitro test using the patient—derived full—size phantom was

conducted with the 1% steerable catheter.

(d) (e)

()

Figure 5.4: Steerable catheter test using the full—size phantom.

(a) Steerable catheter insertion through the mouth part
(b) Distal tip in stomach (c) Distal tip in duodenum
(d) Guidewire in stomach (e) Overlapped catheter on guidewire
(f) Approaching duodenum with tip steering
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5.2 In-vivo Test

To obtain an actual stiffness data and bending profile in the live
stomach, the in—vivo test was conducted using originally designed
measuring device as shown in Figure 5.5(b). The one—way bending
structure was designed as a distal tip (see Figure 5.5(a)). A load cell
(333FB, KTOYO, Korea) and a flex bend sensor(SEN—-10264,
Sparkfun, U.S.) were embedded in the flexible structure. The load
cell can measure the 500 g in maximum. As the flex sensor is flexed,
the resistance across the sensor increases. All signals from these
sensors are acquired and processed using a microprocessor (Arduino
Leonardo, Arduino.cc, Multinational). Figure 5.6 shows the
experimental scenes. The experimental results (see Figure 5.7)
show the different curve by each trial. This may be caused by the
food left in the animal's stomach even though the NPO (Nothing by

mouth) was done on the object animal. Nevertheless, the data shows

a similar tendency that the bending angle is ranged 5—10 ° where
the measured force is in 1 —3N. The results will be a clue for the

further study in the future.
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Figure 5.5: Stiffness and bending profile test device.

(a) Fabricated bending structure by silicone molding (b) Sensors and

embedded device for stiffness and bending profile test
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Live pig
(Anesthetized)

(c)
Figure 5.6: Stiffness and bending profile test. (a) Schematic of

stiffness and bending profile test setup (b) Experimental setup in
porcine model (c) Fluoroscopic images in stiffness and bending

profile test
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Figure 5.7: Experimental result from in—vivo test.

(a) Experimental result (trial 1)

(b) Experimental result (trial 2) (c) Experimental result (trial 3)
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Chapter 6. Conclusion

6.1 Conclusion

In this study, a new design principle of interventional devices
which is based on the conformability model was proposed. The
proposed model was built in order to extract the essence of the
interactions between the soft tissue and the medical tubes during the
GI intervention. In the proposed conformability model, the complexity
of multi—body contact behavior between the soft tissue and the
medical tube was simplified to the wvariables: flexural rigidity,
curvature, and effective length of the curved space. Conformability in
various combinations of conventional GI interventional devices was
evaluated in order to design an optimized tube that can be used in GI
stenting procedure. As a result, a soft manipulator with variable
stiffness was designed and fabricated on the basis of consideration
of those conformabilities. The soft manipulator can play a role as an
overtube which can maintain a high conformability during GI

intervention.

6.2 Future Works

The future works are considered as follows:

® Verification of the conformability model in three—dimensional
space

® Verification of the conformability model for multi—curvature

® Prediction of a loop formation of the curved tube using the
conformability factor

® Stent placement test using the steerable catheter in porcine
or dog model

® Optimization of the SMP joint using an extrusion method on
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the basis of consideration of medical use

To decrease an outer diameter of the entire structure,
backbone rings mechanism must be embedded in the tubular
structure in the limited form factor

Exploration of a new heating and cooling method for SMP
structure

Decoupling of the steering motion by the motion compensation

using a semi—automated actuation by actuators and sensors
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