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ABSTRACT

3D printing has revolutionized the production of biomedical devices with ground-breaking rapid
prototyping technologies. The Sonopill project attempts to exploit 3D printing for rapid
production of capsule endoscope prototypes for clinical research targeted at the diagnosis of
gastrointestinal diseases (Gl) using ultrasound capsule endoscopy (USCE). The primary goal
of this project is to create prototypes of ultrasound capsule endoscopes also known as pills
with a 3D printing technique. In order to provide a stable means of actuating the capsule to
target areas of the Gl tract and for efficient supply of electricity and unaltered transmission of
control signals in the capsule control system a tethered design was considered. The capsule
design was achieved with the SolidWorks three-dimensional Computer-aided Design (3D
CAD) software and stereolithography (SLA) rapid prototyping technique was utilised in the 3D
printing of the capsules. For quality control measures, mechanical evaluation methods which
include tensile test and 3-point bend test were applied to ensure that the tether qualifies
clinically and mechanically for endoscopy operations. Adhesive bonding was also
implemented to bond the tether to the pill. Results from the 3D printing and mechanical
evaluations show that ultrasound capsule endoscopes can be rapidly produced efficiently with
SLA if temporary support materials used in the printing process. The bond strength of the
tether-to-pill integration was found to be strong enough to avoid a capsule retention in the
gastrointestinal tract. Based on these findings, the Sonopill project will be advanced through
rapid production of tethered ultrasound capsule endoscopes (TUSCE) as this will give the
research team the opportunity to understand the technicalities of the TUSCE prototypes before

USCE becomes an expedient medical imaging technology.



LIST OF OBJECTIVES

General Objectives

«» Fabrication of simplified ultrasound capsule prototypes using 3D printing technology

Specific Objectives

1. Three-dimensional Computer—aided Design (3D CAD) of the pills according to
stipulated design specifications for Sonopill prototypes and use of a 3D printer for rapid
prototyping of the 3D models.

+»+ This was achieved through the use of SolidWorks 3D CAD modelling software and

stereolithography (SLA) 3D printing technique.

2. The design of a tether integration system for the capsule prototypes.

«»+ This was achieved through the 3D CAD design and mechanical evaluation methods

such tensile strength tests and 3-point bend tests.

3. Microscopic and mechanical evaluation of the pills through measurements and tests.

+ This was accomplished through the use of mechanical instruments such as the
microscope, weighing scale, vernier calliper and mechanical tests such as visual

inspection and bond strength test.

4, Clinical evaluation of the fabricated pills such as biocompatibility (medical grading of
materials and biodegradability of the pill).

+ This was accomplished through physical biocompatibility assessment such as
assessing the type of tether material, adhesive material and the biodegradability of
the pill in conformance to the ISO 13485.

These objectives were fulfilled in this project through intensive research and laboratory work.
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NOTATION

A, = original area of cross-section

COF = co-efficient of friction

dB = decibel

dL = elongation or extension from a tensile test
F = bending force

Fmax = maximum force obtained from a tensile test

Ft = feet
g =gram
Hz = hertz

ID = inner diameter

K = kelvin

m = mass

MHz = megahertz

MPa = megapascal

mm/min = millimitres per minute

N = newtons

OD = outer diameter

P = load applied in a tensile test

Pmax = maximum load in a tensile test
psi = pounds per square inch

r = radius

RP = rapid prototyping

STL = standard tessellation language file
SLDPRT = SolidWorks part file

T = torque

TS = tensile strength

Al = elongation or change in length

G = engineering stress



CHAPTER 1 INTRODUCTION

1.1 Background
1.1.1 Medical Imaging of the Gastrointestinal (GI) Tract

Gastrointestinal (Gl) diseases have caused high mortality rates worldwide. [1] There has been
an increase in the incidence of most gastrointestinal diseases which have major implications
for future healthcare needs. [1] According to a report on gastroenterology services in the
United Kingdom (UK) commissioned by the British Society for Gastroenterology, it was
observed that Gl diseases account for a third of the overall deaths and the number one source
of cancer death in the UK. [1] In the United States of America (USA) Gl diseases caused
significant morbidity with an estimated 60 to 70 million people affected annually. [2] In 2008,
the International Agency for Research on Cancer (IARC) reported about 715,000 fresh cases
of cancer [3] and 542,000 cancer deaths in Africa [4]. Gl diseases refer to diseases of the Gl
tract which include Barret’s oesophagus, Crohn’s disease, and gastric ulcers. [5] The Gl tract
is a track of organs joined in a long, curling tube from the mouth to the anus. The organs of
the Gl tract are the mouth, oesophagus, stomach, small and large intestines, and rectum [6],
and the digestive system organs (which include the liver, pancreas and gall bladder). Figure

1 below shows the parts of the gastrointestinal tract.
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Small intestine Jejunum

lleum

 Large intestine

Figure 1: The gastrointestinal tract [7]



Early diagnosis of these diseases is crucial but it is difficult to achieve. Medical technologies
such as ultrasonography have been applied but they were reportedly low in producing the
desired results. [8, 9, 10] Early diagnosis of Gl diseases are crucial. For instance, Gl diseases
such as cancer are most responsive to treatments when diagnosed in the early stages but
become deadly when untreated after a long period. Consequently, there is a need to enhance
the technology and methods to cater for the health needs of the world’s teeming population
and for proper diagnosis and monitoring of diseases of the Gl tract medical imaging must be

implemented.

Medical imaging is a technique used in visualising the internal part of the human body for
medical analysis and treatments. An area of ground-breaking imaging application is capsule
endoscopy. A capsule endoscope is an ingestible wireless miniature camera for getting
images of the gastrointestinal (GI) mucosa. [11] The endoscope used in capsule endoscopy
is a capsule in the size and shape of a vitamin pill and popular designs contain a tiny camera
occasionally called a “pillcam”. Unlike conventional endoscopy methods capsule endoscopes
can easily examine parts of the Gl tract that are invisible to other types of endoscopy without
pain and discomfort to the patient. They are particularly useful in identifying numerous
pathologies within the small intestine such as Crohn’s disease, tumours and gastrointestinal
bleeding. [12] Capsule endoscopy can be categorised based on the mode of capsule delivery.
They are the tethered capsule endoscopy (TCE) [13] and the wireless capsule endoscopy
(WCE) [14]. Figures 2 and 3 illustrate the WCE and TCE systems respectively.
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A batteries circuit transmitter
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Figure 2: The components of a WCE system [15]
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Figure 3: An illustration of a TCE system [13]

In contrast to the WCE, the TCE provides the endoscopist with total command of the imaging
process and produces high quality images, while reducing overall cost. [16] A typical tethered
capsule endoscope is shown in figure 6. It consists of a tether made from optical fibre which
scans a surface using optical illumination as the backscattered light is recorded to form a non-
confocal image. [17] Once the tethered capsule is swallowed the walls of the Gl tract constrict
around the capsule and descend it down the tract by peristalsis. After the point of interest is
imaged the capsule is pulled back using the tether while it images the Gl tract. [13] Figure 7

illustrates a block diagram of a TCE.

Although WCE and TCE have improved the capacity for the diagnosis of the Gl tract, the
diagnosis is limited to the mucosa surface. [18] This led to the research on a capsule with

ultrasound imaging capabilities. [18]



1.1.2 Ultrasound Capsule Endoscopy

Ultrasound is described as a sound that is above 20 000Hz, which is the range of human
hearing. [19] In endoscopy, ultrasound (also termed ultrasonography) is a test in which
ultrasound waves are reflected off tissues and the resulting signals are converted into a picture

called a sonogram for analysis. [20]

The concept of a WCE with ultrasound capabilities was suggested long-ago. [18, 21, 22] Lee,
et al [18] explained that the major difference between ultrasound imaging and optical imaging
is the need for an acoustic coupling between an ultrasound transducer and the object of
interest. [18] According to S. Lay, et al. [23] signal attenuation in the Gl tract is minimised due
to the thinness of the gut wall, which is a great advantage for high-fidelity imaging using USCE.
It was also observed that the application of ultrasound imaging is popular in conventional
endoscopy but currently no form of an ultrasound capsule endoscope is commercially
available. [23]

Professor Sandy Cochran [24] and a team of ingenious clinicians at Ninewells Hospital,
Dundee, have adopted two ways of achieving progress in the field of microultrasound [25]
imaging for clinical applications. One of the pathways adopted was the deployment of
microultrasound for non-invasive applications within the body through Ultrasound in a Needle
(USIN) Ultrasound Capsule Endoscopy (USCE). The reality of using a USCE is near as
significant funding from the Engineering and Physical Sciences Research Council (EPSRC)
through the UK government has promoted research work trademarked as the “Sonopil” at
Ninewells Hospital, Dundee, Scotland. [25] According to Seetohul, et al. [26] The ultrasound
capsule endoscope could be TCE or WCE, with the TCE providing the medium for
transmission of power and control signals which favours research. Secondly, the ultrasound
device requires acoustic coupling for imaging. Finally, ultrasound capsule endoscope offers
the possibility for both imaging and therapeutic applications which places a demand for robotic

actuation. [26]

1.1.3 Sonopill

The Sonopill is a £5 million project funded by the European Physical Sciences Research
Council (ESPRC) and led by Professor Sandy Cochran [26]. The research base is located at
the University of Dundee, Scotland and includes research teams from Heriot Watt University
and the University of Glasgow, all in Scotland. The core aim of the Sonopill programme is the
exploration of ultrasound imaging and therapeutic capabilities deployed in an ingestible
capsule format that is anchored by extensive pre-clinical work to signify the compatibility of

ultrasound and visual imaging, along with studies of multimodal diagnosis and therapy, and

4



the mechanics to control the motion of the Sonopil as it travels through the Gl tract. [27] The
focus of the ultrasound capsule will be in the small intestine of the Gl tract. [23] Figure 4 below
shows a conceptual rendering of an ultrasound endoscope named Sonopil, by the research

team.

Figure 4: The conception of the Sonopil. The blue ring denotes the position for an ultrasound imaging
array and the black ring represents the potential for an autonomous positioning system [25]

In view of the Sonopill project aims it is of paramount importance that prototypes of the
intended ultrasound capsule endoscopes are produced and tested to the required standards
and functionality before crucial investments are made in the final product. It is also essential
that the prototype and final product are produced rapidly in order to meet the demands of

patients and also for research purposes. 3D printing is the pathway to achieving these goals.

3D printing refers to the method of building a three-dimensional (3D) prototype with the aid of
a 3D printer. A 3D printer is a machine in which consecutive layers of material are formed
using computerised control methods to create an object. 3D printing process allows for
customization and many products can be built in a 3D printer simultaneously. [28] In this
literature, 3D printing will be dealt as an additive manufacturing and rapid prototyping

technique.

This Master of Science (MSc) project is part of the £5 million UK EPSRC-sponsored Sonopill
project and is aimed at the 3D design and 3D printing of capsule endoscope prototypes for
rapid testing and research on the Gl tract. The capsule endoscope was also referred to as the
“pill” in this project. Two versions of a tethered ultrasound capsule endoscope (abbreviated as
TUSCE) namely version 2-2 and version 3-1 will be 3D-printed. The SolidWorks (version
2015) will be used for the 3D modelling of the TUSCE while photopolymer materials are
selected with stereolithography (SLA) technique to 3D-print the pills.

The tether design is the actuating system of choice and also used for electric power and control
signal transmission. The integration of the tether to the pill will be achieved with an adhesive

bonding. As part of quality assurance and control measures in the design of the device



mechanical tests which constitute tensile strength test and bending test and bond strength
test will be carried out to ascertain the mechanical characteristics of the tether and its
constituent materials. The tensile strength tests will provide the ultimate tensile strength for
the tether and tether-to-pill bonding strength while the bending test will be used to evaluate

the maximum bending radius needed to access the flexibility of the tether.

A biocompatibility test will only focus on ensuring that the material of the designed tether and
the type of adhesive used in the assembly of the ultrasound capsule endoscope are of medical
grade. The results of this project will also aid the Sonopill research team in making rapid
prototypes of the TUSCEs for rapid testing. This will enable a better understanding of how
these devices will perform in vivo and allow the Sonopill team to make evaluations so that

corrective actions can be taken where deviations occur.



CHAPTER 2 LITERATURE REVIEW

The main sections in this chapter include:

+» Tethered Capsule Endoscopy (TCE)

+ Design considerations in capsule endoscopy

+ 3D printing

+ Mechanical evaluation of materials for tether design
+ Adhesive bonding and bond strength

+ Biocompatibility

+ Maximum actuation force for endoscopy

2.1 Tethered Capsule Endoscopy (TCE)

Rachlin, et al. [29] described tethered endoscopy as an imaging device fixed to a flexible
linkage (for example a cable) that is capable of providing pulling forces alone on a terminating
payload that consists of a device for imaging. There are 3 stages involved in tethered
endoscopy namely: the introduction (ingesting the imaging capsule), imaging, and retrieval of
the imaging device. [29] The tether is also described as a channel for transmitting power and

control signals and also generates the most accurate results in research. [26]

2.2 Tethered Capsule Endoscopes and Tether Systems

2.2.1 Tethered Endoscope

Rachlin, et al. [29] invented a tethered endoscope in which a flexible tether was joined to an
imaging capsule for diagnostic endoscopy of the oesophagus. The imaging mode designed
for the tethered capsule is a video camera. [29] Figure 5 below shows the design of the
invented TCE.
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Figure 5: The tethered capsule endoscope invented by Rachlin et al [29]

It was observed in the literature of Rachlin, et al. [29] that the tether prevents the pains
generated when using conventional endoscopy methods by allowing some degree of flexibility
for position control. The designed tether is made of a long cable with a flexible jacket. The
tether length is made long enough to assess the end of the oesophagus. The proximal end of
the tether connects to a control station which supplies electricity and the electronics for data
acquisition. The tether length should be minimal so as to avoid signal loss. The tether should
be flexible enough in order to avoid the use of high force when retrieving the capsule. The

diameter of the tether should be limited to 1mm for the purpose of reducing slight pains. [29]

2.2.2 Cytosponge

According to Topfer [30], the Cytosponge is a small reticulated sponge inside a capsule made
of soluble gelatine and is discharged orally by a clinician to gather oesophageal cells for
examination. Cytosponge is specified for diagnosing Barret's Esophagus (BE). [30] Figure 6

below shows the design of the Cytosponge.



2cm

Figure 6: The Cytosponge in mesh form and enclosed in a capsule [30, 31]

The Cytosponge is composed of a small reticulated sponge, measuring roughly 30m in
diameter and is held in a string-attached gelatin capsule [32]. The capsule dissolves when it
is swallowed with water due to the solubility of the gelatin coating. At the end of 5 minutes, the
clinician retracts the extended sponge which gathers cells with its somewhat abrasive
structure as it moves through the oesophagus. This retraction is done by pulling back the
sponge with the attached string [30, 31].

2.2.3 Tethered Endoscope Endomicroscopy

Michalina, et al. [33] invented a tethered endoscope endomicroscopy which is composed of a
cylinder measuring 12.8mm in diameter and 24.8mm in length covered by hemispherical end
caps. A flexible sheath of 0.96mm (diameter) fixed to the capsule formed the tether. The
sheath (tether) is composed of an optical fibre and a driveshaft. The optical fibre transmits and
receives light from small optical components housed in the capsule while the driveshaft
transfers rotational torque from the capsule’s optics. 3D images are acquired as well as cross-
sectional images during the actuation of the tethered capsule in the digestive tract. The
tethered capsule can be disinfected for re-use. [33] Figure 7 shows the tethered endoscope

endomicroscopy device.



Figure 7: Photograph of the tethered capsule endomicrosopy device showing: (a) The capsule size
compared to a penny coin (b) The activation of the transmission light in the optics system (c) The tether
with a plastic ball attached to allow for easy handling of the device. [33]

2.3 Design Considerations in Capsule Endoscopy

2.2.1 Form factor

Lee, et al [18] proposed that the size of wireless capsule endoscopic ultrasound (WCEU) is
limited to about 1cm diameter by 3cm length, beyond which the risk of Gl obstruction increases.
[18] Professor Sandy Cochran [34] in his interview with the piezo Institute news team [35]
stated that the aim of the Sonopill is to design capsules for oral ingestion within the size of
about 10mm in diameter and no more than 30mm in length. But according to Rachlin et al.

[29] an imaging device with a larger diameter allows for firmer peristaltic “grip”. [29]

2.2.2 Power
The system complexity (especially of the electronics) and power design of the capsule must

be minimised to lessen the power usage and capsule form factor. [18]

2.2.3 Capsule Weight
The capsule weight through gravity exerts a downward pull of the capsule while aiding the
peristalsis action. The capsule weight must overcome the primary frictional forces that hinder

the downward movement of the device through the open lumen. [29]

2.2.4 Aiding the ingestion of the Capsule

Use of palatants

A palatant or swallowing aid is applied on the imaging device to give it an appealing taste to
the mouth. The swallowing aid also adds weight to the imaging device to enhance its descent
through the lumen. [29]
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Peristalsis

Lee, et al. [18] described peristalsis is the contraction and relaxation of the muscles to move
food down the tract. [18] Hardcastle and Mann [36] defined peristalsis as a continuous wave
of contraction moving through the bowel at a constant rate, which leads to the onward motion
of the contents. [36] Peristalsis can exert a downward force on the capsule [29] and is a natural

mode of squeezing the pill and enabling the requisite contact for coupling [18].

Low friction
Low friction surfaces around the capsule and tether allow for an easy retrieval and also
facilitates the gravitational pull on the device into the oesophagus during the introduction

process. This can be achieved by using lubricous or hydrophilic coatings. [29]

2.4 3D Printing
2.4.1 Definition of 3D Printing

Miscaleff [37] described 3D printing as an additive fabrication process that converts geometry
designed with a digital computer into physical models built via a layer-by-layer procedure using
different materials. Miscallef [37] added that the unique feature of 3D printing in comparison
to other forms of manufacturing technologies is its accessibility to anyone with a drive for

converting their ideas into finished products. [37]

Gibson, et al. [38] used the term “additive manufacturing” or AM as an endorsed term for rapid
prototyping and 3D printing. A three-dimensional Computer Aided Design (3D CAD) generated
model can be fabricated at first hand without process planning. [38] The term “rapid
prototyping” [39] was defined by Pham and Dimov [39] as a technology for fast fabrication of
parts (models or functional prototypes) straight from Computer Aided Design data in small
sets. [39]

According to the American Society for Testing and Materials (ASTM) International,
Designation: F2792-12a (Standard Terminologies for Additive Manufacturing Technologies)
made with reference to the International Organisation of Standards (ISO) 1SO10303-1: 1994
[40], 3D printing is defined as “the fabrication of objects through the deposition of material

using a print head, nozzle, or another printer technology.” [40]

Chia and Wu [41], in their literature, referred to 3D printing as all Solid Freeform (SFF)
technologies [42, 43] and as a liquid binder-based inkjet technology. [41]
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2.4.2 Additive Manufacturing

3D printing is called an additive manufacturing (AM) process because the synthesis of a 3D
object involves an additive process. The object is created via building successive layers of
material and these layers can be viewed as thinly sliced horizontal cross-sections of the final
product. [44]

2.4.3 The 3D Printing Process
According to Gibson, et al. [38] the 3D printing or AM process has in eight stages. The stages
are namely:

I.  Conceptualization and CAD [38]
Il.  Conversion to CAD file to STL format [38]
lll.  Transfer and manipulation of STL file on AM machine [38]
IV.  Setting up the machine [38]
V.  Building the part [38]
VI.  Part removal and cleaning [38]
VII.  Post-processing techniques [38]
VIIl.  Evaluation of the part [38]

All 3D parts start with a virtual design or 3D software model of the object to be created. The
3D software model completely describes the external geometry of the printed object. This can
be achieved by using Computer Aided Design (CAD) application software. [37, 44, 45]. The

object can also be copied to a 3D digital format by using a 3D scanner [44].

The 3D modelling software produces a CAD drawing of the object in the 3D form. Examples
of licensed 3D CAD application software include SolidWorks, Autodesk Inventor, and 3DS
MAX while examples of opensource versions are FreeCad, 123apps, Blender, Sculptris,
OpenScad, and Tinkercad. [37]

SolidWorks [46] is solid modelling CAD and Computer-aided Engineering (CAE) software
founded by Jon Hirschtick, with a company named Solidworks Corporation that is
headquartered in Waltham, Massachusetts, United States of America (USA) in December
1993. In 1997, a France-based company called Dassault Systemes [47] acquired SolidWorks

Corporation which now runs the publishing of the SolidWorks software. [47]. The latest version
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of the SolidWorks software is version 2016. [46] Figure 8 below shows the graphical user

interface of the SolidWorks 2016 software.
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Figure 8: SolidWorks 3D modelling graphical user interface (GUI) [48]

V. Conversion to STL File Format

The STL File Format

The STL (Stereolithography Tesselation Language or Standard Tesselation Language) [49]is
a file format peculiar to the stereolithography [50] CAD developed by an American firm, 3D
Systems in 1987 for transferring 3D CAD models to the first stereolithography (SLA) machines.
[49, 50, 51] The STL file is the most implemented common interface for transferring a CAD
model to an RP system. [45, 52] The principle of the STL format is such that the geometry
defined within the 3D CAD model is represented using a mesh of triangles over the surface of
the designed part as illustrated in figure 9. The triangulated 3D CAD model is sliced in layers
of uniform thickness. Slicing refers to the breaking of a 3D model into many horizontal layers
and is implemented with CAD software. [53] The sliced 3D model is the file sent to the 3D
printer. [37]
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Figure 9: A STL file from a tessellated sphere [53]

V. Transfer to 3D Printer (Additive Manufacturing Machine) and STL File
Manipulation
The STL is transferred to the 3D printer. The STL file is checked for correct dimensioning,

orientation and manipulated if any errors are found before building the final product. [37]

VI. 3D Printer Configuration

The 3D printer is configured to the desired settings prior to the build-up process. [38]

VII. Building the Part

The building process (that is printing) is monitored for quality assurance and control. Important
aspects of the monitoring include the rate of material consumption, power supply and freezing
of software [38] and orientation of the parts on the print bed. [37]

VIll.  Removal

The built parts are removed with safety measures by ensuring that operating temperature of
the 3D printer and product is sufficiently low that the movable parts of the printer are at rest.
[38]

IX. Post-Processing
The part is checked for defects and treated carefully. Priming and painting are applied to give

the part a good appearance. [38]

X. Evaluation

The part is tested to see if it meets desired standards. [38]
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2.4.4 3D Printing Materials

A study was made to understand the types of 3D printing materials that could be used for
fabricating the capsules. The features of the final products used in 3D printing are
characterised by the materials used in the fabrication. The 3D printing processing methods
also influence the quality of the final product. [43] Factors to consider when selecting 3D
printing materials include the design, application, function, and the product life span [54]. It
was observed that the major materials used in 3D printing include photopolymers,
thermoplastics, metals and powder. [54] The photopolymer material was the focus for the

application.

Photopolymers

A photopolymer is a polymer that alters its features when exposed to ultraviolet (UV) light or
visible light. [55] Photopolymers are composed of monomers, oligomers, and photoinitiators
that combine to form a toughened polymeric material through a process called curing as

shown in figure 10 below. [56, 57]

Liquid photopolymer Induced polymerization by light

.+o + O .D+ UV light
.0 s
+t9, @+ @

o Monomer

@ Oligomer
-+— Photoinitiator

Figure 10: The photopolymerization process [58]

In 3D printing, photopolymer materials are liquid resins that undergo a photocuring process
where an oligomer is photo cross-linked on when exposed to UV light and finally develops
into a hardened plastic prototype and part. [54, 59] Photopolymers are applied in the SLA
and Stratasys Polyjet 3D printing technology. In SLA photopolymers are usually based on

epoxies and acrylics chemistry.

15



2.4.5 Rapid Prototyping Technologies in 3D Printing

Prototyping [60] is a vital component of the production required for testing the form, fit and
functionality of a new design before crucial investments are made in tooling. [60] Rapid
prototyping (RP) refers to a range of established technologies for fabricating accurate parts
directly from CAD models in a few hours with the need of little or no human intervention [45,
60]. This implies that physical models of CAD drawings can be produced more often for easy
assessments and further development [60]. Established rapid prototyping technologies used
in the medical field [45] include stereolithography, fused deposition modelling, selective laser
sintering, inkjet printing and laminated object manufacturing [45]. The stereolithography

process was the rapid prototyping technology of interest.

Stereolithography

Stereolithography (SLA) [41] was invented in 1986 by Charles Hull [61, 62], the founder of the
American company, 3D Systems [47] which is headquartered at Rock Hill, South Carolina in
the United States of America (USA). SLA uses a vat [44] of a liquid photopolymer that is
photocurable by ultraviolet (UV) laser to synthesise the object’s layers one by one. [41, 47]
The UV laser beam traces in each layer a sample of the part pattern on the surface of the
liquid resin. [44] The traced pattern on the liquid resin is cured and solidified on exposure to
the UV light. A bottom-up and top-down system is used to position the platform for introducing
a new layer of uncured liquid resin. In the bottom-up system, a movable platform with the
cured composition is lowered by a distance equal to the thickness of one layer (typically
0.05mm to 0.15mm) [44] and a new layer of uncured liquid resin is spread over the top by a
resin-filled blade as illustrated in figure 11 below.

computer-controlled\ movable
laser / platform
£ resin

reservoir tiif
coated /

glass plate

lens

LCD graymask

digital mirror
device (DMD)

Figure 11: The stereolithography (SLA) process [41, 63]
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At this stage, the topmost layer is prepared to get patterned. The topdown system is illustrated
in figure 22 where a light source is projected onto a clear plate initially kept close to the base
of the vessel holding the liquid resin. [41, 63] After a layer is patterned through the clear plate,
the cured structure is disengaged from the clear plate and raised to permit uncured liquid resin
to occupy the space between the structure and the clear plate. Thus, the next layer is prepared
to be patterned. For processing of large parts, the masked lamp technique [41] was designed
to cure a full layer of photopolymers at once. [41] Post-processing methods used in SLA
include draining out unpolymerized liquid resin, strengthening and curing unreacted parts in
an oven. [41, 64]

Materials used in STL technology must have photocurable moieties for crosslinking. These
include acrylic and epoxy materials [41] and photocrosslinkable poly(propylene fumarate)
(PPF) [41, 65].

Advantages of SLA include the capability of making complex designs with internal architecture
and making allowance for easy clearance of unpolymerised resin. SLA also has an
exceedingly high resolution of approximately 1.2um [41, 66]. The main disadvantage of SLA
is the insufficiency of biocompatible resins with genuine SLA processing qualities [41]. Parts
produced by SLA have remarked shrinkage and distortion which affects the accuracy of its
dimensions. [64] Also, SLA requires the addition of temporary support structures into the CAD

model to construct unsupported features like overhanging levers [41].

Stratasys Limited (Ltd), based in Eden Prairie, Minnesota, USA [67] is a manufacturer of 3D
printing systems for both office and industrial applications. [67, 68, 69] “Objet” is one of the
brands of Stratasys Ltd and the latest3D printing technology applied in the Objet line of
Stratasys 3D printers is the polyjet 3D printing technology. Polyjet 3D printers have the ability
to give the best resolution with a layer thickness of 16y, resulting in parts with a smoother
texture that voids the need for post-processing [70]. PolyJet is also the sole 3D printing
process to utilise multiple materials with varied durometers [65]. Models of polyjet 3D printers
include the bio-compatible Objet30 Prime and Objet30 Pro [71]. Detailed specifications of the
Objet 30 and Objet Prime models of Stratasys polyjet 3D printers are given in FILE 1 of the
Appendix-CD. Figure 12 shows the Stratasys Objet30 Prime 3D printing machine [72].

17



Figure 12: The stratasys objet30 prime polyjet 3D printer [73]

2.4.6 Examples of 3D-Printed Capsule Endoscopes

Case Study 1. Endoscopic Submarine Capsules

Hoang et al, [74] developed endoscopic submarine capsules [74] with an aim of assessing the
benefits of using a capsule swarming system in the Gl tract while carrying out the endoscopy
of a liquid-bloated stomach. The capsule shell measuring 46.25mm long and 14.90mm in
diameter was designed on Creo Parametric 2.0 software [75] and fabricated with a VeroWhite
material [54] on a Stratasys Objet Alaris30 3D printer [76]. Figure 13 below shows the
endoscopic submarine capsule design. The shell dimensioning is described on 2A and the

3D-printed shell with the electronics framed on 2B.
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Figure 13: Endoscopic submarine capsule [74]
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Thanh et al [77] developed an ingestible magnetically actuated capsule endoscope controlled
by a magnetically remote-controlled balloon for obesity treatment. Figure 14 below shows an
image of the magnetically actuated capsule prototype fabricated with a powder 3D printer
SLM500HL, designed by the German company, SLM Solutions Group AM. [77]
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Figure 14: A magnetically actuated capsule endoscope for obesity treatment [78]

2.5 Mechanical Evaluation of Materials for Tether Design
In order to select cables for the tether design, a study of the specifications of small diameter

micro coaxial (micro-coaxial) and power cables was carried out.

2.5.1 Micro coaxial Cables
Micro coaxial cable [79], also called micro-coaxial cable [80] is an easy-routing cable solution
that saves space and it is mostly used in medical applications such as probes and endoscopy

apparatus. Figure 15 shows the parts of a micro-coaxial cable.

Outer jacket—_

Dielectric -

Centre conductor .

Figure 15: The layout of a micro-coaxial cable [80]
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The micro-coaxial consists of a layer of dielectric, outer jacket, and a centre conductor. The
layer of dielectric provides the micro-coaxial with low capacitance [79] while outer jacket
maintains the quality of the signal and a stable impedance. [79] Coaxial cables are deployed
in the transmission of radio frequency signals. Coaxial cables have the inherent quality of

shielding signals from the influence of external electromagnetism. [81]

2.5.2 Hook-up Cables

Hook-up wire is small-to-medium gauge [81] single insulated conductor wire, [82] used for low
voltage, low current applications [82]. They are either solid or stranded and used mostly within
the casings of electrical or electronic devices. [81, 82] Figure 16 below shows the strand and
solid core types of hook-up wires. The insulation types used in hook up wires include
polyvinylchloride (PVC), ethylene-propylene diene elastomer (EDPM), hypalon,
perfluorotetraethylene (PTFE), and neoprene. [81]

Strand
Solid

Insulation

Figure 16: Hook-up wire (strand conductor type) with insulation [83]

2.5.3 Mechanical Evaluation of Cables

The mechanical characteristics of materials can be assessed by conducting lab-based
experiments that recreate to a great extent the service trends. The type of load applied, the
application time and environmental effects are factors to be considered. Another important
mechanical characteristic is ductility. Lab-based experiments carried out to cables include the
ultimate tensile strength test (UTS) and bending test. [84]

The ultimate tensile strength (UTS) is described as the maximum stress above the yield
strength [84] on the engineering stress-versus-strain curve with units in megapascals (MPa).
[84, 85] The simplest method of evaluating a material is by a tensile test. [85] This can be

obtained by using the pull test as shown in figure 17 below.
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Figure 17: The Tensile test method (a) The “dogbone” specimen [86, 87] (b) The test machine setup [88]

The specimen is usually in the form of a “dogbone” shape and it is fixed to the holding grips
of the testing machine which elongates the specimen steadily and continuously measures the
elongations obtained using an extensometer and the resulting instantaneous applied load with
a load cell. The output graph from the testing machine is plotted on a computer as a load or
force versus elongation curve [84, 85]. To minimise geometric problems [85] the load and
elongation parameters are normalized [85] to engineering stress and engineering strain
parameters respectively. [85] The graphical descriptions of the load versus elongation curve
and the stress versus strain curve are shown in figures 18 below and a more detailed

description of the stress-strain curve is given in figure 19.
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Figure 18: Load versus elongation curve for an aluminium specimen (left) and stress versus strain curve
acquired from normalization of the load versus elongation data. [85]
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Figure 19: A detailed description of the behaviour of a stress-strain curve [89]

From figure 18 the engineering stress, o, is defined as

P 1)

where P is the load on the specimen with an original cross section area or zero-stress cross

section area. [85] The engineering strain is also defined as

22



(2)

where [ represents the gauge length at a given load, and [, represents the original or zero-

stress length. [85]

According to John [90], the tensile strength (TS) can be calculated as nominal stress given by

maximum load applied
§ — aximu PP (3)

original cross sectional area

Raymond Higgins [91] calculated the tensile strength (T) [91] by dividing the maximum load
sustained by the specimen during the test by the actual area of cross-section given by

P max
4)

T =
Ay

where P, IS the maximum load sustained and 4, is the actual cross-sectional area of the

specimen. [91]

The specimen shape is in a “dogbone” shape in order to restrict the deformation of the material
within the narrow centre region and also to minimize the possibility of fracture happening at
the ends of the specimen. [92, 93]

The tensile strength results will be different for two samples of the same piece of material if
they are tested at different strain rates. For consistent results, it is advised to run the tests on
all materials at the same strain rate. Samples with a small diameter will exhibit a negligible
change in force for a given extension. This reduces the accuracy of the force and stress
measurements. Strengthening the grips can reduce slippage but this increases the stress on
that area. [88]

Ductility is defined as an assessment of the degree of plastic deformation [85] that a material

sustained at the time of breakage [84].Higgins [91] described ductility as the level of extension
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in a tensioned material before failure. [91] The description of ductility is illustrated in figure 20

below.
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Figure 20: Schematic graph of tensile stress versus strain characteristics for ductile materials [94]

From the figure 37 it can be observed that a very small plastic deformation is termed brittle
[91, 94] while a ductile material has the ability to sustain considerable geometric change when

it is tested.

2.5.4 Bending Tests

Bending test [84, 95] or flexure test [95] is a mechanical evaluation test for brittle materials
with the application of a load on a rectangular specimen at either one or two spots. A bending
test method where the vertical application of the load is in one spot is termed a three-point
bending test [95]. Similarly, a four-point bending [95] test has a vertical application of the load

on two points. [95] The bending test method is shown in figure 21 below.
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Figure 21: Three-point and four-point bending test methods [95]
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The specimens experience longitudinal stresses which are tensile on the top surface and

compressive at their bottom surface. [95]

The bend radius is the smallest permissible radius a cable, wire, tube or pipe can be bent
without causing any damage. [91] The flexibility of a material increases with a decrease in

bending radius. [96]

Figure 22 shows a cable with an outer diameter (OD) of 2 inches bent about a radius of 12

inches. [97] The minimum bend radius of the cable is calculated [97] as

Minimum bend radius = cable outer diameter X cable multiplier

1
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Figure 22: lllustration of the minimum bend radius of a cable [97]

In order to carry out a tether bending test, an investigation into the standard procedures for
the test was studied based on a test carried out by the National Aeronautics and Space
Administration (NASA), [98] an agency of the government of United States of America (USA).
A wire and cold bending test was used to evaluate the effect of a low temperature (75 Kelvin)

on the physical and mechanical characteristics of different wire samples. [99]

Colozza [99] aimed at providing information on the mechanical behaviour of wires under cold,
cryogenic temperature, [99] conditions by cold soaking 35 various samples of wires and cables

in a cold liquid nitrogen bath. Thereafter, a bending test was conducted to evaluate the
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flexibility of the wire samples and the bending force required to bend it in relation to the
temperature of the liquid nitrogen. The test equipment used is shown in figure 23. The
equipment consists of an automated bending press utilising a force sensor, an actuated
bending fixture, and a wire support bracket for the wire samples and cables. [99]

Force Sens
Actuated
Bending Fixture

Test Wire

i

Wire Support

Figure 23: Jig for the cable and wire bending test [99]
Mathematical evaluation of the bending force
Figure 24 shows a 2D design of the bend test jig. The torque [100] needed to unreel the
cable was calculated by multiplying the radius (r) of the wire reel by the bending force
(F), as expressed in Equation (5). [99]

T =Fr )

Support Pins

.

N "~ Actuator Pin
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Figure 24: Diagram of the three-point bending test used on the test jig [99]
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General Trend of Bending Force Curves

By plotting a graph of the bending force against time, together with the bending radius [101]
for the different wire types or gauge, Colloza [99] derived the following results. Generally, a
decrease in the bending radius caused an increase in the required bending force. The change
in the bending radius and, also the bending force was significant at the start of the bending
test and diminished with time. The bending force increased considerably between the room

temperature and the liquid nitrogen temperature tests. Figure 25 shows the failure in the cable.

Figure 25: Insulation failure of the 6-gauge wire before and after bending test [99]

Bending curve for a Teflon and Peek Insulated Wire
As illustrated in figure 26 the bending force required for 18 and 20 gauge wires with Teflon

and Peek insulation was lower than the values obtained in the other tests.
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Figure 26: The bending force curves for 18 and 20 gauge Teflon and peek insulated wires [99]
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Colloza [99] summarised that failures in insulation are a function of wire size; lower gauge
wires and those with thick insulation failed the most. The insulation thickness was a critical
factor in determining the required bending force because a thicker insulation generates a
higher bending force at cold temperatures. The results of multiple wire cables and dual coaxial
cables showed that the deployment force of a cable is minimised by reducing the number of

wires in a given cable or using multiple cables with low wire counts. [99]

2.6 Biocompatibility

A medical device needs to be biocompatible for a safe and healthy application in humans.
[102, 103, 104]For the capsule endoscope biocompatibility will focus on the materials and the
adhesives used for binding the 3D-printed parts together.

2.6.1 Standards used in the Evaluation of Medical Devices

The International Organization for Standardization (ISO) [105] provides the standards: I1SO
13485 for quality management in medical device design [106], and ISO 10993-1:2009 for
biological evaluation of medical devices (evaluation and testing within a risk management

process) [107].

2.6.2 Biocompatible Fluoropolymers used in Endoscopy

In the medical device market, the use of fluoropolymers centres on two key properties: lubricity
and biocompatibility. Fluoropolymers exhibit very good lubricity and biocompatibility compared
with other plastics. [108] The high-grade properties of fluoropolymers are linked to their
chemistry; fluorine is the most electronegative element and is very reactive. The commonly
used fluoropolymers in the medical arena [108] are Perfluorotetraethylene (PTFE), and
Perfluoroalkoxy (PFA) and Fluorinated Ethylene Propylene (FEP). [108]

Perfluorotetraethylene (PTFE) also called Teflon [109] is by far the most chemically resistant
fluoropolymer. [110] PTFE is the most lubricious polymer, with a very low coefficient of friction
(COF) of 0.1 and is considered hydraulically smooth. [111] PTFE is widely applied in making
artificial tendons, ligaments, blood vessel guide catheters, prosthetics and vascular grafts.
[112] However, PTFE is prone to radiation attacks. [111] Figure 27 below shows samples of
PTFE tubes.
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Figure 27: PTFE [113]

PFA

Perfluoroalkoxy (PFA) was is a fluoropolymer with similar physical and chemical properties
and to PTFE such as use temperature and also combines the melt processability of FEP. [114]
PFA has the highest permeation performance and the best finish of all of the fluoropolymers.
[114] Another advantage of PFA over PTFE is its high transparency with a good transmittance
of both ultraviolet (UV) and visible light wavelengths and extremely low refractive index of 1.34.
[112] PFA is prone to radiation effects, and degradation in the air starts at a roughly higher
dose than that of PTFE. It is popularly used for critical fluid handling. [112] Figure 28 below
shows a PFA tube.

Figure 28: Transparent tube and bottles made with PFA [115]

FEP

FEP is transparent and has a good transmittance of both UV and visible light wavelengths
with a similar refractive index to PFA. It lacks the near universal chemical resistance exhibited
by PTFE and PFA. [111] FEP is also attacked by radiation, and its degradation in air is ten
times higher than that of PTFE. [110] FEP is utilised in electrocautery devices and fusing
sleeves. [112] Figure 29 below shows an FEP tube.
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Figure 29: FEP [116]

The relative tensile strength values of the fluoropolymers reviewed are given in table 1 below.

| Fluoropolymer  Tensile Strength(psi) Tensile Strength(MPa)

PTFE 2500 17.24
PFA 4000 27.58
FEP 3000 20.68

Table 1: Tensile strength values for fluoropolymers [112]

2.7 Adhesive Bonding
According to Cummins and Desmulliez [117], biocompatible adhesives are obtainable for the
assembly of medical devices some of which are epoxies, silicones, and acrylics. [117] The

silicone adhesive was selected for this project.

2.7.1 Silicone

Silicones are used for sealing seams. [117] Silicone adhesives are flexible, durable [117, 118]
and have high wettability. [117, 119] They are also good insulators which make them good for
applications in electronics. [117, 120] According to Yoda [121] silicones are obtainable in
different grades of hardness. The superficial properties and biocompatibility of silicone
suggest a minimum possibility of damage to tissues and blood cells. [121] Silicones are utilised
in high sensitive diagnostic procedures such as peristaltic pump tubing for heart-lung
machines [122] and some blood circuitry equipment. [121] A setback for using silicone
adhesives is that they have an extended cure time for bonding in comparison to other
adhesives but the bond strength increases with time. [117]

2.7.2 Bond strength of adhesives
The tensile strength of a medical adhesive is the maximum force required to break the bond
divided by the area of the specimen. Table 2 shows the different tensile strengths of medical
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adhesives. The higher the tensile strength the higher the force required to break the bond.
[123]

Adhesive Tensile Strength (psi) Tensile Strength (MPa)
Acrylic (light cure) = 2500 17.24
Silicone 150 1.03

Table 2: Tensile strengths of popular medical adhesives [123]

2.7.3 Elongation property of silicone adhesive

Elongation indicates the flexibility of the adhesive. The higher the elongation the greater is
the flexibility of the adhesive. The flexibility of an adhesive is crucial for devices that bend or
actuate during use. Medical devices such as catheters and tubing connections embody
flexible adhesive joints. Silicones are the most flexible because they have higher percent

elongation values. Cyanoacrylates and epoxies have low percent values for elongation. [123]

2.8 Maximum Pulling force for endoscopy

Shergill et al. [124] summarised that a threshold of 10N should not be repeatedly exceeded
in an endoscopy process so as to avoid injuries to patients. [124] The greatest pinch forces
during a colonoscopy endoscopic process was exerted by the right thumb. [124]
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CHAPTER 3 MATERIALS, METHODS, AND RESULTS

3.1 Project Flowchart
The project flowchart is illustrated in figure 30. The lengthy test data generated from the
mechanical tests are stored on the CD accompanying this project report. The main sections

include:

+ 3D design of pills

+ 3D printing

+ Mechanical evaluation of 3D-printed pills
% Tensile tests for cables and tether

% Three-point bend tests

+ Adhesive Bonding

+» Tether-to-pill bond strength test

+ Biocompatibility statement

Design Specification

Conceptual Designs Possible Strategies Selections

3D Printing

|¢

3D CAD 3D Printing and Post- Mechanical Microscopic

Modelling processing Evaluation Evaluation Approval

Tether Design

|¢

Tensile Tests 3-point Bend Test Approval

Tether-to-pill Integration

Adhesive Bonding Bond Strength test

|¢

Biocompatibility Statement

Evaluation of Capsule and Tether Materials

Figure 30: Flow chart of project methods
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3.2 Specification
The capsule shell is to create room for the following components:

o 4 ultrasound (UT) transducers measuring 5mm diameter with a variable thickness of

3mm to 5mm.

Figure 31: The Ultrasound Transducer (Courtesy: Dr. Yonggiang, Sonopill)

o Either a thermocap printed circuit board (PCB) measuring 17mm x 6mm or a sonocap
PCB with dimensions, 18.25mm x 6.25mm.

Figure 32: The Sonocap and thermocap PCBs (Courtesy: Dr. Holly Lay, Sonopill)

e Provision for tether integration.

Table 3 gives an outline of the specification for the ultrasound capsule endoscopes.

The dimensions given were approximate values
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Feature Specification

Capsule type Tethered Ultrasound Capsule Endoscope (USCE)

Form factor Pill diameter: 10mm
Pill length: 30mm

Technical dimension 10mm x 30mm

Imaging mode Ultrasound imaging
Communication mode Tether system

Power mode Batteryless, grid-tied system
Actuation mode Manual actuation

Table 3: Ultrasound capsule endoscope design specification

3.3 Design Concept
It was aimed that the final capsule endoscope should be easily opened into two halves with
structures to contain the specified components. The final product will have the shape of a

vitamin pill.

3.4 Possible Strategies
Two-dimensional (2D) sketches of various design ideas were made preceding the actual 3D
CAD modelling. The various designs are shown in figure 33 below.

00 00 00
00 00 06

Figure 33: Ideas for pill design showing the different configurations for placing the ultrasound
transducers on the pill caps.
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Only two ideas were used; ideas “c” and “e”. The reasons were that idea “c” will give a good
weight balance since it has 2 equally spaced transducers on both pill caps and allowance for
electronic tools when fixing the PCB and UT transducers. The spacing for the PCBs will be
designed with a rectangular “cut extrude” method. Although idea “e” has 3 UT transducers on
one cap and 1 UT transducer on the other cap, its weight problems will be solved by fixing the
PCBs on the second cap by using a “shell” method for its design. Ideas “c” and “e” were
renamed Version 2-2 (V 2-2) and Version 3-1(V 3-1) respectively. V 2-2 denotes a pill design
with two UT transducers on both caps of the pill while V 3-1 denotes a design with 3 UT

transducers on one cap and one UT transducer only on the other cap.

3.5 Method: 3D Modelling of Pills

The pills were designed on SolidWorks 3D CAD modelling software, version 2015 using a
rectangular “box” method for V 2-2 and a “shell” method for V 3-1. The aim for using the
rectangular “box” and “shell” was to provide space to house the thermocap and sonocap

boards in each pill. Dimensions are in millimetres (mm).

3.5.1. Design of V 2-2

Drawing the hemispherical end cap
The V 2-2 and V 3-1 designs began on the top plane with the design of a hemispherical end
cap by revolving a three-point arc (radius of 5mm) about a 5mm axis through an angle of 360°

as shown in figure 34.
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B
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Figure 34: A full pill design with the inserted domes on the cylinder
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Base cap design and tether inlet (integration) design

The design for the tether inlet was achieved by using a circular “cut extrude” command from
the end of the base cap where space had been provided at the early stages of the design. The
tether inlet design is be spotted by the red ribbon in figure 35 below.

e n Qoenenuul g
I
{

Tool track

Transducer holder

-t& NI HFAIN ISR AU NIV EXIZ

ST G e e Eonng e [N ]

Figure 35: Base cap design with tether inlet

Smoothening edges with the “fillet” tool
The edges were smoothened to enhance the appearance of the design with the aid of the
“fillet” tool as shown in figure 36.
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Figure: 36 Application of the “fillet” tool on the edges
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Figure 37: 3D design view of final base cap design showing the “box” layout
Pill cover design (cover cap)

The second pill cap which was later called the “cover cap” is a mirror design of the base cap
at the design for tether inlet stage. The part file at that stage was simply copied to design the
cover cap but the pin holes were deleted. Figure 38 below shows the copied part file for the
design of the cover cap with the retained tether inlet design. The colour of the cover cap was
made blue in order to differentiate it from the base cap during the design and after the
assembly process. Assembling pins are designed on the thickness of the cover cap to latch

the pill caps efficiently during the assembly process. Tether reinforcement pins are used to
hold the tether for a firm bonding with the pill.
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Figure 38: Design of assembling and tether reinforcement pins
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3.5.2 DesignofV 3-1

Application of shelling

The “shell” tool was used to design a shell for housing the components in the V 3-1 pill. The
transducer holders were also designed in an octagonal structure as illustrated in figure 39
below.
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Figure 39: “Shell” tool design method and the octagonal structure of the transducer holders

Smoothening the edges with the “fillet” tool
The edges of the transducer holders in the shell and on the body of the pill cap as shown in

figure 40 were smoothened with the “fillet” tool neat and less-protruding forms as illustrated

in figure 41.
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Figure 40: The protruding transducer holders before the application of the “fillet” tool
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Figure 41: The smoothened protruding transducer holders after the application of the “fillet” tool

Tether inlet (integration) design and pin hole design
The thickness of the V 3-1 pill had to be increased around the edges to make provision for the

tether inlet design as shown in figure 42. Pin holes were also designed for assembly purpose.
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Figure 42: The tether inlet design with extended thickness of the ends to accommodate pin holes

Cover cap design
To design the cover cap 2 transducer holders were deleted from the base cap drawing and
the pin holes were simply converted to assembly pins as shown in figures 43 below.
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Figure 43: Final cover cap design with assembly pins

The transducer holder and edges of the cover cap were also smoothened with the “fillet” tool

as shown in figure 44 below.
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Figure 44: Smoothened transducer holder with “fillet” tool
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3.5.3 Results for 3D modelling of pills

Pill Assembly 3D Design

The assembly designs of the pills are shown in figure 45. The shape of the pills is similar to
the shape of a vitamin pill. A blue colour was used on the cover cap in V 2-2 in contrast to the
brown colour that was used for V 3-1. The pill caps are in white colour.
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V 3-1 after assembly

Figure 45: V 2-2 and V 3-1 after assembly
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The orthographic and sectional views are shown in figures 46 to 49. They allowed for a better
assessment of the internal geometry of the pills. The dimensions of the pills from the assembly

design are given in table 4 below.

Pill Diameter (mm) Length (mm)
V 2-2 10 29.83
Vv 3-1 9.84 29.90

Table 4: Pill size after 3D modelling
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Figure 46: Orthographic drawing of V 2-2
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Figure 47: Section view of V 2-2
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Figure 48: Orthographic Drawing of V3-31
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Figure 49: Section view of V 3-1
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3.6 3D printing of the designed pills

3.6.1 Conversion to STL file format
The 3D designed pills which were originally saved in SolidWorks 2015 part format (.SLDPRT)
were converted to STL file format (.STL) for 3D printing.

3.6.2 3D printing machine
The 3D printing of the designed pills was done with the materials outlined in table 5 below.

3D Printer Printing Material Colour of Print time

material (minute)

' Stratasys Objet30 Pro  VeroWhite Photopolymer ~ White 75 |
Table 5: Material used for the 3D printing

Figure 50 shows the photopolymer material contained in liquid form and the loading bed for

the material in the 3D printer.

Figure 50: The loading bed for the photopolymer in the Stratasys Objet30 Pro 3D printer

3.6.3 Post-processing
The 3D-printed pills were flushed with a waterjet machine to remove the uncured materials

attached to the pills. The post-processing technique is shown in figure 102 below.

Figure 51:Post-processing technique with a waterjet machine
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3.6.4 Results of 3D printing

STL File Format

After the conversion of the drawing part files to STL format as shown in figure 52 it was
observed that the STL forms of the pill caps have a triangular geometrical form and a uniform
layered profile.

Figure 52: STL form for the V 2-2 cover cap (above) and V 3-1 cover cap (below)

3D-printed parts after post-processing

Flushing the parts with a high-pressure waterjet machine revealed the true design of the
fabricated parts. The 3D designed structures were visible but the appearance of some parts
looked rough and also lacked gloss. The appearance of the pills after flushing with the waterjet
is shown in figure 82 below.

Cured area.. - Partially cured area

Figure 53: Result of 3D printing using VeroWhite Material
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3.7 Mechanical Evaluation 3D-printed Pills
3.7.2 Measurement of the pill mass

The mass of the pills in grammes was determined using a weighting scale as shown in figure
83 below.

Figure 54: The weighing scale

The tray of the weighing scale was cleaned to avoid the influence of dust particles on the
results. Tweezers were used for picking and placing the pills on the weighing scale. The
measurements for each pill version was done in 4 measurements and the average for the two
sets of measurements were compared to give a final value. The measurement method used
is summarised in table 6 below.

Results (g)
With Sonocap  With Thermocaps
v22
V 3-1
Table 6: Adopted weighing method
3.7.4 Pill size

The dimensions of the pills were measured with a digital vernier calliper as shown in figure
55 below.

Figure 55: Measuring the pill size with a Vernier calliper
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3.7.5 Microscopic evaluation of pills
A USB (Universal Serial Bus) microscope was used to evaluate the structure of the pills. The
microscope was connected to a laptop where the images of the pills were taken through a

software interface as shown in figure 56 below.

Figure 56: The setup for the microscopic evaluation

3.7.6 Results of mechanical evaluation of pills

Evaluation of PCB slots and transducer holders
The sonocap and thermocap boards were adequately housed in the pill. The assembly is

shown in figure 57 below.

(a) V2-2 assembly
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(b) V 3-1 assembly

Figure 57: The assembly of the capsule with the PCBs

Measurement of the pill mass

The result for the measurements of the mass of the pills is given in table 7 below.

Results (g)
Pill Empty (Average) With Sonocap (Average) With Thermocap (Average)
V2-2 | 1523 1.934 2.000
V3-1 1.496 1.793 1.865

Table 7: Results for measurements of pill mass

From the results table shown above, it can be observed that V 2-2 is heavier than V 3-1 by
1.81% when they are both empty, 9.43% when they have sonocap PCBs, and by 7.2% when

they both have thermocap boards.

Results for measurement of pill size
The dimensions of the pills as measured using a Vernier calliper and compared to the actual

dimensions in the 3D CAD design are given in table 8 below.

Vernier Calliper

Readings 3D CAD Design Values
Actual [EDEVENIEREEVETE)

Pill Diameter Length Actual

(mm) (mm) Diameter Length in in
(mm) (mm) diameter length
% %
V 2-2 10.13 29.43 10 29.83 13 -1.34
V 3-1 9.89 29.90 9.84 29.90 0.5 None
Table 8: Results and comparison of the Vernier czlilliper readings of the pill size to the 3D CAD design
values.
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Results from the microscopic evaluation of the pills

The results of the microscopic evaluation of the pills are shown in figure 58 below.

*Partially
cured

(b)

Figure 58: Microscopic evaluation of the pills showing the cured and partially cured areas after 3D
printing (8) V2-2 (b)V 3-1

3.8 Design of the tether

Destructive (mechanical) tests were carried out in order to properly select the cables and
Teflon tube for the tether design. The tests were ultimate tensile strength (UTS) test and three-
point bend test. The UTS test was performed on different cable samples and on the tether to

find their maximum tensile strength while the three-point bend test was used to find the
maximum bend radius of the tether.
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3.8.1 Measurement principle
The test specimen was subjected to a pull and allowed to stretch under a constant pulling
force. The force value to be determined is the maximum force at which the specimen is

stretched to weakness, failure or deformation.

3.8.2 Selection of cable samples
The cables used in this test were selected based on the meetings with the Microengineering
& Microelectronics team of Sonopill and factors like cost, size, current/voltage rating and signal

attenuation were considered. Micro-coaxial cables [79] and power cables [82] were selected.

Core Core Insulation Jacket Jacket

Sample Type diameter diameter Type diameter diameter

(in) (mm) (in) (mm)

1 Coaxl Micro- 0.0029 0.07366 PFA 0.0059 0.14986
coaxial

2  Coax2 Micro- 0.0037 0.09398 PFA 0.0068 0.17272
coaxial

3 Coax3 Micro- 0.0045 0.11430 PFA 0.0078 0.19812
coaxial

4 | Coax4 | Micro- 0.0062 0.15748 PFA 0.0105 0.26670
coaxial

5 Coaxb Micro- 0.0077 0.19558 PFA 0.0120 0.30480
coaxial

Table 9: Technical specification for micro-coaxial cables

Core Core Insulation Jacket Jacket
Sample Type diameter diameter Type diameter diameter
(in) (mm) (in) (mm)
1 P1 Hook-up wire  0.0090 0.22860 PTFE 0.0220 0.55880
2 P2 Hook-up wire | 0.0120 0.30480 | PTFE 0.0240 0.60960

Table 10: Technical specification for power cables

3.8.3 Material Test Machines

Zwick/Roell 2.0 and Zwick/Roell Z250

The UTS test was conducted with the Zwick/Roell Z2.0 and Zwick/Roell Z250 materials testing
machines which had a wired communication link to a desktop computer. The Zwick/Roell
TestExpertll application software was used as the communication interface. Load cells of
500N and 2.5KN were used on the Z2.0 and Z250 machines respectively for tensioning the

specimens.
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Method
Figure 60 shows the test setup for the UTS test.
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Figure 59: Test setup on the Zick/Roell Z2.0 material test machine

Cable samples were cut into three specimens of equal lengths of 130mm. In order to ensure
a quality test procedure, a pre-test was done and the right operating parameters and correct
support structure were set. Figure 61 below shows the test setup on the test machine. The
specimens were tested one at a time. The tested specimen was clamped at the base by the
holding grip and pulled upwards by the crosshead. A 500N load cell was applied to the
specimen while the extensometer recorded the standard travel of the wire (elongation). The
resulting instantaneous force and elongation were recorded on the desktop computer. Figure
62 shows a similar setup in the Zwick/Roell Z250 with a load cell of 2.5KN.
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Figure 60: The maintained cable length before test process and the blackboard on the Zick/Roell Z2.0
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2.5KN Load cell

Specimen

Grip

Figure 61: Test setup using the Zwick/Roell Z250 material test machine

A gage length of 50mm between the load cell and clamp support was maintained. At the end
of each test, the specimens were placed on a black sheet for post-test evaluation. Each test

lasted for an average of 40 minutes in order to obtain accurate results.

While the tensile stress test lasted, a graph of force (N) versus standard travel (mm) was
plotted on the computer screen to determine the force in Newton (N) at which the maximum
stress on each sample occurs before failure. The maximum force (Fmax) Obtained at the
maximum stress, the change in length (dL) at the maximum force, the force at breakpoint

(Fereak) Of the specimen and the dL at the breakpoint was generated with the graphs.

The failure parameters used in assessing each specimen were insulation failure and breaking
of the conductor. In total 3 tests were carried out for each cable sample at room temperature.
To calculate the UTS of the samples, equation (4) was used with Fnax substituted for the

maximum load on the specimen, Py, qx-

Precautions

+ The test machine was always reset to zero after each test by clicking on the reset tab
on the application software interface.

+ The clamping of the specimen was always checked before testing to avoid the graph
plotting at an offset from the origin.

The test data for the graphs are given in FILE 3 in Appendix-CD.

55



3.8.2 Results of UTS test for micro-coaxial cable samples

Coax 1

Figure 63 below shows the graphical plot of the UTS test for coax1.
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Figure 62: UTS curve for sample coax1 showing the force at maximum stress for each specimen

The values for specimen 3 were not considered as true values of the force at maximum stress
because the UTS test on specimen 3 was repeated after it had pulled out of the holding grip.
The fourth test was done on a new specimen obtained from Coax1. Specimen 1 failed the test
after a 1.3mm change in length. Figure 64 shows the deformation of the specimens after the

test. Investigations revealed breakage in the specimen.

Figure 63: Deformation of coax1 specimens 1 to 4 (from the top) after the UTS test. Points of failure are
spotted in the orange ovoids
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The results from the graph are summarised in table 11 below. The values for specimen 3 were
excluded from the “average” calculations for Fnax, dL and UTS.

Specimen | Area Fmax dL at Fmax | UTS Fmax dL UTS
(m?x 108 | (N) (mm) (MPa) Average | Average | Average
(N) (mm) (MPa)
1 1.764 218 1.3 123.58
2 1.764 215 |15 121.88 2.23 1.9 126.42
3 1.764 1.75 | 0.6 99.21
4 1.764 236 |29 133.79

Table 11: UTS test results for coax1 specimens

Coax2

Figure 65 below shows the graphical plot of the UTS test for coax2.
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Figure 64: UTS curve for sample coax2 showing the force at maximum stress for each specimen

The highest value of Fnaxwas 2.74N on specimen 2 with a dL of 3.0mm. Both specimens 1
and 3 failed the test after being stretched to 2.7mm and 1.3mm respectively. Figure 66 shows

the deformation of the specimens after the test. Investigations revealed breakage and failure
in insulation.
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Figure 65: Deformation of coax2 specimens 1 to 3 (from the right to left) after the UTS test Points of
failure are spotted in the orange ovoids.

Table 12 below gives the calculated values for the UTS.

Specimen  Area Frmax dL at Fmax  UTS

Frmax dL UTS
(m2x 108  (N) (mm) (MPa)

Average Average Average
Q) (mm) (MPa)
1 2.343 252 2.7 107.55
2 2.343 2.74 | 3.0 116.94 2.65 2.3 113.10
3 2.343 269 1.3 114.81
Table 12: UTS test results for coax2 specimens
Coax3

Figure 67 below shows the graphical plot of the UTS for coax3.
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Figure 66: UTS curve for sample coax3 showing the force at maximum stress for each specimen
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The highest value of Fmax occurred at 2.93N on specimen 4 with a corresponding dL of 5.8mm
which is almost two times the value of the elongation in coax2. All the specimens failed during
this test at 18.8mm, 33.2mm and approximately 11.2mm for specimens 1, 2, and 4

respectively. Specimen 3 slipped out of the holding grip.

Figure 68 shows the deformation of the specimens after the test. Investigations revealed

breaking of the specimen.

Figure 67: Deformation of coax3 specimens after the UTS test, 1 to 3 (from right to left) above and 4
below the other. Points of failure are spotted in the orange ovoids three.

Table 13 below gives the UTS values for coax3 specimens. The values for specimen 3 were

excluded from the “average” calculations for Fmax, dL and UTS.

Specimen  Area Frmax dL at Fmax UTS Frmax dL uUTsS
(m?x 108  (N) (mm) Average Average Average
(N) (mm) (MPa)

1 3.083 206 4.4 66.82

2 3.083 233 |83 75.58 2.44 6.17 79.15
3 3.083 1.72 3.0 55.79

4 3.083 293 |58 95.04

Table 13: UTS test results for coax3 specimens
Coax4

Figure 69 below shows the graphical plot of the UTS for coax4. From the graph, the highest
value of Fmax recorded was 3.43N on specimen 3 with a corresponding dL of 28.44mm. This
is untrue there was a jerk of the holding grip due to the sudden failure and pulling out of the
specimen’s insulation. The jerking of the holding grip at insulation failure produced a vertical
straight line result on the graph spotted in a red broken circle but the true value of the
maximum force produced (as seen in figure 69) was approximately 3.16N.
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Figure 68: UTS curve for sample coax4 showing the force at maximum stress for each specimen

Figure 70 below shows the deformation of the coax4 specimens after the test. Investigations
revealed an insulation failure.

Figure 69: Deformation of coax4 specimens after the UTS test. Points of failure are spotted in the orange
ovoids

Table 14 gives a summary of the test results.

Specimen  Area Fmax dL at Fmax UTS

Fmax dL uTsS
(m2x 108  (N) (mm) (MPa)

Average Average Average
(N) (mm) (MPa)
1 5.587 228 4.1 40.81
2 5.587 2.08 9.5 37.23 260 183 = 4487
3 5.587 316 41.4 56.56 | | |

Table 14: UTS test results for coax4 specimens
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Coax5h

A 2.5KN was used which ensured a better control and firmer gripping of the specimens as

shown in figure 71. The 50mm gage length used in the previous tests was maintained as well
as room temperature condition.

Holding grip to loadcell

Specimen

Holding grip

Figure 70: The test setup on the Zick/Roell Z250 showing a firm gripping of the coax5 specimen
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Figure 71: UTS curve for sample coax5 showing the force at maximum stress for each specimen
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Figure 72 shows the graphical plot of the UTS curve for coax5 while figure 73 shows the
deformation of the coax5 specimens after test examination revealed the insulation failures.

The maximum force obtained is 14N and the results of the specimens were very close as can

be seen in table 15.

Figure 72: Deformation of coax5 specimens after the UTS test. Points of failure are spotted in the orange
ovoids

Table 15 below gives the UTS values for coax5 specimens.

Specimen  Area Fmax  dL at Fnmax  UTS Fmax dL UTS
(m?x 108  (N) (mm) (MPa) Average Average Average
(N) (mm) (MPa)

1 7.297 140 1.5 191.86

2 7.297 13.7 | 15 187.75 13.9 1.5 190.03
3 7.297 139 15 190.49

Table 15: UTS test results for coax5 specimens
PW1

The UTS curve for PW1 can be seen in figure 74 below. The curve for PW1 is consistent with
the smoothness of the coax5 micro-coaxial cable sample graph result. The maximum force

obtained from the graph is 10.9N.
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Figure 75 below shows the deformation of the specimens.
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Figure 73: UTS curve for sample PW1 showing the force at maximum stress for each specimen

Figure 74: Deformation of PW1 specimens after the UTS test. Points of failure are spotted in the orange

Table 16 below gives the UTS values for PW1 specimens.

ovoids

Fmax

Average

(N)

dL
Average
(mm)

UTS

Average

(MPa)

Specimen  Area Fmax dL at Fmax UTS
(m2x 10  (N) (mm) (MPa)
1 24.528 109 226 44.44
2 24.528 109 | 20.8 44.44
3 24.528 10.2 22.6 41.59

10.6

1220

43.49

Table 16: UTS test results for PW1 specimens
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PW2
The graph illustrated in figure 76 below is the UTS curve for PW2.
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Figure 75: UTS curve for sample PW2 showing the force at maximum stress for each specimen

From the graph above, the maximum force obtained is 17.5N. The load-elongation curve is
also smooth-patterned.

The points of failure on the PW2 specimens are shown in figure 77 below.

Figure 76: Deformation of PW2 specimens after the UTS test. Points of failure are spotted in the orange
ovoids

Table 17 below gives the UTS values for PW2 specimens.
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Specimen  Area Fmax dL at Fmax UTS Fmax dL UTS

(m2x 108  (N) (mm) (MPa) Average Average Average
Q) (mm) (MPa)
1 29.186 17.3 149 59.28
2 29.186 175 | 15.9 5096 174 155 59.51
3 29.186 17.3 15.6 59.28

Table 17: UTS test results for PW2 specimens

3.8.3 Tether tests

Selection of micro-coaxial and power cables
Based on the previous UTS test results for the cables, coax5 and PW1 were selected for the

tether design.

Selection of Teflon Tube
PFA Teflon tube was selected for the design. In order to determine the Teflon tube size for the
tether the selected cables; coax5 and PW1 were simulated in a cable core design. The core

arrangement designs for a 10-gauge wire are shown in figure 78 below.

(@) (b) (c)

Figure 77: Cable arrangement pattern for the tether. The blue colour depicts the power cable and the
white colour is the micro-coaxial cable

From the cable arrangement designs shown above, design (b) was preferred because it has
balance and a uniform pattern for flexibility and its structure simplified the calculation for the
inner diameter of the Teflon tube that was needed for the tether. The diameters for coax1 and
PW1 were denoted by a, and b respectively. Using the values of the diameters from tables 9
and 10 the Teflon diameter d required for the tether was calculated as

d =2(a+b)

This generated a result of d = 1.73mm. The assumptions made was that the minimum number
of power cables (2) will be in a combination of a maximum of 2 micro-coaxial cables along the

longest row in the cable arrangement as shown in figure 78(b). Therefore, a Teflon size of with

65



an inner diameter (ID) of 2mm and an outer diameter (OD) of 3mm was selected. This size

was selected to allow for easy passing of the cables through the ID of the Teflon tube.

Materials

The tether consists of ten cables; four pairs of micro-coaxial cables where each pair represents
a connection to each of the four UT transducers and two power cables for powering either the
used thermocap or sonocap PCBs. The cables were fixed in a biocompatible Teflon tube made
from PFA fluoroplastic. A more detailed specification of the Teflon material and other products

are given in the datasheet in FILE 5 in Appendix-CD.

Table 18 below gives the composition of the tether.

Specimen Length  Number of Number of
(mm) power cables  micro-coaxial
cables
T1 75mm | 2 8
T2 75mm | 2 8

Table 18: Components of the tether samples

Test Machine
The Zick/Roell Z2.0 was utilised for the tether tests.

Digital Multimeter

The continuity test range of a digital multimeter was utilised in the test.

3.8.5 Test 1: Three-point Bend Test
A three-point bend test was conducted to evaluate the flexibility and bending radius of the

tether at room temperature.

Measurement Principle
The test specimens were exposed to a three-point bending test at a constant load of 2KN to

create a bending stress. This test was repeated once due to the exhaustion of the cables.

Method

Continuity tests for cables

The micro-coaxial and power cables were tested for continuity using a multimeter before and
after the bending test in order to assess any conductor failures in the tether. The power cables
were stripped at the edges to expose the conductor to a continuity test. However, the micro-

coaxial cables were not stripped because this only shortened their length.
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Test Setup
The test setup for the three-point bend test on the Zwick/Roell Z2.0 is shown in figure 79
below.

Load cell

Figure 78: The bending press showing the wire support bracket used for the three-point bend test and
load cell

The test setup consists of a wire support bracket with two support cylinders of 10mm diameter
which were set to a separation distance of 50mm as seen in figure 80 below. Above the wire
support bracket is a 2KN load cell used to exert the bending force in the test. The load cell

has an actuator pin of 20mm.

Specimen

Actuator pin
\

Support pins

ng Scale

Figure 79: The specimen placed across the wall support bracket and the settings used

The tether specimens were placed across the two cylindrical support pins with a separation
distance of 50mm between the centres of the pins as shown in figure 80 above. The test
machine was set to a speed of 0.5mm/min and activated. The actuator pin pressed against
the tether specimen pushing it downwards through the centre. The descent of the actuator pin

on the specimen created a bending radius which continued to increase as the force on the

67



specimen increased. At the end of the test the specimen was inspected for any failures and
the results were recorded. The bending test results were recorded on a computer which also
displayed a bending force-versus-radius curve; a graph of the bending force (N) required
bending the tether against the standard travel (mm) which is the bending radius. Figure 81

below shows the bent cable during the bending test.

Specimen

Figure 80: The pushed down specimen during the bending test

3.8.6 Results for 3-point Bend Test
The bending force-versus-radius curves for the tensile strength test is given in figure 82 and
an image of the specimens after the 3-point bend test is shown below.

T1 T2

Figure 81: Specimens T1 and T2 viewed immediately after the bending test
The bending force-versus-radius curves for T1 and T2 have a similar pattern. The bending
force increased rapidly at the beginning of the test to a maximum value before falling as the
bending radius increased. From the graph, it can be seen that T1 had a higher value of
maximum bending force of 3.12N at a corresponding bending radius of 9.3mm while T2 had
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a lower value of the maximum bending force of 2.74N at a higher bending radius value of
10.7mm.
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Figure 82: Bending force-versus-radius curves for specimens T1 and T2 after the bending test

Micro-coaxial cable

T1 T2

Figure 83: Cables in specimens T1 and T2 showing no signs of failure when viewed with a USB
microscope after the three-point bending test

The result of the 3-point bend test is summarised in table 19 below.

Specimen | Radius | Fmax | Bending Fmax Bending
(mm) (N) | Radius Average | radius
(mm) (N) Average
(mm)
T1 1.5mm 3.12 9.30 2.93 10.0
T2 1.5mm 2.74 | 10.70

Table 19: Three-point bend test results for specimens T1 and T2
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Continuity test of cables

The power cables and some selected micro-coaxial cables all passed the continuity test.

3.8.7 Test 2: Ultimate tensile strength test
An ultimate tensile strength (UTS) test was conducted to find the maximum stress the tether
can withstand before it deforms.

Materials
The same length and composition of the tether used in the three-point bending test were
utilised in the UTS test.

Method
The UTS test was repeated once and carried out at room temperature with the following
procedures. Two tests were performed; one UTS test on specimens T1 and T2. The test setup

k
2.5KN load cell

is shown in figure 85 below.

Specimen

Holding grip

Figure 84: Test setup on the Zwick/Roell Z2.0 for UTS tests on specimen T1

A gage length of 40mm was used between the holding grips on the specimen. A high load cell
(2.5KN) was used due to the high tensile strength of the Teflon material and the anticipated
high resistance of the tether to the pulling force. The test speed was set at 0.8mm/min.
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3.8.5 Results

The UTS curve for the two specimens is given in figure 86 (“a” and “b”) below.
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Figure 85: (a) UTS curves for T1 and T2 (T2A and T2B) (b) The enlarged portion of the graph showing the

distinct positions of the maximum force attained by each specimen.
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From the graph, it can be seen that there is a general sharp increase in the tension force at
the beginning of the pulling to a maximum value which is then followed by an approximately

equal rate of declining tension force. The deformed tether specimens after the UTS test are

shown in figures 87, 88 and 89.

Table 20 below gives the results of the UTS test. The values for T2A were excluded in the

(b)

“average” calculations for Fmax, dL and UTS.

Figure 86: Deformation of specimens: (a) Tl and (b) T2 after the UTS test.

Specimen | Area Fmax dL at Fnax | UTS Fmax dL UTS
(m?2x 108 | (N) (mm) (MPa) | Average | Average | Average
(N) (mm) (MPa)
T1 706.86 1140 0.5 16.13
T2A 706.86 61.1 0.5 8.64 102.5 0.4 145
T2B 706.86 91.0 0.3 12.87

Table 20: UTS test results for T1, T2A and T2B
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Micro-coaxial cable

Power cable

Figure 88: Deformation of specimens at the gripped area after the UTS test.
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3.9 Adhesive Bonding and Bond Strength Test
An adhesive was used to bond the tether and the pills thereby giving mechanical strength to

the tether-to-pill integration.

3.9.1 Materials
A silicone adhesive was selected for the bonding and the test procedure is shown pictorially
in the method section.

3.9.2 Method

The pills were cleaned and placed neatly on a white sheet to ensure that they are not in contact
with dirt as shown in figure 90 below. Dirt impurities such as grease stain have been known to
cause poor bonding with adhesives [123]. A transparent plastic sheet was used as the glueing

ground and placed on a wider black rubber sheet to give a colour contrast to the pills.

~ Silicone

Tether

Figure 89: The setup for the adhesive bonding

The tether cables were protected in a plastic tape to avoid contact with the reinforcement pins
on the pill. The end of the tether that was bound to the pill was bored to provide attachment
for the reinforcement pins. The silicone adhesive was first applied around the pins of the cover
cap to avoid it spilling into the tether and then around the thickness. The tether was pinned to
the cover cap and covered with the base cap and the assembly was finally supported by a
clamp fixed to the bond end of the pill. The bond was kept to cure for 72 hours. The bonding
procedure is illustrated in figure 91.
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Figure 90: The adhesive bonding process

3.9.3 Adhesive Bonding Strength Test
A bond strength test was carried out to measure the maximum force that would cause a break
in the tether-to-pill integration. The V 3-1 TUSCE design was used for this test.

Material test Machine

The Zwick/Roell Z2.0 was used for the bond strength test and the test setup is shown in figure
92. A load cell of 2.5KN was used in order to have a smooth graph plot and ensure that the
holding grips provide firms support for the tether. The holding grip of the pill at the base has a
clean and smooth surface. The gripping of the pill was made less tight to avoid damage to the
pill and also mimic the slow movement of the pill during an endoscopy.

75



2.5KN Load cell

Tether

Pill

Holding grip

Figure 91: Setup for the bond strength test. The force of gripping the pill was made low to simulate the
motion of the pill in the Gl tract.

A gage length of 150mm was used between the holding grips and an elongation rate of
0.4mm/min was configured for the test. The result of the pulling force was plotted against the

standard travel (elongation) of the tether as the crosshead moved up the test machine.

3.9.4 Result
The tether-to-pill bonding took approximately

The graph of the force of pulling against standard travel (elongation) along the tether is shown
in figure 148 below.
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Figure 92: Bond strength curve for the tethered ultrasound capsule endoscope (TUSCE) using a silicone
adhesive

From the plotted graph in figure 93 it can be observed that the maximum force needed to
break the bond of the tether to the pill is 34.7N which occurred after the tether was stretched

to 10.4mm of its original length (gage length). Using equation (4) the tensile strength of the
bond is calculated as 4.91MPa. Table 21 below gives a summary of the test result.

Specimen Outer Area Fmax UTS

Diameter (m?x107¢)  (N) (MPa)
V 3-1 3mm 7.069 34.7 4.91

Table 21: Tensile strength value for v 3-1
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4.1 Biocompatibility

The biocompatibility test involved the assessment of the Teflon tubes and adhesives for
medical standards according to ISO 10993-1:2009 and ISO 13485 and the biodegradability of
the pill.

41.1 Results

The biocompatibility results are shown in table 22 below.

Material Biocompatibility Biodegradability = Reference

PTFE Teflons No Not applicable FILE 5 in Appendix-CD
VeroWhite No No [54]

Silicone Adhesive Yes Not applicable FILE 4 in Appendix-CD

Table 22: Results of biocompatibility assessments

4.2 Final Products

Figure 93: Assembled TUSCE prototypes, V 2-2 and V 3-1
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CHAPTER 5 DISCUSSION

5.1 Assembly of 3D Designed Pills

The assembly of the pill caps produced a capsule endoscope in the shape of a vitamin pill.
This is essential because the ingestion of the capsule will give a prospective patient the feel
of swallowing a vitamin supplement. The dimensions of the 3D CAD designed capsule
endoscope before 3D printing indicate that the pill size is in consonance with the standard
(30mm by 10mm) as specified by Lee et al [18].

5.1.1 Results of 3D Printing

The colour of the 3D-printed pills had the same colour (white) of the VeroWhite photopolymer
material that was used in the Stratasys Objet30 printer. This indicates that the colour of the
printed capsule endoscope is dependent on the colour of the photopolymer material used in
the 3D printing process. The white colour was selected because it provided a good contrast
to other components which aids visual inspection of the electronics and assembling of the pills.

This is similar to the result of Endoscopic Submarine Capsule invented by Hoang et al [74].

The pills when viewed after the post-processing treatment had a rough texture on the body
and in the shell section. This is due to the lack of a temporary support structure for the parts
during the 3D printing process which agrees with the findings of Chia and Wu [41].

5.1.2 Microscopic Evaluation of Pills

The cured areas of the pills looked radiant under light from the microscope. This result exhibits
the glossy feature of photopolymer materials. The partially cured area of the pill does not look
glossy as there is no reflection of the incident light from the microscope. It can also be
observed that the cured areas retained the features of the 3D CAD model such as the
octagonal structure of the transducer holder in the V 3-1 TUSCE and pin holes in the V 2-2
TUSCE. The partially cured areas do not retain the exact 3D design of the pills. This indicates
the disadvantage of stereolithography (SLA) rapid prototyping technique as it causes

misshape in the 3D-printed parts [64] when 3D-parts are partially cured.

5.1.3 Conversion to STL File Format

The result of the converted part drawing (.SLDPRT) in the SolidWorks 3D CAD software to
STL file format produced a tessellated 3D CAD model with layers of triangles that combined
to form a geometry of polygons. This result agrees with the works of Hague R.J.M. and Reeves
P.E. [65]. After making a comparison between the STL file format and the microscopic

evaluation of the 3D capsule endoscopes it was observed that the surface of the pills has lines
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running horizontally through the body of the pill. This helps to explain why the 3D printing
process is called an additive manufacturing or layered manufacturing process as the structure
of the printed pill is in the form of thinly sliced horizontal cross-sections [45, 52].

5.1.4 Comparison between mechanical measurements of the pills to the 3D CAD
dimensions

Comparing the results of the pill size measurements using the vernier calliper and the
SolidWorks 3D CAD software annotation it can be observed that there is a slight error in the
diameter size of V 2-2 by 1.3% while the lengths of the pills were approximately equal for V 2-
2 and exactly the same for V 3-1. These errors were easily corrected by adjusting the
dimensions in the 3D CAD model. The difference in the measurements is due to the partially

cured areas of the pill which are slightly thicker than the cured areas.

5.1.5 Comparison of the TUSCEs to Commercial WCEs and TCEs
In comparison to existing commercial wireless and tethered capsule endoscopes (Appendix
B) V 2-2 and V 3-1 can compete favourably in terms of pill weight, size, and structure. V 2-2

and V 3-1 have smaller than the diameters of all the capsule endoscopes listed.

5.1.6 The pins and tether inlet

The positions of the pins allow for tight protection of the electronics and tether after assembly.
This points that there should be a provision of adequate thickness on the pill caps to make the
design of pins and pin holes possible. The thickness of the pill caps is also dependent on the
tether size as the increase in the diameter of the Teflon tube requires a greater thickness for

bond stability.

52 Tension tests

5.2.1 Variations in Test Time

In the tension tests of the micro-coaxial cable samples, the test time increased by 48 minutes
between the UTS tests for coax1 to coax4 under the same load of 5N and speed of 0.4mm/min.
This suggests that the test time increased with samples of larger diameter. But it was found
that when coax5 was tensioned with a load of 2.5KN with the same speed of 0.4mm/min the
recorded test time was approximately 14 minutes which is less than the test time for the
tension test of coax1. This implies that using large load cells for tension testing of micro-coaxial
samples cables reduces the test time by causing the samples to fail at a faster rate. The
tension tests of the power cables followed the same trend as the micro-coaxial cables but with

a marked difference in the tension test of sample PW2. It was observed that the test time for
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specimens 2 and 3 for PW1 was less than that for specimen 1 by about 38 minutes after the
test time for was increased from 0.4mm/min to 0.8mm/min under the same load of 1KN. This
indicates that under the same load condition increasing the test speed of the tension test also

reduces the test time.

5.2.2 Graphical Plotting

A smooth graph pattern was expected for the force-versus-elongation curves of coaxl to
coax4 in contrast to the irregular distributions obtained. This can be attributed to the shape of
the specimen. Specimens used in tensile tests are usually in the form of flat “dogbone” shapes
as shown in figure 17. In order to restrict the deformation of the material within the narrow
centre region and also to minimise the possibility of fracture occurring at the ends of the
specimen. Since the cable specimens used were cylindrical and have microstructural
dimensions the holding grips of the machine found it inconvenient to handle and consequently,
the graph results have an edge-effect. [92, 93] This problem was solved by using wooden
grips that have a smooth surface on the bigger Zwick/Roell Z250 test machine and also
increasing the load cell value in order to exert a stronger gripping of the cable specimens. The
smoother graphs generated can be seen in the results for coax 5, PW1 and PW2. However,

this caused the failures to occur near the ends of the holding grips.

5.2.3 UTS test results of micro-coaxial cable samples
Coaxl

The low force value of 1.75N for specimen 3 was obtained due to its weakness after

undergoing the initial test. The low dL value for coaxl indicates that it is brittle.

Coax2
It was observed that the average Fmax values for coax2 are slightly higher than that of coax1

and as a result, coax?2 is less brittle than coaxl1.

Coax3
The long travel length as observed in the graph indicates that coax3 is more ductile than coax1

and coax2.

Coax4
The test time was longer than the other tests conducted because coax4 has a larger diameter
and it exerted a greater resistance to the 500N load cell. The elongation values indicate that

coax4 is more ductile than the previous micro-coaxial cable samples.

Coax5
The UTS curve for coax5 has a smooth and consistent pattern. This was achieved by using

wooden holding grips and a greater load cell value. The elongation values of the specimens
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after the UTS test were equal. This indicates that the coax5 UTS test had the highest precision
and this was one of the features that prompted its selection for the tether design.

Power cables
The tensile test results for the power cables also indicate that PW2 is more tensile than PW1
by 65% and less brittle than PW1 by approximately 42%.

From the results, it was observed that Coax1 had the highest calculated value of tensile stress
using equation (4). This does not mean that coax1 is more tensile than the other cable samples.
This is due to the uneven distribution of the tension force in the specimens which affected the
final value of the tensile strength. The true UTS value can be found by normalising the load-
elongation curve of the UTS test to an engineering stress-versus-strain graph. The results of
the calculated tensile strengths for coax1 show that coaxl experienced more stress than the
other cable samples and was prone to failure in a short time than the other cable samples.
This indicates that under the same load conditions a micro-coaxial cable with a smaller

diameter will fail faster than other higher diameter samples.

5.2.4 Deformation in specimens
Results from the evaluation of deformed specimens show that the points of failure on the
micro-coaxial and power cables occurred the near the ends clamped to the tension load. This

indicates the area that experienced the most stress application.

5.2.5 Trend in re-tested specimens

The results of the repeated tensile tests for specimen 3 of coax1l and specimen 3 of coax3
suggest that the micro-coaxial cable samples cannot exceed Fmax values within the range of
1.72N to 1.75N once they have been subjected to a tensile load of 5N. This can be attributed

to the weakening of the insulation material after the initial test.

5.2.6 Cable selection for tether design

Based on discussions with the Micro-engineering and Microsystems group of Sonopill the
cables for tether design were selected according to the power and signal requirements for the
sonocap and thermocap boards and the UT transducer which operates at a range of 30MHz.
From the cable manufacturer's data sheet [126] it was observed that coax5 had the lowest
signal attenuation (maximum dB/100ft) of 21.3 at 10MHz.

In [84], the level of extension before failure gives a measure of the ductility and brittle nature
of a material. The elongation (dL) of the micro-coaxial sample cables increased in ascending
order from coaxl to coax4 under the same load. The increase in UTS accompanied by an
increase in dL means that coax5 has the highest stiffness and ductility. Similarly, PW1 was

selected because of its high ductility.
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5.3 Tether Design

5.3.1 Choice of Teflon

Perfluorotetraethylene (PFTE), Fluorinated Ethylene Propylene (FEP), and Perfluoroalkoxy
(PFA were utilised because they are biocompatible. PTFE is the most popular biocompatible
fluoropolymer with a protracted history of in vivo medical applications but it lacks the
transparency property of PFA and FEP. PFA Teflon was used in the UTS test and 3-point
bend of the tether because of its transparency [112] and it combines the properties of PTFE
and FEP. The use of PFA aided visual inspection of the tether specimens during the tether
tensile strength test.

In the review of Arneson et al. [127] the size of the tether could cause gag reflex [127]. A 2mm
inner diameter (ID) PFA Teflon was used because of the absence of a cable jetting service to
pass the cables through a smaller diameter Teflon tube. A smaller Teflon tube with an outer
diameter of 2mm is recommended. To pass the cables through the Teflon tube conveniently
it is recommended that the cables and Teflon tube be of similar insulation materials. The
cables and Teflon tubes used in this project are polymers of perfluorotetraethylene (PTFE).

This helps to reduce friction between the cables and wall of the Teflon tube.

5.3.2 Bend test

By comparing the two results of the 3-point bend tests it can be deduced that the bending
force increases as the bending radius decrease. The bending force curves for samples T1 and
T2 followed the same design. The bending force is very high at the beginning and then it falls
after attaining a peak value. In comparison to the bend tests carried out by Colloza [99] it was
observed that at room temperature the change in bending force and bending radius increased
swiftly at the beginning and then it dropped. Since the results of the tether 3-point bending test
agree with Colloza’s [99] bend tests at room temperature it is certain that the tether can be
bent without causing failure. Though no literature was available for comparing the tether
design. Since the average minimum bending radius for the tether at room temperature is
10mm, therefore the torque needed to reel and unreel the tether was calculated using equation
(5) to give the value of 29.3Nm.

It should be noted that the sharp decline in the bending force to zero in T2 was due to a
bending radius value of zero. At this point, the specimen could no longer change and the
actuator pin does no work. The sudden rise in T1 approximately 29mm was due to the actuator

making a slight contact with the wire support bracket.

5.3.3 UTS Test of the tether
The tether tensile strength test results show that the decline in the tension force is attributed

to the deformation of the Teflon material after undergoing maximum stress. The curves for
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both T1 and T2B have an intermittent rising and falling pattern which indicates that the shape
of the tether specimen is not a “dogbone” as explained in [88]. The result also points that the
failure of the specimen started from the Teflon tube (outer insulation) to one or more cables at
a time. The deformation of cables in the tether samples was more intense near the ends
attached to the holding grip. This suggests that the maximum stress on the tether will occur

near the portion of the applied force.

5.4 Application
The results of the mechanical evaluation of the tether show that the tether has a high tensile
strength and high flexibility which is applicable in a tethered capsule endoscopy (TCE)

application but a smaller tether size is advised in order to avoid gag reflex.

55 Adhesive Bonding and Bonding Strength Test

A biocompatible silicone adhesive was used in the tether-to-pill bonding because of its
elastomeric nature (flexibility) [117, 118], a minimum possibility of damaging the tissues [117,
123] of the Gl tract. Additional mechanical strength was made to the bonding by attaching

holes bored on the tether to the reinforcement pins on the pill caps.

Comparing the maximum force of the bond strength test (37.4N) to the maximum permissible
actuation force (10N) in an endoscopy as researched by Shergill et al. [124] it is obvious that
the bond strength exceeds this actuation threshold by 27.4N. This is desirable because it gives
the clinician a better control over the endoscopy process as and eliminates the complication

of a capsule retention.

The fixture time of 72 hours for silicone bond curing is very long. This can affect urgent

applications in clinical research.

5.6 Final Product Description

5.6.1 V22
V 2-2 is described as a TUSCE with 2 ultrasound (UT) transducers on each of the pill caps.

The internal layout of V 2-2 is designed with a “box” design method as seen in figure 37, which
allows for greater thickness of the pill caps as well as a rectangular shape to match the PCBs.
The edges of the internal areas of the pill caps are well smoothened which gives it an attractive
appearance. The edges on the body of the pill caps are also smoothened to ensure low friction
between the pill and wall of the GI tract during capsule actuation. The assembly pins are

positioned properly to provide a tight closure and protection of the electronic circuitry.
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The design of the transducer holders allows for easy manipulation of the UT transducers
during assembly as well as for retrieval of the transducers during troubleshooting operation.
The spacing of the transducers permits the movement of electronic tools and positioning of
surplus lengths of the micro-coaxial and power cables However, it has an allowance of
approximately 4mm for the PCBs when assembled meaning that the thickness of the UT
transducer should not exceed 3mm in order to avoid sliding and pressure when it is in contact
with the PCB.

56.2 V3-1

V 3-1is a TUSCE with 3 UT transducers on one the base cap and only one UT transducer on
the cover cap. The “shell” design method of the internal layout allows for the low thickness of
the pill caps and a shell structure similar to the internal structure of a vitamin pill. The edges
on the body of the pill and in the shell are smoothened to give it a neat appearance and reduce
the frictional force between the TUSCE and wall of the Gl tract during the descent and
withdrawal of the capsule pill. The shell layout of the pill provides enough space for the PCB
and surplus lengths of cables. The assembly pins are well positioned to give a firm assembly

of the pill caps and protection of the enclosed electronic circuitry.

The octagonal structure of the transducer holders offers high mechanical hardness to protect
and keep the transducers firmly. This is essential for the “shell” design as it helps to protect
other transducers in the base cap when assembling or retrieving one of the transducers.
However, the use of 3 UT transducers on the base cap and one UT transducer on the cover
cap indicates that the pill needs to be positioned adequately if the signal from the transducer

in the cover cap is lost.

5.6.3 Comparison between V 2-2 and V 3-1

The “box” design of V 2-2 makes it heavier than “shelled” V 3-1 because the “box” design only
takes of a non-uniform area of cross-section of the pill caps and this gives greater thickness
to the pill. In contrast, the “shell” design method of V 3-1 chunked out a larger area of the

cross-section from the pill and leaves it with a low thickness.

The lightness of V 3-1 indicates that it can be applied where the large weight of the TUSCE
becomes a factor. Similarly, the V 2-2 TUSCE can be used where the increase in the speed

of capsule motion due to low peristaltic action is needed.

5.6.4 The Tether
The power cables in the tether provide a steady electric power supply to the capsule
endoscope; consequently, this will increase the time for efficient diagnosis and eliminating

worries about the need for a battery change.
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CHAPTER 7 CONCLUSIONS

This project was carried out with the aim of producing prototypes of capsule endoscopes with
3D printing technology for rapid testing of the Gl tract and is part of the research objectives of
the Sonopill project. The target design was a tethered ultrasound capsule endoscope (TUSCE)
composed of 4 ultrasound (UT) transducers, one or two printed circuit boards and a tether for
transmission of electric power and control signals and as the principle means of delivering and
controlling the TUSCE into the Gl tract.

The initial approach to the project involved making conceptual designs in line with the Sonopill-
prescribed product specifications and two ideas were selected and realised in two TUSCE
versions namely V 2-2 and V 3-1. The SolidWorks version 2015 3D CAD software was used
to design 3D models of the TUSCE versions. The results of the designed TUSCEs show a
“box extruded” design for V 2-2 and a “shell” design for V 3-1. The “fillet” tool was found to be

a “power” tool in providing smoothened edges on the capsule design for low friction motion.

Stereolithography (SLA) 3D printing technique was used in a Stratasys Objet30 Pro printer to
produce rapid prototypes of V 2-2 and V 3-1. This was achieved by converting the 3D CAD
file ((SLDPRT) into an STL file format which the 3D printer can understand. The results of the
3D-printed capsules revealed the disadvantage of using the SLA rapid prototyping technique
as it produced cured and partially cured parts due to the unavailability of a temporary support

material.

The designed tether was composed of medical grade Teflon tubes and a combination of micro-
coaxial cables and power cables. For quality control measures, mechanical evaluation tests
were applied to qualify the designed tether and they include tensile tests, bend tests and a
bond strength test. The results of the mechanical tests show that the materials used for the

tether design were of the desired quality.

The bonding of the tether to the pill was implemented with a biocompatible silicone adhesive
and an additional strength to the bond was provided mechanically by hooking the tether on
reinforcement pins that were designed on the TUSCEs. The tether-to-pill bonding was
gualified with a bond strength test which resulted in an efficient bonding for the TUSCE

prototypes. The bond strength is high enough to avoid a capsule retention in the Gl tract.

For an efficient design of a tethered ultrasound capsule endoscope (TUSCE) it is advised to
start with the tether design to ensure that the capsule has the right parameters for a solid
tether-to-pill integration design. Another 3D printing technique should also be explored if there

are no temporary support materials available.
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Finally, the overall results of this project show that 3D printing can be used to produce rapid
prototypes of ultrasound capsule endoscopes which can be applied for clinical research in the
diagnosis of Gl diseases and this can also be achieved by using a tether which provides the
means to actuate the prototypes through the Gl tract. This will help the clinicians and the entire
research team of Sonopill to understand the working modes of the prototypes and enhance

ultrasound capsule endoscopy (USCE) as an expedient diagnostic process.
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CHAPTER 8 FUTURE CONSIDERATIONS

3D printing is a viable tool in the production of biomedical devices. To meet the growing

demand for treatment of gastrointestinal diseases it is important that capsule endoscopes are

produced rapidly for prompt response to medical needs such as the early diagnosis of cancer.

Y/
0'0

This project was limited to the design and fabrication of tethered ultrasound capsule
endoscopes. It will be useful to explore the fabrication as well as ex vivo and in vivo
clinical trials of the designs. This will enhance the design of the prototypes as valuable
feedback from the clinical tests give invaluable information on the performance the

design of the prototypes.

Other 3D printing technologies such as the new Stratasys Polyjet 3D printing
technology should be exploited for rapidly producing the capsules as this will provide
a variety of material properties such as coloured printing, capsule transparency and
flexibility.

It was later discovered that the fixture time for the silicone adhesive bonding can be
reduced by using ultraviolet light which gives it a fixture time of approximately minutes.
Though silicone has better flexibility than other known adhesives, cyanoacrylates and

epoxies can be applied for low fixture times and greater bond strength.

The size of the tether can be reduced by using micro-coaxial and power cables and

Teflon tubes with thinner diameters if a cable jetting service is used.

The use of wireless capsule endoscopic ultrasound (WCEU) will eliminate the need for
a tether system, consequently, this reduces the weight of the ultrasound capsule
endoscope and introduce alternative capsule delivery or motion systems such as a

robotic actuation and implementation of microelectromechanical systems (MEMS).
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CHAPTER 10 APPENDIX

10.1 Appendix A
The tables below shows the technical specifications for various 3D printing materials.

Feature Specification Reference |
Melting temperature Not applicable [128]
Density Range: 0.5 to 11g/cm® | [129]

Glass transition Approximately 104°C [128]
temperature

Wall thickness 1mm to 2.5mm [44]
Chemical formula (CgHsg-C4Hs-C3H3N), [130]

Table 23: Technical specification for ABS thermoplastic 3D printing material

Feature Specification Reference
Melting temperature 150°C to 165°C [131]
Density Range: 1.210-1.430 g/cm®  [131]
Glass transition 45°C to 65°C [131]
temperature

Wall thickness 1mm to 2mm [44]
Chemical formula (C3H402)n [132]

Table 24: Technical specifications for PLA printing material [2]

The table below illustrates the comparison between the ABS and PLA thermoplastics.

Characteristics ABS PLA

Hardness Very hard Less hard and can warp
when dropped

Colour appearance Less attractive colour Lustrous appearance

Reaction with Sprays out droplets that can  Sprays out droplets that are

moisture easily be dried difficult to dry and

(during printing) depolymerizes at high
temperatures

Durability of products | Durable Less durable

Effect of heating Less warping Can warp or deform

Toxicity of fumes Very toxic Non-toxic fumes below
200°C

Biodegradability and Non-biodegradable and less = Biodegradable and

Biocompatibility biocompatible biocompatible

Printing speed[38] Lower printing speed and High printing speed

difficult to print
Table 25: Comparison between ABS and PLA thermoplastics [133, 134, 135]
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Feature Specification |

Accuracy +0.1% (with a lower limit of £0.2mm)
Clearance 0.4mm

Maximum Size 100 x 100 x 100 mm

Minimum Details 0.2mm to 0.3mm

Minimum Wall Thickness 1mm

Interlocking or Enclosed Parts  Yes
Table 26: Technical specification for high detail resin [136]

Feature Specification
Accuracy +1%
Clearance 0.6mm
Maximum Size 260 x 160 x 193 mm
Minimum Details 0.3mm
Minimum Wall Thickness 0.4mm

Interlocking or Enclosed Parts | No
Table 27: Technical specification for smooth detail resin [136]

Layer thickness 40 microns
(thinnest)

Size (minimum) 0.012In
Biocompatibility Yes: Titanium (Ti64)

Table 28: Technical specification for smooth detail resin [54]

10.2 Appendix B

Figure 94 shows a comparison in the size between different capsule endoscopes available in
the capsule endoscopy market.
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10.3 Appendix C

This section shows the normalized graphs of the mechanical evaluation of the tether.

3-point Bend Test
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10.4 Appendix-CD

This CD contains the following.

FILE 1 Stratasys 3D Printers and materials datasheets
FILE 2 AlphaWire datasheets

FILE 3 Mechanical evaluation data

FILE 4 Techsil silicone adhesive datasheet

FILE 5 Adtech fluoropolymer datasheets
FILE 6 SolidWorks 3D CAD capsule designs
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