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Abstract
The conventional colonoscopydscommon procedureised to accesghe colon.Despite it

being considered the Gold Standard procedure for coloreatancer diagnosisand
treatment, it hasa number of major drawbacks,including high patient discomfort,
infrequent but serious complications and high skill required to perform the procedure. There
are a number of potential alternative® the conventional colonoscopy, froeugmenting
the colonoscopdo usingComputed Tomographya®nography(CTC)} a completely non

invasive methodHowever, a truly effective, atbundalternativehas yet to be found.

This thesis explores the design and development of a novel solutiofully mobile
O2ft2y2a02Lk8 NEPO 2 Unlké® tufrentassive vidghobti dapstildsf séicth as
PillCamthis device uses wheeds$ the end of adjustable armis provide locomotion through

the colon, while providing a stable platform for the use @igthostic and therapeutic tools.
The work begins by reviewing relevant literature to better understand the problem and
potential solutions. RollerBall is then introduced and its design descitibéetail A robust
prototype was then successfullfjabricated using a 3D printing techniquand its
performance assessed in a@r@s of benchtop experiments.h&se showed that the
mechanisms functioned as intended amshcouraged the further development of the
concept.Next,the fundamental requirement afaining traction on the colon was shown to
be possible usindiexagonal shaped, macszaletread patterns.A friction coefficient
ranging between 0.29 and 0.55 was achieved with little trauma to the tissue subslise.
electronics hardware and control weethen developed and evaluated in a series of tests in
silicone tubesAn openloop strategy was first used to establish the control algorithm to
map the user inputs to motor outputévheel speeds)These ésts showed the efficacy of
the locomotion technige and the control algorithm usedbut they highlighted the need for
autonomy.To address this,ekdback was included to automate the adjusting of the arm
angleand amount of force applied by the devicefoaward facing camera waasoused to
automate the orientation controlby tracking a usedefined target. Force and orientation
control were then combined to shothat semiautonomous controlwas possiblendas a

result it wasconcludel that clinical use may bieasiblein future developments.



Table of Contents

ACKNOWLEDGEMENTS . ...ttt e 1
ABSTRACT .ottt et smmmnnr sttt e s e et e v
TABLE OF CONTENTS ... .ottt emmmmmr et st emmmmmr e V.
LIST OF FIGURES.......coiiiiiiii et vmmmmt e VIl
LIST OF TABLES ..ot immmmmie ettt Xl
CHAPTER 1 INTRODUCTDN. ....cciiiiitiiiiiiiiitsimmmmree et smmmmme e e e s 1

1.1, BaCKGIOUNG........coiiiiiiiiiee e et e e e e e s smmmmmmmms e e e e e e e e e e e emmmbanns
1.2, THe CODIR PrOJECL...cuiiiiiiiieeeii it immmmmeense ettt et e e e e emmmmmmmms e smmmmmmmms s e
1.3.  PhD aim and CONtribULION............iiiiiiiiit e smmmmmmmme e e e s mmmmnDe

1.4, ThESIS SHIUCIUIE......cuuniiiivi et cmmmememe e e e e eete e s mmmmmmmmt e e sebeeessssmmmmmmmmeseennnesesiLhanns

CHAPTER 2 LITERATUREREVIEW.......cciiiiiiiiiiiiii s immmmmreeeet e 6..

2.1. Thecolon... .
2.2. Colonic mspectlon and mterventlon
2.3. Currentprocedures
2.3.1.  Virtual colonoscopy....
2.3.2.  Conventional colonoscopy SRR | 0
2.3.3.  Alternative colon distension: Hydrc—colonoscopy S X<
2.3.4. Augmenting the colonoscope..............................................................16.
2.3.5.  Robot-assisted COIONOSCOPY.....uuuurruuiieiis i eeeeeeeeeeeeesmemeeeeersnsennes L Lonn
2.4. A mobile colonoscopy robot... cemmmmmmneenn 2l
2.4.1. Device requirements and enwronmental challenges ......................... 22
2.5. Locomotion technigues.... P2
2.5.1. Swimming forms of Iocomotlon PP PO PP PPPPPPPRRRD -2 |
2.5.2. Contactbased forms of Iocomotlon.....................................................31
2.6.  Conclsions from literature ............ccccveeeeesicmmmmcmeiieieeeeee e 420

CHAPTER 3 MECHANICADESIGN, FABRICATIOMND CHARACTERISATION...44

o o b

3.1. Specifications of a mobile colonoscopy roboL..............oooviiceeeeeemieiieeeeeen. 44....
3.2. RollerBall: a mobile, wheeled robof............cooevviiii e e 4D
3.2.1.  CONCEPL OVEIVIEW....uceiieiieeeeeeeee e icceeeeeveseeete e vmmmmmmmms e e e e eeeeeeees smmmmmnnefED
3.3, ROIErBall VA.......oooeeeieeeeeeteeemmmmme s et emmmmmn e vvee s mmmmmmmm e e e e eeee e B
3.3.1.  Electronics MOAUIE............uuueiiiiiiiimmmmmmme e eeeeeeemr e emmmenEO
3.3.2.  Stability conSiderations..........ccoooeveeiier e eeeemmmm 00
3.3.3.  Arm design... ST PP UUUURPPURRPRRPIRE.S VA0
3.3.4.  Preliminary encapsulatlon con3|derat|ons .......................................... 52...
3.3.5. Fabrication and assembly..............ooo i D3
3.4. Detalledde5|gn53
3.4.1. Wheel mechanism... PP . !
3.4.2. Expansion mechanlsm ST UUPRUUPRRTRRRURPINS 51 o O
3.4.3.  Electronics housing and cable routlng ................................................ 58...
3.5. Prototype fabrication and assembly.............cccceeviiimmecmeiiiiiieeee e .60
3.5. 1. FabriCatiON ........ccvviiiiiiiiiiiimmmmmmmmreeee e emmmmmmmme e e 00
3.5.2.  ASSEMDIY...ccciiii i e meeeeeenr B0
3.6.  Benchtop characterisation...........ccooviiii i i emmmmmmme e D4



3.6.1. Theoretical performance...............covvuvvrieemmmmmmieseeeeeee e e e e e e eeeeeeenennd 64....

3.6.2.  Actual (Benchtop) performance.............cccccoovsimmmmmemvvveeeeeeeesesemmmmeenn.. 06

3.6.3.  Results and diSCUSSION............cuuurrrummimmmmmmme e e e eeeeeeeee v ecceeeeemeeeeeennnnn 08
T S T 01 =V Y/ PSPPSR o 12

CHAPTER 4 GAINING TRCTION IN THE COON........c.ccovviiiiiiiiiiiiimmmemrecee e 71.

5 I 01 1o o 18 o 1 o] o 1 USRRRPPPPRPRY 41 BUT
o I T oo ] (o o o o T (ot - TR £
4.2.1.  TISSUE PrOPEITIES...cccceiieeeeeeeeiiie s ceeeeeer e s smmmmmmmme e e e e e e e e e ee e s smmmeenens L
4.2.2.  SUrface fEatUreS...........oveeiiiiiiiiceeemmmmeeeeaee e e e e e e e e e e emmmmmnm s D)
4.2.3.  MUCUS QYR ..ot mmmmmneme e e e e LD
4.2.4. SUMMArY Of PrOPEITIES.....ciiiiiie e e e e e e e e e e 76.....
4.3.  Frictional regime..........cuuuiiiiiiiiiiemmm ittt emmmmmmms s e oo oo e
4.4. Looking to nature... PR PUTTPTRRRRRPPPY £ -
4.4.1. Considering hydrodynamlcs.......................-........................-..............80..
4.5. Tread patterns for blologlcal USE. i i e e e iieeeeee et mmmmmmmms s e e G 0
45.1. Micro-treads.. PP UUPPPPRRTPRT - 2
4.5.2. Macro-treads.. BSOS POPPPPPPPPPRPPE - 1 3
4.6. Literature summary and dlscussmn PP PPUUPPP -V
4.7. Experimental work... 87
4.7.1. Tread design and fabrlcatlon et rmmm———————aaeeeeeee e e ee———————— OO
4.7.2. Test apparatusgz
4.7.3.  TISSUE PreParation.............eeeeeeeeeeimmmmmmmesreenseeeeeesimmmmmmmmsssensnsssssssmmnnne 04
4.7.4. Traction test protoCol.............cccoviiiiiiemmeeeemreciceeee e e e 900
4.7.5.  Data @nalySiS.........cccouiiiiiiiimmmmreemeeeeeeeee e e e smmmmmmmmesseeeee e s smmmmmmmme e 90
4.8. Results and dlSCUSSIOL’l PRSP o ¥ 4
4.8.1. Effect of Colon and colon reglon used ................................................ 98.
4.8.2. Effect of tread geoOmMetry.........ccuvvvviiiiiiicmmm i 990
4.8.3. Effect of scale and aspect ratiQ..................eveemmecccceeeeeeeeeseivvceeeeeeene.. 100
4.8.4. Effed of Normal load...........ccccceeeiiiiimmeemiiiiiiieeeee e 100,
4.8.5.  LIMItatioNS ........ccciiiiiiieeiiticeeeeemmeees e e s e s e e e s emmmmmmmme e e eeeeeeeessssemmmmmmms see e LQO
4.9, Trauma asSESSMENT........ciiiiiiiiiiiimcee s e e e e eeensmmmmmmmsee e e e e e e eses smmmmmneme s L0 2
49.1. Method.. U SPOERPRRR 10 V28
4.9.2. Results and dlscussmn ..................................................................... 104..
4.10. Traction and trauma concClUSIONS................coevvveeemmeeemevnennnnnnnesssmmmmmmnn .. 10D
4.10.1. An optimum tread for the colon?..........cccceveeiiiiimmmmme e l06

CHAPTER 5 SYSTEM INHGRATION AND OPENLOOP CONTROL.........ccccvvreeeee. 107

5.1. Introduction . tmmmmmmmm et e e e e e e e s smnmmne e essnnnnnnennsmmmmmmmms e e e e eeeee e WO L
5.1.1. System reqwrements PP PP PP PPN PRPRPPRPRP ) 0 ¥ A8
5.1.2.  System development strategy109

5.2. Hardware... PP PP PUUPPPPRPPPPPPRY 1 8|

5.3.  Openloop control strategy cettrtteeeeeesssmmmmmmmnsstseneeeeesesssmmmmmmmmnnnnneneees LU
5.3.1.  System architecture.. 112

5.4. Expansion control... PP 1

5.5. Orientation and posmon control etk s et et ettt eeeeeee s remeemnnns e es L LD
5.5.1. Motorspeedcontrol.............................-........................-..................._112
5.5.2. Summary.... PP PP PPUPPPTPPPRRPRPPY 2]

5.6. Test enwronment PP PO PPPPRTPPPIR 21

5.7.  Openloop system evaluatlon USSR 021 o 3

Vi



LT % O |V =1 o To Yo D PP O SR PUUPPPRPRRR 7 o B
B.7.2. RESUIS ..ot eceemme et vmmmmmms et e e st s smmmmmmmmrsn e e e enn e e L2800
B.7.3.  DISCUSSION....ccivvniiiiiniesiimmmmmemeeeeetieeeesn s cmmmmmmmmsesneeesssnsss smmmmmmnm s eeeenns 30
B.7.4.  CONCIUSIONS.....couuiiiiiiiiiiiiiimmmmcese e e e eeeeevssssmmmmmmrss e eessesssssmmmmmmmnresn s LD

CHAPTER 6 CLOSEDOOP CONTROL.....cciiiiiiiiiiieiimmeme e smmmmmeeee s 133

6.1. Closedloop coONtrol SYSteML.........ccvvveiiiiiiiimmeeeemreeeeeeee e emmmmmmmme e 1330
6.2.  EXPansion CONIOL..........cc.uuiiiiiiiiecccc e eemeeme o0 LD
6.2.1.  INSIrUMENTALION ...eevviiiiiiiieiii i cemeeeeeer e e smmmmmmmns e e e e e emmmmmmmn L3
6.2.2. Characterlsatlon U PPR R UUPPUPPPRRRN B 151
6.2.3. Calibration and valldatlon ceerereeeeernn s emmmneeem e 140
6.2.4. Material creep compensatlonz feaS|b|I|ty trlals P X |
6.2.5.  Summaryz FOrce SENSING.........cccouiiiuvrrimmmmmmeneeeeeeeee s e s s vmmmmmmemseeeeeee e LA2
6.2.6. EXpansion CONtrol SIrategy...........cceeeeeesisimmmmmmemeeeeeeeeeeeeeessmmmmmmmmeseeeee e L43
6.3. Orientation control .. etttttteee et s ammmmmmnstteteeeeeeeesssmmmmmmmm s sssseseeseessmmmmmmmm o 14O
6.3.1. Conceptual control strategy PP P PP PPPPPPRRRRRRRPPPPPPN v 1
6.3.2. Prellmlnarydevelopment............................-.....................................152
6.4. Closedloop system evaluation...........ccceeeeeeiiimmmmceeeeee e eeeememm . LB0
6.4.1. TeSt eNVIONMENTS........cccevvvrrirrinnimmmmmmmmseeeeeeeeeeeeessmmmmmnemeeeesesssnsessnmmmnal D1
6.4.2. Method.. U SSPPERPRRR I o . 8
6.4.3. Results and dlscussmn SRR I o1
6.5. SummaryzCIosedIoopcontrol.....................................................-...........17.7

CHAPTER 7 DISCBSION AND CONCLUSI@N........ccccvvriviiiieiimmme e 179

% T B 111U 11 [0 ] o O TTRORRRN 7 4 I
T O] o To] [V 1= (o] o 1PN I -7

CHAPTER 8 FUTURE WOIR......cotiiiiiiiiiiiiicmmmmmr ettt e e e e s cmmmmmr e e e e e e e e vme 187

8.1. Miniaturisation and fabrication .. PR UUUPRPRRPR I - ¥ ¢
8.2. Encapsulation and design reflnements veee-188
8.3. Optimising functional surfaces for high tractlon and Iow trauma agalnst soft
tissues88888888888888888888888888888888888888888..188
8.4. Electronics and CONLroL.............oovviiiiiiceeeeeeeinseees e s e e eeeeeeeee s eeeeee kB9
8.5.  TeSt eNVIFONMENL.........uuuiiiiiiiiieiimmcccmiiiiieeeeee s emmmmmmme s emmmmmmmme oo« L O0

REFERENGCES ... ..ottt emmmmm st e 191
APPENDIX A: DC MOTORND GEARBOX DATA SHETS........ccooiiiiiit e 199
APPENDIX B: 3D PRINER RESIN (LS600) DAR SHEET.........ccccoiviiiiv e 201
APPENDIX C: CALCULADNS FOR THE TISSUEENSION DURING TRAQON

APPENDIX D: AN ALTERATIVE, SOFT ROBOTICOCOMOTION CONCERT.....202

D.1. Soft robotics... OO PPPRRRRPPPP 4 § 4
D.1.2. Variable compllance OO PP PP PP PPP T TUPPPRRRRRRP O [o3
D.1.3. Soft actuators.. 208
D.1.4. Summary.... e e e 2080

D.2. Soft colonoscopy robo{ Conceptual de5|gn ................................................. 209
D.2.1. SWeeping acCtion............coeveieiiieeeemmemeeeeaaeee e e e e e e e eeeeeeeeeeee e emmmmmmmn e 2oL0
D.2.2. Paddling acCtion..........cuuuiiiiiiiicemmmcmme et e e s cemmmmmmme et e e e e e s emwmmmmmme e e e s 22

vii



List of Figures

Figure 1.2 A conventional colonOSCOPE. []..uuuieriiiriiiiiiiiiie s 1
Figure 2.2 A diagram of the large intestine (colon), showing its various segments and a
crosssection of the multlayered tissue. [18].....ccvvvvieiiiiiiiiiiiii s 7
Figure 2.2 Colonoscope within the colon, including detail of the colonoscope tip..[24]
Figure 2.3 Simplified diagram showgncolonoscope insertion. [30])..........ccccvveeeernnnnns 13
Figure 2.4 Diagram showing the unwanted stretching of the colon due to lack of control
Of the COIONOSCOPE. [3L].cciiiiiiiiiiiiei e e e e e 13
Figure 2.5 Pillcam, a common passive capsule used to investigate the Gl tract (ca. 11 x 32
010 TR 1 PO 19
Figure 2.6 lllustration of an active capsule platform showing key requirements.[G1R0
Figure 2.7 A capsule controlled using an external magnet field [62]........................ 20
Figure 2.8 A device powered by four conventional propellers. [64]........ccccvvvveeeeeen. 25
Figure 2.9 Anexploded view of a ring propeller. [65]..............ccooiiiiiiiii e 25
Figure 2.10 Example of a device that uses rotating helixes. [67]..........cccccccenrnnnn. 26
Figure 2.12 An example of a device that uses a pressurized jet. [63]...................... 27
Figure 2.12 A device that uses eboard centrifugal pumps. [69].........ccoocivriieerrinns 27
Figure 2.13 The generating of vorteX rings. [71].......cccceiriiiiimiiieie e 28
Figure 2.14 Example #1 of a simplahed device using IPMC actuators. [73].......... 29
Figure 2.15 Example #2 of a simple finned device using SMA actuation..[Z4]......... 29
Figure 2.16 Rajiform swimming using a flexible fin. [75]...........cccoooiiiiiiiiiiens 30
Figure 2.17 Example #3 of a simple finned device. [78]...............ccccceiiiiiiiiiiiiiiccnn, 30
Figure 2.18 Impactdriven capsule deViCe. [77] ... 32
Figure 2.19 Elongated toroid form of locomotiora. The locomotion technique. b. An
example of such a device. [78]. ..o 33
Figure 2.20 Various wheeled / tracked devices.cec. Traked deviced.79], [80], [81]d.
Pipe inspection, wheeled devid82] e. Device using Wheg83]..........cccccviiirrieeernnnns 35
Figure 2.2% Screw threaebased locomotion. a. The locomotion technique. b. An example
OF @ AEVICE[BA] ...ttt e e e e e e e e 36
Figure 2.22 Amphibious, snakéke device. [85].........cccccciiiiiiiiiiiiiii e 37
Figure 2.23 Example 1 of an inchworm device. [87]........ccccvuvvviiieiiieieiiiieiieeeieeeeee. 38
Figure 2.24 Example 2 of an inchworm device. [88]........cccccciiiiiiiiiieeiiiiiiiieeeeeee 38
Figure 2.25 Example 3 of an inchworm device, showing a novel method of controlling
(o3 (o T T = SRR 39
Figure 2.26 Example 1 of a legged deVigB1]..........ccccouiiimiiiiieiiiniiiiiiieee e 40
Figure 2.27 Example 2 of a legged deVigB2].........cccouiiimiiiiiiiiiiiiiiiieeee i 40
Figure 2.28 Example of a device using a "moving@aor.” [93].........ccccooviriinn. 41
Figure 3. An illustration of the core RollerBall concept...........cccvvvveeiiiiiiiiieneennnns 46
Figure 3.2 The various iterations of RollerBall, from the start of the CoDIR projétt to
the concept adopted at the start of this PRE3..........cccooiiiiiieeeeeeeee e 47
Figure 3.3 An illustration of how spherical wheels offer a more functional, less traumatic
SOIULION 1N the INTESTING. ..o e a e 47
Figure 3.4 Renders showing the advancement of the RollerBall concept from V3 to V4
Made dUring thiS PND..........coiiiiiiiiiiiie e 49

Figure3.%/ 2 Y AARSNA Y3 w2i.f.8NL.Lf.L.Q&. . &0.L.0.AL508

viii



Figure 3.6 Integrating a passive spring element.............occcvvvveeiiniiieee e 51
Figure 3.% Renders showing the design progression of the arm (wheel mechanismsR
Figure 3.8; A crosssectional view of RollerBall V4 showing the three main compon&ats.

Figure 3.9 The wheel mechanism of the robat..............ccccooooiii 54
Figure 3.1@; A screenshot of the simple FEA carried out on the arm....................... 56
Figure 3.1k The expansion mechanism of the rohat......................oo ool 57
Figure 3.12Z The electronicsS MOdUIE...............cooiiiiiiiiiieiee e 58
Figure 3.13; A crosssectional view showing the route of thetteer core....................... 59

Figure 3.14; The tether attachment comprising of an end cap and strain reliever....59
Figure 3.1% A sequence of photos taken during the assembly of the three arms....61
Figure 3.1& A sequence of photos taken during the assembly of the chassis and rest of

LU o] (0] (011 o[ TP PPRPPP 63
Figure 3.1% The relationship between the Arm forceyfand the resulting Normal force
() TP PRRRT 65
Figure 3.18& A closeup view of the test rig used to measure the maximum tractive effort
of the Wheel MeChaniSM.............uiiiiii s 67
Figure 3.19; A closeup view of the test rig used to measure the maximum expansion
SPEEA OF TN AIMN.. .. 67
Figure 4.k An illustration ofsomeof the many factors contributing to the overall traction
achieved by a wheel 0N COIONIC tISSLE.........cccccuuiiiiiiiiiirriiiriirererreee e e e e eeeeeaeeeeee A 3
Figure 4.2; The stressstrain curves of two colon specimens (large bowel) under
transversal and axial tensile loading. [109].........ccoiiiiiiiiiiiiiee e 75

Figure 4.3; The hierarchy of features on a tree frog toe pad, modified from [130]....79
Figure 4.4 A sequence of images showing dlaw of fluid from a patterned surface. 81
Figure 4.5 An illustration of how tisgse deforms into perpendicular (to shear) tread

L= LU= PRSPPSO 86

Figure 4.6; The geometric patterns assessed in this experimental \waodktheir given

= 1 01T TP UPPPRTR 89

Figure 4.7 The 3D printed tread patterns.............ccoooiiiiiiciiecireree e 91

Figure 48! YAONRAO2LIAO @GASg 2F (GKS..aAaY.2201KE adzN
Figure 4.9 The traction rig and Key COMPONENIS..........c.uuveieieiiiiiiiiieiee e eiiiiieeee e a3

Figure 4.1@ A tissue sample clamped in a gensioned state..........cccccvvvveviieeiieeeene... 95

Figure 4.1% A typical traction profildrom one repetition..............cccccveeeriiiinneeeee e 97

Figure 4.12; A boxplotshowing the traction coefficients from th&atic condition......... 98

Figure 4.13; A boxplot showing the traction coefficients from the dynamic conditior@8

Figure 4.14, An illustration showing one of the prepared tissue sampleshistology 102

Figure 415+ A aA0f S 3IANE 2 @S stesp(RaraleRrSay, bG gload) S.S.9404 LI2 a4
Figureb.1¢ The majority of the components that make up the RollerBall platfarm.110

Figure 5.2; A schematic of the core RollerBalss®ym communication architecture....111

Figure 5.3; The RollerBall system architecture showing the distribution of the peripheral

devices, the main programs and flow of data.............ccccoee e 112
Figure 5.4 A modified render showing the location and naming of the four DC raoto

(M1 ¢ 4) and camera (CAM). It also shows the coordinate frame used.................. 113
Figure 5.5 An illustration of the XBox controller @lving the inputs used.................. 114
Figure 5.6; A flow chart of the opetloop expansion control.............cccevvevveveeeeeennnn. 115

iX


file://///ds.leeds.ac.uk/student/student2/mn09jcn/PhD/Thesis/Thesis%20chapters/Thesis_jcn_FINAL_Corrections.docx%23_Toc474952545
file://///ds.leeds.ac.uk/student/student2/mn09jcn/PhD/Thesis/Thesis%20chapters/Thesis_jcn_FINAL_Corrections.docx%23_Toc474952546

Figure 5.% An isometric, free body diagram of RollerBall in a lumen..................... 116
Figure 5.8; A 2D (xy plane) view from the rear of RollerBall showing the even spacing of

the three Wheels/motors (MX 3)......uuiiiiiiiiiiiiiieeeeee e 116
Figure 5.9; The right joystick is used to set the desifealget(T) which is defined in the x
£V 1 = U 1= TP 118
Figure 5.1 A schematic summarising how the user inputs are mapped onto the motor
outputs WhiCh MmoVe the rODOL............uviiiiie e 119
Figure 5.1k A schematic showing how the relative motor speeds are assigned using the
ANQIE OF the TAIQEL.... ..t 120
Figure 5.12Z An overview of thd>osition and Orientation contrpfogram................... 122
Figure 5.13; A schematic showing the geometrgcadimensions of the two main tubes
used to evaluate ROIErBall..............ueiiiiiiiiiiiiiiie e 125
Figure 5.14, The silicone tube with multiple cornersyspended by thin nylon line from an
AIUMINIUM FraMB...iiiiiie i e e e e s ssbraa e e e e e aanes 126

Figure 5.1% The idle/starting position of RollerBall in the changiigmeter tube....... 127
Figure 5.1@ The idle/starting position of RollerBall in the tube with multiple cornef27
Figure 5.1% A sequence of images from one repetition in the changing diameter tube

(ST TP PPPPPPTRTRR 128
Figure 5.18 A sequence of images from one repetition in the tube with multiple corners
................................................................................................................................ 129
Figure 5.13 An image of RollerBall stuck in @ COrner..........cccccoviiiiiieeei e 130
Figure 6.1 A schematic of the force sensing SYStemM...........cccvvvereeiiiniiiiieee e 134
Figure 6.2; A plot showing the first 2.5 sends of the collected strain data.............. 136
Figure 6.3; An annotated plot showing a strain response from a long duration step input.
................................................................................................................................ 138
Figure 6.4 A flowchart showing the various stages used to compensate for the material
(0 ST Y o T PPN 141
Figure 6.5 An example output from the material creep compensation program....142
Figure 6.6; A simplified overview of the closddop force control programs.............. 145
Figure 6.% The silicone tube and support frame used to secure RollerBall during €losed
[0OP TOrCE CONTIOI TESTS.... . eeeiieeeeiiiiitie e e e e 146
Figure6.8¢ A plot showing the undesirable continuous oscillation present when the
Proportional (P) constant was t00 Nigh...............ooooiiiiiiii e 147
Figure6.9¢ Two plots showing the force response from a series of set point changes by the
U] TP PPTP PP 148

Figure 6.1@; The actual GUI, mdikd to represent the hypothetical functionality.....150
Figure 6.1% A flowchart showing an overview of the hypothetical orientat@ontrol. 150

Figure 6.12; An example of the image processing steps likely required.................. 151
Figure 6.13; An overview of the preliminary closédop orientation control program.153
Figure 6.14; A diagram showing the coordinate conversion.............cccuevveeeeeeeeeeeenn. 154
Figure 6.1%; A schematic showing an overview of the clodeap orientation control

S E=1 (T )Y/l o1 (ol [ =10 o TP PPPPTR 154
Figure 6.1& An overview of the system architecture, showing just the items associated
With Orientation CONIOL...........uiiiiii e 155



Figure 6.17¢ An overview of the system architecture, showing just the items associated

WiIth Orentation CONIOL.........uueiiiie ettt e e 157
Figure 6.1& An overview of the control program used for the LED array................ 158
Figure 6.1 The results from one repetition of tuning the autotad orientation control.
................................................................................................................................ 159
Figure 6.2@; Three of the silicone tubes used to test the clo$eab control of RollerBall.
................................................................................................................................ 162
Figure 6.2X% A sequence of images from the manual tests which included camera
FEEADACK. ... . i 165
Figure 6.22; A screenshot of the GUI during one test............ccccevviiiiiiiiee e 166
Figure 6.23; Plots showing the maximum arm force and Global speed (user input) from
one repetition in the tube with changing diameter............cccccoiiiiiiie e 167
Figure 6.24;, Plots showing the maximum arm force and Global speed (user input) from
one repetition in the tube with multiple corners..............ocoooeiiciiiiiiciieeeee, 168

Figure 6.2%; Plots showing the maximum arm force and Global speed (user input) from
one repetition in the tube with changing diameteunder both manual and auto force

(o] 011 (o ] U PUUUPUUPRRURRPRR 169
Figure 6.2&, Plots showing the maximum arm force and Global speed (user input) from
one repetition in the tube with changinglobal and local) diameterunder both manual
and auto fOrCE CONLIOL.........cooe e 170
Figure 6.2 Plots showing the maximum arm force a@tbbal speed (user input) from
one repetition in the tube with multiple cornersunder both manual and auto force

(o001 1 (o] 1R PP P PP PP PPPRR 171
Figure 6.28; A plot showing the high variability between force outputs from all three arms
(o[0T g1 o o o] g 1= (=T SO PP PP PPPPPPRPPPN 173
Figure 6.2% A comparison of the-x plots of the tracked Target, from all repetitions,
under Manual and Auto orientation CONIOL..........coiiiiiiiiii e 174
Figure 6.3@ A comparison of the error plots of the tracked Target, from one repetition,
under Manual and Auto orientation CONLIOL..............ooiiiiiiiiiiie e 175
Figure 6.3X A comparison of the-y plots of the tracked Target, from one repetition,
under Manual and Auto orientation contrqlduring forward movement.................... 176
Figure 6.32, A comparison of the error plots of the tracked Target, from one repetition,
under Manual and Auto orientatiocontrol ¢ during forward movement.................... 177
Figure 8.1 An image showing an approximately 30 % smaller model of RollerBall, next to
the existing prototype. The grid is comprised of 1 cm SQUArES..........ccceeemmrernnennnns 187
Figure A.D., A range of elastic moduli of several common migtst [144]................ 203
Figure A.D.2 Example #1 of a soft robot (GoQBoOt). [14Z]..ccccoeriiiiiiiiiiiiiee 204
Figure A.D.8 Example 2 of a soft, muitjait robot. [148]..........ccooeeeiiiiiiiiiiiiie 204
Figure A.D.4 An example of a hybrid robotic device that uses both soft and rigid
MALEHAIS. [L54] ..ot e e e et e e e e e e e e aaaaaaaeaaaeaaeens 209
Figure A.D.§ The basic muscle layout of an octopus tentacle.dgntral nervous fibres, T
¢ transverse muscles,dlongitudinal muscles and QOblique muscles. [155].......... 209
Figure A.D.g A robotic octopus tentacleL ¢ longitudinal actuators, T transverse
actuators, W central wires and § support structure. [155]............coooiiiiiiiiiiiiiiinns 210

Figure A.D.€ Concept using sweeping locomotion. a) Side view. b) Front.view....211

Xi



Figure A.D.8& Diagram showing locomotion inefficiency in small diameter colon....212
Figure A.D.g Schematic showing basic paddle actian.................ccccccvvvvvvrivivenrnnnen. 213

List of Tables

Table 2.2 The advantages and disadvantagé¥/irtual colonoscopy (CTC).................. 9
Table 2.2 Colonoscopy iNdiCations [L3]:......ccoeiieiiiiiiiiriiiiieererr e e e e e e 10
Table 2.3 The advantages and disadvantages of Hy@HoNOSCOPY:..........cccvvvveeeeerne 16
Table 2.4 Examples of automated / robotic colonoscopes...............ooeeeeeveeceicccnnns 18

Table 2.5 General requirements for a mobile roboptatform for hydroecolonoscopy.. 22
Table 2.6 General requirements for a mobile robotic platform for hye@onoscopy

[(@Fo] 11110 T=To ) TSP 23
Table 3.1¢ A list of the major specifications of a mobile colonoscopy robot.............. 44
Table 3.2 A summary of the major changes made to RollerBall and the work caieit
Progress it to a WOrking ProtOtYPE......coooii i e e e e e e e e e 48
Table 3.3 The theoretical and actual performance of the wheel and expansion

L= ol F= U 1 TP ESPPRSRRRRRY 68
Table 4.2 A comparison of the small and large intestinge.................ccoeeeeecieicicninnns 76
Table 4.2 A matrix showing the total number of repetitions carried out in the traction
(ST TP PRPPPTTRPRPTIN 96
Table 4.3 A summary of the features used to rank the tread trauma..................... 103
Table 4.4 Tread trauma results showing the degree of trauma seen and the load it first
(oot ot UL =T - | PR EPEERERRRR 105
Table 5.1¢c The major (ideal) control attributes............cccvvviviiiiiiiieiiiiieeeeee e 108
Table 5.2; The major requirements of the electronic (control) Hardwate................ 108
Table 5.3, COrnering SUCCESS AR ........iiuuiiiiiee e 129
Table 6.1c The average strain outputs foll &train gauges and multiple loads.......... 138
Table 6.2 The average model coefficients from different masses (SG2)............... 139
Table 6.3 The calibration constants for all strain gauges............cccvvveeeiiiiiviineenn. 140
Table 6.4 Force sensing validation..................ooooiiiiiiiiiiiiieee e 140
Table 6.5 The main esults from the Manual tests with camera feedback............... 166
Table 6.& The results from the Manual and Auto force control tests..................... 172

Table 6.7 The results from the manual and automated orientation control tests...175
Table 6.& The results from the manual and automated orientation control tests...177
Table 7.1¢ A summary of how the RollerBall prototype met the desired specificatia8%
Table A.D.T, Some methods odchieving variable compliance..........cccccvveeeeen.n. 206

Xli



Chapter 1

Introduction

1.1. Background
The colon, or large bowel, is part of the gasimntestinal tract, positioned between the small

intestine and rectum. The thin, sensitive tissue and tortuous shape make this region of the
body extremely challenging to access. This is a sigmifisaue as there are a number of
common diseases that affect the colon: rates of inflammatory bowel disease (mainly
dzft OSNI GA @S O2ftAlGAa FYR / NRPKyQa RAaSIFaASO | yR
and are rapidly increasing in developing coiggic costing Europe alone billions of Euros

[1, 2] Colorectal cancer is thie 2 NI "Ri€ading cause of cancer related dedj and &

with all forms of cancer, the stage at which it is diagnosed greatly impacts patient survival
[4, 5] If detected at any early stage, treatment is relatively simple, cheap and highly
effective. Since the patient will typically have no symptoms and no reason to suspect that
anything is wrong at this point, the only way to ensure early detection is through a reliable
massscreening program. This should be applied to a subset of the lygadthulation based

on risk factors, of which age is the most significant. A number of screening methods exist
including fecal occult blood testing, virtual colonoscopy, sigmoidoscopy and conventional

colonoscopy (which is generally considered to be thetrmommon and effectivég]).

A colonoscopy, typically performed under sedation, involves the tdsa colonoscope
(Figurel.1; a long, flexible endoscope) to visually inspect the entire inner surface of the

colon over a period of about 30 minutes.

Figure 11 - A conventional colonoscopd7]



Despite their frequent use and powerful diagnostic and therapeutic capabilities,
colonoscopies are a decidedly imperfect solution. The colonoscope is a largely pas&iee d
(only the tip can be actively steered) while the colon is long (up to 1.8m), loosely anchored
and has a highly complex shape with multiple acute be@lisThe force necessary to
advance the colonoscope can only be applied from outside the patient, so when the tip
encounters resistance (e.g. when tryingravigate a corner) a compressive force is applied

to the flexible shaft, causing it to buckle outwards and even looping back on itself. This can
stretch the connective tissue that anchors the colon to the abdominal wall and cause severe
discomfort. Indeed more than 10% of attempted colonoscopies are aborted due to
excessive looping and patient discomf{@t. Unsurprisingly, it can be difficult to convince
asymptomatic people to undergo a painful procedure purely for sdregpurposes, and
compliance rateg even among those in elevated risk categoesere found to be below
60%[10].

In order to increase success rates and patient compliance with routine colonoscopies, the
procedure should be made as easy, reliable and as comfortable as possible. This in turn will
require new procedure that avoids the shortcomings of the convention&inoscopy,
including the high forces placed on the colonoscope and the resulting looping. Intuitively,
these phenomena could beradicated by pulling the instrumerfitom the tip rather than
pushing it from the back and the overall size of the device, &anobility, improved.
Motivated by this logical hypothesis, an increasing number of research groups have been
working to develop mobile, sefiropelled endoscopy robots over the past 20 years. This is

a challenging task and so, despite several attemptsjcaessful, commercial mobile robot

has yet to be developed.

1.2. The CoDIRproject
CoDIR (Colonic Disease Investigation by Robot kyalomoscopy) is an EU funded project

that aims to produce a novel robotic alternative to colonoscopy. It is a collaberetfart

by The University of Leeds and The University of Dundee.

The overall aim of the project is to produce a mobile robotic platform to investigate the
colon and carrout tasks such as taking biopstesltimately overcoming the drawbacks of
conventimal colonoscopy. The complete system (the device, the console and all the
associated hardware and software) will be developed. The key features of this alternative

approach are to:

1 European Research CoungReference: CoDIR (268519)
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I Use warm water to distend the colon (hydcolonoscopy), instead of carbon
dioxide. Preliminary trials have shown that this could reduce patient discomfort and
globally distend the colon. The denser liquid medium could also assist the
locomotion of the robotic device.

1 Minimize trauma by using a miniature robotic device that &spsmall forces to the
colonic tissue. This could allow it to be used in weakened colons (such as those with
inflammatory bowel disease) and could further reduce patient discomfort.

f  Improve mobility within the colon by having full control over the de@ée LJ2 & A i A 2
and orientation (ie. an oioard locomotion mechanism), increasing diagnostic and
therapeutic efficacy.

If successful, this system would have a global impact. The potential to vastly improve on the
current procedure quality and overall effeativess is substantial, but so are the challenges.
The work produced over the duration of the project, even if the system itself is commercially
unsuccessful, is likely to further science by introducing novel technologies and insights into

this fast growingarea.

1.3. PhD aim and contribution
There is undoubtedly significant motivation to research a technology such as this. The area

of mobilein vivorobotics is still relatively new and so any novel technologies and technical
insights developed herein could have an impact on both the medical and robotic fields,

I RRNBaaAy3d TFdzyRIYSyGlf ljdzSadrazya adOK | & a
mobileinvivoNR 6 2 1 aKé¢ FyR a/ 2dZ R RS@A0Sa &adzOK | &
YSRAOIf LINPOSRdA2NB&aKE

The aim of this work was to develop a mobile robotic device to traverse the length of-a fluid

filled colon, providing a stable platform for the use of diagtic and therapeutic toofs This

included all aspects of development, including: mechanical design, fabrication, electronics

integration and device control. The major steps taken to achieve this included:

1. Reviewingcurrent literaturein order to better understand: the unique environment
of the colon; the diseases affecting this region; current methods used to inspect and
intervene in the colon and their limitations; the potential of a mobile robotic
solution, including what has been done previously andatmdan be learnt going

forward.

2The robot described in this thesis is one of two robotic devices that will be used in the CoDIR system. One
developed at the University of Leeds and the other at the University of Dundee.
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Critiquingan existing concep{RollerBall)that was generated in the CoDIR project
¢ in light of the reviewed literature and make necessary design modifications.
Completinga detailed desigrof RollerBall beforéabricating a working prototype
Characterigng the performance of the individual mechanisnierough theoretical
calculations and a series of benchtop experiments.

Exploring current methods ofgaining traction on the colonand developing a
functional solution by casidering literature and a robust empirical assessment of
proposed solutions.

Developng the electronics and softwareequired to control the prototype in a
laboratory setting.

Assessing the efficacy of the devitterough a structured set of experiments.

Thespecific, technical contributions to the medical robotics community are:

T

T
1.4.

A novel method of achieving locomotion in the colon and a detailed assessment of
its efficacy.

Insight into the design and fabrication of small scale prototypejvorobotics.

A functional method of gaining traction on the colonic lumen and a suggested
optimal solution.

Work on contolling a mobile robotic device in a synthetic coemvironment

Thesis structure

The individual chapters are summarised below:

Chapter 2¢ Literature review

This presents relevant literature, including topics such as current procedures used to inspect

the colon and various locomotion techniques that could be used on a mobile colonoscopy

robot

Chapter 3¢ Mechanical design, fabrication and charactsation

This introduces the RollerBall concepta novel, mobile wheeled device. The design is

described, as well as fabrication and benchtop characterisation of the key mechanical

components.

Chapter 4¢ Gaining traction in the colon

A critical requiremenfor a mobile device that uses the lumen to achieve locomotion is

gaining sufficient traction on the low friction lumen. This explores the challenge in detail and

a suitable tread pattern is proposed after empirically assessing multiple designs.

4



Chapter 5 System mtegration andOpenloop control

This includes work on manually controlling the robot. The associated hardware and software
are developed and a series of tests to assess the efficacy of the control strategy and

locomotion technique arearriedout.
Chapter 6¢ Closedloop control

This chapter builds on the previous, manual control and describes the development of more

advanced, closetbop control to improve usability, locomotion efficacy and safety.
Chapter 7¢ Discussion and Conclusien

Here thekey insights into topics such as locomotion efficacy and device usadniéity

discussed before summarising the wamka series of conclusions.
Chapter 8¢ Futurework

The final chapter includes suggestions for future developments on the wedepted in

this thesis.
Appendix

An appendix provides further detaihcluding datasheets



Chapter 2

Literature review

This chapter provides an overview of relevant literature on the research of
mobile colonoscopy robots. The topics covered include: the anatomy of the
colon; the need for investigating the colon and the procedures currently
available; the potential of using mobile colonoscopy robot and; a summary

of various locomotion techniques that could be used. The goal of this chapter
is to communicate the major clinical need for an effective method of directly
accessing the colon and the challenges involved, befomelwding what

locomotion techniques are most suited to this unique environment.

2.1. The colon
Thecolon, orlarge bowel,starts at the ileocecalalve and canthereafter be divided into

severalsectilms (Figure 2)1 starting withthe caecum and appendifollowed by the
ascendingtransverseand descendingolon. The last section is the sigmoid colon (which is
positioned before the rectum and anal canabhe colon is highly variable in its size and
shape, with its length ranging betweea.1.30 m and 188 min adults[11] [12] (sigmoid
colon (350 mn), descending colo00 mmn), transverse coloi390 mm), ascending colon
(160 mm) and caecunf40 mm) [13] [12]). Diameters rang from 105 mm in the caecum to
as narrow aslé mm in other regions of the coldid4] [15]. The shape has a number of
flexures (bends): two are acutéh€ hepatic and splenic flexureand, on average, 9.8re

moderate (< 90) flexureq11], allcontributing to a highly variable, tortuous shape.

The colon is sacculatédue to the colonic haustra; particularly noticeable when the colon
is digended (insufflated) The colon is partially mobilgttached to the peritoneurhvia
flexible mesocolors Thelumenis between 0.7 and 1.5 mm thi¢k6] and is compsed of a
series of distingtconcentric layersincluding: the mucosa, muscularis mucosae, submucosa

and muscle layer@igure2.1).

3/ 2YLINRAAY3I 2F | aSNASa 2F RAaUGAYOO aLIR2dzOKSate
4The menbrane lining the cavity of the abdomen and covering the abdominal organs.
5 Flat tissue connecting the peritoneum to the coldnlood vessels, nerves and lymphatics branch
through this.
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i A & & dzBdharactériplis dava & jube impact on tesign andocomotion

efficacyof a mobile robotic devicehat uses contact based forms of locomotion. As is

discussed ifil 7], a knowledge of the characteristics are useful to:

T
T

Determire the required stroke length to achieve effective locomotion.

Devi® an efficient and safe method of clamping to the tissue to manipulate the
friction forces.

Control the device, where knowledge bhbw these characteristics change with
varying parameters (such as speed and normal load) is useful for the contha of t

actuators.

The colon is highly lubricious as it is covered with a layer of gh&aring mucus The

resulting frictional characteristics are complex and not well understdadis will be

explored in more detail in Chapter 4.
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Figure2.1 - A diagram of the large intestine (colon), showiiitg various segments and a cross

section of themulti-layeredtissue [18]



2.2. Colonic inspection and intervention
There are a number of diseases that can affect the colon, including inflammatory diseases

ddzOK | a dzf OSNY GA@S O2tAGA&a YR / NBKgiead RA

g 2 NI "Re@ding cause of cancer related de§df These require diagnosis and treatment,

QX

with several different procedures available, ranging from completelyingasive (such as
computed tomography and faecal occult blood testing) to the more invasive and widely used
conventional colonoscopy. Thes#tem come at significant economic cost. In Europe alone,
0KS O2YO0OAYSR Fyydzadf RANBOU GNBLFGYSyld O2al

Q)¢

[1, 2] More important than this is the effect these diseases have on quality and length of
life. Worldwide, it is estimated that, annually, over 1 million individuals are diagnosed with
colorectal cancer, with a mortality rate of nearly 3328). As it is with other forms of cancer,
earlydiagnosis has a huge impact on mortality: If diagnosed at the latest stage, only 1 in 10
patients will survive longer than 5 years; if diagnosed at the earliest stage, this increases to
9 in 10[5]. However, the physical properties of the colon and its inherent inaccessibility
make directly inspecting and operating in this environment very challenging indeed. There
are many factors that may lead to late diagnosis but to give an indication of tloeiseess,

a study of more than 1 million colonoscopies showed that 29 % of cancers were detected
Wi 20]S Q

2.3. Current procedure s

The is no doubt that having effective diagnostic and therapeutic procedures for the colon is
important; the questions are whether direct access to the colon is required and if so, what

is the best method of achieving that.

2.3.1. Virtual colonoscopy
If direct acess to the colon is not required th&@omputed tomography colonography (CTC)

or virtual colonoscopynay be the best solution to inspect the colon. Ibise of the more
modern, alternative technigueusedand isspecifically focused on colorectal caneed the
detection of adenomas/polyps. A virtual 3D model of the colon is produced using helical CT
and advanced rendering techniques. It is then meticulously inspected by a specialist for

abnormalities. Bowel preparation and colonic insufflation are betuired[21].

This isan attractiveprocedure with seemingly few drawbacks due to its complete-non
invasiveness. Howevedhe newest, least invasive procedure is not always the most effective

[22]. Table 21 presents the main advantages and disadvantages of ZIF24].

(@p))



Table2.1 - The advantages and disadvantages of Virtual colonoscopy (CTC):

Advantages

Disadvantages

Noninvasive procedure leads to significan
fewer complications and improved patiel

comfort/adherence.

Insufficient efficacy data. Currently, CTC h4g
lower sensitivity (ability to detect polyps
particularly with small polyps (< 6mm[21].
With polyp sizes € mm, 6¢ 9 mm and > 9 mm
the sensitivity of CTC is estimated as 29%, §
and 97% respectively. In comparison, t
estimated sensitivity for CC is 80%, 88%
91% respectivelf23].

Bowel preparation often less intensive al

sedation not required.

Poor detection of flat adenomas and gene

lack of histology information.

Effective at viewing entire colon, even in cas

where there is severe narrowing of the colon.

Long term effects of radiation unknow

although one study estimates that there is s

a risk (0.14%) of cancer post GZg.

Can detect extrduminal abnormalitis. 7-16% of patients who undergo CTC

conventional colonoscopy anyw§3/1, 23]

Requires more frequent followps.

Is less cost effective in most cases.

Can be time consuming due to the requir

collection and manipulation of data.

Although presenting some attractive advantages, sugnificant limitatiors of CTC, when
compared toprocedures that directly inspect/access the calareits inability to carry out
therapeuticand robust diagnostitasks suclas polypectomies and biopsies (this is crucial
for the treatment of colorectal cancef25] and its poor performance at detecting small or
flat abnormalities (whiclwould most likely be the case with early stage cancefC &
merely a diagnostic tool aimed at the detection of polyps aad augment buhot replace
the all-round, complete diagnostic and therapeutic procedusé something like the

conventional colonosopy.

It would appear that direct access (using a colonoscope, for example) is required the

majority of the time. Some of the more commantications are listed in Table Z26].

6 The polyp size threshold determining whether or not a polypectismecessary is currently a
controversial issue. Most experts recommend the threshold to be > 6 mm due to the prevalence of
cancer in patients with diminutive adenomas being approximately 0.1%.
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Table2.2 - Colonoscopy indicationgL3]:

Colonoscopy indications

Evaluating an abnormality found using barium enema

Evaluation of unexplained gastrointestinal bleeding

Unexplained irordeficiency anaemia

Investigating the colon for synchronous canoeneoplastic polyps

Precise diagnosis of chronic inflammatory bowel disease

Unexplained, clinically significant diarrhoea

Diagnosis and treatment of colonic lesions

Foreign body removal

Excision of colonic polyp

Decompression of acute nont@tnegacolon or sigmoid volvulus.

Balloon dilation of stenotic lesions

Palliative treatment of bleeding neoplasms

Marking neoplasms for localization

It is easy to see why there are estimated to be more than 14 million colonoscopies carried
out aroundthe world each yeaf27]. Due to the nature of the procedutghere remain
several contraindicationt® performing a conventional colonoscopy, the primary one being
severe inflammeory bowel diseasen these caseghe colonic wall is particularlgensitive

to perforation[13] andalternative procedures are required

2.3.2. Conventional colonoscopy
By far the most common invasive procedure for inspecting the colon is the conventional

colonoscopy; this is the benchmark that any alt#ive should improve onThe total
colonoscopy is a procedure by which tatire coloncan be inspected and, in some cases,
allows for local therapeutic action. It was firgtescribedby Shinya and Wolff in 1969,
bringing about the development of an effive means ofliagnosing diseases and carrying
out small procedures, such as polypectdniy situ Since then the colonoscopic procedure,

and the equipment used, have improved significantyS a dzf G Ay 3 Ay Al 06S02

adl yRINRE T amlprévérBionfSalofal fe@piasms, as well as the diagnosis

of a number of colorectal diseasgs3].

”Removal of an abnormal feature called a polyp.
10



2.3.2.1. Colonoscopy equipment
The conventional colonoscope is a flexible tube,-130 cm long and .3 - 1.5 cm in

diameter. It is fitted with an actuatedection at thedistalend to facilitate passage around
the tortuous colon Thiscan be bent in any diréion using thesteering controlsThe core of
the colonoscope usuglicontains a channel for too&nd cablesfor the various lights and
cameras present at thiép of the instrument Figure2.2). Additional equipment is required
to carry out a colonoscopincluding a diplay for the reatime images from the colonoscope

and a unit to regulate presire within the colon

Video
camera
lens

| ireigation

cross section
of colon and

/
Instrument
channel

A: Position of the colonoscope in the colon; B: endoscopic view;
C: detail of the colonoscope tip

Figure 22 - Colonoscope within the colon, including detail of the colonoscope {i@8]

2.3.2.2. Outline of the current procedure
When required, a total colonoscopy procedure consists of four disqoateses bowel

preparation, sedation, colonoscope insertimmd colonoscope withdrawdll3]. Theseare

briefly described below:

11



Bowel preparation

Bowel preparation is an unpleasant but essential part of the colonosaegyiired to
improve vision of the colonimucosa Most preparation methods involve the adminestion

of an oral laxative the day before the colonoscopy in otdgyurge the colon of any residual
matter. The intake of clear fluids during this period is highly encouraged to prevent
dehydration. Most procedures involve the ingestion of FEH& (a balanced electrolytic
solution containing polyethylene glycol) or Ppbesoda (sodium phosphate). A strict
dietary regime is then followed, with regular ingestion of the selected laxative and
electrolyte solution. Antispasmodics are usually administered during the procedure as

circular muscle spasticity is known to impasion of the colon.

Sedation

Most colonoscopy procedures can be performed successfully without sedatitn
endoscopistsare encouraged to have a flexible attitude towards patient sedation. This is
because of the anxiety understandably involved in the diagnosis of diseases, embarrassment

due to the invasiveness of the procedure and-prepted pain.

Colonoscope insertion

It is common forcolonoscopistso perform atotal colonoscopyhundredsof timesandyet it
remains a difficult technique tperfect. It is said that m average of 275 procedurese
required before achieving competen¢29]. The procedure is difficult because it involves
the manual insertion of a flexible tube into a compliant, sensitive, tortegsheped and

mobile colon using an external force. The exact technique used varies but wdlehiids

thatthe LIN2E OSRdzNBE NBIjdzA NB& AAIYAFAOIY (G SELISNI A&

colonoscope.

In brief, a colonoscopy involves the insertion of a colonoscope into the anus with the aim of
reaching the caecum and thus observing the whole colon. Thidreegthe simultaneous
controlling of the steering wheel controls with one hand and manual insertion of the
colonoscope shaft with the otherF{gure 2.3). The colonoscope advances when a
combination of external force and internal tip steering is used. Ttereal application of
pressuré, and combined insertion and withdrawal movemengse used to control the
buckling of the device and preveondesirable loopgorming. These loops often prevent
completion of the procedure, can increase patient discomfand can even result in

perforation of the colonic wall (Figuiz4). To aid in the advancement of the colonoscope

8Totheabddy Sy @Al (KS &dzZNBES2y Q3 KIYR®
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andvisualisatiorof the tissue, the colon is distended using a pressurized gas (usually air or
carbon dioxide). This distension often caupasient discomfort butperforms an essential

function (that warm water could also achieve)

descending
colon

Figure2.4 - Diagram showing the unwanted stretching of the colon due to lack of control of the
colonoscope[31]

Colonoscope withdrawal

In order to investigate all parts of the coloavery effort is made to reach the caecum.
Although some diagnosis and interventi@u¢h asiopsies and polypectomies) are carried
out during the insertion of the colonoscope, most are carried out during withdrawal so that

maximum attention can be given to diagnosis rather than colonoscope manipulation.
13



Meticulous inspection of every part of tlelon is carried out to reduce the adenoma miss
rate, a known indicator gfrocedure qualityWithdrawal time is expected to be in the region
of 6 ¢ 10 min[32] with strategies, such as changing the position of the patient, being used
to improve vision of difficli to access areas. Areas thategarticularly difficult to view

include acute flexures and behind haustral folds.

2.3.2.3. Performance/efficacy
Colonoscopies are currently the best means of investigating the inside of the colon and have
made a significant contrution to the reduction in deaths related to colorectal cancer

Although it is a welestablished andvidely practised procedure, it iar from perfect.

The quality of the procedure can be determined by the polyp miss rate andabeal
intubation’ rate [33]. On average, the polyp miss rate is in the range-b2%[3] for polyps
greater than6 mm in diameter, wth some figures rising up 82-27% for polypsess than
6mm in diameter,often resulting inthe need fora backto-back colonoscopy34, 35]
Colonoscopy completion rates vargnsiderably. In a study of over 6000 colonoscopy
procedures, 11% were considered incomplg8]. That figure isesto 35% in aother,larger
study [36]. Although the completion rate is affected by factors sushiresufficient bowel
preparation, severe discomfort angresence of severe coliti87], the difficulty of the
procedureitself (and the associated level of experience requirsdinown to have large

impact[36] [38].

2.3.2.4. Complications

Despite the fact that @ incisions are required to perform a colonoscopy, theresaeeral

types ofcomplicationscan occur duringhe procedure.

Firstly, hjuries to the colorectal surgeon performing the task can occur. In a study of 608
practicing colorectal surgeons, at least one injury or some level of pain was reported by 226
of the surgeons, supmsedly due to carrying out colonoscopies. The estimated risk of injury,

if more than 30 colonoscopies are carried out per week by a single surgeon, was
approximately 47%. Injuries were mainly due to torqueing of the colonoscope during
insertion and continaus use of the control dials. Some injuries watso caused by the

posture of the surgeon during the procedyR9].

For the patient, a colonoscopy is uncomfortable and is sometimes considered painful. A

study of 426 colonoscopies noted that 44.1% of patients reported somedexdmpain40].

9 Reaching theaecumwith the colonoscope.
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In one study, approximately25% of patients repoed bloating and 511% reporéd
abdominal pairf41]. This discomfort is predominantly caused by air insufflation (bloating)
and stretching of the colaa tissue when the colonoscope traversgiexuresin the colon or
during undesirable colonoscope looping; an indication of this discomfort is that one study
reported 88.9% of procedures are performed under sedafinin a large study carried out

in Canadathe chance of a seriousomplicationoccurring was saitio be 0.28%. Other
studieshaverecorded much higher seriousomplication rate®f more than1%][42, 43] The
most common of these was perforation of the colonicliwahe second being post
polypectomy bleeding. Again, the quality of the procedure, in this case measured by
complication rate, was said to be dependent not only on the equipment but on how well
practiced the colonoscopist i§ because of the difficulty fothe procedure[36, 41]
Perforation of the colonic wall is due to mechanical forces appligtidogurgeon, acting on

the tissue through the colonoscofl]. The majority of applied forcdmve a magnitude of

approximately 8N, with torque valuesf +0.2 N.m[44].

It is clear that there is a great need to improvestburrent procedure due to its less than
ideal performance and its numerous complications. This has been an area of significant
research interest; TapiaSiles et al[25] found more than 200 related devices and novel

alternatives. Some of these will be explored in the following sections.

2.3.3. Alternative colon distension: Hydro -colonoscopy
Hydro-colonoscopy involves the use of a warm, clear liquid for colonic distensiien iofa

gas (typically carbon dioxidelhis technique was introduceditprove on the conventional
colonoscopyby reducing patient discomfort in unsedated cases and by improving caecal
intubation rate [45]. The advantages and disadvantages hyabbnoscopy hasversus

carbon dioxidecolonoscopy are shown in Tali2e3.
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Table2.3 - The advantages and disadvantages of Hyax@onoscopy:

Advantages Disadvantages

Reduced overall discomfort and therefore less sedal Residual matter in the colon
required[45-47]. suspended in the liquid thu
obscuring visiof46, 48]

Increased caecal intubation rate imsedated studie$45] | Longer procedure time, primaril

(provided sufficient bowel preparation carried d4i]). due to the need foremoving dirty

Reduced posprocedure recovery tim§9]. liquid during the procedure46,

Reduced elongation of the colon and less exaggerq 47]-
angulations at the flexures (both present innse air
insufflation procedures). This results in an increased ead
insertion (fewer abdominal compressions or patient posit

changes required§7-49].

Currently, theadvantages far outweigh the disadvantages and therefore hgdtonoscopy

was a key inclusion in the CoDIR proposal.

2.3.4. Augmenting the colonoscope
Significant work has been carried out on the conventional colonoscopy procedure with the

aim of maintaining thke core concept buimproving m its various drawback&me of the

current, major innovationfclude

Double balloon enteroscope [50]

This is primarily used for investigation of the small intestine but can be used for difficult
O2f2y2a02Lk OFaSaod ! O2y@SyliAz2ylf Oadér2zy2a0?2
i dzo Bhi® évettube can be inflated to distend the surrounding tissue and any undesirable

loops in the colonoscope are subsequently straightened. This is an effective means of
increasing caecal intubation rates in difficult colonscopiies it is associated wh long

procedure durations.

Colonoscope with adjustable stiffness [51]

This is essentially a conventional colonoscope with the simple inclu$igariable shaft
stiffness. A low stiffness distal end allows negotiation of bends in the colon whilst a higher
stiffness proximal end reduces the chances of loop formation. This has been shown to

reduce patient discomfort and as a result, increase thecabmtubation rate.

16



CapHfitted colonoscope [52]

Polyps are missed even with meticulous inspection of the colon, mainly because the tortuous
shape of the colon and the presence of haustral folds. This innaovetimIves the fitting of

a clear plastic cap to the tip of the colonoscope in order to flatten the surrounding haustral
folds and improve mucosal exposure. This has been shown to improve polypidetect

particularly with polyps less thaBmm.

Third -eye retroscope [53]

This is another innovation aimed at improving polyp détetrates by improving vision of
GKS G(GAa&adzS 0SKAYR KIFIdzAaGNIf F2fRad ¢cKe O2y D¢
NEGNRAO2LISZE  OFYSNY (KFd FR@GFryOSa Ay TNRY

allows visualisation of the blinsbot: the tissue immediately behind the colonoscope.

Although there have been a number of successful improvements to the colonoscope, they
KFE@S y2G YFylFr3aSR (2 O02YLX SiSte FttSOAIFIGS (K

complications and suboptimal permance.

2.3.5. Robot-assisted colonoscopy
The use of robotic systems has become increasingly popular in many industries for a number

of reasons, including their high position accuracy and movement repeatability. The use of
robotics could significantly improvwle colonoscopy procedure and there are a number of

ways this could be done:

2.3.5.1. Automating the conventional colonoscope

Many of the drawbacks associated with the conventional colonoscopy can be attributed to
the manual, external propulsion mechanisithe lar@ forces and undesired colonoscope
looping apply unnecessarily high forces on the coldaving the colonoscope propel itself
from within the colon,using the tissue as an anchomutd significantly improve the

procedure as a wholfs4]. Four such devices adescribedn Table2.4:

17



Table2.4 - Examples of automated / robotic colonoscopes:

Device Description

EndoCrawlef54] The EndoCrawler uses pneumatic bellows to prg
the device through the colon. The inflated bello
M— extend sequentially backwards to push against
.'—— colonic walls, thus providing a propulsive force. T
S FT2NXY 27 dAy OKmwpig Nficienttas i
& relies on the bellows making contact with the tiss
and for minimal slip to occur. Mobility around acu
bends is also limited.
This device also uses an inchworm form
locomotion to traversethe colon. The devicq
comprises of a steerable tip to bend around corne
a pneumatic bellow to extend the body ar
pneumatic clamps at either end to prevent th
device slipping backwards during forwa
e bl propulsion. This devices ability to traverse beras
T with [54], is limited and in this case the clampi
Frontal clamp mechanisms have been shown to damage
colonic tissue.
AerO-Scopd56] The AerO-Scope relies on a pressure different
inside the colon to advance the device.
controlling this differential, the direction and spee
. of the scope can be determined sAal is maintaineq
=l using double inflatable balloons at the end of t
device. This device showed some success

= : /—© traversing the colon but, there was a high level

Steering device

Auto-focus camera

N\
v@&\?'

‘5‘3““
9
|/ %

Light source
|
Rear clamp
Biopsy tools
Channels

el

pain recorded by some patients and the device its
can only be used for diagnosis ashiopsy channels
are included.

A - Rectal Introducer
B - Supply Cable

C - Scanning Balloon
D - Scope

E - Rectal Balloon

Invendo SC2[57] The InvendaSC20 is a computeontrolled device
GKIFG dzasSa Iy aAy@SNISR
itself through the colon. An external driving un
advances the tip of the device by propelling a flexi
inner sleeve. This rolls back on itself as it exter
resuting in the invertedsleeve locomotion. Thd
device currently works showing reduced patig
discomfort, but it is an overall slow procedure a
has a bulky actuation mechanism.

While some othese devices succeed in reducing colonoscopy complicationsrgrdving
other performance aspects associated with the procedure, they do not fully address the
issue of patient discomfort and mobilityithin the colon Furthermore, the size of the

devices and th@rocedure duration still remaianissue.
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2.3.5.2. Capsule endoscopy
One novel solution to the issues facing the conventional colonos¢camd accessing the

gastraintestinal (Gl) tract in genera$ the use of capsulendoscopi¢echnology, a solution
many professionalbelieve to be the future of minimalynvasiveGI screeningb8]. In most
cases this involves the passikiecomotion of a small, wireless capsule through the Gl tract
while in vivo images are recorded andubsequently inspectedoy an expert for
abnormalities This technology is an exciting area of development and, provided it can be
NEBEFAYSRZ g6Aff aNILAREE@ |yR &Ai 3yvayRhe Glitrgcli £ &

noninvasively [58].

The primary advantage ofpsule technologies is their minimallyvasive aspedb9]. This
would significatly reduce patient discomfort angrocedure related complications such as
perforation of the colonic wall an@douldtherefore increase patienblerance Additionally,
due to their small size, these capsutesild potentially increase intubation rates in difficult
colonoscopies[60, 61] Capsule technologies fall under two main categori@assive

capsulesaind Activecapsules

Passive capsules

Passive capsuld&igure2.5) cannot be controlled but are instead swallowed and advance
due to the natural peristalsis present in the Gl tract. Although the simplicity of this type of
capsule is attractive, it is unliketo provide sufficient vision of all areas of the surrounding
tissue because of the lack of movement con{f8, 60] resulting in unreliable diagnosis in
20% of trialg61]. This is one of the most important aspects of a colonoscopic device because
its primary function is te diagnosis of often difficult to identify colonic abnormalities

requiring precise control of the location and orientation

>

| l
il[cam)
! ll -

.

Figure2.5 - Pillcam, a common passive capsule used to investigate the Gl tract (ca. 11 x 32 mm).
[60]

10 Not requiring any foreign internal or external locomotion mechanism.
19



Active capsules

Active capsules aim to improve on the shortcomings of passive capsules by giving the
SyR2a02LAaid az2yY$S 02yl NE fthugdiigthemn g potéritidlid dzt S Qa
carry out therapeutic procedures and vision of specific regions. This contrdliessad by
incorporating a locomotion mechanism and other tools and sensing modules into a capsule

like device (Figur2.6) [61]. Active capsulesan be divided intdwo subcategoriesExternal

andInternallocomotion technique$59].

Te|em8try

'{' i - ~
Z A E——

- Diagnosis and

manipulation

Figure2.6 - lllustration of an active capsle platform showing key requirementf1]

External (magnetic) locomotion

This involves the use of ax vivomagnetic force to move thia vivocapsule The capsule
shown inFigure 2.7 is an example of thislt contains caefully positioned permanent
magnetswithin its chassiand isingestedby the patient An externally based;BOF robotic
arm with a high strength magnet then used to manipulate the position of the capsul

inside the body by means of timagnetic field.

Onboard camera
and LED

“

e,

Magnets and
sensor

Figure2.7 - A capsule controlled using an external magnet fig&PR]

This is aninimally-invasive, short duration procedure but has several is$62k
1 The magnetic field is temperamental and may be weak with patients who have a
high BMI.
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1 Thepresence of obstacles could result in locomotion inefficiencies and an overall
loss of control othe device.
9 Itdoes not provide atable platform(because itacksan anchoring mechanisnand

so the use of tools is presumably limitéd

Internal locomotion

The limitations of passive capsules, and active capsiitasa form ofexternal locomotion,
highlight theneed for an even more advanced soluti@nfully mobile, semautonomous
diagnostic and therapeutic robotapsule[61]. This is an attractive solution for combined
colonic diagnosis and therapeutic intervention that could potentially alleviate misbt

all, of the drawbacks and limitations of current colonoscqmiocedures.

Ideally, such a device would be: small; robust; extremely molhiéeje an efficient, semi
autonomous locomotion mechanism and would provide a stable platform for the use of
cameras and biopsy tools. The patient would feel little to no digodndue to the relatively
small forces needed by the device to propel itsalfid the consequent lack of colonic
straightening or stretching. These reasonably small fornag allow such a device to be
used in patients who previously we unable to have @olonoscopydue toinflammatory
bowel diseasesThe colonoscopist would be able to fully control the device with relative
ease, reducing physical stress and allowing more attention to be given to the diagnasis. Th
the high mobility, small size and opti of having both forward and rear facing cameras,
could also significantly reduce polyp miss rate$he development of the fully active
(conceptual) capsule shown in Figure Zé€quires extremely small, complex mechanisms
and electronics that exceed thanlits of current technology. A more plausible approach is
to not restrict the size and shape to a capsule. The resulting devices could simply be called
Gaz20AftS O02ft2y2a02L® NRoz2ilatcd

2.4. A mobile colonoscopy robot
The development of a fully mobijlsemiautonomous diagnostic and therapeutic robotic

platform could be a vast improvement on conventional colonoscopy. The use of a warm fluid
(hydro-colonoscopy) could further improve colonic investigation by increasing caecal
intubation rates and by redirg patient discomfort. The focus of the CoDIR project is to use

a combination of these two methods to realise an optimum solution to colonic inspection

11n addition to this, the capsule will always be pressed against the side of the lumen nearest the
external maget, further reducing the efficacy of a@noard tools.
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and intervention. Below is a list of the general requirements of such a robotic device for use

in a hydo-colonoscopy environment.

2.4.1. Device requirements and environmental challenges
The mobile robotic platformwill be required to traverse a very unique and challenging

environment. This is particularly true in the case of hydotonoscopieswhere the device
will not onlybe operating in @ensitive compliant, tubular environment withiarying shapes
and sizes, but will also be fully submerged in a ligUite device may use the surrounding
tissue to push against or anchoreté This will introduce new chahlges considering the
anatomy:the tissue is sensitive to perforationxteemely compliant, irregulartlghaped and
has a low coefficient of friction due to a thick layer of muguke lumen giving rise to a
complex set of frictional characteristicalternatively, the device could swim through the
liquid medium with little to no contact with the surrounding tissue (provided there is
sufficient colonic distension)A device operating in such an environment would have a
number of requirementgor it to be swwcessfulThe more important requirements with the

reasorsfor each are shown inrable2.5 and continued in Table 2.6

Table2.5 - General requirements for a mobile robotic platform for hydreolonoscopy

Requirement Description Justification
Studies on the anatomy of the cold
- : . estimate a minimum colon diameter (
Have a rigid diameter ideall . L
. 26 mm, giving an indication of th
Small size less than 26 mm and a lengt . , ; -
less than 40 mni8, 14, 15, 63] maximum width/diamete of a rigid
o robot. A short length would improv{
mobility around acute flexures.
In order to be a viable replacement f
Complete a standarq a conventional colonscope, a M(
. colonoscopy in a one hoy should not lengthen the already tim
High peed . . . )
timeframe, preferably reachin¢ consuming procedure as this cou
the caecum in & 8 min[63]. increase procedural complications aj
COSts.
Traverse the full length of thg iy 1S eue) M e case as
. . . would directly affect the diagnosti
. . large intestine; turning corners :
High mobility , ; | performance of the device. Th
stopping, starting and reversin L L .
N mobility is also crucial in ensurin
its direction at the caecurj63]. ; :
successful caecal intubation.
The colonic tissue is sensitiVi
particularly in patients suffering fron
diseases such as diverticulosis. T
Cause little to no damage to th |nteract.|on of the devpe Wi the
Safe . L colon, in terms of material chemisti
surrounding colonic tissu@3]. .
and physical contact, must not cau
damage to the tissue. As with all oth
in vivo medical devices, this is ¢
paramount importance to this device|
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Table 26 - General requiremets for a mobile robotic platform for hydrecolonoscopy

(Continued).

Requirement

Description

Justification

Be alaptable

Operate in a wide variety @
patients.

In order to be successful, the devi
should be able to operate in patient
with a large variability in colo
diameter, shape and tissue surfa
features.

Provide atsble
platform

Provide a stable platform fo
the use of cameras and biopg
tools.

In order to successfully view details
the colon with an orboard camera, 4
stable platform is required with {
smooth locomotion technique
Additional therapeutic tools require
stable, anchored device in order {
operate accurately and efficiently.

An dfective
locomotion
technique

Have a robust locomotiof
mechanism and appropriat
locomotion techniqud63].

Locomotion is potentially the greateq
challenge involved in designing such
device. The technique used should
appropriate to the unique environmen
of the colon; it must provide efficien
and reliable locomotiomn vivo(despite
the tissue frictionakharacteristics and
mechanical properties). Th
locomotion technique will determing
the procedure length and overal
effectiveness of the devidé3].

Be pbust

Overall robust device and
possible, an included failsafe

Failure in vivo would have serious
implications. A failsafe may have to |
included b manage the potential risk
of device malfunction.

Overcome tether
drag (thrust)

The device should have th
ability to pull a tether behind
itself, achieving an averag
thrust of at least 1 ¥ to
overcome the associated dra

Ideally, anin vivo device should be
wireless as it would increag
biocompatibility and device mobility
However, most devices include a teth
as it simplifies ofboard electronics
power supply and provides a means
manually removing the device in th
event of a malfunction (fésafe).

Easy to use

The device should operate i
the colon with minimal inpuf
from the user.

A significant cause of many of th
drawbacks of colonoscopy is th
difficulty of the procedure (and thd
required experience) [36] [38]. A
procedure that is easy to perform wi
allow more attention to be given td
important tasks such as diagnosis &
surgical intervention.

These majorequirements will be used to assess the effectiveness of current devices and

the design of future concepts.

2 This is an estimate from preliminary experiments conducted by researcher in the CoDIR group.
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2.5. Locomotion techniques
It is clear that hoosing an appropriate form of locomotion is crucial for the effectiveness of

the device It must take into accourthe uniqguegeometry of theenvironment, as well as

the tissue and lumen propertieglthough there has been significant research focus on the
design of active devices to traverse the intestipnesing anumber of different forms of
locomotion ¢ no device has fully succeeded due to the challenging environment.
Furthermore, substantial work has been done on devices operating in a collapsed colon and
less on devices designed to operate in a distended édldhe tissue properties arcolonic
environment vary considerably between a collapsed and distended colon, therefore the

design features will vary considerably too.

There are two broad classes of locomotion technique that could be USedtactbased
locomotionand Swimmingin the liquid filled colon(having limited to no contact with the
tissue). This section includes a number of designs that have been (or could be) used for an
active, mobile colofbased device. The focus of this thesis is to design a device for use in a
hydro-colonoscopy procedure and so the effectiveness of each design for use spéuitsic
environment will be reviewed in the following format: Description of the technique; an

example device and; whether it is feasible (when considering this context).

2.5.1. Swimming forms of locomotion
The useof a liquid to distend the colon during hydomlonoscopy is a relatively new

technique that has yet to be widely adopted. Consequently, no robotic devices purposefully
built for swimming in the tortuous, fluidistended colon @grrently exist. One of the primary
advantages of hydrgolonoscopy is the reduced patient discomfort. Intuitively, if a device
could be designed to swim within the colon with limited to no contact with the tissue then
discomfort could be further reducedsavould other complications such as tissue damage.
As there are currently no hydroolonoscopy specific robots, general swimming techniques

that are used, particularly in small robotic devices, will be investigated.

2.5.1.1. Conventional propeller

DescriptionlUsing conventional propellers to provide propulsion.

ExampleCarta et al[64] developed a propellebased capsular device for use in the fluid

filled stomach. The neutrally buoyant prototype caps{dlé x 40 mm), shown in Figure 2.8

13 Additionally, m recordedwork has been found on devices designed to operate in a-fluid
distended color(hydro-colonoscopy).
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comprises of four propellers (3 mm diametefch powered by a DC mot@F x 8 mm, Didel
MK04S24).

Figure2.8 - A device powered by four conventional propellergg4]
Feasibility:¢ S&ada aK2gSR daal GAaFlI OG2NR NBadzZ Gda Ay
FdzG2y2Ye&é GAGK GKS 2LISNIF G2NJ O2y {eMpaithbugly 3 (G KS
this capsule originally had a different application, such a design could be used in a hydro
colonacscopy procedure. The small size and its controllability mean that it has great potential
to traverse the tortuous fluid filled colon. However, limitations such as low thrust (likely
preventing the use of a tether) and the restricted space foboard took suggest that it is

not suitable for this specific application.

2.5.1.2. Ring thruster
DescriptionReplacing conventional propellers with ripgpellersas a form opropulsion

ExampleKennedy et al65] describe the design of a ring propeller, shown in FigueeThis
differs from a conventional propeller in that therg no central hub connecting the blades
to the drive shatft. Instead, the blades are connected to an outer ring which is the rotor of an

electric motor. A stator ring around rotor completes the propeller unit.

Figure2.9 - An exploded view of a ring propellef65]

25



Feasibilitylt was ®en that these propellers were between 40 and 80% more efficient than

alternative, conventional propeller@ther advantages of ring propellers inclyéé]:

1 Compact mechanism due to the exclusion of gearing and drive shafts.
1 Housing of the blades within the motor unit improviee safety aspect.

1 The design allows for close proximity, counter rotating propellers.

Little work has been done on miniature versions of this type of propulsion. The manufacture
would undoubtedly be challenging but, if an efficient motor can be manufadtand the
thrust is scalable from the larger ring propellers previously tested, this offers a promising

solution to propelling a colobased capsule.

2.5.1.3. Rotating helix
DescriptioniRotating a helix will provide thrust as the threbkk structure pushes ajnst

the viscoudluid medium

ExampleChen et al[67] designed the dvice shown in Figur2.10. It is designed for use in
an endovascular environment and so must be very small (ideally < 3 mm). It has four rotating

helixes to propel and steer the device.

Figure2.10- Example of a device tit uses rotating helixeg67]

FeasibilityThese devices can be sigeeiintly miniaturized and use flexible tails/helixes and

so could provide an attractive, biocompatible solution to swimming within snmaljvo
environments. Such devices do, however, have significant disadvantages, including: the
predicted thrust force is very low and the propulsion is more effective in a viscous medium,
not the watery medium present in hydroolonoscopy. A device with a helilatheter of 5

mm has a thrust of approximately 6 mN at 200 raf@8], much too low for a tethered

device.
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2.5.1.4. Pressurized jet
DescriptioniUsing a simple, high @ssure jet of water to produce thrugtrom the inertial

forces of the accelerated water).

ExampleMosse et al[63] developed the device shown in Figddl 1l This was more of an
internally propelled colonoscope than a fully mobile capsule device, although the propulsion
method could be used for a capsutevice if a tether is included. Mazumdar et [@9]
designed and built the compact, highly manoeuvrable device shown in Rz & he robot

steers itself by means @in-board centrifugal pumps. Although these are used for steering,
they could also be used as a form of primary propulsion in a similar device such as that stated

in [70], which has four eccentriotor pump units based on the Downingtovuber design.

Figure2.12 - A device that uses oiboard centrifugal pumps[69]

Feasibility:An attractive feature of using pressurized water jets for propulsion is that, like
conventional propellers, they can be easily controlled in terms of direction and speed by
using electronic valves. This intumakes devices controlled by them highly molpde].

There is also an absence of external rotating parts, such as propellers, which is expected to
improve the safety gsect. However, the difficulty of achieving sufficient thrust arises when
such devices are scalelbwn for usein vivobecause of their inefficiency (50p&0]). The
well-kknown fact remains that jepropulsion is more suited to low speed applications, and

propellers to high speed applications. Additionally;kaard pumps attain a relatively low
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thrust for their size, with the 25 mm diameter pumps[69] only achieving 0.125 N. An
alternative is using a tether to transmit the pressurized fluid from an external pump to the
device, as i163]. This has the disadvantage of high drag from the tether (especially in the
tortuous colony*. Furthermore, the tether would have to be up to 2 nmdgowhilst being as

thin as possible. Having sufficient flow through such a tube would require a very high
pressure. The device [63] used 20 Bar and only managed to move a distance of 300 mm
proximal to the anus before resistive forces became too large. Some minor tissue damage
was seen and would be expectto worsen if the jet pressure was increased to the required

amount.

2.5.1.5. Vortex rings

Description:Loosely inspired by the propulsion of squid and jelly fish, this involves the

generation of traveling vortex ingsusing pulsed jets of water through a narrawifice.

Example:This form of propulsion was investigated by Mohseni et[&l], as well as a
number of other authors. It is said that this form of pulsed jet is mofieieft than a steady
jet of equivalent mass flow rate, and so aims to improve on the previously mentioned
pressurizedet designs. A simple piston pump is used to firstly draw in water and then
rapidly eject the water through the same orifice. As the atneof water travels out the
orifice it wrapsup into a traveling vortex ring. This procedure is repeated in short succession

to achieve a row of vortex rings and a positive net thrust (Figut8).

Figure2.13- The generating of vortex ring$71]

Feasibility This form of locomotion improves on the pressuri@®& 6 Q& t 26 STFFAOA !
maintaining the same advantages of ¢@h and biocompatibility. However, insufficient

work has been carried on scakddwn versions of this propulsion method and as such, the
achievable thrust is still relatively low compared to the propeller alternativeg.ah a 25

mm piston, actuated using a voiceil, produced a maximum thrust of approximately 70

mN. This value was expected to rise to approximately 250 mN if an improvedcadice

14 A conventional tether containing thin electrical wires would likely have a smaller diameter and,
potentially, lower stiffness (improved flexibility).
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actuator was used. Therefore, significant wevkuld need to be carried out in order to

achieve the desired 1 N from a pump with a diameter less than 25 mm.

2.5.1.6. Fins (fish -like)

DescriptionSimple fisHike locomotion involving sid®-sidemovement of a finSome use
a propulsive wave travelling dovihe length of the body and/or fito provide a net forward
thrust.

ExampleGuo et al[73] develged the device shown in Figuel4. It is designed to mimic

the undulating swimming style of fish, where a propulsive wave is propagated down the
body and/or fin. lonic exchange Polymer Metal Composites (IPMC) actuators were used to
achieve the motion. Wag et al.[74] developed a similar device, exgteShape Memory
Alloys (SMA) were used with an elastic energy storage mechanism to improve actuation
efficiency (Figur@.15). Takagi et al.75] designed a robot to mimic the swimming style of
rays (Rajiform swimming). They achieved this using multiple IPMC actuators positioned
parallel to each other down the length of the fin (Fig@r&6). Actuating them sequentially
produced a traveling wave which then resulted in a propulsive force. Kosa Et64l.
despned a swimming device that propels itself by means of a travelling wave, produced

using piezeelectric micreactuators (Figur.17).

Lead wire

| Body with IPMC actuator

Figure2.14 ¢ Example #1 of a simple finned device using IPMC actuatai3]

|
( l Biomimetic Caudal
| Body I}]\ fin ,I fin I
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Figure2.15 - Example #2 of a simple finned device using SMA actuatj@d]
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Figure2.16 - Rajiform swimming using a flexible fij75]

Figure2.17 - Example#3 of a simple finned devicq76]

FeasibilityFishlike propulsion is said to more efficient than propelbased propulsion, with

the added advantage of a smaller turning radizg] (a clear benefit for a device operating

in the tortuous colon). The propulsion mechanism could be made to be simple and compact,
potentially allowing these devices to be significantly miniaturized. Furthermore, the flexible
nature of the devices means they would increase their feasibility for use in sensitive,
constricted areas. However, swimming using a flike form of locomotion also has its
drawbacks, the most notable is that, while recorded velocities were high (uf2arin/s

in [74]), the propulsive forces of sudevices areverylow (3.75 x 18 N [73]). This sevely
restricts the possibility of tethered devices as they would most likely have insufficient thrust
to overcome the associated drag. In hydr@onoscopies there may be air pockets and/or
stenosis of the colon and a swimming device would struggle iretlsases, reducing its

overall feasibility for practical use.
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2.5.1.7. Summary z swimming forms of locomotion
Swimming devices designed for use in the colon would have a clear biocompatibility

advantage as they would have limited contact with the sensitive colealls. This lack of
lumen contact and potential for miniaturisation could result in high mobility and thus caecal
intubation rates could be high. However, two critical issues currently remain with this form

of locomotion:

1. Generating sufficient thrust Ths seems to rule out fibased methods as well as
most pressurized jet methods, although pulsed vortex rings and propellers (both
conventional and ring) seemore promising. The most capable methods could still
struggle to achieve sufficient thrust to paltether.

2. Carrying supplementary toosBy their very naturethese devicesre designed to
be small, compact and do nincludea means of anchoring themselves against the
tissue for stabilityThis complicates the inclusion of-toard tools as they rtanly

add weight and complexity but are more effective from a stable (fixed) platform.

These limitations point towards the use of the surrounding tissue for propulsion and

stabilisation (anchoring).

2.5.2. Contact-based forms of locomotion
The two major issuggresent in swimming forms of locomotion could be solved by using the

surrounding colonic walls as an anchor to push or pull against in order to propel the device.
It would also provide a means of keeping the device stationary, allowing supplementary
tools to be used. Relying on the tissue to propel the device does present some new

challenges, including:

1 Maintaining a high level of mobility whilst being in continuous contact with the
tissue.

{1 Attaining sufficient traction and having a large enough sttoteecarry out efficient
motion in the flexible, low friction environment.

9 Adjusting to the variable shape and size of the colon while achieving the above.

1 Realizing all the aforementioned without damaging the sensitive colonic tissue.

5 Because of the inherent low friction there is likely to be a degree of slimglcontact. When
traction is made, the soft, elastic tissue needs to be deformed a certain degree before providing
sufficient resistance for locomotion.
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Below are some locontimn techniques currently used for coldrased devices, and others

from different applications that could be adapted for use in this context:

2.5.2.1. Impact-driven

DescriptionThis maintains the compact shape of a capsule and locomotion is achieved using
the inertia of a moving mag® propel the robot forwardgFigure2.18). This can be described

a4 GQOAONI (2[R f202Y20A2Yy¢E

ExampleThe device designed by Carta efar] uses an oftentre rotating mass to achieve
vibratory locomotion. Because theass is oftentre, a net forward force is produced and

the capsule advances in small steps.

(a) Inductive power receiver

(b)

Vibration Motor

Figure2.18 - Impactdriven capsule deviceg.77]

Feasibility:This form of locomotion is most effective on hard surfaced ao would be
extremely inefficient in the mobile and compliant colgiT] ¢ the energy from the vibrating
mass would be dissipated through deforming the vistastic tissueFurthermore, although
the capsule is compact, the lack of fine movementtoan lack of device steering and
anchoring mechanism would not allow the housiagd effective useof supplementary

tools.

2.5.2.2. Elongated toroid
Description: This is a unique form ofodomotion designed to mimic theytoplasmic

streaming ectoplasmic tub®undin amoebad-igure 2.19, a

ExampleHong etal[78]RS & A 3y SR -shiKl&omoighk22yT RS OA 0S €218, K24y A
b. It aimed tomimic the natural system by contractirane end of a mobile toroid. This

results in the extending of the opposite end of the devicéhagoroid turns itself insideut
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(Figure2.19,a.). Activating the gmropriate ring actuator (eg. 1la, 2a or 3a in Figlri9,a.)

as it reaches the end of the toroid resuiltsa continuousorward motion.

a. Endoplasm
Hyaline cap

Ectoplasm

Pseudopod

Figure2.19 - Elongagd toroid form of locomotion. a. The locomotiotechnique. b.An example of
such a device[78]

Feasibility:This has the potential to effectively move inside the colsntlee whole body
generates traction whilst the front advancéslt has the additional advantages of reduced
tissue damage and having a compact shape which could result in high caecal intubation
rates. However, this is a complex locomotion mechanism tha hat yet been fully
developed or testedn viva Furthermore, the lack of fine steering control and the fact that

the actuation mechanism dominates the composition of the body reduces its ability to house

1 This could also exploit the larger magnitude static friction.
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additional tools and cameras. It also does notdhavmeans of actively changing its diameter

which may limit its use in a distended colon (due to less ddissee contact).

2.5.2.3. Wheeled/tracked

Description:This involves the use @bnventional wheels or trackspaced evenly around
the body, to propel thedevice through aubular environment. Some form of extension
mechansm is often used to ensure thweheels/tracks remain in contact with the surfaae

the diameter of the tubulaenvironment changes.

ExampleSliker et al[79] developed the tracked device shown in FigAr20, a This device

has a track on each side to provide propulsion, with a textured track suttaimprove
traction. It was designed for use in the small bowel, but is not constrained to it. During one
study, it was tested and deemed suitable f@tural orifice transluminal endoscopic surgery
(NOTESAnd for use in the colan

Kwon et al[80] designed and built the pipeline inspection robot shown in Figug®, b
Although not designed for uga vivg such a design could be implemented due to its ability
to adapt to varying diameters (advantageous for maintaining traction within theng. A
similar device was developed by Park ef&il)]. This comprises of a single module which has
the ability to adapt more easilto changing diameters and has improved mobility around
bends (Figur@.20, ¢). Liu et al[82] used wheels instead of tracks, with a flexible, madul

layout to improve mobility around bends (Figur@, d).

Lambrechtetal[83]a K2g K2¢ |y Ff GSNYIFGAGS (2 620K

used to improve mobily over uneven terrain (Figure 2.20).e.
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Tett
a_ ether Dome Lens
Cover

Micro-Patterned

Treads . \

Camera

Figure2.20 - Various wheeled / tracked devices. &@.c. Tracked deviceq.79], [80], [81] d. Pipe
inspection, wheeled devicg82] e. Device using Wheg$83]

No such device has currently been designed to replace a colonoscope and to be used in a
distended colon, particularly one that is fluid filled. Therefore, some general assumptions

will have to be made on the feasibility of such devices.

Feasibilityln one study, the robot described jfi9] was successful in achieving locomotion
in vivg but the tests highlighteé some common issues with using such devices, namely the
difficulty in miniaturizing the complicated actuation mechanism and the often slow

35



movement speeds due to high torque requirements. In terms of mobility around tortuous
bends, tracked devices woultigoretically perform badly due to their sigieer approach,

and their long and inflexible tracks/bodies. Modular wheeled devices such as that described
in [82] are more promising in this regard, due to their smaller contact areas and more flexible

bodies.

A major concern with wheeled devices is attaining sufficient traction on the compliant,
slippery and uneven colonic lumen. Pipeline inspection robots adpest diameter to
maintain contact with the surrounding surface. A similar approach could be used to improve
traction in the colon. Tracks are known to have higher traction than wheels but due to their
drawbacks of high complexity and inflexibility, aneatiative approach would be
FRGFYy(dF3S2dzad hyS | LILINERSe Cokbink e abstable tordeSing2 T
ability of legs with the simplicity and high rotational speeds of whi&3E It is hypothesized

that the higher contact pressure of the individual legs will help to improve tradt the
colon by deforming the tissue surface and penetrating the slippery mucus layer to reach the
higher friction mucosa surface. Combining the features of diameter adjustment seen in
pipeline inspection robots with an optimum wheel design may be ansmg solution to a

mobile colorbased device.

2.5.2.4. Screw thread
DescriptionA rotating, spirashaped structure is used to provide propulsion. As the thread

interlocks with the surface a net force is generatethia axialdirection (Figure2.21, a).

ExampleKim et al.[84] describe a novel solution to propelling a device within the colon.
Locomotion was successful after several aspeétthe design were optimized including

component mass, dimensions, rotational speed and spiral shape (Edireb).

a ¢ \lOVing direction
A
=277/
Driving motor =P Propulsion force generated

by spiral motion
Interlocking between the spiral
structure and the intestine surface

Figure2.21 - Screw threadbased locomotion. aThe locomotion technique. bAn example of a
device.[84]
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Feasibility:This device has a significant advantage of reduced complexity and so could be
easily miniaturized. However, a fumchental issue with this design is the high probability of
twisting the colonic tissue, causing both tissue damage and inefficient locomotion.
Furthermore, the device does not have the ability to be steered and would not provide a

fully controllable, stablglatform for surgical tools.

2.5.2.5. Snake-like

Description:These devices usserpentine locomotion to propel thaselves In smaller
snakes, this involves the movement of aslfaped horizontalvavedown the length of the
body to push against obstacles againstthe ground itself. In larger snakea form of
peristalsis is usedjmilar to tie inchworm form of locomotion. A combination of both forms

could be used.

Example:Crespi et al.[85] designed and built an amphibiouspakelike robot that

successfully achieved both ground and water based locomotion (F2ge@e

-

Figure2.22 - Amphibious, snakdike device.[85]

Feasibility: The amphibious nature of this dee and its relatively small diameter are
attractive features. However, it is not suitable for use in the colon because of the space
required to carry out serpentine locomotictithe device would likely struggle around acute
flexures and restricted diamets. It also could result in patient discomfort and tissue
damage due to its size and form of locomotion (causing potentially large deformations of

the colong ie. stretching the sensitive (innervated) mesocolons).
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2.5.2.6. Inchworm

DescriptionThis is one of thenost popular forms of locomotion developed for use in the
human Gl tract, due largely to its simple mechanism and compact shape (similar to that of a
worm) [86]. In its simplest form,this locomotion techniqueinvolves the positive
displacement of the devicby a actuating acentral cextenso€ and the control of friction

using some form of clamp at either end of the de\J&®]. Therefore, these devices operate

most effectively in a small diameter lumen.

Example:Phee et al]87] describe the design of a prototype inchworm device that uses
expandable body segments and a mechanical clamp at either end to propel itself within the
colon (Figure2.23). Wang et al[88] use a similar design except the mechanical clamps are
replaced with a high frton, full-bellow skin (Figure2.24). Other methods, such as
expandable bellows and directional friction, have been used to achieve the required friction
control, with similar success attainebhe device shown jririgure2.25[89], uses extendable

FNXYa a yOK2NARA® ¢KS apad Siincreagel frigthn agdidStdne I £ &

colon lumen.

Figure2.24 - Example 2 of an inchworm devic88]
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Figure2.25- Example 3 of an inchworm device, showing a novel method of controlling friction.
(89]

Feasibility:The success of these devices in a flistended colon is unknown but assumed

to be poor due to the consequent lack of traction (reduced tissue contact). Many studies
have been carried out in collapsed colons. In these studies, a large stroke (sometimes greater
than 100 mm) is required to achieve effective locomotisignificantly @formingthe colon

YR NBIdZANARY3I | f2y3 02Re8d® ¢KAa AY(INRBRdzOSa
STTSOG¢ HKSNB GKS (AaadzS Aa RST2NN¥SR RdzNAy
achieving a positive displacement, resulting in very inefficlecomotion. Secondly, the
stretching of the tissue could be uncomfortable for the patient and could potentially cause
tissue damage, particularly if a mechanical clamp is used to anchor the Helzstly, this

type of locomotion is not particularly Mlesuited to the acute flexures due to its long length

and the aforementioned accordion effect. The inefficient locomotion technique may result

in a poor caecal intubation rate, may not allow it to be used in patients with weakened
colonic walls and may plong procedure time. A general lack of fine movement control and
mobility adds to its ineffectiveness and furthermore, reduces its ability to house

supplementary tools.

2.5.2.7. Legged

DescriptionUsing varying shaped legs, fatesign and walking gait to achiel@omotion.

This requires the synergy of both: achieving contact with the tissue (so that a force can be
transmitted) and the displacing of those contact points to achieve locom¢@idj This type

of locomotion has been widely researched as it is expected to achieve higher locomotion

efficiency than the inchworm techniqyé1, 92]

7 A mechanical clamp is often ustmlensure sufficient traction in the slippery colon.
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Exampleli et al.[91] designed a device that aims to mimic the movement of the natural
mucuscilia system (Figure 26). This is a very simple device with legs that have only a single
degree of freedom and a gait that avoids the accordion efféatdastri et al[92] present a
12-legged devicéesigned to be swallowed and then distend the tissue while advancing with
a simple walking gait. Traction was achieved by using-8haked feet and a large mber

of legs (ie. contact pointsallowing for reduced individual contact forces) (FigRr2?).

Figure2.27 - Example 2 of a legged devic®2]

Feasibility:Legged devices are often chosen because of their adaptability to challenging
surfaces and enkdnments. They also have the ability to avoid critical areas and so could
reduce tissue trauma. The actuation mechanism used and the lever effect of the legs often
results in a large stroke length, advantageous in the mobile colon. Traction could also be
optimized by varying the foot design and increasing local tissue deformation at each contact
point[90]. One of the main issues with legged devices however, is the high complexity which
adversely impacts miniaturization. This could be addressed by using a gait that can be
simplified to a basic, alternating sweeping action with a single degree afdneeThis will

NEBadzZ G Ay | GSOKYyAljdzS AAYAfINI G2 0GKS aY20AyY
possibility of miniaturization and increase the robustness of the device.
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Another issue with legged devices is their effectiveness in a distended. cthis requires

long legs in order to make contact with the tissue and would consequently introduce a new
problem: the increased overall size of the device and the resulting reduced effectiveness in
small apertures. Finally, in order for a legged deticke feasible, the foot design must be
optimized. The previously mentioned devices utilize a relatively small foot size and high
rigidity material. Although some thought has gone into biocompatibility, these devices could
still potentially damage the saitive tissue at the highly deformed contact points. This
suggests the need for soft, compliant limbs with additional consideration into the use of less

destructive traction/adhesion mechanisms.

2.5.2.8. Simplified legged (moving anchor)

Description:This is ssimplified legged form of locomotion and involves tmeving of an
anchor point down the length of the device. This cobédachieved, for example, by the
moving of legs down the length tife body in wavegsimilar to a millipededr, by the linear

movement of a clamfanchor.

ExampleKim et al [93] desighed the device shown in Figure 2.ZBhe robot extends its
arms out to make contact with the tissue of the collapsed colon before moving the anchor

backwards to achieve a forward step.

Paddle
Camera  Outer Ring '

Module Lead Screw

= Micro Brush

(il l W /D(‘Mumr

ht

o]

A Inner Cylinder
Outer Cylinder \

Outer Body

Figure2.28 - Example of a device using a "moving anchd@3]
A.shows the mechanism and B. the prototype and scale.
FeasibilityThis form of locomotion has the primary advantage over other legged devices of
being compact and simplelts main drawbacks, when considered for use in hydro
colonoscopy, are its presumed ineffectiveness in a large diameter (distended) colon. This

issue, as with conventional leggeéevices, is due to the relatively short extendable arms

41



which would not makecomplete contact with the tissue in large apertures and would
therefore have low traction. They could be lengthened but this would then require them to
have a complex mechanism to adjust their length for narrow apertures and negate the

original advantagef simplicity.

The arms irFigure 2.28&re rigid and sharp in order to produce a reliable anchor. This could
seriously affect the overall biocompatibility due to a high risk of perforation of the colonic

tissue. This form of locomotion also requires egéastroke in order to overcome the
GaGNBGIOKE Ay (GKS (AaadsS yR a2 NBIldzZANBE | N
body. It also has some limitations when considering the mobility, as there is no steering
YSOKIFYAAY I yR { Ks3nost#fféeivé i enQdiréctiah diy. A 2 y

2.5.2.9. Summary - Contact-based locomotion

When compared to swimming methods of locomotion, tleentactbased forms of
locomotion show great potential in the area of propulsion force and ability to house surgical
tools (due to their stable, anchored platforms). The primary concern with this type of
locomotion is achieving sufficient traction while maintainingtbatobility and safety. This

is where most of the current designs fall short. The devices that seem to achieve the highest
traction are the ones that deform the tissue, for example the legged designs. However, these
clearly have a higher risk of causingtis damage due to high contact pressures. The most
promising solutions in terms of mobility are simple legged devices and varying diameter
wheeled devices. These have the ability to steer around flexures in the colon and the high
stroke length (or continuas rotation in the case of wheels) could produce effective
f202Y20A2y o0& AYONBFaAy3d GNIF Ol amasylear iR NI R d:
significant work is still required to produce an effective diagnostic and therapeutic robotic
platform for hydro-colonoscopy. Due to the requirements of having a tether and the ability
to house surgical toolgontactbasedlocomotion seems most suitable. The design of such

a device is challenging and requires the optimizing of both mobility and traction, while

ensuring a very high level bfocompatibility.

2.6. Conclusions from literature
There is considerable motivation to develop an effective procedure for the direct inspection

of and intervention in the colon. The CoDIR progmild significantly improve the cuent
colonoscopy procedure by replacing the colonoscope with a small, mobile robotic platform.
The development of this platform presents a number of challenges mainly due to the
complex environment. This is particularly true with hydaonoscopy, as thentire colon

is filled with a liquid. With respect to the anatomy, the tortuous shape and varying diameter
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suggest a small, highly mobile device is required and the locomotion technique must also be
highly adaptable. The sensitivity of the tissue suggestsft interface is needed as well as a
robot structure that adapts to the environment rather than one that adapts the environment
to itself; this will be challenging to achieve due to the properties of the colon. And finally,
the low friction mucus layenighlights the need for finding a method of achieving sufficient

traction while causing minimal tissue damage.

A number of mobile robotic devices were reviewed. The inclusion of a tether is
advantageous in easing the challenge of developingaard electonics and can provide a
means of manually retrieving the device in an emergency. Although a swimming device
would be beneficial in terms of trauma, the thrust generated by these devices is very small
and would struggle to overcome the tether drag. Furtihere, such a device does not
provide a stable platform for the use of surgical tools. For these reasarmmtactbased
device has been deemed most suitable. Various locomotion strategies were then
investigated and it was concluded that wheeled and legigdces are most feasible for use

in this unique environmenOf these two, wheeled locomotion was chosen as the technique

to explore further. This decision was based on a number of advantages of this method:

9 The continuous rotation of the wheefsayfavour the low friction, viscoelastic and
low modulus tissuelegged and inchwordike locomotionare limited as they
require long stroke lengthand complex mechanical linkages: they first must make
contact with the lumen and then overcome the stretch in tigsue to produce a
net forward movement

1 Wheels can be highly modified to suit their environment, including their shape,
material and surface texture. A specialised wheel could be designed to have high
traction and low trauma in this unique context.

1 The continuous contact with the lumen (contabised locomotion) results in a
stable, anchored platform and could make the use of diagnostic and therapeutic
tools more effectivelit.

1 Actuation of wheels (e.g. using DC motors) is well understood in termsabfaneal
transmission and electronic control. It can also provide both high torque and

rotational speeds.

18 However, one caveat of this is the need for a mechanism to alter the size of the robot
(workspace) to suit the varying diameters of the colon.
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Chapter 3

Mechanical design, fabrication and characterisation

This chapter introduces the RollerBall conagptwheeled robot conceived

prior to this PhD. A series of design refinemémt$is core concepire then

described before going into the detailed design of the de8igecifics on the

fabrication and assembly of the full working prototype are then given before

the chapter concludes with a full benchtop characterisation of the key

mechanisms of the robot.

3.1.

Specifications of a mobile colonoscopy robot

Major requirementsof a mobile colonoscopy robot wemroposedin Table 2.5 and 2.6 in
Section 2.4.1. These were used to inform the design of the robot presented in thisghdsis

to evaluate its performanc@ oadd tothis, Table 3.1 includes the major design specifaai

that were derived from theequirements.

Table 31 ¢ A list of the major specifications of a mobile colonoscopy robot.

Requirement

Specification

Notes

Small size Diameter less than 26 mm | These values consider average
and length not more than 4( diameters of the colomeportedin
mm [8, 14, 15, 63] literature.

High speed A linear speed adt least Assuming a colon length of 1.85
3.85 mm/s. [11][12] and 8 mins to reach the

caecum63].

High mobility Move in forward and reversq The majority of flexures are less

(including effective | directions througha flexible | than 90°, with two on average

locomotion lumen. Traverse a range of | being largef11].

technique) corners from30°to 120°

Overcome tether
drag (thrust)

Greater thanl N gross
thrust.

This was a value proposed after
preliminary investigations by the
CoDIR group on the expected
tether drag.

Safe

Maximum pressure at whee
interface less than 3 B§®4,
95]. Nomechanical induced
traumabeyond mucosal

Pressures in the order of 3 Bar a
said to be required to perforate
the colon[94, 95]therefore,
contact pressure should not
exceed thisAs described by keeet

44




layer after 10 s of continuou
slip.

al., raumaconfined to the
mucosacould be considered
acceptable as it is the underlying
submucosa that contains blood
vessels and lymph nod€36].

Be adaptable

Working diameterof 26 mm
(required diameter) toca. 62
mm.

Based on the expected diameter
ranges in the colofB7] [8].

Provide a stable
platform

Ableto fix the robot position
and orientation (fixed
platform).

Provided the device is adaptable
it should have a stable, fixed
structure to provide a platform fo
the use of surgical tools.

Be robust

Last at least 10 hours of
continuous, manual handlin
and normal operation
(locomotion)without failure.

In a clinical setting, parts of the

device may be deposable and so
onlyrequire a shortifespan, while
others should not fail after many

hours of useThis value was
chosen as a preliminary target fo
the current, 3D printed prototype
and will allow it to be used for all
the bench top tests.

The subsequent pages include the design and fabrication of a robot to meet these

specifications.

3.2. RollerBall: a mobile, wheeled robot
There are a number of different locomotion techniques and potential robot designs that

could be conceptualised for this application. A rewigf current literature suggestetthat a
wheeled robot could be a promising candidate for theDIR projectdcause of a number

of strengths summarised in the previous chapter.

As with any contaed  a SR F2N¥Y 2F 202Y20A2y 3 3IFAYyAy3
efficacy. A number of authors have shown that using a tread pattern can greetgase

the friction on the intesting96, 98, 99]and so it was assumed that this would allow the
effective use of a wheeled device such as that presented!hefde linited literature

available on the design of such devices and the inherent complexity of the environment
means that there are a number of questions on the efficacy of a robot concept that can only

be determined empirically.

3.2.1. Concept overview
A wheeled robotk f f SR

Gw2t Et SNIFffée g1 a O2yOSBOBSR LINJ

illustrates the major design features that it comprises of:

9 This challenge of gaining traction on the colon is engulan great detail in Chapter 4.
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Figure3.1 - An illustration of the core RollerBall concept

This figure showdA. Central chassis with &xpansion mechanista provide a stable platform in varying
diameter lumensB.Wheel mechanisrto provide tractive effort and; C. The stable platform allows ihouse

on-board diagnostic and therapeutic todts provide simir functionality to a colonoscope

At the heart of the design is a central chassis from which extend three radially distributed,
expandable arms. AlBxpansion mechanisRigure3.1, A.) is used to ensure the wheels are
always in contact with the lumen #se diameter changes. At the end of each of the arms is

a wheel, rotated by &Vheel mechanisrwithin the arm itself (Figur&.1, B.). Driving the
wheels produces a net forward or backward movement, and adjusting the individual speeds
steers the device. Ehcontactbased locomotion and ability to adjust the angle of the arms
means the robot can provide a stable platform for the effective use dbaard diagnostic

and therapeutic tools (such as a camera, light source and biopsy Eigure3.1, C.).

RolkerBall went through three prototype iterations before the start of this PhD. The different

versions are shown in Figude2.
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Figure 32 - The various iterations of RollerBall, from the start of tH@oDIR project V1-to the
concept adopted at the start of this Phbv3.

The concept began by using tracks for locomotion (FigLe/1)c chosen for the presumed
increase in traction. This was later switched for spherical wheels because tracks iequire
complex and bulky actuation mechanism which could seriously restrict miniaturization.
Spherical wheels are not only simple to actuate, but they are also compact, an atraumatic
shape and are likely to have good traction as a larger proportion of the vgueface can

make contact with the thin, low modulus lumen (FigGt8).

L

Figure 33 - An illustration of how spherical wheels offer a more functional, less traumatic solution in the
intestine.

Concept V1 and V2 in Big 32 used a passive mechanism to expand the arms. Although

adding complexity, it was thought that more control over the angle of the arms and the
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amount of force they apply to the lumen is requirethis is the main development from V2
to V3. From this stagonwards the arms are actuated by an expansion mechanism in the
central chassis which allows the devicedctivelyadapt to the size of the surrounding

lumen.

The V3 concept was fabricated but not fully assembledcéasbe seenn Figure3.2) or
empirically assessed prior to this PhD; details such as how to packegsaot electronics,
control the device (including both hardware and software components) and information on
how the device performs as a whole, were lacking. Preliminary tests on rokp3 ghowed

that the RollerBall concept had potential but had a number of necessary refinements. It was
decided that the main focus of this PhD should be on characterising, refining and testing of

this core concept with the aim of advancing it to a full wogkprototype.

3.3. RollerBall V4
The development of RollerBall W13 highlighted a number of missing features and

significant challenges. The resolving of these makes up the majority of the work in this thesis
andare summarised in Tabld.2.

Table 32 - A summary of the major changes made to RollerBall and the work cardetito
progress it to a working prototype.

| RRNBaa
Current chapter

Solution
An electronics module at the front of|

Issue/Challenge
Integration of electronics into the

prototype.
Potential stability issue with V3

the robot was designed.

Methods of stabilising the device Current chapter
due to offset location o€entre of

Mass (HereafteilCoM.

were proposed.

Minor issues wit arm design The arm was redesigned to improve| Current chapter

including axle play/alignment, a | axle alignment, reduce the profile of
bulky wheel hub and lack of forcq the wheel hub and include a method

feedback. of force sensing.

Wire routing and device Preliminary work was done on the | Current chapter

encapsulation. efficient routing of the wiring. This
and the design of the electronics
module were done with

encapsulation in mind.

Material selection, fabrication an(

assembly of a robust prototype.

A material was chosen and then

fabrication and assembly were

Current chapter
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refined to produce a functional,

robust prototype.

Gaining traction in the colon. An indepth review of literature and | Chapter 4
an empirical evaluation of a number

of tread designs was oded out.

System development and control The the control and its associated | Chapter 5
electronics hardware were develope
iteratively from openrloop to a more

advanced closetbop system.

The following pages elaborate on some of these major changes made to the concept to
progress it from V3 to V4 (FiguBed).

Figure 34 - Renders showing the advancement of the RollerBall concept from V84amade during this
PhD.

3.3.1. Electronics module

The main motivation for having a device like RollerBall (which is able to maintain a fixed,
stable position in the colon) is the effective use of diagnostic and therapeutic tools. To
achieve this, the first major design modification was the inclusion @l@etronics module.

This could be placed at a number of different locations around the robot however, the
position of the arms makes it intuitive to place the electronics in a module at the front of
the device (asvas illustratedn Figure3.1, C. and Fige 3.4. This module is designed to be
replaceable, anticipating the usefulness of having different functionality based on the
patient and the contextfor example: a simple, low cost module that contains only a camera
and light source could be used farass screening. This could be switched for a more
complex, higher cost module containing-board therapeutic tools for targeted treatment

in an individual patient.
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3.3.2. Stability considerations
Ideally, RollerBall should be able to maintain a central posititin the colon lumen (such

as that shown in Figur@.4) while allowing the orientation (or post) be adjusted.

NBBhNASYGFdA2y NBFSNR (2 GKS Fy3dzZ I N LI2aAd
relative to the axis of the lumen. The orientation showrrigure 3.4 and

Figure3.5, B - where the robot and lumen axes are aligneid hereafter

considered thelesiredd A Rf S¢ 2NASY (Gl A2y @

Initially, the location of the CoM of the robot (positioned in front of the wheels) seems to
present a potential issue Witthis stability. This was confirmed in preliminary tests, where

the prototype was unable to maintain the desired, central orientation.

Referring toFigure 3.5 B The weight of the device produces a torq(ieg) between the
wheel contact point® that acts to rotate the robot destabilising it). This torque is
proportional to theweightof the robot(mg)and distancd.. L is inversely proportional to

the anglea, therefore this torque is most pronounced when the arms are closed (in a narrow

diameter lumen). In air, the only forces opposing this are friction foFeaand R 2

Figure 35¢ Consideringv2 f £t SN1 I £ f Qa adloAfAled

ld ¢SadAay3a Iy SLINDRQLINRIK 26 A QSKAFTK WA A KR SRtraliingrGontala a4 dzS 2 T
orientation was difficult to maintain. B. A Freedy diagram showing the major forces affecting the stability of
RollerBallmgis the weight of the robot, acting from the ColWjg is the resulting torque, perpendicular to the

wheel contact pointsa is the angle of the arm (which determinks); Fng are the forces produced Bipg at

the wheettissue interface andi:; are the friction forces that oppose these.

20The FBD is simplified, in reality there are three wheel contact points: one at the top, two at the
bottom, with the two lower wheels sharing-zand .
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The intended use of water to distend the colon (included in the scope of the CoDIR project)
could alleviate this issue. The electronics module is positioned at the front of the device (ie.
furthest from the wheels) and therefore, the module could be designed to include sufficient
buoyancy to counteract, or at least assist with, the offset CoM (weight). Nevertheless, a
practical limitation during laboratory testing of the prototype is that this solution is
completely dependent on the support of the fluid and this could complicate testing. Two

temporary alternatives were explored:

1. Apassive spring mechanism at the front of the robot to support the offset CoM
This was realised by incorporating a simple spring element into the electronics module and
designing it to deform from two main force vectors (represented by arrows in Fg6ira):
approximately fronton (e.g. a haustral fold) and from below (e.g. theight of the device

(mg) and narrowing diameters (elastic restoring forces from the tissue).

Figure 36 ¢ Integrating a passive spring element.

A.An early RollerBall prototype with integrated spring element to support the front of the robot (offset CoM)
GKS INNRga aKz2g GKS RANBOGAZ2Yya Ay KAOK (GKS -aLINARy3 A
LI O1Q LXr+raidaldoe

Preliminary tests ink WBAEOWQ LA FAGAO0O GdzoS aK2¢gSR GKIQ
effectively support the device (FiguBe6, B.) and deform over obstacles however, a crucial
limitation halted further use of this option: the spring element (a physical protrusion)
severefNB A G NA O a GKS g2N] aLl OS 2F GKS NRoz2idQa

2. Anartificial environment that allows RollerBall to gain large amounts of traction
The second option assumes that if there is sufficient traction between the wheels and the

lumen, the friction forces @in Fogure 3.5, B. combined with the tractive effort from the

pKSSfta O2dA R 2Ll13asS GKS 2FFasSdid /2a |yR KSf
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absence of any protisions (such as the spring ip@n 1) also allows the orientation to be
adjusted in anylirection and hence more closely represent the intended use/performance.
This high traction option was used for the remainder of the work presented in this thesis,
with various soft silicone tubes being used as the test environments in Chapmed 5
Chapte 6.

3.3.3. Arm design
A number of modifications were made to the robot afReferring taFigure 3.7The profile

of the wheel hub was reduced to ensure maximum wheel contact otigtin® ball bearings
were included to reduce the axle play and improve alignméme base of the arm was
redesigned to incorporate force sensors (a Halfige strain gauge circuit) and lastly, the

efficient routing of the motor and sensor wires was considered.

Figure 37 ¢ Renders showing the design progression of the arm (wheel mechanism).

3.3.4. Preliminary encapsulation considerations
The scope of thiprojectdid not include major factors associated with commercialization,

such as: mass manufacture and assembly; unit cost (including whether whole or part of the
device would be disposable); biocompatibility (in terms of the materials used) and; complete

encapstation and ability to be resterilised. However, two preliminary steps were taken:

ALY F YFNNRBE RAFYSGSNI fdzyYSy oF Nya aOf 2aSRéE0VIT (A3
and increase drag. The highest point on the arm is the wheel hub; the size of the wheels could be
increased to be protrude much further than this point,thihis would also increase the overall
diameter of the robot and restrict its use in small apertures. Currently, the best solution is to reduce
the profile of the wheel hub as much as possible to ensure maximum tisheel contact.
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1. The previously mentionedjetachable electronics modulgroupsthe sensitive
electronics in a housinthat would be easier to seal than if the components were
distributed aross the robat

2. The routing of the wires, including details of how the tether attaches to the rear of
the robot and how the expansion motor (previously exposed ins/&vered, were

carefully considered

3.3.5. Fabrication and assembly
RollerBall VA3 highighted the challenge of fabricating and assembling small, intricate

robots. At this scale, the small parts are fragile and require careful selection of the tolerances
used between puslfit components. The prototype needs to function properly while being
robust enough to carrput a number of potentially long duration, challenging benchtop
tests without failure. If parts do fail, they need to be remade and replaced with relative ease
S0 as to not slow prototype development. A precise and accurate 3D priethgique was

used to manufacture the individual parts from a durable resin. These were post processed

by hand to ensure a suitable tolerance and surface finish before assembly.

3.4. Detailed design
This section provides a full description of RollerBall (Vid)is approximately divided into

three subsections based on the key components: Wheel mechanisnfFigure3.8, i), the
Expansion mechanisiffrigure 3.8, ij.and theHectronicamodule(including wire routingand

tether coupling) (Figure 3.8, )ii.

Figure 38 ¢ A crosssectional view of RollerBall V4 showing the three main components

i. The wheel mechanism; ii. The expansion mechanism and; iii. The electronics module.
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3.4.1. Wheel mechanism
The net speed and direction of the robot can be controlled by adjusting each of the three

wheel speeds independently. This setup also allows the robot to twthespot (ie. adjust

its orientation while stationary).

Referring toFigure3.9: Each wheel is actuated by its own high power DC motor located in
the arm. The motor rotates the wheel via a 1:1 bevel gear assembly that is contained within
the spherical wheel. This split wheel arrangement is an efficiea of space and ensures a
compact arm/wheel mechanism (as can be seen in the eestonal view). One of the
bevel gears is fused to one half of the wheel and then the axle is fused to both wheel halves
(therefore, transmitting the torque to the wholesheel). The wheel and axle assembly is

supported by two 5 mm ball bearings.

1 of 2 Strain Wheel nut
gauges
\ DC motor Gearbox Whe(\el hub Wheel half

. . 1 of 2 ball
‘P A bearings

\ Bevel gear
Worm wheel ~ A'm base
" Wheel axle
Shoulder(hinge) 1:1 bevel gear assembly

G
| CE— —
PN T
. | . - 7
s el V| Py

Chassis front

Figure 39 ¢ The wheel mechanism of the robot.

An exploded view of the various components and a cseEgional view of the assemble arm. A5 mm scale bar

is included for both.
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The requirements in Chapter 2 suggest that RollerBall should perform at least as well as the
colonoscopy. This means it should be able to reach the caecu@ imifisg a linear speetf

of at least 3.85 mm/s; the wheels are 17.25 mm in diameter thereforangia rotational

speed of ca. 4.3 rpm (assuming no slip). This is a relatively low speed in the context of DC
motors and so a high torque motor assembly couldibedto ensure the motors do not stall
during normal operation. At the initial stage of demeinent when the motors were
selected, it was difficult to predict the degree of slip that the robot would encounter and the
required tractive effort (torque). Therefore, a 6 mitaxon RE6with a 221:1 reduction
gearbox was selected as it provided a good balance of speed and t(BgeeAppendiA.

for the motor and gear box data sheets).

3.4.1.1. Force sensing

The ability to measure the force applied by the arms (from the expansion mechanism
descriled in the next section) is useful to prevent trauma, ensure wiisslie contact and
control traction. The DC motor greatly increases the strength and stiffness of the arm,
meaning low strain levels are present at the range of forces the robot can qpiply was
confirmed visually (qualitatively) and from Finite Element Anal@idiqworks Simulatign
(Figure 3.1 Therefore, this setup was deemed suitable for using conventional strain
gauges (GF series, foil gauges by TML, bonded with a cyanoaptgistie adhesive). The
arm design and motor position were modified to locate the maximum stress/strain in a
suitable position for the strain gauges:dther-words, far enough from the shoulder joint

to give space for the sensor leads, with the gaugestipogid over the region of maximum
strain to improve signal output (annotated &igure 3.1D A half bridge circuit (compressive
and tensile strain gauges) was used to further amplify the strain gauge output signal and
provide some temperature compensatiom detailed description of the force sensing

(including performance and calibratiosects) is provided in Chapter 6

228 mins to traverse 4.85 m colon.
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von Mises (N/m*2)
6.810e+006

Region of high ..

. _ 5.675e+006
stress/strain e

. 4540e+006

. 3.973e+006
| 3.405e+006
| 2.838e+006
. 2.270e+006

. 1.703e+006
1.135e+006
I 5.677e+005
2.134e+002

Figure 310 ¢ A screenshot of the simple FEA carried out on the arm.

Aforce of 2 N (greater than the maximum force apglby the expansion mechanism, described in the next
sectior) was applied to the end of the motor (modelled as a steel cylinder). The region of high stress/strain is

located approximately in the centre tife strain gauge mounting.

3.4.2. Expansion mechanism
The expansion mechanism is used to adjust the angle of the three. dims has two

purposes: tosecurethe robotin positionby ensuring the arms are always in contact with
the lumen(ie. a stable platformand; to apply a force normal to the lumen both provide

and controltraction.

Referring ta3.11: A worm gear assembly is used to convert the motor shaft rotation into an
angular displacement of the arms. All three arms are connected to a single wonm gea

therefore, all are adjusted simultaneously.

Ideally, the arms should be independently controlled. This would allow each arm to apply
the same amount of force to the lumen and remain stable in all robot orientations. With the
current setup, high frictioletween two of the three arms (or an obstacle) could stall the
expansion mechanism motor before the third arm has applied sufficient force to the lumen
to gain traction. A further limitation is that the expansion mechanism is not-dagkble

and so need to be continuously controlled to avoid trauma and maintain the desired force.
However, the mechanism required to actuate each arm independently would be significantly

more complex (and harder to miniaturise) and so was not included in the scope ohihis P

As with the wheel mechanism, it was difficult to determine the exact amount of torque
required from this motor. Intuitively, high torque is needed to ensure sufficient force can be
applied at all three whedissue interfaces and considering that agie motor is the only

source of actuation. A high speed may also be required to ensure the arms can rapidly alter

56



the force (to either increase traction or avoid trauma). The same Maxon 6 mm motor (221:1
gear reduction) was used for a balance of speed tmdue, however, a further 20:1
reduction was chosen for the worm gear assembly as the torque requirements are greater

in this mechanism.
¢CKS Y202NJ gl a4 aONBGSR Ayild2 GKS OKIFaaia FTNRY
rear. A steel axlesupported by two 5 mm ball bearings, was used as the hinge of the arm

(shown in Figre 3.11).

1 of 2 ball S
bearings " Chassis rear

@ \

Worm gear a

\ ™~ Shoulder

/ hinge/axle

Chassis front

Figure 311 ¢ The expansion mechanism of the robot.

= 5mm

This figure includesmaexploded view of the various components and a csesdional view of the assemble
mechanismshowing the compact arrangement and details of the transmisgdoh mm scale bar is included for
both.
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3.4.3. Electronics housing and cable routing
An electronics module was designed for anybward electronic®, containing them and

helping to reduce the complexity of future encapsulation.

Referring to Fig3.12 The module is screwed onto the front ablRrBall (chassis front) and
includes a transparent cap for the camera. As mentioned in the stability considerations, this
could be used in future developments to provide buoyancy and help counteract the offset
CoM.

" dri Electronics Base of EM
otor driver module (EM)
Camera boards \

\ \i ’ \ A
i N " @

Fastening
Transparent screws
cap

Chassis front

- 5 mm

Figure 312 ¢ The electronics module.

This figure includean exploded view of the various components and a view of the assembled unit. A5 mm

scale bar is included for both.

Referring to Figure 3.1 3 mm outer diameter, 24ore, flexible tether was usedrhe
insulation was stripped from the end section befdheeading the bundled wires through

the enclosed channel to the front of the robot and into the electronics module. The
individual wires were then separated and threaded back through slots in the module to their

respective locations.

23This currently just includes a camera however, the motor driver boards shown in Figure 3.12 were
designed by the collaborators (University of Dundee).
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Tether

Tether core

—_— 5 mm

Figure 313 ¢ A crosssectional view showing the route of the tether core.
The individual wires are then fed back through the electronics module to their respective components. A 5 mm

scale bar is icluded.

Referring to Fig3.14:An end cap was then placed around the tether to seal the back of the
robot. This is fixed to the chassis rear via a ridge and is itself held together by a cable strain

relieverg securing the tether in place using friction.

Chassis rear

|

Strain reliever Tether

L
e ———

v

Ridge End cap (half)

<4

— 5 mm

Figure 314 ¢ The tether attachment comprising of an end cap and strain reliever.

The crossectional view shows how the individual components press together with a tightfiiuskerance. A

5 mm scale bar is included for both.
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3.5. Prototype fabrication and assembly

3.5.1. Fabrication
The manufacture of the small, complex parts that make up RollerBall is well suited to 3D

printing. This is especially true with the manufacture of the prototype preseineithis
thesis as multiple small iterations and replacement components were required. Because of
the small feature size on some of the parts, atdruse DLEDigital Light Projectiorgrinter

was usedEnvisionTEC, Perfactory 3 mini, multi Jefmkis hadh resolution between 15 and

60 um, and could accurately reproduce the parts from CAD models with a smooth surface
finish. The most durable resin available was usé&®&600EnvisionTEGhe data sheet can

be seerin AppendixB). Despite the highrecision and accuracy of the printer, many of the
parts that had a pusfit tolerance had to be manually sandedwn to remove support
features. All parts were 3D printed, with the exception of the following high load, high wear
parts: the 2 mm wheel ax¢eand arm shoulder axles (which were machined from stainless
steel); the 5 mm ball bearings (commercially available, metal) and the worm and wheel gear

assembly (which were custom made from steel and brass respectively).

The prototypewas designeavith dimensiors that exceeded theequirements buthat were
considered to be suitable for laboratory based testing. A smaller prototype could have been
fabricated using comercially available 4 mm motors, giving the potential to reduce the
overall dimensions byac 30 %" (an image of this is included in the Future work, Section
8.1). However, the fabrication would have been even more convoluted andgtastic resin

may not have given themall featuresthe required strength. The larger scaleusedalso
meant thatfurther modifications and repairs were less complex to perfama the robust

prototype could be extensively tested on.
3.5.2. Assembly
Once the parts had been manufactured, assembly was completed in the following steps:

Referring to Figure 3.15

Step 1z Strain gauges
The strain gauges were first bonded to the prepared, flat surfaces of the arm base. These
were then covered in silicone to provide some wear protection. The strain gauge leads were

then threaded through the arm base and soldered to a contact that kended to the arm.

24 Since they make up a large proportion of the device, this magnitude reduction isatattu
assuming that the motors are the governing factor in the overall size of the device.
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Insulated wires were then soldered to the contact and the worm wheel fixed into the arm

using superglue. The finished part is shown inifgi.15, A.

Step 2z Robot arms

The bevel gear was held in position before screwing the DC niatimrthe wheel hub.

[ 200A0Su Hno O0GKNBI R f 2 derkanéht metRdd 8fpev@riing ¢ | &
the motor from unwinding itself in high torque situations. The two bearings were then
placed into the wheel hub with a pudh tolerance ¢ the asembled motor, gea and

bearings are shown in Figure 3.15,TBe axle (which is bonded to one half of the wheel)

was then inserted into the bearings before screwing the two wheel halves together; again,
[20GA0GSun é6+a& dzaSR (2 Tevénttiei Bomaf@d@rig.helagn G K S
base could then be inserted over the motor and wheel hub with a fiigb complete the

arm assembly. Steps 1 and 2 were repeatadafbthree arms (Figure 3.15)C.

A.

Figure 315 ¢ A sequence of photos taken during the assembly of the three arms.
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Referring to Figure 3.16

Step 37 Robot chassis

Six ball bearings were inserted into the chassis front and then a DC motor with an epoxy
bonded wormgear was screwed into position. The chassis rear was then slid over the motor
and inserted into the chassis front with a puf$th The fhished chassis is shown in Figure
3.16, A

Step 4z Inserting the wires and electronics module

The next step was to tead the bundled wires from the rear of the chassis to the front of
the electronics module, via the route described3action 33.3.The individual wires were
then threaded back through their respective slots (doe each arm) as shown in Figure
3.16, B

Step 5z Soldering

The prepared arms and camera were then soldered to their respective wires on the chassis
(Figuire 3.16, Q. The excess length of wire from the individual components was then pulled
back into the electronics module before inserting the camera with a fiitssffhe arms were

then inserted into their respective shoulders before being held in place by insdntraxtes

(hinges).

Step 6z Tether attachment

The final step involved neatening the wires (eg. any slack still present) before fixing the
tether in place using the two hadg of the tether end cap (Figure 3.16).00his end cap was
itself held together g the tether strain reliever, pressed over the cap with a tight piitsh

The finikied prototype is shown in Figure 3.16, E
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Figure 316 ¢ A sequence of photos taken during thessembly of the chassis and rest of the prototype.

The final prototype is shown BB.and includes overall dimensiofwhen the arms are collapsed fully) of L = 95

mm and W = 35 mm.
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3.6. Benchtop characterisation
This section describes the theoretical and actual performance of the individual wheel and

expansion mechanisms through calculations and benchtop experiments.

3.6.1. Theoretical performance

3.6.1.1. Wheel mechanism
Assuming low friction, the theoretical maximum wheetlocity 1 ) (no load) was
calculated as 84.2m (8.82 rad/s) using Equati@nl:

]
] — o

€

where] is the no load speed of the motor (18600 rggnd ¢ is the gear reduction
(221).

The theoretical maximum tractiveffort?® ("Y'O) was calculated as 3.74 N using Equation
3.2

t g 8 8
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(221),i is the radius of the wheeD(0086 m),— is the efficiency of the gearbox (0.6) and
— is the efficiency of the bevel gears (assumed to be 0.5 because of the rough plastic gears

used).

3.6.1.2. Expansion mechanism
The arms can be adjusted with a theoretical maximum angular velpcitydf 4.21 rpm

(0.44 rad/s), calculated using Equati®s:

1

: e 0%

where] is themaximumspeed of the motor {8600rpm), £ is the gearbox reduction

(221:1) and¢ is the worm gear reduction (20).

2 The efficiency of bevel gears is typically high and so total friction in the wheel mechanism was
expected to be low and hence no load speed was used.
26 Or forceapplied to the substrate.
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The length of the arm$4.5 mm) andhe diameter of the wheelsl{.24 mm) means that
RollerBall has a large workspace, able to operate in diameters ranging from ca. 35 mm (arms

approximately closed) to 137 mm (arms perpendicular to chgdsiy open).

The arms actively apply force perpendicular to the armi) that is proportional to the
motor torque. The theoretical maximum force per arm was calculated as 4.47 N using
Equation3.4:

T8 & 8 &

"0 L o8
0]

Wheret A d& G KS Y2 Zchdriioudftorduid (¥.0@%24 Nm), D is the length of
the arm (from the shoulder joint to the wheel axle) (0.0545&n)js the gearbox reduction
(221:1),¢ is the worm gear reduction (20), — is the efficiency of the gearbox (0.6),

is the efficiency of the worm gear assembly (assumed to 88 @nd( is the number of

arms {n this case3).

The inclusion of force sensors (that record cantilever bending force, ie. normal force) and
the fact that normal load isusedto control @i A 2y o006l aSR 2y /[ 2dzZ 2Y0 Q:
is important to know how much of the arm force is applied normal to the lumen at different

arm anglegFigure3.17).

Figure 317 ¢ The relationshipbetween the Arm force (B and the resulting Normal force (ff:
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Assuming the robot axis is aligned with the lumen akis,formal force applied by the arm
(Rv) is proportional to the arm force and the cosine of the arm angle, as shown in Equation
35.

O O8Il O o
where O is the arm force anfl is angle between the arm and the chas3iserefore, when
the arms are fully closed, 100 % of the force is applied normal to the IWvileen the arms
are fully open(perpendicular to the chassis), 0 % oé ttorce is applied to the lumen and
any force from the elasticity of the tissue is applied parallel to the arm axis and so not

registered by the strain gauges.-dther-words, the expansion mechanism and force

senshg become less effective in larger diameter lumens.

3.6.2. Actual (Benchtop) performance
Simple benchtop experiments were carried out to assess the functional performance of the

wheel and expansion mechanisms with the aim of characterising their outputs and

identifying any potential limitations in their performance (or function).

3.6.2.1. Method - Wheel mechanism

To measure the rotational speed, a visible mark was placed on the wheel before it was filmed
rotating at maximum speed for 5 revolutions (visually assessed. tifie taken per
revolution was then used to calculate the rotational speed. A total of 5 repetitions were

carried out.

To measure the maximum tractive effort, a single arm of RollerBall with a high friction tread
pattern was pressed (JFinto a block osilicone to prevent slip (Figure 3)18his silicone

was placed on a linear bearing slide, which in turn was connected via a steel rod #inen in
load cell. The current to the motor was then increased to the maximum rated current and
the resulting trative effort (TE) was transmitted to and measured by the load cell (this test
rig is described in more detail in Chapter 4). Variance was high and so a total of 10 repetitions

were carried out.
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Figure 318 ¢ Acloseup view of the test rig used to measure the maximum tractive effort of the wheel
mechanism.

A preload () is placed on the arm to increase the friction between the wheel and silicone to a level that stalls

the motor. The tractive effort (TE) is selogiently measured.

3.6.2.2. Method - Expansion mechanism

The angular speed of the arm(s) was also measured visually. A single arm was attached to
the robot chassis which itself was secured in position. The arm was then filmed expanding
at maximum speed, from fully closed to fully open. A backdrop with anglenreants was

used to determine when the arm reached 9@ully open) (Figure 3.39The time taken was

used to calculate the angular speed and a total of 5 repetitions were carried out to find the

average.

-
o
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Figure 319 ¢ A dose-up view of the test rig used to measure the maximum expansion speed of the arm.

The chassis is secured in place and angle increments are used to visually assess when the arm has reached the

desired angle.

To measure the maximum expansion force, thretptype was kept in the configuration

shown inFigure 3.1%nd abeam load cell was loweredown to make contact with the
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wheel and block its expansion. Current to the motor was then increased to the maximum
rated current of the motor and the peak forceaorded’. A total of 10 repetitions were

carried out due to high variance seen in the results.

3.6.3. Results and discussion
Table3.3 summarises the theoretical performance of the individual mechanisms and the

results from the benchtop assessment.

Table 33 - The theoretical and actual performance of the wheel and expansion mechanisms

Parameter Theoretical Benchtop
Wheel velocity (rpm) 84.2 90 £0.85 (n =5)
Wheel tractive effort (N) 3.74 298 £0.71 (n=10)
Arm angular speedrpm) 4.21 9.47 £0.42 (n =5)
Arm force, per arm (N) 4.47 1.47 £ 0.16 (n = 10)

The actual wheel speed slightly exceeds the theoretical value. This is presumably due to
inaccuracy in the applied voltage (the driver board could have applied a laotjage than
desired). This speed will likely drop to ca. 25.7 rpm when in continuous slip against the
lumerr®. This still exceeds the minimum required speed of 4.3 rpm mentionetthein
requirements in Chapter .2The actual tractive effort was significaniywer than the
theoretical value. Again, this could be attributed to an inaccuracy in the applied current and
the value used for the efficiency of the bevel gears (0.5) which was clearly overestithated
Despite the high losses in the wheel mechanism atbedlable tractive effort is still large and

is likely to exceed requirements.

The measured angular speed of the arm was significantly higher than the theoretical value.
This further supports that there was an inaccuracy in the voltage applied by tlee ddard.
Conversely, the actual force per arm (1.47 N) was much lower than the theoretical value.
This is presumably from the high static friction at the many interfaces (including: worm gear
assembly, motor gears and between the arm shoulder and thest$jasnd requires further

attention in future developments.

27n future developments, this was achieved by using strain gauges on the arms.
28 Assuming the motor rotates at the nominal speed (5670 rpm).
2% ogically, friction loss in the plastic gears will be high. From the experimentgermtf of the
bevel gears is in the order of 0.4.
68



3.7.  Summary
The RollerBall concept was chosen for this PhD because pbfsibleadvantages of using

wheeled locomation in this context and the potential seen in the development of ¥.1
Proviced traction can be made, the use of wheels may suit the low modulus tissue because
of the continuous, high rotational speeds achievable. The individual motor speeds can also
be easily and precisely controlled to perform small, precise movements of thé calzeful

for the effective use of tools. Commercially available DC motors also provide a high power
to size ratio, increasing the ease of miniaturisation. The adjustable arms could ensure that
the device provides a stable platform in varying diameterdasmwhich will also be crucial

for the effective use of ooard diagnostic and therapeutic tools.
A number of refinements were made to the design of the-exésting V3 concept:

1. A module was designed to house the electronics.

2. The stability (CoM) was cddsred and a solution presented.

3. A number of minor design changes were made to the concept and more major
modifications made to the arm design.

4. Preliminary @capsulatiorconsiderationsvere made.

5. A suitable fabrication techniquéusing a durable materiplas found Stepby-step

assembly was then carrieslit to produce a robust prototype.

A large proportion of the prototype parts were 3D printed from a durable resin. The overall
aAl S 2F (KS RSOAOS 06AGK GKS I R¥®B5nmny This WOf 2
exceeds the requirements suggested in Chapter 2, however, it was deemed a suitable scale

for the first fully working prototype and the planned laboratory work. Encapsulation was
considered during the designing and fabrication of the ptyge however, it is not currently
water-tight and would therefore not be suitable for repeated use in a flooded or unhygienic
environment. The robustness of the prototype was evident in handling (during and post

fabrication) however, whole device tests areeded to show this.

The individual mechanisms functioned as intendedenchtop testsThe wheel tractive
effort and rotational speed exceeded requirements. The requirements of the expansion
mechanism are not well established at this stage and willdrieebe assessed in whole
device tests. Two potential limitations of the expansion mechanism may hinder the
performance of the robot: the high damping in the expansion mechanism and the lack of

independent arm actuation.
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Further work is required taddress two major necessities:

1. Gaining traction on the colon lumen.
2. Development of the whole robotic system, including electronic hardware and
control software.
As mentioned at the start of this chaptedespite the clear advantages of using wheeled
loconotion and the successful fabrication of a prototyp# will be necessary to test the
device as a whole before being able to comment on the concepts overall efficacy as a mobile

colonoscopy robot.
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Chapter 4

Gaining traction in the colon

This chapter explores the feasibility of gaining traction in the oglcritical

to the overall efficacy of RollerBall. Literature is first reviewed, covering topics
such as the properties of the colonic mucosa, previous attempts to
characterise tb friction and existing work on designing tread patterns for a
biological substrateLiterature shows that the frictional characteristics are
extremely complex and so a robust empirical approach was then used to
investigate the performance of a number of 3D printed, patterned wheels.
These were assessed both in terms of traction and traumth the goal of

choosing a suitable tread pattern for RollerBall.

4.1. Introduction
Achieving functional levels of traction is crucial for the effective locomotion of wheeled

devices as it allows forces (be it propulsive, resistive or stabilising) t@absntitted to the
surrounding environment. It is also important to understand the specific frictional
characteristics of the wheelubstrate contact as it allows the forces to be predictably
controlled[17]. This is particularly challenging for RollerBall as the colon is arguably one of
the most difficult biological substrates to gain traction on because of its unique properties
and inherently low friction characteristics. Ideally, the wheels should provide sufficient
traction with minimal normal force being applied to the tissue (high fricioefficient)c
reducing the demands on the mechanical system and helping to minimise mechanically
induced trauma due to excessive pressures. There are a number of intuitive ways to control
friction on the colonic lumen, includin@uctiong using a vacum to adhere to the soft
tissue; Muco-adhesives; exploiting the adhesive interaction between a synthetic muco
adhesive and the biological mucus layer afdgad patterns; increasing resistance by the

physical interaction of the tread and the tissue subsst

A mucoeadhesive is a polymer based adhesivattlas the name suggests, interacts with the
mucus layer of the colon. It can be described by combining a number of theoretical
mechanisms, includinghe electronic theory attractive forces present dato the buildup
of electrical charges at the interfacebe absorption theory, comparatively larger forces
arise from the formation of hydrogen and van der Waals botiasyvetting theory stating
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that interfacial energy should be considered as gnsimportant factor in mucedhesion

and; the diffusion theory the penetration and physical entanglement of the molecules in
the mucus and adhesive provides further adhedib®0, 101]This has been used for local
drug delivery, where capsules are coated with a madbesive to adhere to the tissue and
slowly release a drug. It could also be used on a mobile robotic platform to gain traction
against the low frigon mucus. Dodou et aJ102] looked to develop this method and static
friction was seen to increadsy a factor as high as four, demonstrating its effectiveness at
adhering to the mucus layer. No tissue damage is caused as the adhesive bonds to the mucus
layer itself. This is a huge advantage of madbesives however, there are a humber of
issues with ging this method to gain traction: Firstly, the static friction is high but once the
bonds are broken the friction reduces significaffl®3]. Secondly, and similarly, once the
bond is broken and the hydrogel has swollen, the madbesive is no longer effective and
will not adhere as it did initially. A means of renewing the nradbesive layer is required

for repeatable adhesion. Lastly, muadhesives often require some time to form a bond

and so the movement speed of the device will be restri¢igiD, 102104].

Octopuses use suction cups to effectively increase resistance on a number of different
surfaces underwater; actively adhering to the surface, increasing contact area and friction
between their roughtextured® pads and the substratid05]. A passive sucker, such as that
presented in[106], could be designed for the colon to increase adhesion and improve
friction at the same time. However, considering the context of a meobheeled robot:
suckers can create strong attachment forces but their uncertain efficacy at resisting shear,
combined with the relatively complex mechanism required to create and control the
vacuum, means that this form of increasing friction is mogtesiio applications requiring

a static, long duration hold and not the rapid or continuous shear present in mobile robots.
This challenge is shown in work by Patronik ef1d17], where friction was only considered
satisfactory when dextured (tread) surface was added. Similarly, the drawbacks of using
muco-adhesives suggest they are also suited to such (low shear) applications. Therefore, the
comparatively simpler mechanism of using tread patte¢nshich is most often used in

mobile applicationsg will be the focus of this work.

The aim of this Chapter is to find a suitable tread pattern for Rollerball, which has high
traction and yet imposes low trauma at the levels of normal force required. The substrate is

first described in deth before the current theory of gaining traction on soft biological

30This is a key feature to improve friction.
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substrates is presented. There are a huge number of factors contributing to traction in this

context, as an illustration, Figure 4.1 shows some of the most significant.

Normal load
Substrate Tread surface

Mucus

Rotational
speed \

M = T

Elastic restoring force (tissue properties)

Figure 41 ¢ Anillustration of someof the many factors contributing to the overall traction achieved by a
wheel on colonic tissue

Main factorsincluding:normal load(affecting contact area, elastic restoring force and fluid thickness);
rotational speedaffecting the properties of the mucus and tissue and overall hydrodynamics); the underlying
tissue propertie¢dissipating energy and determining factors such as contact area); the sabst&rate(which
is multilayered, has a surfageughness and a neNewtonian mucus layer) and; theead surfacdincluding

its surface roughness, tread geometry, scale and surface chemistry).

The complexity means that it is questionable whether a suitable model could be created to
accurately predicthow a tread will perform, particularly since the substrate is likely to
change from individual to individual. As a result, this chapter explores previous successful
tread designs used in this (or similar) context and uses that to provide further insight in
the mechanisms involved. The knowledge gained is then applied to a comprehensive
experimental study on the performance of various masoale, 3D printed tread patterns,

the results of which contribute to a better understanding of how to achieve hagtiom on

the colon. Lastly, a wheel tread candidate for RollerBall and optimum solution are proposed.
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4.2. The colonic mucosa
Tread patterns are extensively used to improve traction between two surfaces. The

geometry, scale and material properties of the ateare largely chosen based on the
substrate. On hard, dry and rough substrates (tarred roads, for example) this is a somewhat
simple task where traction is increased by increasing tyeel contact using a soft rubber
compound and a large, smooth tyre. tmmparison, the mechanisms involved in the
tribological interactions between soft, wet biological tissue and a relatively harder surface
are less described in literature. To explore the mechanisms involved, the substrate should
first be well defined. Theolon was described in Chapter Section 2.1, as being thin, soft

and lubricious; this section adds to it by including details on the mucosa that are relevant to

traction.

The human intestine has an extremely low friction lumen. Work by Lyle[@D8lhighlights

this, reporting friction coefficients ranging from 0.0004 (betwesnooth steel and small
intestine) to 0.018 (between mictpatterned PDMS and small intestine)these values
could be even lower on the colon. Three features contribute greatly to this: the properties

of the underlying tissue; the substrate features/rougiss and; the properties of the mucus.

4.2.1. Tissue properties
Intestinal tissue is extremely soft and there is little documentation on the mechanical

properties of human colon, particulary viva

Under tension, the maximum stress and destructive strain of the colon vary between 0.87
0.9 MPa and 62.8180 % respectiveljl09, 110] The tissue is viscoelastic, with higher strain
rates yielding higher stress. Higa et HI11] showed that the absolute stress under
compression varied from 14.7 kRe204.8 KPa, with a change in compression rate from 0.02
mm/s to 5 mm/s. If stressed in different directions, the midtyered structure of the colon

results in the mechanical properties shown in Figure 4.2.
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Figure 42 ¢ The stressstrain curves of two colon specimens (large bowel) under transversal and axial
tensile loading [109]

4.2.2. Surface features
When laid flat, the colonic lumen is comprised of millimetmle creases or ridges. These

are likely to differ greatly from individual to individual and also based on colon regions
however, as an example, Buselli e{9@] reported them ranging from 0.72 mm to 1.18 mm

in amplitude. The surface is smooth on the misgale, comprised largely of tulshaped
crypts which are sepated by connective lamina propria (with a single layer of epithelial
cells near the lumen}, the overall appearance is described as honeycdik# and the

features said to be in the order of hundreds of nanomef{te?].

4.2.3. Mucus layer
The lumen is covered by mucus that consists of two distinct layers: a firmly adhered layer

and a loose, mobile layer. The average overall thickness varies greatly, ranging from 135 pm
[113] to in excess of 200 urfi14]. The thickness is determined by the balance between

secretion and degradation ratg413]. In humans secretion occurs at ca. 240 + 60 pum/h
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therefore, if not degraded, a thickngsn excess of 700 pum could oc¢ut4]. The mucus is
non-Newtonian, with aviscosity ranging from 0.16 1000 Pa.s as shear rate is decreased

from 100 to 0.01 rad/s. This can be qualitatively described as changing fromlikegel
substance to watef113, 115] The presence of this thick mudoisnket and its two distinct

layers is crucial to the frictional characteristics of the colon. On a high level, it creates a
GaftALII IS LI I ySé 6KSNB I o62Reée GKIG Oz2yidl OGa
and the adhered layer remains unstirréd. direct contact with the epithelium is not made)

[113].

4.2.4. Summary of properties
Because of the relatively few studies on the specific topic of frictional characteristics, some

studies on the small intestine have also been included. As a way of comparison4Table

presents the major features of both.

Table 41 - A comparison of the small and large intestine

Attribute Small intestine Large intestine

Mechanical | 0.83 MPa (at 88% strain), ca. 138% yil 0.65 MPa & 0.83 MPa (at 88%
propertiest strain[109]. 136% strain). ca. 177% yield stra
[109].

Tissue thicknesy 1 ¢ 3 mm (depending on distensiorn] 0.7¢ 1.5 mm[16].
[116].

Surface Villi, Roughness of 150 pjhl7]. Crypt cells, 3@ 670 nm roughnesy
features [112]

Mucus layer | 119 ¢ 527 pm (13¢ 37 pm of which| 200 ¢ 940 um, replenished at c4
firmly adhered)118]. 240 um/h [114]. (65¢ 167 pm of
which firmly adhered)118].

Mucus 0.063¢ 5 Pa.4115]. 0.16¢ 1000 Pa.§115].
properties’

IMax stress in transversal direction (cadaveric tissue).

2Apparent dynamic viscosity of porcine mucus (Q;ADO rad/s shear rate).
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The differenceshown in Tabld.1do not detract from the major similarities: they are both

soft, visceelastic and covered in a lubricious mucus layer.

4.3. Frictional regime
The most common and well known friction model involves two dry surfaces contacting each

other with a normal force. ThRB & dzf G Ay 3 FNRAOGAZ2Y F2NDS | LILINRE
where friction increases linearly with normal load as the degree of aspasjtgrity contact

is increased; direct contact must be made for this form of resistance to take place. Total

friction force is proportional to the degree of contact (which is proportional to normal load),

the surface roughness and the material properties (as asperity deformation provides
resistance). Contact is improved by matching the surface roughness of the treathwith

substrate and thus maximising asperétgperity interlocking99]. However, it is clear that

the friction model in the intestine is more congx and does not follow this law because of

the many factos involved (illustrated in Figure 4.10bvious indicators of this are the

presence of an adhesive force at zero |¢ad] and a nonlinear dependence of the friction

coefficient and normal loaflL19].

As Lyle et a[120] have emphasised, a number of authors have studied this subject but the
frictional characteristics of the colon (or intestine as a whole) are still not well understood.
Interpreting the results from studies thaise different experimental designs and control

different variables (such normal load, contact area, velocity etc.) is challenging, with the
individual effect of each variable and the complexity of the biological substrate having

differing, sometimes contidictory, results.

There appear to be a number of factors affecting resistance to motion in this environment

and so the frictional characteristics could be described by combining fh2ij

1. Micro asperitybased Coulombfriction ¢ There may be direct contact between the
asperities of the two surfaces and a resulting friction force that approximately
T2ttt 2¢a /| 2dz 2120 &nd Lyle kbt al@08%dvé shavn that this is a
very small component of the total resistance and in fact, as will be discussed later,
it is unclear whether direct contact is actually made. Therefore, thepoment of
the friction force that is load dependent (and hence said to approximately follow
/[ 2dzA 2Y0Qa fFé0 Yl & Ay 7Tl-dde aspdiadpsrityy 2 & F |

contact, but fromEnvironmental resiance.
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2. Environmental resistance SometimesNE ¥ SNNBER $F F §[E0)xS R3S
hysteresis lossed 22], this resistance is from the visetastic deformation of the
intestinal tissue. This canaar at different scales, including: the global deformation
2T (GKS &dzZNNRdzy RAYy3I GA&aadzsS o0& GKS NRoz2i
localised deformations of the lumen created by individual features of a tread
pattern. The magnitude of this is prop@nal to the tissue modulus (or elastic
restoring force which provides resistance to deformation), the tread groove volume
(or volume of tissue squeezed) and the tread geometry (as the tread face must
provide an effective obstruction during shefity, 98, 122]Since the tissuis visce
elastic, this resistance increases with increased velocities (shear [afds)119,

121]

3. Viscous frictiom This results from the adhesive and viscous properties of the mucus.
While the contact is statfé, the tacky mucus provides an adhesive éorghen,
during movement, resistance comes from the viscosity which provides resistance to
shear[120]. Therefore, this force should largely be dependent on: the surface area
in contact with the mucus (including the contact angle, ie. surface chigtand
the apparent viscosity (which is dependent on mucus thickness and inversely
proportional to shear rate). Intuitively, this resistance should therefore decrease
with velocity however, literature is unclear on this and the results are sometimes

contradictory[17, 115, 121]

The convoluted frictional characteristiceidathe unclear mechanisms involved suggests
there is still ameedfor further investigaton. This will be reported in the subsequent sections,
including: exploring how nature optimises traction and whether this could be applied to the
intestine (Next sectbn); reviewingothers previous work on the use of tread patterns on
biological tissue (Section 4.5) and in the experimental assessment of various-snatxo

tread patterns (Section 4.7).

4.4. Looking to nature
As it is often with other areas of research, naumay help in finding an elegant solution to

gaining traction in the colon. Tree frogs have a remarkable abiliyoth adhere to (and
gain traction on) a wide range of surfaces including smooth and wet substratestdeir

pads have hexagonalllars 10¢ 15 pm wide, separated bya.1 pm channef&[123]. Each

Slorat venylow velocities.

32 Hexagonal pillars are most common however, a number of other geometries (including 4, 5 and 7 polygons) are also
present.
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pillar isthen covered irsmaller,10-40 nm pillar{Figure 4.8 One reason hexagons may be
used in nature is that they can be very efficiently packed into a given space. This gives rise
to both ahigh contact areand a large drainage channekar The mechanical properties of

the toe pads are also key: the surface of the pad (the micro and-seale pillars) are
keratinised with a modulus similar to silicone rubber- (85 MPa)g thought to provide a
conformable surface that is also wear reaigt The underlying toe pad has a much lower
stiffness of 4¢ 25 kPa (on par with some of the softest known biological structyfes]].

These functional surfaces increase traction and/or adhesion through a number of
mechanisms, including: increasing real contact (as the pattern conforms to the substrate and
the micro-scale pillars interlock with the substrate asperities); encouratfiaglisplacement

and even distribution of thin fluid layers on the surface of the substrate, reducing fluid film
lubrication and increasing the effect of capillary forces (adhesion) and lastly; exploiting van
der Waals forces that arise from the intimatentact between the pillars and the substrate
[123, 125130}

L]
QL e
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e

gé’eﬁ

] 5200
125862

Figure 43 ¢ The hierarchy of features on a tree frog toe pad, modified frd80].

Researchers have attempted to mimic these functional surfaces with a similar, ghttysli
larger, scale and geometry. The work showed that a surface with this pattern is much more
effective on a wet substrate than a surface with no pattern. The following was also noted

[125-128]

1 A micropatterned tread produced less stickip as the individuglillars can deform
and so maintain contact during shear.

1 Crack propagatiofiis hindered.

33 As the two interfaces are pulled apart, the crack (separation) releases strain energy that
encourages the propagation of the separation. The pillars slow this by deforming and ensuring the
interfaces stay in contact for as long as possible.
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1 Elongated pillars (orientated with the long edge perpendicular to the direction of

shear) result in higher friction.

A similar tread pattern could be used on the colon to improve traction however, the efficacy
2F I GNBS FTNRIQAa (2SS LIR 2y |y AydSadaylf

thick mucus layer) has yet to be investigated.

4.4.1. Considering hydrodyn amics
The toe pads of tree frogs are highly specialised to effectively handle fluid at the interface.

Hydrodynamics should be considered in the context of RollerBall because the colon has a
layer of mucus and in some cases may be flooded; RollerBallsdsomneeled locomotion

and so high shear rates (90 rpm, ca. 81 mm/s) and a rolling contact are present. A fluid layer
drastically reduces friction (as the fluid is much easier to shear than the underlying tissue)
and in some cases may completely preverd thirect contact of two surfaces. A rapid-de
wetting of the surface (displacing excess liquid) increases the degree ofdvefzdte
contact, providing resistance sooner and to a greater degree. These are both desirable for a
wheeled robot which should gaitraction in a short time with little slig; improving

locomotion efficiency and controllability.

Hydroplaning ocurs when the hydrodynamic pressure of the contact zone matches the
wheelcontactpressure and the wheel is then supported by the fluid filinis fluid film can

shear much more easily than the substrate and so traction is redu&dd. Tyre treadsare

known to delay hydroplaning by providing channels for this fluid to escd3d, 132]
Hydroplaning is greatlyfi@cted by the viscosity (and density) of the liquid and the relative
velocity; a more viscous liquid (such as the mucus in the colon) and a high speed resulting in
a much larger hydroplaning rigk30, 133] However, despite the high viscosity of the
intestinal mucus, it is uncertain whether conventional hydroplaning could occur in this
context because of the presumed low net speed of the robot. In saying this, it is worth
speculating that the firmly adhereducus layer could still entirely support the tread surface

if the contact pressure and feature height are not great enough to penetrate it.

If the tread surface is not completely supported by the mucus layer, a very likely issue is the
presence oftappeR & f A |j dzhddwednihe Whed® and substrate. Thesan smooth

the substrate surface and thefiare reduce asperitgnduced vscoelastic deformation of the
tread (or tissue in the case of the colofi)33] - friction is reduced presumably on both the
micro and macro scales. Logically, this effect is coulddmsopnced on the soft, viseelastic

colonic surface as some of the energy put into displacing the fluid will be lost deforming the
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underlying tissue instead. Regardless of the exact state and its effect on traction, the fluid
layer between the tread andubstrate should be displaced as quickly and completely as

possible.

Gupta et al[134] investigated what effect micro pillars had on hydrodynamic repulsion
(force requied to displace the liquibetween two approaching surface3he workshowed

that pillars effectively reduce hydrodynamic repulsion by providing channels for fluid to flow
throughwhen the fluid layer is thinReferring to Figure 4.&he distancéh) at which fluid
flows through the channels i land is seen tde dependent on channel depthie. the
channels have no effect when h #When h << § the channels again have no effect as fluid

is displaced radially from thiedividual pillar surfaces

(a) Far-field (h>>h,) b) Intermediate-field (h h,) (c) Near-field (h <<h,)
_ R
T == Nagugs
- ,t - ) - =
jem———— e ]
— -
- e

FHgure 44 ¢ A sequence of images showingibflow of fluid from a patterned surface.

When the fluidthickness (hjs greater than a critical thicknefls), the channels have no effect. When the
critical thickness is reachefiyid flows through the channels and helps to reduce hydrodynamic repulsion.

When the thickness drops significantly below the critical thickness, the channels again have no effect.

Perssoret al.[130]showed similar results:Hannels assist in drainage because they increase
the effective separation between the surfaces. For optimsqueezeout speed a
hierarchical distribtion of channels should be used, as highlighted in work done on tree frog
toe pads.In order to increase both adhesion and friction, the tree frog must rapidly remove
excess liquid during each toe strike. The skerarray of hierarchical channels is said to
provide a means for the liquid to flow out of, reducing hydrodynamic repulsion at multiple
fluid thicknesses because of the hierarchal structure. As the fluid is displaced, it first flows
through the larger chamels and then as the fluid layer reaches a critical thickness, it flows
through the smaller channels until an extremely thin layer remains. This more intimate
contact increases friction and the extremely thin fluid layer increases adhgs30n134] A
higher channel volume and channels perpendicular to the direction of travel have been
shown to be most effective in the automotive indus{y32]. It is unclear if this is from
enhanced dewetting, but elongated pillars have also been shown to improve friction on a

wetted surface (in the axis perpendicular to the direction of shfg].
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4.5. Tread patterns for biolog ical use
A number of authors have researched the use of tread patterns on biological tissue to

increase traction (or adhesion) and minimize trauma. In this chapter, these are broadly
aSLI NF G§SR Ayd2-0INSF RGE | F{BAEE I(RNEDONE NS have

a feature scale less than 200 um. The aim is to provide further insight into the frictional
characteristics of the intestine and help direct the desagid testingof a suitable tread for
RollerBall.

4.5.1. Micro -treads
These treads tend to assunikat direct contact will be made with the intestinal lumen

(specifically, the underlying epithelial cells). Therefore, the tread feature dimensions are
chosen in an effort to match the roughness of the substrate and so increase real contact and

resistancerom the interlocking of the tread features with the substrate asperif#s.

Buselli et al[99] explored the use of circular pillars, with diameters ranging between 15 and
180 pum, on porcine colon. A height of 100 um was maintained and the spacing varied
between 11.5 and 13am. The use of pillars was shown to increase the friction coefficient
from a range of 0.170.4 (control) to 0.2% 0.75 (pillars). Similarly, Glass et[aB5]tested

an array of circular, 140 um diameter, 140 um high and 105 um spaced pillars, this time on
small intestine. The tread pattern increased the friction coefficients from a range of ca. 0.09
- 0.25 for a flat surface to c#.15- 0.4 for the pattern surfacetlfe variation being from

normal load).

Lee et al.[96] tested patterns that included: a control (smooth), squateped pillars,
parallel grooves (to direction of sh8, perpendicular grooves, pyramsthaped pillars and
bottle-shaped pillars. Although geometrically different, the relative heights, widths and
spaces between the features were kept constant (approximately 65 um high, 85 um wide
and spaced 65 um apart)arallel grooves were shown to give the highest friction coefficient
(exceeding unity and increasing the coeff. by ca. 158% compared to the control). This was
closely followed by Perpendicular grooves. Tread geometry was said to have less of an effect

on friction at higher normal loads due to resistance being dominated by-effgets.

Chen et al[123] assessed the efficacy of hexagonal shaped pillars (as well as other shapes)
as the interface for surgical graspers. Elongated hexagons (parallel to the direction of shear,
ca. 100 um long, 50 um wide and 3@ jhigh) performed best on wetted liver, with a friction
coefficient between 0.7 and 0.9. It is unknown how these geometries perform on intestinal

tissue at either micro or macro scale.
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NB: The majority of these tests were carried out at relatively low velocities
(sometimes less than 1 mm/s) and low normal logigsically less than 1
N).

4.5.2. Macro-treads

Macrotreads rely on the physical squeezing or deforming of the tissue between tread

features to provide resistance exploiting environmental resistancfl21]. The other

components (Coulombic and viscous) contribute, but less significantly.

Accoto et al[122]looked solely at a smooth coupon and a coupon with rectangular grooves
2 mm wide (spaced 4 mm apart). The flat surface had a friction coefficient in the order of
0.001 and the rectangutagrooved surface a value of ca. 0.4Wang et al[17] used a
metallic, flat coupon (control) and compared it to coupons with triangular, cylindrical and
rectangularshaped features (each feature approximately 1.5 mm wide). Surface geometry
was shown to have a significant effect on thetfan coefficient, with the control having the
lowest (approximately 0.15) and the triangular surface the highest (approximately 0.875).
Gao et al]98] investigated a number of less conventional, more complex tread patterns.
The patterned grooves all had a depth of 0.5 mm and a width of either i®ni mm. The
following patterns were tested: Smooth (control), array of circular holes;siragped holes,
perpendicular grooves (to direction of shear), perpendicular wavy grooves, sgbhaped
holes and oblique or diamonrshaped holes. The oblique dgmperformed best, followed by

the square grid indicating that a more complex groove pattern with both roulkéintation
grooves and a high groove area/volume is important. In this work it was stated that friction
force is related more to tread channel vale rather than tread surface arefie.
environmental (deformation), not Coulombic (asperity contaclihe friction coefficients
exceeded unity, most likely due to the inclusion of a Carbopol polymedto increase
muco-adhesive forcesLastly, Kim et al[117] tested various endbffectors with either
rounded, flat or hollowtipped tubes and with varying number of protrusioggocusing
almost entirely on environmental regance. A single, flexible, fiap tube had a friction
coefficient of 1.17, whilst a rigid fldip had a coefficient of 0.52. Generally, the use of
multiple tubes gave better traction than single tubes as they have a higher chance of
interlocking andyenerating a stable contact. An optimum design included 9 flexible, 2 mm

long, 0.76 mm diameter (0.25 mm bore) tubes (coeff. of 1.46).

83



4.6. Literature summary and discussion
Superficially, micrescale tread patterns seem to be an attractive option. They cheld

designed to closely match the scale of roughness of the colon which would theoretically
maximize contact area (asper@gperity contact) and result in high friction. The misaale

of the tread would also ensure less trauma is inflicted on the tismustress is evenly
distributed across the many micro features/treads. Furthermore, if there were sufficiently
high stress concentrations to pierce the mucosa, the miozads cannot physically
penetrate far enough to reach the submucosa. However, toesehthis high friction, the
treads must contact the surface and the surface should ideally be a comparable stiffness, if
not higher than the tread this would ensure the deformation of the asperities provides
resistance. The presence of a mucus layer, thiedlow stiffness of the tissue, may hinder

this for the following reasons:

Firstly, the mucus layer must be displaced before the treads can contact the underlying
tissue epithelium. It is likely that very little real contact will be made because the sriscu
comparatively thick. This is particularly true in the colon where the firmly adhered mucus
layer would require significant force to displace and can be in excess of 150 purfli8¢k
Thus, there is likely to remain a thin layer of mucus betwehe tread and the tissue
epithelium (particularly under low load$)and resistance is likely to come almost entirely
from the mucusAt low velocities, this resistance is from the adhesive bond between the
mucus and the contacting surface. While shearing does break these bonds, if the velocity is
low enough, stress relaxation in the tissue may allow them to refdrt®, 120] At higher
velocities, resistance comes from the shear forces within the m{it28]. This may explain

the seemingly high friction coefficient at low normal loads and veloctis®metimes
exceeding unity- because resistance from the mucus is not dependent on loadobu
adhesion, and these bonds can reform. At high normal loads, the very little to no direct
contact between the two surfaces would result in a low friction coefficient as resistance due

to the properties of the mucus are expected to remain relativelystamt regardless of load.

Secondly, the tissue has an extremely low mechanical modulus. On the-soamit is
therefore assumed that, even if asperdgperity contact could be made, resistance from
the microscale deformation will be low as the lowlume of tissue is easily displaced by the

relatively stiff tread features. The seemingly poor scalability (of traction with normal load

341t is truethat a tread pattern, including micepillars, can reduce hydrodynamic repulsion and
promote the displacement of liquid from a contact however, a m&eale tread will have little
effect on a mucus layer that can be thicker than 500 um with a firmly athkyer as thick, or
thicker, than the height of the pillars.
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and speed) of micrtreads is highlighted by the fact that thiection coefficientis shown to
decreasegreatly with normal load. The friction coefficients of themicro-scale patterns
mentioned in this paper were seen to reduce by cag4® % with an increase in normal
load. As mentioned previously, this is likely due to the fact that the source of resistance is
changingfrom the muceadhesive forces (nelvad-dependent and so a high value) to the
comparatively lower forces from shearing the mucus. Anoffessible explanation for this
reduction is thatmucus is progressively squeezed out of the crypts on the intestiriacgu

as load increases, enhancing lubricati@d9, 122] smoothing the substrate and further
reducing (or likely preventing) real contd&80]. Finally, when considering the practical use

of these treads, it is intuitive that they are easily floodedthigk fluid layers and the features

can be clogged by small debris. The micro scale means the individual pillars/treads are also
susceptible to damage and their fabrication completerefore, micrescale tread patterns
seem to be very effective at low dlig) speeds and low normal loads however, their

appropriateness for a functional wheel under high speeds and loads is questionable.

Under higher normal loads and speeds, the dominant form of resistance on intestine is from
environmental resistance, which mancrease net resistance by an order of magnitude
compared to the other forms of resistan¢&08]. It is less dependent on contact area and
more on tread groove volume (ie. the volume of tissue squeezed/displaced between the
tread features). High stress concentrations are favoured as they deform the tissue greatly
and therefore moreli A & & dzS A §17].YAayj pdeBuSidonSmitl @eform the tissue and
provide resistance (as was emphasised by the simple features ugelViphowever, tread
geometry has been shown to have andfigant effect. For example, ridges with a triangular
crosssection outperform ridges with a rounded cressction[17]. An array of circular holes

is outperformed by a grid of square holes which in turn is exceeded by a grid of diamond
shaped hole§98]. Environmental resistance requires tissue to deform into the tread grooves
before the tread face can provide an obstruction during shgat]. Having a large groove
volume to surface area ratio (and thus high stress concentrations) is one part of the solution;
the other must be the orientation of the grooves (tread faces) as elastic restoring force is
applied to any edgethat deform the tissue during shear and is applied in the direction of
shear. Therefore, perpendiculiined grooves should give the highest level of resistance as
the tissue cannot deform around it (as it would with circular pillars for exarfq@84).
However, this may present a problem during ahsince tissue may not successfulkerger

the tread grooves and could instead pilp only at the leading edge particularly at high

velocities where stress relaxation @®not occur fast enough (Figure 3.5

85



A A

Figure 45 ¢ An illustration of how tissue deforms intperpendicular (to shearjread features

Perpendicular treadmayperform badly during shearthey could behave as a singlerface with one gripping

edge éffectively negatingtte presence of multiple grooves

Onthe-other-hand, parallelined grooves provide less obstruction to the tissue during shear
however, the soft tissue readily enters into the tread. It is therefore logical that the front
edges of diamonghaped groove§d8] (or the similar shaped hexagonal pillars) provide a
combination of thesewo requirements: they are angled in such a way that they both
simultaneously encourage the ingress of tisgunel provide an edge to resist the elastic

restoring force. This may be why they performed best in literature.

The friction coefficient of macrecale tread patterns should be less dependent on normal
load as the mucus and surface roughness have less of a significant role in resistance. As a
result, these treads appear to favour applications with higher slidingdpeand normal

loads. Literature supports this with coefficientsalthough generally lower than those
achieved with micrescale treads reducing only slightly (ca. 6 (7, 122) with increasing

normal load. The implication of this is that friction forces cduddeffectively controlled by
adjusting normal load. The reduced need to match the colon roughness and the simple
mechanism of gaining traction could also mean that these treads function well on all regions
of the colon. However, onsignificant drawback fousing them is the potential for high

trauma from the exploitation of high localised forces. And so, in summary:

91 Despite the advantage of low trauma and high friction coefficients, nscate
treads do not appear well suited to the col@gnparticularly under higher normal
loads and shear rates.

1 Macroscale treadseem most appropriate as they exploit the dominant form of
resistance (environmental) and are generally more robust and scalable. They are

also easier to manufacture.
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1 Tread geometry has an effecn macraescale friction coefficients. Parallel and
perpendiculadined treads show promise, as does an array of elongated hexagonal
shaped pillars.

1 Acompromise may have to be made between the robust, scalable traction of macro

scale treads and the deéite, low trauma interface of mickecale treads.

4.7. Experimental work
The reviewed literature emphasises the challenge of gaining traction on a colonic substrate.

Although there have been a number of groups that have successfully shown the efficacy of
tread patterns on some biological substrates, including the colon, there has been little on
the functional performance of macscale patterns specifically. Furthermore, most have
focused on the sliding of a flat coupon as opposed to a wheel undergoifig Rigults have

also varied greatly and in some cases are contradigtsnch as the extent to which normal

load affects friction coefficient, the effect of surface area and velocity (shear rate). Lastly,
there has been no real attempt to quantify the trauneused by tread patterns on the colon
(beyond a basic qualitative description). The main desired outcomes of this experimental

section are to therefore:

1. Gain a better understanding of the efficacy of masoale tread patterns on colonic
tissue (under reftvely high normal loads and rotational speeslip).
2. Determine the effect tread geometry has on traction performance.

3. Attempt to quantify the trauma caused by such treads.

Four steps were planned to achieve these outcomes:

Stepl ¢ Desigr® (including gemetry, scale and aspect ratio) and fabricate the tread

patterns.

Step 2¢ Empirically assess which of the patterns (including a control) results in the

highest traction; both in a static and dynamic (continuous slip) case.

Step3 - Modify the aspect rati@nd scale of the best performing tread in an attempt to

optimise it further.

Step4 ¢ Place each tread pattern under a range of loads and continuous slip and observe

tissue trauma.

35The impact the mucus has in this situation is therefore unclear.
36 Based on intuition, preliminary tests and the reviewed literature.
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Literature reports experimental results with few repetitions and ofteghhvariance. This is
expected as these tests are laborious (with many control variables) and generally, biological
substrates are renowned for high variability. A total of 16 repetitions per condition was
therefore chosen to give more robust results andoal statistical significance to be
considered.To avoid an excessiveumber of repetitions, the contact areaelocityand
material properties of the tread wereot varied and focus was maintained on tread

geometry and its effect on traction and trauma.

4.7.1. Tread design and fabrication

4.7.1.1. Tread design

A number of geometries of tread have been tested in literature. Onedbasistentlyshows
promise, and is hence the focus of thierk, is a tread consisting of closely spaced hexagonal
pillars (or ginilar diamad-shaped pillar§98, 123). Thelarge surface areaan effectivey
distribute force and schas the potential to reduce traumahe interlocking channels are
effective at rapidly devetting a surface and promoting an intimate d¢aat between the
two surfaces and;hte multifaceted shape of the pillars may also providénlgvironmental
resistance on soft substrates, as shown bg tise of a similar pattern {98, 123] Using
elongated hexagons has been shown to improve friction results however, the best
orientation is unclear in literatur¢l23, 128]and therefore both orientations have been
included in this studyTo better understand the role of tread geometry, a number of other
simple treads were also included. These were: A control (smooth) tread, parallgtdirties

direction of shear) and perpendicular groovdsth shown to be effective by Lee et |l6].

A feature width of 750 um, depth of 500 um and aspect rdmafure width Space between
featureg of 1:1 was chosen and maintained for all the treads. This was based on preliminary
experimental work and on a range of successful macaes reviewed in literature which
tends to consider the average thickness of the mucus fayker an attempt to optiise the
chosen tread pattern (in terms of traction and traumm&tep 3, the width and depth of the
features were then reduced to 500 um and 330 um respectively, and a 2:1 aspect ratio also

explored. This scale was selected as it approaches the linhiedabrication technique used

37 A tread heighexceeding the average mucus thicknesteisirable as it improves the likelihood of the mucus being effectively
displaced and real contact made. A high channel volume would also squeeze more tissue, providing greater environmental
resistance.
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and is close to (but larger than) the chosen point at which a tread is consideredsoals

in this work (200 um)All the tread geometries and relative scales are shown in Figgére

Para Perp H.Pe H.Pa

i

Figure 46 ¢ The geometric patterngssessed in this experimental wodnd their given names.

H.Pe.2:1 H.Pe.s H.Pe.2:1.s

Para= Parallel ridge®?erp= Perpendicular ridge$].Pe= Hexagonal pillars (arranged perpendicular to shear);
H.Pa= Hexagonal pillars (arranged parallel to shedrPe.2:= Hexagonal pillars spaced closer together;
H.Pe.s= Hexagonal pillars of a smaller scale (500 vs 750huRE.2:1.s Hexagonal pillars of a smaller scale,

spaced closer together.

This selection will allow the hypothesis that perpendicular de&sd, elongated hexagonal
pillars provide superior traction (compared to simple lined treadgprticularly during
sheaf® It will also give some indication of whether both traction and trauma can be

optimised by adjusting the scale and aspect ratio.

4.7.1.2. Material selection

With rubber wheels on rough road surfaces, friction is due to viscoelastic deformation of the
rubber tread®[130]. On a very soft substrate, the opposite must be true: friction is primarily
due to the viscoelastic deformation of the substrate by the much stiffer tread pattern
(Environmental resistance). To reducaumain vivothe compliance of the two contacting

bodies could be matched to reduce interfacial stress concentrafit#6y. This is a challenge

38 More specifically, it will confirm that resistancgcurs primarily along perpendicular, gripping

edges (which should be very evident when comparing the parallel lined tread with the perpendicular

lined tread) and that the presence of both perpendicular and parallel grooves/channels found in

hexagonal trad will help to maintain these gripping edges during shear (as tissue ingress is

encouraged and a long edge/face is provided to resist the elastic restoring force).

¥5adz0 AGNI GS FALISNAGASE FSYSNI GS Lidzt a lAlBA yFNAROSI T 2 NO¥
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as colonic tissue is extremely soft and so even materials such as silicone will be significantly
stiffer. A softmaterial is also expected to conform more closely to the substrate, increasing
real contact area and thus increasing normal friction. Furthermore, previously mentioned
research has suggested that a pattern that can deform increases friction because the
patterns remain in contact with the substrate longer. Crucially, however, if environmental
resistance is indeed the main source of resistance on tissue, deformation of the substrate is
required and so a very soft tread pattern may not be as advantageougastes. In fact,

a soft tread may reduce friction as mucus is less effectively displaced and the tissue surface
is smoothed (by the presence of liquid islands). Nature uses a combination: The surface of a
GNBS FNRBIQa (2SS LI R Astiff dirnpbidRd tastSel inddediblt soft y R NX
underlying tissug¢124]. This allows the bulk of the toe pad to conform to the surface while
the surface structures provide resistance (by displacing the liquid and interlocking with the
surface asperities). It is clear that a balance is required. Too stiff a material and trtauida

be large; too soft a material and friction due to environmental resistanag be minimal.

As a starting pointand to simplify fabricatiora rigid material was used to guarantee tissue

deformation and tread feature integrity.

4.7.1.3. Tread fabrication

The wheels were fabricated out of a plastic re$iT§1140, EnvisionTEGsing a 3D printer
(EnvisionTEC, Perfactory 3 mini, raleitig. This had a resolution between 15 and 60 um and
could accurately fabricated éhwheels from CAD models (Figure)4A ty-product of this

was the build lines (orientated perpendicular to theenhs direction of sheag Figure 4.3,

giving a surface roughness (Rz) of the Control that is in the order of the colon: 6.4 pum. This
was measured using a contactless profilometeridev@licona Infinite FocyisTo simplify

the tread design, a cylindrical wheel shape was ffsedth similar dimensions to the
spherical wheels used on RollerBall (including: a width of 7.25 mm and diameter of ca. 17.25
mm). The exact real contact areasvexpected to vary slightly from repetitido-repetition
because of the high variability of the underlying substrate, and so would be difficult to
measure/calculate. The global contact area of the wheel was also expected to vary but on

average was measudeas ca. 36 m

40 As opposed to the spherical shape used on RollerBall. A sphere would require the tread scale to
vary across the surface of the wheel in order to maintain the aspect ratio used.
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V. Vi. VII. VI
Figure 47 ¢ The 3D printed tread patterns

i. Smooth(control); ii.Parallel ridge¢Para) iii. Perpendicular ridgefPerp; iv. Hexagonal pillars (arranged
perpendicular to sheaH.P¢; v. Hexagonapillars (arranged parallel to sheat.P3; vi. Hexagonal pillars
spaced closer togethéH.Pe.2:); vii. Hexagonal pillars of a smaller scale (500 vs 750HiRe.¥ viii.

Hexagonal pillars of a smaller scale, spaced closer togéthEe.2:1s).

Figue48¢! YAONRAO2LIA0O @GASgs 2F (GKS aqavz22(iKé adzNFI

This figure givean indication of the regular, lined features produced in the 3D printing technique Gsefhce

roughness (R is6.4 um.
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4.7.2. Test apparatus
There were a large number of potential experimental variables, some relating to the

mechanics (eg. Speedegree ofslip, normal load and contact area), some to the substrate
used (eg. age of the tissue, source and region of colon used, how it is seouteal rig
(backing and amount of tension), mucus condition (hydration) and tissue temperature) and
others to the tread itself (eg. tread geometry, scale, aspect ratio and material used
(mechanical properties)). The test conditions were simplified to awidessive test
duration and complexity by considering what the most important variables were (partly
chosen from literature and partly from preliminary studies) and then controlling them as
accurately as possible using a custom made test rig. The teshiogvn in Figure 4.9ad

the major requirements of:

1 Apphinga repeatable, accurate normal force to the wheel.
1 Applying a torque tahe wheel tread.

I Using a realisti¢biologica) substrate.

As the purpose of this work was to determine thanctional performance of various 3D

printed tread patterns, where possible, worst case conditions were used. These included:

1 A strained substrateg This was done for a number of reasons: firstly, and most
significantly, to more closely represent the conditions dgria colonoscopy (an
insufflated colon; secondly, to flatten the substrate; and lastly, to squeeané
mucus from the mucosa (increasing lubrication).

1 A thick mucus layec The mucus layer is highly variable and is likely to have one of
the most signifiant effects on traction. The distal part of the colon was used as this
is expected to have the thickest mucus layer.

1 A flooded substrateg Liquid may be present in the colon (especially in the case of
hydro-colonoscopy), flooding the substrate ensures the mucus layer remains
KERN} SR 6f2¢ OAaO2arded yR akKz2ga GKS
slip. Yoshida et aJ137] state that the tissue (mucus) hydration plays a key role in
reducing friction. A partly déydrated mucus could greatly increase traction
because of the high visddg while a diluted mucus layer may give traction values

less than those founih vivo(ie. a naturally hydrated mucus).

41l yle et al. also suggest that placing the tissue under&trey’ - @ 6S | Y2NB &yl (dzNI €
of the tissue mechanids vivg @
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Figure 49 ¢ Thetraction rig and key components.

a. Tissue clamp; b. Silicone base; c. Linear guide rail; d. Bed load cell (traction); e. Robot wheel; f. Lightweight
motor bracket; g. Linear guide rail; h. Beam load cell (normal load); i. Linear guide rail and j. Counter balance

spring mechanism.

Referringto Figure 4.9A clamp (a.) was used to hold the colon tissue sample on top of a
block of soft silicone (b.) (Shore-80). The clamp was placed on a low friction linear-ball
bearing slide (c.) and was connected to the bed load Tedincducer Techniqu&Se150)

(d.) via a rigid steel rod. This setup allowed any shear force applied to the tissue to be

precisely measured by the load cell with minimal losses. To assess the functional
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performance of the tread patterns, the drivetrain from the actual robattptype (e.) was

used to rotate the wheel. A stiff, lightweight bracket (f.) secured this assembly to a separate
linear baltbearing slide perpendicular to the substrate (g.). This allowed the wheel assembly
to be lowered onto the surface and any torqugpdied by the motor to be isolated from the
beam load cell. The beam load cell (h.) was secured to a third linedrdaaihg slide (i.), in

line with the wheel and bed load cell. The wheel bracket was coupled to the end of the beam
load cell using rubberord (thus maintaining contaetand hence normal loagbetween the

two, while allowing rotation from wheel torque). The combined mass was applied as a
normal, passive load (weight) to the tissue. An adjustable spring (j.) opposes this and was
used to sethe desired amount of normal load applied to the substrate. A motor controller
(ESCOMN4/2) was used to supply and control the deslirmotor current (torque) and a

compactRIO National Instuments, cRID024) was used to acquire all the data.

4.7.3. Tissue preparation
Fresh pig colons were acquired from an abattoir on the day of testing. The pigs were all 5

6 months old and the distal 1 m of the colon was used. The tissue was gently washed with
water to remove any residual matter before being placed in a containeroofm
temperature, phosphate buffered saline solution to prevent dehydration and degradation.
All tests were completed within 5 hrs (below the 10 hrs recommended by Kim[&d@]).

When required, a 120 mm long sample was cut from the colon, opened flat and pierced onto
one side of the tissue clamp in a longitudinal orientation. A mass of 43@ag then hung

from the opposite side of the sample to gently stretch the tissu¢he longitudinal axis
before being clamped in place (Figure 4.10he sample was then placed onto the silicone

base and immediately hydrated with a ca. 2 mm deep layer of saline solution.

42The calculations for this ashown in Appendix C.
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Figure 410 ¢ A tissue samplelamped in a preensioned state.

Tension is applied by hanging a mass in the longitudinal axis (red arrow in the figure).

4.7.4. Traction test protocol
Each wheel was washed in IPA to remove any residue before being attached to the motor

assembly for testinglThe beam load cell and wheel assembly were then lowered onto the
centre of the tissue sample and the desired normal load applied by adjusting the spring
mechanism. To evaluate the initial treads (750 um scale), two normal loads were used: 25
of and 50 d¢f. Pressures in the order of (and sometimes exceeding) 3 Bar are said to be
required to perforate the colonic tissy®4, 95] therefore these are well within this limit

and the force available from the expansion mechanism (102 gf¢r &f. 20 s, demand
current to the DC motor was increased linearly from zero to 120 mA (half the rated current
of the motor) over 20 s. At this point the current was maintained for 5 s before decreasing
at the same rate to 0 mA. Increasing the currentdirg allowed the maximum static traction

to be measuredThe nominal operating voltage of the motor was maintained throughout
therefore, during continuous slip, the estimated speed was 90 rpm (corresponding to ca. 81
mm/s linear shear rate, based on the mimal speed of the motor). The bed load cell
recorded the tractive effort while the beam load cell recorded the normal load. After one
repetition, the beam load cell and wheel assembly were raised and the tissue clamp and bed
load cell slid a set distanderward to align with a new area of tissue. The next repetition

was then carried out. This was done for a total of four repetitions per tissue sample, with

43 During tests with the modified scale and aspect ratio, only 50 gf was used as the purpose was only to
compare them to the preliminary treads, not assess their load dependence.
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four tissue samples being used for each tread (two from the distal end of the colon segment
and twofrom the proximal end), resulting in a total of 16 repetitions per tread pattern/load

combination. Tabld.2summarises th&@umber of repeats per condition.

Table 42 - A matrix showing the total number of repetitions carriedut in the traction tests.

Condition
25 gf Normal load 50 gf Normal load
Proximal Distal colon Proximal Distal colon
colon sample sample colon sample sample

Sm 8 8 8 8

Perp 8 8 8 8

Para 8 8 8 8

H.Pa 8 8 8 8
Tread
pattern

H.Pe 8 8 8 8

H.Pe.s - - 8 8

H.Pe.2:1 - - 8 8

H.Pe.2:1.s - - 8 8

4.7.5. Data analysis
A typical traction profile from a single repetition consisfstwo distinct features (Figure

4.11): a sharp increase to a peak traction val8eafic traction (Figure 4.11a.) followed by

a return to a lower magnitudeDiynamic tractioh(Figure 4.11b.)- wherethe wheel is in a
continuous slip regime. The results were simplified into two traction coefficients that were
used to describe the overall performance of the tread: Shetic tration coefficient (g was
calculated by dividing the static (peak) traction by the corresponding normal load at that
instant; and theDynamic traction coefficient guwas calculated by dividing the average
traction over a steadtate five seconds of the run by the mean normal load over the same

five seconds.
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Figure 411 ¢ A typical traction profile from one repetition

Theplot in this figure showswo distinct features: a. The static case and b. The dynamic védmze the wheel

is in continuous slip

4.8. Results and discussion
Similar toliterature referenced in thishapter, the results showed a high level of variamce

particularly evwdent in the static case (Figure 4)12 This made obtaining statistically
significant results challenging. In the dynamic d@&3gure 4.18 variance was considerably
less, indicating that the traction mechanism is much more consistenpasdictable.The
reason for this is uncertain however, one explanation could be that while static, there is high
variability in: the degree of direct contact (and the thickness of the underlying mucus layer);
the volume of tissue squeezed between the tsaand, although every effort was made to
avoid it, the length of time from the wheel making contact with the substrate to the start of
the test (affecting degree of stress relaxation in the tissue). The implication of these could
be a highly variable magnde of resistance. During continuous slip, these variabilities could

even out resulting in less overall variance between repetitions.
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Figure 412 ¢ A boxplot showing the traction coefficients from thstatic condition
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Figure 413 ¢ A boxplot showing the traction coefficients from thdynamiccondition.

Plot shows testsinder 25 and 50 g loadEach box has n = i€petitions.

4.8.1. Effect of Colon and colon region used
As was highlighted in the literature review: the size, shape and properties of the colon can

be highly variable from individual to individual and so will give varying traction results.

Because of the liited size of the tissue specimens and the fact that a new contact patch

was used for each repetition, many different colon specimens (from multiple pigs) were used

to obtain all the results. Comparing results from different colons and regions (testing them

against the null hypothesis that they are not from the same group), it was seen that the

majority (10/13) of the results showed no statistical significapce Q.09 between traction
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coefficients from the same tread on different colons and colon regitmshe dynamic
condition (slip), 7/13 of the results showed no statistical significance. The lack of significance
and the differing results between static and dynamic cases is likely due to the opposing
variances in the results This, in addition to theequirement of having a tread pattern for

all regions of the colon and the use of a masoale tread, suggested that the results from
each tread pattern could be combined (regardless of colon and region) to give an overall
indication of how each tread pfarms generallyq this is how the results are displayed in

Figures 4.12 and 4.13.

4.8.2. Effect of tread geometry
Referring to Figurd.12, Static caseThe tread geometry was shown to greatly affect the

traction coefficient. The control had a mean coefficien0df12 + 0.068 (averaged across
both loads, n = 32). The highest coefficient was seen by the 750 um scale perpendicular tread
(0.755 £0.264), closely followed by the 750 um scale H.Pe tread (0.606248). A
perpendicular orientation in the tread pattes was a clear advantage as the coefficients for

Perpendicular tread and H.Pe were greater than their parallel counterfrarts.

Referring to Figure4.13 Dynamic caseAs one would expect, the dynamic traction
coefficients were significantly lower than in the static condition. Interestingly, the
performance of the Perpendicular tread greatly decreased when slip was introduced. In this
case, H.Pe had the highest coeffiti of 0.348 #0.084, closely followed by H.Pa which had

a coefficient of 0.300 8.0731 (compared to 0.058@021 of the Control).

The control had a higher traction coefficient than similar controls in literature. This was
attributed to the micrescde build features that result from 3D printing fabrication (in this
case, lines perpendicular to the direction of shear). This highlights two things: the commonly
unwanted rough surface finish from 3D printing may be advantageous in this case, resulting
in a hierarchy of tread features that improve -@ketting and; the overall poor performance

of microscale ridges/grooves on the colon due to no direct contact with the tissue
epithelium. A further reason for this comparatively high friction coefficient cdagd
manufacturing inaccuracies: it was seen that the wheels were slightly misaligned and this
caused vibrations during continuous slip that could have increased resistance from

hysteresis losses in the tissue.

4 Lyle et al. found similar, nestatistically significant results when looking at friction coefficients on
different intestine regions.
45The results for the Hexagonal treads under 50 g load were not statistically significant.
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The outperforming of the perpendicular comparéo parallellined treads confirms the
hypothesis that resistance is produced largely at perpendicular gripping edges. Furthermore,
the subsequent poor performance of perpendicular lined treads during shear confirms the
hypothesis that the combined perpditular and parallel grooves found in H.Pe and H.Pa
provide a more ideal condition where tissue can squeeze into the channels and maintain
contact with the perpendicular gripping edges (as opubto the scenario shown in Figure

4.5, Section 46

4.8.3. Effect of scale and aspect ratio
Reducing the scale of the tread and the distance between features (2:1 aspect ratio) reduced

the traction coefficients. This supports the theory that environmental resistance (tread
groove volume and high stress concentrationsy l@amore dominant effect than tread
surface area. Of these altered treads, the 500 um scale, 1:1 aspect ratio H.Pe tread had the
highest static traction coefficient of 0.553 = 0.099 and the 500 um scale, 2:1 aspect ratio
H.Pe tread had the highest dynantiaction coefficient of 0.287 + 0.023.

4.8.4. Effect of Normal load
It was evident in literature that the friction coefficient decreases with an increase in load.

The exact reason for this is unclear but it is suggested that one of the causes is the increasing
load squeezes out mucus and water from the muddad®, 122Janother may be the altering

of the mucus propertiefl38]and another still is the transition from one form of resistance

to another. The results in this study somewhat support this, showing the traction coefficient
of the majority of the tread geometriés decreasing sligly as normal load doubles
(although, with limited statistical significance). In the static case, as expected, the control
showed the greatest reduction of 30.5 ¥ < 0.05). Parallel, Hexagonal (perpendicular),
Hexagonal (parallel) and perpendicular showeductions of 21.2 %@ 0.05), 16.8 %p(
0.05), 6.0 %p(> 0.05) and 4.0 % & 0.05) respectively. In the dynamic case, the control and
hexagonal (perpendicular) showed iacreasen the traction coefficient of 16.1 % ¢ 0.05)

and 1.4%p > 0.05)espectively. Perpendicular, parallel and hexagonal (parallel) all showed
a reduction in the coefficient of 21.1 ¥ < 0.05), 4.3 %p(> 0.05) and 14.8 % € 0.05).

4.8.5. Limitations
Firstly,it isalsoimportant to emphasise the limitation of théerature values referenced in

this chapter (including tissue and mucus properties, and friction coefficients). Animals are

often used in lieu of humans in research. There are obvious anatomical differences and the

46 Except H.Pe and the Continlthe dynamic case (the results were not statistically significant, however).
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properties are said to be fairly similar by sof@d, 139]and quite different by other§l110]

¢ a further indication of the complexity involved. Work referenced iis tihesis include

data from all sources (cadaveric and aninialvivoand in vitro). For example, cadaveric
tissue is said to lose its tone, having a lower stiffness than living tissue. A comparison of
vivo and in vitro mechanical properties of goablon showed that, at a low compression
rate, the tissue is stiffer iitro [111]. There is also expected to be variability in mechanical
properties from individual to individual due to the complexity and uniqueness of biological

organisms.

Themost significant limitation fronthe experimentawork was the environment, with the
obvious limitation being the use of porcine colon in lieu of human. Because it was decided
to carry-out a high number of repetitions, a compromise was made on the cortpleikthe

tests and test rig. The temperature of the tissue was kept relatively constant at room
temperature- from dissection to traction tests. The tissue properties are different as a result
of this reduced temperature and the lack of blood sugaB0]. Saline solution was also used

to flood the substrate. This would have altered the properties of the mucus, with the
viscosity expected to be lower thamvivodue to dilution[113, 137] However, traction from

the macroscale treads is expected to be less dependent on the mucus properties and so this
should not be an issue (it is also unclear what effect the saline had on the tissue water
content and hence mechanical propies). Lastly, because the deformation of the tissue is
key to the traction coefficient, a compliant backing was used and the properties of this are
expected to only loosely represent those fouird viva Because of the experimental
complexities, includinthe worstcase, unique conditions used (eg. strained substrate), it is
difficult to say whether results over or underestimate the friction response. In situ tests were
shown to give lower friction coefficients (presumed to be due to higher tissue temjrerat
muscle tone, mucus replenishment and maintained blood flow to the area) by Lyle et al.
[120]. Despite these uncertainties, the high number of repetitions used in this study,
combined with the repeatable experimental method usedable an infoned selection of
tread pattern for functional usend a better understanding of the friction mechanisms on

this unique substrate
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4.9. Trauma assessment
A significant motivation for developing a device like RollerBall is the potential for greatly

reduced patient discomfort and procedure complications. The use of rigid, rsaate

tread patternsg which are designed to gain traction by deforming/squeetigsubstrate

¢ presents an obvious danger of causing trauma on the sensitivity of the tissue. This section
uses the same experimental setup used in the traction work but this time explores the

trauma caused by the treads when placed under higher loadsantinuous slip.

49.1. Method
Similar conditions to the traction tests were used. In this case, however, the wheel was

placed into continuous slip for 10 seconds using a step current input. Higher normal loads of
50 g, 100 g and 200 g were used as no traums vigible during the 25 g traction tests. A
single repetition was carried out per load and tread type, resulting in a total of n = 24. The
contact patches from each repetition (often visible to the naked eye) were stained with black
India ink, excised anthen placed in individual test tubes to be fixed over 24 hrs using
formaldehyde. The small, thin tissue samples were held flat using thin, flexible and
permeable plastic filter paper. The samples were then moved to and stored in a 70% solution
of ethanol. Histology’ was carried out on each sample to assess mucosal trauma. It was
difficult to ensure the slice was taken from a suitable site therefore, three slices were taken
across the sample to increase the probability of acquiring a representative-secssnal

view of the trauma caused (an illustration of this is shownguifei 4.14.

\_/ \—/

) )

Figure 414 ¢ An illustration showing one of thesreparedtissue samples préistology.

The small tissue sample is held flat between two permeable plastic filter membranes (and paper clips). Three
slices were then taken across the region of interest, as shown biethiines. The wheel rotation (green

arrow) was about the axis shown by thiatk dotted line.

47 A preserved tissue sample is embedded in wax and then thinly sliced. These slices are then
imaged using standard light microscopy.
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Each histology slice waarefully inspected for abnormal, mechanical indudedtures and
the slice with the greatest amount of trauma was chosen and ranked using 4.8bl&@his
degree of trauma, and the maximum load at which no mag@uma was seen, were used to

assess each tread pattern.

Table 43 - A summary of the features used to rank the tread trauma.

Degree of o ]
Description Example slice
trauma
No features visibldmucosa
0 intact, no abnormalities
detected)
1 Very small features
2 Small features
3 Large featureqeg.)

“Very small features, considered abrermally rough surface or very small cits

*Larger cuts but well within mucosal layer.

Hkk

Distinct eroding or compressing of mucosal layer.

Kkkk

Quts through, or complete erosion of, mucosa

48 Unclear in some cases but included asgmdial trauma.
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4.9.2. Results and discussion
Despite a weltleveloped, repeatable protocol and standard histology methods, it was found

that this process was difficult to precigecontrol and the results from the study were
unclear in many cases. This was attributed to the method used to collect the data and the

obscure nature of the images:

Firstly, the storing of the samples may have caused two noteworthy issues: The membrane
used to keep the sample flat may have caused once visible features (eg. a lesion) to close
and eroded (or deformed) sections of tissue to flatieut, making their detection difficult.

The latter was particularly evident with the parallel tread which digptadistinct (to the

naked eye) grooves podest (Figure 4.16 During the histology investigation, these features
were no longer visible suggesting that they could have in fact been dents rather than cuts.
Secondly, slicing the sample in the correegion also proved difficult because of the
embedding process (in which the tissue is embedded in watkje region of interest
becomes less visible, obscured by the opaque wax. The inclusion of 3 slices spaced evenly
apart from eachother (shown previougl in Figure 4.14was chosen to increase the
probability of slicing the contact patch (region of interest). To further improve this, the tissue
samples were kept as small as possible, with the region of interest kept repeatedly in the

centre of the sample.

Figure 415¢+ A A0t S 3IANR 2 OS a-test (Raraldd tlefdi I Qload)S Sy LJ2 a
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The decision to select the slice with the worst trauma for each tread and load condition was
deemed the most accurate method of assessiavailable. Trauma confined to the upper
region of the mucosa was considered acceptable as to@nbkeal effectivelyas it does not

contain vasculatureThe results are summiaed in Table 4:4

Table 44 - Tread trauma esults showing the degree of trauma seen and the load it first occurred
at.

Tread: Sm | Para| H.Pe.2:1.4 H.Pe.s| Perp | HPe.2:1 H.Pe| H.Pa

Trauma: 0-1 0-1 1-2 1-2 2-3 3 3 3

Max Load (g)| 200 | 200 200 200 100 50 50 | <50

Trauma was less than expected, considering how stiff the tread patterns are compared to
the tissue. The control, parallel, H.Pe.s and H.Pe.2:1.s all caused what was thought to be
acceptable levels of trauma, even up to loads of 200 gf. This may be bébawhkeal mucus

f 1 @SNJ ONBI (Sa [113]and éffdctidely piofeéts tHelfundgflfing tissue. The
perpendicular tread showed acceptable levels of trauma up to 100 gf of normal load but
clearly eroded the mucosa at 200 gf. H.Pe, H.Pa and H.Pe.2:1 all showed significant levels of

trauma above loadsf 50 gf.

4.10. Traction and trauma ¢ onclusions
Literature suggests thatfor applications requiring high shear rates (velocities) and

functional levels of traction, a macszTale tread pattern may be most suitable for tt@on

for the following reasons: easeof manufacture (and reduced chance oftread
contamination); scalability (less dependent on thpresence of mucus and surface
roughness} meaning traction can more effectively be controlled using normal load and the
performance is unlikely to changggniicantly from region to regionand environmental
resistance is a dominant form of resistance against the soft substrate. Outcomes from the

experimental work included:

1 A macrescale tread pattern greatly increases the traction coefficient compared to
a contol (microscale features).

1 Tread geometry has a significant effect on the traction coefficient, with H.Pe and
Perp treads resulting in the highest coefficients in the static caseing slip, the

more complex, H.Pe and H.Rad the highest traction coefficients.
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1 Reducing the scale and the spacing between the pillars reduced the traction
coefficient, indicating that resistance is primarily from environmental resistance.
1 The large scale hexagonal tread patterns caused sigmificauma, while the other

geometries and the smaller scale hexagonal patterns caused less.

The H.Pe.2:1.s was chosen for use on RollerBall as it may provide the best performance,
balancing traction and trauma. If this tread were to be used with 5@ogal load and if
slip is controlled, RollerBall could produce ca. 27.5 df of tractive effort per wheel (82.5 gf net

propulsion)- this could be improved in future work.

4.10.1. An optimum tread for the colon?
In light of theexperimental workpresented here andhe literature reviewedan optimum

tread pattern for the intestine (and other wet, biological substrates) could inclukde t

followingbio-inspired,hierarchical design

1 A macrescale, elongated hexagonal tread pattern made from a very low modulus,

viscoelastic materialapproaching that of the colon and surrounding tissue).

This could improve friction as the tread conforms to the substrate andshelpeduce
trauma by limiting peak stress concentrations. The vidastic deformation of the tread

may increase hysteresis losgd80], while also helping to reduce crack propagation
(maintaining contact with the tissue for longer, thus prolonging static frictiénhigh
channel volume should be used, meaning deep and wide spaces between pillars (such
as that used in the experimental work). $hivill ensure tissue can be effectively

squeezed into the spaces and fluid readily displaced.

1 The surface of these maesgale pillars could be covered with a lgétiffnessarray

of micrascale hexagonal pillars, treated with a hydrophobic 14428].

While the underlying low modulus, macezale features improve contact, exploit
environmental resistance (including losses in the tread itself) and displace thitk flui
layers effectively- the micro-scale pillars produca hierarchy of featureshat will
improve dewetting of the contact further. This wilicrease the likelihood of the stiffer,
micro-scale features making direct coigtawith the surface asperities amall maximise

coulombic and viscous friction.
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Chapter 5

System Integration and Open -loop Control

This chaptedescribes the steps taken to advance RollerBall from the pure
mechanical device described in Chapter 3, to a fully mobile and controllable
prototype. This includes the development of the electronics hardware and the
associated control software. A series laboratorybased, wholalevice

experiments are used to direct the development of the control and test the

overall efficacy of the robot.

5.1. Introduction
Chapter 3 introduced the design and fabrication of the RollerBall concept. It then showed

that the individual mechanisms function as intended by characterising their performance in
a series of calculations and benchtop experiments. Chapter 4 then addréssedsential
requirement of gaining traction in the colon and the results indicated that substantial
traction could in fact be acquired, with the potential for further, significant improvements
to be made in future work. These chapters justified thelertdevelopment of the concept

to a fully operational prototype; this required consideration of the desired functionality and
intended use of the device (System requirements), and then the development of both the
electronic hardware and software control.Wwas expected that this would be a significant
challenge and may bring to light fundamental limitations of the concept therefore, the goal
of this work was to simultaneously progress the prototype from an dpep stage to a

more advanced, closeldop stage while assessing its overall efficacy.

5.1.1. System requirements
RollerBall is designed to traverse the length of the colon with a number of desired attributes

GKFG gAtf dAf GAYFGStEe RSGUSNXYAYS (GKS NRo2GQA
procedure. General requirements of a mobile colonoscopy robot were suggestédjineC
2; Tables.1considers what the specific, ideal control attributes are based on these, and their

associated software requirements.
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Table 51 ¢ The major (ideal) control attributes

Desired control o _
) Description Software requirement
attribute
Stop, start, traverse corners, adju{ A method of mapping user inputs tq
High mobility orientation while stationary and motor outputs that result in the
adapt to changing diameters. desired movement(s).

Prevent trauma and discomfort | Include feedback and software limit

Safe to use caused by the robot, and potentig to control the amount of force

damage to the robot itself. applied to each arm.
Minimal input from the operator Incorporate a simple method of
. and intuitive, accurate control. controlling the device and viewing
Simple to se
feedback. Automate as many

processes as possible.

To achieve these at the prototype stage, there are a number of requirements that are

specific to the hardware used (Tallle):

Table 52 ¢ The major requirements of the electronic (control) Hardware

Hardware requirement Description

Use an intuitive controller and a graphical user interfd

Simple user interface for viewing data (feedback) and setting parameters
This would help to improve usability.

Rapid acquiring, processing and displaying of data
. achieve smooth robot control with minimal errors
Low Iatency communication anc

(which may cause damage to the robot or

data processing , _ N
surroundings). This would help both the mobility an

safety control aspects.

Able to incorporate various future adadns, such as:
visual feedback (camera) and force sensing. Allow {
Robust and scalable (adaptablel  modifying and replacing of parts to be carried out
easily. This is crucial to this, prototyg&age of

development.

A tether should kb used to simplify the oboard

electronics and as a fashfe (manual method of

Flexible tether
retrieving the robot). This would also help to simplify

the electronics development at this stage.
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5.1.2. System development strategy
The aim of this chaptgiand the next)s todevelop the hardware and software required to

achieve the desired control summarised in TalBlgs& 5.3 while simultaneously assessing

the efficacy of the concept. A number of objectives were planned to achieve this:

1. Design and builthe system hardwarand associated communication architecture.

2. Develop an initial (opefoop) method of processing the user inputs to control the
net speed and orientation of the robot, and angle of the arms.

3. Design and build a test environment for the robot that will alkh software to be
developed in a controlled, iterative manner.

4. Assess the performance of the oplop system before progressing further.

5. If openloop tests are successful, develop a cletmab method of controlling the
robot ¢ improving safety, locomaan efficacy and usability.

6. Assess the performance of the closedp system andzy Of dzZRS 2y (G KS

overall locomotion efficacy and usability.

5.2. Hardware
Emphasis was placed on understanding and developing the core concept and facilitating

multiple iterative changes to the system. Consequently, the hardware (the majority of which

is shown in Figurb.1) was chosen and developed with this in mind.

At the heart of the system is the robot (Figuel, a.). Power and data communication is
transmitted to the robot via a thin (3 mm) and flexible tether (Fighrg b.). Initially just
eleven wires of the available twenty four were used: two per DC motor anc timethe
camera. The motor wires were connected directly to four DC motor driver boards (Figure
5.1, c.) and the camera wires to a USB video grabber. Control signals (speed and direction)
were sent to the individual driver boards byreyRIG1900controller (National Instrumentp

with USB interface (Figukel, d.). This has a powerful embedded processor (Dual core Xilinx
Z-7010; 667 MHz speed and 256 MB naratile memory), a number of digital and analogue
input/outputs and was used for high priority pregsing and transmitting of data. The DC
motor driver boards were powered via a benchtop power supply unit (Figutee.). An

Xbox 360 games console controlldi¢rosoff) was used as the primary method of user
input, chosen for its intuitive layout (Figu5.1, f.). A laptop computer (Figu®1l, g.) was

used as a graphical user interface and to integrate the myRIO, Xbox controller and any other

additional hardware used in future developments.
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Figure 51 ¢ The majority of the components that make up the RollerBall platform

a. The prototype b. Tether; c.DC motor driver boards; dayRICcontroller; e.Benchtop power supply; fXbox
controllerand; g.Laptop PC

This setup satisfies the requirements set out in Tdb It is robust and allows for the
modification of each stage of the communication process, with for example, the inclusion of
different sources of feedback. The PC provides a large displehye GUI and multiple ports

for connecting to the various hardware used. Processing is shared betweemyfREOand

Laptop to reduce latency and improve reliability.

LabVIEW National hstrument3 was used as the programming language for the robot

control. This was decided for two main reasons:

1. The intended use (anavailability oj National Instrumentfiardware, including the
myRIO (and cRIOused in Chapter 4)LabVIEW is particularly effective at
communicating between these (and other hardware) anldG This allows for the
natural integration and parallel running of multiple programs on different

processing units.
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2. The desired development of a graphical user interface (GUI) is well suited to the
graphical programming style of LabVIEW which has arfitof various front panel

controls and indicators.

5.3. Open-loop control strategy
The first stage of development involved an ogeaop control strategy where the user

controlled every aspect of the robot, with only visual feedback of the state of the d&vice
This work was used to establish the control algorithm used to map the user inputs to the
motor outputs and more generally, to assess basic usability and locomotion efficacy before

increasing the control complexity.

The schematic in Figue2 summarises the cof@control strategy used for the opeloop

system.

Triggers
,./-Q-—-

)
@ 0.0

oo

Joysticks

—r—

PC
(LabVIEW)

Controller
signals

Digital
ouputs

Speed
and
direction
(Analogue)

— DC motor drivers
i . P:W::M OUtpUts E E E E
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Supply
current

Benchtop
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Figure 52 ¢ A schematic of the core RollerBall system communication architecture

Note: The only source of feedback is the direct view of the robot.
Referring to Figur.2: Starting from a., the user visually checks the position and orientation

of the robot. A judgment is then made on what movement is required next. This is applied

to the XBox controller inputs which are acquired and processed by the laptop. The

4 This control is called opdoop because the robot does not include any sensor feedback.
However, in reality, the loop is closed by the user who receives visual feedback of the device and
provides adjustments based on their intuition.
50 gight modifications will be made to this in subsequent sections.
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commands are then output to thenyRIOcontroller which calculates the required motor
speeds to achieve the desired movement (using the dedicated embedded processor for
consistent peformance). The motor speeds and direction are then output to each of the
motor driver boards which are powered by a benchtop power supply unit. The driver boards
output the corresponding PWM signals to the motors via the tether, resulting in a change in
either the position, orientation or arm angle of the robot (or all simultaneously). The whole

process is repeated continuously.

All processing could have been carrat on the PC however, to increase performance, the
myRIOprocessor was dedicated to timaitical aspects of the control, such as: acquiring
signals, calculating motor speeds with minimal latency and handling potentially fatal errors
(ie. minimising potential damage caused by or to the robot). The next section describes this

use of resourcesral the major programs that make up the system.

5.3.1. System architecture
The hardware was shown previously in Figbreand the operloop control strategy was

shown in Figures.2. Figure5.3 combines the two and shows an overview of the main

hardware, control programs, resource use and communication flow.

Data
receiver

Data
sender

USB video
grabber

Raobot !

[
I:I _ Network I Cam. Motor 4 Motors 1 - 3
L

comms.

Figure 53 ¢ The RollerBall system architecture showing the distribution of the peripheral devices,
the main programs and flow of data
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For reference, the distribution and naming of the hardware¢he robot is shown in Figure

5.4

Figure 54 ¢ Amodified render showing the location and naming of the four DC motors (i4) andcamera
(CAM). It also shows the coordinate frame used

Referring to Figuré.3: The XBox controller is connected directly to the Laptop PC via USB.

I AAYLIX S LINRPINIY O6da! OljdZANBS Ayllziaéov Aa dza$s
dependents. Theamera (Analogue video (AV) output) is connected to the Laptop via a USB
AN 060SNXY ! LINPINIY O6aDNIo AYI3ISaéo Aa dzaSR
6a! LIRIFGS D!'Lé0 Aa dzaSR G2 RAaLIX I & GKAA YR
(Laptdd RAALX @0 ® wStS@lIyd RFEGF 6adzOK |a (KS
National Instrumentsnethod of interdevice network communication) to thmyRIO Here,

I LINBINIY OFftftSR G9ELIyaAzy O2y (i NRbtedbyrh & dza S
Motor 4, Figureb.4.) and another, as the name suggests, is used to control the position and
orientation of the robot (determined by the relative speed and direction of Motors3l

Figure5.4).

The localisation of the robot can be split into two tasks: Exgpansion contragarm angle)
and thePositionand orientationcontrol (wheel speeds These are the two main programs

that control the robot and will be discussed in subsequent sections.
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5.4. Expansion control
Control of the angle between the robot arms and the chassis is required to adapt the size of

the device to changing lumen diameters, and thus maintain traction and a stable platform.
At this stage control is relatively straightforwardiuing the expansion motor in the robot
chassis at a defined rate will adjust the angle of the arms proportionally. The motor driver
boards have two inputSpeedan analogue voltage,@2.5 V) andirection(a digital input).

They have one output: RWMsignal of defined amplitude, frequency and duty cycle. The
rate of expansion, and the direction (expand or contract), can therefore be altered by simply

inputting these two variables.

A program, running on the Laptop, was first written to acquire alldh&a from the XBox
controller. The XBox triggers were then used to intuitively control the speed and direction
of the arms; Figur®.5 shows the location of these on the controller and their movement

direction.

Trigger (L)
"Contract"

Tri R
o rigger (R)

"Expand"

Joystick (L) Joystick (R)
Global speed <— User inputs Adjust orientation

Figure 55 ¢ An illustration of the XBox controller showing the inputs used

Each trigger has a potentiometer and so the degree of depression of each could be measured
by the Laptop and converted into aq02.5 V range. A separate program, running on the

myRIQ was hen written to operate as illustrated in Figubeb.
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Read Trigger values
99 ‘ Do nothing

Neither
OR
Both pressed?

Trigger Right> 07 Trigger Left =07

Set Expansion motor
voltage (D - 2.5 V)
AND
Direction to "Contract™

Set Expansion motor

voltage (0 - 2.5 V)

%

AND
Direction to "Expand”

Figure 56 ¢ A flow chart of the operloop expansion contral

Motor voltage is proportional to Trigger depression, ie. 2.5V is trigger fully depressed.

This gives theser full manual control over the position (angle) of the arms and the rate at

which it is altered by squeezing the associated trigger.

5.5. Orientation and position control

When the three arms of RollerBall are pressed against the lumen by the expansion

mechah 3 YX (GKS RSOAOS Aa KStR Ay

LRAAGAZ2Y D ¢ K¢

axis can be placed and maintainediime with the axis of the lumen in a central, idle position.

From here, the orientation could be adjusted in any direction to eitierigate a corner or

line-up with a target. This will suit the use of diagnostic and therapeutic tools well, giving the

operator a view of the whole lumen and the ability to position the tip of the robot as desired.

Figure5.7and5.8define the coordinatesystem and the direction of the forces used to move

the robot.
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Figure 57 ¢ An isometric, free body diagram of RollerBall in a lumen

A Cartesian coordinate frame is fixed to the tip of the robot. The three wheels apgagtavé effort (TE) to the

lumen and are used to move the robot towards a target (T) in 3D space.

Figure 58 ¢ A 2D (xy plane) view from the rear of RollerBall showing the even spacing of the three
wheels/motors (M1¢ 3).

In this plane, the tractive effort of each wheel results in a force towards the centre of the rabpE{)F

Adjusting the relative speed of each of the motors can be used to turn the robot towards the target (T).

Currently there is one source of feedbagthe visual position of the robag determined by
looking at the device itself (a perspective similar to Figai@. The desired functionality
(previously mentioned in Tabk 1) is to have control over the nepsed and direction of

the robot (the global position), and the ability to adjust its orientation either while moving

to navigate a corner or while stationary- to observe a region of interest. Assuming the
robot orientation is central (as shown in Fig.7), a net forward or backward movement
could be achieved by simultaneously driving all three wheels at a fixed speed and direction.

Introducing a differential speed in the wheels would cause the robot to turn as it moves and,
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if the speed and directio of the appropriate wheels are adjusted correctly, the orientation
could be adjusted while the global position of the robot is fixed (ie. rotatingherspot).

One of the main tasks of the control software is to use an algorithm to map some user inputs
onto each individual motor, setting its speed and direction to perform the requested

movement.

5.5.1. Motor speed control
The XBox controller has two analogue joysticks: left and right. These were chosen to control

the position and orientation of the robatith the user inputs shown in Figure 5Bach has

g2 LROESYUGA2YSUSNRBET 2yS NBIAAGSNB Y20SYSyl
therefore, the Cartesian position of the joystick can be defined. The desired mobility control

was achieved at the usen/(iLJdzii 0 f S@St o0& KIZAy3a GKS weQ |IE
grossforward or backward speed of the roboti@ovementA y (1 KS Wi B.7hridA a Ay
5.8). The right joystick is used to make adjustments to the orientation (ie. introduce a

differential speed in the wheelsa movement in the % plane in Figures.7 and 5.8.

Example:Movingjust the left joystick forwards will move the robot straight

F2NBFNRa Fd | &ALISSR LINE LR NIgAlangterd G2 GKS U
turn at the sane rate Movingjust the right joystick up and to thieght will

adjust the orientation of the robot such that the tip (front) is facing up and to

the right (also at a rate proportional to how far the joystick is moved)

Combining the two joystick movemeniguld cause the robot to move

forwards while turning up and to thaght.

Practically, lhe left joystick defines a variable called tBéobal speeq )L The right

joystick defines thdargetvariableg the requested position of the robot tip in theyplane.

An algorithm uses thiJargetto calculate the requiredrurning (differential) speedand

direction of each motof > $KSNB WyQ Aa GKS Y2G2N yd
Figure 5.4°2. TheGlobal speets then added to therning speed to define the overallespd

and direction of each motof , Equation5.1), where the sign defines the direction of

rotation YR AL AYyZ WyQ. A& GKS Y2G2NJ ydzyo SNJ

1 1 1 L

S’IDf 26Ff 2NJ WINR&AAQ A4LISSR NBFSNE G2 (GKS dzaSNJ RSTA
the colon, where the sign of is the direction.
52Turning speed refers to ¢hdifferential speed of each motor that results in the required
movement direction.
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The summation of the individual motor speeds determines the movement direction and net

speed of the whole robét , Equatiorb.?2):

1 1 1 1 vg,

The user defines thG&lobal speedd YR RANBOUA2Y o6& | RadzaliAy3
joystick. The potentiometer value is converted teb@ to +50 % rangeie. joystick fully back

sets theGlobal speedb -50% and joystick fully forward sets tdobal speedo +50%. On
the-other-hand, theTurning speed ,) is calculated by passing the user input

(Targe) through analgorithm that convertst into a speedor each motor.

As previously mentioned, thEurning speei set using the right joystick. The potentiomete
analogue values are acquired and the position naturally defined in thegiant plane as
shown in Figure 5.9This xy plane of the joystick can be superimposed orite ky plane

defined in Figure 5,8uch that moving the joystick up (+y) will move tip of the robot up.

Y
+100
—
> AN = A
/ 5 o o

Figure 59 ¢ The right joystick is used to set the desirddrget(T) which is defined in the-y
plane.

The algorithmcalculates the required speed and direction of each mator ( ,a
range of-50% to +50%athat would move the tip of the robot towards thearget TheGlobal
speedis adled to this to determine thespeed and direction of each motor ( , a range

of -100% to +100%). This sequence of steps is sumnddrideigure 5.Q.

53The net speed of the robot is similar to the global speed set by the user, but takes into
consideration the turning component (a differential speed in the individualarssivheels)
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Joystick postion

Joystick position Targeg(x, y)

Global speed
( T9qma)

Define individual
motor speeds

Figure 510 ¢ A schematic summarising how the user inputs are mapped onto the motor outputs
which move the robot

5.5.1.1. Defining the individual motor speeds

When considering the-x planeof the robot (shown previouslin Figure5.8 and in more
detail in Figure 5.11kach wheel can only apply a forcdiime with the centre of the robot.
Therefore, to orientate the robot towards a target, the relative speed of each of the wheels
needs to be adjusted, with the individuspeeds from each wheel being summed to produce

a resultant vector that moves the tip in one direction.

To calculate the relative speeds of each motor, the Cartesian coordinate sgsteivas

first convered to a Polar coordinate system‘(r,ovhereNJ | YR | NB @50% G KS N.
and 0¢ 360 respectively. This plane is comprised of three smst (S1¢ 3, Figure 5.1},

created by the arm arrangement. The effect adjusting each wheel speed had on the robot

orientation was then considered:
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M1 =0.75 M2 = 0.5 M1 =10.75

Figue 5.11 ¢ A schematic showing how the relative motor speeds are assigned using the angle of
the Target

S1¢ 3 are the three sectors created by the three wheels/motors @B). Each sector is then split into two
furthersubd SOG2NE 683 {mm YR {mMHO® ¢KS ¢ NBSG 6¢0 Aa
angle can be used to determine what sector the Target is in. Knowing the sector aedcdabis important as

it determines the relative motor speedsquired to move in that direction. &.c. are three examples of the
relative motor speeds at each Target angle ©fgD° and 120.

Referring to Figur&.11 Moving to theTargetin S1 polar coordinates50%, 60) is most
efficiently achieved by ineasing thevelocity of M3 { ). This is becaustorce E is
directly inline with this angleand so any applied force moves the robot tip in the correct
direction (ie. not requiring any input from M1 or M2 achieve the motioh The robot could
turn in this direction by driving M3 only, however, reversing M1 and M2 (which both have
component forces idine with i) could further assist with turninggq when theTargetis at

this angle(60°), M3 is givera maximumrelative velocity of 1 and M1 &12 arerotated in

the opposite direction at a lower relative velocity-0f5 (Figure5.11, annotationa.).

NB:The exact magnitude used for these relative velocities is not crucial. The
motor inline with the current Sector (M3 in the example) is given a highe
value because it is the primary source of movement force. The motors either

side of the current Sector (M1 and M2 in the example) are assisting rather

120
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than solely driving the motion and so are given a lower relative velaity

this case a relative vatdy of-0.5 was chosen (the negative sign denoting a
reversed rotation) What is most important is the difference between the
individual motor speedas this determines the resulting movement direction

- and this is explicitly set using the input angle.

Continuing with the examplérargetat 50%, 60): as the angle of th&argetis reduced to

0° (ie. into S11), it begins to align with the force applied byavid so this motor is given the
highest relative velocitynithe casavhere theTargetis at @, M1 is given a relative velocity

of -1 and M2 & M3given slowerrelative velocities of 0.5 (Figure 11, annotationb.).
Similarly, as the angle of thieargetis increased to 12(qie. into S12), it aligns with the force
applied by M2andtherefore, M2 isgiven the highest relative velocity ¢f and M1 and M3
relative velocities of 0.5 (Figuf11, annotationc.). Since the arms are symmetrical, this
same relationship th&@argethas to the individual relative velocities in S1 (S11 & S12) could

be appliedto S2 and S3.

The angle is used to determine whae&or Sl ¢ S3 the Targetis in and then Equations 5.3

¢ 5.5are used to calculate the relative velocities at that specific angle.

Equation5.3is the relative velocity of the motor in the first subsecteg(S11, M1 in Figure
5.11):

1 p T T p PO ™ L&

oM
Equation5.4 is the relative velocity of the motor in the second subsectay. §12, M2 in
Figureb.11):

—_ o)
] ™ p it PO ™A vg

Equation5.5 is the relative velocity of the motor oppositedicurrent Sectorgg. M3 in
Figure 5.1)

Multiplying the relative velocity of each whieg ) by the radius of th&arget(0 ¢ 50%)
gives theTurning speedf each wheell ( ). As mentioned previouslyhis Turning

speedis then added to theslobal speednd the resulting value and sign determines the
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final speed andlirection of each moto(ie. Equation 5.1)This whole process is carried out
by the Position and Orientation Contrgdrogram and is described further with the

supplementary Figure 5.12
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Figure 512 ¢ An overview of thePostion and Orientation controlprogram

5.5.2. Summary
To control the movement of RollerBall, simultaneous control over the angle of the arms and

the position and orientation of the device is required. The angle of the arms is adjusted using
the two triggers and a manu&xpansion contrgdrogramthat was desibed in Section 5.4

The two joysticks are then used to control the position and orientation of the robot in a
separate program. A method to map the user (joystick) inputs to the motor outputs was
explored; this used a Polar coordinate system, with thgl@and radius of the target being
used to calculate th&urning speedf each motor by means of three equatiorisgiations
5.3¢5.5). TheTurning speeds added to theGlobal speedo define the net speed of each
motor and the requested movement is performed. These programs were written and
simulated in LabVIEW. To assess the efficacy of this control method, the associated

programs and the prototype in general, a test environmenswaxt required.
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5.6. Test environment
The colon is a complex environment and one that presents a particular challenge to mobile

robots. Advanced control is crucial to the success of the RollerBall concept and like many
development processes, this requsrenultiple iterations of testing and refining. If carried

out in a biological, hydrgolonoscopy environment, this would present significant issues:

1. It would require the use of many tissue specimens that need to be carefully
prepared, positioned, secureand distended with fluid. This would undoubtedly
result in the iterative process being slow.

2. Human colon is difficult to acquire, with the most common source being thiel
cadavers (where the structure and properties have beernredtédy the preserving
process[109]). Animals, such as pigs and dogs, are often used as a substitute (eg. in
Chapter 4, pig colon was used) hoxee, they are anatomically differeqtin Chapter
4 the pig colon was seen to have more pronounced haustral folds and a generally
smaller diameter than human values stated in literature. Therefore, if this animal
substitute was used, the size and shap¢hafex vitrocolon environment would be
limited by the anatomy of the animal and would result in an inefficient use of the
tissue (with some parts unusable due to their small diameter or unrealistically
pronounced haustra).

3. The fact that the RollerBall piotype is a complex device and is not fully
encapsulated means that the electronics could be damaged by the biological fluids
and sterilisation would be extremely difficult, if not impossible. This would mean
that a new prototype would be required for dasubsequent test especially if the
colon was distended with fluid.

4. A biological environment would present a unique limitation to the development of
the control: the visibility of the device as it moves inside the tissue is restricted. This
is importantas a clear view of the prototype orientation, arm angle and general
physical state is required to assess the control and provide insights as to how to

improve the performance.
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What is required is an environment that is robust, reusable and does not cymge the
sensitive electronics, allowing the prototype to be used over many iterations. Furthermore,
the environment should ideally allow the individual control aspects (such as cornering ability
or adjusting the arm angle) to be visually assessed img&alted, isolated setting. Then,
more specifically the environment should include the following features to broadly

represent the colon:

Varying diameters.
Multiple corners of different angles.
A thin and flexible lumen.

Partial support that allows thlumen to move and expand.

=A =/ =2 =4 =

Obstacles to represent the haustra.

It would be nearly impossible to recreate the biological colon out of synthetic materials and
satisfy all of these requirements and therefore, a compromise had to be made on how
realistic theenvironment was. The traction work was carried out on a biological substrate
and it was shown that substantial traction can be acquired using a tread pattern (with further
improvements possible). This outcome suggested that the frictional characteristitcs e
excluded from this environment as it was already assessed separately. A higher friction
substrate could be used, reducing the complexity of the environment and allowing the
orientation of the robot to be adjusted in all directions because the ¢f&®M (mentioned

in Chapter 3, Sectio®.2.2 could be overcome by the available tractive effort.

Two synthetic tubes were designed to meet the aforementioned requirements. One
included no corners but a diameter that varied from 90 mm to 40 mm overritghe# (the
schematics are shown inFiglgd3) @ ¢ KA & ¢g2dzZ R ft2¢ GKS O2ydN
and arm angle to be investigated, as well as straight line speeds. The second tube included
multiple corners but a fixed, 60 mm diameter lumen. Tsuld allow mobility around

corners to be assessed, with the combination of the two tubes giving an indication of overall
usability and locomotion efficacyClear silicone§moothon, Sorta Cleg; with a Shore

hardness of 40Awas used to provide a flexéband durable lumen. This was painted onto a
machined and treated foam mould. Multiple coats were applied to buicx layer thickness

of approximately 1 mm. The tubes were durable enough to then be rolled off of the moulds

54The diameters were chosen to represent the average diameter of the human colon but at a
slightly larger scale since the prototype does not yet meet the size requirements.
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before gluing nylon tabs ontthe tubes with silicone adhesive. These tabs were used to

suspend the tubes from an aluminium support frame using thin nylon line.

450 mm

I
@40 mm ‘ @90 mm

‘ 665 mm

Figure 513 ¢ A schematic showinghe geometry and dimensions of the two main tubes used to
evaluate RollerBall

Suspending the tubgsuch as that shown in Figure 5, Bhsured the shape of the colon was
maintained while allowing the free expansion of the lumen and partial mobility of the tube

during tests.
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Figure 514 ¢ The silicone tube with multiple corners, suspended by thin nylon line from an
aluminium frame

This environment was used for the majority of the work in this chapt&he following pages
describe the development of the control software and thes@ssing of the overall efficacy

of the RollerBall concept.

5.7. Open-loop system evaluation
A series of laboratorpased experiments were carried out to assess the efficacy of the-open

loop control system and the general locomotion efficacy of RollerBall.

5.7.1. Method
The complete RollerBall system (including the hardware in Figuie the system

architecture described in Figurg.3 with the individual control programs described in

Sectiors 5.4 and 5.bwas assembled. A prototype without a camera was used artteso

only source of feedback was the visual state of the device in the transparent [jmeided

by the user) Two groups of experiments were then carried out, one in each tGbeup 1

dza SR (KS (Gdzo6S 6AGK OKI y 3A gbility tR AdapY'ts daSdwkg G 2 | 3
apertures and adjust its position and orientatioBroup 2used the tube with multiple
O2NYSNE (2 TFdz2NIKSNJ aasSaa w2tfSNIIFEftQa Y20A

used to assess the locomotion efficacy ajditative usability.

5.7.1.1. Group 1 z Changing diameter tube

The tube with changing diameters was seisged from the aluminium frame in a similar

way to that shown in Figure 5.1Buring one repetition, the prototype was first inserted into

the large end of the the before the arms were expanded to make contact with the lumen.
¢KS SELIyarzy 27T (KS ¢witNMeéange baing inGteasduntbtRe ¢ 6 &
wheels had deformed the lumen and there was sufficient traction for the robot to maintain

a centrallevel orientation (Figur&.15).

55 A third tube, similar to the varying diameter tube, was fabricatethtbude multiple haustrdike
obstacles and was used to assess the cldsed control of the arm angleEkpansion mechanigm
This is described in more detail in Chapter 6.

126



————— -
. H_u
[ ] Ll B BN
HEEm ..-.
[

N
HEE .
‘--->

I S

Figure 515 ¢ The idle/starting position of RollerBall in the changing diameter tube

The longitudinal axis of the robot (arrow) was aligned with the longitudinal axis of the lumen

(dotted line). The checkered boxes are 1 cm square.

From this starting position, the user then attempted to traverse the length of the tube; this
required the simultaneous adjusting of the arm angle (as the diameter narrowed), the
orientation (to maintain a cemél/level pose) and the global position (ie. tfdobal speed

and direction). Each test was videoed from above and the recordings used to calculate max
speeds (in constant diameter sections) and the average movement speed across the length

of the tube. Oneoractice run was taken before completing a total of five repetitions.

5.7.1.2. Group 2 z Tube with multiple corners
The silicone tubes were switched. During one repetition in this next tube, RollerBall was

inserted in the end with the smallest angle bend and #mns expanded to stabilise the

robot in the idle position (Figure 5.16

Figure 516 ¢ The idle/starting position of RollerBall in the tube with multiple corners

The longitudinal axis of the robot (arrow) was alignecdhwtite longitudinal axis of the lumen (dotted line). The

checkered boxes are 1 cm square.
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From the starting position, the user then attempted to traverse the corners in order of
increasing acuteness. Again, this required the simultaneous adjusting afrihangle (this
time mainly to control traction), the orientation (to navigate a corner) and the global
position (ie. theGlobal speednd direction). The tests were videoed from above and the
recordings used to calculate the average movement speed atheskength of the tube.

One practice run was taken before completing a total of five repetitions.

5.7.2. Results
The entire length of the narrowing diameter tube was successfully traversed in all five

repetitions (a sequence of images from one repetition isvalmon Figure5.17, a.). The
average speed while doing so was calculated as’ 4197 mm/s (n = 5)from the video
recordings. Maximum speeds in the order of 229 mm/s were also recorded in the
constant diameter sections of the tube, where the arm angteribt need to be adjusted.
The orientation of the device could be adjusted-the-spot in both wide and narrow

apertures (wide aperture shown in FiguBel7, b.).

' ;5-:-: :._;_._._.,;

Figure 517 ¢ A sequence of images from one repetition in the changing diameter tube tests

a. One complete repetition and b. Adjusting the orientation.
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RollerBall was successful in traversing the majority of the corners during tests in the second

tube. A sequence &m one of the repetitions is shown in Figlgd.8

Figure 518 ¢ A sequence of images from one repetition in the tube with multiple corners

The success rate for each corréithe tube (from all 5 repetitions) is shownTable 5.3

Table 53 ¢ Cornering success rate

Corner angle | 30° | 50° | 8C° | 10

Success rate
(n=5)(%) 100| 80 | 60 | 60

The average speed from one complete repetition of the tube (traversing all corners) was

measured as 3.6 mm/s.
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5.7.3. Discussion
Tests in thevariable diametertube showed that the orientation oRollerBallcan be

controlled in both an expanded and collapsexbot state. Maintainingg OSy (G NJ f X
orientation in the tube during tests was required fwevent the front of the device from
catching on the lumen argtopping progress. This required the user to make frequent, small
adjustments to the orientatiomluring forward locomotionThe controllability- particularly
when adjusting the orientation showed the efficacy of the method used to control the

individual motor speeds.

The lack of force feedback meaittiat it wasdifficult to assess when to altéine angle of the
arms.In order to maintaima stable platformand traction,while moving from one aperture

to another, the user had to monitor the degree of lumen distension around the whEkés

force sometimes reached a level large enough to stall tbtons in the expansion and wheel
mechanismg; likely to cause damage vivoand to the prototype if repeated many times.
Despite the simple approach used to control the arms, the tests showed that RollerBall can

use the expansion mechanism to operatevairying apertures.

Tests in the second tulderther demonstratecthe mobility ofRollerBallnd efficacy of the
locomotion techniqueas it successfully traversedultiple bends.Unsuccessful cornering
was attributed to the length of theprototype and the high friction ketween it and the
silicone tube; fithe angle of approach was suboptimtie device became wedged in the

corner(Figure5.19 and required considerable manoeuvring to free it.

Figure 519 ¢ An image of RollerBall stuck in a corner

The use of DC motorand the control strategy employedneart that very precise
movementscouldbe made by intuitive adjustments of the analogue joysticks and triggers.
However, the fact that the usevasrequired to simultan@usly control speed, orientation
andarm anglemeart that controlling the robot, particularly around bendgaschallenging

Precisemanual controlis particularly difficult when the device rgl because thishanges
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i KS dza S nferéncd® Ehe dssue of the laak automationis highlightedby the slow
average movement speéd both tubes4.9° 1.7mm/s (n = 5)in the first tube and 3.6 mm/s
(n = 1)in the second tubecompared to thepeak speeds of ca. 229 mm/swhen little user
input was required (in a straight section of tube, for exam@a&spite theselow values the

speedbroadly meesthe requirementdor a colonoscopy procedure

5.7.4. Conclusions
Preliminary tests of the opeloop system revealed the following:

1 The system mzhitecture functions as intended, allowing the prototype to be
controlled robustly.

1 The prototypeitself is robust and can be handled and tested withpeot failures
The individual mechanisms functioned as intended and provided sufficient
performance fo the required movements in the silicone tubes.

1 The control strategy used, and the programs developed, were effective in manually
controlling the robot with intuitive user inputs. Tests in the silicone tubes showed
the efficacy of the locomotion techniquéhe device can adapt to varying diameters,
provide a stable platform, adjust its orientation and navigate a range of corners.

9 Control was less intuitive once the robot had rolled about the lumen arigima
board camera could improve usability by mainiag a fixed view/reference for the
user.

1 The length of the device restted movement around acute bends as it was greater
than the bend radius. Similarlyhe silicone tubes were effective at providing a
reusable environment and high traction, howevhigh friction between the body
of the robot and the lumen further hindered progress in some cases.

1 The average speed of the device meets the requirements however, it could be
greatly improved with more advanced control; the user inputs, despite being
intuitive, were cumbersome as multiple tasks needed to be caigd
simultaneouslyFurthermore, the lack of force feedback meant that control of the

arm angles was difficult and excessive force may have been applied.

The success of these tests encouragée tfurther development of RollerBall. They

suggested that the inclusion of embedded force sensors and a camera may greatly improve

56 Steering the device using the image from anbward, forward facing camera Wiikely alleviate
this problem as the view (image) is fixed to the axis of the robot.
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mobility, usability and safety; they could also permit the automatkxsedloop control of

arm expansion and device orienia. Automationis expected to significantly reduce the
demand on the user andreatlyincrease the overall movement speedl.forward facing
camera and force feedback would also mean that the robot could operate in a non

transparent tube.The pursuit of atomation is the main theme of the next Chapter
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Chapter 6

Closed-loop control

This chapteconcludes the control development and evaluation of RollerBall.
Force sensing is first included on each arm to permit the arm force (and so
angle) to be adjusted autonomously. A forward facing camera was then
included and the image feedback used to autoentite adjusting of robot
orientation. The effect this automation had on locomotion efficacy and
usability was then assessed in a series of experiments before finishing with a

test showing the feasibility of serautonomous control of the entire robot.

6.1. Closed-loop control system
The rigid arms connected to tHexpansion mechaniswia a nonbackdrivable mechanism

and the method of locomotion used by RollerBall (continuous control of wheel speeds)
means that advanced, automated control is not only desirable but may be a necessity to
ensure its efficacy as a colonoscopy proceduhne. manual, opefoop experiments showed

that the device could be controlled intuitively but it needs several advancements, namely:

1. Force feedback from each arm to ensure a safe threshold is not exceeded.

2. A method of automating the arm actuation, maintaigia desired forceangefor
acquiringtraction in changing diametend ensuring a stable platform.

3. The integration of a forard facing camera teapart from the obvious requirement
of visualising the colonmprove usability by giving the user a fixgdw of the robot
orientation.

4. A method of automating the orientation control to assist in maintaining a desired
pose.

This section explores these advancements and ends with whole device tests to validate them

and the overall efficacy of RollerBall.

6.2. Expansion control
Active control of the arm angles is required to maintain traction and a stable platform; it is

also necessary to limit the applied force to avoid damaging both the colon and the robot
itself. The stiff arms, described in Chapter 3, weaehefitted with a half bridge strain gauge

circuit close to the shoulder joint where strain is highest.
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6.2.1. Instrumentation
The setup shown in Figure 6.1 was used for the force sensing. A Wheatstone bridge circuit

was used to measure the strain of each arrthwalf of the bridge active (two strain gauges

on the arm) and the other half passive, placed separately to the robot on a conditioning
board. A change in voltage is measured from the changing resistance of the strain gauges
during arm flexing. The anaae voltage signals from the strain gauges are transmitted via
the tether to a conditioning board. The conditioning board also included voltage regulators
for the bridge excitation and a PSoC 3 (Programmable systechip) to condition the
signals, incluishg: amplification using the embedded OP amps, analogue to digital
conversion and transmitting of the strain signals via 12C at a rate of 200 HmyRI©
acquired the 12C data and was also used to power the conditioning board via an internal,

regulated wltage source.
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Figure 61 ¢ A schematic of the force sensing system

This shows only the major components to the syst€mly one of the three arms is shown.

The conditioning board was fabricated and the strain gaugegrated into the prototype.

The next step was to characterise the output and calibrate it to measure force.
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6.2.2. Characterisation
The resistance of strain gauges changes proportionally with the amount of strain placed

across them; this resistance can then beasured as an analogue voltage. The strain, and
how it changes with different loads, is determined by the material properties of the arm.
Ideally, strain is proportional to the input load (and so constant with a constant input).
Therefore, the system isale and a calibration coefficient can be used to determine the
load from the raw strain signal. The strain gauge setup described in the previous section was

put through a number of tests to characterise the force sensing system.

A simple test was firstahe to validate the signal acquisition over time. To do this, the

system was poweredp and the raw strain signal data collected for ca. 30 min. The system

was then left on for ca. 2 hours before collecting raw data for another 30 mins. This was
donetoasi S3a GKSOIKSNI GKS acddrYopbFERE 6BAYI @alS
showed that, as expected, there is some noise in the signal. This could be from a number of
sources but was not considered an issue as it is small in comparison to the sttea va
measured during normal use. Initial trials showed that a 100 g mass resulted in a strain
output greater than 1000. The noise is therefore only 2% of what would be considered a

high input load given the expansion mechanism capabilities. It could badilfered-out in

the software usingalowdr 3& FA€ G4SN 2 KAfTS GUKS aeadsSy

™

to decrease slightly over time (from a value of 216 over 30 ming presumably from the
increase in temperature and resulting change isistance/perceived strajn Once warm,
the strain value remained relatively constant over the 30 min duration (with a standard

deviation of 2.5), thus indicating that the system is stable once wavamed

To characterise the force sensing, the output stiaiofile that results from a step load input
was investigated. With a perfectly elastic, linear material, the output profile should closely
match the input profile, with straight edges and a constant stesidye output; this is

required for both calibrdbn and acquiring accurate force readings.

6.2.2.1. Characterisation method

The entire RollerBall system was switckmdand left to warmup for approximately two

hours. A single arm of RollerBall was fixed at the shoulder in a horizontal orientation

measured using a small spirit level. A known mass was then hung, instantanémmlthe

end of the arm and left for approximately 30 seconds while the strain data was measured at

200 Hz by thenyRIOand logged at 100 Hz. The mass was then removed and the arm left

unloaded until the strain reading returned to zero. A different maas then hung from the

arm in the same way. This was repeated for three different masses (11.2 g, 51.0 g and 101.2
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gy’ and three repetitions per mass. The entire process was caougdn all three arms of

RollerBall.

A typical strain output from thesexperiments, including a superimposetal step input,

is shown in Figure 6.8.is clear that the output is not ideal; most noteworthyaisincreasing
strain over time. The latter was attributed largely to the 3D printer resin used to fabricate
the ams which is not purely elastic and creeps under constant load (this was confirmed with
a long duration test, the profile of which is shown later in Figure 6.3). The former attributed

to both the material properties and the method used to apply the load.
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Figure 62 ¢ A plot showing the first 2.5 seconds of the collected strain data

This figure highlights the suboptimasponse from the strain gaugeé:r G SNAF f G ONBSLXE 6 )

strain over time).

The collected data was peessed to characterise this ndinear behaviour and assess the

repeatability of the strain readings. It was later used to calibrate the sensors.

5" These were values were chosen based on the available force from the expansion mechanism and
were measured accurately using a KERN digital scale (PCR)10@0 a reslution of 0.01g.
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6.2.2.2. Data processing
A number of steps were required to process the strain data:

1. Find the point at which the matial begins to creep (ie. separate the linear and-non
linear regions of the strain profile).

2. Determine a robusinethod of measuring an accurasérain valuethat can beused
for calibrationand subsequent force readings

3. Model the creep behaviowf the material.

A MATLAB script was written to process the data and achieve the three points mentioned
above. It first locates the point at which the strain output begins to increase over time
(material creep). Thigrias found by searching for the peak secondidsive ofthe strain

output in the first 250 ms of data acquisition (Figure 6.3, annotation 1.).

Hypothesis:When the mass is first placed onto the arm, the strain output
rapidly increases in the first few milliseconds (almost instantaneously). The
rate of change of the gradient in this region is very small as the output is
approximately linearg an elastic responsé/Vhen the full mass has been
placed onto the arm and the arm has undergone the majority of its
deformation, there is a spike in the secondidive as the arm transitions

from elastic to plastic deformatiofmaterial creep)

This point in time signifies the end of the (approximately) linear response and is the point of

interest(POI) Figure6.3, annotation?2.).
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Figure 63 ¢ An annotated plot showing a strain response from a long duration step input

This figure shows that the material creep occurs over a long duration and includes annotations
showing how the data was processed.

From this PQlthe next 250 ms of strain data was averaged and stored as the strain value for
that mass (later used for calibration) (Figure 6.3, annotation 3.). A model was then fitted to
the data, from the POI to the end of the ndinear region (Figure 6.3, annotaki 4.). This

was done using the curve fitting tool in MATLARBoQI). This script was run for all data sets

collected.

6.2.2.3. Results and discussion

The data processing script was successful in repeatedly locating the POI. This allowed the
subsequent 250 ms afata to be averaged to find a strain value for each specific mass. The

average strain data from all three strain gauges is shown in Bable

Table6.1 ¢ The average strain outputs for all Strain gauges and multiple loads

SG1 SG2 SG3
Mass (g) | SQrain (Avg.,n=3)tstd | Srain (Avg.,n=3)xstd | Srain (Avg.,n=3)* std
11.2 145.2+1.64 120.9+1.96 127.43+£1.51
51.0 654+ 4.05 535.4£4.00 568.85+ 5.05
101.2 1308+ 4.64 1060.6+0.87 1134.4+7.91
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