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ABSTRACT

DESIGN OF AN EXTENSIBLE COLONOSCOPE

Colonoscopy is the standard medical diagnosis method used to detect abnormal-
ities in the colon. Early diagnosis of these abnormalities is crucial for colorectal cancer
treatment to succeed. Even though colonoscopy is very successful at diagnosis, this
hard procedure may lead to discomfort and possible complications on the colon wall.
Colonoscopy requires physical effort and may take up to one hour. In this thesis, a
novel colonoscope consisting of a flexible and extensible shaft and corresponding feed-
ing mechanisms are presented. The extensible colonoscope is steered from the tip in
3-dimensional space. It navigates through the colon via growth by means of a miniatur-
ized version of a pneumatic actuator developed in a parallel study. The shaft consists
of different concentric segments built around the actuator tubings in order to supply
certain amount of rigidity while still being flexible enough to bend at certain radii. At
the feeding side, the feeding mechanisms work together to control and advance the tip.
Unlike the conventional colonoscopy procedures, force providing forward motion tot eh
colonoscope is applied at the tip. Thus, pressure on the colon wall is expected to be

reduced eliminating anyserious complications.



OZET

UZAYABILIR BiR KOLONOSKOP TASARIMI

Kolonoskopi, kolondaki polip, lezyon ve kanserli doku olugsumu gibi anoma-
lileri tespit etmek icin kullanilan standart bir tibbi tani1 yontemidir. Bu anoma-
lilerin erken teshisi, kolorektal kanser tedavisinin basarili olmasi i¢in ¢ok onemlidir.
Kolonoskopi tanida oldukca basarili olsa da, bu zor prosediir kolon duvarinda ra-
hatsizlik ve olasi komplikasyonlara yol acabilmektedir. Ustelik, kolonoskopi fiziksel
caba gerektirmekte ve bir saate kadar siirebilmektedir. Bu tez ¢aligmasinda, esnek ve
uzayabilir bir saft ve ilintili besleme mekanizmalarindan olusan yeni bir kolonoskop
tasarlanmigtir. Uzayabilir kolonoskop ti¢ boyutlu uzayda ugtan siirtilmektedir. Paralel
bir ¢alismada gelistirilen pnomatik bir eyleyicinin hedef kolonoskop boyutlarindaki bir
versiyonu sayesinde, kolon boyunca biiytime yoluyla ilerler. Tasarlanan saft, belirli
yaricaplarda biikiilecek kadar esnek olmakla birlikte, belirli miktarda sertlik saglamak
i¢in eyleyici borularinin etrafina insa edilmig farkli e merkezli katmanlardan olusur.
Besleme tarafinda, ayr1 besleme mekanizmalari ucu kontrol etmek ve ilerletmek icin bir-
likte caligir. Geleneksel kolonoskopi iglemlerindekinin aksine, ileri yonde hareketi veren
kuvvet arkadan itme yerine uctan ¢ekme ile uygulanmaktadir. Buna bagl olarak, kolon
duvari tizerindeki baskinin azaltilmasi ve dolayisiyla ciddi komplikasyonlarin giderilmesi

beklenmektedir.
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1. INTRODUCTION

Cancer is one of the most widespread reasons of deaths in the world, and col-
orectal cancer (CRC) is the fourth most lethal type [1]. In 2012, 694,000 cases of CRC
concluded with death where a total of 1.4 million cases were diagnosed [2]. CRC is cur-
able if it is diagnosed at early stages [3]. The diagnosis of CRC is possible by screening

of the colon. Currently the most effective screening method is colonoscopy [4].

1.1. Medical Background

1.1.1. Colonoscopy Procedure

Since the development of endoscopic devices, the importance of endoscopic appli-
cations is increasing because they provide faster and better diagnosis of abnormalities
in certain sections of the body. Colonoscopy is an endoscopic procedure used to diag-
nose any abnormalities visually in the colon, and it is one of the most commonly used

endoscopy applications and diagnosis method for colorectal cancer.

camera
irrigation

(b)

tool

channel light

Figure 1.1. (a) Visual representation of a colonoscope in the colon, (b) tip of the

colonoscope, and (c¢) camera view of the colon. Reprinted from [5].



The procedure is performed via visual examination of the colon using a colono-
scope containing a camera at the tip. The first colonoscope developed dates back to
1970s [6]. The camera is mounted on the tip of a flexible endoscope which contains
gas channels and cables necessary to transmit data from the camera. The intestine
is inflated using these channels in order to increase the visibility and also make the
endoscope navigate easier through the colon [7]. The endoscope shaft is navigated
through the colon via a cable driven system. This system is controlled by a handle to
make the tip bend at a certain maximum curvature in 3-axis and adjust the stiffness
of the shaft [8]. Cancerous tissues or polyps can be removed by the colonoscope via
suction [9]. Generally, the procedure takes around 30 minutes but when faced with
complications it might take up to 1 hour [10]. Even though colonoscopes have been

improved over years, colonoscopy is still a challenging process [11].

In order to perform colonoscopy successfully, the tip of the colonoscope shaft
should reach the cecum and provide visual data [13] (see Figure 1.1). The total length
of the large intestine is found to be 167 cm with a standard deviation of 21 cm according

to studies [14]. Also, some therapeutic interventions are performed if needed during

Figure 1.2. The distal end and the control knob of a colonoscope. Reprinted from [12].



the operation. Thereby, a tool channel is included for needed tools. Water and CO or
air channels are also present through the colonoscope for insufflation of colon [15, 16].
These channels are connected to a control knob which also has different parts for air,
water, suction and deflection controls. Last 10 cm of the flexible shaft is called the
distal end and it is the only deflected part for navigation. Also deflection of the tip
at high angles provides better visual feedback. The knob and the distal end can be

observed in Figure 1.2.

1.1.2. Anatomy of the Colon

Anatomy of the colon may pose challenges for the colonoscopy procedure. To
better understand the difficulties faced during the colonoscopy procedure, anatomy of

the colon should be better understood.

The large intestine draws salts and water from nutrition wastes before they are
disposed as solid from thw anus. It is composed of the cecum, appendix, colon, rectum
and anal canal (see Figure 1.3) [17]. The colon approximately has a length of 170 cm,
and is composed of four sections [14,17]. The ascending colon lies at the right lower
quadrant of the colon for approximately 15 cm and, is connected to the small intestine
via the cecum. The transverse colon passes from the top right to top left horizontally
connecting the ascending colon to the descending colon. The descending colon lies
at the left side of the abdomen from the upper left quadrant to lower left quadrant
for approximately 30 cm. Then, the last section, the sigmoid colon, starts where the
descending colon ends and becomes continuous with the rectum at the end drawing an
“S” shape. The ssgmosd colon is poorly connected to the abdominal organs like the
transverse colon while the ascending and descending colons are strictly connected [17].
This behavior of the transverse and sigmoid colons makes colonoscopy operation even
more challenging. According to Avgerinos et al. [18], the sigmoid colon is the section
where most contradictions, especially perforation, happen due to its curved structure

and lack of connection to the abdominal organs.
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Figure 1.3. Sections of the large intestine. Reprinted from [19].

1.2. Motivation

Although colonoscopy is frequently applied, patient discomfort and some com-
plications may occur during or after the operation. These complications are haem-
orrhage, post polypectomy electrocoagulation syndrome, infection, gas explosion and
perforation [20-22]. Most commonly, abdominal pain and discomfort are experienced
by patients after the operation [21]. Perforation happens when the bowel is forced too
much and thus the internal tissue of the intestine is damaged. It is considered to be
the most lethal complication [23]. It generally happens in the sigmoid colon due to its
anatomy as mentioned before. According to the literature, perforation happens at a
rate between 0.1% and 0.3% of the colonoscopy operations [21,23-26]. A total of 0.3%
of the colonoscopy operations end up with death during or after the operation [21].
Although this rate is small, it adds up to a large number of incidence when the total
number of the colonoscopies performed annually is taken to consideration. In 2012, 15
million colonoscopy operations were reported only in the US [27]. Increasing patient

comfort by eliminating these complications is the main motivation of this study.



1.3. Objectives

The purpose of this study is to design an extensible colonoscope to overcome the
problems caused by the conventional colonoscopes. By pulling the colonoscope from the
tip rather than forcing from the rear as in the conventional colonoscopy, post-operation
complications, patient discomfort and post-procedure trauma are to be decreased while

performance of the operator is increased. Aims of this study are as follows

Aim 1: To design a colonoscope body that is flexible and extensible so that it
can navigate through the colon. Also it should supply some rigidity to system for

pneumatic actuators to work properly.

Aim 2: To design feeding/retraction mechanisms to control extension of the
colonoscope. These mechanisms will form a base that the body will grow from. The

base will include an air control unit to regulate pressure within the actuators.



2. LITERATURE REVIEW

2.1. Enhancements on Conventional Colonoscopy

Colonoscopy procedure is challenging and many complications are faced during
the procedure. To overcome these complications, some enhancements are made through

years on the conventional colonoscopes.

Looping is a major problem in colonoscopy operation since it makes the tip of the
device unable to advance further [29]. It generally happens at the sigmoid colon due
to its shape, and it is a major reason for difficult operation [30]. There have been some
efforts to make looping less frequent and to overcome incidents. Rigid overtubes were
used as a solution for a period of time but since they caused increasing pain and can
lead to higher risks of perforation, the method is not used anymore [29,31]. A more
recent approach was a shape-locking guide (SG-1) [28]. It features an outer sheath
(see Figure 2.1) which can change its stiffness on demand, applied to conventional
colonoscopes. However, SG-1 can only prevent looping in the sigmoid colon, and its

larger diameter causes more patient discomfort and pain [32].

Figure 2.1. Shape-locking guide. The atraumatic tip and the handle used to change

the stiffness configuration could be seen. Reprinted from [28].



Figure 2.2. Transparent cap and the cap attached to the tip of a colonoscope.

Reprinted from [36].

In order to overcome looping, operators generally adjust stiffness of the endoscope
via stiffening cables or other instruments [29]. For instance, Olympus Corporation came
up with a colonoscope that its stiffness can be adjusted throughout the whole shaft
with built-in tools [33]. This variable stiffness system was to cause a reduction in pain
during or after the operation [34]. However, studies showed that the cecal intubation

rates are lower since this colonoscope has a shorter total length [8,35].

There were also some improvements in vision systems of colonoscopes. These
include the cap-fitted colonoscopy, third eye retroscope and third eye panoramic device.
The cap-fitted colonoscopy makes use of a transparent cap fitted at the tip of distal
end in order to keep the camera’s distance to the internal tissue of the colon; thus,
providing a better visual feedback [36]. A picture of this cap can be seen in Figure 2.2.

It was shown that the cap reduces the operation time significantly [37].

Third eye colonoscopy utilizes another camera which is rotated 180° from the
standard one, providing a backwards view of the colon walls and a better chance to
diagnose the abnormalities [38]. Third eye panoramic device is another enhancement
utilizing two additional cameras at the tip, providing the better visual imagery of the
colon [39]. Third eye retroscope and third eye panoramic device are very practical

in the sense that they allow the operator to see behind the folds present inside the



Figure 2.3. Third-Eye Retroscope (A), and colon image from it (B,C). Reprinted
from [38].

colon [40,41]. Third-Eye Retroscope and panoramic devices can be seen in Figure 2.3

and Figure 2.4, respectively.
2.2. Colon Capsule Endoscopy
Colon capsule endoscopy (CCE) is an alternative approach in which the patient
swallows a capsule , and the colon is screened through an embedded camera [42]. It is
especially useful in the cases where patient has small-bowel lesions or gastrointestinal

bleeding [43].

However, CCE has poorer performance in polyp detection than conventional

Panoramic Device

Standard Colonoscope

Figure 2.4. Third-eye panoramic device. Reprinted from [39].
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Figure 2.5. Colon Capsule Endoscopy (CCE). Reprinted from [42].

colonoscopy [44,45]. But it is shown in the studies that the second generation colon
capsule endoscopy (CCE-2) has a relatively higher success rate compared to its previ-
ous version [46,47]. Also bowel preparation for CCE is much more crucial than it is for
conventional colonoscopy, and may lead to inadequate results since it is not possible
to use water and air [47]. Colon preparation is also important for the movement of
the capsule through the colon [48]. Another drawback of CCE is that, conventional
colonoscopy should undergo in case of a positive result following CCE [49]. Addition-
ally, another study showed a preference of conventional colonoscopy over CCE due to
probability of repeating bowel preparation [50]. Overall, CCE could be considered as
a good alternative for diagnosis since it does not require sedation or air insufflation,

and is noninvasive. But it does not have any ability to treat positive results [46,49].

2.3. Robotic Colonoscopy

Robotic applications in the medical area are getting more and more widespread.
Rehabilitation robots and robotic surgery are the most common applications [51-53].
Master and slave systems are commonly used in these applications. The most well-
known example of such system is the da Vinci Robot. In these systems, control algo-
rithms are used to assist the surgeon, and minimize the errors sourcing from human

imperfections. Even though this kind of robotic applications tend to be expensive,
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they enhance possible surgical interventions and reduce complications faced during

operation.

Minimally invasive surgery (MIS) is the operations where the necessary instru-
mentation is carried to the target area inside the body through a small hole alongside
with a camera at the tip. Even though the performance of MIS is increased by the
introduction of robotics in the medical area, it is still challenging to reach certain deli-
cate inner parts of the human body. Open surgery is still used for medical intervention
to these areas [54,55]. Endoscopy is a procedure where inside of the body is screened
using natural openings and some abnormalities are intervened if necessary [56]. In
many endoscopic applications a flexible shaft is introduced to body. One of the most
common endoscopic application is colonoscopy.

Continuum robots !

are promising solutions to compensate drawbacks of rigid-
linked conventional robots in the medical use. Due to their simplicity with respect to
the conventional rigid linked robots, it is possible to manufacture continuum robots in
small scales. This makes continuum robots a good candidate for MIS and endoscopic

operations in inner parts of the body which are hard to reach.

An example of such endoscopic robots is the Flex Robotic System of Medrobotics
which is widely used in Transoral Robotic Surgery (TORS) and is a permutation of the
CardioARM developed at Carnegie Mellon University (See Figure 2.6). Even though,
da Vinci allows surgeons to operate in TORS, it does not provide access to certain
surgical areas due to its rigid manipulators [58]. Flex Robotic System is a continuum
robot composed of 50 cylindrical links connected via cables. It is a cable driven system
which allows 105 degree-of-freedom with its 10-mm diameter [59]. This makes the
system ideal for endoscopic surgeries since it is possible to reach more inner surgical
regions. However, it is not possible to use it in colonoscopy procedures due to its

relatively short length (300 mm).

TA robot is called a continuum robot when the length of its links approaches to zero while the
number of its joints approaching to infinity, i.e. infinite DOF in theory [57].
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The first study for robotic colonoscopy dates back to 1995. Slatkin et al. [60]
developed an inchworm robot locomoted like a caterpillar [61]. The locomotion concept
was achieved by pads clinging to surface from the rear parts of the body, and supplying
a forward extension. Clinging the front pads to surface, and retracting the body’s rear
part to forward enables the movement of the frontal part of the body [60]. This study
has inspired the Endotics System which consist of a workstation and a probe having
a flexible body, a steerable distal end, a head to accompany visual systems, water jet
and air channels [60,62]. The actuation of the distal end was achieved by pads at
the proximal and distal ends clamping to mucosa of the colon in a similar way to the
Inchworm robot [62,63]. First, proximal chamber clamps on the colon wall. Then both
chambers clamp on the wall and extension achieved with worm mechanism. Finally,

unclamping of the proximal chamber is followed by contraction of the worm mechanism.

Tooling
Flex Supports
Robot

\
'\/

Flex Base

Table Mount
Support Stand

Flex Cart
(for transport)

t Flex Console

Flexible Tools Distal Tip of Flex Robot

Figure 2.6. Flex Robotic System of Medrobotics. Reprinted from [58].
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Figure 2.7. (a) The flexible probe of the Endotics system. (b) The locomotion

principle of the Endotics system. Reprinted from [63].

A picture of Endotics probe and locomotion principle can be seen in Figure 2.7. In the
studies, it was shown that Endotics system reduced the pressure applied to the colon
wall as compared to the conventional colonoscopy [63]. Also its diagnostic abilities
were shown to be similar even though it could not achieve cecal intubation (CI) in all
cases [64]. It is also worth mentioning that CI mean time was approximately half of

the conventional colonoscopy and was applied without narcotization [64].

Another robotic device for colonoscopy is NeoGuide Endoscopic System (NES)
developed by Eickhoff et al. [65]. This device used different segments of same length
which were actuated separately through the colonoscope shaft. This actuation supplied
a snake like locomotion to the device and the colonoscope takes the shape of the colon
to prevent perforation and other complications faced during the colonoscopy. The
colonoscope movements are recorded using a position sensor at the tip and the shaft
preserves its shape throughout the procedure. Advancement of the device is provided
by the operator manually [66]. In the in-vitro tests of the device, it was seen that force
applied to the colon wall and the displacement of the colon during the operation were

lower compared to conventional colonoscopes [65]. First clinical studies showed that
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Figure 2.8. Independently actuated segments of the NeoGuide Endoscopic System
through its colonoscope shaft. Reprinted from [66].

NES was a feasible robotic device for colonoscopy operation and loop formation was

significantly reduced [67].

Another approach in robotic colonoscopy is balloon assisted colonoscopy. An
example of such devices is Aer-O-Scope utilizing the self-propelled disposable colono-
scope (SPDC) system developed by Vucelic et al. [69]. Actuation of the disposable

colonoscope was made by increasing the pressure at the colon area between two in-

Figure 2.9. Aer-O-Scope colonoscope system. Workstation (A), disposable

colonoscope shaft (B) and distal tip (C). Reprinted from [68].
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flated balloons sealing the inner surface of the colon (one stationary one mobile) thus
moving forward the mobile balloon, i.e. tip of the colonoscope, which slides along the

colon [69].

ColonoSight is another example of robotic colonoscopy applications [70]. It con-
sists of a disposable sleeve and a colonoscope shaft similar to conventional ones (see
Figure 2.10). It works in the same manner with the conventional colonoscopes except
propulsion. Advancement of the shaft is provided by the axial force generated by a
sleeve by means of a pneumatic system [70]. This sleeve also protects the shaft against
the corrosive environment of the colon, and makes it possible to use the shaft again.
Also, forward force can be achieved by the same manner as the conventional colono-
scopes; by pushing from behind. In medical trials of the device, no complications were

observed during or after operation [70].

Handle Portal

Connecting
. Tubes

Tip of
Disposable
Tube

End of
Tunnel

Sleeve - i
enveloping
the scope

Figure 2.10. ColonoSight sytem. Control hub, colonoscope shaft and the sleeve can
be seen. Reprinted from [70].
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Figure 2.11. Invendoscope SC40 shaft (A) and the control driving unit (B). Reprinted
from [71].

Invendoscope is a motor driven endoscope which uses growing as advancement
method through the colon [71]. The force in the axial direction is applied 10 cm away
from the tip, thus reducing the lateral force applied to the colon wall. It features a
hand held driving unit and a disposable shaft. The shaft is in a similar fashion to the
conventional colonoscopes in terms of therapeutic operations [71]. In clinical trials, a
high rate of CI was achieved. In the medical trials using a second geeration prototype
(SC40), pain ratings were 0% [71]. A picture of SC40 prototype and its driving unit

can be seen in Figure 2.11.

Overall, many of these developed robotic systems show promising characteristics.
Even though CI rates are lower mostly, CI times are significantly lower compared to
conventional colonoscopy. In some systems sedation was not required since pain ratings
were very low due to their actuation principles. Except for Aer-O-Scope, a tool channel
is present. Even though in-vivo experiments are limited to a small participant number,
no serious complications were faced during these pilot studies. A comparison of these

systems in terms of in-vivo performance and different capabilities is given in Table 2.1.



Table 2.1. Comparison of robotic colonoscopy systems [63,66,67,69-72].

Procedure Tool ]
CI Rate | CI Time Sedation
Time Channel

Endotics 82% n.a. 45.1 min Yes No
Neoguide 100% 20 min n.a Yes Yes
Aer-O-Scope 83% 14 min 26 min No No
Colonosight 90% 11.2 min n.a Yes Yes
Invendoscope 98% 16.4 min | 32.8 min Yes No

16
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3. MATERIALS AND METHODS

The proposed colonoscope is composed of two sections: in-vivo and in-vitro (see
Figure 3.1). In-vivo section represents the colonoscope shaft itself when extended.
During operation the colonoscope shaft navigates by means of growing. This means
that material is added to the shaft to advance the colonoscope. This is achieved by
feeding different segments concentrically from successive feeding mechanisms, which

compose the in-vitro section.

In the following sections, first the actuation principle of the colonoscope is ex-
plained, and then the design requirements are given. Later, design of the colonoscope
shaft, including the actuator, are overviewed and design details are explained in Section

3.3. In Section 3.4 feeding mechanisms, pneumatic and control systems are presented.

3.1. Overview of the Actuator

The proposed colonoscope is pneumatically actuated. The pneumatic actuators
used to exert force at the tip are based on so-called pinch-roller drive (PRD) developed
in a parallel study [73,74]. Three PRDs are used to obtain three bending degrees of
freedom [75]. This 3-DOF PRD is miniaturized to be used in a colonoscope shaft [76].

In-Vitro

Pneumatic System Feed Mechanisms

Figure 3.1. The overall system. In-vitro and in-vivo sections can be seen.
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Figure 3.2. A one degree of freedom pinch-roller mechanism allowing force exertion

only at the axial direction. Reprinted from [74].

The working principle of the actuator is based on conversion of potential energy
of pressurized air to kinetic energy. A thin-walled inflatable tubing is squeezed in
between two frictionless rollers which are anchored on a base. The air pressure at one
side of the tubing exerts an axial force on the rollers. The slack section on the other
side is connected to an electric motor in order to control the speed and displacement
of the roller base. In other words, the inflated tubing supplies the needed axial force
to advance the base when the slack section is released from a spool connected to a
motor [74]. A representation of a one dimensional conceptual design of the actuator

can be seen in Figure 3.2.

A linear relationship between pressure at the inlet and force output was found.
Even though the experiments were done on a larger scale tubings, developed model can
be used in the final scale system, i.e. 3 mm OD tubings. A free body diagram of the

forces can be seen in Figure 3.3. Force equation is given by Equation 3.1 and 3.3 [74].

F, = Fr(e" —cos (k) + Fp, (3.1)
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Figure 3.3. A one degree of freedom pinch-roller mechanism allowing force exertion

only at the axial direction. Reprinted from [76].

F, and Fp, are given in Equations 3.2 and 3.3 [74].

Fpy = / sinfr - (R — Ry) redf (3.2)
0

F, = PrR? (3.3)

Ry, r; and k are given in Equations 3.4 to 3.6 [74].

Ry =1 (1 —cosb) (3.4)

re=71T + t (35)

K= cos ' (R :f Tt) (3.6)

We showed that when three pinch-roller drives are used at the tip, navigation is
possible in a growing fashion [75]. Also force output was consistent with the developed

model and speed control was achieved with a spool mechanism for tubings [77].



20

3.2. Design Requirements

Overall length of the colonoscope should be 2 m that is determined according
to the mean colon length which is 167 c¢m in average with a standard deviation of 21
cm [14]. While moving through the colon, colonoscopes need to make sharp maneuvers
due to different turns of the colon. For this reason, the colonoscopes need to make
turns up to 180°. Diameters of conventional colonoscopes ranges between 12 to 15
mm [78] whereas it is increased up to 19 mm in robotic applications [64,69,70]. The
overall diameter of the proposed colonoscope should not exceed 17 mm for easier rectal

introduction.

It is observed that, tubings of the PRD tend to buckle at medium radii of cur-
vature. This causes dramatic displacement of the body in a quick interval of time.
For safe navigation, this should be prevented by the body of the colonoscope. The
overall design of the body is established around this requirement. In order to ensure
safe navigation the tubings, inflated sections should be reinforced from inner and outer
perimeter. Thus, two different parts should be designed to prevent such rapid changes

in geometry of body.

Also the slack section of the tubings should follow back the body all the way to
the feed mechanism. Tubing slacks tend to follow a straight path to feeding spools
since they undergo tension caused by holding force of motors and forward force applied
by PRD. This disrupts the intended navigation since overall length and orientation of
the backbone is directly affected. So, these slacks should be enclosed by an additional

layer in a similar way inflated sections are.

3.3. In-Vivo Section Design

The in-vivo section corresponds to the colonoscope shaft, which includes the
backbone, or body, and the actuator at the tip. The body of the shaft is designed

as three concentric parts which are built around the actuator tubings to supply the
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required rigidity of the backbone. In this section an overview of the actuator is given,

and then the design of the colonoscope body is explained in detail.

3.3.1. Miniaturized 3-DOF PRD

A miniaturized version of the aforementioned actuator was designed in order to be
used in colonoscopy. The design has a similar fashion to the one developed by Baydere
et al. [73]. The main difference is the size of the parts. Since an outer diameter of 16
mm was aimed, material and design alterations were made. The actuator was designed
with double guide shafts and only one tightening screw for each PRD for better parallel
placement of rollers. The diameter of these guides are 1 mm. Ball bearings with an
inner diameter of 0.5 mm and outer diameter of 1.5 mm are used in this design. Bearing
covers are used to retain the ball bearings in place since a tight fit was not applicable
for these bearings. Rollers have 1.40 mm and 2.20 mm diameters. M1.2 screws are
used for tightening of the rollers, bearing covers and mounting of other parts on both

ends. Figure 3.4 shows the final design of miniaturized 3-DOF PRD.

Tightening Screw

Roller
Adjustment
Plate

Moving Base
Guide Pins

Bearing
Cover

Actuator Base
Rollers

Figure 3.4. Miniaturized 3-DOF actuator consisting of 3 PRDs.
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Figure 3.5. Manufactured parts of the miniaturized 3-DOF pinch-roller drive.

Base material is Aluminum 7075-T6 alloy. This alloy has low density and high
tensile strength. Its yield strength is 435 MPa and density is 2.81 g/cm? [79]. AISI 302
stainless steel was used for the rollers due to its rigid nature and ease of machining.
Roller adjustment plate, moving base and bearing covers are manufactured from AISI
304 stainless steel for the same rigidity reason and its availability as sheet metal. Both
stainless steel types have a Young’s Modulus of 193 GPa [80,81]. Guide pins were
cut from 1 mm diameter ejector pins which are made of 1.2343 hot-work steel. It
has high Young’s Modulus (207 GPa) and high hardness value (Rockwell C 56) which
is beneficial for the assembly [82]. During the assembly, it is possible to scratch the

surface of these pins and it is a non-desirable situation for snug-fit tolerances.

All parts were produced using different methods according to their needs. Actu-
ator base was manufactured using a 5-axis CNC milling machine. Rollers were made
in a specialized CNC lathe. Roller adjustment plate, moving base and bearing covers
were produced in a wire erosion machine. The manufactured parts and the assembly of

the 3-DOF PRD can be seen in Figure 3.5 and 3.6 respectively. The total force which
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Figure 3.6. Assembly of the 3-DOF pinch-roller drive. Scale in photos is in cm.

can be obtained using this actuator with 3 mm OD tubings is estimated as 3.85 N at

300 kPa pressure using Equations 3.1 to 3.6.
3.3.2. Design of the Body

The body of the colonoscope consists of three segments: sheath, shell and shaft.
These three segments are accumulated radially in order to supply rigidity for the actu-

ator tubings while still being able to bend with minimal bending moment. Figure 3.7

shows the design of the body, and Figure 3.8 shows the assembled prototype.

3.3.2.1. Sheath. The sheath enables other parts of the main body including the shell

and tubings to stay intact. Also it prevents straight elongation of the tubing slacks.
It is retracted at the beginning of the in-vitro section with a folding mechanism when

the axial force is applied.
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Inflated Deflated
Tubing Tubing

Shaft and

Tool Channel Sheath

Figure 3.7. Concentric design of the colonoscope body.

The sheath is designed so that it has very low bending and axial stiffness. This
ensures its easy accumulation to the corresponding reservoir. Due to its crimped nature,
it can extend at very high ratios (see Figure 3.9). However, it tends to contract radially

when extended with respect to its compressed state.

Off-the-shelf expandable cable sleevings were used to manufacture the sheath. Its
material is polyester (PE) which is suitable for heat forming. A simple thermal forming
process is applied to obtained its crimped structure. First, it is fitted on a metal pipe
having a good heat conduction. Aluminum was used as pipe material. Then, it is
compressed by force and anchored from both ends of the crimped structure. Finally, it
is heated up to 350 °C for 5 minutes. The result of this procedure is a crimped sheath

with minimal bending and axial stiffness.

Figure 3.8. The colonoscope body. Shell, sheath and slack tubings can be seen with
3-DOF PRD at the tip. Sheath is in compressed state for presentation purposes.
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Figure 3.9. Extension of the sheath: (a) Fully extended, (b) unloaded form and (c)

fully compressed.

The outer diameter of the sheath is 21 mm when its fully compressed. The
extended outer diameter deviates around 13-18 mm. Since it has low radial stiffness,
narrow sections of this extended form does not affect the low friction with the deflated
tubings. It has an extension ratio up to 1:11 (see Figure 3.9). This allows a 20 cm

compressed reservoir to be enough for up to 2 meters extended length.

Since the tubing slacks follow the sheath closely through the body, they have
contact with each other on multiple places. So, the friction coefficient between the
tubings and the sheath should be low ensuring minimal force losses due to friction.

Polyester material of the sheath is beneficial in this sense.
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The sheath is connected to the tip composed of three PRDs using a connector
produced via 3D printing. The material of this connector is acrylonitrile butadiene
styrene (ABS). This connector is mounted on the tip base using three M1.2 screws,
and the sheath is glued to its circumference. On the other side, the sheath is anchored

at a reservoir, and is passively released by its corresponding feeding mechanism.

3.3.2.2. Shell. The shell supports inflated tubings against buckling. It consists of a
helix structure which go through the main body and is drawn accumulated at a roller
actuated using a planetary gear system in the in-vitro section. Note that similar to
the sheath, friction coefficient should be low between the tubings and the shell since

there is a relative motion between them.

The shell consists of a uniform part which can be accumulated on a spool and
be fed on top of the inflated tubings. The solution was a thin-walled plastic part with
helix structure (see Figure 3.10). When accumulated on a spool pre-stressed, i.e. its
natural form is helix, this shell can be released with a feeding mechanism. Helical cable
wraps were a perfect off-the shelf product for such application since they are flexible
and they have the desired helical structure for feeding. The cable wrap used for this

application has an outside diameter of 13 mm with a wall thickness of 1.5 mm. The

|IfH[IIH'HH]IHIIHIIIIIHIIHI[IH\l\HHHH‘HH’HH]IH||Hi\|h|l||i!|i“|¢||H|I |IH|H|\1|III|IH|‘IHI|||II|HH|!H|||HI[H|Ill
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Figure 3.10. Dimensions of the helix shell in mm. Scale at the bottom is in cm.
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material of the product is polyoxymethylene (POM) which is advantegous in terms
of friction since POM is known to have low friction coefficients with polyamide (PA)

which is outer material of the tubings.

3.3.2.3. Shaft. While the shell supports the tubings from outside, the shaft provides

inner support. Necessary cabling and channels pass through the center of the shaft. It
also prevents the tubings to have contact with each other so that their orientation is

controlled better.

The shaft is not fed to the body like the other parts. Instead it is pulled by the
force formed by the actuators at the tip. The inflated tubings grow from the tip, thus
they do not have any movement in axial direction. While the tubings are stationary,
the shaft advances with the same speed as the other components of the body does.
Thus, a relative velocity between the shaft and the tubings forms. This implies that
a low coefficient of friction should be satisfied between these two elements not to wear

and tear aside from the additional losses it would cause.

Working channel of the colonoscope is also present in the center of the shaft. A
4.8 mm diameter hole at the PRD base is left for this channel to pass through. This
designates shaft’s outer diameter as 4.8 mm. A hollow tubing of polytetrafluoroethylene
(PTFE) with 3.2 mm inner diameter is used. This material has low coefficient of
friction. Also it is beneficial in terms of flexibility since PTFE’s bending stiffness is

not high at these dimensions.

3.4. In-Vitro Section Design

The in-vitro section is where the control of the body is achieved. It consists of
a pneumatic system and feeding mechanisms for the tubings, shell and sheath. While
the pneumatic system regulates air pressure providing forward force at the tip, the
feed mechanisms control the orientation and elongation of the body. A schematic

representation of the in-vitro section can be seen in Figure 3.11, and Figure 3.12 shows
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Figure 3.11. Diagram of the concentric system along with the successive in-vitro feed

mechanisms.

the mentioned systems in the manufactured prototype. Electronic hardware and control

algorithms of the feed and pneumatic systems are developed in a parallel study [77].

Inflated Tubing Feed
Shaft ~ Tubings Shell Mechanism

Deflate

1P ti Shell Feed
neumatic ell Fee Tobi
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Figure 3.12. Overall picture of the feed mechanisms and pneumatic system.
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3.4.1. Feed Mechanisms

In order to extend the body in a growth fashion, all parts in the colonoscope
body should be accumulated and fed from the in-vitro section. As mentioned above; to
be able to reinforce the tubings, the inflated and deflated sections should be enclosed
by different parts. The deflated sections pass between the shaft and shell while the
inflated sections pass between the shell and sheath. In order to ensure this structure,

the feed mechanisms should work in synchrony.

The order of feeding is parallel to the order of the parts: radially from inside out.
Except the shaft, all parts are accumulated on a spool in their corresponding feeding
mechanism. It is drawn with the axial force formed at the tip. At the pneumatic
system, the tubings are pressurized and aligned around the shaft. Note that one end
of the tubings are anchored here. Then, the shell is wrapped on top of the inflated
tubings with its corresponding feed mechanism. Next, the slack section of the tubings,
which return from the actuator, are fed. Finally, the sheath is passively released and

the assembly of the body is completed. This concept is visualized in Figure 3.11.

3.4.1.1. Tubing Feed. Feeding of the tubings is the most crucial part of the in-vitro

section since it is directly related to navigation and speed control of the colonoscope.
The deflated tubings are wrapped around their individual actuated spools. While
backwards movement of the tubings is provided by these spools, forward movement is
provided by the pneumatic actuator at the tip. However, the tip would propagate in
an uncontrolled fashion without any restriction of the deflated tubings. Therefore, the
movement is controlled via actuation of these spools, i.e. release and accumulation of

the slacks on the spools.

In order to avoid any undesired forward movement, a nonbackdrivable worm gear
pair is used between the motors and spools. This prevents any forward force formed
by the actuators to overcome the holding torque of the motors. Since worm gears have

high reduction ratios and step motors are not able to work at high speeds, the spools
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are actuated using brushless DC motors (BLDC). Maxon EC-i 30 BLDC motors are
used at the system. Nominal speed and torque of these motors are 7030 rpm and 63.8
mNm, respectively. Framo Morat A25U40 worm gear set is used in this mechanism.
They have a reduction ratio of 40:1 and center distance of 25 mm. Data sheets of

BLDC motors and worm gear pair are given in Appendix.

The motors are connected to a shaft via a coupler, and the worm is mounted on
this shaft. The worm gear on the other hand is connected to a shaft perpendicular
to one of the worm. The spool is fixed to this shaft. Two ball bearings are used to
retain and correctly center the spool and central shaft. A CAD image of this actuation
mechanism can be seen in Figure 3.13. Overall design consists of three of the same
mechanism. They are positioned around the colonoscope shaft in a circular pattern
with 120° angle between them. Figure 3.14 shows assembly of the overall tubing feed
mechanism. Each tubing is controlled individually with a separate BLDC motor. By
adjusting speeds of the motors respectively, control of orientation and propagation of
the colonoscope is achieved. Release speed of a tubing with respect to motor speed is

given by Equation 3.7.

Coupling

N

BLDC Motor

P

Worm
Gear

¢
N\

Spool Ball Bearing

Figure 3.13. Actuation mechanism of the tubing feed.
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Figure 3.14. A picture of the manufactured tubing feed mechanism.

Wy, T

CTi 60

Uy (3.7)
where vy, is release speed of i'" tubing in mm/s, w;, is motor speed of it tubing in rpm,
¢ is the reduction ratio of gear and r is the radius of the spool in mm. Since ¢ = 40

and 7 = 15 mm vy, is found as:

™

Vg, = ﬁwti

(3.8)

3.4.1.2. Shell Feed. The shell wraps around the inflated section of the tubings for

reinforcement against buckling. While it is accumulated on top of the tubings, it
should not make a twist motion and also should not need to be pulled from the tip.

This may cause dramatic force losses and halt the motion. For this purpose, a planetary
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gear system was designed. The system consists of a standard planetary gear set with
specific tooth numbers. But none of the components is anchored and two actuators are
used to control the feeding. Both the sun gear and carrier are actuated using stepper
motors. The reason for such use is that it was desired to achieve different speed ratios

between the carrier and planet gear.

The design is constructed around two hollow shafts connected to the sun gear and
carrier. The inner shaft is connected to the carrier and actuated by a step motor. The
outer one is connected to a sun gear and is also actuated similarly. Power transmission
is obtained via gear and pinion pairs between the shafts and motors. The ring gear is
free to rotate. The spool, in which the shell is accumulated, is connected to a planet
gear and is not free to rotate with respect to it. By adjusting speeds and direction of
the sun gear and carrier, rotation and direction of this spool is controlled. A schematic

of this gear train is given in Figure 3.15.

Since the spool is connected to the planet gear, rotational speed of this gear should
be calculated with respect to input speeds. The sun gear and carrier are actuated
by step motors via gear and pinion couples with reduction ratios of 1:1 and 1.5:1,

respectively. So it could be written as:

We = W, (3.9)

ws = 1.5ws, (3.10)

From Figure 3.16, speeds of point A and point B could written as follows.

VA = WsTs = We(Ts +1p) — Wyrp (3.11)
rr=7s+ 21, (3.12)

Vg = we(rs + 2rp) = we(rs +7p) + Wyry (3.13)
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Figure 3.15. Planetary gear train of the shell feed mechanism. FEach gear is shown

and described and tooth numbers are given. Note that module of every gear is 2.

Thus, from Equations 3.11 and 3.13, w, and w, values can be found.

Ts Ts
=1+ e, = Do, 3.14
p = (1 ), — 2 (3.14)
wr:T8+rpwc+T—sw5 (3.15)
T'p T'p

The helix shell should not apply any torsion on the colonoscope body. While
feeding, it should not rotate around its axis. In order to feed the shell correctly as
described, the planet gear should not rotate about its own axis of rotation. Since

all the gears in the assembly have the same module, radii can be replaced with tooth
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, : Ring gear angular speed
@, : Sun gear angular speed
@, : Planet gear angular speed
@, : Carrier angular speed
r, : Ring gear radius

@, T :Sun gear radius

r, : Planet gear radius

v 4 : Lineer velocity of point A
v g : Lineer velocity of point B
v« Lineer velocity of point C

Figure 3.16. Planetary gear diagram describing aforementioned speeds.

number in equations. Substituting given tooth numbers in Figure 3.15 and input speeds

of the motors we get the following relation for w,, and wy,.

Ws, (3.16)

It is obvious that a more simpler system could be used with only one stepper
motor. The reason for usage of two motors is to try different ratios with different
planet rotation speeds. Also presence of a ring gear is redundant in the system in
terms of speed control. But since the 3D printed carrier and its shaft has thin wall
thicknesses (1.5 to 2.0 mm) it has low rigidity. Presence of the ring gear compensates

this lack of rigidity for better operation of gears.

The gear train is fixed via the bearing around the sun gear shaft. Bearings are
used for centering and correct placement of gears (See Figure 3.17). Stepper motors are
also anchored using two vertical bases for them. The spool is mounted on the planet
gear using a setscrew. Connection gears are also mounted to the stepper motors in the

same fashion. Linear slipping of the gears are prevented using retaining rings.
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M Carrier M Sun connection gear Step motor
M Planet gear M Carrier connection gear Ball bearing
B Ring gear B Sun actuation gear B Shell spool
B Sun gear B Carrier actuation gear

Figure 3.17. Prototype of the final shell feed mechanism and the design of the

planetary gear train. Stepper motors and spool are also shown.

Linear speed of the shell depends directly on angular speed of the carrier, which
is directly actuated by a motor. The other actuated component is the sun gear but it
only ensures zero angular speed of the planet gear for the mechanism to feed the shell
correctly, i.e. without torsion. Since the planet gear does not rotate on its own axis,
one full rotation of the carrier causes the shell to wrap around the shaft one time. Since
it is a pre-stressed helix structure, this makes it move forward at an amount equal to

its pitch. Thus, its linear speed can be written as in Equation 3.17.

PshellWe
60

Vshell =— (317)
where vgpey 18 linear speed of shell in mm /s, pgpey is the pitch of helix structure in mm

and w, is angular speed of the carrier, i.e. shell spool, in rpm.

A kinematic model of the 3-DOF actuator is developed in a parallel study [83].
According to this study, total backbone length (I,) and released tubing lengths (11, I3
and [3) are found using Equations 3.18 to 3.21 [83].
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= (7 — 26) (3.18)

T L singb(aT\/g)) (7 — 20) (3.19)

Iy — Kib _ sin(é — 47/3) (“gﬁ)> (7 — 20) (3.20)

Iy = %b — sin(¢ — 27/3) (%)) (1 — 20) (3.21)

where k; is the backbone curvature, 6 is the angle between z'-axis and diagonal of
the backbone, ¢ is the rotation angle of backbone with respect to y-axis and a is
the distance between tubing centers. Adding Equations 3.19 to 3.21 and substituting
Equation 3.18 it is found that;

LAl tl

ly 3

(3.22)
as expected since tubings are placed in a circular pattern having 120° spacing.

This implies that for a desired orientation and length of the colonoscope, speed

of the carrier should be as given in Equation 3.23.

vy = %2—{—1)3 (3.23)

Substituting vgpe; for v, and using Equations 3.17 and 3.8; we get:

T
8Pshell

ws, = (Wi, + Wy, + wey) (3.24)

3.4.1.3. Sheath Feed. The sheath adds up to the system lastly. As mentioned in

Section 3.3.2.1, it has very low bending and axial stiffness. Taking advantage of this
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fact, a simple base was designed for the sheath from where it can be fed when pulled
from the tip. Similarly when the motors retract the system, the sheath is retracted in
its base, accumulated around a three-piece hollow shaft. The sheath has a very high

extension ratio and does require little space to accumulate.

To release the sheath in a more controlled fashion, three parts are designed around
the base. These have slightly lower diameter at the tip of the base. This smaller
dimension ensures that the sheath will be released when folded parts straighten out
at a certain amount. Otherwise, when pulled, the sheath extends continuously as a
whole. This makes the outer diameter of the overall system variable throughout the
operation and cause differences in orientation control, since the slacks should not be in

their exact planned path.

Outer diameter of the sheath differs before and after feeding. At its folded form,
it has a diameter of 21 mm. But when released, it contracts and diameter drops in
between 13-18 mm (see Figure 3.9). For this reason the diameter of central base is 20

mm. At the tip of circumferential releasers, diameter drops down to 16 mm.

Figure 3.18. An image of the sheath reservoir and feed. Flexible sheath is released

when its diameter is reduced to a certain value via axial force.
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3.4.2. Pneumatic System

The 3-DOF PRD uses pressurized air to exert forward force and control the
orientation. Pressurized air should be controlled in order to supply the desired motion.
Pressure is regulated using solenoid valves and pressure transmitters. A silent air

compressor including a pressure vessel supplies the pressurized air.

Pressure of three tubings are controlled using one inlet valve, one exhaust valve
and one pressure transmitter per tubing. It is also possible to adjust pressure with
PWM control of the solenoid valves and transmitter. Figure 3.19 shows an image of

the assembled pneumatic system.

Pressurized air from the pressure vessel is divided to three tubings using a 4-
way pneumatic fitting. The inlet valves at each tubing control the inflation, and the
exhaust valves deflate the air way when needed. After the exhaust valves, a pressure

transmitter for each tubing are included for closed loop pressure control.

5 ihe e fie 0o R

e e

Figure 3.19. Assembly of the pneumatic system.
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3.4.3. Control System

A basic control system and user interface for the colonoscope is developed. Con-
trol schematic of the overall system is given in Figure 3.20. NI CompactRIO Real-Time
Controller (cRIO) is used for the control of the motors and inlet/exhaust valves. BLDC
motors in the tubing feed mechanism are controlled using three Maxon 466023 ESCON
Module 24/2 driver board and three Maxon Encoder 16 EASY encoders. Stepper mo-
tors are controlled using two A4988 DMOS Microstepping Driver. NPN type of bipolar

junction transistors are used as switches for the control of the valves.

Control schematic is implemented in LabVIEW software (NI Inc.) to communi-
cate with cRIO and its modules. Also a graphical user interface (GUI) is developed in
the same software (see Figure 3.21). The system can be controlled in both manual and
automatic modes once gear and spool ratios are adjusted in the GUI. In the manual
mode every motor’s speed is entered, and motors are enabled individually. Both inlet
and exhaust valves are also opened or closed individually. On the other hand, in the
automatic mode, the direction of the tip advancement is chosen, and the system adjusts

speeds of the motors and states of the valves.

NI i
CompactRIO oo e E—

Real-Time —— . Drivers
Controller  |---seeeeeeeeeeees S @ @ @ ........................... ; :
/PT .

: —’I >< i ™ o1 Tubing 1 ] @

Shell }

: Air Tubing 3 ] ------
i compresor Pressure Inlet SFM
: vessel Inlet — & ...
: valves :
Pl i) D S Exhaust Air flow
: - = valves L
LessssssssssssssassEssansnanananannn ....' .......... Electrical signal
--------------- Motion
PS Atmosphere

Figure 3.20. Schematic of the control system.
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4. RESULTS AND DISCUSSION

The developed colonoscope is presented, and its performance in terms of actua-
tion, stiffness, and navigation capabilities are discussed in this section. The developed

GUI and control system are used for tests.

4.1. Actuator Performance

A 3-DOF PRD with an OD of 16.50 mm has been manufactured and assembled.
Different tubings with diameter of 3 mm were obtained from two different manufac-
turers. The material for both of them is PA 12 but one of them has a Pebax inner
layer. Double layered PA 12/Pebax tubings have a length of 2 m and manufactured
via extrusion by Zeus Inc. Inner Pebax layer has a Shore 30D hardness and a wall
thickness of 0.064 mm. Since its inner layer is soft, it has the ability to seal the air flow
when the tubing is squeezed in between the rollers of the PRD. Outer PA 12 layer has
a wall thickness of 0.038 mm and Shore 75D hardness. It restricts the tubing to expand
radially and increases the burst pressure dramatically. On the other hand, PA 12 only

tubings were manufactured by Simeks Inc. as catheter balloons. Therefore, they have

Figure 4.1. Miniaturized 3-DOF PRD with 2 meter long double layered tubings.



42

limited length (220 mm in this case). The manufacturer is not able to produce longer

tubings because the necessary tooling is not present in their inventory.

Both tubings were tried with manufactured 3-DOF PRD. The double layered
tubings were not able to produce any force output at the tip due to their incorrect
wall thickness values of the manufactured tubings. The desired overall wall thickness
was 102 pm, whereas wall thickness of the manufactured tubings was 165 pm (see
Figure 4.2). Especially the thickness of the PA 12 layer causes the tubings to have
high rigidity. Overall, the tubings are too hard for this application, and were not able
to be bent without any buckling. On the other hand, for the catheter balloons, sealing
between the rollers was not achieved due to high hardness value of PA. Even so, a force
output was obtained when they were used in the 3-DOF PRD. This concludes that,
the manufactured 3-DOF PRD works as intended. However, the desired tubing system

was not obtained from any manufacturer.

Force output of the 3-DOF PRD was estimated as 3.85 N at 300 kPa pressure.
But the force can be boosted to higher levels by increasing pressure. Even though
tubings can withstand high pressures up to 800 kPa, air leakage between the rollers
and yielding of the rollers are likely to happen at such pressures. Therefore, high levels

of pressure is not applicable at these dimensions of the colonoscope shaft.

@65 |

anr  0-25mm 0.001mm

PROOF

Mitutoyo

Figure 4.2. Thickness of the manufactured double layered tubings. Wall thickness

corresponds to half of the value read (165 pm) since two layers of wall is measured.
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4.2. Stiffness and Bending Capabilities

Stiffness of the body could be controlled using the shell feed mechanism. This
capability of the shell is beneficial for avoiding loop formations of the colon. If the
shell is fed when the tubings are held stationary, stiffness of the shell increases due to
reduction of the spacing between coils of the helical shell (see Figure 4.3). Stiffness of
the body can also be increased when the tubings are drawn back and the shell is kept

stationary. But in this case, the tip is retracted by the axial contraction of the shell.

A high bending capability of the body was observed without any buckling be-
havior. This was tested when the body is passed through a rigid plexiglass pipe as
shown in Figure 4.4. Free section of the body (from the end of the pipe to the tip) was
bent using the tubing feed mechanism. The tubings were used in a cable driven system
manner. While one of the tubings, which is at the inner side of the curvature, is drawn
back, other two were kept stationary. The results showed that the body was able to
bend 180° angle without any buckling (see Figure 4.4). It is demonstrated that high

angle turns are possible when the body has support from the inner side of the turn.

Figure 4.3. The body at a certain tubing configuration with non-inflated 2 meter long
double layered tubings when the shell is stiffened (a), and the body when the shell is
in free state (b).
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Figure 4.4. 180° bending of the body actuated in a tendon-driven fashion via slack
tubings at the end of a rigid tube. Three different orientations in 3D space can be

seel.

4.3. Navigation Capability

As mentioned in Section 4.1, the long tubings were not able to produce any force
while the catheter balloons were too short to be used in the current prototype. Thus,
the colonoscope body could not be tested thoroughly. Instead, a test setup is developed

to observe the operation of the feed mechanisms. Since a force output was not formed
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at the tip by the 3-DOF PRD, the axial force was supplied manually by hand using a
tendon (see Figure 4.5).

Overall, the tubing and shell feed mechanisms are observed to work synchronously.
Speed of the tip is efficiently controlled when the axial force is supplied. It is also
observed that the withdrawal of the system is achieved without any buckling behavior

of the shaft at low speeds.

When actuated as explained in Section 3.4.1, the helical shell advanced with mini-
mal torsion. Small amounts of torsion was observed in the shell due to its imperfections
originating from its elastic nature. The helical pitch and outer diameter of the shell
cannot preserve its original form. Small differences in these dimensions lead to errors
in both axial speed and torsional immobility. On the other hand, spool diameter does

not affect speed or torsion of the shell as expected.

Speed of the tip and bending of the body is controlled via the tubing feed mecha-
nism. Some errors in speed are present due to change in release radius during operation.
Compatibility issues were observed between the tubing feed and shell feed for this rea-
son. The maximum error in speed is expected to be about 20%, since the accumulation
of the tubings does not exceed 3 mm while OD of the spool is 30 mm. This did not
cause problems in bending since all three of them are released at the same time with

small differences while the shaft is bent.

Figure 4.5. Manually applied axial force using a tendon connected through the

center-line of the 3-DOF PRD.
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Figure 4.6. (a) Minimum/maximum outer diameters of the sheath after feeding, and

release diameter of the reservoir. Dimensions are in mm. (b) A picture of the

prototype at the same configuration.

The sheath reservoir is able to release the the outer sheath as desired when the
axial force is applied. The release diameter of the sheath is set to be 16 mm so that
friction with the slack tubings could be minimal. The minimum and maximum OD of

the sheath are 13 mm and 18.7 mm respectively (see Figure 4.6).

The developed colonoscope body was tested inside an enclosed rigid tube. The
entrance of the tubing was placed at approximately 40 mm higher than the initial
position of the tip and at a 15° horizontal angle (see Figure 4.7). Since the actuators
did not work with the long tubings, the axial force was supplied manually parallel to
the shaft’s center-line using a tendon. This test showed the ability of the body to
navigate inside an enclosed tube. Using the feed mechanisms, the orientation of the

body is controlled as desired.
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Figure 4.7. Advancement of the colonoscope in an enclosed tube.
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5. CONCLUSION

In this study, a novel design for an extensible colonoscope is presented. A proto-
type, including feed mechanisms (in-vitro section) has been developed. The prototype
was observed in different circumstances and configurations for different performance

outputs of the colonoscope body.

The proposed design consists of three layers of concentric parts which are po-
sitioned around a novel actuator. These parts accumulate at the in-vitro section by
means of three feed mechanisms. The feed mechanisms feed the parts of the colono-
scope on top of each other in a concentric fashion. Qualitative observations showed
that the proposed design is able to advance in an enclosed path, adjust its stiffness
and bend at high angles and low radii of curvature in 3D space. The maximum outer
diameter of the colonoscope is 18 mm. The only rigid part of this dimension is due to
sheath retainer at the tip. This retention mechanism can be included into the base of
3-DOF PRD and the OD can be reduced to 16.2 mm. Overall length of the prototype
is approximately 70 cm, but this can be increased up to 2 meters since used parts are

available at higher lengths.

5.1. Contributions and Originality

The proposed colonoscope body is actuated from the tip. Unlike conventional
colonoscopes, the axial force is supplied from the tip by means of pulling. When the
tip of the body is bent, the direction of the forward force is controlled too. Thus,
the force applied to the colon wall could be reduced significantly, reducing possible

complications of colonoscopy.

A poster presentation about the conceptual design was made in the Hamlyn
Symposium on Medical Robotics 2018 [76]. Another poster presentation was made in

Turkey Robotics Conference (TORK) 2018. Also, an article has been submitted to
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the Soft Robotics journal about the large-scale prototype framed as a pneumatic soft

growing robot [74].

5.2. Outlook and Future Work

The proposed colonoscope can be advantageous over conventional colonoscopes
in many ways. However, there are some aspects of the prototype which needs im-
provement. Firstly, the 3-DOF PRD can work as intended with tubings which are
manufactured more precisely on the needed wall thicknesses. Also, the feed mech-
anisms and retention of the colonoscope parts should be made in a more rigid and
robust way for more precise operation. Feeding of the shell could be made better with
a new helical structure, smoother surface and uniform wall thickness. The outer sheath
used in the prototype is permeable. This should be replaced with a similar structure

using an unpermeable material.

With an advanced control algorithm and precisely manufactured tubings, a to-
be-developed colonoscopy robot could advance with minimal pressure on the colon
wall. This pressure exerted on the wall should be measured in an in-vitro test setup.
Incompatibility between the tubing feed and shell feed mechanisms should be calibrated
by reducing the release speed of the shell with respect to the amount of released tubings.
Also with more advanced in-vitro section design and better manufacturing of the parts
in in-vivo section, the control of robot would be easier and more precise. Visual systems,
air/COy channels and illumination should be implemented on the tip. Cabling and
tubing is possible through the colonoscope with the existing design. All the parts should

be manufactured using medically compatible materials for any in-vivo experiments.

Since the pneumatic actuator has a capability to advance at high speeds, CI times
under 10 minutes are expected. Also, since the actuation is supplied from the tip, high
CI rates are anticipated. As a different approach; the tip can advance to cecum in short
times and screening of the colon can be done during the withdrawal of the colonoscope,

since the retraction speeds are lower compared to forward advancement speeds.
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APPENDIX A: DATASHEETS

EC-i 30 @30 mm, brushless, 45 Watt

MI.613.3 deep

High Torque

>

M3x3.2 deep

{(LIgo1]c]
/7

NI.642.4 deep

16 -0.05,

16 ‘U.GS»_E

Pin 3
Pin 2

Il Stock program
[ Standard program
Special program (on request)

with Hall sensors

Motor Data (provisional)
Values at nominal voltage

0
4 -0.004
T

Pin 4

Pin 2
Pin |

4 -0.004

(i
20 -0.2 42 max.

Pin 5

300 10

Pin 3

M 1:2

k

Part Numbers

539480

1 Nominal voltage \% 12 18 24 36 48
2 No load speed pm 8250 8250 8520 8250 8520
3 No load current mA 273 182 143 911 715
4 Nominal speed mm 6710 6760 7030 6790 7050
5 Nominal torque (max. continuous torque) mNm 65.4 67.7 63.8 67.6 63.8
6 Nominal current (max. continuous current) A 4.51 3.09 2.28 154 114
7 Stall torque mNm 731 840 811 885 835
8 Stall current A 53.2 40.8 30.5 21.5 15.7
9 Max. ef ciency % 86.3 87.2 86.9 875 871
Characteristics
10 Terminal resistance phase to phase Q 0.225 0.441 0.787 1.68 3.06
11 Terminal inductance phase to phase mH 0.199 0.449 0.749 1.8 3
12 Torque constant mNm/A 13.7 20.6 26.6 41.2 53.2
13 Speed constant pm/V 696 464 359 232 180
14 Speed/torque gradient pm/mNm 114 9.94 10.6 9.43 10.3
15 Mechanical time constant ms 0.969 0.843 0.902 0.8 0.876
16 Rotor inertia gcm? 81 8.1 8.1 81 81

Specif cations

Operating Range Comments

Thermal data . . n [rpm] Continuous operation
% ;Hermal resistance housing-ambient 1L1K/W - In observation of above listed thermal resistance
lermal resistance winding-housing 3.75K/W 12000 = 17 and 18) th . issible wind
19 Thermal time constant winding 278s 45W _(Imes an ) the maximum permissible wind-
20 Thermal time constant motor 8665 10000 ing temperature will be reached during continuous
21 Ambient temperature -40... 100°C i operation at 25°C ambient.
22 Max. winding temperature +155°C =Thermal limit.
6000
Mechanical data (preloaded ball bearings) g
23 Max. speed 10000 M 4000 Short term operation )
24 Axial play at axial load <9.0N 0mm The motor may be brief y overloaded (recurring).
>9.0N 014mm 2000
25 Radial play preloaded 0
26 Max. axial load (dynamic) 0 50 100 M[Nm] ——— N power rati
27 Max. force for press fts (static) 98 N 0.1 2 39 IA] Aeslaned [l
(static, shaft supported) 2000 N
28 Max. radial load, 5 mm from f ange 25N
Other specif cations i _
29 Number of pole pairs i maxon Modular System Overview on page 28-36
30 Number of phases 3 Pplanetary Gearhead Encoder 16 EASY
31 Weight of motor 1569 @32 mm =] |= % 128 - 1024 CPT, 3 channels
N . " 1.0-6.0Nm Page 395
Values listed in the table are nominal. Page 339 Encoder 16 EASY Absolute
Connection motor (Cable AWG 20) Spindle Drive Recommended Electronics: 4096 steps
red Motorwinding1 ~ Pin 1 32 mm = I Notes Page 32| Page3%
black Motorwinding2  Pin2 Page 366-368 ESCON 36/3 EC Encoder 16 RIO
white Motorwinding3  Pin3 ESCON Mod. 50/4 EC-S 1024 - 32768 CPT, 3 channels
N.C. Pin4 ESCON Mod. 50/5 Page 408
Connector  Article number ESCON 50/5 Encoder HEDL 5540
Molex 39-01-2040 DEC Module 50/5 500 CPT, 3 channels
Connection sensors (Cable AWG 26) EPOS2 Module 36/2 Page 418
ellow Hall sensor 1 Pin1 EPOS2 24/5 Encoder AEDL 5810
rown Hall sensor 2 Pin 2 EPOS2 50/5 1024 - 5000 CPT, 3 channels
grey Han sensor 3 Pin3 EPOS2 P 24/5 Page 412
ue n
i EPOS4 Mod./Comp. 50/5
green \'GHECI\.“.S... 24\VDC ;:2 g MAXPOS 50/5
Connector

Article number
olex 430-25-
Wiring diagram for Hall sensors see p. 43

November 2017 edition / subject to change

Figure A.1. BLDC motor datasheet. Model with the number 539482 was used.
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Worm gear sets @FramoMorat
A25 (25 mm center distance) .i
3501
4, =01 ] PRCT:
ground 03"
Mk
I == : .+ 5 =+

o10 ™
J:
N
\25 005
Lf

center distance

6-01
Worm 1
20 0.1
Wormgear
pressure angle 15°
i = gear ratio d,, = tip diameter (worm) MG = mineral grease
v,= lead angle z, = No. of theeth MO = mineral oil / synthetic grease
ni'" = module d,, = pitch diameter (worm gear) SO = synthetic oil
Z, = number of threads d, = max. diameter (worm gear)
d,, = pitch diameter (worm) T, = output torque
Catalog worm wormgear T,[Nm]No.
Bronze Phe-
i Vi m z, d, d,, z, d., d, |MG MO SO |nolic
A25U4 4:1 1 20°29' | 1.4 5| 20 228 | 20 | 300 | 335 |51 61 76| 20
A25U5 5:1 | 19°15' | 1.5 4182 | 212 |20 | 318 | 348 |65 78 97| 26
A25U6 |6.5:1| 13°52' | 115 | 4 | 192 | 215 | 26 | 30.8 | 348 | 6 72 9 24
A25U10 | 10:1 | 8°48' 1.5 2196 | 226 | 20 | 304 | 348 |59 71 88| 24
A25U15 | 15:1 | 6°29' 1.0 2| 177 | 197 |30 | 323 |[348 |57 68 85| 23
A25U20 |20:1 | 4°19' 1.5 11199 | 229 | 20 | 301 348 |58 7.0 87| 23
A25U25 |25:1 | 2°18' 1.0 112496 |26.96 | 25 |25.04 | 278 |41 49 61| 1.6
A25U30 |30:1 | 2°53' 1.0 11199 | 219 | 30 | 301 335 |59 71 88| 24
A25U40 |40:1 | 2°33' 0.8 111796 [19.56 | 40 |[32.04 | 348 |62 74 93| 25
A25U50 |50:1 | 1°43' 0.6 1119.96 |21.16 | 50 | 30.04 | 335 |51 6.1 76| 2.0

All worms and worm gears stocked right hand only.
Worm made of case hardened and ground steel (HV 620 - 700).
Worm gear made of CuZn37Mn3AI2PbSi-S40 or at request of plastic or Hgw 2083.

Subject to technical changes

Framo Morat GmbH & Co. KG Tel.: +49 (0) 7657 / 88-0 www.framo-morat.com
Franz-Morat-StraBe 6 - D-79871 Eisenbach Fax: +49 (0) 7657 / 88-333 info@framo-morat.com

Figure A.2. Framo Morat worm gear set datasheet. Model with the number A25U40

was used.
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A4988 DMOS Microstepping Driver with Translator
And Overcurrent Protection

Functional Block Diagram
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Figure A.4. Functional block diagram of A4988 stepper motor driver.

64



maxon motor control

ESCON Feature Comparison Chart

DC motors up to (continuous / maximum)
EC motors up to (continuous / maximum)

ESCON Module 24/2
48 W /144 W
48 W /144 W

ESCON 36/2 DC
72W /144 W

Digital Incremental Encoder

(2 channel with or without Line Driver)
DC Tacho

Without sensor (DC motors)

Digital Hall Sensors (EC motors)

Digital Incremental Encoder
(2 channel with or without Line Driver)

DC Tacho
Without sensor (DC motors)

Operating mode

Electrical data

Current controller (torque control),
Speed controller (closed and open loop)

Current controller (torque control),
Speed controller (closed and open loop)

Nominal operating voltage Vcc
Max. output voltage

Max. output current

Continuous output current

Pulse width modulation frequency
Sampling rate PIcurrent controller
Sampling rate PIspeed controller
Max. efficiency

Max. speed (DC)

Max. speed (EC; 1 pole pair)
Built-in motor choke

10 - 24 VDC

0.98 X Ve

6A (<4s)

2A

53.6 kHz

53.6 kHz

5.36 kHz

92%

limited by max. speed (motor) and max. output
voltage (controller)
150000 rpm

10 - 36 VDC

0.98 x Ve

4A(<605s)

2A

53.6 kHz

53.6 kHz

5.36 kHz

95%

limited by max. speed (motor) and max. output
voltage (controller)

300 uH /2 A

Hall sensor signals
Encoder signals
Max. encoder input frequency differential
(single-ended)
Potentiometers
Digital inputs
Digital inputs/outputs
Analog inputs
Resolution, Range, Circuit
Analog outputs
Resolution, Range
Auxiliary voltage output
Hall sensor supply voltage
Encoder supply voltage
Status Indicators
Environmental conditions

H1, H2, H3

A, A\ B, B\

1MHz

(100 kHz)

2

2

2

12-bit, -10... +10 V, differential
2

12-bit, -4... +4 V

45 VDC (L <10 mA)

45 VDC (L <30 mA)

45 VDC (L <70 mA)
Operation: green LED / Error: red LED

A, A\ B, B\

1 MHz

(100 kHz)

1

2

2

2

12-bit, -10... +10 V, differential
2

12-bit, -4... +4 V

+5VDC (IL <10 mA)

+5VDC (IL <70 mA)
Operation: green LED / Error: red LED

Temperature — Operation

Temperature - Extended range
Temperature - Storage

Humidity (condensation not permitted)
Mechanical data

Weight

-30... +60°C -30... +45°C
+60... 480°C; Derating: -0.100 A/°C +45... 481°C; Derating: -0.056 A/°C
-40... +85°C -40... +85°C
5...90% 5...90%
Mechanicaldata |
Approx. 7 g Approx. 30 g
35.6x26.7 x 12.7 mm 55.0 x40.0 x 16.1 mm

Dimensions (L x W x H)
Mounting holes
Part numbers

Plugable (socket headers with 2.54 mm pitch)

for screws M2.5

416  maxon motor control

466023 ESCON Module 24/2
Order accessories separately, from page 437

403112 ESCON 36/2 DC
Order accessories separately, from page 437

April 2016 edition / subject to change

Figure A.5. Features of ESCON Module 24/2 BLDCM driver board.
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Encoder 16 EASY 128-1024 CPT, 3 Channels, with Line Driver RS 422

Cycle C = 360°e

9 Pulse P = 180°
ey e
Uhiigh| 1 -
T Channel A o
UL
o Phase shift | ® 90°e| 2
UHig! w
Channel B (7,
59 ULow
33 o s
. igh o]
I Channel |
ULow
s3 sa | st sz |s1.4=90%
As <45%

Direction of rotation cw (def nition cw p. 60)

Il Stock program rt Numbers
[ Standard program

Special program (on request)
Type (provisional)

Counts per tum 128 256 500 512 1000 1024
Number of channels 3 3 3 3 3 3
Max. operating frequency (kHz) 200 400 800 800 1600 1600
Max. speed (rpm) 30000 30000 30000 30000 30000 30000
Phase shift ® (%e) 90 +£45 90 +£45 90 £60 90 +£45 90 £80 90 +£70
Index pulse width (%) 90 £45 90 £45 90 £60 90 £45 90 £80 90 £70

|_overall length | overall length |

maxon Modular System

+Motor Page +Gearhead Page +Brake Page o see Gearhead
EC-4pole 22,90 W 237 60.8 60.8 60.8 60.8 60.8 60.8
EC-4pole 22,90 W 237 GP 22/GP 32 329/339 o 3 o o 03 o
EC-4pole 22,90 W 237 GP 32S 366-368 ° ° o ° ° °
EC-4pole 22, 120 W 238 78.2 78.2 782 782 78.2 78.2
EC-4pole 22, 120 W 238 GP 22/GP 32 329/339 ° ° o ° ° °
EC-4pole 22, 120 W 238 GP 32S 366-368 o ° o o ° o
EC-4pole 30, 100 W 239 60.9 60.9 60.9 60.9 60.9 60.9
EC-4pole 30, 100 W 239 GP 32,4.0-8.0Nm 341 o e o o 3 o
EC-4pole 30, 100 W 239 GP 42,3-15Nm 346 ] ° [} ] ° [}
EC-4pole 30, 100 W 239 ° 3 o ° 3 °
EC-4pole 30, 100 W 239 GP 32,4.0-8.0Nm 341 ° o o ° ° °
EC-4pole 30, 100 W 239 GP 42,3-15Nm 346 o ° [} [} ° [}
EC-4pole 30, 200 W 241 77.9 77.9 779 779 77.9 77.9
EC-4pole 30, 200 W 241 GP 32,4.0-8.0Nm 341 e o [} [} o ]
EC-4pole 30, 200 W 241 GP 42,3-15Nm 346 ° 3 o ° o °
EC-4pole 30, 200 W 241 o ° o ° ]
EC-4pole 30, 200 W 241 GP 32,4.0-80Nm 341 ° 3 ° ° o °
EC-4pole 30, 200 W 241 GP 42,3-15Nm 346 (] ° o o o o
EC-i 40,50 W 247/248 377 37.7 37.7 377 37.7 37.7
EC-i 40, 50 W 247 GP 32,1-6Nm 339 ° o ° ° 3 )
EC-i 40, 50 W 247 GP 32S 366-368 ° ° ° ° e °
EC-i40,50 W 247/248 GP 42,3 - 15Nm 346 o o o o ° [}
EC-i 40,70 W 249/250 47.7 47.7 47.7 47.7 47.7 47.7
EC-i 40, 70 W 249 GP 32,1-6Nm 339 o e o ° 3 °
EC-i40, 70 W 249 GP 32S 366-368 o ° o ° ° o
EC-i40,70 W 249/250 GP 42, 3 - 15 Nm 346 (] o [} [} ° [}
EC-i 40, 100 W 251 67.7 67.7 67.7 67.7 67.7 67.7
EC-i 40, 100 W 251 GP 42,3-15Nm 346 [} o [} (] o ]
EC-i 52,180 W 252 93.7 93.7 93.7 93.7 93.7 93.7
EC-i 52,180 W 252 GP 52,4-30Nm 354 [} ° [} [} ° [}
Supply voltage Vcc 5V £10%
Typical current draw 22 mA . NCE 5§ VeQ— — — =0 Rocommensd IC's:
Output signal EIA Standard RS 422 3 GND é GNDQ= = = = o Sage
Operating temperature range -40... +100°C g i‘\gnnel i 5 '™ -AM 26 LS 32
Moment of inertia of code wheel <0.09 gcr? C hamnel A 5 Chamel AQ= — = —= nM
Output current per channel +20 mA € hamel g’ £ C‘) 1 [ [l | >t
Hysteresis 0.17 °m annel B ChamelAQ— = — = O] .~
Min. state duration s 125ns . 300 10 WSS gﬁg:ﬁ'eﬁ%fg:l) T
Signal rise and fall times Channel BT— - = = TJ t] L| \/ r
(typically, at C, =200 pF, R, =100 Q) 20ns DIN Connector 41651/ R
EN 60603-13 cramel8Q—_ = — =0 [ |~
. . fat band cable AWG 28 -

The angle value 0 is matched to the commutation phase Lod L+~ _
of winding 1 (in acc. with Hall 1 signal on motors with Chamell Q= = = == L N\
Hall sensors, block commutation), see p. 40. chamel A b=——=4 " JV S

Tt 0
Additional information can be found in the maxon
online shop under downloads.
The index signal Iis synchronized with channel A orB. | Option: also available in a single-strand version. Opt. terminal resistance R =typical 120 Q
May 2017 edition / subject to change maxon sensor 395

Figure A.6. Maxon BLDCM encoder datasheet.
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APPENDIX B: TECHNICAL DRAWINGS

- 620
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P13 _

Figure B.1. Technical drawing of shell’s helical structure. All dimensions are in mm.
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Figure B.2. Technical drawing of 3-DOF PRD’s rollers. D is 2.20 mm and 1.40 mm

for outer and inner rollers respectively. All dimensions are in mm.
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Figure B.4. Technical drawing of 3-DOF PRD’s moving base. All dimensions are in

min.
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Figure B.5. Technical drawings of 3-DOF PRD’s roller adjustment plate (left) and

bearing cover (right). All dimensions are in mm.
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Figure B.6. Technical drawings of sheath retainer (top) and shell retainer (bottom) at

tip. All dimensions are in mm.
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Figure B.8. Technical drawing of sheath feed mechanism. All dimensions are in mm.
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Figure B.9. Technical drawings of worm shaft (top) and worm gear shafts (middle

and bottom) used in tubing feed mechanism. All dimensions are in mm.
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Figure B.10.

Technical drawings of base sheets of tubing feed mechanism. Thickness

is 5 mm. All dimensions are in mm.
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SKF Worm Gear SKF
W-63801 Spool Shaft W-626
Framo Morat
Spool A25U40

Base 1

Worm Gear

Framo Morat 4x6x16
A25U040 Elastic BLDCM
Worm Coupling  Base

Maxon EC-1 30

M3x8 539482

Screw

Figure B.11. Technical drawings showing wom gear (top) and worm (middle)

sub-assemblies and overall (bottom) assembly of tubing feed mechanism.





