Sheffield
Hallam
University

Novel expansion mechanisms for space creation and organ retraction during laparoscopic
surgery

SHAH, Dignesh

Available from the Sheffield Hallam University Research Archive (SHURA) at:

http://shura.shu.ac.uk/21653/

A Sheffield Hallam University thesis

This thesis is protected by copyright which belongs to the author.

The content must not be changed in any way or sold commercially in any format or medium
without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title, awarding
institution and date of the thesis must be given.

Please visit http://shura.shu.ac.uk/21653/ and http://shura.shu.ac.uk/information.html for
further details about copyright and re-use permissions.


http://shura.shu.ac.uk/information.html

NOVEL EXPANSION MECHANISMS FOR
SPACE CREATION AND ORGAN RETRACTION
DURING LAPAROSCOPIC SURGERY

Dignesh Shah

A thesis submitted in partial fulfilment of the
requirements of Sheffield Hallam University for the
degree of Doctor of Philosophy.

January 2018

Collaborating Organisations

TrusTECH and Manchester University NHS Foundation Trust



© Copyright 2018

by
Dignesh Shah



CONTENTS

NOVEL EXPANSION MECHANISMS FOR SPACE CREATION AND

ORGAN RETRACTION DURING LAPAROSCOPIC SURGERY................... i
L0410 ] = V8 5 iii
LIST OF TABLES ... e e ix
LIST OF FIGURES ... iieeeceee e e s e e mme e Xii
LY = R 27X O XXXi
ACKOWLEDGEMENT ......oiiiiiir e mms e e Xxxii
ABBREVIATION......oooiiirei e se s smn s s mmn s s s Xxxiii
CONFLICT OF INTERESTS......cccoociirririen e s smne s XXXV
LIST OF PUBLICATIONS ... nnie e smm e s s XXXVi
1 Introduction ......cceeeiiiiiis s ———————— 1

1.1 MOtIVAtIoN .o 1

1.2 Aim and objectives.........ooooo s 2

1.3  Layoutof chapters ... 3

2 Literature review - Human abdomen, abdominal surgery and the

LaparOsphere™ ... e s 5

2.1 The human abdominal environment - key organs and biomechanical

(o]0 01T 4 1= SRR 5
2.1.1  Human abdomen and abdominal wall .................cccccmiiiiinnnnen. 5
2.1.2 SOl OrQANS ...cceiiiiiiiiiiii 7
2.1.3  HOIOW OFgans ........uooiiieeeeieeii e 23
2. 1.4 SUMMAIY ... e e e 31

2.2 Abdominal surgery and the LaparOsphere™ concept..................... 33
2.2.1  Open and laparoscopic abdominal surgery ..........cccceeeeeevveunnnnn. 33
2.2.2 Disadvantages of use of COz insufflation................................. 38
2.2.3 Existing space creation and/or organ retraction devices........... 39
2.2.4  The LaparOsphere™ concept and expansion mechanisms..... 42



2.3 Surface pressure application during abdominal surgery................. 45
P S U | 01 4= SR 45

3 Literature Review of Elasticity Theory, Beam Theory, and Cellular

SHrUCTUIES ... 47
3.1 Elasticity theory.........ooo 47
3.1.1  Hooke's law and Poisson's ratio............ccc.oevviiiiiiin 48
3.1.2 Generalised (anisotropic) Hooke's [aw ...........ccccooviiiiiiiiiinnnnnnnn. 50
3.1.3  Orthotropic materialS ..o 52
3.1.4 Isotropicmaterials ... 53
3.1.5 Saint-Venant's prinCiple.............cccoooiiiiiiiiiiiici e 54
3.2 BeamM hOIY ... 57
3.21 Bendingof beam ... 57
3.2.2 Buckling of pinned-end columns.................ocoiiiiii e 57
3.2.3 Negative stiffness........cccceer e 61
3.3 Cellular materials and structures ..................ooo oo 63
3.3.1 Introduction to cellular structures................ccoooeiiiiiiiiiiien. 63

3.3.2 Analytical expressions for the mechanical properties of

RONEYCOMDS ... 64
3.4  Auxeticmaterials ... 70
3.4.1  INtrodUCHION ... e 70
3.4.2 Types of auxetic materials................ooooiiiiiiii 70
3.4.3  Properti©S....cooo e 72
3.4.4  Auxetic structure-mechanism combinations ..............cccccvvuuennn. 75
3.4.5 Biomedical applications.............ccoooiiiiiiiiiiii e 82
3.5 SUMMANY .o 86

4 Materials and Methodology 1: Abdominal simulator and in-vivo

measurement of organ surface pressures and retraction distances .... 87

4.1  Selection of simulant organ materials ...............ccccco 87
4.1.1 Solid organ simulant materials ... 87
4.1.2 Hollow organ simulant materials ................ccooooiiiiii 91

4.2 Fabrication of the simulant organs................ccviiiii . 92
4.21 Solid organ simulants .................ovvviiiiiiiiiiiiiiieeeeeeeeeeeeeeeee 92



4.2.2 Hollow organ simulants ..............ccooviiiiiiiii e 102

4.3 Assessment of biomechanical properties of simulant organs ....... 103
4.3.1  Evaluation of simulant organ density...........cccccccoiiiiiiiinnnnnnn. 103
4.3.2 Evaluation of solid simulant and pig organ elasticity .............. 103
4.3.3 Survey of biomechanical properties of simulant organs......... 105

4.4 In-house abdominal simulator.................cccciiiiii 106

4.5 In-vivo measurement of surface pressures..........ccccoeeeeveeeeiinnnnnnn. 109
451 Ethics committee approvals of in-vivo pilot study ................... 109
4.5.2 Description of pressure SeNSOr..............cooovveveeeeeiiieieeeeen. 111
4.5.3 Set up within the operating theatre................cccieii 113
4.54 Methodology of measurement of surface pressures .............. 115
4.5.5 Methodology of calculation of organ retraction distances....... 116
456 Data analysSiS.......uuuuiiiiiiiiiiiiiiiiiiiiiiii e 117

4.6 SUMMANY oo 118

5 Materials and Methodology 2: Finite element (FE) modelling of a

solid wall cylinder ... e e 120
5.1  Finite Element methods and Computer Aided Design .................. 120
5.1.1  Finite Element methods...............ccooiiiiii 120
51.2 Computer Aided Design (CAD) ...t 120
5.1.3  SUMMAIY .o 121
5.2 RaAtioNAl.......eeiiiiieee e 121
5.3  StUAY SEL UP .euuii i 122
5.3.1 Dimensions of cylinder and types of end pieces .................... 122
5.3.2 Coordinate systems.........cccooo i 123
5.3.3 Material properties. ........ccooeeriiiiiiiiiiiiiie e 123
5.3.4 Boundary conditionS.........ccoooiiiiiiiiiiiiiii e 133
535  MeESNING. ..o 135
5.3.6  SOIULIONS .o 139
5.4 FE modelling of uniform material properties .........c.ccccceeeeeeiiiiennn. 139
5.4.1 Isotropic material properties .................cciiiiiiiiiiii e 140
5.4.2  Orthotropic material properties..............ccccveeiiiiiiin e, 140
5.5 SUMMAIY .. 141



6 Materials and Methodology 3: Mesh Cylinders.......cc...ccccoovriinnneeee. 142

6.1  Cellular mesh derivation methodology ..............cevviiiiiiiiiieiieeee, 142
6.1.1  ‘Bottom-up’ approach ...........ccccooiiiiiiiiii 142
6.1.2 ‘Top-down’ approach.........cccccccoeiiiiiiiiiiiiicee e 146
6.1.3 Combined ‘Bottom-up’ and ‘Top-down’ approach .................. 148

6.2 Cellularmeshmodels ... 150
6.2.1 CAD models for validation of outputs of FE modelling of solid
Wall CYIINAET ... . e 152
6.2.2 CAD models for fabrication of expansion mechanisms .......... 155

6.3 Fabrication of cellular mesh cylinders................cccocis 158

6.4 Mechanical characterisations of cellular mesh cylinders .............. 160

6.5 In-vitro assessments of cellular mesh cylinders............................ 160

6.6 In-vivo and in-vitro assessments of Doughnut shape inflatable
(o] 01011/ o1=1S O 163
6.7  SUMMAIY .ooeiiiiiii it e e e e e e e e eeeenaas 165

7 Results 1: Abdominal simulator and in-vivo measurement of organ

surface pressures and retraction distances............ccccccceiimirciiiricecnnes 166
7.1 Fabrication of simulants organs .............ccccccvvvviiiiiiiiiiiiiieieeeeeeeeee 166
7.1.1  Solid organ simulants.................o i 166
7.1.2  Hollow organ simulants ...............ccocoiieiiiiiieeiiiee e 169
7.2  Assessment of biomechanical properties...........cccccccceeiiiiiieiiennnn. 170
7.21 Density of simulant organs ..................ccoooiiviiiiiiiiin e 170
7.2.2 Elasticity of solid simulants.....................oo e 172
7.2.3  Survey of biomechanical properties of simulant organs ......... 185
7.3 In-house abdominal simulator.................cccooiii i 186
7.4 In-vivo measurement of surface pressures.........ccccccceeeeieeeeeieeennn. 189
7.4.1  Open abdominal SUrgery ..o 190
7.4.2 Hand assisted laparoscopic SUrgery............ccccceeeuinnnnnnnnnnnnns 194
7.4.3 Data analysiS.......coouuuiiiiiiiii e 202
7.5 Calculation of organ retraction distances............ccccoccooiii. 207
7.5.1 Open abdominal SUrgEery ..............uiiiiieiieieeeeeeeieee e 207
7.5.2 Hand assisted laparoscopic SUrgery............ccccceeeuuunninnnnnnnnns 212

Vi



7.5.3 Degree of organ retraction distance ..............ccccccooviiiiienennnnn. 218
7.6 Comparison of in-vivo and in-vitro surface pressures................... 218
7.7 SUMIMACY ..eiiiiiiiiiiiiiiiteieieee bbbt e e e e e e e e e e e e e eeeeeeeeees 220

8 Results 2 - Finite element (FE) modelling of a solid wall cylinder 222

8.1 Isotropic material properties.............ccooiiiiiiiiii 222
8.2  Orthotropic material properties .................cccooeiiiiiiiie e 224
8.2.1  Parametric study 1 of solid wall cylinder with end pieces....... 224
8.2.2 Parametric study 2 of solid wall cylinder with end pieces....... 252

8.2.3 Parametric study 2 of solid wall cylinder without end pieces .. 255
8.3 SUMMAAIY i 274

9 Results 3 - Cellular mesh cylinders, Fabrication, Characterisation,

and in-vitro and in-vivo assessments of prototypes .............ccccirrrreeeee. 276

9.1 Cellular mesh cylinders.........cooooooiiiii e 276
9.1.1  Validation of outputs of FE modelling of a solid wall cylinder . 276

9.1.2 FE predictions of laser cut and 3D printed cellular mesh

(037 [T Lo 1= ST 286
9.1.3 Relationships between global, RVE and cellular mesh
PAIAMETEIS ...t 288
9.2 Fabrication of cellular mesh cylinders................ccccoiiiiiiiiiiiies 296
9.3 Characterisation of experimental expansion mechanisms............ 300
9.3.1  Mechanical characterisation...................ccccoveiiiiiiiiiieeeeeee, 300
9.3.2 Calculation of equatorial deformations ...........ccccccceoiviiiiieeennn. 304
9.3.3 Comparison of Experimentations and FE predictions............. 312
9.4 In-vitro assessments of expansion mechanisms...........c............... 313
9.41 Assessments using foam blOCKS .............cccceeiiiiiiiiiiiiieiee 314
9.4.2 Assessments using simulantorgans...........ccccccceeeiiiiieeiieeeene. 317
9.4.3 Experimentations vs FE predictions ............cccccciiiiiiiiinnenn. 340

9.4.4 Surface pressure for the retraction of human and simulant

abdominal Organs..........oooiiiii e 342

9.45 Summary of in-vitro assessment of expansion mechanisms.. 349
9.5 In-vivo and in-vitro assessments of Doughnut shape inflatable

(] f01 (0117 o 1= TSP 350



9.6 Novel expansion MechaniSMS ...........cccooiiiiiiiiiiiiiiiicee e 354

0.7 SUMMANY ettt e e e et e e et e e e e e eaeeeeenee 358
10  DiSCUSSION...ciiiiiiieeciir i s 359
10.1 Development of in-house abdominal simulator......................... 359
10.1.1 Fabrications and assessment of simulantorgans ............... 359
10.1.2 In-house abdominal simulator (in-vitro test rig) ................... 363

10.2 In-vivo measurement of organ surface pressures and retraction

QISTANCES ... e eanee 363
10.3  FE modelling of a solid wall cylinder...............ccccoiiiiiiiiiee 367
10.4  Designing cellular mesh cylinders .............cccooiiiiiiiiiii, 372

10.4.1 Validation of outputs of FE modeling of a solid wall cylinder372

10.4.2 FE predictions of cellular mesh cylinders............cccccc........... 374
10.5  Fabrication of expansion mechanisms ...........cccccevveeeiiieeiiinnnnnnn. 376
10.6  Characterisation of experimental cylinders...............cccccccinnnnne 377
10.7  In-vitro assessment of expansion mechanisms......................... 379
10.8  SUMMANY ..eeniiiee e 384

11 Conclusion, Novelties and Recommendations for Future work 385

11.1 CONCIUSION e e, 385
11.2 NOV IS . 386
11.3 Recommendations for future Works ..........cocovveeeeee e, 390
12 =Y = =1 0 Lod == 393
APPENAIX A ... A-1
APPENiX B ... B-4
o o 7= 4 U 1) QO C-26
X o o 1= o Lo [ )Gl I L D-34

viii



Table 2.1:

LIST OF TABLES

Biomechanical properties of human abdomen and abdominal wall.

................................................................................................................ 6
Table 2.2: Physical dimensions of human liver. ... 9
Table 2.3: Human liver volume. ... 11
Table 2.4: Human liver weight............ccc 12
Table 2.5: Human liver Density. ... 12
Table 2.6: Human liver tissue elastiCity. ..............ccccciiiiiiiiiiie, 13
Table 2.7: Elastic modulus of liver by mechanical indentation method. ....... 13
Table 2.8: Physical dimensions of human kidney. ...........cccccoooviiiiiiinnn. 15
Table 2.9: Human kidney volume...........c..cccooiiiiiiiiii e 16
Table 2.10: Human kidney weight. ..............ccoooiiiiii e 17
Table 2.11: Elastic modulus of human and pig Kidney ............cccceveeeivinnnnnnn. 18
Table 2.12: Physical dimensions of human spleen. ..., 20
Table 2.13: Human spleen volume. ............ccooiiiiiiiiiiiiec e 20
Table 2.14: Human spleen weight.................ooo e 21
Table 2.15: Human spleen density............cccoooi oo, 22
Table 2.16: Elasticity of human spleen. ................. e 23
Table 2.17: Human stomach volume. ... 24
Table 2.18: Human stomach weight..................ooo e 25
Table 2.19: Elasticity of human stomach. ...................coooooi i, 27
Table 2.20: Physical dimensions of human large intestine. ...........cc............ 28
Table 2.21: Elasticity of human bowel.................ooooiii 29
Table 2.22: Physical dimensions of human small intestine. ......................... 30
Table 2.23: Elasticity of human small intestine. ................coooiiii i, 31

Table 2.24:

Summary of biomechanical properties for key abdominal organs.

.............................................................................................................. 32
Table 3.1: End constraint factors for elastic buckling of honeycomb............ 68
Table 3.2: Auxetic structures and their mechanisms 1.............cccciiinnn. 76
Table 3.3: Auxetic structures and their mechanisms 2.............ccccoveeviiiinnnnnn. 77
Table 3.4: Auxetic structures and their mechanisms 3.............cccoieeeiiiiinnnnn. 78
Table 3.5: Auxetic structures and their mechanisms 4...........ccccooiiiiiniens 79
Table 3.6: Auxetic structures and their mechanisms 5........................... 80

iX



Table 3.7: Auxetic structures and their mechanisms 6...........ccocoeveveiiinin.. 81
Table 4.1: Physical properties of materials evaluated for the solid organ
SIMUIANES. e e, 89

Table 4.2: Score table for each material assessed for solid organ simulants.

.............................................................................................................. 90
Table 4.3: Fabrication of solid organ simulants using the Pro Gel 10 system.
.............................................................................................................. 99
Table 5.1: Isotropic material properties of structural steel.......................... 125
Table 5.2: Elastic constants of the orthotropic material properties............. 126
Table 5.3: Orthotropic material properties for positive definite matrix in the
cylindrical coordinate system...........c.ccoiiiiiiii e 129
Table 5.4: Orthotropic material properties for positive definite matrix in the
cylindrical coordinate System.............occviiiiiiiicci 133
Table 5.5: Finite and Infinite BCS. ....coovveiiii e 135
Table 5.6: Mesh statistics for the relevance of mesh. .............cccccceinnnnnnn. 136
Table 5.7: Mesh metrics for fine mesh generated for cylinder without end
01Tt RPN 138
Table 5.8: Mesh metrics for coarse mesh generated for cylinder without end
01T PR 139
Table 6.1: Cylinder and RVE geometrical parameters. ...............cccccceennen. 146
Table 6.2: Input parameters for graphical method. ..., 148

Table 6.3: Selective pairs of Nc and Ny (RVEs) for negative in-plane
Poisson's ratio to achieve a target value of Nc/Nv = 1.68..................... 149

Table 6.4: Cellular mesh parameters obtained by the combined approach

with input parameters specified in Table 6.2. .............ccccieii 150
Table 6.5: Honeycomb cylinders simulated for the validation of outputs of FE
modelling of a solid wall cylinder. ... 154
Table 6.6: Cellular cylinders designed for fabrication...................cccccueeees 157
Table 7.1: Average density of solid simulants.................cccceeeeiiiiiiiiiiiinnnnnn. 171
Table 7.2: Thickness of real and simulant pig liver samples. ..................... 173

Table 7.3: Thickness of pig kidney samples and equivalent simulants. ..... 181
Table 7.4: Opinions of surgeons for solid simulant organs. ....................... 185

Table 7.5: Opinions of five surgeons for hollow simulant organs. .............. 186

X



Table 7.6: In-vivo measurement of surface pressures applied to abdominal
(o] {0 = 1 0 1< TP 203
Table 7.7: Retraction distances extracted from video footage for the second
liver retraction event for patient 3. ... 210
Table 8.1: Maximum axial compressive force applied during parametric study
of geometrical parameters (parametric study 1 of cylinder with pronged
cone end pieces and negative in-plane Poisson's ratio)...................... 237
Table 8.2: 'Shape change' properties for parametric study 1 of solid wall
cylinder with pronged cone end pieces. ..............cccovviiiiiiiiin i, 241
Table 8.3: Calculation of orthotropic constants corresponding to the change
in Es during parametric study 2 of cylinder with pronged cone end pieces
(in-plane negative Poisson's ratio).............ceeeiiiiiiiiiiiiiiicce e 253
Table 8.4: 'Shape change' properties to carry out parametric study of cylinder
with pronged cone end PIECEeS. .......ooiiiiiiiiiiiii e 255
Table 8.5: Calculation of orthotropic constants corresponding to the
parametric study of Ee (parametric study 2 of cylinder without end pieces
and with in-plane positive Poisson's ratio)..............cccceeeiiiiiiiiieiiiiinnnn. 256
Table 8.6: 'Shape change' properties for parametric study 2 of solid wall
cylinder without end pieces and with in-plane positive Poisson's ratio.260
Table 8.7: Calculation of orthotropic constants corresponding to the change
in Ee during parametric study 2 of cylinder without end pieces (in-plane
negative PoiSSON'S ratio). ..........ceeiiiiiiiiiie e 266
Table 8.8: 'Shape change' properties to carry out parametric study 2 of solid
wall cylinder without end pieces and with in-plane negative Poisson’s
7= 110 RS 269
Table 9.1: Segments of auxetic honeycombs from CAD models and length of
=T 0o I o] [=T ot TP URTPP 277
Table 9.2: Segments of conventional honeycombs from CAD models and

length of end PIECES. ......cooiiiiiiiii e 278

Xi



LIST OF FIGURES

Figure 2.1: Human abdominal environment and key organs.......................... 6
Figure 2.2: Human liver, gallbladder situated underneath of liver and
2= 103 (Y= 1 7

Figure 2.3: A schematic diagram showing physical dimensions of human

A O ESPRRRR 8
Figure 2.4: Human kidney environment. ..., 14
Figure 2.5: Human spleen environment. .........ccccooooiiiiiiii e, 19
Figure 2.6: Human stomach environment. ............ccccccoooi, 23
Figure 2.7: Human bowel environment. ..............ocoooiiiiiii e 28
Figure 2.8: Human small intestine environment. ..............ccccooiii e, 30

Figure 2.9: Global coordinates, anatomical planes, and directions of organ
retractions for the human body..............coiiii e 33

Figure 2.10: A typical incision along the midline of the abdomen during open
SUIGEIY. ettt et ettt et e e e ettt ettt e e e e e et e e e e 34

Figure 2.11: Schematic representation of retraction of liver and stomach
during an open abdominal procedure. ...............ccooooieeiiiiiie e, 35

Figure 2.12: CO: insufflation and port placement during laparoscopic

ChOIlECYSIECIOMY. ... e 36
Figure 2.13: A GelPort used for hand assisted laparoscopic surgery. ......... 37
Figure 2.14: Space creation deViCes. ..........ocooviiiiiiiiiiiii e 40
Figure 2.15: PretzelFlex™ organ retraction device. ..........ccccooeiiiiiiiiiiiininnnnn. 41
Figure 2.16: Retraction of liver using FreeHold Trio™. ..........ccoiiiiiiiineneen. 42
Figure 2.17: LaparOsphere™ concept.........cccovviiiiiiiiiiiiiii e 43
Figure 2.18: LaparOsphere™ device with port and on/off valve for fluid/air

(o7 ] 0 1o ) ST 44
Figure 3.1: Stress-strain diagrams. ... 48
Figure 3.2: Definition of Poisson’s Ratio. ...............cccooeiviiiiiiiiiiiicce 50

Figure 3.3: Stress distribution in a rectangular elastic plate showing Saint-

Venant's PriNCIPIE. ...ooeeveii e e 55
Figure 3.4: Cantilever beam illustrating use of Saint-Venant's principle. ..... 56
Figure 3.5: Pinned-end COlUMN. ... 58
Figure 3.6: Relation between load and deflection for columns.................... 59

Xii



Figure 3.7: Deformation of buckled beam. .................... 62

Figure 3.8: Linear elastic compression of conventional honeycomb. ........... 65
Figure 3.9: Curvatures of auxetic and conventional honeycombs................ 73
Figure 3.10 Folded sheet of paper showing an auxetic effect..................... 73
Figure 3.11: Origami cylinder to ball mechanism. ..............cccccviiiiienn. 74
Figure 3.12 Semi-solid fold face deployable paper cylinder/ball. ................. 75
Figure 3.13: Dilator device with an auxetic expansion member.('82),........ 82
Figure 3.14: Schematic of smart bandage concept............coovriiiiiiiiinn 83
Figure 4.1: Structure of silicone and silicone gel................ccccccco 91

Figure 4.2: Mould for fabrication of simulant of human kidney and spleen. . 93

Figure 4.3: CT scan images showing anatomy of human liver..................... 94
Figure 4.4: Calibration of CT scan slice. .........ccccovviiiiiiii e 94
Figure 4.5: CT scan slice showing 2D coordinates of human liver............... 95
Figure 4.6: 3D printed liver from ABS material...............cccccooeiiiiniiiien. 95
Figure 4.7: Assembly for making 2-part silicone rubber mould. ................... 97
Figure 4.8: Two-part silicone rubber mould.....................cciiiiiin e, 98
Figure 4.9: One part of the 2-parts Plaster of Paris pig liver mould............ 102

Figure 4.10: Pig liver, pig kidney, and simulant kidney mounted on Instron
MACKNINE. ... e 104

Figure 4.11: Right angle assembly (first test-rig) for the in-house simulator.

............................................................................................................ 107
Figure 4.12: Second test-rig mounted on the Instron machine. ................. 109
Figure 4.13: Pressure sensor system and ultrasound probe cover............. 112

Figure 4.14: ‘Laparoscopy’ software for surface pressure data logging. .... 113
Figure 4.15: Representation of pressure measurements carried out in the
surgical theatre. ..., 114

Figure 4.16: Origin (0, 0) and Local co-ordinate system (x1-x2) for plane of

0= o [T PPPRPPPTRPTPP 117
Figure 4.17: Properties extracted for data analysis of 'clean’ retraction event.

............................................................................................................ 118
Figure 5.1: Types of end Pi€CesS. ......cccvvvviiiiiiiiiiii 122

Xiii



Figure 5.2: (a) Cylindrical coordinate system and (b) global coordinate
system with corresponding mapping of the cylindrical axes (in
parentheses) of an unfolded cylinder. ...............ooooi e 123

Figure 5.3: Effect of angle of diagonal rib of honeycomb on Poisson's ratio.

Figure 5.4: Negative definite matrix in the Ansys software. ...................... 131

Figure 5.5: Effect of angle of diagonal rib of honeycomb on Poisson's ratio.

............................................................................................................ 132
Figure 5.6: Boundary conditions with respect to cylindrical coordinate
systems. (a) 'Load' applied on top face (negative sign indicates axial
compressive load), (b) 'Displacements' at top face, and (c)
'‘Displacements' at bottom face. .............ccoiiiiiii 134

Figure 5.7: Solid186 element. (a) Homogeneous and (b) Layered structural
solid, showing node locations, element coordinate system and shape
options (Version 17.1 and 18.1 ANSYS INC.).........ovviieeeiiiiiiiiiiiiinn. 137

Figure 5.8: FE modelling of isotropic material properties. .......................... 140

Figure 6.1: Cellular mesh parameters h/l (a), t/l (b) and E:z (c) as functions of
honeycomb angle o for a hexagonal honeycomb cylinder with vz = -10,
Geoz =1.0x10" Paand Es = 2x10" Pa........c...oooviiiiiecceecce e, 145

Figure 6.2: The cylinder, RVE and cellular parameters of a conventional and

auxetic hexagonal honeycomb cylinder..............ccviiiiiieiieee, 147
Figure 6.3: Target o for designing of cellular cylinders. ..............cc........... 151
Figure 6.4: Target vz for designing of cellular cylinders............c.ccc............ 151

Figure 6.5: Cylinders mounted on rotary attachment of the Speedy 100™
l@SEI CUHET. ... e 159
Figure 6.6: Study set up for in-vitro assessments of prototype structures.. 161
Figure 6.7: Inflatable doughnut shape prototypes. ..........ccccovriiiiiiiiinnne. 163
Figure 6.8: Inflation of the doughnut shape prototype within the pig abdomen.

Figure 6.9: In-vitro study set up to assess expansion capabilities of doughnut

shape prototypes within the test rig. ... 165
Figure 7.1: Human kidney simulants. ..............cccoiiiiic e 167
Figure 7.2: Human spleen simulants.............cccccoooo 168



Figure 7.3: Human liver simulants................ccoiiii e 168
Figure 7.4: Pig liver simulant (50% v/v of Pro Gel softener)...................... 169

Figure 7.5: Stomach simulant. (a) Empty (b) Full (mixture of water and air).

Figure 7.6: Bowel simulants (5% and 7.5% w/v concentration of wallpaper
072 15 (=) 170
Figure 7.7: Average density of solid simulants compared with the actual
densities of the human kidney, spleen and liver. .............cccccoveeinnnnnnnn. 171
Figure 7.8: Force vs Displacement curves for the right and left lobe of pig
YT 172
Figure 7.9: Stress vs strain curves for area 4 of the right and area 1 of the left
lobe Of PIg lIVEI A . 173
Figure 7.10: Fourth order polynomial fit to the stress vs strain curve for the
right lobe (area 4) of pig liver A. ... 174
Figure 7.11: Tangent modulus vs strain for area 4 of the right lobe of pig liver
A ettt ittt ittt it ittt ittt tt ittt ettt ettt ettt ettt bttt e e e e e e e e e e eereeeeeeeeeeeees 175
Figure 7.12: Average stresses for the right and left lobe of pig liver A........ 175
Figure 7.13: Average tangent modulus of pig liver A compared with the
average tangent modulus of the right and left lobes of pig liver A. ...... 176
Figure 7.14: Average tangent modulus of four pig livers compared with the
individual pig liver average reSpPONSES. ........uuviiiieiiiiiieiiiiiie e eeeeeeeees 177

Figure 7.15: Average Force vs Displacement curves for the right and left lobe

of the pig liver simulants. ........cccooo 178
Figure 7.16: Average stress-strain responses for pig liver simulants. ........ 178
Figure 7.17: Average tangent modulus of pig liver simulants..................... 179

Figure 7.18: Average tangent modulus of actual pig liver and equivalent pig

liver silicone simulants. ... 180
Figure 7.19: Average force vs displacement for pig kidney samples. ........ 181
Figure 7.20: Average stress vs strain for pig kidney samples. ................... 182

Figure 7.21: Average tangent modulus vs strain for pig kidney samples. .. 182
Figure 7.22: Average force vs displacement for pig kidney simulants........ 183

Figure 7.23: Average stress vs strain for pig kidney simulants. ................. 184

XV



Figure 7.24: Average tangent modulus vs strain for actual pig kidney and pig

Kidney Simulants. ..........coooiii e 184
Figure 7.25: Moving and squashing of pig liver inside the test-rig.............. 187
Figure 7.26: Lifting of pig liver inside the test-rig...............cccccccc 187
Figure 7.27: Lifting of simulant human liver inside the test-rig. .................. 188

Figure 7.28: Moving and squashing of simulant human bowel pieces inside
thE tEST-MIG. e 189
Figure 7.29: Retraction events for the liver for patient 3 undergoing open
abdominal SUFGETY. .......ooooiii e 190
Figure 7.30: Clean retraction event for the liver for patient 3 undergoing open
abdominal surgery (second event of Figure 7.29). ...........ccoiiiieninnnnn. 191
Figure 7.31: Retraction events for the bowel for patient 3 undergoing open
abdominal SUFGEIY. ......oooiiiiiiiii 192
Figure 7.32: Retraction of the bowel using a metal retractor for patient 3.. 193
Figure 7.33: Retraction events for the stomach for patient 10 undergoing
open abdominal SUFQENY. .........uiiiiiiiii e 194
Figure 7.34: Unclean retraction event of liver for patient 4 during HALS.
Selected stills from the video footage are included. ............................ 195
Figure 7.35: Clean retraction event of liver for patient 8 during HALS. ...... 195
Figure 7.36: Retraction of the liver using a PretzelFlex™ retractor for patient
4. Selected stills from the video footage are included. ........................ 196
Figure 7.37: Retraction of the liver using a laparoscopic grasper for patient 5.
Selected stills from the video footage are included. ............................ 197
Figure 7.38: Retraction event for the bowel (patient 5) undergoing HALS. 198
Figure 7.39: Retraction event for the kidney (patient 7) undergoing HALS. 199
Figure 7.40: Retraction event for the kidney (patient 6) undergoing HALS.
Selected stills from the video footage are included. ............................ 199
Figure 7.41: Retraction event for the spleen (patient 5) undergoing HALS.
Selected stills from the video footage are included. ........................... 200
Figure 7.42: Retraction event for the stomach (patient 5) undergoing HALS.
Properties extracted for data analysis and selected stills from the video

footage are INClUded. ........coooiiiirie e 201

XVi



Figure 7.43: Retraction events for the abdominal aorta and omentum for
patient 7 and IVC and duodenum for patient 8. ............cccccccoeiiiiiieee. 202
Figure 7.44: Average root mean square and maximum surface pressure
(‘clean' events), and average maximum surface pressure (all events)
applied to key abdominal organs. ...............c.ocoeeviiii e, 204
Figure 7.45: Average hold time for pressure applied to key abdominal organs
("Clean’ @VENTS). ..o 204
Figure 7.46: Surface pressure relaxation: [AP/THold]/Pmax Vs THolid for the
Liver-OC. OC = Open Cholecystectomy................coocciiiiiiiiiiiinne 206
Figure 7.47: Surface pressure relaxation: [AP/THold]/Pmax Vs THold for the liver
(OC — empty squares), bowel (OC — empty triangles), bowel (HALS —
filled diamonds, and kidney (HALS — filled circles). OC = Open
Cholecystectomy. HALS = Hand Assisted Laparoscopic Surgery....... 206
Figure 7.48: Coordinate axes, known distance of retractor (7 cm), stationary
points (1-4) and identifying marks (spot 5 and 6) for Image at 1 sec... 207
Figure 7.49: Sequence of images extracted from the video footage of the
second liver retraction event for patient 3..............coooiiiiii i 208
Figure 7.50: Retraction distances (AX1 and AX2) compared against applied
surface pressure in the second liver retraction event for patient 3. ..... 211
Figure 7.51: Correlation between surface pressure and retraction distance
(AX) in the plane of the image for the second retraction event of the liver
for patient 3 during OC. ... 212
Figure 7.52: Coordinate axes, known width of thumb of surgeon (2 cm),
stationary points (1-4) and identifying marks (spot 5 and 6) for Image at 9
secs for retraction of bowel for patient 5................coooiiiiii 213
Figure 7.53: Coordinate axes, known width of fingertips of surgeon (2 cm),
stationary points (1-4) and identifying marks (spot 5 and 6) for Image at 0
sec for retraction of kidney for patient 6. ...............ccoo 213
Figure 7.54: Coordinate axes, known width of fingertips of surgeon (2 cm),
stationary points (1-4) and identifying marks (spot 5 and 6) for Image at 0

sec for retraction of stomach for patient 5. .............cccceeiiiii 214

XVii



Figure 7.55: Coordinate axes, known width of thumb of surgeon (2 cm),
stationary points (1-4) and identifying marks (spot 5 and 6) for Image at
29 secs for retraction of spleen for patient 5............ccccooeiiiiiien. 214

Figure 7.56: Correlation between surface pressure and retraction distance for
the second retraction event of the bowel for patient 5 during HALS.... 215

Figure 7.57: Correlation between surface pressure and retraction distance for

the kidney for patient 6 during HALS. ... 216
Figure 7.58: Correlation between surface pressure and retraction distance for
the stomach for patient 5 during HALS. ... 216
Figure 7.59: Correlation between surface pressure and retraction distance for
the spleen for patient 5 during HALS. ... 217
Figure 7.60: Retraction distances of key abdominal organs. .................... 218

Figure 7.61: Surface pressures applied to retract pig (in-vitro), simulant
human liver (in-vitro), and human liver (in-vivo).............cccccciiiiiinnnnnee 219
Figure 7.62: Surface pressures applied to retract pig (in-vitro), simulant
human liver (in-vitro), and human liver (in-vivo)..........cccccccceeiiiiiiiinnnnn, 220
Figure 8.1: Equatorial radial deformation vs axial deformation of a solid wall
cylinder with isotropic material properties employing finite and infinite
B S, e 222
Figure 8.2: Equatorial radial deformation vs axial deformation of a cylinder
with isotropic material properties and end pieces under uniaxial
COMPIESSIVE TOrCE. .. 223
Figure 8.3: ERD vs AD for parametric study of Er (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
7= 1110 ) TR EPRSR 225
Figure 8.4: ERD vs compressive axial force for parametric study of E
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative PoiSSON's ratio)..............cooooiiiieiiiiiiiiie 226
Figure 8.5: ERD vs AD for parametric study of Ee (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
=1 [ ) R 226

XVii



Figure 8.6: ERD vs compressive axial force for parametric study of Ee
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative PoiSSON's ratio)..............oooooiiiiiiiiiiiii 227

Figure 8.7: ERD vs axial strain for parametric study of Ee (parametric study 1
of cylinder with pronged cone end pieces and in-plane negative
POISSON'S ratio). ..o 227

Figure 8.8: ERD vs AD for parametric study of Ez (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
7= X[ ) 228

Figure 8.9: ERD vs compressive axial force for parametric study of E:
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative Poisson's ratio)...........cccvvvviiiciii e 229

Figure 8.10: ERD vs AD for parametric study of G (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
= 1110 PSSO UUUPPRRRUPIN 230

Figure 8.11: ERD vs compressive axial force for parametric study of Gre
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative PoiSSON'S ratio).............oooooiiiiiiiiiiiii s 231

Figure 8.12: ERD vs AD for parametric study of Gez (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
7= 1110 ) TR EPPSR 232

Figure 8.13: ERD vs compressive axial force for parametric study of Ge:
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative PoiSSON's ratio)..............ooooiiiiiiiiiiiiii 233

Figure 8.14: ERD vs AD for parametric study of Grz (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
=1 [ ) R 234

Figure 8.15: ERD vs compressive axial force for parametric study of Gz
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative Poisson's ratio)...............oooooiii 234

Figure 8.16: ERD vs AD for parametric study of in-plane Poisson’s ratios
(parametric study 1 of cylinder with pronged cone end pieces and in-

plane negative Poisson's ratio)..............coooooiiiii 235



Figure 8.17: ERD vs compressive axial force for parametric study of in-plane
Poisson’s ratios (parametric study 1 of cylinder with pronged cone end
pieces and in-plane negative Poisson's ratio). ............ccccccuiiiiiiiinnnnnns 236

Figure 8.18: Parametric study of outer diameter of cylinder using 'standard'
properties (parametric study 1 of cylinder with pronged cone end pieces
and in-plane negative Poisson's ratio)..................oo oo 238

Figure 8.19: Parametric study of length of cylinder using 'standard' properties
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative Poisson's ratio)...............oooooiii 238

Figure 8.20: Parametric study of wall thickness of cylinder using 'standard'
properties (parametric study 1 of cylinder with pronged cone end pieces
and with in-plane negative Poisson's ratio). ...........ccccceeiiiiiiiiiiiiiiinnn. 239

Figure 8.21: Parametric study of Young's modulus of pronged cone end
pieces using 'standard' properties (parametric study 1 of cylinder with
pronged cone end pieces and with in-plane negative Poisson's ratio). 239

Figure 8.22: Parametric study of different types of end pieces using
'standard' properties (parametric study 1 of cylinder with pronged cone
end pieces and with in-plane negative Poisson's ratio). ..................... 240

Figure 8.23: ERD vs AD for parametric study of in-plane Poisson’s ratios
using ‘shape change’ properties (parametric study 1 of cylinder with
pronged cone end pieces and in-plane negative Poisson's ratio)........ 242

Figure 8.24: ERD vs axial compressive force for parametric study of in-plane
Poisson’s ratios using ‘shape change’ properties (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
7= 1110 ) TR EEPPRSR 243

Figure 8.25: Parametric study of outer diameter of cylinder using 'shape
change' properties (ERD vs AD) (parametric study 1 of cylinder with
pronged cone end pieces and in-plane negative Poisson's ratio)........ 244

Figure 8.26: Parametric study of outer diameter of cylinder using 'shape
change' properties (ERD vs axial compressive force) (parametric study 1
of cylinder with pronged cone end pieces and in-plane negative

POISSON'S ratio). ..o 245

XX



Figure 8.27: Parametric study of outer diameter of cylinder using 'shape
change' properties (ERD vs axial strain) (parametric study 1 of cylinder
with pronged cone end pieces and in-plane negative Poisson's ratio). 245

Figure 8.28: Parametric study of length of cylinder using 'shape change'
properties (ERD vs AD) (parametric study 1 of cylinder with pronged
cone end pieces and in-plane negative Poisson's ratio)..................... 246

Figure 8.29: Parametric study of length of cylinder using 'shape change'
properties (ERD vs axial compressive force) (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
=1 [ ) R 247

Figure 8.30: Parametric study of length of cylinder using 'shape change'
properties (ERD vs axial strain) (parametric study 1 of cylinder with
pronged cone end pieces and in-plane negative Poisson's ratio)........ 247

Figure 8.31: Parametric study of wall thickness of cylinder using 'shape
change' properties (ERD vs AD) (parametric study 1 of cylinder with
pronged cone end pieces and in-plane negative Poisson's ratio)........ 248

Figure 8.32: Parametric study of wall thickness of cylinder using 'shape
change' properties (ERD vs axial compressive force) (parametric study 1
of cylinder with pronged cone end pieces and in-plane negative
POISSON'S ratio). ..o 249

Figure 8.33: Parametric study of wall thickness of cylinder using 'shape
change' properties (ERD vs axial strain) (parametric study 1 of cylinder
with pronged cone end pieces and in-plane negative Poisson's ratio). 249

Figure 8.34: Parametric study of Young's modulus of pronged cone end
pieces using 'shape change' properties (ERD vs AD) (parametric study 1
of cylinder with pronged cone end pieces and in-plane negative
POISSON'S ratio). .. 250

Figure 8.35: Parametric study of Young's modulus of pronged cone end
pieces using 'shape change' properties (ERD vs axial compressive force)
(parametric study 1 of cylinder with pronged cone end pieces and in-
plane negative PoiSSON'S ratio)..............oooooiiiiiiiiiiii 251

Figure 8.36: Parametric study of Young's modulus of pronged cone end

pieces using 'shape change' properties (ERD vs axial strain) (parametric

XXi



study 1 of cylinder with pronged cone end pieces and in-plane negative
POISSON'S rati). ..ceveeeii e 251
Figure 8.37: ERD vs compressive axial deformation for parametric study of
Ee (parametric study 2 of cylinder with pronged cone end pieces and in-
plane negative Poisson's ratio).............c..iiiieei i, 253
Figure 8.38: ERD vs axial strain for parametric study of Ees (parametric study
2 of cylinder with pronged cone end pieces and in-plane negative
POISSON'S ratio). ..o 254
Figure 8.39: ERD vs AD for parametric study of Ee (parametric study 2 of

cylinder without end pieces and with in-plane positive Poisson's ratio).

............................................................................................................ 257
Figure 8.40: ERD vs axial compressive force for parametric study of Es

(parametric study 2 of cylinder without end pieces and with in-plane

positive POISSON'S ratio). .......coooeiieiie 258

Figure 8.41: ERD vs axial strain for parametric study of Ee (parametric study
2 of cylinder without end pieces and with in-plane positive Poisson's
=1 [ ) R 259

Figure 8.42: Parametric study of outer diameter of cylinder for uniaxial
compression mechanism (ERD vs compressive axial deformation)
(parametric study 2 of cylinder without end pieces and with in-plane
positive PoiSSON'S ratio). ......ccouvuiiiiiiiii e 261

Figure 8.43: Parametric study of outer diameter of cylinder for uniaxial
compression mechanism (ERD vs axial compressive force) (parametric
study 2 of cylinder without end pieces and with in-plane positive
POISSON'S rati). .eeeveeeii e 261

Figure 8.44: Parametric study of outer diameter of cylinder for uniaxial
compression mechanism (ERD vs axial strain) (parametric study 2 of

cylinder without end pieces and with in-plane positive Poisson's ratio).

Figure 8.45: Parametric study of length of cylinder for uniaxial compression
mechanism (ERD vs compressive axial deformation) (parametric study 2

of cylinder without end pieces and with in-plane positive Poisson's ratio).



Figure 8.46: Parametric study of length of cylinder for uniaxial compression
mechanism (ERD vs axial compressive force) (parametric study 2 of

cylinder without end pieces and with in-plane positive Poisson's ratio).

Figure 8.47: Parametric study of length of cylinder for uniaxial compression
mechanism (ERD vs axial strain) (parametric study 2 of cylinder without
end pieces and with in-plane positive Poisson's ratio)...........ccccvuueee... 263

Figure 8.48: Parametric study of wall thickness of cylinder for uniaxial
compression mechanism (ERD vs AD) (parametric study 2 of cylinder
without end pieces and with in-plane positive Poisson's ratio). ........... 264

Figure 8.49: Parametric study of wall thickness of cylinder for uniaxial
compression mechanism (ERD vs axial compressive force) (parametric
study 2 of cylinder without end pieces and with in-plane positive
POISSON'S ratio). ..o 264

Figure 8.50: Parametric study of wall thickness of cylinder for uniaxial
compression mechanism (ERD vs axial strain) (parametric study 2 of

cylinder without end pieces and with in-plane positive Poisson's ratio).

Figure 8.51: ERD vs AD for parametric study of Ee (parametric study 2 of

cylinder without end pieces and with in-plane negative Poisson's ratio).

Figure 8.52: ERD vs axial tensile force for parametric study of Es (parametric
study 2 of cylinder without end pieces and with in-plane negative
POISSON'S ratio). ..o 267

Figure 8.53: ERD vs axial strain for parametric study of Es (parametric study
2 of cylinder without end pieces and with in-plane negative Poisson's
=1 ([ ) R 268

Figure 8.54: Parametric study of outer diameter of cylinder for uniaxial
tension mechanism (ERD vs AD) (parametric study 2 of cylinder without
end pieces and with in-plane negative Poisson's ratio). ..................... 270

Figure 8.55: Parametric study of outer diameter of cylinder for uniaxial

tension mechanism (ERD vs axial tensile force) (parametric study 2 of

XXiii



cylinder without end pieces and with in-plane negative Poisson's ratio).

Figure 8.56: Parametric study of outer diameter of cylinder for uniaxial
tension mechanism (ERD vs axial strain) (parametric study 2 of cylinder
without end pieces and with in-plane negative Poisson's ratio)........... 271

Figure 8.57: Parametric study of length of cylinder for uniaxial tension
mechanism (ERD vs AD) (parametric study 2 of cylinder without end
pieces and with in-plane negative Poisson's ratio). ................ccceeeee. 271

Figure 8.58: Parametric study of length of cylinder for uniaxial tension
mechanism (ERD vs axial tension force) (parametric study 2 of cylinder
without end pieces and with in-plane negative Poisson's ratio)........... 272

Figure 8.59: Parametric study of length of cylinder for uniaxial tension
mechanism (ERD vs axial strain) (parametric study 2 of cylinder without
end pieces and with in-plane negative Poisson's ratio). ..................... 272

Figure 8.60: Parametric study of wall thickness of cylinder for uniaxial tension
mechanism (ERD vs AD) (parametric study 2 of cylinder without end
pieces and with in-plane negative Poisson's ratio). ............cccccccuunnnenee 273

Figure 8.61: Parametric study of wall thickness of cylinder for uniaxial tension
mechanism (ERD vs tensile axial force) (parametric study 2 of cylinder
without end pieces and with in-plane negative Poisson's ratio). .......... 273

Figure 8.62: Parametric study of wall thickness of cylinder for uniaxial tension
mechanism (ERD vs axial strain) (parametric study 2 of cylinder without
end pieces and with in-plane negative Poisson's ratio). .........cccc..ueee... 274

Figure 9.1: FE predictions of auxetic honeycomb mesh models (ERD vs
Tensile axial deformation). ... 279

Figure 9.2: FE predictions of conventional honeycomb mesh models (ERD vs
Compressive axial deformation). ... 280

Figure 9.3: FE predictions of auxetic honeycomb mesh models (ERD vs Axial
tENSION FOICE). ... i e 281

Figure 9.4: FE predictions of conventional honeycomb mesh models (ERD vs
axial compressive fOrCe). ... 281

Figure 9.5: FE predictions of auxetic honeycomb mesh models (ERD vs

Tensile axial Strain). ... 282

XXiv



Figure 9.6: FE predictions of conventional honeycomb mesh models (ERD vs
Compressive axial Strain). .......ccoooveeeiiiii e 283
Figure 9.7: FE predictions of auxetic honeycomb mesh models with pronged
cone end pieces (ERD vs Compressive axial deformation)................. 284
Figure 9.8: FE predictions of auxetic honeycomb mesh models with pronged
cone end pieces (ERD vs Axial compressive force). .............cccoeeeeee. 284
Figure 9.9: FE predictions of auxetic honeycomb mesh models with pronged
cone end pieces (ERD vs Compressive axial strain)...............ccccce.... 285
Figure 9.10: FE predictions of laser cut and 3D printed auxetic and
conventional honeycomb mesh models (ERD vs AD). ......cccoeeevveeeenee. 286
Figure 9.11: FE predictions of laser cut and 3D printed auxetic and
conventional honeycomb mesh models (ERD vs Axial force). ............ 287
Figure 9.12: FE predictions of laser cut and 3D printed auxetic and
conventional honeycomb mesh models (ERD vs Axial strain)............. 288
Figure 9.13: Relationship of the mechanical properties (Ez/Ee and vzo) with
the cellular mesh parameter (o) for the different aspect ratios (h/l) of
auxetic hONEYCOMDS. ........veeii e 289
Figure 9.14: Relationship of the mechanical property (vz6) and RVE (Nc¢/Nv)
with the cellular mesh parameter (o) for the different aspect ratios (h/l) of
auxetic honeycombs and outer diameters of the cylinder.................... 290
Figure 9.15: Relationship of RVE (Nc¢/Nv) with the cellular mesh parameter
(W) for the different aspect ratios (h/l) of auxetic honeycombs and outer
diameters of the cylinder. ... 291
Figure 9.16: Relationship of RVE (Nc¢/Nv) with the cellular mesh parameter
(t/1) for the different aspect ratios (h/l) of auxetic honeycombs and outer
diameters of the cylinder. ... 292
Figure 9.17: Relationship of the mechanical properties (Ez/Ee and vzo) with
the cellular mesh parameter (o) for the different aspect ratios (h/l) of
conventional honNeyComMDS. ... 293
Figure 9.18: Relationship of the mechanical property (vz0) and RVE (Nc/Nv)
with the cellular mesh parameter (o) for the different aspect ratios (h/l) of

conventional honeycombs and outer diameters of the cylinder. .......... 295

XXV



Figure 9.19: Relationship of RVE (Nc¢/Nv) with the cellular mesh parameter

(t/1) for the different aspect ratios (h/l) and t| of conventional

RONEYCOMDS. ... e 296
Figure 9.20: Laser cut PVC cellular mesh tubes. ...........ccccccco 297
Figure 9.21: Laser cut PP cellular mesh tube. ................ccccoiiiiiiiiinne, 298
Figure 9.22: Laser cut PP cylinders consisting of beams/strips. ................ 299
Figure 9.23: 3D printed cellular mesh cylinder............cccccoo 299

Figure 9.24: Axial force vs axial displacement curves of the expansion
MECNANISIMS. e e 301
Figure 9.25: Tangent stiffness vs axial displacement curve of the
Conventional 8 model characterised in the absence of a surrounding
MAtErial.... ..o e 302
Figure 9.26: Tangent stiffness vs axial displacement curves of the expansion
MECNANISIMS. .o 303
Figure 9.27: Stress vs strain curves of the expansion mechanisms........... 304
Figure 9.28: Image analysis of selected stills extracted from the video
footage of the mechanical characterization of the Conventional 8
CY N e 305
Figure 9.29: Equatorial radial deformation vs axial deformation curve for the
Conventional 8 cylinder. ... 306
Figure 9.30: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional
8 CYINAET . ... e 307
Figure 9.31: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional
L0V 1T T = U 308
Figure 9.32: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional
T CYIINAET . e 309
Figure 9.33: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional
S 03 Y/ 10T L= SRR 310

XXVi



Figure 9.34: Equatorial deformation vs axial deformation curve for the Beam
24 o3 1 o = U 311
Figure 9.35: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Beam 2
(03 1T o 1= PSP 311
Figure 9.36: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Beam 1
CYHNAET . <. e 312
Figure 9.37: ERD vs AD curves obtained from experimental and FE
approaches for the Conventional 8 cylinder. ..........ccccceeiiiiiiiiiiiiiinnn. 313
Figure 9.38: Surface pressure exerted by expansion mechanisms on

surrounding foam blocks within the test rig during in-vitro assessment.

............................................................................................................ 315
Figure 9.39: Retraction of surrounding foam blocks within the test rig
mounted on the Instron machine by the Conventional 8 cylinder. ....... 316
Figure 9.40: Axial force vs axial deformation data for the expansion
mechanisms surrounded by foam blocks within the test rig................. 317
Figure 9.41: Surface pressure exerted on simulant organs by the
Conventional 8 cylinder within the testrig vs time. ............................ 318

Figure 9.42: Axial compressive force vs axial deformation curves of the
Conventional 8 cylinder surrounded by individual and combinations of
SIMUIANT OFGANS. ... e 320

Figure 9.43: Tangent stiffness vs axial displacement curves of the
Conventional 8 cylinder surrounded by a combination of (Liver)-(Bowel &
Kidney) simulants. ... 321

Figure 9.44: Tangent stiffness vs axial displacement curves of the
Conventional 8 cylinder surrounded by individual and combinations of
SIMUIANt OrgaNS. ....cooviiiiiiii 322

Figure 9.45: Axial compressive stress vs axial strain curves of the
Conventional 8 cylinder surrounded by individual and combinations of

SIMUIANT OrgaNS. ...cooviiiiiiii 323

XXVii



Figure 9.46: Image analysis of selected stills extracted from the video
footage recorded during the retraction of the combination of (Liver)-
(Bowel & Kidney) simulants by the Conventional 8 cylinder. ............... 324

Figure 9.47: ERD vs AD curves obtained for retraction of individual and
combinations of the simulant organs present within the test rig during in-
vitro assessment of the Conventional 8 cylinder. ................ccccccn.. 325

Figure 9.48: Surface pressure and total equatorial deformation vs time for
retraction of the (Liver)-(Bowel & Kidney) simulant combination by the
Conventional 8 cylinder. ... 326

Figure 9.49: Surface pressure and total equatorial deformation vs time for
retraction of the (Stomach & Spleen)-(Bowel) simulant combination by
the Conventional 8 cylinder. ...........ccooiiiiiiii e 327

Figure 9.50: Surface pressure and total equatorial deformation vs time for
retraction of bowel simulants by the Conventional 8 cylinder. ............. 327

Figure 9.51: Surface pressure and total equatorial deformation vs time for
retraction of kidney simulants by the Conventional 8 cylinder. ............ 328

Figure 9.52: Surface pressure and total equatorial deformation vs time for
retraction of spleen simulants by the Conventional 8 cylinder.............. 328

Figure 9.53: Maximum surface pressure (Pmax) and root mean square
surface pressure (Pms) for the retraction of the simulant organs by the
Conventional 8 Cylinder. ..........iiiii i 330

Figure 9.54: Surface pressure exerted on the simulant organs by the
Conventional 10 and Beam 2 cylinders within the test rig. .................. 332

Figure 9.55: Axial compressive force vs axial deformation curves of the
Conventional 10 and Beam 2 cylinders for the retraction of surrounding
individual and combinations of simulant organs. ...........ccccc...ee. 333

Figure 9.56: Tangent stiffness vs axial displacement curves of the
Conventional 10 and Beam 2 cylinders for the retraction of surrounding
combination and individual simulant organs. ..............cccceeeeiiiiieeeeenne. 334

Figure 9.57: Axial stress vs axial strain curves of the Conventional 10 and
Beam 2 cylinders for the retraction of the individual and combinations of

SIMUIANT OrgaNS. ...cooviiiiiii 335

XXViii



Figure 9.58: ERD vs AD curves for the retractions of the individual and
combinations of the simulant organs obtained during in-vitro assessment
of the Conventional 10 and Beam 2 cylinders. ..........ccccooeviiiii. 337
Figure 9.59: Surface pressure and total equatorial deformation vs time for
retraction of bowel simulants by the Beam 2 cylinder......................... 338
Figure 9.60: Surface pressure and total equatorial deformation vs time for
retraction of kidney simulants by the Conventional 10 cylinder. .......... 338
Figure 9.61: Surface pressure and total equatorial deformation vs time for
retraction of spleen simulants by the Conventional 10 cylinder. .......... 339
Figure 9.62: Surface pressure and total equatorial deformation vs time for
retraction of the combination of (Stomach & Spleen)-(Bowel) simulants
by the Conventional 10 cylinder. ... 339
Figure 9.63: Total equatorial deformation vs AD curves obtained from the FE

modelling and experimental approaches for the Conventional 8 cylinder.

Figure 9.64: Total equatorial deformation vs AD curves obtained from the FE
modelling and experimental approaches for the Conventional 10
CY N e 341
Figure 9.65: Surface pressure applied (a) on the combination of Liver-
BowelKidney simulants within the test rig (in-vitro) by the Conventional 8
cylinder and (b) on the human liver during OC and HALS (in-vivo) by the
fingertips of the surgeon and metal retractors. ..........cccccovviviiiiiiinnnnnn. 343
Figure 9.66: Surface pressure applied (a) on the bowel simulants within the
test rig (in-vitro) by the Conventional 8 cylinder and (b) on the human
bowel during OC and HALS (in-vivo) by the fingertips of the surgeon. 344
Figure 9.67: Surface pressure applied (a) on the kidney simulants within the
test rig (in-vitro) by the Conventional 8 and 10 cylinders and (b) on the
human kidney during HALS (in-vivo) by the fingertips of the surgeon. 345
Figure 9.68: Surface pressure applied (a) on the combination of
StomachSpleen-Bowel simulants within the test rig (in-vitro) by the
Conventional 8 and 10 cylinders and (b) on the human stomach during

HALS (in-vivo) by the fingertips of surgeon. .............cccccvveeiiiiiiiiineenne. 347

XXiX



Figure 9.69: Surface pressure applied (a) on the spleen simulants within the
test rig (in-vitro) by the Conventional 8 and 10 cylinders and (b) on the
human spleen during HALS (in-vivo) by the fingertips of the surgeon. 348

Figure 9.70: Retraction of pig liver and bowel by the doughnut shape
inflatable prototypes. ... 351

Figure 9.71: Surface pressure exerted by the fingertips of the surgeon on the
pig liver, bowel and abdominal wall. ..., 352

Figure 9.72: Retraction of pig liver during the in-vitro assessment of the
inflatable doughnut shape prototypes. ........cccoooooiiiiiiiiii, 353

Figure 9.73: Retraction of the bowel simulant during the in-vitro assessment
of the inflatable doughnut shape prototypes...........ccccceeiiviiiiiiiiiiiennn. 353

Figure 9.74: Retraction of the liver simulant during the in-vitro assessment of
the inflatable doughnut shape prototypes. ..........ccooooviiiiiiiiiiiiciiee 354

Figure 9.75: Ranking of the expansion mechanisms according to (a) axial
deformation and (b) axial force predicted during FE modeling. ........... 356

Figure 9.76: Ranking of the promising expansion mechanisms according to

the experimental OULPULS. .......oooriiiiiii 357

XXX



ABSTRACT

Expansion mechanisms have been developed, which deploy from a cylinder
to a sphere upon simple mechanical compression or tension along the cylinder
axis, for use in organ retraction and space creation during laparoscopic
surgery. An abdominal simulator consisting of simulant abdominal organs has
also been developed to enable in-vitro evaluation of the space creation and
organ retraction functions of prototype expanding structures. In-vivo retraction
distances and surface pressures applied to key abdominal organs during open
and hand-assisted laparoscopic abdominal procedures have been measured
for 12 patients. The working space quantified in the in-vivo study was used as
the target expansion in the fully deployed state of the proposed device during
the design and development of prototype structures.

A Finite Element (FE) modelling parametric investigation has been undertaken
to determine the influence of the mechanical properties (including negative
and positive Poisson's ratios) of the cylinder wall on the expansion behaviour
of solid wall cylinders with and without end pieces. Subsequently, cellular
mesh cylinders were designed using computer-aided-design (CAD) and FE
models with effective mechanical properties closely matching the mechanical
properties of the optimal solid wall cylinders. Cylinders comprising of
circumferential vertical strips or beams were additionally simulated as
candidate expansion mechanisms.

Promising candidate polymeric mesh and strip prototypes have been
fabricated via 3D printing and laser cutting and subsequently characterised
using mechanical compression and tension tests to quantify the degree of
expansion without surrounding materials. In-vitro measurements of surface
pressures and retraction distances generated by promising expanding
prototype structures when retracting simulant organs in the abdominal
simulator mounted on a mechanical testing machine were then undertaken.
The surface pressures generated in-vitro by the expansion mechanisms are in
good agreement with the surface pressures generated in-vivo on key human
abdominal organs by surgeons.
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1 Introduction

1.1 Motivation

Laparoscopic surgery, also known as Minimally Invasive Surgery (MIS), is
the modern surgical procedure of operating within body cavities through
small incisions. It has been preferred over open abdominal surgery (large
incision performed along midline to get access to the major abdominal
organs) in the last two decades since it offers reduced post-operative pain,
faster recovery, reduced length of stay, reduced morbidity, and more cost
effective outcomes.(Y) The most common laparoscopic procedures include
laparoscopic cholecystectomy, laparoscopic nephrectomy, laparoscopic
appendectomy and laparoscopic hernia repair.23) Laparoscopic surgery is
increasingly being used in complex abdominal procedures including hepatic

resections and even surgery on major vascular structures including the aorta.

Briefly, the technique involves making several small incisions in the
abdominal wall to enable the insertion of a camera and surgical instruments.
CO:z insufflation is currently used to inflate abdominal wall and create space
for the surgeon to operate during abdominal laparoscopic procedures. There
are several clinical issues associated with COz2 insufflation, providing impetus

for the development of an alternative means of creating space during MIS.

During both open and laparoscopic abdominal surgery, access to, and
visibility of the surgical field is reduced due to the presence of surrounding
organs and tissues. It is necessary for the surgeon to constantly retract
(move) surrounding organs and tissues from the surgical field. For example,
during a routine laparoscopic cholecystectomy it can be necessary for the
operating surgeon to lift the liver many times to gain access to the gall
bladder which often requires an assistant surgeon, is distracting and can be
time consuming. The need to constantly handle surrounding organs

increases the potential of inadvertent damage or injury to these structures.

Mr Titus Augustine, a consultant transplant and endocrine surgeon at the
Manchester University NHS Foundation Trust (formerly known as Central

Manchester University Hospitals NHS Foundation Trust), has proposed that
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the clinical drawbacks associated with CO: insufflation, organ retraction and
space creation within the abdomen can be overcome by using a generic
inflatable, hollow and transparent structure (the LaparOsphere™) to create
space within the abdomen and retract abdominal organs.® The
LaparOsphere™ is an expanding device that is initially inserted into the
abdominal cavity in its unexpanded state. Upon inflation it takes the shape of
a truncated hollow sphere with many access holes for surgical instruments. It
creates space within the abdomen by retracting surrounding organs and
tissues away from the surgical field. The surgeon operates within the space
inside the sphere. The laparoscope and other laparoscopic instruments are
inserted through holes/apertures within the surface of the sphere without
affecting the inflation or structural integrity of the sphere. Surrounding organs
and tissues remain outside the sphere and are retracted and protected from

the surgical field.

In this PhD project, co-sponsored by TrusTECH and MFT, it is proposed that
the expansion of the LaparOsphere™ can be achieved with use of cellular
structures in response to mechanical deployment, as an alternative (or
additional) to the introduction of air/fluid into the current inflatable double-
walled device (i.e. inflatable doughnuts) to enable space creation and organs
retraction during surgery. Auxetic flat plates are known to undergo double
(synclastic) curvature under pure bending.® Here, the ability of an auxetic
structure in cylindrical or tubular form to deploy in to a sphere on application
of an external force has been investigated.® In particular honeycomb/mesh
structures have been considered to take advantage of the cellular nature to
allow access for instruments. The expansion and retraction responses of
conventional honeycomb cylinders, inflatable doughnuts, and cylindrical

arrangements of beams have also been investigated.

1.2 Aim and objectives
The overall aim was to design, develop, fabricate and characterise
deployable expansion mechanisms for improved space creation and organ

retraction during laparoscopic surgery.



The objectives to achieve the overall aim are enlisted below:

1.3

To determine the biomechanical properties of the human abdomen
and key abdominal organs.

To develop an in-house abdominal simulator composed of artificial
simulants mimicking the biomechanical properties of human
abdominal organs which can be used as an in-vitro test rig to
evaluate the space creation and organ retraction functions of
prototype expanding structures.

To quantify the degree of organ retraction required during
abdominal open and laparoscopic procedures and the typical
surface pressures applied to the key abdominal organs to achieve
the required degree of organ retraction.

To simulate expansion properties of a range of auxetic and other
non-auxetic expansion mechanisms.

To design promising prototype structures.

To fabricate candidate expanding structures.

To characterise promising expansion mechanisms without
surrounding materials.

To undertake in-vitro assessment of the expansion mechanisms

using the in-house abdominal simulator.

Layout of chapters

Appropriate literature is reviewed in Chapter 2 and Chapter 3 for issues

related to open and keyhole abdominal surgery, existing space creation

and/or organ retraction devices, surface pressures applied during surgical

procedures, biomechanical properties of key human abdominal organs,

classical elasticity theory, the fundamentals of auxetic structures, properties

and deformation mechanisms, and the applications of auxetic materials in

the healthcare sector.

Chapters 4 describes the methodologies used for the development of an in-

house abdominal simulator, the in-vivo measurement of the surface

pressures applied on key abdominal organs during abdominal surgery, and
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the determination of in-vivo organ retraction distances. The Finite Element
(FE) modelling methodologies used for simulation of cylinder expansion
properties as a function of the mechanical properties of the cylinder wall are
elucidated in Chapter 5. Design, fabrication, characterisation, and in-vitro
assessment methods for the expansion mechanisms of prototype auxetic
and non-auxetic honeycomb and beam cylindrical structures are explained in
Chapter 6.

The Results chapters begin with the results of the design and development
of the in-house simulator and the quantification of surface pressures and
organ retraction distances during surgical procedures in Chapter 7. A
parametric investigation into the expansion properties from FE simulations of
auxetic and non-auxetic cylinders described in Chapter 8. Results from
computer aided design models, fabrication, mechanical characterisation, and
in-vitro assessment of candidate structures are narrated in Chapter 9. The
results presented in Chapters 7, 8 and 9 are discussed in Chapter 10. The
overarching conclusions and future work related to the further development

of prototypes are subsequently described in Chapter 11.



2 Literature review - Human abdomen, abdominal surgery

and the LaparOsphere™

2.1 The human abdominal environment - key organs and

biomechanical properties
To evaluate space creation and organ retraction functions of prototype
expansion mechanisms an in-house abdominal simulator has been designed
and fabricated from consideration of the biomechanical properties of key
abdominal organs. The main biomechanical and physical properties of

abdominal organs are weight, dimensions, volume, density, and elasticity.

2.1.1 Human abdomen and abdominal wall

The human abdomen is the largest cavity or space in the body, characterised
by an oval (adult male) and ovoid (adult female) shape which varies in form
and extent with age and sex. The abdomen begins from the thorax (chest)
and terminates at the pelvis. The abdomen contains all the digestive organs,
including the stomach, small and large intestines, pancreas, liver, kidney,
spleen, and gallbladder. These organs are held together loosely by
connecting tissues (mesentery) that allow them to expand and to slide
against each other. In the front, the abdomen is protected by a thin, tough
layer of tissue called fascia. In front of the fascia are the abdominal muscles

and skin. In the rear of the abdomen are the back muscles.(”)

The biomechanical properties of the human abdomen and abdominal wall
are summarised in Table 2.1. Song et al® measured the average wall
thickness prior to the operation with an ultrasound scanner using a 7.5MHz
probe (SSD-2200, UST-995, Aloka, Japan) from six standardised measuring
points on the outer surface of the abdomen.® The mean Young's modulus
was calculated from the constitutive stress-strain relationship of the
abdominal wall which was derived from the measured inflation pressure and
abdominal wall motion.® The abdominal cavity volume was measured using
the Computerised Tomography (CT) scan reconstruction technique in two
steps. Firstly, multi-slice (slice thickness 0.75 cm) helical CT scans were

carried out and 3D reconstruction was then done. The liver, spleen, greater
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omentum, gastrointestinal tract, and uterus were included in the abdominal
cavity.®

Table 2.1: Biomechanical properties of human abdomen and abdominal
wall. N/R = Not reported.

Mean Standard Sample
Dimensions o _ Reference
Value deviation size (n)
Abdominal wall
_ 30 N/R 18 (8)
thickness (mm)
Young's modulus of | 27 (M), 5 (M), 18 ®)
abdominal wall (kPa) | 21 (F) 4 (F)
Abdominal cavity
9760 600 7 (9)
volume (ml)

The human abdominal organs are shown in Figure 2.1. The liver, kidney, and

spleen are solid and compressible abdominal organs while the stomach and
bowel are also compressible but hollow.(10

igure 2.1: Human abdominal environment ad key organs. ‘©2016,
WebMD, LLC. All rights reserved’.('0
Soft organ tissues exhibit complex non-linear, anisotropic, and

inhomogeneous behaviour. Fung has revealed that a non-linear stress—strain
6



relationship is common for soft tissues but the degrees are different for
different organs.('") Currently, mechanical indenters, rotational rheometers,
and medical imaging techniques are used to collect dynamic material
properties of soft tissues.('? Ex-vivo (autopsy), in-vivo (medical imaging), and
in-vitro techniques for the evaluation of biomechanical properties of

abdominal organs are present in the literature.('3-19

The weight, volume, density, and elasticity of the key abdominal organs have

been reviewed and are briefly summarized in the Sections 2.1.2 and 2.1.3.
2.1.2 Solid organs

2.1.2.1 Liver

The human liver is a pinkish-brown colour and is the largest internal organ in
the human body. It is in the right upper quadrant of the abdominal cavity,
resting just below the diaphragm. The liver lies to the right of the stomach

and overlies the gallbladder (Figure 2.2).(10

Figure 2.2: Human liver, gallbladder situated underneath of liver and
pancreas. ‘©2016, WebMD, LLC. All rights reserved’.(10

Physical dimensions:




Gupta et al®® measured the physical dimensions (Figure 2.3) of fifty human
cadaveric livers by Vernier Calliper (Mitotoyo, Japan) (Figure 2.3)?% and are

summarised in Table 2.2.

Figure 2.3: A schematic diagram showing physical dimensions of human
liver. AA = Maximum transverse diameter, BB = Maximum vertical
diameter, CC = Vertical diameter at falciform ligament, DD = Vertical
diameter at centre of fossa for gall bladder, E = Maximum anteroposterior

diameter.(29



Table 2.2: Physical dimensions of human liver.(%)

Physical Dimensions Mean Value (cm)
Transverse diameter (Length) (AA) 2025
Vertical diameter (Width) (BB) 1512
Vertical diameter at falciform
10 £1
ligament (CC)
Vertical diameter at centre of fossa
1312
for gall bladder (DD)
Anteroposterior
852

diameter (Thickness) (E)

Liver volume

CT scanning and Magnetic Resonance Imaging (MRI) based liver volumetry
are presently used as methods to assess liver volume for liver transplant
surgeries (Table 2.3). In addition, autopsy examination was identified as a
method of choice for the measurement of liver volume. In the latter case,
liver volume was measured using Archimedes’ principle during post-mortem

examination.@")

Discrepancies in the values of mean liver volume obtained by CT scan, MR,
and autopsy methods have been explained by factors such as sample size,
age distribution within sample size, and anatomy and physiology of liver
sample.?’-27) The mean liver volume measured by MRI tends to
overestimate the values of mean liver volume obtained by CT scanning for

the following reasons(®?):

» MRI examinations require long acquisition times. It the patients can’t
hold their breath properly; the liver may be virtually enlarged due to

breathing artefacts

» Inclusion of non-liver tissue in the volumetric measurements



» Blurring artefacts at the liver border can lead to overestimation of liver

volume.

The autopsy method is an ex-vivo method and liver volume measurement
include the anatomically attached gall bladder and ligaments. Hence, the
autopsy method is not deemed in the literature to be as accurate as in-vivo

methods of liver volumetry (CT scan & MRI).
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Table 2.3: Human liver volume. N/A = Not applicable, N/R = Not reported.

Mean
Method of Standard Sample
Value Reference
Measurement Deviation Size (n)
(ml)
Magnetic
Resonance 2020 680 30 (22)
Image (MRI)
1470 130 10 (23)
1710
290 41
(M) (24)
1410
270 36
(F)
CT scan 1500 230 11 (25)
1930 500 30 (22)
1230
120
(M)
31 (26)
1050
110
(F)
Average value
1475 230 N/A N/A
of CT scan
Autopsy/Post
1660 370 652 (21)
mortem
1862 N/R 33 (27)
Average value
1761 N/A N/A N/A
of Autopsy

In conclusion, the CT scan method has distinct advantages over both
autopsy and MRI methods. Liver volume obtained by the CT scan method
has, therefore, been considered as the benchmark in the development of a

liver simulant for the in-house abdominal simulator.

Liver weight
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The weight of the human liver has been measured using cadaver livers
obtained through post mortem procedures (Table 2.4). The small degree of
discrepancy in mean weight reported in the two studies can be explained by
different ethnic groups considered for study (Korean and Caucasian), sample
size, age distribution, and anthropometric data such as body weight, body

size, and body surface area.

Table 2.4: Human liver weight. N/A = Not applicable, N/R = Not reported.

Mean Standard Sample
Source of Liver o , Reference
Value (g) Deviation Size (n)
Post mortem 1730 370 652 (21)
(Autopsy/Cadaver) 1724 N/R 33 (27)
Average value 1727 N/A N/A N/A

Liver density

The density of human cadaveric livers obtained via post mortem(?7:28) has
been calculated from liver volume (measured using the water displacement
method) and weight (Table 2.5).

Table 2.5: Human liver Density. N/A = Not applicable, N/R = Not reported.

Standard
Mean Value Sample
Source of Liver Deviation or Reference
(Kg/L) Size (n)
Range

Post 1.04 0.07 652 (28)
mortem/Autopsy 1.08 N/R 33 (27)
Average value 1.06 N/A N/A N/A

Liver elasticity

Transient Elastography (TE), a medical imaging in-vivo non-invasive

ultrasonography method, has been used to measure liver tissue elasticity by

measuring the shear wave velocity of ultrasound propagated through the

liver (Table 2.6).2°-33) Magnetic Resonance Elastography (MRE) and

Acoustic Radiation Force Impulse (ARFI) imaging®® have also been used to
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measure liver tissue elasticity.®¥) The small degree of disagreement in tissue

elasticity measured by TE, ARFI imaging, and MRE may be due to sample

size variation, gender distribution within sample, age, body mass index

(BMI), metabolic syndrome, and ethnicity.(29-33)

Table 2.6: Human liver tissue elasticity. N/A = Not applicable.

Mean Sample
Method of Standard
Value Size Reference
Measurement Deviation
(kPa) (n)
TE 4.64 1.18 42 (29)
ARFI with
468 0.12 42 (30)
Ultrasound
TE 5.36 1.51 370 (31)
TE 510 1.10 445 (32)
MRE 4.23 0.69 24 (33)
Average value 4.80 0.53 N/A N/A

The elastic modulus of healthy human liver has also been measured in-vivo

during minor open surgery using a hand-held compliance probe with 4.5 mm

round tip, and ex-vivo for pig liver using a static compliance probe with 30

mm flat tip interchangeable with 4.5 mm round tip (Table 2.7).(3%) A

displacement rate of 1£0.02 mm/s to a displacement of 10 mm was

employed.

Table 2.7: Elastic modulus of liver by mechanical indentation method. N/R

= Not reported.

Source of | Mean Value Standard Sample Size
Reference
Liver (kPa) Deviation (n)
Human 270 N/R N/R
(35)
Pig 400 N/R 6
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The significant degree of disagreement amongst values of elastic modulus
outlined is due to measurement methods (in-vivo against in-vitro), testing

conditions, and source of liver (pig against human liver).(14.3%

2.1.2.2 Kidney

The anatomical locations of kidneys (pair of organs) in the human body are
in the back of the abdominal cavity in the retro peritoneum. The kidney has a
bean-shaped structure (Figure 2.4). The superior border of the right kidney is
adjacent to the liver; while the top surface of left kidney is closest to the

spleen. Therefore, both move down on inhalation, as does the liver.

Figure 2.4: Human kidney environment. ‘©2016, WebMD, LLC. All rights
reserved’.(10)

Physical dimensions

The physical dimensions of the human kidney such as length, width, and
thickness are described in Table 2.8. They were measured by normal

sonography and abdominal CT methods.(36-38)
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Table 2.8: Physical dimensions of human kidney. N/R = Not reported.

Dimensions Mean Value Standard Sample Reference
(cm) Deviation Size (n)
Length 11 0.7 113 (38)
11 N/R 665 (37)
11 1 125 (36)
Width 6 N/R 665 (37)
6 0.67 125 (36)
Thickness 5 0.6 125 (36)
2 1.6 10 (37)

Kidney volume

CT scanning, Ultrasound Sonography (US), and MRI based kidney volumetry

are presently used as methods to assess kidney volume for kidney transplant

surgeries (Table 2.9). Discrepancies in the values of mean kidney volume

obtained by such methods could be explained by factors such as sample

size, age distribution within sample size, diseased organ, and anatomy and

physiology of kidney samples. Discrepancies were also observed between

two techniques (Ellipsoid formula and Voxel count method) employed for the

measurement of volume during MRI and US methods. 9
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Table 2.9: Human kidney volume. N/A = Not applicable. N/R = Not

reported.
Sample
Mean Value | Range .
Method of Measurement Size | Reference
(ml) (ml)
(n)
90 -
US (Ellipsoid Formula) 135 20
210
105 —
MRI (Ellipsoid Formula) 145 170 20 (39)
140 —
MRI (Voxel Count Method) 180 20
200
20 -
MRI (Voxel Count Method) 130 50 (40)
255
us 150 N/R 665 (41)
CT scanning 160 N/R 125 (36)
140 —
CT scanning 210 113 (38)
360
Average Value 160 £ 30 N/A N/A N/A

Kidney weight

In medical textbooks, the range of kidney weight is typically 120 — 160 g.(“2)

The weight of the human kidney has been measured using abdominal CT

scan and autopsy (post mortem) methods (Table 2.10). Small degree of

discrepancy in mean weight measured by autopsy can be explained by

different ethnic groups considered for study (Indian and Caucasian), sample
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size, age distribution within sample size, and participant body mass index
(BMIs). The higher discrepancy in mean weight is observed between CT
scanning and autopsy methods owing to in-vivo and in-vitro nature of study,

respectively.

Table 2.10: Human kidney weight. N/A = Not applicable.

Standard
Method of Mean o Sample
Deviation or _ Reference
measurement | Value (g) Size (n)
Range
Abdominal CT
200 40 125 (36)
scan
130 (M) 25 457 (M)
(43)
130 (F) 35 204 (F)
Autopsy
160 (M) 40 355 (M)
(44)
140 (F) 35 329 (F)
Average Value | 152 + 30 N/A N/A N/A
Kidney density

In medical textbooks, the density of kidney is typically reported to be 1.05
kg/L.“49)

Elastic modulus of kidney

The elastic modulus of human kidney has been measured by in-vivo
techniques such as Supersonic Shear wave Imaging (SSI), ARFI, and
Ultrasound Elastography (UE) (Table 2.11). In-vivo imaging techniques are
non-invasive which provide a real-time measurement and quantitative
assessment of renal stiffness particularly to assess the renal fibrosis for pre-
and post-kidney transplantation. The small degree of discrepancy in mean
elastic modulus of cortex of kidney measured by these techniques can be

explained by different sample size and age distribution within sample size.
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The cortical and medullary elasticity (i.e. renal tissue stiffness) of six pig
kidneys were evaluated in-vivo using the MRE technique and are reported in
Table 2.11.46)

Table 2.11: Elastic modulus of human and pig kidney

Method of Mean Value Standard Sample
o _ Reference
Measurement (kPa) Deviation Size (n)
SSlI
Technique
11 2 49 (47)
(cortex, outer
portion)
ARFI 4.83 0.1 66 (30)
UE
Small
(cortex, outer 15 3 (48,49)
sample
portion)
7.4 0.3
(Cortical), (Cortical),
MRE 6 (46)
7.8 0.5
(Medulla) (Medulla)
2.1.2.3 Spleen

The spleen is situated in the upper far left quadrant of the abdomen, to the

left of the stomach (Figure 2.5). It lies precisely between the 9" and 11t ribs
on the left-hand side. The spleen varies in size and shape between humans
and is generally purple in colour. Because the spleen is protected by the rib

cage, one can'’t easily feel it unless it abnormally enlarges.
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Figure 2.5: Human spleen environment. ‘©2016, WebMD, LLC. All rights

reserved’.(19)
Physical dimensions

The physical dimensions of the human spleen are reported in Table 2.12.The
shape of the spleen is influenced by the presence of adjacent organs such

as stomach, left kidney, colon, pancreatic tail, and diaphragm.(®9
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Table 2.12: Physical dimensions of human spleen. N/R = Not reported.

Length (cm) x Width
Method of . Sample
(cm) x Thickness . Reference
Measurement Size (n)
(cm)
Abdominal CT scan .
_ 15 x 10 x 6 (Reported (51) cited by
(In-vivo) _ N/R
maximum value) (50)
(52) cited by
Ultrasonography 111 x7.9x29 N/A
(53)
Ultrasonography 111 x7.9x44 200 (54)
10.7£1.6 x 5.2+1.2 x
Ultrasonography /R 631 (55)

Spleen volume

The abdominal CT scan method has been employed to measure the mean

volume of the spleen and is summarised in Table 2.13. The discrepancy in

the mean volumes reported in Table 2.13 can be attributed to different ethnic

groups considered for study (Asian and European), sample size, age

distribution within sample size, gender, anthropometric parameters and

participants’ body mass indexes (BMIs).

Table 2.13: Human spleen volume. N/A = Not applicable.

Mean Standard
Method of o Sample
Value Deviation or . Reference
Measurement Size (n)
(ml) Range (ml)
215 110 — 340 140 (56)
Abdominal CT
130 60 (22 — 417) 230 (57)
Scan
112 32 - 209 150 (58)
Average 152 + 55 N/A N/A N/A
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Spleen weight

Spleen weight was measured during post-mortem (autopsy) and in-vivo and

is summarised in Table 2.14. The small degree of discrepancy amongst

mean weights reported in Table 2.14 can be interpreted due to different

ethnic groups considered for study (Indian and Thai), sample size, age

distribution within sample size, anthropometric parameters, and participant’s

body mass indexes (BMIs).

Table 2.14: Human spleen weight. N/R = Not retracted, N/A = Not

applicable.
Standard
Method of | Mean Value Sample
Deviation or Reference
Measurement (k) Size (n)
Range (kg)
Aut N/R 0.086 - 102 (59)
utops
bey 0.202
Autopsy N/R 0.15-0.2 N/R (60)
Autopsy 0.15 0.1-0.25 140 (56)
Aut 0.139 0043 232 (17)
utops :
bsY 0.344
Aut 0.131 0-105- N/R 61)
utops :
bsY 0.164
Average
0.14 £ 0.01 N/A N/A N/A
(Autopsy)
In-vivo 0.225 0.112 - 359 140 (56)

Spleen density

The spleen density was measured during autopsy and in-vivo (Table 2.15).

The density was measured by obtaining spleen volume [in a laboratory glass

cylinder by calculating amount of water displaced by spleen] and weighing

spleen.(®2)
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Table 2.15: Human spleen density. N/A = Not applicable.

Mean Standard
Method of o Sample
Value Deviation or . Reference
Measurement Size (n)
(kg/L) Range
0.12 (0.85-
Autopsy 1.04 12 (62)
1.25)
. (63) cited in
In-vivo 1.05 N/A N/A
(56)

The spleen density has also been measured by abdominal radiographs and
CT scanning methods. Pixels in an image obtained by CT scanning are
displayed in terms of relative radio density. The pixel value is displayed
according to the mean attenuation of X-rays through the tissue that it
corresponds to from -1024 to +3071 on the Hounsfield scale. Water has an
attenuation of 0 Hounsfield units (HU) while air is -1000 HU. On non-
contrast-enhanced CT images, the healthy spleen density was reported at

approximately 45 HU.(64)

Elasticity of spleen

The elastic modulus of pig spleen has been measured ex-vivo (Table 2.16).
A 4.5mm diameter round-ended static compliance probe was used to carry
out ten indentation tests on pig spleen at a constant rate of 1+#0.02 mm s'.
The round tip probe was interchangeable with one having a 30mm flat tip.(3%
In contrast to the ex-vivo method, the spleen tissue stiffness was measured
in-vivo using the MRE method (human) and is reported in Table 2.16.(6566)
The significant degree of difference in the elasticity values reported in Table
2.16 is due to the different methods (ex-vivo against in-vivo) employed and

source (pig and human) of the spleen.
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Table 2.16: Elasticity of human spleen. N/A = Not applicable.

Mean
Method of Standard Sample
Value Reference
Measurement Deviation Size (n)
(kPa)
Ex-vivo (Elastic
110 30 6 (35)
modulus)
MRE (Shear
3.6 0.6 16 (65)
modulus)
MRE (Shear
4.7 0.7 11 (66)
modulus)
Average (MRE) 4.2 0.7 N/A N/A

2.1.3 Hollow organs

2.1.3.1 Stomach

The stomach is a muscular, hollow and dilated part of the digestion system

which lies between the oesophagus (food pipe) and the small intestine. It is

situated on the left upper part of the abdominal cavity (Figure 2.6). The top of

the stomach lies against the diaphragm.

Figure 2.6: Human stomach environment. ‘©2016, WebMD, LLC. All rights

reserved’.(10)

Physical dimensions
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The human stomach is somewhat J-shaped and so the physical dimensions
such as length and width are not clearly defined in the scientific literature and

medical textbooks.

Stomach volume

Empty and full stomach volumes have been measured in-vivo and during

human autopsy (Table 2.17).

Table 2.17: Human stomach volume. N/R = Not reported.

Standard
Method of Mean Value Deviation or | Sample
. Reference
Measurement (L) Range (Empty Size
— full)
In-vivo
(Maximum 0.8 0.1 9 (67)
gastric capacity)
(68) cited
Autopsy N/R 1-2 N/R
in (16)
(69) cited
Autopsy N/R 1.6-17 N/R .
in (16)

Stomach weight

In-vitro and human autopsy methods have been employed for the
measurement of empty stomach weight (Table 2.18). The mean weight
(0.163 Kg) and true standard deviation (0.003 Kg) were calculated from the
values reported in Table 2.18. The minor discrepancy for stomach weight
between in-vitro and autopsy methods can be explained by differences in

sample size.
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Table 2.18: Human stomach weight. N/R = Not retracted.

Standard
Mean
Method of Deviation or Sample
Value . Reference
Measurement Range (Empty Size (n)
(kg)
stomach)
0.165
(male),
Autopsy N/R 126 (16)
0.150
(female)
(68) cited
Autopsy N/R 0.125-0.175 N/R .
in (16)
(69) cited
Autopsy N/R 0.113 - 0.141 N/R .
in (16)
In-vitro 0.160 0.029 165 (70)

Stomach density

The empty stomach density was measured during autopsy and found to be in
the range 0.07 — 0.08 kg/L.

Elasticity of the stomach

A modification of the Kolsky bar technique was used to measure the bulk
modulus of cadaveric stomach under dynamic compressive load.('® Stomach
specimens were taken from the stomach body just below the cardiac notch
and preserved until Kolsky bar tests were performed at high impact velocity
(1-50 m/s) to measure the dynamic bulk modulus at an effective nominal

strain rate (defined by final strain over rise time) of ~10 s (Table 2.19).(1®)

The tensile stress of healthy middle parts of surgically removed and of

cadaveric stomach was measured by ex-vivo method.('® The longitudinal

and transversal specimens in rectangular shape (6—6.5cm long and 10mm
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wide) were cut from the front wall of stomach (i.e. gastric wall) and examined
using Instron 1122 tensiometer at constant strain rate of 2A/min (loading
velocity 50mm/min).("5 Egorov et al.(*®) have also employed this methodology
to obtain bowel and small intestine specimens (anterior and posterior walls)
and tensile stresses are reviewed in Section 2.1.3.2 (Table 2.21) and Section
2.1.3.3 (Table 2.23), respectively.

There was a minor discrepancy for the maximum tensile stresses between
surgically removed and cadaveric stomach specimens that can be explained

by difference in the sample size (Table 2.19).

The elastic modulus of fresh cadaveric stomach was measured ex-vivo using
an in situ indentation tool”"). An indenter (1.5mm radius), connected to a
force transducer, was driven to various depths (1—8 mm) at various velocities
(1-8 mm/s) and was held at each depth for 60 s (‘ramp-and-hold' tests).
Tissue relaxation was ensured by a 3-min interval after each of the five trials.
The value of elastic modulus reported in Table 2.19 is for 8mm indentation

depth at various velocities (1-8mm/s) and held at each depth for 60s.
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Table 2.19: Elasticity of human stomach. N/R = Not reported.

Method of Elasticity Standard Sample
o . Reference
Measurement | Value (kPa) Deviation Size (n)
. 480,000
Ex-vivo
_ (Mean bulk N/R N/R (18)
(Cadaveric)
modulus)
670
(longitudinal),
190 60 (30 each
Exvive o (longitudinal), | | ('t dinal
ongitudinal), | longitudina
(Surgically (transverse) 9 9 (15)
d) 120 and
remove :
(Maximum (transverse) | transverse)
tensile
stresses)
650
(|Ong|tUd|na|), 100 (50
210
Ex-vi o (longitudinal) each
X-Vivo ongitudinal),
_ (transverse) J longitudinal |  (15)
(Cadaveric) 160 g
: an
(maximum | ansverse)
tensile transverse)
stresses)
Ex-vivo 3.0 (Elastic
1.3 10 (71)
(Cadaveric) modulus)

2.1.3.2 Bowel (Large intestine)

The bowel, also known as the large intestine, is a long, hollow and

continuous tube that absorbs water from wastes, creating stool.("? The large

intestine extends from the end of the ileum to the anus coiling the small

intestine and it is divided into the cecum, colon, rectum, and anal canal.

Colon is made up of cecum, the ascending colon, transverse colon,

descending colon, and sigmoid colon (Figure 2.7).()
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Figure 2.7: Human bowel environment. ‘©2016, WebMD, LLC. All rights

reserved’.(10)

Physical dimensions

The physical dimensions such as length and diameter of the large intestine

are summarised in Table 2.20.

Table 2.20: Physical dimensions of human large intestine. N/R = Not

retracted. N/A = Not applicable.

Standard
Physical Sample
Value (cm) | deviation or Reference
dimensions Size (n)
Range
(73) cited in
154 113 - 207 N/R
(72)
Length 150 N/R N/R (7)
150 N/R N/R (74)
160.5 33 (80-313) 200 (74)
Average
153.6 5.0 N/A N/A
(Length)
Diameter N/R 5-75 N/R (7)
Diameter 6 N/R N/R (75)

Bowel volume
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The volume was measured by the volumetric method and was reported to be

3-8L.D

Bowel weight

Human bowel weight was measured in-vivo for 46 samples and found to

have an empty to full range of 0.06 — 0.9 kg and a mean value of 0.22 kg.("®)

(cited in (72))

Elasticity of Bowel

The tensile stress (explained in Section 2.1.3.1) is shown in Table 2.21.

Table 2.21: Elasticity of human bowel.

Method of Elasticity Standard Sample
Reference
Measurement | Value (kPa) Deviation Size (n)
1190
(longitudinal),
645 300 150 (100
Ex-vivo (transverse) (longitudinal), | longitudinal (15)
(Cadaveric) 165 and 50
(first (transverse) | transverse)
maximum
tensile stress)

2.1.3.3 Small intestine

The small intestine, also known as the gut, is the longest part in the human

abdomen which connects the stomach to the large intestine (or colon) and

folds many times to fit inside the abdomen (Figure 2.8). It is divided into

duodenum, jejunum and ileum.
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Figure 2.8: Human small intestine environment. ‘©2016, WebMD, LLC. All
rights reserved’.('%)

Physical dimensions

The length and diameter of the small intestine are summarised in Table 2.22.

Table 2.22: Physical dimensions of human small intestine. N/R = Not

reported.
. Standard
Physical o Sample
_ _ Value (cm) | Deviation or _ Reference
Dimensions Size (n)
Range
610 N/R N/R (10)
Length
700 N/R N/R (7)
25 N/R N/R (10)
Diameter
4 N/R N/R (7)

Small intestine weight and density

The volume, weight, and density of small intestine are not reported in the

scientific literature and medical textbooks.

Elasticity of the small intestine

The tensile stress measured by ex-vivo method (explained in Section
2.1.3.1) is shown in Table 2.23. The human small intestinal stiffness
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(Young's modulus) was measured ex-vivo using a microelastometer

(Microelastometer, Artann Laboratories, West Trenton, NJ, USA).(®) Force

was applied three times on 1cmx1cm regions of intestinal tissue using a

small piston. The Young's modulus was obtained from stress-strain curves

(Table 2.23).

Table 2.23: Elasticity of human small intestine. N/R = Not reported.

Method of Elasticity Standard Sample
o . Reference
Measurement | Value (kPa) Deviation Size (n)
1370
(|Ong|tud|na|), 510 98 (51
Ex-vivo 920 o o
. (longitudinal), | longitudinal
(Surgically | (transversal) 480 and 47 (15)
removed)
(Maximum (transverse) | transverse)
tensile stress)
1470
Ex-vivo 830 (longitudinal), | longitudinal 5)
(Cadaveric) | (transverse) 280 and 182
(Maximum (transverse) | transverse)
tensile stress)
Ex-vivo 2.9 (Young's
_ N/R N/R (76)
(Cadaveric) modulus)

2.1.4 Summary

The biomechanical properties of the key human abdominal organs have

been reviewed and average values or range of each biomechanical

properties of liver, kidney, spleen, bowel and stomach [for example, average

liver volume reported in Table 2.3 for CT scan method is 1.475+0.230
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(rounded to one decimal point to 1.5+0.3)] are summarised in the Table 2.24.
Elasticity of liver, kidney and spleen reported in Table 2.6, Table 2.11 and
Table 2.16, respectively can be compared due to similar method of
measurement (i.e. in-vivo non-invasive) employed in literature. Elasticity of
bowel (Section 2.1.3.2) and stomach (Table 2.19) were measured by ex-vivo
methods and hence, can’t be compared with elasticity of liver, kidney and
spleen. The biomechanical properties have provided useful benchmarks for
the subsequent fabrication of simulant organs in the design and development

of the in-house abdominal simulator.

Table 2.24: Summary of biomechanical properties for key abdominal

organs.

N/A = Not applicable, N/R = Not reported.

Key Name of Organ
Biomechanical
_ Liver Kidney Spleen Stomach Bowel
Properties
1.5+0.2 | 0.16+£0.3 | 0.15%0.6 0.8+0.1
Volume (L) (Table | (Table (Table (Table 3-8
2.3) 2.9) 2.13) 2.17)
1.73 ]0.15+0.3 | 0.14+£0.01 | 0.1604£0.03 | 0.06 —9
Weight (kg) (Table | (Table (Table (Table (Empty-
2.4) 2.10) 2.14) 2.18) Full)
1.06 1.041+0.12
Density (kg/L) | (Table 1.05 (Table 0.07-0.08 N/R
2.5) 2.15)
4.810.5 1312 4.2+0.7 3+1.3
Modulus of N/A
o (Table (Table (Table (Table
elasticity (kPa)
2.6) 2.11) 2.16) 2.19)
6501210
Tensile Stress
N/A N/A N/A (Table 1190£300
(kPa)
2.19)
Bulk Modulus
N/A N/A N/A 480,000 N/A
(kPa)
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2.2 Abdominal surgery and the LaparOsphere™ concept
Open and keyhole abdominal surgical procedures are briefly described, and
current clinical and economical drawbacks reviewed in this section. Existing
organ retraction and space creation devices are assessed thereafter. The
LaparOsphere™ concept is introduced and the potential clinical benefits are

explained.

2.2.1 Open and laparoscopic abdominal surgery
The global coordinate system, anatomical planes and directions to describe
the human anatomy and retraction of abdominal organs during surgical

procedures are shown in Figure 2.9.
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Figure 2.9: Global coordinates, anatomical planes, and directions of organ
retractions for the human body.

Open abdominal surgery
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In open abdominal surgery, an incision is made along the midline of the
abdomen. The muscle and fascia are retracted using steel retractors to

expose the main abdominal organs (Figure 2.10).

.Illr "llr |
] | J;

Portal j e _ T Splenic Vein
I Byl Inferior

Mesenteric
Vein

Mesenteric Vein

Figure 2.10: A typical incision along the midline of the abdomen during
open surgery. 'ACS Surgery 2003. © 2003 WebMD Inc. All rights
reserved'.("")

A common open abdominal procedure is removal of the gall bladder (open

cholecystectomy - OC). The gall bladder is located below the left lobe of the

liver. In order to obtain deeper access to the gall bladder, surgeons lift the
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liver in the cranial direction, move the stomach in left lateral directions, and
large bowel in the caudal direction several times during surgery (Figure
2.11).

Figure 2.11: Schematic representation of retraction of liver and stomach
during an open abdominal procedure. 'ACS Surgery 2003. © 2003 WebMD
Inc. All rights reserved'.("7)

Laparoscopic (keyhole) abdominal surgery
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Laparoscopic surgery, also recognised as MIS and Keyhole surgery, is the
surgical technique of operating within body cavities through small incisions.
Surgeons perform abdominal laparoscopic operations by making small
incisions of 1-1.5 inch in the patient’s abdomen. The surgeon inserts an
insufflation device via a laparoscopic port to inflate the abdominal cavity with
a supply of medical grade carbon dioxide gas (Figure 2.12), to create a
pneumoperitoneum, which enables the insertion of a laparoscope (a high
resolution video camera) and surgical instruments.("® A laparoscope
transmits live images of the abdominal area of the patient during the surgery
to a computer screen and, accordingly, surgeons can carry out the

surgery.(2379)

Figure 2.12: Oz insufflation and port placement during laparoscopic
cholecystectomy. (78

Hand assisted laparoscopic surgery (HALS) is a half-way house between

open and laparoscopic procedures. A larger incision of 3 to 5cm is also made

in the abdomen to enable the surgeon to insert their hand into the abdomen

to facilitate advanced retraction of the abdominal organs. CO:2 insufflation is

used in this procedure and to prevent CO:2 leakage a “GelPort®

Laparoscopic System” (Applied Medical) is used to seal round the surgeon’s

36



hand and the incision in the abdomen (Figure 2.13). HALS is typically used
during more advanced laparoscopic procedures such as laparoscopic donor
nephrectomy which involves retraction of the bowel and spleen to gain

access to the kidney.

Figure 3.13 A GelPort used for hand assied laparoscopic surgery. (@9
Key clinical advantages of laparoscopic procedures over open abdominal
surgery are: limited exposure of internal organs to possible external
contaminants (thereby minimizing the risk of acquiring infections), reduced
hemorrhaging (reducing the need for blood transfusion), reduced pain,
quicker recovery, reduced length of stay, and reduced overall healthcare

costs to the patient and healthcare provider.®")

Cholecystectomy is considered as the gold standard therapy for the
treatment of symptomatic gall stone developed in the gall bladder. It is one of
the major gastrointestinal operations performed in the United Kingdom (UK)
and United States of America (USA) where more than 60,0001©2) and 500,000
gall bladder removal surgeries are, respectively, carried out annually. (3
Although this disease has a low mortality rate, its economic and health

impact is significant due to its high morbidity. Open Cholecystectomy (OC)
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and hand assisted donor nephrectomy are considered as the primary

surgical procedures for this research project.

2.2.2 Disadvantages of use of CO: insufflation

The surgical drawbacks associated with the use of COz insufflation, thereby

limiting the scope of laparoscopic procedures, are(®4-86):

1.

Increased risk of hypothermia and peritoneal trauma because of
increased exposure to cold, dry CO2 gas during inflation of the

abdomen.

Surgeons must insert more CO:2 gas into the abdominal cavity to

avoid deflation due to suction of blood.

Raised abdominal pressure resulting in reduced heart and lung

function.

Electrosurgical and laser based cutting and sealing devices
generate smoke impeding the visibility in the surgical space
created inside the abdomen. This then requires use of suction
device to improve visibility but at the cost of reduced CO2

peritoneum.

Increased intra-abdominal pressure due to the pneumoperitoneum
can cause hemodynamic and metabolic effects such as an

increase in CO2 absorption.

The requirement to assemble several different components to
introduce the CO2 and the availability of medical grade CO: in

some less developed markets are setbacks with the use of COa.

The time taken by the surgeon to identify and eliminate COz2
leakage increases surgery time and, therefore, can affect the

overall cost of surgery.

Additionally, any abdominal laparoscopic procedure carries the risk of

unintentional injuries in the form of puncture and perforation to organs (e.g.

38



stomach, bowel and liver).®7-89 This is due to continuous moving and lifting
of vital abdominal organs and tissues to expose the surgical field and
inadequate haptic feedback resulting in excessive force applied on the

abdominal organs and tissues.(®")

Consequently, the next part of the review focuses on devices used to create
space and/or retract organs to overcome the issues associated with CO2

insufflation and retraction of organs.

2.2.3 Existing space creation and/or organ retraction devices

Existing space creation and organ retraction devices are briefly reviewed

here.

Space creation devices

In order to create space within the abdomen during laparoscopic surgery, an
abdominal wall lifter can also be employed as an alternative to CO2
insufflation (i.e. gasless laparoscopic technique).®® This is a mechanical
device that fits under the abdominal wall and is lifted vertically by an external
crane. This causes a high amount of stress on the abdominal wall tissues
and can cause cosmetic damage to skin. It tends to create further trauma to
the patient and does not involve retraction of organs.®®) For example, the
LaparoLift System (LaparoLift, Origin Medsystem, Inc.) has been used for
Laparoscopic gastrostomy (Figure 2.14).649 |t does not create a dome-
shaped abdominal cavity produced by a pneumoperitoneum but creates only

a partially extended tent-like shape.®

Similarly, the AbdoLift 2 and VarioLift systems(®3-%) have also been
employed to improve the gasless laparoscopic technique (Figure 2.14).
AbdolLift offers advantages over LaparoLift such as reusability and spreading
evenly to lift the abdominal wall due to the presence of three retractors.
However, AbdoLift is complex to handle due to its 19 components and does
not offer the improved visibility of a pneumoperitoneum. The VarioLift

system(®3-%) ijs made up of seven parts, is reusable and unfolds in the upper
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abdomen after insertion allowing inspection of the liver as in the case of

pneumoperitoneum.

(b) (c)
Figure 2.14: Space creation devices. (a) LaparoLift (b) AbdoLift and (c)

VarioLift for gasless laparoscopy.(84.92)

Organ retraction devices

Existing organ retraction devices such as the PretzelFlex™ retractor, a
reusable surgical retraction system, are inserted into the human abdomen
during keyhole surgery for the sole purpose of retracting large organs (for
example, liver) and tissues (Figure 2.15).(%) The PretzelFlex™ is the
advanced version of the Endoflex™ retractor and is currently used by
laparoscopic surgeons at the MFT, co-sponsor of this PhD project. When it is
inserted through laparoscopic port, it is converted into a pretzel shape inside
the abdomen by dominant hand of operating surgeon to then elevate/retract

the liver to get access to gall bladder. (I have viewed the hand assisted
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donor nephrectomy carried out by Titus Augustine, inventor of
LaparOsphere™ to understand the use of existing organ retraction devices

and associated drawbacks.)

o o —
(a)PretzelFlex™ retractor (b) Initial deployment
70100mm
¢ ¢
|
(c) Complete deployment (d) Pretzel Surface area

Figure 2.15: PretzelFlex™ organ retraction device. Images are obtained

from Surgical Innovations website. "©Copyright - Surgical Innovations".(%)

The Cinch organ retraction system is developed for single incision
laparoscopic surgery and it retracts the liver during gall bladder removal
surgery.(®7.9) |t is used to retract liver during laparoscopic cholecystectomy in
four steps: (a) clip set-up in the application forcep and inserted into abdomen
through 12mm trocar; (b) clip application on to gall bladder fundus and
application forcep is removed from abdomen; (c) Needle fixation —
laparoscopic needle holder is brought into the abdomen to grasp, pull, and
secured needle on the parietal peritoneum thus retracting liver; and (d) clip

removal by laparoscopic needle holder.
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FreeHold Duo™ and FreeHold Trio™ retractors optimize the visualisation
inside human abdomen by lifting/retracting the liver (Figure 2.16) and, hence,

enable surgeon autonomy and reduce the need of additional retractors.(®?

(b) Deployed to retract liver
Figure 2.16: Retraction of liver using FreeHold Trio™. Images are

extracted from video footage available on FreeHold Surgical website. "©
2016 FreeHold Surgical, Inc. All rights reserved".(9)
Since these devices are reliant on the COz insufflation technique to create
space, there is scope for a medical device which can not only create space

in the abdomen but can simultaneously also retract the abdominal organs.

2.2.4 The LaparOsphere™ concept and expansion
mechanisms

The LaparOsphere™ uses a generic expanding, hollow and transparent

structure to create space within the abdomen and retract abdominal organs

(Figure 2.17).®) This original idea has been developed by Mr Titus Augustine

(Consultant Transplant, Endocrine and General Surgeon at the MFT).
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The device should be approximately 200mm in diameter when deployed. It
should create space within the abdomen for surgeons to accommodate the
free movement of laparoscopes and associated surgical instruments and
also swiftly move the organs away from the operation site to avoid any organ

injuries (Figure 2.18).4)

Multiple holes should enable access of various instruments to the surgical
field (Figures 2.17 and 2.18). After dissection of the gall bladder during gall
bladder removal surgery, it can be enclosed within the LaparOsphere™ and

its retrieval can be made possible upon collapse of the LaparOsphere™.(*)

Small Intestine

Gallbladder

Large Intestine

Figure 2.17: LaparOsphere™ concept. “2017 Copyright MFT, all rights

reserved”.*:100)
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Laparosphere Device Laparoscope Port

Allows insertion of
|laparoscope in the working

5 environment
e \

On/Off Valve
Controls the flow of fluid in
the laparosphere

Laparosphere Port:
A soft compliant 20mm
Diameter port that fits in the
abdominal wall

Laparosphere/

Valve opened and fluid Fluid flows into Laparosphere takes Laparoscope inserted
pumped into device Laparosphere which start  predefined shape of the down the center of device.
to expand from device sphere Instruments can be insert-

ed into the working space
created by Laparosphere

Figure 2.18: LaparOsphere™ device with port and on/off valve for fluid/air
control. “2017 Copyright MFT, all rights reserved”.1%0)

An inflatable double-walled structure was initially envisaged for the
expansion mechanism of the LaparOsphere™. The potential advantages of
the inflatable LaparOsphere™ proposed over CO: insufflation include: space
creation, organ retraction, use of suction without compromising space
created, protection of surrounding organs and tissues, eliminates need for
assistant surgeon, single device replaces multiple devices and CO2
insufflation system, and makes laparoscopic surgery simpler and easier to
learn. It was developed by TrusTECH (co-sponsor of this PhD project) in
parallel to this PhD project. Doughnut shape double-walled structures in
different diameters were fabricated from polyurethane (PU) film using the
radio frequency (RF) welding technique. They were inflated by using
pressurised air. They do not have cellular structures and hence, do not
permit insertion of surgical instruments. In this PhD project, they have been
assessed in-vivo and in-vitro within pig abdomen and in-house simulator,

respectively.

In this project, replacing the inflatable double-walled expansion mechanism

of the LaparOsphere™ by cellular or lattice semi-rigid structures responding
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to mechanical deployment is investigated. The cellular mechanisms
considered include non-auxetic and auxetic structures. The design and
development of cylindrical prototype structures approximately 300mm long
with diameter in the range of 20-40mm in the undeployed configuration has

been carried out.

2.3 Surface pressure application during abdominal surgery
The design and development of expandable prototype structures require an
understanding of the surface pressures applied by surgeons to retract organs
and tissues in the abdominal region during open and laparoscopic abdominal
procedures. To the author’'s knowledge no studies have been undertaken to
accurately quantify the surface pressures applied to human intraabdominal
organs undergoing typical retraction forces during abdominal surgical
procedures. This is despite the fact that such procedures for example,
laparoscopic cholecystectomy are carried out in large numbers in the UK &
USA (60,000 and 500,000, respectively)®283) and globally.

Several studies have been carried out for robotic-assisted surgery and MIS
where force sensing capability has been introduced.(101-103) |n-vivo
mechanical properties of soft tissues and organs have also been measured
and analysed to diagnose, define and localize tumours.('% Force feedback
information has been collected for incorporation in computer-based surgical
simulators.®% The mechanical properties of human liver have been reported
from in-vivo indentation tests during MIS®% and open abdominal surgery(1%%).
Grasping forces have been measured during retraction of major abdominal

organs in an in-vivo porcine model using a fenestrated grasper.(1%)

In this project, an in-vivo pilot study involving human participants has then
been devised and undertaken to measure the surface pressures applied to
human intraabdominal organs undergoing typical retraction movements

during abdominal surgical procedures.

2.4 Summary

The biomechanical properties of human abdominal organs, abdominal

surgical procedures and existing space creating devices, and in-vivo force
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measurements for the retraction of abdominal organs have been reviewed in
this Chapter. The LaparOsphere™ concept was then explained and the initial
expansion mechanism reviewed. This project has considered cellular and
lattice-type structures as alternative expansion mechanisms. Chapter 3 will,
then, review relevant elasticity theory, theory related to buckled beams and

cellular solids, and auxetic structures and their biomedical applications.
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3 Literature Review of Elasticity Theory, Beam Theory, and

Cellular Structures
The relevant elasticity theory, theory related to buckled beams and cellular
solids, and auxetic structures are reviewed to understand the mechanics of
the cellular structures proposed in this project for the design and

development of expansion mechanisms.

3.1 Elasticity theory

Elasticity theory is described to understand the mechanical properties
associated with the design of expansion mechanisms, and the mechanical
properties of living tissues described briefly in Chapter 2 for key abdominal
organs. The review of elasticity theory considers linear elastic materials and
incorporates anisotropic, orthotropic and isotropic cases, which can all be
features of cellular or biological materials. However, consideration of non-
linear elasticity and viscoelasticity, which can also be features of cellular

solids and soft tissues, are not presented here.
Solid mechanics:

"Solid mechanics" is a physical science that describes the behaviour and
conditions of solid bodies at rest when force is applied. It is also known as
"mechanics of materials" and "mechanics of deformable bodies".('%”) The
deformable body can also be defined as a solid that changes size and/or

shape in response to an applied load.
Classical Elasticity Theory:

The mechanics of solids is concerned with the relationships of external
forces to internal stresses and strains and is described by two approaches
known as elementary theory and the theory of elasticity. The theory of
elasticity uses mathematical analysis to determine the precise stress and
strain distributions in a loaded body. The objectives of elasticity theory are
the examination of the load-carrying capacity of a solid body and, hence,

evaluation of strength, stiffness, and stability.(197.108)
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3.1.1 Hooke's law and Poisson's ratio

Most of engineering materials exhibit a linear stress-strain relationship at low
stress levels. This is known as elastic behaviour of the material. An elastic
material returns to its original (unloaded) shape upon the removal of applied
forces, unlike plastically deformed solid materials which undergo permanent
deformation and do not return to their original shape when load is removed.
Consider the stress-strain curve showing the elastic range (Figure 3.1a) (OE)
and plastic range (Figure 3.1c) (OAB). Elastic behaviour of material is
considered when the load is removed exactly at point E or before (Figure
3.1b), and the material follows exactly the same curve back to the origin O

when load is removed.

£

Permanent ¢ Elastic

strain T~ ! ! ___——recovery
- ;

(€
Figure 3.1: Stress-strain diagrams. (a) Linear elasticity, (b-c) Nonlinear

elasticity.(107)

The stress-strain curve from O to E in Figure 3.1a is a straight line and
therefore the material is linearly elastic. In contrast, the strain-stress curves
from O to E in Figure 3.1b and Figure 3.1c are not straight lines and, hence,

the material is nonlinearly elastic. Plastic behaviour is observed when load is
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removed beyond point E, for instance, at point A in Figure 3.1c. The material
follows the line AB on the curve upon unloading and does not return to the
origin O. This scenario leaves permanent or plastic deformation in the

material.

For the OE portion in Figure 3.1a, stress is directly proportional to strain. If a

normal stress is considered acting in the x direction,

Oy = E, & 3.1

The relationship in Equation 3.1 is known as Hooke's law. The constant Ex is
called the modulus of elasticity, or Young's modulus, in the x direction and
has units of o (Pa or N/m?) since ¢ is a dimensionless quantity. Young's
modulus is the slope of the stress-strain diagram in the linear elastic region
(Figure 3.1a).

Axial loading usually induces a change in the cross-sectional area of the
body. The change in transverse dimension relative to axial dimensional
change is governed by the Poisson's ratio (v) which is defined as the ratio of

the transverse strain to the axial strain (Figure 3.2)

Vig = — = 3.2
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Figure 3.2: Definition of Poisson’s Ratio.

The common engineering materials have a positive Poisson’s ratio although,
as will become clear, materials with negative values are also allowed within

elasticity theory.

In the linear elastic region under pure shear loading, stress and strain are

also related by Hooke's law in a 2-dimensional material by
Ty = Gxy Vay 3.3

In Equation 3.3, the proportionality constant Gxy is the shear modulus or

modulus of rigidity.

3.1.2 Generalised (anisotropic) Hooke's law

Stress is proportional to strain in an elastic material according to Hooke's law
(Equation 3.1). The generalised Hooke's law for any homogeneous elastic
material in a 3-D state of stress relates each of the six stress components as
a linear function to the six components of strain within the linear elastic

range, i.e.
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The coefficients Ci (i, j = 1, 2, 3..., 6) are the material-dependent stiffness

constants.

The alternative form of Hooke’s law for anisotropic materials relates the

strain tensor to the stress tensor via the compliance matrix

Ex (511 S12 S13 S1a Sis5 Si6] [0«
&y S21 S22 S23 S24 Sas Sz (Gy]
€\ _ S31 S32 S33 Saa Szs S36|) 02 35
Vxy Ss1 Saz Saz Saa Sas Sae| | Txy '
lyyZJ Ss1 Ss2 Ss3 Ssa Sss Sse TYZ)
Ver)  1Se; Sez Ses Ses Ses Seel \Txz

Succinct representations of the stress-strain relationships (Equation 3.4 and
3.5) are shown in Equation 3.6 and Equation 3.7, respectively, where, Spq =

compliance coefficients, and Cqp = stiffness coefficients.

op = Cpq &q 3.6

Ep = Spq g 3.7
Strain energy considerations can be used to reduce the 36 elastic constants
to 21 independent elastic constants for anisotropic materials. The strain
energy consideration leads to a demonstration that the stiffness and

compliance matrices are symmetric, i.e. sjj = sji and cijj = cji, respectively.

The relationship between compliance coefficients and elastic constants are
determined by employing specific loading conditions in Equation 3.5. For
example, the Young’s modulus and Poisson’s ratio (in the x-y plane) for a
uniaxial load applied along the x direction (i.e.o, # 0; 6y, = 0, = Ty = Ty, =

7,, = 0) are shown in Equation 3.8 and 3.9.
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3.1.3 Orthotropic materials

A general orthotropic material has three planes of symmetry and three
corresponding orthogonal axes called the orthotropic axes. Within each
plane of symmetry, material properties may be different and independent of
direction. For elastic orthotropic materials, the elastic coefficients Cjjremain
invariant at a point under a rotation of 180° about any of the orthotropic axes.
In an orthotropic material, there is no interaction between the normal
stresses and the shear strains and so the generalized Hooke's law for the

most general orthotropic elastic material is given by

Ex 511 S12 S13 0 0 01 (0«

&, S;1 Ssz Sps 0 0 0(fg

€ _ |51 S;2 S35 0 0 0])o 310
Vay 0 0 0 Sy 0 0]\t :
lVsz 000 0 S 0[]

Vel L0 0 0 0 0 Sel\ta

The compliance coefficients of Equation 3.10 are replaced in Equation 3.11
by considering relationships of Young's modulus, Poisson's ratio and shear

modulus in Equation 3.1-3.3 and Equations 3.4-3.5.
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The symmetric compliance matrix condition for the orthotropic material
constants leads to relationships shown in Equation 3.12.
Vay _ Vyx
E, E,
Vyz _ Yy
E, =E, 3.12

Vxz _ Vax

E. E

3.1.4 Isotropic materials

An isotropic material has every plane as a plane of symmetry leading to the
number of essential elastic constants reducing to two. Hooke's law for
isotropic materials relating the strain tensor to the stress tensor via the

compliance matrix is shown in Equation 3.13.

( €x ) 1 —v —v 0 0 0 Oy

| & | -v 1 —v 0 0 0 (Gy\
yxy - E 0 0 0 2(1 + V) 0 0 Txy
Yy l 0 0 0 0 2(1+v) 0 J kryzj
V. 0 0 0 0 0 20 +wl '\,

The relationship between elastic constants E, v and G according to Hooke's

law for isotropic materials (Equation 3.14) is
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E

Similarly, the bulk modulus of elasticity (K) is related to E and v by
K= £ 3.15
T 3(1- 2v) '

A positive definite strain energy requires E>0, G>0 and K>0 and, hence, the
allowable range for Poisson's ratio for isotropic materials according to

Equations 3.14 and 3.15 ranges between -1< v< +0.5.

When Poisson's ratio is 0.5, an isotropic material is incompressible (i.e.
maintains volume due to an infinite bulk modulus — Equation 3.15) but can
change shape easily (minimum value of shear modulus — Equation 3.14).
Conversely, when v = -1 the isotropic material can undergo large volume
change (minimum value of bulk modulus — Equation 3.15) but maintains

shape (infinite shear modulus — Equation 3.14).

3.1.5 Saint-Venant's principle

Saint-Venant's principle suggests that the distribution of stress and strain
across the body is altered only near the regions of load application. The
expansion mechanisms proposed in this project will undergo uniaxial
compression and tension loading during mechanical characterisations at the
top end of cylinder. Hence, the maximum stress for real materials, advocated
by Saint-Venant's principle, is higher at the top end of cylinder due to edge

effects and loading constrains or boundary conditions.

Saint-Venant's principle is shown in Figure 3.3. It demonstrates the stress
distribution across three sections of rectangular plate of width d when it is

subjected to a concentrated load (F).
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(a) (b) () (d)
Figure 3.3: Stress distribution in a rectangular elastic plate showing Saint-
Venant's principle. (a) Rectangular plate; (b-d) stress distribution across

three sections of rectangular plate of width d.(10")

The maximum stress (Omax) greatly exceeds the average stress (0avg) near
the point of application of the load (Figure 3.3b) and diminishes along the
vertical centre axis of the plate away from an end (Figure 3.3c). At a distance
equal to the width of the plate, the stress is nearly uniform (Figure 3.3d). This

phenomenon is valid for most stress concentrations and any type of loading.

If the region of interest is sufficiently away from the boundary conditions,
then the stress variation near the boundary regions does not affect stress
conditions in the area of interest. The complex distribution of force supplied
by the wall to a cantilever beam, for example, can be replaced by vertical
and horizontal forces and a moment for purposes of determining stresses
acting at a distance from the wall equal to or greater than the depth h of the

beam (Figure 3.4).
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(b)

Figure 3.4: Cantilever beam illustrating use of Saint-Venant's principle. (a)
Actual support; (b) Statically equivalent.(197)
However, Sanami et al('%) have predicted slow decay of end stress for a
cylinder with negative Poisson's ratio material which would be useful to
consider for the expansion mechanisms designed and developed during this
project using auxetic materials. Additionally, Horgan(''% has reported that the

high anisotropy can lead to a slower decay of Saint-Venant's end stresses.

Summary:

Elasticity theory has been described to understand the origin of mechanical
properties of materials such as Young's modulus, Poisson's ratio and shear
modulus. The theory is used to obtain approximate solutions through
numerical analysis and exact solutions for simple loading of a beam. The
buckling of beams is considered as one of the expansion mechanisms for the
LaparOsphere™ device and, hence, beam theory is next described in
Section 3.2.
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3.2 Beam theory
The theory related to buckled beams is reviewed since it is considered as

one of the expansion mechanism in this project.

3.2.1 Bending of beam

The elasticity of homogenous, straight and linearly elastic beams in pure
bending has been studied.('%”) In pure bending, each element of infinitesimal
length experiences identical deformation resulting in uniform beam curvature.
The deflected axis of the beam or the deflection curve of a beam can then be

obtained using Equation 3.16.

- = 3.16

where,

v = deflection (small)

x = axial displacement

M = bending moment

El = flexural rigidity (I = moment of inertia, E = modulus of elasticity)

The expression in Equation 3.16 relates the beam curvature to the bending
moment which is known as the Bernoulli-Euler law of elementary bending
theory. For a beam of constant flexural rigidity El, Equation 3.16 can be

written as

M = EIN" 3.17

3.2.2 Buckling of pinned-end columns

Buckling is defined by immediate lateral deflection of a structural member
due to compressive stress and leads to a structural instability and failure.
The buckling or elastic instability of beams and slender members subject to
axial compression are reviewed for an ideal column (straight and
homogenous) which follows Hooke's law of linear elasticity while under

centric loading.
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Ideal column:

The pin-ended ideal column (Figure 3.5a) can be held in a deformed
configuration (Figure 3.5b) by a load P while remaining in the elastic range
(the requisite axial motion is permitted by the movable end support). The
collinear forces P acting at the centroid of the cross section is shown in

assumed deflection (Figure 3.5c).

P

i
|
L

)

(a) " (b) (©)

Figure 3.5: Pinned-end column.(a) Initial form; (b) buckled form; (c) free-

body diagram of column segment.(1%7)

The bending moment at any section is derived by

M = Pv 3.18

Inserting equation 3.18 in to equation 3.16,

dx?

(Eld—zv)—(Pv) =0 3.19

The differential solution of Equation 3.19 leads to an infinite set of discrete
values of load, defined as critical load [(P°')n]. It means that the column may

be maintained in a deflected shape. The critical load is given by
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n?m?El
(P, = E 3.20

where, L = original length of the column.

When n = 1, the lowest critical load or Euler buckling load of the pin-ended

column is obtained using Equation 3.39.

n?El
LZ
These solutions for many engineering problems are termed eigenvalues, and

per — 3.21

the corresponding deflections v are the Eigen functions.

Imperfect column:

The impact of imperfections on the elastic behaviour of a column is shown in
Figure 3.6.

: Ideal elastic column
Ideal elastic column , )
with large deflections (AC) with small deflections (AB)

N

A TT————____ Elastic column

with imperfections (OD)

E

PCF

Load (P)

Inelastic column
with imperfections (OE)

)

Deflection (v)

Figure 3.6: Relation between load and deflection for columns.(197)

Curve AC represents the ideal elastic column with large deflections. When
bending stresses accompanying large deflection carry the material into the

inelastic regime, the buckling load diminishes. Hence, the load-deflection
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curve AC drops (dashed lines in Figure 3.6) and the column fails either by
excessive yielding or fracture. Consequently, P is considered as the

maximum load sustainable by a column.

When the column deviates from the ideal conditions assumed for an ideal
column, it is considered as an imperfect column. An imperfection could be in
the form of a misalignment of load or a small initial curvature which can
impact load-carrying capacity and deformation under load. The specified
form of curve such as an ideal elastic column with small deflections (line AB
in Figure 3.6), imperfection in elastic column (curve OD in Figure 3.6), ideal
elastic column with large deflections (curve AC in Figure 3.6), and elastic
behaviour with imperfections (curve OE in Figure 3.6) depend upon the
material properties and column dimensions. Additionally, curve OE in Figure
3.6 suggests an inelastic column (i.e. stresses exceed the proportional limit
and the column material no longer follows Hooke’s law) should exhibit plastic
collapse and this phenomenon requires smaller and smaller loads to

maintain larger deflections.

Slenderness ratio:

It is established that the critical load depends not on material strength but on
the flexural rigidity (EI) for different end conditions. The moment of inertia (1)

is given by
I = Ar? 3.22
where,
r = radius of gyration
A = square cross-sectional area

The critical load (Equation 3.21) can then be rewritten using Equation 3.22

as

- (L_e)z 3.23



where,
Le = effective column length
Le/r = effective slenderness ratio

The second moment of area describes the resistance of a particular area

distribution to bending about an intersecting axis, it is found by solving

I,y = [ y*dxdy, where y is the height to area elements from the neutral

. . . . md*
surface. For a circular cross section this results in I, = — For complex

structures such as the auxetic lattices this integral can be solved numerically

if required and is found routinely in CAE software.

The effective slenderness ratio is an important parameter in the classification
of a column under compression. The behaviour of an ideal column is often
represented on a plot of average compressive stress (P/A) versus
slenderness ratio (Le/r). A large slenderness ratio allows elastic buckling at a
stress which does not exceed the elastic limit of the material. Hence,

Equation 3.23 can be rearranged for critical stress (o) as

er = pecr B T[ZE
- - 2 3.24
G

The critical stress can be increased by using material of higher modulus of
elasticity (E) or by increasing the radius of gyration (r). The range of Le/r
depends on the material under consideration. For instance, in the case of
structural steel, when Le/r > 100, 30 < Le/r < 100, and Le/r < 30, the columns

are considered as long, intermediate, and short struts, respectively.

3.2.3 Negative stiffness

Negative stiffness exists like positive stiffness but is unstable.(''") The force
applied to a negative stiffness material is in the opposite direction to the
displacement. It assists deformation due to internal stored energy and the

system may not require additional force.(1':112) This behaviour leads to
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significantly larger system deformation than would be obtained for the same

force applied to a positive stiffness system.(112)

Man-made composite materials(''"), foams('13), buckled beams('12), carbon
nanotubes(''*) and honeycomb structures(''% have been reported to have
negative stiffness properties. As an example of a negative stiffness system, a
typical force vs displacement curve of a buckled beam is shown in Figure
3.7.

(a)

(+)|

Farce
o
e -

@ ® (@
Displacement
(d)
Figure 3.7: Deformation of buckled beam. (a) Initial stable phase, (b)
transverse force leads to unstable phase, (c) second stable phase, and (d)

force vs displacement curve showing negative stiffness effect.(112)

When a transverse force is applied to an initially stable buckled beam (Figure

3.7a), it resists deformation until a certain threshold is reached and the beam
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snaps through to the second stable phase (Figure 3.7c) via the unstable
phase (Figure 3.7b).(112)

Summary:

The theory related with the bending of straight beam is described to
understand the mechanics when uniaxial compressive load applied. Negative
stiffness phenomenon is also explained to demonstrate the unstable phase

of the buckled beam when deformed.

3.3 Cellular materials and structures

Cellular structures are considered in the development of expansion
mechanisms for the LaparOsphere™. Hence, the analytical expressions
governing the mechanical properties of the most common of these structures

(the hexagonal honeycomb) are reviewed.

3.3.1 Introduction to cellular structures

A cellular solid is one made up of an interconnected network of solid struts
forming edges and faces of cells. Many natural materials are cellular such as
the interior of bone, wood (axial section), and cork (radially). They are

structured like a network of regular hexagons termed as honeycombs.(113)

Mechanics of honeycombs:

The elastic deformations of two and three dimensional honeycomb
geometries under axial and biaxial loads have been studied.(”- " Linear and
nonlinear elastic and plastic mechanical properties of two and three
dimensional cellular materials have been analysed and evaluated

experimentally for bending, elastic buckling and plastic behaviours.

The mechanism of linear-elastic deformation of two dimensional cellular
structures is primarily that of bending of the cell walls and edges, with small
contributions from shear and axial deformations of the cell walls/edges. The
collapse of flexible walls of cellular material can be due to elastic buckling of
the cell wall, plastic bending of cell walls (via the formation of plastic hinges)

or sometimes can be attributed to fracture.(113)
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The mechanical properties of three dimensional cellular structures are

similarly linked to the properties of the cell wall and to the cellular geometry.

3.3.2 Analytical expressions for the mechanical properties of

honeycombs

Gibson and Ashby('%) have considered in-plane and out-of-plane
deformation mechanisms for honeycombs. The analytical expressions are

reviewed for both in-plane and out-of-plane mechanical properties.

In-plane properties:

The in-plane properties of a conventional honeycomb undergoing linear
elastic deformation in response to uniaxial loading (Figure 3.8) have been
derived.(''3) Consider the honeycomb in Figure 3.8 loaded in the x2 direction
deforming by linear elastic cell wall bending. The key parameters of the

honeycomb in Figure 3.8 are
e | =diagonal rib length of honeycomb
e h = vertical rib length of honeycomb
e o = angle of diagonal rib with the horizontal (x1) axis’

e t=in-plane thickness of vertical rib.

1 Gibson and Ashby denote the honeycomb angle by the symbol 0. Here, the symbol o replaces 0 to
avoid ambiguity and confusion with the use of 6 to denote the circumferential direction in cylindrical
coordinates employed in the description of cylinder properties and directions elsewhere in the
thesis.
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Figure 3.8: Linear elastic compression of conventional honeycomb.(113)

(a) Undeformed honeycomb, (b) bending caused by load in the x2 direction

and associated forces, moments, and displacements.
The in-plane linear elastic response is described by five moduli: two Young's
moduli (E1 and E2 parallel to the x1 and x2 axes, respectively), a shear
modulus in the x1-x2 plane (G12), and two Poisson's ratios (vi2 and vz1). They
are not independent and the reciprocal relationship (e.g. Equation 3.12)

reduces the number of independent in-plane moduli to four.

Gibson and Ashby('® have used standard beam theory outlined by Roark
and Young('® to derive expressions for the two in-plane Young's moduli in

the x2 and x1 directions (assuming small cell wall deflections):

h )
e —g (B (7 + sina) 3.25
27 s\ cos3a
£ & <t>3 cosa
1= B \7 3.26
L (% + sina) sina

where
Es = Young's modulus of solid material

For regular honeycombs with h/l = 1, o = 30° and uniform wall thickness,
both Young's moduli reduce to the same value and the honeycomb is

isotropic:
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22_1_33 (—) 3.27
The above analysis is valid for small t/I, where axial shortening of the
diagonal ribs is negligible to the bending deflection.

The in-plane Poisson's ratios for loading in the x2 and x1 directions are

h , .
- + Ssina ) sina
€ l
Vo1 = ——1 = ( ) 328

& cos’a

& cos’a

1 (% + sina) sina 3.29
Note that the in-plane Poisson’s ratios (Equations 3.28 and 3.29) obey a
reciprocal relationship, further reducing the number of independent in-plane
moduli for the hexagonal honeycomb to three. For the isotropic (regular, h/l =
1 and a = 30°) honeycomb, v21 = vi2= 1. When a<0, the diagonal ribs are
inverted, and the Poisson's ratios become negative. This type of honeycomb
is known as a re-entrant honeycomb and is included in the auxetic materials

discussed in Section 3.4.

Gibson and Ashby!'"® also derived an analytical expression for the reciprocal
theorem by substituting Equations 3.25, 3.26, 3.28 and 3.29 into Equation
3.12:

3 1

t
Evvar = Eaviz = Es (f) sinacosa 3.30

The in-plane shear modulus, G12, derived by Gibson and Ashby('"3) is

3 (% +sina)
Gy = E, (Z) _ 3.31

[7] (2[7] + 1) cose
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Equation 3.31 reduces to Equation 3.50 for regular and uniform
honeycombs, which obey the isotropic relation (Equation 3.14) of shear

modulus with Young's modulus and Poisson's ratio.

3

G, = 0.57E, G) 3.32
Non-linear elasticity was considered by Gibson and Ashby to occur when
walls, treated like end-loaded columns, buckle as the load exceeds the Euler
buckling load (Equation 3.21). The end constraint factor, n, describes the
rotational stiffness of the node where three cell walls meet.(''3) The value of n
depends on the degree of constraint to rotation at the node B caused by wall
AB and BC (Figure 3.8). If rotation is freely allowed, n=0.5, and if there is no
rotation, n=2. Gibson and Ashby(''3) developed a relationship between n and
h/l (Table 3.1).
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Table 3.1: End constraint factors for elastic buckling of honeycomb.(3)

h/l n

1 0.686
1.5 0.760
2 0.806

Out-of-plane properties:

The out-of-plane properties of a hexagonal honeycomb during linear elastic
deformation under uniaxial loading were also derived by Gibson and
Ashby(113). Five additional moduli describe out-of-plane mechanical
properties. For normal loading in the xs direction (Figure 3.8), the Young's

modulus is

3.33

P (7+2)
3 S(l)z(h

T + sin a) cos a
The two Poisson's ratios under out-of-plane loading are equal to the solid

material Poisson’s ratio:

V31 = V32 = VS 334

The Poisson's ratios viz and vz3 are then found using the reciprocal
relationship (Equation 3.12), Equations 3.28 and 3.29, and the appropriate

in-plane Young’s modulus expression (Equation 3.25 and 3.26).

Upper and lower bounds of the two shear moduli were formulated by
calculating strain energy.(''® For loading in the x1 direction, acting on the
face normal to the xs direction, the upper and lower bounds of the shear

modulus (G13) are identical:

G =C (t) cosa
13 = HUs \7 3.35
L (% + sina)
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For loading in the x2 direction, acting on the face normal to the xs direction,
the upper and lower bounds for Gzs are not identical. The upper bound for

Gasis

GBSEGS ]

1 (t) (% + ZSinza) 336
(% + sina ) cosa .

The lower bound for Gz3 is

3.37

l

; (% + sina )
>(

623 2 GS (‘
1+ #)cosa

For the isotropic, regular hexagon case, the two out-of-plane shear moduli
are
t
Gl3 == 623 = 057765 (Z) 338
The out-of-plane moduli (Equations 3.33 and 3.36-3.38) depend linearly on
relative density (t/1) while the in-plane moduli (Equations 3.25, 3.26 and 3.31)
scale as (t/1)3. The out-of-plane moduli are therefore larger than the in-plane

moduli by a factor (I/t)? or, for typical honeycombs, a factor of between 10
and 1000.(113)

A theoretical model has been developed to predict elastic constants of
hexagonal honeycombs based on the deformation of cell walls by flexure,
stretching and hinging.("'”) Analytical expressions for the Young's moduli,
shear moduli and Poisson's ratios have been derived, and the off-axis
properties were also considered using standard axis transformation

equations.

The flexure model of Gibson and Ashby® and the multiple-mechanism
model of Masters and Evans('”) both demonstrate that tailoring the geometry
of the honeycomb cells can lead to isotropic or extremely anisotropic
mechanical properties. The mathematical models have also demonstrated

that Poisson's ratio in excess of +1 can be obtained by means of an open
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cell structure for regular honeycombs. Negative Poisson's ratios for re-
entrant hexagonal honeycomb structures can, similarly, be achieved with

values much less than -1.

Summary:

Analytical expressions for in-plane and out-of-plane mechanical properties of
hexagonal honeycombs deforming by flexure of the cell walls have been
described. These expressions are valid for positive and negative values of
honeycomb angle a, leading to positive and negative values, respectively, of
in-plane Poisson's ratios. In the next section of this chapter, auxetic (negative

Poisson's ratio) materials are reviewed.

3.4 Auxetic materials

3.4.1 Introduction

In 1944, Love!'"® reported regular pyrites (crystal) with a negative Poisson’s
ratio (-1/7). Referring to the definition of Poisson’s ratio in Equation 3.20, the
unique characteristic of a negative Poisson’s ratio material is the ability to
expand widthwise when stretched lengthwise. Similarly, when compressed in
one particular direction a negative Poisson’s ratio material contracts in at

least one direction transverse to that direction.

In 1982, Gibson and Ashby!''® reported the auxetic effect in the form of 2-D
silicone rubber or aluminium honeycombs deforming by flexure of ribs(120.121),
A negative Poisson's ratio in foams was first published by Lakes in 1987(122),
This was closely followed in 1989 by the report from Evans and Caddock of
microporous expanded polytetrafluoroethylene (PTFE) possessing negative
Poisson's ratio(123)(124), The term "auxetic" to describe negative Poisson’s
ratio materials was coined in 1991 by Evans('?% The word auxetic is derived

from the Greek word auxetos which means “that which tends to increase”.

3.4.2 Types of auxetic materials
Auxetic materials and auxetic behaviour are reported in nature.(126) Soft
biological tissues such as cat skin('2”), cow teat skin('28), bovine common

carotid arteries(129.130) human achilles tendon('3"), the nuclei of human
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embryonic stem cells('32.133) early stage amphibian embryo tissues('33), load-
bearing cancellous bone from human shins('34), and porcine adipose and
skeletal muscle tissues('3®) have shown auxetic behaviour either in uniform or
gradient manner. The natural mineral a-cristobalite displays negative
Poisson’s ratios in certain single-crystal directions and also in polycrystalline
aggregate (isotropic) form.(136.137) |n addition, other natural minerals such as
pyrolytic graphite(38), iron pyrites (FeS2)('"®), arsenic and bismuth('39),
cadmium(49), phosphorous('#"), and several cubic and face-centred cubic
rare gas solids along a specific crystallographic direction('#2) have been
reported to be auxetic. Crystalline cellulose!'*? and mother-of-pear!

(nacre)'*4 are other examples of naturally occurring auxetic materials.

Artificial auxetic materials and structures and their mechanisms have been
developed in the form of polymers, composites and textiles. Auxetic
behaviour is attributed to geometries and mechanisms which are reviewed
later in this chapter. A negative Poisson's ratio (NPR) of -0.7 was first
reported in polyester foam by Lakes.('*%) An expanded form of microporous
polytetrafluoroethylene (PTFE) possessing large NPR (-12) was reported by
Evans and Caddock(123124)_ Cylinders of auxetic ultra-high molecular- weight
polyethylene (UHMWPE) were reported to achieve NPR down to -19 by

compaction, sintering and extrusion of UHMWPE powder.(146)

The 2D auxetic honeycombs, re-entrant anti-trichiral are fabricated by
Alderson et al('*") possessing -0.77 in-plane Poisson's ratio. The gradient
auxetic hexagonal honeycombs were fabricated using 3D printing
technology.(148) (149 Novel 2D kirigami (origami + cut patterns) honeycombs
were designed, simulated, and fabricated for large deformations, morphing

antenna, and deployability functions.(159

Polypropylene (PP) monofilament fibres displaying auxetic behaviour (-0.6)
were first produced by extending the previous batch process for microporous
polymer cylinder production to a fully continuous partial melt extrusion
process(1®"). 2-component double helix yarns have also been developed
where the auxetic effect arises due to straightening of an (initially) helical thin

wrap yarn causing helical fattening of an (initially) straight thick core yarn.(152)
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The design, fabrication, and characterisation of auxetic warp knit textile
structures, having NPR of -0.22+0.03 at +45° to the warp direction, were
reported.(193) Weft-knitted auxetic fabrics have also been developed.(154155)
Carbon fibre/epoxy resin laminates with in-plane NPR (-0.245) was
designed, fabricated and tested, and through-thickness NPR can also be
designed by appropriate choice of stacking sequence and/or

reinforcement.(122.156)

3.4.3 Properties

Auxetic materials can have other enhanced mechanical properties by virtue

of possessing a negative Poisson’s ratio. These include, for example:
e Enhanced shear modulus('®"
e Enhanced hardness!'%®
e Enhanced fracture toughness(1%°)
e Enhanced energy absorption(1¢9)
e Synclastic (dome-shaped) curvature®:167)

Taking enhanced shear modulus as an example, when Poisson's ratio (v) —
-1 in Equation 3.14, the shear modulus (resistance) increases significantly

compared to the Young's modulus.

Similarly, for the final example of double-curvature when subject to out-of-
plane bending, auxetic materials adopt a synclastic (dome-shaped) curved
form (Figure 3.9). This is opposite to the anticlastic (saddle shape) curvature
adopted by a material possessing positive Poisson’s ratio under the same
out-of-plane bending®16"), The relationship between the radii of curvature
and Poisson's ratio for a moment applied along the sides of a plate parallel to
the y axis is®

_RZ

=, 3.39
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In Equation 3.39, when the Poisson's ratio is negative, the radius of
curvature Ry has the same sign as the radius of curvature Ry, leading to the
double curvature effect. This mechanical property is considered further in this
investigation to determine whether an auxetic sheet rolled into a cylinder and

subjected to an axisymmetric bending load transforms into a sphere.

AR, oY
Synclastic curvature Anticlastic curvature
(Auxetic material) (Conventional material)

Figure 3.9: Curvatures of auxetic and conventional honeycombs.(5:161.162)

The auxetic effect can be attributed to the macro, micro or nano structure of
the material or structure. A simple example of the auxetic effect can be found
from origami where a series of predetermined folds in a sheet of paper can
produce a structure which expands transversely when stretched
longitudinally (Figure 3.10).(163)

(b)

Figure 3.10 Folded sheet of paper showing an auxetic effect. Expansion

from relaxed state (a) to stretched state (b).(163)
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It is also known that a cylinder comprised of folded paper which
demonstrates auxetic behaviour in planar sheet form, deploys into a sphere
when compressed along its length (Figure 3.12)("64)_ In the initial undeployed
state, the folds at the ends of the cylinder are reversed with respect to the
folds of the main body of the cylinder. Under axial compression the reverse-
fold end pieces convert the axial load into a bending load. The bending load
is responsible for the overall deformation of the wall to cause the change of
shape from cylinder into sphere in the fully deployed state. The effects of end
pieces are similarly considered during a systematic investigation into cylinder

wall material properties in Chapter 5.

No Deformation Initial Deformation

Intermediate Deformation Complete Deformation

Figure 3.11: Origami cylinder to ball mechanism.(164)

Preliminary work carried out at the University of Bolton has shown that it is
possible to make deployable folded paper cylinder-to-sphere structures
containing holes/apertures in the structure (Figure 3.11).) This provided the
impetus for the full investigation undertaken in this project.
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(a) Auxetic folded cylinder (semi- (d) Apply slight bend to ends of
solid fold faces) - in delivery cylinder to impart convex curva-
holder ture

(b) Partial extraction of folded (e) Apply axial compression to
cylinder from delivery holder ends of cylinder to impart in-
creased convex curvature

(c) Full extraction of folded cylin- (f) Apply further axial compres-
der from delivery holder sion to ends of cylinder to form
sphere

Figure 3.12 Semi-solid fold face deployable paper cylinder/ball.®

3.4.4 Auxetic structure-mechanism combinations

Auxetic behaviour is achieved through the appropriate combination of the
geometry of the internal structure of the material and its deformation
mechanism(s). The mechanical properties such as stiffness and Poisson’s

ratios can be tailor-made to an application at hand.

Several such auxetic structures and their mechanisms are outlined in Table
3.2 to Table 3.7.
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Table 3.2: Auxetic structures and their mechanisms 1.

UNDEFORMED

DEFORMED

(120,162,165)

Mechanis
Geometry/ . _
m (Auxetic Diagram & Reference
Structure
Behaviour)
AN
Stretching
Conventiona
of the ribs ca —
| honeycomb ’\r\l/
Rib stretching =
auxetic
(117)
Flexure ﬁ
and/or T“"' il
2D Re- -~
hinging of =>
entrant Ing ]m IA 2 B ;I
the ‘J’INIII\L
honeycomb .
diagonal 0
ribs
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Table 3.3: Auxetic structures and their mechanisms 2.

Geometry/

Structure

Mechanism
(Auxetic

Behaviour)

Diagram & Reference

Double

arrow-head

Opening or
closing of
the
arrowheads
due to rib
flexure
and/or

hinging

Star

honeycomb

Opening or
closing of
the stars
due to rib

flexure
and/or

hinging

,,,,,,,,

(165-168)

........

7




Table 3.4: Auxetic structures and their mechanisms 3.

Mechanism
Geometry/ _ .
(Auxetic Diagram & Reference
Structure
Behaviour)
1] U J
Lozenge & [ -
square grids -d —
a g Rotation of
containing b 7
ribs 1
‘missing’ I _] B -
fibs This schematic is not a before and after of
the same geometry but represents two
alternative missing rib model geometries.
(165,169,170)
3D re- Flexure or
entrant hinging of
structures the ribs

(171,172)
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Table 3.5: Auxetic structures and their mechanisms 4.

(c)Rectangle
units
(d)Tetrahedro

n units

Rotating Square Units
(165,167)

Mechanis
Geometry/ _ .
m (Auxetic Diagram & Reference
Structure
Behaviour)
Node .IL b
rotation =l
Chiral
and
honeycomb . o [
ligament T O7T
1 i
flexing HEXACHIRAL  TETRACHIRAL  ANTITETRACHIRAL
(165,173-177)
Rotating
polygonal units
- _ Rotation or
(a)Triangle
dilation of
units
the
(b)Square
_ polygonal
units
units
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Table 3.6: Auxetic structures and their mechanisms 5.

tensile load

Mechanism

Geometry/ . _
(Auxetic Diagram & Reference

Structure .

Behaviour)

. . Simultaneous

Sinusoidal/

rotation and
elliptical _
. expansion of
ligaments .

ligaments
Lateral
Nodule-fibril nodule
FIBRIL
structure translation LENGTH
which consists through @ %
of nodules hinging of the
interconnected fibrils on A) Nodule and fibril  B) Nodule and fibril structure
. . . structure under tensile load

by fibrils application of

(123)

80




Table 3.7: Auxetic structures and their mechanisms 6.

Mechanism
Geometry/ _ _
(Auxetic Diagram & Reference
Structure
Behaviour)
2D granular Dilation of
material contacting
particles
2D 'Rough
Deformation
Particle'
model
translation
consisting of
along the
interlocking
interlocks
hexagons
Full densified interlocking hexagonal structure
(180)

Some of the auxetic geometries and mechanisms identified above have been
used for novel biomedical device applications and these are reviewed in the

following section.
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3.4.5 Biomedical applications
Auxetic materials have been employed or proposed in the design and
development of medical devices with enhanced functionality or optimised

capabilities and these are summarised below.

An auxetic arterial material (expanded polytetrafluoroethylene also known as
ex-PTFE) in contrast to a blood vessel made of conventional material (fibrillar
polyurethane) becomes thicker in response to a pulse of blood flowing

through it, preventing rupture of the arterial wall.(18")

The lateral expansion of an auxetic PTFE sheath in a dilator to open the
lumen of an artery occurs in response to axial expansion applied by
movement of a central guide wire using a simple finger—-thumb mechanism,
similar in principle to operation of a hypodermic syringe (Figure 3.13).(182)
The elimination of inflating a balloon, desirable control over radial expansion
of the dilator device by the physician, and possibility of developing dilators of
various diameters for patient-specific and/or controlled distention operation
are the key benefits of deploying auxetic expansion members over
conventional balloon catheters. Auxetic ultra-high molecular-weight
polyethylene (UHMWPE) has been proposed as an alternative liner
component.('83) UHMWPE is stronger than PTFE allowing a thinner lining to
maximise the diameter of the inner lumen with respect of the outer profile of
the catheter. UHMWPE offers superior mechanical properties for instance,

high lubricity, flexibility, and abrasion resistance than PTFE.

ARTERY

1 N
m—> | : — v
| /E
AUXETIC EX-PTFE

FLEXIBLE SHEATH
Figure 3.13: Dilator device with an auxetic expansion member.(182)

An auxetic smart bandage concept envisages opening of auxetic fibre

micropores, responding to fibre stretching due to wound swelling, to facilitate
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the controlled release of guest active pharmaceutical ingredients (API) onto
the wound (Figure 3.14).('%) Subsequent wound healing relaxes the fibres
due to reduced swelling of tissues and switches off release of the API.
Recent developments in the field of the auxetic knit fabrics®'437%) and
auxetic fabrics(18) (carefully arranged double helix yarns) have promoted
further the idea of smart bandages. Moreover, the release of guest material
from an auxetic host has been demonstrated in honeycomb and foam
materials(187.188) gs well as in computer simulations of auxetic molecular

sieves.(189)

H\'\J
+»
i i T
AR e J -'(ﬁ:“_.__ :
=.\___J'_ . ‘,;—"’.‘l“ _j i HHT*J-
Bandage applied Infected Wound heals
to wound wound swells «  swelling decreases

* bandage consists
of auxetic filaments
impregnated with
anti-inflammatory
agent

bandage stretches
filaments stretch
filament micropores
open (auxetic effect)
releasze of andi-
inflammatory agent

* bandage relaxes

= filaments relax

*  filament micropores
close

+  release of anti-
inflammatory agent

slans slops

Figure 3.14: Schematic of smart bandage concept.(84)

Auxetic copper foam and polypropylene (PP) monofilaments have been
demonstrated to have superior anchoring and fixation properties(1°%.1°1) with
potential in medical devices such as bone anchors and sutures, for
example.('%2) The enhanced mechanical properties of auxetic materials
reviewed in Section 3.4.3 present unique opportunities to develop novel
adjustable and conformable lining materials for improved comfort and energy
absorbing prosthetic limb sockets.("®") Auxetic foam pads are expected to
improve wearer acceptance and compliance in hip protector devices due to
improved comfort/fit (double curvature), enhanced energy absorption (impact

response) and lower device weight and/or volume.(192.193)

Auxetic materials are expected to play an important role in implant devices.
3D auxetic cellular structures (hexagonal, octahedral and rhombic
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dodecahedral) have been fabricated from biocompatible alloy (Ti-6Al-4V
alloy) and suggested to augment bone in-growth and reduce implant stiffness
in orthopaedic implants.('%) Auxetic UHMWPE possesses hardness up to a
factor of two higher than conventional UHMWPE('%) and this enhanced
indention resistance property has been proposed for of the lining of the
femoral component of the hip replacement device during Total Hip
Arthroplasty (THA).('®") The honeycomb-like re-entrant auxetic structure has
been proposed to be useful as a bone material substitute or as part of a bone
implant.(1%6) A functionally graded auxetic (FGA) structure (gradient of
conventional and re-entrant honeycombs) has been proposed to provide
continuous contact between bone and stem, inter-connectivity and custom
porosity which would not only be expected to match bone stiffness and

architecture but also to enhance bone fixation and osseointegration.(1%7)

An auxetic re-entrant honeycomb material has been proposed for use as an
artificial intervertebral disc sheath material to reduce lower back pain by
reducing disc bulge under compression.®)(19) Reduced disc bulging has
been confirmed in a Finite Element Modelling investigation, although an
increase in stress and a decrease in range of motion was also predicted as
Poisson’s ratio reduced from -0.3 to -0.999.(199) A two-piece artificial
intervertebral disc implant incorporating 3D auxetic mesh structure has been
developed, claiming enhanced shear modulus, indentation resistance,

fracture toughness, energy absorption and disc bulge mitigation.(290)

Auxetic polyurethane (PU) foam has shown excellent shock absorbing
properties and hence has been proposed as a superior material for the
design of shoes for diabetic patients.(291.202) The elastomeric monolith of an
intra ocular lens (I0OLs) fabricated with anisotropic auxetic material provides
double curvature reactions by elastically engaging the lens capsule to
optimise force transduction from zonular tensioning and de-tensioning
forces.?%3) Tissue engineering scaffolds possessing negative Poisson's ratio
have been proposed to be more ideal than positive Poisson's ratio
scaffolds(2%4) by mimicking the properties of native tissues and

accommodating and transmitting forces to the native tissues(129.205206) An
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NPR scaffold would expand biaxially in both the axial and transverse
directions simultaneously. Fozdar(?%%) and Sonam(22:207) have fabricated
single and multi-layered three-dimensional polyethylene glycol (PEG)
scaffolds from arrays of re-entrant honeycomb with tuneable in-plane strain-

dependent negative Poisson’s ratios.
Auxetic stent:

Stents are tubular expanding structures that keep the blood vessels or any
other tubular organ open. The prominent use of a stent is for the coronary
artery to prevent clogging of blood vessels in patients with cardiac arrests.
Other than a coronary stent, an auxetic oesophageal stent has been reported
for the palliative treatment of oesophageal cancer.?%®) Auxetic geometries
such as 2D re-entrant honeycomb (Table 3.2), rotating square (Table 3.4),
and sinusoidal ligaments (Table 3.5) were considered for the development of

the stent.(209.210)

The ideal stent must possess a high degree of expandability, minimal
foreshortening and dog-boning, and conformability under high strain®'") to
prevent clot formation, migration and collapse®'2). This degree of clinical
performance can only be achieved with optimal mechanical behaviour which
in turn is governed by the design pattern or geometry and fabrication
material. Mizzi et al?%®) have explored the mechanical behaviour of stent
design using re-entrant (auxetic) honeycomb geometries. Several patents
have also been filed highlighting the significance of auxetic geometries in
improving design patterns'3), for optimizing expansion ratio?'4), and
alternatives to existing tubular liners®'9). In addition, an auxetic drug-eluting
stent®'®) and an auxetic oesophageal stent for the prevention of
dysphagia®'”) have also been reported. The high circumferential strength in
their expanded configuration and the low flexural rigidity in their crimped
configuration, making the insertion procedure easier, are key attributes of

auxetic stents responsible for the upward trend in research in this area.

Tuneable mechanical properties, including negative Poisson's ratio, of re-

entrant 3D origami structures based on the Tachi-Miura polyhedron (TMP)
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have been investigated and proposed for engineering applications?'8).
Kuribayashi et al have likewise developed novel deployable auxetic stents
considering origami folded pattern design®'®). The small volume of a folded
crease structure is used to deliver the stent to the correct location. The
creases disappear when the stent is deployed. There are a number of
advantages of an auxetic origami stent to optimize the mechanical behaviour
and clinical performance of the deployed stent over currently deployable
stents comprising strut structure and cover components('81219) These
include avoiding geometrical incompatibility between cover and stent,
reduced manufacturing cost due to absence of cover-to-stent attachment,
elimination of cover-sliding with respect to struts, and mitigation of uneven

distribution of stresses, entanglement or rupture during expansion.

The expansion mechanism of auxetic stent to open the lumen of the
coronary artery can be explored to develop expansion mechanisms in this
project. Elasticity theory, beam theory, cellular structures and auxetic
materials have, then, been reviewed in this chapter to understand the
mechanical properties of materials and their role in investigating expansion

mechanisms for space creation and organ retraction in keyhole surgery.

3.5 Summary

Elasticity and beam theories were reviewed to explain mechanical properties
and the mechanics, respectively essential for the development of the cellular
and non-cellular (beam/strips) semi-rigid expansion mechanisms. Analytical
model for honeycombs (i.e. cellular structure) was reviewed and envisaged
to utilise during finite element modelling and designing of expansion
mechanisms. Auxetic materials and structures were especially reviewed for
their unique mechanical properties owing to negative Poisson's ratio,
structure-mechanism combinations, and applications in medical device
design and development. Auxetic honeycomb structure-mechanism
combinations is considered in this project as one of the expansion

mechanism.
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4 Materials and Methodology 1: Abdominal simulator and
in-vivo measurement of organ surface pressures and

retraction distances

The methodology for the fabrication and assessment of simulant organs, the
development of in-house test rigs, and in-vivo measurement of surface
pressures and retraction distances applied to key abdominal organs during

surgery are described in this chapter.

4.1 Selection of simulant organ materials

An in-house abdominal simulator has been developed for the quantitative
assessment of the space creation and organ retraction functions of prototype
expanding structures. It is composed of equivalent simulant materials that
mimic the biomechanical properties of the key human abdominal organs. The
materials screened for the fabrication of such simulant organs are described

in this section.

4.1.1 Solid organ simulant materials

The physical properties of materials evaluated for solid organ (liver, kidney
and spleen) simulants are density, shore hardness, and thermal stability.
Table 4.1 describes the physical properties of the materials from the

technical data sheet of each material sourced for consideration.

The physical properties of nutrient gelatine were not provided in the technical
data sheet. The shore hardness scale developed by Smooth-on, Inc.
suggests that shore hardness of gel-like material ('gummi' jelly candy) is
measured on Shore A0O scale.(??0) Gelatine is the preferred material to make
'‘gummi' jelly candy and hence, the shore hardness of jelly candy was
considered as the shore hardness of the solid simulant (fabricated in round
shape in 55mm diameter petri dish, 10mm thickness) made using nutrient
gelatine. The volume of nutrient gelatine simulant was measured by the
water displacement method. The volume was obtained by subtracting the
final volume of water from the initial volume of water when the simulant was
placed inside a 1L volumetric flask. The density of nutrient gelatine simulant

was calculated after measuring the weight of the simulant on a weighing
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scale. The thermal stability of nutrient gelatine simulant was assessed by
observing the melting point at room temperature and during manual

handling.

The sample material of silicone sponge provided by SPG Ltd was stable at
room temperature and retained physical dimensions during manual handling.
The density and shore hardness of silicone sponge was supplied in a
technical data sheet. The physical properties of silicone sheet, silicone
sealant, and silicone foam (extra firm) were given in the respective technical

data sheet.

The volume of silicone gel simulant (fabricated in round shape in 55mm
diameter petri dish, 10mm thickness) was measured by the water
displacement method. The density was calculated after measuring the weight
of the simulant on a weighing scale. The thermal stability was assessed by
observing the melting point at room temperature and during manual

handling.
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Table 4.1: Physical properties of materials evaluated for the solid organ

simulants.
Material Thermally
Supplier . Shore
or Density stable at room
(Product hardness
Product (kg/L) temperature
number/code) scale
name (°C)
Nutrient | Sigma Aldrich 00°
1.00£0.01 No
Gelatine (70151) (shore A)220)
Expanded
3 SPG Ltd. 4559 (shore
Silicone 0.26 Yes
(FT1 515) 00)
Sponge
Silicone Polymax 0.20 60+5° (shore Yes
Sheet (FDA 60) ' A) (-600 - 200°)
Silicone Momentive Yes
1.09 200 (shore A)
Sealant (RTV116) (-60° - 260°)
Silicone Stockwell
Foam Elastomerics 0.45 10 - 700 Yes
(extra (Bisco® HT- ' (shore 00) (-67°- 3920)
firm) 840)
PS
Silicone Composites 579 (shore
1.04+0.04 Yes
Gel (PRO GEL 00)
10)

To rank each material, the density, shore hardness and thermal stability were

given a score of 0, 0.5 or 1, corresponding to poor, moderate and good

assessment, respectively (Table 4.2). The density of the material should be

as close as possible to the density of human liver (Table 2.5, Chapter 2),

kidney (described in text in Chapter 2.1.2), and spleen (Table 2.15, Chapter

2, Chapter 2) reviewed in Chapter 2. The material must be able to retain the

physical dimensions of the liver, kidney and spleen (Table 2.2, Table 2.8,

and Table 2.12, Chapter 2, respectively) at room temperature to meet the

thermal stability requirements.
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Equation 4.1 was established to obtain the total score for each material
outlined in Table 4.2, which places a higher weighting for density over shore
hardness, and recognises that thermal stability is critical for any simulant
material in practice. The total score was highest for silicone gel (Table 4.2)
compared to the other materials. Hence, silicone gel was selected for the

fabrication of solid simulants.

Total score = [2(Density) +

4.1
Shore Hardeness|(Thermal stability)
Table 4.2: Score table for each material assessed for solid organ
simulants.
Physical Properties
Types of
Thermal Total
Material Density | Shore Hardness
Stability Score

Gelatine 1 1 0 0
Silicone

0 1 1 1
sponge

Silicone sheet 0 0.5 1 1.5
Silicone
1 0.5 1 2.5

sealant

Silicone foam 0 1 1 1

Silicone gel 1 1 1 3

Silicone gel:

Silicone forms a broad family of synthetic organosiloxane polymers
containing a repeating silicon-oxygen backbone with organic side groups
attached via carbon-silicon bonds. Depending on their structure, they are
classified as liquids, gels or elastomers (Figure 4.1). Silicone gel has
inherent physical properties such as wide operating temperature range -115
to 300°C, resistance to humidity and water, no or low toxicity, does not

support microbial growth, and low chemical and thermal conductivity.(221)
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Advanced prosthetic-grade silicone, Pro Gel 10, was purchased from PS
composites, UK. It consists of Part A, Part B, and Pro Gel softener. The
chemical names of Part A and Part B as well as Pro Gel softener were not
disclosed by PS Composites. However, the combination of Part A and Part B
are a two-part platinum silicone system with a mix ratio of 1:1. Pro Gel
softener is mixed with the mixture of two-part (Part A and Part B) Pro Gel 10
system at a ratio of anywhere from 20-80% v/v to soften the silicone mixture.
The Pro Gel 10 softener enables cross linking of Part A and Part B, with the
resulting flexible and soft nature of the silicone gel simulant depending on

softener concentration (% v/v).

R CHs

| | O
Pas] Si
Tor WA
R CH;

The siloxane “backbone” of Methyl (CH3) groups attached to
silicone polymer molecule produce the most common siloxane,
polydimethylsiloxane (PDMS) which
is used to form silicone gel used in
breast implants

Figure 4.1: Structure of silicone and silicone gel.(221)

4.1.2 Hollow organ simulant materials

The hollow stomach simulant was built using thermoplastic polyurethane.
This material was selected since it can be inflated by filling with a mixture of
water and air to match the physical dimensions and the pliability of the

human stomach.

The mechanical characteristics (especially elasticity) of latex rubber material
(10000-100000 kPa)(222)(223) can be considered to achieve the elasticity of
the human bowel (Table 2.23, Chapter 2). Hence, unlubricated condoms
(Durex® Thin Feel), manufactured from the latex rubber material, were
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considered as a choice of material for the hollow tube required for the
development of simulant bowel. Durex® Thin Feel condom is a transparent
latex material and has nominal width and length of 56mm and 200mm,
respectively.(224) The hollow tubes were filled with different concentrations
(% weight) of wallpaper paste (B & Q All Purpose Wallpaper Adhesive) since

the bowel is generally filled with digested food and water.

4.2 Fabrication of the simulant organs

Solid simulant organs such as the liver, kidney and spleen were fabricated
using the Pro Gel 10 system. Hollow simulant organs such as the bowel and
stomach were fabricated from compliant and inflatable material to allow them
to be filled with a mixture of water-wallpaper paste and a mixture of water-air,

respectively.

4.2.1 Solid organ simulants

Fabrication of solid organ simulants was carried out in two steps. The first
step was to prepare moulds which match the physical dimensions of the
human kidney, spleen and liver outlined in Chapter 2. The second step was
to mix the Pro Gel 10 system using predetermined consistencies of Pro Gel
10 softener to match the elasticity of solid organ simulants reviewed in
Chapter 2.

Preparation of moulds:

Human kidney simulants were fabricated using a kidney bean shaped in-
house rubber mould (Figure 4.2). The physical dimensions of the human
spleen (Table 2.12, Chapter 2) closely match those of the human kidney
(Table 2.8, Chapter 2) and, hence, simulants of the human spleen were

fabricated from the same mould shown in Figure 4.2.




Figure 4.2: Mould for fabrication of simulant of human kidney and spleen.

The mould for the fabrication of human liver simulants was developed to
achieve the complex contours of the human liver (Figure 2.3 and Table 2.2,

Chapter 2). The steps are described below.

e The anonymised database of CT scan images of adult and healthy
human abdomen-pelvic regions was obtained from the Radiology
Department of (MRI), MFT in Manchester, UK. CT scan images
showed the anatomy of the abdomen and pelvic organs in 333 slices.
The liver anatomy was seen between the 5" and 134" slice (Figure
4.3).

e CT scan slice (number 25) was calibrated using the 'known dimension

(abdominal region of 28 cm)' (Figure 4.4).
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Figure 4.3: CT scan images showing anatomy of human liver.
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Figure 4.4: Calibration of CT scan slice.

The dimensions of each CT scan slice extracted from the database
were 1681x1051 (in pixels) and hence, calibration was carried out for
only one slice.
Every tenth slice from the 5! slice was assigned a series of points
(yellow in colour in Figure 4.5) to obtain the coordinates of the liver
surface in the plane of the slice using image analysis software —
Imaged (Version 1.48) (Figure 4.5).(225)
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STOMACH ..

(b)
Figure 4.5: CT scan slice showing 2D coordinates of human liver. (a) Slice

number 25, (b) Series of point (yellow in colour) to extract 2D coordinates

of liver in the plane of the slice are shown in the enlarged image.

e Each slice taken by the CT scan instrument had a thickness of 1.3
mm which, combined with the number of the slice, was used to
generate the 3" coordinate for each point on the liver surface. The 3D
coordinates (.txt file) were imported into the SolidWorks software
(2014-15 version) to create the CAD part file using the 'ScanTo3D'
process. The CAD file was thereafter imported into a 3D printer
(Model: ABS P400; Make: Dimension SST 768). A 3D hollow but rigid

liver model was fabricated from Acrylonitrile Butadiene Styrene (ABS)

material (Figure 4.6).

Figure 4.6: 3D printed liver from ABS material.
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e Process of making 2-parts silicone rubber mould:

» Acrylic sheets were glued together to create a cube chamber
five times the volume of the ABS liver model. An acrylic tube
was clamped to the chamber and the bottom part was glued on
to the top surface of the ABS liver model and positioned in the
centre of the chamber (Figure 4.7).

» A two-component silicone rubber (VTV 740, Renishaw plc) was
mixed to make 4.5L (three times the volume of the liver). This
mixture was then mixed with 1% catalyst, also known as
vulcanising agent. The resultant mixture was blended and
scraped from the sides and bottom of the container to ensure
that there were no unmixed pockets of material. The final
mixture was vacuumed to extract all excess air out of the mixed
silicone.

» The petroleum jelly was used as release agent and applied on
the both surfaces of the ABS liver model. The deaerated
mixture was subsequently poured into the chamber in a slow
steady stream and allowed to flow freely around and over the
model. The silicone rubber was allowed to cure for 24 hours at
room temperature.

» The chamber and acrylic tube were removed. The ABS liver
model encapsulated inside the cured silicone rubber mould was
removed by halving the mould by scalpel from the hole created
due to presence of acrylic tube. This final step resulted in a

two-part silicone rubber mould (Figure 4.8).
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Figure 4.7: Assembly for making 2-part silicone rubber mould.
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Figure 4.8: Two-part silicone rubber mould.

e The acrylic tube left a hole on the top surface of the 2-part silicone
rubber mould. The hole was used to pour the mixture of Pro Gel 10

system to fabricate human liver simulants.

Fabrication of solid simulants of human organs:

Solid simulants were cured using different concentrations of Pro Gel 10
softener (20-70% of total volume weight of simulants). Table 4.3 shows the
quantity of Part A, Part B, and Pro Gel softener of the Pro Gel system mixed

to determine the density and elasticity of simulant organs most closely
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matching the density and elasticity of human abdominal organs reported in
Chapter 2.1.

Table 4.3: Fabrication of solid organ simulants using the Pro Gel 10

system.
Pro Gel
Solid Final Target | Target
10 Part A | PartB
organ consistency | Volume | Density
. softener (L) (L)
simulant (% viv) (L) (Kg/L) L
20 0.032 0.064 | 0.064
30 0.16 £ 109 0.048 0.056 | 0.056
. 40 0.03 ' 0.064 0.048 | 0.048
Kidney (Chapter
50 (Table 2.1) 0.080 0.040 | 0.040
60 2.9) ' 0.096 | 0.032 | 0.032
70 0.112 0.024 | 0.024
20 0.152 + 0.304 0.608 | 0.608
1.045
30 0.055 0.456 0.572 | 0.572
Spleen (Table
(Table
50 2.15) 0.76 0.42 0.42
2.13)
20 1.475 + 106 0.295 0.59 0.59
_ 30 0.23 ' 0.442 | 0.516 | 0.516
Liver (Table
(Table
50 23) 2.5) 0.737 0.370 | 0.370

Part A and Part B of the Pro Gel 10 system were mixed in a clean dry

container by stirring gently and manually with a stainless steel or wooden rod

without forming any air bubbles. The resultant mixture was allowed to react

for 10 — 15 minutes. A predetermined concentration of softener (% v/v) was

subsequently mixed gradually and with constant manual stirring. For

aesthetic appearance, food colours (Dr Oetker Gel Food Colour) were

obtained from the local supermarket. The brown colour for the kidney, green

colour for the spleen, and red colour for the liver were added in the

proportion of 1% of the total volume of the simulant in the final mixture with

continuous stirring. The final mixture was poured into the moulds of the

99



kidney, spleen and liver and left to cure at room temperature for 3-4 hrs.
Simulants of the liver, kidney and spleen were taken out of their respective

moulds when completely cured.

The kidney simulants were fabricated using 20-70% v/v range of the Pro Gel
softener. There was an onset of stickiness in the kidney simulants when the
Pro Gel 10 softener concentrations were greater than 50% v/v. This caused
significant inconvenience in manual handling. Hence, the spleen and liver
simulants were subsequently fabricated only with 20% v/v, 30% v/v and 50%

v/v concentrations of Pro Gel 10 softener.

Fabrication of solid simulants of pig organs:

An assessment of the elasticity of simulant organs was evaluated against
real organs in this project to assess the effect of the quantity of the Pro Gel
softener concentration. There are obvious difficulties in measuring the
mechanical properties of human organs in their natural state as well as in-
vitro in this project. Hence, the elasticity of solid simulants was compared
against the elasticity of pig simulants. Fabrication of solid simulants of pig
liver and kidney were therefore carried out and is reported in this section. Pig
liver and kidney were sourced from a local butcher to carry out in-vitro

mechanical tests.

The physical dimensions of pig kidney (Chapter 2.1) closely match those of
the human kidney (Table 2.8, Chapter 2) and, hence, simulants of human
kidney were used as simulants of pig kidney during the in-vitro mechanical

tests.

The physical dimensions of pig liver are not identical to human liver and,
hence, a 2-part mould using modelling clay and Plaster of Paris (PoP) was
developed for the pig liver (Figure 4.9). The steps of making the 2-part mould

are outlined below.

e Making one side of the mould: A container 5cm larger than all sides of
the pig liver was chosen. The container was filled with the clay to a

depth that allowed the pig liver to be embedded to the half-way point
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with approximately 2.5cm of clay beneath the pig liver. The clay
surface was smoothed out to a flat even finish.

Registration hole: It is required to fit the finished 2-part mould halves
together. This was done by making a ~1.25cm circular indentation in
one corner of the clay surface by fingertip. The indentation allowed
plaster to subsequently flow into it, creating a raised bump. When the
second half of the mould was poured, a reverse ‘hole’ matched the
raised bumps of the first mould half.

Create a pouring spout: A spout was created to enable pouring of
plaster into the final 2-part mould by placing a length of rolled clay
between the pig liver and the wall of the container. Petroleum jelly was
applied as release agent to all surfaces of the container.

Mixing and pouring the plaster: 4.5kg of PoP (three times the volume
of pig liver) was mixed with 3L of water (2/3" the volume of the PoP)
at room temperature in a large bucket able to accommodate the full
amount of mixed plaster. When the plaster consistency was like a
thick cream, it was poured into the mould from a corner so that it
found its own way around the pig liver. The mixture was poured into
the mould to at least a 2.5cm depth above the pig liver. The plaster
was allowed to set for 3-4 hrs.

Preparation for part two of the mould: Once the plaster mould was set,
the container was flipped over to gently peel away the clay, except the
clay of the pouring spout which was left in place. The embedded pig
liver in plaster was removed by scraping around the edges of the pig
liver with a wooden spatula to break the bond between the mould and
pig liver.

Making part two of the mould: The pig liver was placed back into the
mould. A release agent was applied to the containers, plaster mould
and pig liver and the process of mixing and pouring the plaster was
repeated.

Separating the two mould parts and releasing the pig liver: The entire
mould from the container was released once the second half of the

mould completely set. A wooden spatula was used to separate the
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two parts of the mould. Although the two parts of the mould were
separated, the pig liver was still embedded in one part and released
by wooden spatula as described earlier.

e Cleaning of the 2-part mould: The 2 parts of the mould were
thoroughly cleaned by cold water and soft brush to remove excess

clay without damaging the details in the surfaces of the mould.

Figure 4.9: One part of the 2-parts Plaster of Paris pig liver mould.

The pig liver mould was then used to fabricate pig liver simulants as
described above for human liver simulants using 20% v/v, 30% v/v, and 50%

v/v of Pro Gel softener.

4.2.2 Hollow organ simulants

The stomach is a J-shaped abdominal organ (Chapter 2.1). A J-shaped
sketch was drawn and extruded in the SolidWorks (2014-15 version). The
CAD file was generated using SolidWorks software (2014-15 version) and
used as the input file when the stomach simulant was fabricated by Radio
Frequency (RF) welding (M & L Tooling Ltd of Burnley, UK) of polyurethane
sheets. It has a capacity to accommodate approximately 1 litre of fluid
(water-air mixture) through a tube incorporated during the RF welding

process.

RF welding is the process by which electromagnetic energy is used to

permanently, hermetically and cohesively bond together thermoplastic
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materials such as polyurethane, polyvinyl chloride (PVC), nylon and other
customized resins. The RF welding process uses radio frequency energy to
produce molecular agitation in thermoplastic materials such that they melt
and flow together, forming a bond that is as strong as the original material.
During welding, the components were clamped under pressure between
machined electrodes. A magnetic field was generated between the

electrodes, passing through the components, fusing the material together.

Bowel simulants were fabricated by filling unlubricated condoms (Durex®
Thin Feel) with different concentrations of wallpaper paste (0%, 2.5%, 5%,

and 7.5 % w/v) to assess their match with the pliability of the human bowel.

4.3 Assessment of biomechanical properties of simulant

organs

The density and elasticity of simulant organs were evaluated to identify the

closest match with the density and elasticity of human and pig organs.

4.3.1 Evaluation of simulant organ density

Solid simulants were weighed three times to determine their average weight.
Volume was measured by the water displacement method. Simulant organs
were placed in an appropriate vessel (considering the volume of solid organ
simulant) filled with water and the volume of water displaced by simulants
was recorded. This was repeated three times to determine an average
volume for each simulant organ. For example, the kidney simulant (average
volume is 0.160L) was placed inside a 1L capacity volumetric flask filled with
0.5L of water. The volume of kidney was calculated by subtracting the final
volume of water plus kidney from the starting volume of water. The density
was calculated from the average values of weight and volume and compared
with the density of solid organs reported in the literature review in Chapter
2.1.

4.3.2 Evaluation of solid simulant and pig organ elasticity

Simulant organs were evaluated for their elasticity to make an assessment of

the effects of different concentrations of Pro Gel 10 softener. In-vitro
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mechanical tests on solid simulants of pig liver and kidney, and actual pig
kidney and pig liver were carried out to obtain the elastic tangent modulus
following protocols like whole organ mechanical testing identified in the
literature review (Chapter 2). In-vitro mechanical tests were performed via
compression tests using an Instron 3369 Universal Testing Machine (Figure
4.10).

PIG LIVER PIG KIDNEY

KIDNEY SIMULANT

Figure 4.10: Pig liver, pig kidney, and simulant kidney mounted on Instron

machine.
The load capacity of the Instron was 100 Newton (N). Compressions tests
employing a circular indenter of diameter 35 mm, indentation speed 30
mm/min, to an indentation compression of 10 mm, were performed in a
climate-controlled room and the temperature was kept constant at 25 °C
during the tests. Preconditioning of the samples was not required during this
study. New portions of pig liver and kidney and equivalent simulants were

used for each test to ensure that the natural (unconditioned) state of the
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sample was compressed. The organ/silicone simulant under study remained
intact throughout the experiment, as is the case during abdominal surgery.
Force against displacement curves for the right and left lobe of the pig liver,
pig kidney, and equivalent simulants were obtained. Force and displacement
were converted to stress (calculated by dividing the applied force with the
area of indenter) and strain (calculated by dividing average thickness of
sample with the displacement), and elastic tangent moduli were obtained
from the slopes of the stress vs strain curves. The elastic tangent moduli of
pig liver and pig kidney were compared with the elastic tangent moduli of the
equivalent simulants of pig fabricated using different concentrations of Pro

Gel 10 softener.

It was not possible to obtain samples of pig stomach and pieces of bowel
from local butchers which would have allowed the assessment of their elastic
tangent modulus, and in turn permitted comparison with stomach and bowel
simulants in a similar way to that described earlier for solid simulants. As a
result, the evaluation of the elastic properties of hollow simulants was
undertaken as part of a survey of surgeons on the biomechanical properties
(dimensions, pliability and density) of liver, kidney, spleen, stomach and

bowel simulants.

4.3.3 Survey of biomechanical properties of simulant organs
Five surgeons with more than five years’ experience of carrying out open and
hand assisted laparoscopic abdominal surgery were invited to participate in a
survey at the MRI. Titus Augustine was part of the research team and was
also involved with the pilot clinical study. Hence, he was excluded from the

survey.

The survey sheet for participating surgeons included the background to the
project, introduction to simulant organs, and statement of request to
participate in the survey. A separate data collection sheet was also provided
to the participating surgeons requesting job title, number of years of
experience in abdominal surgical procedures, and independent opinions on

the overall dimensions, density, and pliability of simulant organs. The
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consistencies of material used to fabricate simulant organs were anonymised

from surgeons to prevent bias in their opinions.

The survey and data collection sheets are included in Appendix A.

4.4 In-house abdominal simulator

Two types of test-rig were developed as an in-house abdominal simulator.
The first test-rig or in-house assembly was used initially to assess the
surface pressures applied by the operator on pig and simulant organs. The
second test-rig was fabricated to mount on the Instron machine to test the

expansion capabilities of prototype structures.

The first assembly was designed as a 'right angled shape', and fabricated
using 5 mm thick acrylic sheets. It has a separate adjustable acrylic sheet to
vary the volume of the assembly and can be clamped to make it immovable
(Figure 4.11). Horizontal and vertical rulers were fixed to gauge the degree of
retraction (i.e. squashing, lifting and moving) of simulant organs (Figure
4.11). A digital camera (Nikon D3100) set up on a tripod at the front of the
right-angled assembly, evident from Figure 4.11, to capture the movements

of the pig and simulant organs within the assembly.
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Fixed Acrylic Sheet
Making right Angle

Adjustable Acrylic

Vertical Ruler Horizontal Ruler Sheet

CAMERA
'Right Angled Shape' assembly was captured using the Clamp
camera positioned at 90° to the assembly.

‘Space for Organ/
Simulant retraction’

Figure 4.11: Right angle assembly (first test-rig) for the in-house simulator.

The first assembly was developed to evaluate the responses of each of the
defined typical 'movements' (finalised following observation of several open
and laparoscopic procedures and discussing with surgeons) for pig and
simulant organs when surface pressures are applied by the operator. The
defined typical 'movements' applied by the surgeon during actual surgical

procedures are

e Moving (translation) occurs at the beginning of retraction of bowel for
instance prior to the squashing,

e Squashing occurs when spleen for instance, is lifted, moved and then
retracted/squashed against abdominal wall,

e Moving (translation) and squashing,

e Lifting generally requires for solid organs for example, liver is lifted
and moved to get access to gall bladder and eventually it is fully

retracted/squashed against diaphragm.

Pig liver, simulant human liver, and simulant human bowel pieces were
placed inside the first assembly. They were evaluated for the defined typical
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'movement’' when surface pressure is applied by the fingertips of the
operator. The thin film pressure sensor (Figure 4.13) was used to quantify

the surface pressures applied by the operator.

The second assembly of the in-house abdominal simulator, utilised for the
mechanical characterisation of prototype structures, was designed as a
rectangular chamber by gluing 5mm thick acrylic sheets to mount on an
Instron machine (Figure 4.12). The bottom acrylic sheet (15cmx40cm) had a
hole of 68mm diameter exactly in the centre to allow prototype cylinder
placement before the start of the test. The top surface of the chamber was
open to facilitate the mechanical testing of prototype structures. The front
and back sides of the chamber were also kept open in this study although
the option is available for them to be closed if required. Two rigid acrylic
sheets formed the left and right-hand sides by gluing them to the bottom
acrylic sheet and encircling with wire reinforcement towards the top of the

assembly.
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Figure 4.12: Second test-rig mounted on the Instron machine.

4.5 In-vivo measurement of surface pressures

Laparoscopic and open abdominal surgeries involve retraction of abdominal
organs. The quantitative assessments of surface pressures applied to the
abdominal organs and tissues, and the degree of organ retraction, during
surgery are expected to be key inputs for the design and development of
prototype expansion structures. Hence, an in-vivo pilot study was carried out
to quantify surface pressures and organ retraction distances during open and

keyhole abdominal surgeries.

4.5.1 Ethics committee approvals of in-vivo pilot study

The protocol for carrying out the in-vivo pilot study (Appendix B), the patient
information sheet and patient consent form (Appendix C) were submitted to
the ethics committees of the NHS and Sheffield Hallam University (SHU).

Ethical approval for this pilot study was obtained from the North West
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National Research Ethics Committee, study ref 13/NW/0258 and is included
in Appendix D. The Faculty of ACES Research Ethics Committee (FREC) of
Sheffield Hallam University also approved the pilot study.

The complete study protocol contains details on the following:

e description of background to surgical practises and the
LaparOsphere™ concept

e rationale for the in-vivo pilot study

e the importance of the outcomes within the PhD research project and
to the wider surgical practise

e names and details of participating surgeons as well as study co-
ordinators,

e study sites, study procedures, surgical procedures and the setup
within the operating theatre

o sterility issues and their remedies

e surface pressure measurement procedures after accessing the
patient’'s abdomen

e inclusion and exclusion criteria

e study size

e confidentiality and data protection

e adverse event and mitigating steps

e data analysis after the completion of the in-vivo pilot study

The patient consent form and the patient information sheet were given to the
patients attending for abdominal surgery at the MFT, Manchester, UK.
During pre-op assessment surgeon discussed the study with the patient and

asked if they were prepared to take part and obtained signed consent form.

The patient information sheet covers detailed information on the following

key points:

e an invitation to take part in a research study from the participating
surgeons (Titus Augustine and Thomas Satyadas)

e name and contact details of the participating surgeons
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e patient’s role if consent is given to participate

e advantages study will bring to future surgical practises

e risk associated with the study

e impacts on the actual surgery if the patient does not give consent
e use of data collected during the study

e type of patients participating in the study

e declaration of commercial interests

e complaints procedure.

4.5.2 Description of pressure sensor

All pressure measurements were taken using a Pressure Profile C500 Tactile
Sensor (Quadratec Limited, UK), which consists of a thin film flexible
capacitive sensor encapsulated within a fabric layer. The sensor had
dimensions of 25mm x 25mm, and a thickness of ~ 1mm. A 1 metre length
cable connects the sensor to an amplifier and signal conditioning unit (Figure
4.13a). The signal conditioning unit connects via a USB interface to a laptop
with associated data logging software called ‘Laparoscopy’ (Figure 4.14).
The ‘Laparoscopy’ software was calibrated by Quadratec Limited to display
applied surface pressure in kPa unit. The display panel has ‘start’, ‘stop’ and

‘data logging’ buttons to record the pressure measurement data.
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(b) (c)

Figure 4.13: Pressure sensor system and ultrasound probe cover.

(a) Components of C500 Pressure Sensor System (b) Enclosure of the
Pressure Sensor (c) Sterile Ultrasound Probe Cover encapsulating

Pressure Sensor System.
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Figure 4.14: ‘Laparoscopy’ software for surface pressure data logging.

4.5.3 Set up within the operating theatre

The pressure sensor was placed in the terminal latex section of a sterile
ultrasound probe cover (Figure 4.13b). The ultrasound probe cover
encapsulated the entire sensor-cable-signal conditioning unit assembly
(Figure 4.13c). The process of placing pressure sensor and the entire
assembly was undertaken in the operating theatre using sterile procedures
by the scrub nurse. The pressure sensor and cable assembly were located in
the sterile operative field. The associated laptop was positioned in the non-
sterile surgical field (Figure 4.15). Surface pressure measurements were
collected during retraction of the liver, bowel, stomach, spleen and kidney for
6 patients undergoing open procedures and 6 patients undergoing
laparoscopic procedures at the MRI of the MFT. A medical statistician has
suggested 10-12 patients for this pilot study (Appendix B). Surface pressure
measurements in theatre were undertaken by the participating surgeons -
Titus Augustine during Hand Assisted Donor Nephrectomy and Thomas

Satyadas during OC. Titus Augustine has over 25 years of surgical
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experience (15 years of experience in laparoscopic surgery) and Thomas
Satyadas has over 15 years of experience in open and laparoscopic

abdominal procedures.

Surface pressure measurements were captured once access to the
abdomen was established but prior to commencing the planned surgical
procedure. Video footage of the organ being retracted was also recorded, to
enable the surface pressure measurements to be correlated with organ
retraction distance. It was not possible to locate a camera at a constant fixed
location in respect of every patient on the operating table under anaesthesia
due to logistical and infection control imperatives in the operating theatre.
The camera (Samsung S2 GTI9100) was positioned facing the abdomen of
the patient at ~45° to both the coronal and transverse planes of the body of

the patient (Figure 4.9, Chapter 2) to the right or left of the operation table.

Liver Retractio owel Retraction
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Open Cholecystectomy performed
by Thomas Satyadas

Figure 4.15: Representation of pressure measurements carried out in the

surgical theatre.
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4.5.4 Methodology of measurement of surface pressures

The entire surface area of the pressure sensor enveloped in the latex end of
the sterile ultrasound probe cover (Figure 4.13b) was maintained in complete
contact with two fingertips of the surgeon before the recording of each
retraction event. During HALS, the entire surface area of the pressure sensor
was also maintained in complete contact with the surgical retractors. Prior to
the actual surgical procedures, the participating surgeons extensively carried
out typical retraction movements keeping the pressure sensor between the
two fingertips and key organ simulants of the liver, bowel, kidney, spleen and

stomach fabricated for the in-house abdominal simulator.

Surface pressure vs time graphs were obtained from the pressure sensor
software. Surface pressures were measured during several retraction events
to key organs in each patient to confirm the repeatability and reproducibility
of the measured surface pressure values. Across the 12 patients
measurements were obtained during 35 typical liver retractions to access the
gall bladder, 36 bowel retractions, 9 kidney retractions, 8 stomach retractions
and 5 spleen retractions. It was, however, not practicable to undertake
retraction of the spleen and kidney in patients undergoing open
cholecystectomy due to their anatomical locations. Additionally, liver was
retracted by metal retractor (PretzelFlex™ part of the Endoflex™ retractor)
and laparoscopic grasper during HALS. Bowel was also retracted with metal
retractor (part of Omnitract™ retractor system) during open abdominal

surgery.

Surface pressures required for the supporting tissues as well as key blood
vessels surrounding abdominal organs were also measured. Abdominal
aorta (largest artery in the abdominal cavity) and omentum (layer of
peritoneum that surrounds abdominal organs) were retracted twice during
HALS for patient 7. Similarly, inferior vena cava (large retroperitoneal vein
that lies posterior to the abdominal cavity) and duodenum (first section of the

small intestine) were retracted during HALS for patient 8.
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4.5.5 Methodology of calculation of organ retraction

distances
Image processing and analysis open-source software, ImageJ (Version
1.48)(225), was utilised to calculate organ retraction distances from the video
footage. Sequences of images were selected from the video footage to

determine retraction distance based on three key considerations:

e presence of instruments or fingertips of surgeon of known dimension

to enable calibration of the image using the image analysis software

e presence of four stationary points in the plane of the image for

determination of relative movements of points of interest

e two distinctive identifying marks on the edge or surface of the organ
as defined points of interest to track the retraction movements in the

plane of the image relative to the four stationary points

To relate the measured surface pressures to retraction of an organ in specific
directions a global x-y-z coordinate system was defined with respect to the
human body (Figure 2.9, Chapter 2). The global x-y plane corresponded to
the human coronal plane, the x-z plane to the transverse plane, and the y-z
plane to the sagittal plane. Additionally, an x1-x2 coordinate system was
defined for the plane of the images extracted from the video footage (Figure
4.16). Figure 4.16 also shows calibration of an image carried out using
known dimensions (width) of retractor used for open cholecystectomy, an
example of 4 stationary points (points 1-4) and two identifying marks (points

5 and 6) used in the image analysis for retraction of the liver (patient 3).
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Figure 4.16: Origin (0, 0) and Local co-ordinate system (x1-x2) for plane of

image.

4.5.6 Data analysis

Typical surface pressure versus time data acquired during open abdominal
surgery and hand assisted laparoscopic surgery were plotted for the liver,

bowel, spleen, stomach, and kidney.

Clearly identifiable (‘clean’) peaks corresponding to retraction events were
identified and plotted. These data typically showed decay in the applied
surface pressure during the ‘hold’ period of the retraction event. The data
were analysed to calculate the maximum surface pressure (Pmax), or
pressures in the case of multiple peaks, applied by the fingertips of the
surgeon. The length of time the organ was retracted during each retraction
event (Thold) was also determined, with the start of the retraction event
defined by the maximum pressure and the end defined by the onset of a
sudden decrease in pressure (Pend), or a sudden increase corresponding to a
further retraction event. The root mean square surface pressure (Prms) was
calculated over the period of Thoia for each retraction event. Those data for
individual retraction events which were less well defined in terms of a ‘clean’

peak, only the maximum surface pressure for each event was determined.

117



Properties extracted for data analysis are schematically presented in Figure
4.17.

Surface Pressure
(kPa)

Time (Secs)

Figure 4.17: Properties extracted for data analysis of 'clean’ retraction

event.

For each identifying mark the movement AX1 and AXz2 along the x1 and x2
axes, respectively, relative to the initial image location was measured in

subsequent images. The overall retraction distance in the plane of the

respective image was then calculated using AX = /(AX,)? + (AX,)2. The
retraction distances (in the x1-x2 image plane) vs time data extracted from
the image analysis of the video footage showing retraction of liver, bowel,

spleen, stomach and kidney were then also plotted.

4.6 Summary

The methodology for the fabrication and assessment of simulant organs,
development of in-house test rigs, and in-vivo measurement of surface
pressures and organ retraction distances during typical retraction
movements of key abdominal organs during OC and HALS have been

described in this Chapter.
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5 Materials and Methodology 2: Finite element (FE)

modelling of a solid wall cylinder
The methodology of the finite element modeling of solid wall of cylinder is
described in this chapter. The uniform material properties are defined to
carry out the parametric study of solid wall cylinder with and without end

pieces.

5.1 Finite Element methods and Computer Aided Design

5.1.1 Finite Element methods

The Ansys software has been employed in this project to evaluate and solve

the elastic deformation of three-dimensional cylindrical prototype structures.

5.1.2 Computer Aided Design (CAD)

Computer aided design (CAD) is a modern tool to develop complex three-
dimensional geometries in space. It creates an interface between analytical
modelling and laboratory experiments. A plethora of CAD software has been
developed such as Autodesk, SolidWorks and Pro Engineer to design
geometry files for input to manufacturing machines such as laser cutting and

3-D printing (additive manufacturing) equipment.

SolidWorks is the most widely used software package, not only in industry
but also as a useful modelling tool in academic disciplines such as material
physics and mechanical engineering, to design complex 3D objects. It allows
the design of complex geometries, their assembly and creation of two-
dimensional drawings. It possesses diverse features such as extrude
boss/bass, revolved boss/bass, linear patterns, cut, pattern, wrap, shell and
mirror, which can be useful for the design of the proposed cylinder prototype
structures in the current project. Designs are saved as a part file and
assembled when required. The assembly segment of SolidWorks has key
features such as mates, linear pattern components and reference geometry.
They were used in this project to assemble end pieces with the cylinder
design during simulation of the expansion behaviour of prototypes. The part

and assembly files can be saved in various file formats such as stl, iges,
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asm, pdf and jpeg. The stl file format has been used for 3D printing of
prototype structures. The engineering drawings of prototype structures were

saved as pdf files for laser cutting of prototype structures.

5.1.3 Summary

CAD tools were used to generate solid wall cylinders of different diameter,
length and wall thickness, and to design and assemble different types of end
pieces onto a solid wall cylinder. The finite element method was used to
study the impact of the mechanical properties of a solid wall cylinder and the
effect of end pieces on the deformation of a solid wall cylinder in this

Chapter.

5.2 Rationale

The large equatorial expansion for small axial strain displayed, for example,
in the deployment of a folded paper cylinder into a sphere (Figures 3.15 and
Figure 3.16, Chapter 3) can be attributed to factors such as in-plane and out-
of-plane deformation of the cylinder wall under an applied load. This is in turn
determined by the material properties (Young's modulus, Poisson's ratio and
shear modulus), and the presence of end pieces or other loading conditions,

or a combination of such factors.

The aim of the FE modelling in this chapter is to determine the required
material properties and end pieces/loading conditions for the deployment of a
solid wall cylinder (i.e. without cellular meshes or folded facets) into a sphere
under an applied axial load. The end pieces are considered to convert a load
applied along the direction of the longitudinal cylindrical axis into an
axisymmetric out-of-plane bending load on the cylinder wall. The modelling
of a solid wall cylinder in the first instance deliberately ignores the additional
complexity introduced by considering honeycomb (or any other) wall
structure. Once the required material properties have been identified,
cylindrical honeycomb structures will then be developed in Chapter 6 having
effective mechanical properties matching the identified properties of the solid

wall models.
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5.3 Study set up

5.3.1 Dimensions of cylinder and types of end pieces

The length, outer diameter and wall thickness of solid wall cylinder was
300mm, 40mm and 1mm for simulating isotropic material properties. The
length (L), outer diameter (D) and wall thickness (T) of the cylinder were
defined as 300mm, 40mm and 2.5mm, respectively to simulate orthotropic
material properties. The types of end pieces considered in this study were
cone, pronged cone, funnel and pronged funnel (Figure 5.1). They were
designed and assembled at both ends of the solid wall cylinder in the
SolidWorks CAD software (2014-15 and 2015-16 editions).

CONE FUNNEL

PRONGED CONE PRONGED FUNNEL

Figure 5.1: Types of end pieces.

The FE modelling was carried out using the Ansys Workbench software
(version 16.1 and 17.1). A static structural analysis was used to simulate the

effect of material properties and of end pieces on the solid wall cylinder.
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5.3.2 Coordinate systems

Ansys employs a global Cartesian coordinate system and a cylindrical
coordinate system, although unfortunately uses the same lettering notation
(x, y, z) for both. In this thesis, the traditional r, 8, z notation is employed for
the cylindrical coordinates and the relationship between these and the global
coordinate system employed by Ansys is shown in Figure 5.2 by unrolling a

cylinder into flat sheet form.

\ / ‘ (e
_—— x (r)

(a) (b)

Figure 5.2: (a) Cylindrical coordinate system and (b) global coordinate

system with corresponding mapping of the cylindrical axes (in

parentheses) of an unfolded cylinder.

5.3.3 Material properties

Linear elastic material properties (isotropic and orthotropic) were assigned to
the solid wall of the cylinder with and without end pieces. The large deflection
effect in the 'Analysis Setting' was turned 'OFF' to simulate linear material
properties. The large deflection effect in the 'Analysis Setting' was turned

‘ON’ to simulate nonlinear plastic behaviour of cellular cylinders.
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5.3.3.1 Isotropic properties

Structural steel was selected from the 'Engineering Data' segment (an in-
house library for material properties) of the Ansys workbench software (Table
5.1) to simulate isotropic material properties. The shear and bulk moduli in
Table 5.1 were automatically derived from the Young's modulus and
Poisson's ratio values in the software, according to the relationships between
elastic constants for isotropic materials (Equations 3.32 and 3.33, Chapter
3).
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Table 5.1: Isotropic material properties of structural steel.

Property Value Unit
Young's modulus 2x10™M Pa
Poisson's ratio 0.3 -
Shear modulus 7.6923x1010 Pa
Bulk modulus 1.6667x10" Pa

The FE modelling using isotropic material was carried out to check the solid
wall cylinder expands under a uniaxial compressive load as expected for
positive Poisson's ratio. The magnitude of expansion of the solid wall cylinder
using isotropic material properties is not sufficient for the development of the
expansion mechanism proposed in this project and hence, orthotropic
material properties (as expected for a honeycomb) are considered for the

solid wall cylinder in the next section of this chapter.

5.3.3.2 Orthotropic properties

Orthotropic material properties were defined in this study in addition to
isotropic properties. As described in Chapter 3, the twelve elastic constants
of orthotropic properties are 3 Young's moduli, 3 major Poisson's ratios, 3
minor Poisson's ratios, and 3 shear moduli. These are summarised in Table
5.2 for the cylindrical co-ordinate system. In this study, Eris greater than E:
and hence, according to the symmetric compliance matrix requirement
(Chapter 3, Equation 3.33), viz > vzr. Therefore, vrzis referred to as the 'major

Poisson's ratio' while vz is considered as the 'minor Poisson's ratio’'.
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Table 5.2: Elastic constants of the orthotropic material properties.

Description of Elastic constants Annotations
Elastic modulus (radial direction) Er
Elastic modulus (axial direction) E-
Elastic modulus (circumferential direction) Ee
Major radial-axial Poisson's ratio Viz
Major axial-circumferential Poisson's ratio Vz0
Major radial-circumferential Poisson's ratio Vo
Minor radial-axial Poisson's ratio Vazr
Minor axial-circumferential Poisson's ratio Vez
Minor radial-circumferential Poisson's ratio Vver
Radial-axial shear modulus Grz
Axial-circumferential shear modulus Gzo
Radial-circumferential shear modulus Gro

Two parametric studies were carried out in this project and derivation of

orthotropic constants for both the parametric studies are described below.

Parametric study 1:

The parametric study 1 varies each parameter in turn from the 'standard'
conditions and, when varying Poisson’s ratio or Young’s modulus, it is
necessary to vary two other parameters (one in each plane) in order to
maintain a symmetric compliance matrix. This first study utilises a standard
parameter set where certain values were halved from the ones calculated

due to the rounding error in Ansys producing a negative stiffness matrix.

The twelve elastic constants of the solid wall cylinder orthotropic material for

the parametric study 1 are derived below.
Young's moduli and Poisson's ratios:

The Young’s moduli and Poisson’s ratios of the orthotropic solid wall were
determined to be in the ballpark of the likely effective properties of the

honeycomb meshes to be developed after the solid wall cylinder model,
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whilst simultaneously satisfying the requirement of positive definite strain
energy. The hypothesis was that a large magnitude in-plane Poisson's ratio
would facilitate the required large equatorial deformation for relatively small
axial deformation (or strain). Hence, vz was specified to +10 and -10 to
simulate large positive and negative Poisson's ratios in the conventional and
auxetic solid wall cylinders, respectively. The out-of-plane Poisson's ratios vrz

and vre were set to 0.3 (same as structural steel).

To be consistent with the previous isotropic cylinder wall model, the Young's
modulus of structural steel (2x10" Pa) was specified as the Young's modulus
(Er) of the orthotropic cylinder wall in the radial direction. From consideration
of the flexure model of hexagonal honeycombs('13), the Young’s modulus in
the axial direction (Ez) is likely to be less than E;, but significantly larger than
the Young’s modulus in the circumferential direction (Ee). Ez and Es were set
to E//5 and E/1000, respectively (i.e. Ez = 4x10'° Pa and Es = 2x10% Pa).

vez is derived from the symmetric compliance matrix for orthotropic material

properties (Chapter 3, Equation 3.30):

V,oE
Voz = ZEQ. 0 51
VA

Hence vez = +0.05 and -0.05 for the conventional and auxetic solid wall
cylinders, respectively. Similarly, from the equivalent symmetric compliance

matrix conditions, ver = +0.0003 and vz = +0.06.
Shear moduli:

The values of shear moduli were determined based on the expressions
(Equation 3.48, 3.49, 3.53, 3.55, Chapter 3) for the effective shear moduli

due to flexure of hexagonal honeycombs('3),

The correspondence between cylindrical and Gibson & Ashby et al.
coordinate systems are Gz = G21, Grz = Gsz2, Gre = G31.The vertical-to-
diagonal cell wall length ratio was set to h/I=2 which allows the cell wall angle

to cover the full range of -90<a<90°. According to the Gibson and Ashby
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model, the in-plane Poisson's ratios are related to the geometrical

parameters by Equation 3.46 and 3.47 in Chapter 3.

Values of o were obtained graphically for vze = +10 and -10, specified above,

and they were found to be 04=60.1° and -71.6°, respectively (Figure 5.3).

-8-Positive Poisson's ratio —e~Negative Poisson's ratio

50

40
30

\
-71.60, -10.01

a (degree)
Figure 5.3: Effect of angle of diagonal rib of honeycomb on Poisson's ratio.
These values of o were subsequently used to calculate values of t/l from

Equation 3.48 described in Chapter 3 (reciprocal theorem) derived by Gibson
and Ashby(13),

For a=60.1°, vz6 = +10, E¢ = 2x10® Pa (specified above) and Es = 2x10'" Pa
(structural steel), Equation 3.48 described in Chapter 3 gives t/l = 0.163,
which is the value used in Equations 3.49, 3.53, 3.55 to determine the values
of the shear moduli to be employed in the positive Poisson’s ratio solid wall
cylinder model. Similarly, employing a=-71.6°, vz6 = -10, Eo = 2x10® Pa and
Es=2x10" Pa in Equation 3.48 described in Chapter 3 gives t/l = 0.144,
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which is the value used for the calculation of the shear moduli to be used in
the negative Poisson’s ratio solid wall cylinder model. The lower bound
expression (Equation 3.55, Chapter 3) was chosen for the calculation of Gre

in the solid wall cylinder.

The twelve elastic constants of the solid wall cylinder orthotropic material are

summarised in Table 5.3.

Table 5.3: Orthotropic material properties for positive definite matrix in the

cylindrical coordinate system.

Orthotropic properties Cylindrical Coordinate System
Er (Pa) 2x10" 2x10"
Ee (Pa) 2x108 2x108
E: (Pa) 4x10"0 4x1010

Vro 0.3 0.3
ver 3x104 3x104
Vez +0.05 -0.05
vz +10 -10
Viz 0.3 0.3
Vzr 0.06 0.06
Gro (Pa) 2.2x10° 3.3x10°
Gez (Pa) 2.5x108 1.0x107
Grz (Pa) 1.5x101° 7.4x10°

Parametric study 2:

The parametric study 2 varies a selected parameter (Es) based on the
outcomes of the first study identifying this as a key parameter. In this study
parameter variation is considered with more importance attached to the
eventual cellular nature of the expansion mechanism. Hence, parameter
variation is in accordance with the symmetric compliance matrix condition
and the reciprocal Poisson’s ratio relationship in hexagonal honeycombs
deforming by flexure. The shear modulus is also recalculated in this second

study, guided by the honeycomb theory expressions. So, this second study is
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a half-way house between the solid wall study in parametric study 1 and the
cellular mesh study described later. The additional constraints in the second
parametric study mean that 7 parameters are varied simultaneously. The
standard set in this study were very close to those determined from the
honeycomb considerations, with only slight reduction in certain parameters to

achieve the positive definite stiffness matrix.

The twelve elastic constants of the solid wall cylinder orthotropic material for

the parametric study 2 are derived below.
Young's moduli and Poisson's ratios:

Ez and Ee were set to E//10 and E+/1000, respectively (i.e. Ez = 2x10' Pa and
E¢ = 2x108 Pa) for this parametric study. When nine orthotropic constants
(method of derivation of the remaining two out-of-plane minor Poisson's
ratios and three shear moduli are explained below) entered in the Ansys
software, it gave negative definite matrix due to rounding off decimal point
error (Figure 5.4). Hence, Ez and Es were set to E+/9.9 and E/999.9,
respectively (i.e. Ez = 2.02x10"° Pa and Es = 1.98x10% Pa) to get positive
definite matrix and subsequently three minor Poisson's ratios and three
shear moduli calculated. Hence, vze become +10.11 and -10.12 for the
conventional and auxetic solid wall cylinders, respectively. Please note that
Ansys software changes the minor Poisson's ratios into the major Poisson's
ratios during solution step and hence, values of three minor Poisson's ratios

were substituted in the software.
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Figure 5.4: Negative definite matrix in the Ansys software.

vez is derived from the symmetric compliance matrix for orthotropic material
properties (Equation 5.1). Hence vez = +0.09891 and -0.09891 for the
conventional and auxetic solid wall cylinders, respectively. Similarly, from the
equivalent symmetric compliance matrix conditions, ver = +0.0002967 and vzr
=+0.03033

Shear moduli:

The values of shear moduli were determined according to method described

for the parametric study 1.

Values of o were obtained graphically for vze = +10.11 and -10.12, specified

above, and they were found to be a=60.3° and -71.7°, respectively (Figure
5.5).
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Figure 5.5: Effect of angle of diagonal rib of honeycomb on Poisson's ratio.
These values of o were subsequently used to calculate values of t/| from
Equation 3.48 described in Chapter 3 (reciprocal theorem) derived by Gibson
and Ashby(13),

For 0=60.3°, vze = +10.11, Eo = 1.98x108 Pa (specified above) and Es =
2x10" Pa (structural steel), Equation 3.48 described in Chapter 3 gives t/l =
0.163, which is the value used in Equations 3.49, 3.53, 3.55 to determine the
values of the shear moduli to be employed in the positive Poisson’s ratio
solid wall cylinder model. Similarly, employing a=-71.7°, vze = -10.12, Eo =
1.98x10® Pa and Es = 2.02x10" Pa in Equation 3.48 described in Chapter 3
gives t/l = 0.144 for the calculation of the shear moduli to be used in the
negative Poisson’s ratio solid wall cylinder model. The lower bound
expression (Equation 3.55) was chosen for the calculation of Gr in the solid

wall cylinder.
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The twelve elastic constants of the solid wall cylinder orthotropic material are

summarised in Table 5.4.

Table 5.4: Orthotropic material properties for positive definite matrix in the

cylindrical coordinate system.

Orthotropic properties Cylindrical Coordinate System
Er (Pa) 2x10" 2x10
Ee (Pa) 1.98x108 1.98x108
E: (Pa) 2.02x101° 2.02x101°

Vro 0.3 0.3

Ver 2.967x104 2.967x104

Vez +0.09891 -0.09891

vz +10 -10

Vriz 0.3 0.3

Vazr 0.03033 0.03033
Gro (Pa) 2.2x10° 3.3x10°
Gez (Pa) 2.5x108 1.0x107
Grz (Pa) 1.5x101° 7.4x10°

5.3.4 Boundary conditions

Two sets of boundary conditions (BCs) were considered: Finite BCs and

Infinite BCs.

5.3.4.1 Finite BCs

The Finite BCs were assigned to simulate the real life (mechanical testing)

scenario in which the cylinder is fixed at the bottom end in all directions and

axial load is applied on the top face of the cylinder. The Finite BCs were

applied in the form of axial 'load' on the top surface (Figure 5.6a), with the

top surface allowed to displace axially but constrained from displacement

radially or circumferentially (Figure 5.6b). This simulates constraint against

radial movement or torsion at the top edge due to the clamp attached to the

moveable crosshead in the testing machine. The bottom surface of the
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cylinder was constrained from displacing in all 3 directions (Figure 5.6c),
equivalent to the fixed grip applied to the bottom edge in the testing machine.

800 5000 100,80 {rrim) 0.00 L0000 fmm) 0,00 109,00 {rrrn)
]

.00 7500 500,00 50.00

(@) (b) ()

Figure 5.6: Boundary conditions with respect to cylindrical coordinate systems.
(a) 'Load' applied on top face (negative sign indicates axial compressive load),

(b) 'Displacements' at top face, and (c) 'Displacements' at bottom face.

5.3.4.2 Infinite BCs
The Infinite BCs were employed to check that the predicted cylinder
response was as expected from the defined material properties and loading

conditions, neglecting effects associated with edges.
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In the Infinite BCs, the top and bottom surfaces were allowed to displace
radially. This is exactly analogous to the infinite BCs applied to planar
honeycombs where nodes were free to move in the transverse direction
(perpendicular to the loading direction).(226)227) All other BCs were as for the
Finite BCs. The Infinite and Finite BCs and loading conditions are

summarised in Table 5.5.

Table 5.5: Finite and Infinite BCs. The negative and positive signs indicate

axial compression and axial tension load, respectively. 'd' = value of force

applied.
BCs Finite BCs Infinite BCs
raxis =0 raxis =0
Load at the top . _
_ 0axis=0 0 axis=0
face of cylinder (N)
zaxis=z'd' zaxis=z'd'
Displacement at r axis = fixed r axis = free
the top face of 0 axis = fixed 0 axis = fixed
cylinder
z axis = free z axis = free
Displacement at r axis = fixed r axis = free
the bottom face of 0 axis = fixed 0 axis = fixed
cylinder z axis = fixed z axis = fixed
5.3.5 Meshing

5.3.5.1 Mesh size

The relevance is the most basic global mesh size control and it can be set as
coarse, medium or fine. The mesh statistics are outlined in Table 5.6 for a
cylinder with and without end pieces. The element size was set as default for
all three relevance centres. The simulations took 2s, 15s and 30s for coarse,

medium and fine meshes, respectively.
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Table 5.6: Mesh statistics for the relevance of mesh.

End Pieces Relevance of Statistics

Mesh No. of Elements No. of Nodes

No End Pieces Coarse 2870 19025

Medium 3870 29025

Fine 6708 46438

Cone Coarse 3748 18729

Medium 5248 23126

Fine 7304 42454

Pronged Cone Coarse 4524 22169

Medium 6396 25643

Fine 9537 49227

Funnel Coarse 3962 19323

Medium 5620 24076

Fine 8308 43759

Pronged Funnel Coarse 3688 19349

Medium 4830 23562

Fine 7470 43063

5.3.5.2 Element type and shape

The default element type used during the solution step by Ansys Workbench
was Solid186, which is a structural solid, higher order, 3-D and 20-node solid
element. Nodes have three degrees of freedom per node (translations) in the
nodal x, y, and z directions. It is available in homogeneous and layered
structural solid forms during the FE modelling. The homogeneous form is

used in this study (Figure 5.7).

It is generally used to model a physical system undergoing large deflection
and large strain (Version 17.1 and 18.1 ANSYS Inc.). Solid186 supports
plasticity, creep, stress stiffening, large deflection and large strain
capabilities. It supports the use of anisotropic material properties and they

are generally assigned to the element coordinate system.
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Figure 5.7: Solid186 element. (a) Homogeneous and (b) Layered structural
solid, showing node locations, element coordinate system and shape
options (Version 17.1 and 18.1 ANSYS Inc.).

Solid186 has brick, tetrahedral, prism and pyramid shapes (Figure 5.7). The
geometry, node locations and the element coordinate system for this element
are shown Figure 5.7. A prism-shaped element may be formed by defining
the same node numbers for nodes K, L, and S; nodes A and B; and nodes O,
P, and W. A tetrahedral-shaped element and a pyramid-shaped element may

also be formed as shown in Figure 5.7.

The element shapes used during the solution of each model in this study
were Hex20 (20 nodes nonlinear tetrahedron) and Wed15 (15 nodes
nonlinear prism or wedge). These element shapes are typically used for

modelling of large deflection and large strain.
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The large deflection was turned OFF in the solver controls of 'analysis
setting' in the Ansys Workbench to permit linear elastic deformation of the
solid wall of the cylinder. If a nonlinear static structural analysis is required,
then the large deflection should be turned ON. For this project, only linear

elastic deformation was considered.

5.3.5.3 Mesh quality checks

A good quality mesh means that the mesh quality criteria are within the
correct range for element quality, aspect ratio, Jacobean ratio, warping
factor, parallel deviation, maximum corner angle, skewness and orthogonal
quality. By way of example, the mesh metrics of a fine and coarse mesh
metrics generated for a cylinder without end pieces are summarised in Table
5.7 and Table 5.8, respectively which confirms that the fine mesh should be

used during FE modelling.

Table 5.7: Mesh metrics for fine mesh generated for cylinder without end

pieces.
Standard
. o Average &
range Maximum Minimum
Mesh Metrics Standard
(minimum- value value L
, Deviation
maximum)
Element
0-1 0.99 0.69 0.9 £0.008
quality
Aspect ratio 1-10 2.20 1.16 1.12+£0.28
Jacobean ratio 1-100 2.05 1.02 1.17 £ 0.30
Skewness 0-1 0.5 0.02 0.25+0.13
Orthogonal
0-1 1 0.74 0.91£0.07
quality
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Table 5.8: Mesh metrics for coarse mesh generated for cylinder without

end pieces.
Standard
. o Average &
range Maximum Minimum
Mesh Metrics Standard
(minimum- value value o
. Deviation
maximum)
Element
0-1 0.98 0.48 0.78£0.12
quality
Aspect ratio 1-10 6.62 1.46 1.82+0.92
Jacobean ratio 1-100 5.86 1.02 1.31+£0.84
Skewness 0-1 0.71 0.066 0.42+0.20
Orthogonal
. 0-1 0.98 0.53 0.78+0.14
quality

5.3.6 Solutions

The directional deformations (radial, axial, and circumferential) of the solid
wall cylinder were read from the legend bars. In some cases, nodes were
selected in the equatorial plane to identify specific nodal deformations,
stresses and strains. Node numbers were exported in Excel spreadsheet
(-xIsx file) format from the Ansys Workbench software. These node numbers
were then matched with the node numbers associated with deformations,

stresses and strains (exported as .xIsx files).

5.4 FE modelling of uniform material properties

The FE modelling of a cylinder (with and without end pieces) displaying
uniform linear elastic isotropic or orthotropic material properties is described
in this section. Axial compression and tension loads were considered. The
length, outer diameter (OD), and wall thickness (WT) of solid wall cylinder
were specified as 300mm, 40mm, and 2.5mm, respectively. Static structural
analysis was chosen from the 'Analysis Systems' of the Ansys software.
Linear elastic (isotropic and orthotropic) material properties were created in

the 'Engineering Data' segment of static structural analysis. The isotropic and

139



orthotropic material properties derived in Section 5.3.3 were then entered to

carry out the parametric studies.

5.4.1 Isotropic material properties

Isotropic material properties (Table 5.1) were considered for positive
Poisson's ratio wall material employing Finite and Infinite BCs (Figure 5.8).
The properties were assigned as described in Section 5.3.4. Axial
compression and tension loads were applied to evaluate the expansion
behaviour of the solid wall cylinder. Cylinders with and without end pieces

were considered in the simulations employing Finite BCs.

Positive

Poisson's ratio

Finite BCs Infinite BCs

No End
Pieces

I
Axial

End Pieces

Axial

Compression
and Tension

Compression
and Tension

Figure 5.8: FE modelling of isotropic material properties.

5.4.2 Orthotropic material properties

Orthotropic material properties (Table 5.3 and 5.4) were taken as ‘standard’
parameter sets for positive and negative Poisson's ratio wall materials. The
expansion behaviour of solid wall cylinders employing positive and negative
Poisson's ratios walls were simulated with Finite BCs. Uniaxial compression

and tension loads were used.
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Er, Ez, shear moduli, and out-of-plane Poisson's ratios (ver and vz) were
however not varied during parametric study 2 to maintain the set of 'standard’

properties outlined in Table 5.4. Rationales are outlined below.

e Erand E: require new set of orthotropic constants and linked with the
in-plane Poisson's ratio due to the reciprocal relationship, respectively.
For example, if Er is changed from 2x10"" Pa (structural steel) to
2x10° Pa (Paper) or 4x10° Pa (Polymer) then the new set of
orthotropic constants (Table 5.4) will be derived (Section 5.3.3.2).

e Similarly, shear moduli were derived for the specific in-plane Poisson's
ratio (£10).

e Out-of-plane Poisson's ratios were derived using reciprocal

relationships (i.e. dependent on E;, Es, Ez, and vez).

When varying the circumferential Young's modulus (Es), vez was varied to
maintain a symmetric compliance matrix (Equation 3.30, Chapter 3). Out-of-

plane Poisson's ratios and three shear moduli were also updated.

The effects of pronged cone end pieces (Figure 5.1) were simulated for
uniaxial compression loading. Compression and tension loading along the
cylinder axis were considered for in-plane positive and negative Poisson's

ratio, respectively during parametric study of a cylinder without end pieces.

5.4.3 Summary

The study set up for FE modelling of solid wall cylinder was explained in this
chapter. The methodology to simulate uniform linear elastic (isotropic and

orthotropic) material properties for solid wall cylinder was outlined.
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6 Materials and Methodology 3: Mesh Cylinders
The methodology for the derivation of cellular meshes, fabrication methods,
mechanical characterisation without surrounding materials and in-vitro
assessments of promising expansion mechanisms are described in this
chapter. Additionally, in-vivo and in-vitro assessment methodologies of
doughnut shape inflatable prototypes, developed by industry sponsors of this

project are outlined.

6.1 Cellular mesh derivation methodology

Cellular meshes for the expansion mechanisms were developed to achieve
the essential features of the orthotropic material properties obtained from the
FE modelling of a solid wall cylinder. Expressions for the effective
mechanical properties of hexagonal honeycomb meshes assumed to deform
by flexure of the honeycomb ribs, previously developed by Gibson and
Ashby('3) were employed to provide indicative geometries. Two scenarios
were considered. In the first (‘bottom-up’) case, modified key target wall
properties from the FE simulations were incorporated into the Gibson and
Ashby expressions to realise ballpark honeycomb geometrical parameters. In
the second (‘top-down’) approach, global cylinder dimensions were defined
and related to the internal geometrical parameters enabling a parametric fit
to be undertaken to achieve the desired FE model properties. Expansion
mechanisms based on bending of initially straight parallel beams were

additionally considered.

6.1.1 ‘Bottom-up’ approach

Large equatorial radial expansions (~80mm) for small axial strains (<10%) in
a solid wall cylinder under uniaxial compression and tension were identified
in Chapter 5 as necessary for the development of expansion mechanisms.
The range of Poisson’s ratio for isotropic materials is insufficient to achieve
the necessary expansion and so orthotropic material properties were

considered in Chapter 5 and are summarised below.

e Orthotropic material properties — negative in-plane Poisson's ratio in

combination with pronged cone end pieces under axial compression
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e Orthotropic material properties — positive in-plane Poisson's ratio in
combination with constrained ends (no end pieces) under axial
compression

e Orthotropic material properties — negative in-plane Poisson's ratio in
combination with constrained ends (no end pieces) under axial
tension

The aim here is to design cellular meshes possessing effective properties
matching the key aspects of the orthotropic material properties from the FE

solid wall cylinder simulations.

6.1.1.1 Analytical expressions

The expressions developed by Gibson & Ashby!'"3 to describe the effective
mechanical properties of honeycomb structures were reviewed in Equations
3.43 to 3.56 of Chapter 3. The expansion of honeycomb cylinders is
considered principally to be due to the (axial-circumferential) ‘in-plane’
flexure of the ribs forming the honeycomb mesh. Further, the requirement of
large lateral expansion for small axial strain implies the in-plane Poisson’s
ratio due to axial loading will have a large magnitude. Consequently, the
expressions for in-plane Poisson’s ratio and Young’s modulus under axial
loading, together with the in-plane shear modulus, are reproduced here using
the cylindrical coordinates notation according to the convention defined in
Chapter 5.

ty? (% +sina) 6.1
s () ) -
l cos3a
o (% + sin a) sina 6.2
70 cos?a

6.3

o <t>3 (% + sin a)
0z —

[ ([f] +1)eosa
where (Figure 3.12)
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Es = Young's modulus of solid rib material

| = length of diagonal rib of honeycomb

h = height of vertical rib of honeycomb

o = angle diagonal rib of honeycomb makes with the 6 axis

t = in-plane thickness of vertical and diagonal ribs of honeycomb

6.1.1.2 Derivation of cellular mesh parameters (h/l, t/l, and a)
Conventional and auxetic (i.e. re-entrant) hexagonal honeycomb mesh
parameters were derived graphically based on the mechanical properties
obtained from the FE modelling of a solid wall cylinder and global parameters

of cylinder as 'input parameters'.

There are three independent parameters: h/l, t/l and a, and three
simultaneous equations: Equations (6.1), (6.2) and (6.3). The equation for h/I
was derived by rearranging Equation (6.2):

h cos’a
T = Vzo

sina sin.a 04
The ratio h/l can then be plotted as a function of o for a specified value of vzo
and is shown by way of example in Figure 6.1(a) for vze = -10. Note, in Figure
6.1(a), h/ <0 when 0 < a < 90° (pink square symbols) which is unphysical.
Hence, in this case only the range of -90 < o < 0° (blue diamond symbols)

need be considered.
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Figure 6.1: Cellular mesh parameters h/l (a), t/l (b) and E:z (c) as functions

of honeycomb angle a for a hexagonal honeycomb cylinder with vz = -10,
Gez = 1.0x107 Pa and Es = 2x10" Pa.
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Next values of t/I were obtained by substituting -90 < a < +90°, the
corresponding values of h/l obtained in the previous step, Es and Ge: into
Equation (6.3). This is shown in Figure 6.1(b) for Es = 2x10"" Pa and Ge; =
1.0x107 Pa (Table 5.3). Finally, Ez was obtained as a function of a. (Figure
6.1(c)) using Equation (6.1) with the corresponding values of h/l and t/l from
the preceding steps. The target value of Ez = 2.02 x 100 Pa is then
determined from Figure 6.1 to correspond to values of a = -71.7°, h/l =2 and
t/1=0.14.

A similar approach for the conventional case of vz = +10.1, Gez = 2.5x108 Pa
(Table 5.3) and Es = 2x10"" Pa, yielded a. = +60.3°, h/l =2 and t/| = 0.16 for a
target value of Ez = 2.02 x 10'° Pa.

6.1.2 ‘Top-down’ approach
In this section, the global cylinder parameters are related to the internal

geometrical parameters of the mesh.

Relationships between global and internal geometrical parameters:

The global parameters of the cylinder and Representative Volume Element
(RVE) are presented in Table 6.1.

Table 6.1: Cylinder and RVE geometrical parameters.

Type of Parameter Symbol Description
D Outer diameter
T Wall thickness
Cylinder H Length
Nec Number of circumferential RVEs
Nv Number of lengthwise RVEs
Representative volume M Height of the RVE
element W Planar width of the RVE

The cylinder (H, D, T, Nv and Nc), RVE (M and W) and cellular mesh (h, 1, th,
trand o) geometrical parameters of a conventional and auxetic hexagonal

honeycomb cylinder are shown in Figure 6.2. CAD models designed for
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validation of outputs of FE modelling of solid wall cylinder have equal th and ti
and denoted as ‘t’. CAD models designed for fabrication of expansion
mechanisms have different in-plane thickness for vertical (tn) and diagonal
ribs (t).

-
(

Repeat Volume Unit

>

z = Axial \
8 = Circumferential ] J
r = Radial \
-
N.=6

N

Figure 6.2: The cylinder, RVE and cellular parameters of a conventional
and auxetic hexagonal honeycomb cylinder.
The relationships between the RVE and cellular mesh parameters are as

follows

M = 2(h + lsina) 6.5
W = 2lcosa 6.6

The relationships between the RVE and cylinder parameters are

H
M=-— 6.7

Ny
w="P 6.8
- _

Equating Equations 6.5 and 6.6 with Equations 6.7 and 6.8, respectively,

gives the relationship between the cylinder and cellular mesh parameters:
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H
2(h + Isina) = N 6.9
v

2icosa = 2 6.10
COS(X—N .

c

6.1.3 Combined ‘Bottom-up’ and ‘Top-down’ approach

The global cylinder, RVE and cellular mesh parameters were utilised to
design CAD models in SolidWorks. This section describes how the 'Bottom-
up' and "Top-down' approaches were combined to obtain values for the
number of RVEs and the internal geometrical (i.e. cellular mesh) parameters
o, h, I 'and t (as distinct from their ratios h/l and t/l in Section 6.1.1) for defined

global cylinder parameters.

The in-plane mechanical properties (Ez, Es, vz, and Gez), taken from the FE
simulations of a solid wall cylinder (Chapter 5, Table 5.3) and defined global
cylinder parameters (D, H) were used as input parameters and they are

shown in Table 6.2.

Table 6.2: Input parameters for graphical method.

Parameters
(cylinder and in-plane mechanical Values

properties from FE modelling)

D 40mm
300mm (No end pieces)
H 25mm (End piece at top end)
25mm (End piece at bottom end)
Es 2x10" Pa
E- 2.02x10'°Pa
Vz0 +10.11

1.0x107 Pa (vzo = -10)

Gez
2.5x108 Pa (vz0 = +10)
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In the combined method the values of h/l, t/l and a were obtained as
described for the Bottom-up approach (Section 6.1.1). Equations (6.9) and

(6.10) from the Top-up approach were combined to derive Nc/Nv:

ho
N, _ 7D+ sina) 6.11

Ny Hcosa

Substituting the derived values of h/l and a with the specified values of D and

H into Equation (6.11) gave the value of Nc¢/Nv.

The number of RVEs circumferentially must be an integer (Nc =1, 2, 3,.....n)
in the cylinder design. The presence of solid wall ends meant this exact
requirement was not necessary for the lengthwise number of RVEs. RVE
number pairs (Nc and Nv) were then obtained for the derived Nc/Ny ratio in
the previous step, selecting those integer values of Nc¢ for which Ny was
within 0.1 of an integer value — with the value of Nv then rounded to the
nearest whole integer. By way of example, selected RVE number pairs are
depicted in Table 6.3 for the negative in-plane Poisson's ratio case, where

the previous step defined a value of Nc/Nv = 1.68.

Table 6.3: Selective pairs of Nc and Nv (RVEs) for negative in-plane

Poisson's ratio to achieve a target value of Nc/Nv = 1.68.

Nc Nv Nc/Nv
5 3 1.67
10 6 1.67
15 9 1.67
17 10 1.70
20 12 1.67
22 13 1.69

The value of | was obtained by substituting the determined values of Nc and
o, and the specified value of D into Equation 6.10. The values of h and t
were then obtained by substituting the value of | into the values for h/l and t/I
determined in the previous steps. The RVE parameters (M and W) were

obtained from Equations (6.7) and (6.8), respectively.
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The a, h, I and t values and their corresponding RVE number pairs are
shown in Table 6.4 for the negative and positive Poisson’s ratio cellular

meshes.

Table 6.4: Cellular mesh parameters obtained by the combined approach

with input parameters specified in Table 6.2.

Vz0 Nc Nv a(°) h (mm) | (mm) t (mm)

-10.11 5 3 -71.7 79.6 39.6 5.7
10 6 -71.7 39.8 19.8 2.9

15 9 -71.7 26.5 13.2 1.9

17 10 -71.7 234 11.6 1.7

20 12 -71.7 19.9 9.9 1.4

22 13 -71.7 18.1 9.0 1.3

+10.11 1 60.3 84.0 42.0 6.8
6 2 60.3 42.0 21.0 3.4

3 60.3 28.0 14.0 2.3

17 6 60.3 14.8 7.4 1.2

20 7 60.3 12.6 6.3 1.0

23 8 60.3 11.0 5.5 0.9

6.2 Cellular mesh models

A large equatorial radial deformation of solid wall of cylinder without end
pieces (~80mm) for small axial strain (<10%) was obtained from the FE
parametric investigation when Ee was <1.98x107 Pa (or Ez/ Ee 2 1.02x102) as
well as vez £+0.0313 (vz6=+31.6) and vez=-0.0313 (vz6 <-31.6) for uniaxial
compression and tension mechanisms, respectively (Chapter 8.1.2.3).
Similarly, cellular mesh cylinders with pronged cone end pieces were
designed with effective properties corresponding to the solid wall 'shape’
change mechanical properties shown in Table 8.4 (and Figure 8.37), Chapter
8. Additionally, cellular mesh cylinders were designed for high aspect ratio
cells with long diagonal ribs by minimising the h/l ratio and/or oo — +90° for

subsequent fabrication of expansion mechanisms.
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Cellular meshes were derived for target o and vze values (Figures 6.3 and

6.4) to achieve suitably high Ez/Ee values for large equatorial radial
deformation.

-#&-Auxetic Honeycombs

-2 Conentional Honeycombs

12000
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| I
i I
{ g, 8000 |
E 6000 ;
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Figure 6.3: Target o for designing of cellular cylinders.
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Figure 6.4: Target vzo for designing of cellular cylinders.

151



For the re-entrant hexagonal honeycomb, the minimum value of h = 2| (the
ends of the diagonal ribs overlap for h/l < 2). However, h/l < 2 is possible
(indeed h/l can tend to zero) for the conventional honeycomb. Hence in this
further extension of the use of the analytical flexure model, consideration is
given to obtaining Poisson’s ratios having larger magnitude than |vze| = 10
through reducing h/I for the conventional hexagonal honeycomb and also
allowing |a| — 90° for both conventional and re-entrant hexagonal

honeycombs.

Axial loading of honeycombs where o — +90° will induce stretching or
compression along the length of the ribs of length I, not accounted for in the
Gibson and Ashby model. So, a range of honeycomb angles (typically 80 <
|a| < 88°) for fixed h/l ratios was considered in the FE modelling and

experimental mesh designs.

CAD-FE-Experimental approach:

CAD models of the cellular meshes were created using the SolidWorks
software (2015 version) and were then imported into the Ansys FE software
package (Ansys Workbench 17.1 version). The methodology described in
Chapter 5 for the FE modelling of the solid wall cylinder was employed to
simulate the mesh cylinders. The forces applied and directional deformations
(axial and radial) were output from the simulated FE models. Equatorial
radial deformation (ERD) vs axial deformation (AD), ERD vs force, and ERD
vs axial strain were subsequently plotted to determine the expansion
capabilities of the cellular mesh models. These FE predictions can then be
compared against experimental results to validate the cellular mesh models.
The experimental part of the CAD-FE-Experimental approach is described in

the 'Fabrication of cellular mesh cylinders' section of this Chapter.

6.2.1 CAD models for validation of outputs of FE modelling of
solid wall cylinder

Auxetic and conventional honeycomb meshes can be derived for vz <-10.1

and vz¢ = +10.1, respectively to achieve large equatorial radial deformation
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for small axial strain (results of FE modelling of solid wall cylinder outlined in

the Chapter 8). The mesh designs are presented in Table 6.6.

The global cylinder parameters considered during the FE modelling of the
solid wall cylinder without end pieces (Chapter 5) were outer diameter
(40mm), wall thickness (2.5mm) and length (300mm). The same global
parameters were used for the expansion mechanism designs considered
here. Moreover, cellular meshes were designed to assess the expansion
capabilities for outer diameter of 20mm of cylinder (to ensure deployment of
the expansion mechanism through various laparoscopic ports which are
generally in the range of 15-25mm). For example, Auxetic 4 and
Conventional 5 were designed for 20mm outer diameter of cylinder; however,

wall thickness (2.5mm) and length (300mm) were not changed.

Auxetic honeycomb meshes (Auxetic 5-7) were designed (Table 6.5) and
assembled with the pronged cone end pieces in SolidWorks software
(version 2015). 'Auxetic 5-7' models were then simulated in Ansys to predict
expansion capabilities of cellular meshes for the uniaxial compression

mechanism.
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Selective CAD models of cellular meshes were designed (Table 6.5) and
simulated to predict expansion capabilities. Cellular cylinders without end
pieces were pulled (auxetic honeycombs) and compressed (conventional
honeycombs) axially (i.e. uniaxial tension and compression mechanism of
deployment, respectively). Equatorial Radial Deformation (ERD) vs Axial

Deformation (AD), ERD vs Force, and ERD vs strain were plotted.

The total numbers of circumferential and lengthwise RVEs were kept
reasonably high to ensure sufficient cellular structures through the length of
the cylinder. This should help to create a semi-rigid scaffold-like
structure/device to support the retraction of simulant organs and maintain the

surgical space/volume when fully deployed.

6.2.2 CAD models for fabrication of expansion mechanisms

Conventional honeycomb meshes were designed using high aspect ratios
(h/1=1, 0.33, and 0.033) and a. — 90° (Table 6.6). Auxetic honeycomb

meshes were designed for h=2I.

Cellular mesh cylinders outlined in the Table 6.6 were fabricated for 300mm
length of cylinder. Fabrications of honeycomb meshes (Auxetic 8 and Auxetic
9, Conventional 6-9 models) were carried out using 68mm OD and 2.5mm
wall thickness (Table 6.6). Conventional 10 and 11 as well as Beam 1 and 2
models were fabricated using 41mm OD and 2.5mm wall thickness cylinder
(Table 6.6). Conventional 12 model was 3D printed for 40mm OD and 2.5mm
of wall thickness (Table 6.6).

The top and bottom 25mm of the length of the cylinder were solid wall ends
to protect the cellular meshes from damage during mechanical
characterisation of the expansion response. Hence, the effective length of
the cylinder having cellular structures (Table 6.6) was 250mm. However, the
effective length of Conventional 10 and 11 models were 270mm to minimise

the solid end pieces at both ends of cylinder.

The fillet feature of the SolidWorks software was used to reduce the sharp
edges of the inverted ribs of the auxetic honeycombs during development of

CAD models of auxetic cellular cylinders. The edges of beam strips were
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rounded off by employing fillets to mitigate against high levels of stress

concentration.

Auxetic 8 and Auxetic 9, Conventional 6-11, and Beam 1 and 2 models were
fabricated using the laser cutting technique, while Conventional 12 model
was fabricated using 3D printing technology. CAD models of cellular meshes
outlined in Table 6.6 were designed and simulated using Ansys software
(version 17.1) to predict expansion capabilities. Auxetic 8 and Conventional
12 cylinders were simulated using orthotropic material properties outlined in
Table 5.5 albeit ensuring changes in the Poisson’s ratios and shear moduli.
Conventional 8 and 10 cylinders were simulated using orthotropic material
properties for PVC polymer (Young’'s modulus = 3.83E+09 Pa and Poisson’s
ratio = 0.4) consistent with PVC tube used during fabrication. Equatorial
Radial Deformation (ERD) vs Axial Deformation (AD), ERD vs Force, and
ERD vs strain were plotted.

Transient structural analysis was considered for simulating a nonlinear
plastic behaviour of cellular cylinders (CAD-FE part of CAD-FE-Experimental
approach). ‘Isotropic Elasticity’ and ‘Multilinear Isotropic Hardening’
components were selected from the database of material properties of the
Ansys software to develop the ‘Engineering Data’. Young’'s modulus (2 x10°
Pa) and Poisson’s ratio (0.4) of PVC was added to ‘Isotropic Elasticity’ part of
Engineering Data. True stress vs true strain curve obtained by stack
compression tests for PVC sheets(??8) was utilised to extract data points and
imported into the ‘Engineering Data’ to simulate ‘Multilinear Isotropic
Hardening’ behaviour of cellular cylinders which would be laser cut from the
PVC tube. As a way of example, a nonlinear plastic behaviour of
Conventional 8 cylinder was simulated. Additionally, transient linear analysis
was carried out for cellular cylinder to validate use of transient structural

analysis instead of static structural analysis employed for solid wall cylinder.
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6.3 Fabrication of cellular mesh cylinders

Cellular mesh cylinders were fabricated via 3D printing and laser cutting

technology.

3D printing:

CAD models were 3D printed using Eden 350/350v™. DurusWhite™ RGD430,
photopolymer of the PolyJet™ material family of Stratasys Ltd. was selected to
simulate polypropylene-like behaviour for cellular mesh cylinders. DurusWhite ™
imparts toughness, durability and flexibility to the 3D printed models. CAD
models of cellular meshes were generated as a 3D part file (.stl format) for the
3D printing process. Eden 350/350v™ uses support material during the laying
down process of successive layers of DurusWhite™ until the cylinder is printed.
The support material of the 3D printed model was removed by spraying water
with controlled force. The 3D printed cylinders were then dried at room

temperature.

3D Laser cutting:

CAD models were laser cut using a Speedy 100™ Trotec laser cutter. It is a
COz2 based laser and has a 610x305mm working area (maximum height is
170mm) visible to the user due to the transparent design of the top cover. The
Trotec laser software called JobControl® supports cutting jobs. Speedy 100™
comes with a rotary attachment used in this project to laser cut cellular mesh
cylinders (Figure 6.5). When the rotary attachment is placed within the working
area of the Speedy 100™, the movement of the axis in the y-direction is
replaced by a rotary movement and is governed by InPack Technology™ for
high quality cutting. The diameter of the laser beam is 0.2mm. The cylindrical
tubes (FloPlast waste pipe) of 41mm and 68mm outer diameters were obtained
from the local B & Q store and are made up of polypropylene (PP) and polyvinyl
chloride (PVC), respectively. The wall thickness of both the PP and PVC
cylinder is 2.5mm. They were cut to 300mm length prior to the laser cutting

process.
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Figure 6.5: Cylinders mounted on rotary attachment of the Speedy 100 ™

laser cutter.

CAD models of cellular meshes were generated as 2D part files equivalent to
the circumferences of 41mm and 68mm outer diameter cylinders. 2D drawings
were imported and optimised using CoreDRAW® X4 and Core DRAW® X7
software packages (version 17.1.0.572) in the PC associated with the Speedy
100™. A wooden rod of 30mm diameter was positioned inside the 41mm outer
diameter cylinders using plastic rings at both ends to prevent the laser beam
passing through the cylinder to affect the inner surface. The wooden rod was
not used for the 68mm outer diameter cylinder since the laser beam did not
penetrate through the cylinder. The height of the cylinder mounted on the rotary
attachment was adjusted with in-built controls. The position of the laser beam
was brought to the starting point by leaving the end pieces at both ends before

initiating the laser cutting.

The power, speed and frequency of laser were kept at 95% (laser power range
is 20-60 watts), 25% (maximum processing speed is 2.5 m/sec), and 5000 Hz,
respectively, to laser cut the 41mm and 68mm outer diameter cylinders (Table

6.6 except prototypes fabricated via 3D printing). The laser cut cylinders were
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unmounted from the rotary attachment and removed from the working area.
Laser cut slots (i.e. cellular structures) of cylinders were removed by tapping
with the hand and a scalpel. Prototypes were washed with warm and cold water

to remove dark spots due to the laser cutting process.

6.4 Mechanical characterisations of cellular mesh cylinders
Mechanical characterisation of promising laser cut prototypes was carried out
using an Instron E3367 machine. BlueHill 4.0 software associated with the
Instron machine was used to record data. The load cell capacity was SkN.
Prototypes were compressed and pulled to a maximum of 50mm (i.e. end of
test) through the length of cylinder at a rate of 10mm/min. Preload was 1N prior
to the beginning of uniaxial compression and tension tests. A Nikon D3100 SLR
camera mounted on standard tripod was used to record the degree of

expansions of the range of prototypes.

Instron tests were carried out for cellular cylinders and prototypes consisting of
beam strips shown in Table 6.6 except Conventional 12 (3D printed). Load vs
displacement curves were plotted from the raw data extracted from the BlueHill
software. Stress vs strain and tangent modulus vs strain were subsequently
plotted. Stills images were extracted from the video footage to determine the

degree of expansion of the prototypes.

6.5 In-vitro assessments of cellular mesh cylinders

In-vitro assessments of candidate prototypes were carried out to assess their

organ retraction and space creation capabilities within the in-house test-rig.

Study set up:

The study set up is shown in Figure 6.6 and described below.

e The pressure sensor system (Figure 4.13a, Chapter 4) along with laptop
consisting of data logging software was located next to the Instron
machine mounted with the second test-rig (Figure 4.12, Chapter 4). The
pressure sensor was attached to one of the struts in the equatorial region
of the mounted prototype using double-sided tape (Figure 6.6). This is to

measure the surface pressure exerted by promising prototypes on foam
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blocks (PUR30 FR, density = 28-32 kg/m?) or simulant organs during
assessment of the expansion mechanisms.

¢ A Nikon D3100 SLR camera mounted on standard tripod was set up in
front of the Instron machine to record organ retraction and space creation
functions of promising prototypes.

e The Instron tests were carried out using the set up described for the

mechanical characterisation of promising prototypes without surrounding
materials (Section 6.5).

Laptop connected with Prototype structure PC connected with

pressure sensor Instron machine

jf

i
J

1
|
|
|
1
|
|
|
1

Presere
sensor
attached with
prototype
structure

I Camera (This picture !
I taken from Camera)

Instron machine

Figure 6.6: Study set up for in-vitro assessments of prototype structures.

Evaluation of expansion capabilities inside the test-rig:

The foam blocks and simulant organs were retracted inside the in-house test-rig

mounted on the Instron machine by promising prototype expanding structures.

The Instron machine as shown in Figure 6.6 was used to apply uniaxial
compressive and tension loads on to the prototypes. Surface pressure exerted
on to the foam blocks and simulant organs due to expansion of prototypes was
recorded using data logging software on the laptop. Video footage was
collected during evaluation of expansion capabilities of prototypes. The
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retraction events were simultaneously recorded and subsequently analysed to
quantify the degree of retraction and space created inside the test-rig consisting

of foam blocks and simulant organs.

The synchronisation of data collected during in-vitro assessments of prototypes

expanding structures was attained by implementing following steps:

e Run the pressure sensor for flat line in the data logging software (there
was ~1-2kPa pressure recorded at the beginning of each Instron test due
to the presence of the sensor between the prototype and foam
blocks/simulant organs).

e Turn camera ON to start recording of video footage

e Start the Instron test

e Complete the test cycle of the Instron test

e Continue recording surface pressure exerted by prototype in its deployed
state and video footages for additional ~1 min 20 secs to capture any
drop in surface pressure when the foam blocks and simulant organs are
kept in the retracted state

e Stop the Instron test (i.e. release the load applied on prototypes)

e Turn the camera OFF

e Stop the pressure sensor to get flat line in the data logging software.

Data analysis:

Load vs displacement curves were plotted using the raw data extracted from the
Instron machine. Stress vs strain, tangent stiffness vs axial compression, and
tangent modulus vs strain were subsequently plotted to demonstrate the
mechanical behaviour of the cellular prototypes within the test-rig consisting of
foam blocks and simulant organs. Sequences of still images were extracted
from the video footage and analysed using ImageJ(225) to calculate the ERD
and AD. Pressure sensor vs time curves were plotted for the retraction of foam

blocks and simulant organs.

The correlation was established between times recorded on the pressure
sensor software and the video footage. Thereafter, total equatorial deformation

was correlated with the surface pressure exerted by prototypes by plotting
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surface pressure and total equatorial deformation against time. In addition, axial
compressive force and total equatorial deformation were plotted against axial
deformation to demonstrate the degree of compressive force required for the

large equatorial radial expansion.

6.6 In-vivo and in-vitro assessments of Doughnut shape

inflatable prototypes
The Doughnut shape inflatable prototype structures of different inner diameters
(Figure 6.7) were fabricated from polyurethane (PU) film using the radio
frequency (RF) welding technique by the industry sponsors of this project in
parallel to the development of expansion mechanisms. The inner diameters are
100mm and 80mm. They are connected to the air speed regulator through the
pneumatic tubes. It is plugged into the DC voltage and air speed regulator is
turned on to pass the pressurised air inside the doughnut shape prototypes
through the pneumatic tubing. Additionally, there is an on/off valve to control

the degree of inflation and deflation of the doughnut shape prototypes.

Inner Diameter of Inflatable

Air Speed Regulator Doughnut = 100mm

Pneumatic Tube Air On/Off Inner Diameter of Inflatable
(5/32th) Valve Doughnut = 80mm

Figure 6.7: Inflatable doughnut shape prototypes.
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They were assessed for their expansion capabilities within the pig abdomen (in-

vivo) and inside the in-house test rig (in-vitro) using simulant organs.
In-vivo:

Ethics committee approvals were obtained from the Northwest NHS Research
Ethics Committee and Faculty of ACES Research Ethics Committee (FREC) of
Sheffield Hallam University. The in-vivo study was carried out at the Royal
Veterinary College (RVC), London and led by Mr Titus Augustine (principle
investigator). The doughnut shape prototypes were inflated to deploy within the
pig abdomen (Figure 6.8). Stills were taken during the retraction of pig liver and

bowel.

Additionally, surface pressure exerted by the fingertips of the principal
investigator on the pig liver, bowel and abdomen were recorded using the
pressure sensor (Figure 4.13). Surface pressure vs time curves for the
retraction of pig liver, bowel and abdomen are plotted. Video footages were not
recorded for the retraction of pig liver, bowel and abdomen.

Figure 6.8: Inflation of the doughnut shape prototype within the pig abdomen.

In-vitro:
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The in-vitro study was carried out within the test rig developed in this project

(Figure 4.11). The study set up is shown in Figure 6.9.

Doughnut shape inflatable prototype
placed within the test rig

Bowel Simulant

Figure 6.9: In-vitro study set up to assess expansion capabilities of doughnut
shape prototypes within the test rig.

6.7 Summary

The methodology to derive cellular meshes using auxetic and conventional
hexagonal honeycombs was outlined. Laser cutting and 3D printing techniques
of fabrication, mechanical characterisation of candidate expansion mechanisms
without surrounding materials, in-vitro set up to assess promising expansion
mechanisms within the test rig and study set up for in-vivo and in-vitro
assessment of doughnut shape inflatable prototypes were described in this

chapter.
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7 Results 1: Abdominal simulator and in-vivo measurement of

organ surface pressures and retraction distances
The results of the fabrication and assessment of simulant organs, the use of in-
house test rigs for in-vitro assessments of simulants and pig organs, and in-vivo
measurement of surface pressures and retraction distances applied to key

abdominal organs during abdominal surgery are described in this chapter.

7.1 Fabrication of simulants organs

Solid and hollow simulant organs were fabricated using materials screened and

finalised in Chapter 4 and results are outlined below.

7.1.1 Solid organ simulants

Fabrication of solid simulants of human organs:

Solid organ simulants were made using the consistency (% v/v) of Pro Gel 10
softener shown in Table 4.3, Chapter 4. Kidney, spleen? and liver simulants are
shown in Figure 7.1, Figure 7.2 and Figure 7.3, respectively. Different quantities
of Dr Oetker food colour such as red, green and brown were used for kidney,
spleen and liver simulants, respectively, to ensure that they can be easily

differentiated after curing in addition to any difference in their elasticity.

2 Human spleen simulants (20% and 30% v/v of Pro Gel 10 softener) reported in Figure 7.2 were
fabricated using different mould than used for 50% v/v simulant (Chapter 4) and hence, they don’t
possess the physical dimensions of human spleen.
To solve this inconsistency, | have followed the methodology described for the fabrication of liver
simulant in Chapter 4 and developed the 3D printed model to ensure the correct physical dimensions of
spleen simulants. | have however not completed the final two steps — a) making two-parts mould and b)
fabrication of the spleen simulants using 20%, 30% and 50% v/v of Pro Gel 10 softener within two-parts
mould.
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20% 30% 40% 50%

60% 70% 80%

Figure 7.1: Human kidney simulants. The percentage values refer to the Pro

Gel 10 softener concentration (% v/v) in each case.

Stickiness of kidney simulants fabricated from Pro Gel 10 softener
concentration greater than 50% did create difficulty in manual handling and
hence, they were preserved in plastic bags. Kidney simulants were made from
20-80 % v/v of Pro Gel 10 softener to check the impact of concentration of

softener on the elastic modulus of cured simulants.
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20% 30% 50%
Figure 7.2: Human spleen simulants. The percentage values refer to the Pro

Gel 10 softener concentration (% v/v) in each case.

20% 30% 50%

Figure 7.3: Human liver simulants. The percentage values refer to the Pro Gel

10 softener concentration (% v/v) in each case.

Fabrication of solid simulants of pig organs:

Pig liver simulants were made from 20%, 30%, and 50% v/v of Pro Gel softener

and 50% v/v simulant is shown by way of example in Figure 7.4.
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Figure 7.4: Pig liver simulant (50% v/v of Pro GeI’softener)

7.1.2 Hollow organ simulants

Stomach and bowel simulants (5 % and 7.5%) are shown in Figure 7.5 and
Figure 7.6, respectively. The stomach simulant was filled with 50ml of water and

inflated with pressurised air.

Figure 7.5: Stomach simulant. (a) Empty (b) Full (mixture of water and air).
Inset picture in (b) shows stomach simulant filled with water and pressurised

air in standing position.
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Figure 7.6: Bowel simulants (5% and 7.5% w/v concentration of wallpaper paste).

7.2 Assessment of biomechanical properties

Density and elasticity govern the quantity of force required to move, lift and
deform the simulants and pig organs within the in-house abdominal simulator.
These biomechanical properties have, therefore, been evaluated in the

following sections.

7.2.1 Density of simulant organs

Average density values of simulants of the liver, spleen and kidney for different
concentrations of Pro Gel 10 softener (% v/v) were calculated using weight and
volume of solid simulants (Table 7.1) and plotted in Figure 7.7. Errors

associated in the measurement of weight of solid simulants are also depicted in
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Figure 7.7. The density of the solid simulants was similar to, but slightly lower
than, the density of the human liver (Table 2.5, Chapter 2)7:28), kidney
(described in text in Chapter 2.1.2)“%), and spleen (Table 2.15, Chapter
2)(56,62.63) with the largest discrepancy occurring at 60 and 70 % v/v softener

concentration (Figure 7.7).

Table 7.1: Average density of solid simulants.

Concentration of Pro Gel 10 softener (% v/v) Average density (kg/L)
0 0.96+0.1
10 0.98+0.1
20 0.97+0.1
30 0.99+40.1
40 0.91+0.1
50 0.94+0.1
60 0.8310.1
70 0.84+0.1
80 0.98+0.1

12 7

T
‘E“a |
— 06 A
%- . ——Silicone simulants
o) 1 --- Human kidney
a 04 4
: I Human spleen
1 e Human liver
02 A
00 ] ] T L T L T L T L T L T L T L T L 1

0 10 20 30 40 5 60 70 80 90

Concentration of Pro Gel 10 Softener (%v/v)

Figure 7.7: Average density of solid simulants compared with the actual

densities of the human kidney, spleen and liver.
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7.2.2 Elasticity of solid simulants

The results of the in-vitro mechanical tests on solid simulants of pig liver and
kidney, and actual pig liver and pig kidney are reported in this section to

evaluate the elasticity of the solid simulants.

Pig liver samples:

Typical force against displacement curves for the different areas of the right and

left lobe were plotted for four pig livers (A-D). They are shown in Figure 7.8 for

pig liver A.
g =
I . ——Right lobe - Area 1
““““““ Right lobe - Area 2 s’J,
7 A i
------ Right lobe - Area 3 £
6 - J
_ --- Right lobe - Area 4 i/
— : /
< 5 - iy
2 | ---- Left lobe - Area 1 ,,’//
L 4 1 — — Left lobe - Area 2 ’// . -
3 :
2
1
0 1

Displacement (mm)

Figure 7.8: Force vs Displacement curves for the right and left lobe of pig liver
A.
Force and displacement were converted to stress and strain, respectively, using
Equations 3.1 and 3.6 (Chapter 3). In Equation 3.1, the area of the sample was
taken as the area of the circular indenter in contact with the sample during the
compression test. The difference in the deformed length and the original length
in Equation 3.6 corresponds to the displacement or compression distance

imposed by the Instron machine.
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Initial thickness was measured (before Instron tests) three times using a
standard scale for different locations of the (non-uniform) right and left lobes of
each pig liver. The average thickness values of the right and left lobes of the

four pig liver samples are shown in Table 7.2.

Table 7.2: Thickness of real and simulant pig liver samples.

Real pig liver Pig liver simulant
Pro Gel 10 Thickness
Thickness (mm)
Pig liver softener (mm)
sample concentration Right left
Right lobe left lobe
(% viv) lobe lobe
A 20+1.3 16+1.2 20 20+1.3 | 16+1.2
B 30+0.8 2040.5 30 20+£1.3 | 16x1.2
C 20+1.2 16+0.2 50 20+1.3 | 16+1.2
D 30+1.1 20+0.6 - - -

Each of the force against displacement plots were converted into stress against
strain curves for the four pig liver samples. Exemplar stress against strain

curves for the right and left lobes of pig liver A are shown in Figure 7.9.

9 -

7 -=-Right lobe - Area 4

——Left lobe - Area 1

Sress (kPa)

0 0.1 0.2 0.3 0.4 05 0.6 0.7
Strain

Figure 7.9: Stress vs strain curves for area 4 of the right and area 1 of the left

lobe of pig liver A.
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The stress-strain responses are non-linear and there is significant variation
between regions of the same liver. Strain-dependent Young’s modulus curves
were, therefore, generated by differentiating the equations obtained from fitting
fourth order polynomial curves to the data, corresponding to the tangent
modulus. For example, the fourth order polynomial fitted curve to the stress-
strain data for area 4 of the right lobe of pig liver A is shown in Figure 7.10. The
corresponding Young’s modulus vs strain data for the right lobe of pig liver A is
shown in Figure 7.11. The fourth order polynomial fitted curves were similarly
obtained for the remaining three areas (Area 1 to 3) of the right lobe and two

areas (Area 1 and 2) of the left lobe (depicted in Figure 7.8) of pig liver A.

9 =
8 2
| y=136.27x* - 41,5193 + 11.618x2 + 4.4617x + 0.0215
7 - R?= 1
g °]
= 5 ——Right lobe - Area 4
@ --- Poly. (Right lobe - Area 4)
& 4
3 .
2 i
14
0 0.1 0.2 0.3 0.4 0.5 0.6

Strain
Figure 7.10: Fourth order polynomial fit to the stress vs strain curve for the

right lobe (area 4) of pig liver A.
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1

—Right lobe - Area 4

0.1 0.2 0.3 0.4 0.5 0.6
Strain

Figure 7.11: Tangent modulus vs strain for area 4 of the right lobe of pig liver

A

The average stress-strain curves were subsequently obtained from the individual

responses for the right and left lobes and are plotted in Figure 7.12.

Stress (kPa)

9 -

—a— Right lobe - Average of four

areas
—«—Right lobe - Area 1

—o—Right lobe - Area 2

—e—Right lobe - Area 3

—a—Right lobe - Area 4

—a—Left lobe - Average of two
areas

- x- Left lobe - Area 1

--o--Left lobe - Area 2

0.1 0.2 0.3 04 0.5 06 0.7

Strain

Figure 7.12: Average stresses for the right and left lobe of pig liver A.
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The average tangent moduli were derived for the right and left lobe (Figure
7.13) using the fourth order polynomial equations obtained from the
corresponding average stress-strain responses of the right and left lobes of pig
liver A in Figure 7.12. The overall average stress-strain response for pig liver A
was calculated using the average responses of the right and left lobe for the
strain range of 0-0.5. The overall average tangent modulus for pig liver A was
finally derived (Figure 7.13) using the fourth order polynomial equation obtained

from the overall average stress vs strain plot for pig liver A.

30 -

25 —a—Right lobe
—a—| eft lobe

20 -

—0o- Pig Liver A

15:

10:

Tangent modulus (kPa)

0 0.2 04 0.6 0.8
Strain

Figure 7.13: Average tangent modulus of pig liver A compared with the

average tangent modulus of the right and left lobes of pig liver A.

Similarly, the average tangent modulus was obtained for the remaining three pig
liver samples (pig liver B to D). The average tangent modulus of four pig livers
is compared with the average tangent modulus of the individual pig liver
samples in Figure 7.14. There is variability in the average tangent modulus
responses between samples, but all follow the same generic trend of relatively
low modulus at low strain, increasing in a non-linear manner as strain

increases.
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Figure 7.14: Average tangent modulus of four pig livers compared with the

individual pig liver average responses.

Pig liver simulants:

The pig liver simulants were fabricated from 20% v/v, 30% v/v, and 50% v/v
consistencies of the Pro Gel 10 softener (Chapter 4). In this chapter, these
concentrations are referred in the abbreviated forms as 20%, 30%, and 50% for

pig liver simulants (LS), for example, 'LS 30% Right lobe' in Figure 7.15.

Average force against displacement curves for the right lobe (four areas) and
left lobe (two areas) were plotted for the pig liver simulants (Figure 7.15). Each
of the force against displacement plots were converted into stress against strain
curves for the pig liver simulants as explained for actual pig liver A. The average
stresses were subsequently calculated for the pig liver simulants and plotted
against strain in Figure 7.16. The fourth order polynomial fitted curve to the
average stress-strain data of the 50% v/v softener concentration pig liver
simulant is shown in Figure 7.16 by way of example. The average tangent
modulus for each pig liver simulant was finally derived (Figure 7.17) using the
fourth order polynomial equations obtained from the average stresses reported

in Figure 7.16. The tangent modulus responses of the pig liver simulants (Figure
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7.17) have the same general trend of increasing modulus with increasing strain

as actual pig liver (Figure 7.14).

120 1
] ——LS50% Right lobe
0L of e LS 50% Left lobe ,',-"
------ LS 30% Right lobe
80 1 --- LS 30% Leftlobe &
- / L /’
z 1 ---Ls20%Rightlobe 7
5 /
§ | ——Ls20%Leftiobe 7

Displacement (mm)

Figure 7.15: Average Force vs Displacement curves for the right and left lobe

of the pig liver simulants.
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Figure 7.16: Average stress-strain responses for pig liver simulants.
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Figure 7.17: Average tangent modulus of pig liver simulants.

The tangent modulus of pig liver (average of four samples) and pig liver
simulants are plotted against strain in Figure 7.18a which suggests that
elasticity (or tangent modulus) of LS 50% simulant has closest match with
elasticity of pig liver. Although it should be noted that there is a substantial

divergence in tangent modulus at lower strain (<0.25) (Figure 7.18b).
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Figure 7.18: Average tangent modulus of actual pig liver and equivalent pig

liver silicone simulants.

Pig kidney samples:

Average force against displacement curves for five kidney samples (average
force applied for 3 compression tests on each pig kidney) are plotted in Figure
7.19. Average stresses were calculated for individual kidney samples and
thereafter average stresses (Figurer 7.20) as well as tangent modulus (Figure
7.21) [calculated from a moving average of the raw data (10 data points)] were

plotted against strain for the five pig kidney samples as explained for the pig
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liver samples. The trends in stress and tangent modulus with strain for pig

kidney are similar to those noted above for pig liver.
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Figure 7.19: Average force vs displacement for pig kidney samples.

The average thicknesses of pig kidney samples and equivalent simulants are

shown in Table 7.3. Thickness was used for the calculation of strain values.

Table 7.3: Thickness of pig kidney samples and equivalent simulants.

Real pig kidney Pig kidney simulant
Pro Gel 10
Pig kidney softener
Thickness (mm) Thickness (mm)
samples concentration
(% viv)
A 1712 30 19+3
B 2043 40 19+1
C 201 50 19+2
D 201 60 19+2
E 18+1 70 19+4
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Figure 7.20: Average stress vs strain for pig kidney samples.
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Figure 7.21: Average tangent modulus vs strain for pig kidney samples.

Pig kidney simulants:
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Pig kidney simulants were fabricated from 30-70% v/v consistencies of the Pro
Gel 10 softener (Chapter 4). These concentrations are referred to in the
abbreviated forms as 30-70% for pig kidney simulants (KS) in this chapter. For
example, 'KS 30% - Average force' in Figure 7.22.

Average force against displacement, stress vs strain and tangent modulus vs
strain curves for pig kidney simulants are plotted in Figure 7.22, Figure 7.23 and
Figure 7.24, respectively. The tangent modulus of pig kidney (average of five
pig kidney samples) is also plotted for comparison with the simulants in Figure
7.24.
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Figure 7.22: Average force vs displacement for pig kidney simulants.
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Figure 7.23: Average stress vs strain for pig kidney simulants.
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Figure 7.24: Average tangent modulus vs strain for actual pig kidney and pig

kidney simulants.
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The values of tangent modulus of the simulants made from 50 to 70 % weight
softener were found to give the closest match to the tangent modulus of the pig
kidney up to a strain of ~0.15. However, simulants made of softener
concentration greater than 50 % weight were found to have a sticky surface

which poses a challenge when handling by hand.

It was not possible to obtain samples of pig stomach, spleen and pieces of
bowel which would have allowed the assessment of their tangent modulus and
in turn permit comparison with stomach and bowel simulants in a similar way to
that described earlier for solid simulants. As a result, the evaluation of elastic
properties and density of hollow simulant organs was undertaken as part of a
survey of surgeons on the biomechanical properties (dimensions, pliability and

density) of liver, kidney, spleen, stomach and bowel simulants.

7.2.3 Survey of biomechanical properties of simulant organs

The opinions of five surgeons (A to E) for solid and hollow simulant organs are

summarised in Tables 7.4 and 7.5, respectively.

Table 7.4: Opinions of surgeons for solid simulant organs.

Pro Gel 10 Participating surgeons

Simulant softener
Organ | concentration A B C D E
(% viv)
20
Liver 30
50 v v v v v
30 v
Kidney 50 4 v v v
70
30 v
Spleen 50 4 4 v v
70

It is evident from Table 7.4 that solid simulant organs (liver, kidney and spleen)

made with 50% weight softener concentration in the silicone gel were
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considered the closest match to the biomechanical properties of the human

organs by the surgeons.

Table 7.5: Opinions of five surgeons for hollow simulant organs.

Stomach Bowel (% weight of wallpaper paste)
Mixture
Mixture 5
Surgeon | A (50 ml
(200 ml 0 2.5 5 7.5
water +
water +
air) _
air)
A v v v
B v v
C v v v
D v v v
E v v v

The stomach simulant with 50 ml water and air (mixture A) was judged the
closest match for the human stomach (Table 7.5). The bowel simulants filled
with 0% and 2.5% weight wallpaper paste were suggested by four out of five
surgeons as near matches with the biomechanical properties of the human

bowel.

Taking density, elastic modulus, surface properties and the opinions of
surgeons therefore into consideration, 50 % weight concentration of softener
mixed with silicone gel was considered suitable for the fabrication of the liver,
spleen, and kidney simulants to be used in the abdominal simulator. Based
purely on the surgeon survey, the stomach simulant organ contained a mixture
of 50ml water and air, and the bowel simulant contained 2.5% weight wallpaper

paste.

7.3 In-house abdominal simulator

Pig liver, simulant human liver, and simulant human bowel pieces were
evaluated for the defined typical 'movements' within the 'right angled shape'

test-rig (Section 4.4, Chapter 4). Surface pressures applied by the fingertips of
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the operator using the thin film pressure sensor were recorded and are reported

in this section.
Pig liver:

Surface pressures for 'moving and squashing' and 'lifting' of pig liver are shown

in Figure 7.25 and Figure 7.26, respectively.
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Figure 7.25: Moving and squashing of pig liver inside the test-rig.
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Figure 7.26: Lifting of pig liver inside the test-rig.
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The surface pressure was approximately 30% higher during the 'squashing'
phase compared to the 'moving' phase (2" and 3" stills, respectively, shown in
Figure 7.25). The surface pressure required for 'lifting' of pig liver was less than
half (Figure 7.26) that recorded during 'moving and squashing' (Figure 7.25).
The surface pressure relaxation phenomenon (explained in Chapter 4.5.6) was
observed during lifting of liver in Figure 7.26 (from 6s to 10s).

The pig liver simulant was not assessed within the rest-rig.

Simulant human liver:

Surface pressures for 'lifting' of simulant human liver are shown in Figure 7.27
and as expected surface pressure increases during lifting. The surface pressure
relaxation (explained in Chapter 4.5.6) was noted (between 2" and 3™ stills in
Figure 7.27) when simulant human liver was retracted against the wall of the
test-rig between 80s and 90s. Similarly, the surface pressure dropped from
~25kPa to ~20kPa between 53s and 61s (Figure 7.27). Retraction events of the
simulant human liver of Figure 7.27 can be considered as 'clean' events

(explained in Chapter 4.5.6).
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Figure 7.27: Lifting of simulant human liver inside the test-rig.

Simulant human bowel pieces:
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Surface pressures for 'moving and squashing' of simulant human bowel pieces
are shown in Figure 7.28.
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(o]

0 ' 5 ' 0 15 20 ' %5 30
Time (s)

Figure 7.28: Moving and squashing of simulant human bowel pieces inside

the test-rig.
The surface pressure was approximately double during the 'squashing' phase
as expected compared to the 'moving' phase (3™ and 2" stills, respectively,
shown in Figure 7.28). The surface pressure for moving and squashing of
simulant human liver was more than double (~25kPa) compared to simulant
human bowel pieces (~12kPa). This is due to the solid and hollow nature of the

simulant (and in turn human) organs.

7.4 In-vivo measurement of surface pressures

The in-vivo pilot study was designed to quantify typical surface pressures
applied to key abdominal organs during abdominal surgery. The choice of Open
Cholecystectomy (OC) and Hand Assisted Laparoscopic Surgery (HALS) has
allowed repeatable access to key abdominal organs. It has permitted recording
of typical retraction manoeuvres for several times by placing the pressure
sensor between the organ and the flexor surface of the dominant hand of the
participating surgeon. Typical surface pressure versus time data were acquired
for each retraction event.

189



7.4.1 Open abdominal surgery

The liver, bowel and stomach were retracted during open abdominal surgery

and surface pressure measured for each organ is described in this section.

Liver:

Retraction events for the liver (patient 3) with the direction of retraction are
shown in Figure 7.29. The maximum surface pressure applied was in order of
20 kPa. Single retraction and clearly identifiable peak (48-68s) with selected
stills extracted from the video footage and properties (Thoid, Pmax, Pend and Prms)

considered for data analysis are shown in Figure 7.30.
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Time (s)
Figure 7.29: Retraction events for the liver for patient 3 undergoing open

abdominal surgery. Inserts show direction of liver retraction in the coronal
plane.
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Figure 7.30: Clean retraction event for the liver for patient 3 undergoing open

abdominal surgery (second event of Figure 7.29). Selected stills from the
video footage are included. Properties extracted for data analysis are also

indicated.

Bowel:
Retraction events for the bowel (patient 3) with the direction of retraction and
selected stills extracted from the video footage are shown in Figure 7.31. The

maximum surface pressure applied was in order of 10 kPa.
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Figure 7.31: Retraction events for the bowel for patient 3 undergoing open
abdominal surgery. Inserts show direction of bowel retraction in the coronal
plane. Selected stills from the video footage are included for second retraction

event (62-78s).

The bowel was also retracted using a metal retractor (part of the Omnitract™
retractor system) for patient 3 (Figure 7.32). The degree of surface pressure
applied was in order of 20 kPa (Figure 7.32) which is double than applied by
fingertips of surgeon (Figure 7.31). Due to the low number of bowel retraction

events using the metal retractor they were not considered for data analysis.
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Figure 7.32: Retraction of the bowel using a metal retractor for patient 3.

Selected stills from video footage are shown.

Stomach:

Retraction events for the stomach (patient 10) with the direction of retraction

100

and selected stills extracted from the video footage are shown in Figure 7.33.

The maximum surface pressure applied was in order of 5 kPa. Double or
multiple retraction peak from 26 to 40s in Figure 7.33 was considered as

‘unclean’ retraction event.
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Figure 7.33: Retraction events for the stomach for patient 10 undergoing open
abdominal surgery. Inserts show direction of stomach retraction in the coronal
plane. Selected stills from the video footage are included for second retraction
event (19-26s).

7.4.2 Hand assisted laparoscopic surgery
The liver, bowel, kidney, spleen and stomach were retracted during HALS and
surface pressure measured for each organ is described in this section. Video

footages were recorded using the endoscope during HALS procedures.
Liver:

The liver was retracted by the fingertips of the dominant hand of the surgeon.
The direction of liver retraction in HALS procedures is identical to that used in
open abdominal surgery. Unclean (patient 4) and clean (patient 8) retraction
events for the liver are shown by way of example in Figure 7.34 and Figure
7.35, respectively. The degree of surface pressure applied for retraction of liver

by the fingertips of the surgeon was in order of 15 kPa.

194



= |
Eﬁ; 10 -
o
» 81
w
9 -
(2
© 6 -
Q
= |
5
a4
5.
WL_-.
0 T L] T L] T L] T L] T L] T L] T L] T L] T ¥ 1
6 8 10 12 14 16 18 20 22 24

Time (s)
Figure 7.34: Unclean retraction event of liver for patient 4 during HALS.

Selected stills from the video footage are included.
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Figure 7.35: Clean retraction event of liver for patient 8 during HALS.

Properties extracted for data analysis are indicated.
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The liver was also retracted by metal retractor (PretzelFlex™, part of the
Endoflex™ retractor, Figure 7.36) and laparoscopic grasper (Figure 7.37). The
release of applied surface pressure by the PretzelFlex™ retractor (Figure 7.36)
was not recorded on the data logging software due to a coordination issue
between the laptop operator and the operating surgeon. The degree of surface
pressure applied by metal retractors was in order of 20 kPa which is in ballpark
with the surface pressure exerted by the fingertips of surgeon (Figure 7.34).
Due to the low number of liver retraction events by metal retractor they were not

considered for data analysis.

Not Recorded
14 - On Graph

12 4

10 -

Surface Pressure (kPa)

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (s)

Figure 7.36: Retraction of the liver using a PretzelFlex™ retractor for patient

4. Selected stills from the video footage are included.
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Figure 7.37: Retraction of the liver using a laparoscopic grasper for patient 5.

Selected stills from the video footage are included.

Bowel:

Retraction event for the bowel (patient 5) is shown in Figure 7.38 by way of
example with the selected stills extracted from the video footage and direction
of bowel retraction. The degree of surface pressure applied for retraction of

bowel was in order of 15 kPa.
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Figure 7.38: Retraction event for the bowel (patient 5) undergoing HALS.
Selected stills from the video footage are also included. Inserts show direction

of bowel retraction in the coronal plane.

Kidney:

Retraction events for the kidney are shown in Figure 7.39 (with the direction of
retraction for patient 7) and Figure 7.40 (patient 6) by way of examples. Video
footage was not obtained for patient 7 and, hence, selected stills obtained from
video footage of a retraction event of patient 6 are shown in Figure 7.40. The
degree of surface pressures applied for retraction of kidney was in order of 30
kPa for patient 7 and 10 kPa for patient 6.
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Figure 7.39: Retraction event for the kidney (patient 7) undergoing HALS.
Insert shows direction of kidney retraction in the coronal plane.
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Figure 7.40: Retraction event for the kidney (patient 6) undergoing HALS.

Selected stills from the video footage are included.

Spleen:
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Retraction event for the spleen for patient 5 is shown in Figure 7.41 with the
direction of retraction and stills extracted from video footage. The degree of

surface pressure applied for retraction of spleen was in order of 15 kPa.

Surface Pressure (kPa)

15....2IOl ..2I5llll3I0..l.3I5....4IO
Time (s)
Figure 7.41: Retraction event for the spleen (patient 5) undergoing HALS.
Selected stills from the video footage are included. Insert shows direction of

spleen retraction in the coronal plane.

Stomach:

Retraction event for the stomach for patient 5 is shown in Figure 7.42. The
degree of surface pressure applied for retraction of stomach was in order of 5
kPa.
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Figure 7.42: Retraction event for the stomach (patient 5) undergoing HALS.
Properties extracted for data analysis and selected stills from the video

footage are included.

Tissues and blood vessels surrounding key abdominal organs:

Retraction events for the abdominal aorta, omentum, inferior vena cava (IVC),
and duodenum are shown in Figure 7.43. Video footage was not recorded for
retractions of surrounding tissues and blood vessels and, hence, associated still
images are not shown. The directions of retractions were not considered in this
pilot study. Retraction events were also not considered for data analysis due to
small sample size. However, the degree of surface pressures applied can be
considered during the development of prototype expansion mechanisms. The
degree of surface pressures applied for the retraction of the abdominal aorta
was in order of 15 kPa, 10 kPa for omentum and IVC and 5 kPa for the

duodenum.
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Figure 7.43: Retraction events for the abdominal aorta and omentum for

patient 7 and IVC and duodenum for patient 8.

7.4.3 Data analysis

An average maximum surface pressure for each organ was determined from
the measured maximum values in all retraction events and all patients for each
of the open abdominal surgery and HALS procedures. The average maximum
surface pressures and the range of maximum surface pressures, determined

from the total number of retractions per organ, are shown in Table 7.6.
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Table 7.6: In-vivo measurement of surface pressures applied to abdominal
organs. (OC = open cholecystectomy; HALS = hand-assisted laparoscopic

surgery; N/R = not retracted)

Abdominal organ Liver | Bowel | Stomach | Spleen | Kidney
Number of retractions
31 21 6 N/R N/R
(OC)
Average maximum
153+ | 13 ¢ 6.60
surface pressure (OC) N/R N/R
10.1 4.7 0.19
(kPa)
Range of maximum 6.3
surface pressure (OC) | 1-41 2'1 . 34-10.2| NR N/R
(Pmax) (kPa) '
Number of 'clean’ events
14 14 3 N/R N/R
(OC)
Number of retractions
4 15 2 5 9
(HALS)
Average maximum
15.2+ | 127 ¢ 129+ | 171¢
surface pressure (HALS) 1477
2.8 4.3 6.7 9.6
(kPa)
Range of maximum
11.5 - 6 - 6.9 -
surface pressure (HALS) 7.7-21.7 9.1-37
18.4 20.0 24.4
(Pmax) (kPa)
Number of 'clean' events
2 11 1 3 9
(HALS)

The typical range of maximum surface pressures applied during a single
retraction episode for all organs and procedures was 1 < Pmax < 41 kPa. The

average value of <Pmax> for all organs and procedures was 14+7.5 kPa.

The average Pmax values for all (‘clean' and 'unclean') events are compared with
the average Pmax and average Pms values, with associated standard deviations,
for each organ and procedure type are shown in Figure 7.44. The associated

average Thold data for the clean events are shown in Figure 7.45.
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Figure 7.44: Average root mean square and maximum surface pressure

(‘clean' events), and average maximum surface pressure (all events) applied
to key abdominal organs. OC = Open Cholecystectomy; HALS = Hand
Assisted Laparoscopic Surgery. Numbers in parentheses are ratio of clean to

total retraction events

T(Hold) (Secs)

HALS (9)
Kidney

HALS (3)
Spleen
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Liver

OC (14) HALS (11) OC (3) HALS (1)
Bowel Stomach

Abdominal Organs and Type of Surgery
Figure 7.45: Average hold time for pressure applied to key abdominal organs

(‘clean' events). OC = Open Cholecystectomy; HALS = Hand Assisted
Laparoscopic Surgery. Numbers in parentheses are number of clean

retractions.
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For 'clean' events, the data typically show decay in the applied surface pressure
during the 'hold' period for each retraction event (e.g. Figures 7.29 and 7.30).
The surface pressure relaxation resulted in lower average Pms values
compared to the average Pmax values (Figure 7.44): <Pms>/<Pmax> = 80£8%
over an average hold time of <Thold> = 7£2 seconds for all clean events for all

organs and procedures.

The largest and smallest decreases in surface pressure occurred for the liver-
OC (<Pms>/<Pmax> = 67%) and liver-HALS (<Prms>/<Pmax> = 93%) organ-
procedure combinations, respectively, and these corresponded to the longest
and second shortest average hold times (<Thoie> = 914 and 412 seconds),
respectively. The shortest average hold time of 3 seconds occurred for the

spleen-HALS combination, for which only one ‘clean’ events were recorded.

In order to compare the surface pressure relaxation between organ-procedure
combinations the pressure drop per unit time normalised by the maximum

AP
pressure, [ THOld]/P where AP = Pepg — Prax @nd Tyoiq = Trinisn — Tstart,

max

was determined from the Liver—OC, Bowel-OC, Bowel-HALS and Kidney—

HALS data. The surface pressure relaxation phenomenon was not considered
for the Liver-HALS, Stomach-OC, Stomach-HALS and Spleen-HALS data due
to small number of clean retraction events. Figure 7.46 shows a clear trend of

[AP/THold]/P

max

reducing magnitude of with increasing Tholid for the Liver-OC

data, corresponding to a reduction in the rate of surface pressure relaxation the
longer the retraction event persists for. This trend is also evident in the Bowel-
OC, Bowel-HALS and Kidney-HALS data (Figure 7.47). From the slopes of the
least squares best fit lines to the data there is a suggestion that the rate of
surface pressure relaxation is a factor of ~2-3 lower in the HALS procedures
than the OC procedures, although the very low r? correlation coefficients for the

HALS data in particular must be noted.
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Figure 7.46: Surface pressure relaxation: [AP/THold]/Pmax VS THold for the

Liver-OC. OC = Open Cholecystectomy.
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Figure 7.47: Surface pressure relaxation: [AP/THold]/Pmax Vs THold for the liver

(OC — empty squares), bowel (OC — empty triangles), bowel (HALS — filled

diamonds, and kidney (HALS — filled circles). OC = Open Cholecystectomy.

HALS = Hand Assisted Laparoscopic Surgery.
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7.5 Calculation of organ retraction distances

The organ retraction events were captured in a number of videos from which
still images showing organ retraction movements have been extracted,
processed and analysed to calculate the retraction distances in the plane of the

images.

7.5.1 Open abdominal surgery

Quantification of liver retraction distance during open abdominal surgery (OC) is
explained in this section. The second liver retraction event for patient 3 (Figure
7.29) is considered by way of example. The coordinate axes (X1-X2), stationary
points (1-4) and identifying marks (spot 5 and 6) are shown in Figure 7.48. The
retraction distances were obtained for both the identifying marks (spot 5 and 6)
for each of the sequence of images (Figure 7.49) extracted from the
corresponding video footage. The image at 23 seconds was not considered for

the calculation of retraction distance due to the loss of identifying mark (spot 6).

ORIGIN (0,0)

Figure 7.48: Coordinate axes, known distance of retractor (7 cm), stationary

points (1-4) and identifying marks (spot 5 and 6) for Image at 1 sec.
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Image at 1 sec (447) Image at 4 secs (450) Image at 6 secs (449) Image at 8 secs (451)

Image at 10 secs (579) Image at 12 secs (625) Image at 13 secs (614) Image at 14 secs (616)

Image at 15 secs (620) Image at 16 secs (625) Image at 19 secs (624) Image at 23 secs

Figure 7.49: Sequence of images extracted from the video footage of the
second liver retraction event for patient 3. Numbers in parentheses are pixel

values of calibrated part of known distance (7 cm) of retractor.

The image analysis of the sequence of images is outlined below.

e X1 and X2 coordinates (in pixels) were obtained using ImageJ
software(225) for stationary points (points 1-4, Figure 7.48) and
identifying marks (spot 5 and 6, Figure 7.48) for each image shown in
Figure 7.49 (except for 'Image at 23 secs').

e The distances along the x1 and x2 directions for both the identifying
marks relative to each of the four stationary points were calculated by
subtracting the respective stationary point coordinate from the respective
identifying mark coordinate value for each image.

e For each image the measured distances were converted from pixels to
centimetres using the measured (pixels) and known (cm) dimension of
the retractor. This mitigated against apparent changes in distance due to
movement of the hand-held camera between images.

e Retraction distances for both identifying marks in each image were
obtained by subtracting the respective distance obtained before
retraction ('Image at 1 sec') from the same distance in the image under

consideration.

208



e The retraction distances AX1 and AX2 along the x1 and xz directions,
respectively, for each identifying mark quoted in Table 7.7 are the
average of the retraction distances determined from each of the four
stationary points.

e The overall retraction distance in the plane of the image was calculated

using Pythagoras' equation (AX = /(AX;)? + (AX,)?) and is also
reported in Table 7.7 for both the identifying marks (spot 5 & 6).

The retraction distances AX1 and AXz along the x1 and x2 directions for the two
identifying marks (spot 5 and 6) are plotted along with the applied surface
pressure vs time data for the second liver retraction event of patient 3 in Figure
7.50. Figure 7.51 shows the same surface pressure vs time data overlaid with
retraction distance in the image plane (AX) extracted from the image analysis of
the video footage for this event. Selected stills before, during and after
retraction are also presented in Figure 7.51. There is a clear correlation

between surface pressure and retraction distance.
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Table 7.7: Retraction distances extracted from video footage for the second

liver retraction event for patient 3.

Time at _ . . _ Retraction distance
Retraction distance | Retraction distance .
images (AX) in plane of
(AX1) (cm) (AX2) (cm) .
extracted image (cm)
(secs) Spot 5 Spot 6 Spot 5 Spot 6 Spot 5 Spot 6
0.00 + 0.00 £ 0.00 £ 0.00 £
1 0.00 0.00
0.00 0.00 0.00 0.00
-0.15+ | 040+ 0.32 + 0.06 +
4 0.35 0.40
0.15 0.15 0.04 0.04
-026+ | -015+ | -1.50+ | -3.28+¢
6 1.52 3.28
0.17 0.17 0.15 0.15
0.77 + 0.79 £ 200+ | -3.96+
8 214 4.04
0.14 0.14 0.25 0.25
-050+ | -006+ | -3.86+ | -5.64
10 3.89 5.64
0.94 0.94 0.41 0.55
-1.25+ 0.76 £ 430+ | 598+
12 4.48 6.03
1.28 1.28 0.55 0.55
-1.02 + 0.52 + 417+ | 577+
13 4.29 5.79
1.21 1.21 0.54 0.54
-1.08 £ 0.57 + 415+ | 576+
14 4.29 5.78
1.24 1.24 0.57 0.57
-1.55+ | 096+ | 427+ | 591+
15 4.54 5.99
1.29 1.29 0.57 0.58
-166+ | -1.19+ | 438+ | -599+
16 4.69 6.11
1.28 1.28 0.58 0.60
-149+ | 077+ | -438+ | 478+
19 3.73 4.84
1.30 1.30 0.60 0.60
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Figure 7.50: Retraction distances (AX1 and AX2) compared against applied

surface pressure in the second liver retraction event for patient 3.
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Figure 7.51: Correlation between surface pressure and retraction distance

(AX) in the plane of the image for the second retraction event of the liver for

patient 3 during OC. Selected stills from the video footage are also included.

7.5.2 Hand assisted laparoscopic surgery

Quantification of retraction distances for the bowel, kidney, stomach and spleen

during HALS are summarised in this section.

The coordinate axes (X1-X2), stationary points (1-4) and identifying marks (spot
5 and 6) are shown for retraction of bowel (Figure 7.52), kidney (Figure 7.53),
stomach (Figure 7.54) and spleen (Figure 7.55).
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Figure 7.52: Coordinate axes known width of thumb of surgeon (2 cm),
stationary points (1-4) and identifying marks (spot 5 and 6) for Image at 9

secs for retraction of bowel for patient 5.
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Figure 7.53: Coordinate axes, known width of fingertips of surgeon (2 cm),
stationary points (1-4) and identifying marks (spot 5 and 6) for Image at 0 sec

for retraction of kidney for patient 6.
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Figure 7.54: Coordinate axes, known width of fingertips of surgeon (2 cm),
stationary points (1-4) and identifying marks (spot 5 and 6) for Image at 0 sec
for retraction of stomach for patient 5.
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Figure 7.55: Coordinate axes, known width of thumb of surgeon (2 cm),

stationary points (1-4) and identifying marks (spot 5 and 6) for Image at 29

secs for retraction of spleen for patient 5.
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The surface pressure vs time data for retractions of the bowel (patient 5), kidney
(patient 6), stomach (patient 5), and spleen (patient 5), overlaid with retraction
distances (in the image plane) vs time data extracted from the image analysis of
the corresponding video footages for these events are depicted in Figure 7.56,
Figure 7.57, Figure 7.58 and Figure 7.59, respectively. Selected stills before,
during and after retraction are also presented.
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Figure 7.56: Correlation between surface pressure and retraction distance for
the second retraction event of the bowel for patient 5 during HALS. Selected

stills used for calculation of retraction distance are also included.

215



15

i 125
3 S
o 1 Py
> [&]
w |
@ L.
A= 0.75 %
= 05 4§
A ] —Surface Pressure I ®
Z i —A-Spot 5 L 0.25 &
-e-Spot 6
L] L] ~ T ] L] _: L] = L] € L] - 3 L] s 0
0 2 4 6 8 10 12 14 16
Time (s)

Figure 7.57: Correlation between surface pressure and retraction distance for
the kidney for patient 6 during HALS. Selected stills used for calculation of
retraction distance and additional stills from the video footage are also

included.
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Figure 7.58: Correlation between surface pressure and retraction distance for
the stomach for patient 5 during HALS. Selected stills used for calculation of

retraction distance are also included.
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Figure 7.59: Correlation between surface pressure and retraction distance for
the spleen for patient 5 during HALS. Selected stills from the video footage

are also included.

Based on the liver, bowel and stomach data, the measured retraction distance
appears to be correlated with the measured applied surface pressure.
Retraction distances calculated for the kidney and spleen are less than the liver,
bowel, and stomach due to combinations of reasons outline below:
e Organ retracted out of the range of the endoscope (i.e. loss of retraction
movements in the video footages),
e Fingertips/thumb of surgeon (considered for the calibration of image) not
fully visible in subsequent images,
e Disappearing of stationary points, and

o Disappearing of identifying marks.
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7.5.3 Degree of organ retraction distance

The maximum retraction distances for the key abdominal organs during OC and

HALS are summarised in Figure 7.60.
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Figure 7.60: Retraction distances of key abdominal organs. OC = Open

Cholecystectomy. HALS = Hand Assisted Laparoscopic Surgery.

7.6 Comparison of in-vivo and in-vitro surface pressures
Surface pressures applied for defined typical 'movements' of pig liver, simulant
human liver, and simulant human bowel pieces inside the in-house test rig are
compared in this section with the surface pressures applied for typical retraction
movements of liver and bowel during OC and HALS.

Liver:

Surface pressures applied for 'moving and squashing' of pig liver, 'lifting' of pig
liver, and 'lifting' of simulant liver (50% v/v of Pro Gel 10 softener) are compared
in Figure 7.61 with surface pressures applied for the lifting of human liver by the
fingertips of the surgeon during OC and HALS as well as by metal retractor
during HALS. Detailed analysis of the responses is clearly difficult. However,
the maximum surface pressure applied to pig, simulant human and human liver
is of the order of 20 kPa. More generally, the in-house simulator is found to
produce surface responses for in-vitro manipulation of simulant and pig liver

broadly consistent with the in-vivo responses for human liver.
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Figure 7.61: Surface pressures applied to retract pig (in-vitro), simulant
human liver (in-vitro), and human liver (in-vivo). OC = Open Cholecystectomy.

HALS = Hand Assisted Laparoscopic Surgery.

Bowel:

Surface pressures for 'moving and squashing' of simulant human bowel pieces
are compared in Figure 7.62 with surface pressures applied for typical retraction
movements of human bowel by the fingertips of the surgeon during OC and
HALS as well as by a metal retractor during OC. The maximum surface
pressure applied by fingertips to simulant bowel pieces (test-rig, in-vitro) and to
human bowel (OC, in-vivo) is ~10 kPa. The in-vivo surface pressures applied to
the human bowel with a metal retractor during OC and by the fingertips of the
surgeon during HALS tend to be a little higher than those applied by fingertips
to the simulant and human bowel during the OC procedure. Nevertheless, the
bowel comparison study again provides appropriate validation of the in-house

simulator and simulant organ material/property assessment.
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HALS = Hand Assisted Laparoscopic Surgery.

7.7 Summary

The solid and hollow simulant organs were fabricated and assessed to evaluate
the density and elasticity since they are the important biomechanical properties
to determine the degree of surface pressure required for the retraction of human
abdominal organs within the abdominal cavity. The in-house test rig was utilised
for in-vitro assessments of simulants and pig organs to validate the test rig and
to identify the degree of surface pressure exerted by the operator on the solid

and hollow simulant organs.

In summary a novel in-vivo pressure sensing experiment has been carried out
to study hand-tissue surface pressures generated during abdominal surgery,
including hand assisted laparoscopic procedures, in humans. The surface
pressures applied to retract abdominal organs are typically 1-41 kPa, the
average maximum surface pressure for all organs and procedures is 14+3 kPa,
and surface pressure relaxation during the retraction ‘hold’ period has been
observed. There is a tendency for higher surface pressures and lower rate of

surface pressure relaxation in HALS procedures compared to open surgery.
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Surface pressures also tend to be higher in the retraction of solid organs than
for hollow organs. The increased surface pressure has been shown to correlate
with retraction distance for retraction of the liver in open surgery, and the bowel
and stomach in HALS procedures. Comparison of surface pressure responses
of simulant liver, simulant bowel and pig liver, measured in-vitro using the
developed in-house simulator, with the in-vivo responses for human liver and
human bowel demonstrate the in-house simulator and simulant organs provide

suitable responses and, therefore validate the simulator for future use.
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8 Results 2 - Finite element (FE) modelling of a solid wall
cylinder
The outputs of the FE modelling of a solid wall cylinder (without and with end

pieces) displaying uniform linear elastic isotropic or orthotropic material

properties are described in this section.

8.1 Isotropic material properties
Uniform linear elastic isotropic material properties were simulated using finite
and infinite BCs. Solid wall cylinders (300mm length, 1mm wall thickness and
40mm outer diameter) without end pieces were simulated for uniaxial
compression and tension loading conditions. While, solid wall cylinders with end
pieces were simulated for uniaxial compression loading condition. The applied
axial compressive and tension forces were +1x108 N. Equatorial radial
deformation (ERD) vs axial deformation (AD) are plotted for solid wall cylinder
without end pieces in Figure 8.1 and with end pieces in Figure 8.2 and, stills
extracted for pictorial demonstration of ERD (left) and AD (right) are also
shown.

-e-|nfinite BCs - Uniaxial Compression

-a-Infinite BCs - Uniaxial Extension

——Finite BCs - Uniaxial Compression

-=Finite BCs - Uniaxial Extension
03

I I 0.2

-15

Equatorial Radial Deformation (mm)

Axial Deformation (mm)
Figure 8.1: Equatorial radial deformation vs axial deformation of a solid wall

cylinder with isotropic material properties employing finite and infinite BCs.
Stills of ERD (left) and AD (right) are also shown.
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with isotropic material properties and end pieces under uniaxial compressive
force. Stills of ERD (left) and AD (right) are also shown.

It is evident from Figures 8.1 and 8.2 that the uniform linear elastic isotropic
material properties do not produce a large equatorial radial deformation of the
solid wall cylinder for small axial deformation essential for the expansion
mechanism required in this project. The FE modelling methodology employed to
study the impact of isotropic material properties on the solid wall of cylinder with
and without end pieces produces the expected results based on the input
Young’'s modulus and Poisson’s ratio (Table 5.1, Chapter 5) and outer diameter,
wall thickness and length of solid wall cylinder. For example, uniaxial extension
of solid wall cylinder (employing finite and infinite BCs) in Figure 8.1 shows
12.2mm and -0.24mm of axial and radial deformation (due to axial-
circumferential plane deformation dominates over axial-radial deformation),

respectively validating the FE modelling.
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8.2 Orthotropic material properties
Parametric studies of a solid wall cylinder with and without end pieces were
carried out using orthotropic material properties and the results are described in

this section.

8.2.1 Parametric study 1 of solid wall cylinder with end pieces
The parametric study 1 of solid wall cylinder with pronged cone end pieces was
carried out using the finite BCs and uniaxial compression mechanism in
accordance with the protocol defined for 'parametric study 1' in Table 5.3,
Chapter 5.

8.2.1.1 Simulation of standard properties
The set of orthotropic material properties specified in Table 5.3, Chapter 5,
geometrical parameters defined in Chapter 5.3.1, and pronged cone end pieces

at both ends were considered as the 'standard' configuration.

8.2.1.1.1 Orthotropic material properties

Young’s moduli (Er, Ee and Ez), in-plane Poisson’s ratio (vez) and shear moduli
(Gre, Gez and Gr) were varied during parametric study of orthotropic material
properties. Young’s moduli and shear moduli were reduced to two and four
orders of magnitude from the ‘standard’ configuration outlined in Table 5.3,
Chapter 5. For instance, Ee was varied from 2x108 Pa to 2x106 Pa and 2x10* Pa
(vez were recalculated to maintain the symmetric compliance matrix). vez was
simulated for zero, positive (+0.5, +1, +2, +5 and +10) and negative (-0.5, -1, -2,
-5, -10) values. ERD vs AD, ERD vs axial compressive force and ERD vs axial
strain were plotted to describe results of parametric studies of orthotropic

properties.

Young’s modulus:

Results of parametric studies of Er (Figure 8.3 and Figure 8.4), Ee (Figures 8.5-
8.7) and E: (Figure 8.8 and Figure 8.9) are outlined below. Stills showing ERD
are also included in Figure 8.3, Figure 8.5 and Figure 8.8.
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Figure 8.3: ERD vs AD for parametric study of Er (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio). Stills of ERD are also shown.

The variations in the ‘standard’ value of Erfrom 2x10'! Pa to 2x10°Pa and
2x107 Pa did not promote the out-of-plane bending (for a large equatorial
deformation at small axial deformation) of solid wall cylinder; in fact, solid wall of
a cylinder has narrowed under uniaxial compression (Figure 8.3). The degree of
axial compressive force required when E=2x10°Pa and 2x107 Pa is
approximately three and five orders of magnitude less than the ‘standard’ value
(Er=2x10"" Pa) (Figure 8.4).
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Figure 8.4: ERD vs compressive axial force for parametric study of Er
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio).
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Figure 8.5: ERD vs AD for parametric study of Ee (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio). Stills of ERD are also shown.
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Figure 8.6: ERD vs compressive axial force for parametric study of Ee
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio).
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Figure 8.7: ERD vs axial strain for parametric study of Ee (parametric study 1
of cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio).

An equatorial narrowing occurs for Ee=2x108 Pa, a transition occurs around
Ee=2x108 Pa (where the equator is wider than the undeformed values, but still
narrower than at the ends), and when Es=2x10* Pa the cylinder adopts the
shape of a prolate spheroid (Figure 8.5). The degree of axial compressive force

required for Ee=2x10* Pa (~56100N) is approximately one order of magnitude

227



less than for the Ee=2x10° Pa (250,000N) and Ee=2x108 Pa (500,000N) (Figure
8.6). A large equatorial radial deformation of the solid wall cylinder (~80mm) for

small axial strain (~7%) was obtained when Ee was 2x10* Pa (Figure 8.7).

Axial Deformation (mm)
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—-—FEz=4E+06 Pa

Equatorial Radial Deformation (mm)

Figure 8.8: ERD vs AD for parametric study of Ez (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio). Stills of ERD are also shown.

The variations in the ‘standard’ value of Ezfrom 4x10'° Pa to 4x108Pa and
4x108 Pa did not promote the out-of-plane bending (for a large equatorial
deformation at small axial deformation) of solid wall cylinder (Figure 8.8). The
degree of axial compressive force required when E-=4x108 Pa and 4x10° Pa is
approximately three and four orders of magnitude less than the ‘standard’ value
(E=4x10'°Pa) (Figure 8.9).
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Figure 8.9: ERD vs compressive axial force for parametric study of E:
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio).

Summary:

The parametric study of Young’s modulus has indicated that Es is critical to
obtain a large equatorial deformation of solid wall cylinder with pronged cone

end pieces at low axial deformation.
Shear moduli:

Results of parametric studies of Gre (Figure 8.10 and Figure 8.11), Gez (Figure
8.12 and Figure 8.13) and Gz (Figure 8.14 and Figure 8.15) are outlined below.
Stills showing ERD are also included in Figure 8.10, Figure 8.12 and Figure
8.14.
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Figure 8.10: ERD vs AD for parametric study of Gre (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio). Stills of ERD are also shown.
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Figure 8.11: ERD vs compressive axial force for parametric study of Grs
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio).
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Figure 8.12: ERD vs AD for parametric study of Gez (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio). Stills of ERD are also shown.
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Figure 8.13: ERD vs compressive axial force for parametric study of Ge:
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio).

The variations (reductions of two and four orders of magnitude than the
‘standard’ values of Grs, Gez and Grzas shown in Table 5.4, Chapter 5) did not
trigger the out-of-plane bending (required for a large equatorial deformation at
small axial deformation) of solid wall cylinder (Figure 8.10, Figure 8.12 and
Figure 8.14). The degree of axial compressive force required when shear
moduli (Gre, Gez and Grz) reduced by two and four orders of magnitude than the
‘standard’ values is approximately one order of magnitude less than the
‘standard’ values (Figure 8.11, Figure 8.13 and Figure 8.15). The parametric
study of shear moduli (Figures 8.10-8.15) is suggested that they don’t facilitate

the shape change of solid wall of cylinder with pronged cone end pieces.

233



Axial Deformation (mm)

-60 -50 -40 -30 -20 -10

0

4 €
-8-Grz=7.4E+09 Pa : L E
—e-Grz=7.4E+07 Pa : 5
—+Grz=7.4E+05Pa & | : : g
| 1 o
o o [ 8
g =
v}
x
F-10 ©
S
12 8
. g L

L 14

Figure 8.14: ERD vs AD for parametric study of Grz (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio). Stills of ERD are also shown.
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Figure 8.15: ERD vs compressive axial force for parametric study of Gz
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio).

234



In-plane Poisson’s ratios:

Results of parametric studies of in-plane Poisson’s ratios are described in
Figure 8.16 (ERD vs AD) and Figure 8.17 (ERD vs compressive axial force).
Stills showing ERD are also shown in Figure 8.16. The different values of the in-
plane Poisson’s ratios (negative, zero and negative) did not cause the out-of-
plane bending (required for a large equatorial deformation at small axial
deformation) of solid wall cylinder for the ‘standard’ configurations (Figure 8.16
and Figure 8.17).
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Figure 8.16: ERD vs AD for parametric study of in-plane Poisson’s ratios
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio). Stills of ERD are also shown.
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Figure 8.17: ERD vs compressive axial force for parametric study of in-plane

Poisson’s ratios (parametric study 1 of cylinder with pronged cone end pieces

and in-plane negative Poisson's ratio).

8.2.1.1.2 Geometric parameters

The geometrical parameters were varied to study their impact on the
deformation of the solid wall cylinder with pronged cone end pieces. The
maximum axial compressive forces (applied incrementally to obtain the ERD

and AD) are given in Table 8.1 for the different geometrical parameters.
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Table 8.1: Maximum axial compressive force applied during parametric study
of geometrical parameters (parametric study 1 of cylinder with pronged cone

end pieces and negative in-plane Poisson's ratio).

Geometrical parameters Axial Compressive force (N)
20 3x10°
Outer diameter
30 5x10°
(D) (mm)
40 5x10°
150 5x10°
Length (L) (mm) 200 5x10°
300 5x10°
1 9x104
Wall thickness
2.5 5x10°
(T) (mm)
5 5x10°
= Structural steel 5x10°
Young's > Structural steel
5x10°
modulus of end (2x10"3)
pieces (Pa) < Structural steel
1x10°
(2x109)
Cone 5x10°
Types of end Pronged cone 5x10°
pieces Funnel 5x10°
Pronged funnel 1x10°

ERD vs AD were plotted for variation of the outer diameter (Figure 8.18), length
(Figure 8.19), and wall thickness (Figure 8.20) of the cylinder as well as for the

Young's modulus of the pronged cone end pieces (Figure 8.21) and different
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types of end pieces (Figure 8.22). Stills showing ERD (left) and AD (right) are
included in Figures 8.18-8.22.
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Figure 8.18: Parametric study of outer diameter of cylinder using 'standard'
properties (parametric study 1 of cylinder with pronged cone end pieces and

in-plane negative Poisson's ratio). Stills of ERD (left) and AD (right) are also

shown.
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Figure 8.19: Parametric study of length of cylinder using 'standard' properties
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio). Stills of ERD (left) and AD (right) are also shown.
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Figure 8.20: Parametric study of wall thickness of cylinder using 'standard’
properties (parametric study 1 of cylinder with pronged cone end pieces and
with in-plane negative Poisson's ratio). Stills of ERD (left) and AD (right) are

also shown.
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Figure 8.21: Parametric study of Young's modulus of pronged cone end

pieces using 'standard' properties (parametric study 1 of cylinder with
pronged cone end pieces and with in-plane negative Poisson's ratio). Stills of
ERD (left) and AD (right) are also shown.
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Figure 8.22: Parametric study of different types of end pieces using

Equatorial Radial Deformation (mm)

standard' properties (parametric study 1 of cylinder with pronged cone end
pieces and with in-plane negative Poisson's ratio). Stills of ERD (left) and AD

(right) are also shown.

The parametric study of geometrical parameters using ‘standard’ properties
(Table 5.3, Chapter 5) suggests that they do not promote the out-of-plane
bending of a solid wall of cylinder (a large equatorial radial deformation) in
presence of the pronged cone end pieces at both ends of cylinder (Figure 8.18-
8.22).

8.2.1.2 Simulation of shape change properties

Orthotropic material properties required for a large equatorial radial deformation
of solid wall of a cylinder assembled with pronged cone end pieces for small
axial strain (Figure 8.5) are considered as 'shape change' properties and are
depicted in Table 8.2. In-plane Poisson’s ratio (negative, zero and positive
values) is the only orthotropic constant evaluated using ‘shape change’
properties since it may be essential criteria along with the Ee (Table 8.2) for a

large equatorial deformation of solid wall of a cylinder.
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Table 8.2: 'Shape change' properties for parametric study 1 of solid wall

cylinder with pronged cone end pieces.

Orthotropic Material
Geometrical Parameters

Properties
Er=2x10"" Pa Outer Diameter (D) = 40mm
Ee = 2x10*Pa Length (L) = 300mm
E: =4x10"Pa Wall thickness (T) = 2.5mm
ver= 3x108 Young's modulus of end pieces = 2x10'! Pa
vez = -0.0005 End Pieces = Pronged cone at both ends
vzr = 0.06

Gre = 3.3x108 Pa

Gez = 1.0x107 Pa

Grz = 7.4X1010 Pa

8.2.1.2.1 Orthotropic material properties

Parametric studies of in-plane Poisson’s ratios were carried out using ‘shape
change’ properties (Table 8.2). ver was recalculated to maintain symmetric
matrix compliance when vez were varied (from -10 to -0.5, 0 and +0.5 to +10).
The remaining orthotropic constants were not changed. Results are described
in Figure 8.23 (ERD vs AD) and Figure 8.24 (ERD vs compressive axial force).
Stills showing ERD are also shown in Figure 8.23. A large equatorial
deformation (~80mm) for the small axial deformation (~20mm) was obtained
approximately for the same value of axial compressive force for each value of
the in-plane Poisson’s ratio (-10 to -0.5, 0 and +0.5 to +10) considered during

parametric study (Figure 8.23 and Figure 8.24).
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Figure 8.23: ERD vs AD for parametric study of in-plane Poisson’s ratios
using ‘shape change’ properties (parametric study 1 of cylinder with pronged
cone end pieces and in-plane negative Poisson's ratio). Still of ERD are also

shown.
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Figure 8.24: ERD vs axial compressive force for parametric study of in-plane
Poisson’s ratios using ‘shape change’ properties (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio).

8.2.1.2.2 Geometric parameters

The geometrical parameters except the type of end pieces (Table 8.2) were
varied to study their impact on the deformation of a solid wall of cylinder with

'shape change' properties.

Quter diameter:

ERD vs AD (Figure 8.25), ERD vs axial compressive force (Figure 8.26), ERD
vs axial strain (Figure 8.27) were plotted for the different outer diameters of
cylinder. Stills of ERD for the different outer diameters are shown in Figure 8.25.
The different outer diameters of cylinder do not significantly affect the large
equatorial radial deformation of the solid wall cylinder at low strain (Figure 8.25

and Figure 8.27). However, the 20mm outer diameter cylinder (would be of the
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expansion mechanism required for the laparoscopic device), for example,
requires 20% more axial compressive force than the 40mm outer diameter

cylinder (Figure 8.26).

- 100

- Diameter = 40 mm - 90
—e—Diameter = 30 mm - 80

=A-Diameter = 20 mm L 70

Equatorial Radial Deformation (mm)

-2;5 I -2l0 . -‘;5 . -1'0 . -5

Axial Deformation (mm)
Figure 8.25: Parametric study of outer diameter of cylinder using 'shape
change' properties (ERD vs AD) (parametric study 1 of cylinder with pronged
cone end pieces and in-plane negative Poisson's ratio). Stills of ERD are

also shown.
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Figure 8.26: Parametric study of outer diameter of cylinder using 'shape
change' properties (ERD vs axial compressive force) (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's
ratio).
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Figure 8.27: Parametric study of outer diameter of cylinder using 'shape

change' properties (ERD vs axial strain) (parametric study 1 of cylinder with

pronged cone end pieces and in-plane negative Poisson's ratio).

Length of cylinder:
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ERD vs AD (Figure 8.28), ERD vs axial compressive force (Figure 8.29) and
ERD vs axial strain (Figure 8.30) are plotted for the different lengths of cylinder.
Stills of ERD are shown in Figure 8.28 for the different lengths of solid wall
cylinder. The higher equatorial radial deformation was obtained for the lowest
compressive axial deformation (~20mm) and axial compressive force
(~70000N) for longer cylinders (i.e. 300mm vs 200mm and 150mm length of
cylinder) (Figures 8.28 and 8.29).
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Figure 8.28: Parametric study of length of cylinder using 'shape change'

properties (ERD vs AD) (parametric study 1 of cylinder with pronged cone

end pieces and in-plane negative Poisson's ratio). Stills of ERD are also

shown.
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Figure 8.29: Parametric study of length of cylinder using 'shape change'
properties (ERD vs axial compressive force) (parametric study 1 of cylinder

with pronged cone end pieces and in-plane negative Poisson's ratio).
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Figure 8.30: Parametric study of length of cylinder using 'shape change'
properties (ERD vs axial strain) (parametric study 1 of cylinder with pronged

cone end pieces and in-plane negative Poisson's ratio).
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Wall thickness of cylinder:

ERD vs compressive axial deformation (Figure 8.31), ERD vs axial compressive
force (Figure 8.32) and ERD vs axial strain (Figure 8.33) are plotted for the
different wall thicknesses of cylinder. Changes in wall thickness of the solid wall
cylinder do not affect the degree of equatorial radial deformation of solid wall
cylinder and axial strain as shown in Figure 8.31 and Figure 8.33, respectively.
However, axial compressive force, for example, was ten times for 5mm wall
thickness compared to 2.5mm wall thickness for the solid wall cylinder (Figure
8.32).
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Figure 8.31: Parametric study of wall thickness of cylinder using 'shape

change' properties (ERD vs AD) (parametric study 1 of cylinder with pronged

cone end pieces and in-plane negative Poisson's ratio). Stills of ERD are

also shown.
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Figure 8.32: Parametric study of wall thickness of cylinder using 'shape
change' properties (ERD vs axial compressive force) (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio).
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Figure 8.33: Parametric study of wall thickness of cylinder using 'shape
change' properties (ERD vs axial strain) (parametric study 1 of cylinder with
pronged cone end pieces and in-plane negative Poisson's ratio).

Young's modulus of pronged cone end pieces:
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ERD vs compressive axial deformation (Figure 8.34), ERD vs axial compressive
force (Figure 8.35) and ERD vs axial strain (Figure 8.36) are plotted for the
different Young's modulus of end piece material assembled on the solid wall
cylinder. They had significant impact on the deformation of the solid wall
cylinder when simulated using 'shape change' properties (Figure 8.34), for
example, pronged cone end pieces at both the ends of solid wall cylinder were
distorted disproportionately in case of Young’'s modulus of pronged cone end

pieces two order of magnitude less than the structural steel.
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Figure 8.34: Parametric study of Young's modulus of pronged cone end
pieces using 'shape change' properties (ERD vs AD) (parametric study 1 of
cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio). Stills of ERD are also shown.

250



90 -

——Young's Modulus of End
Pieces = Structural Steel
(2E+11 Pa)

——Young's Modulus of End
Pieces (2E+13 Pa) >
Structural steel

-8-Young's Modulus of End
Pieces (2E+09 Pa) <
Structural steel

Equatorial Radial Deformation (mm)

0 e,
20000 40000 60000 80000
Axial Compressive Force (N)

Figure 8.35: Parametric study of Young's modulus of pronged cone end
pieces using 'shape change' properties (ERD vs axial compressive force)
(parametric study 1 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio).
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Figure 8.36: Parametric study of Young's modulus of pronged cone end
pieces using 'shape change' properties (ERD vs axial strain) (parametric
study 1 of cylinder with pronged cone end pieces and in-plane negative

Poisson's ratio).
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8.2.1.3 Summary

The outcomes of parametric study 1 suggested that Egis a critical orthotropic
material property (or Ez/Ee) to obtain a large equatorial deformation of solid wall
cylinder with pronged cone end pieces at the low axial deformation. Geometrical
parameters (except the Young’s modulus of pronged cone end pieces) do not
significantly affect the degree of equatorial deformation. These outcomes were

considered during the parametric study 2.

8.2.2 Parametric study 2 of solid wall cylinder with end pieces
In-plane negative Poisson's ratios were simulated for uniaxial compression of a
solid wall cylinder consisting of pronged cone end pieces at both ends. The
parametric study was carried out using finite BCs in accordance with the

protocol defined for 'parametric study 2' (Table 5.4, Chapter 5).

8.2.2.1 Simulation of standard properties
The set of orthotropic material properties specified in Table 5.4 (Chapter 5),

geometrical parameters defined in Chapter 5.3.1, and pronged cone end pieces

at both ends were considered as the 'standard' configuration.

Orthotropic material properties:

When Eg varied from 1.98x108 Pa to 1.98x103 Pa; vez and vzs (in-plane), and ver
(out-of-plane) were recalculated to maintain the symmetric compliance matrix
and reciprocal Poisson's ratio relationships (Table 8.3). vizand Ez were constant
values of 0.03033 and 2.02x10'° Pa, respectively during parametric study of Ee
(not shown in Table 8.3). Shear moduli were also derived with respect to the

change in the in-plane negative Poisson's ratios (Table 8.3).
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Table 8.3: Calculation of orthotropic constants corresponding to the change

in Ee during parametric study 2 of cylinder with pronged cone end pieces (in-

plane negative Poisson's ratio).

Ee (Pa) Vez V28 Ver Gre(Pa) | Gez (Pa) | Grz (Pa)
1.98x108 | -0.098 -10.1 | 2.9x10% | 3.3x10° | 9.9x107 | 7.4x10°
1.98x107 | -0.031 -31.9 | 29x10° | 1.6x10° | 9.9x107 | 1.1x10™
1.98x106 | -0.0098 | -101.1 | 2.9x10° | 7.6x10% | 9.9x107 | 1.6x10"°
1.98x10% | -0.0031 | -320.9 | 2.9x107 | 3.5x10® | 9.9x107 | 2.7x10"0
1.98x10% | -0.00098 | -1013.5 | 2.9 x10® | 1.6x108 1x107 | 3.3x10"°
1.98x10% | -0.00031 | -3180.6 | 2.9 x10° | 7.7x10’ 1x108 | 4.9x10°

The maximum axial compressive force applied was 7x10* N (force applied
incrementally to obtain the ERD and AD). ERD vs AD and ERD vs axial strain

are plotted (Figure 8.37 and Figure 8.38). Selected stills showing ERD (left) and

AD (right) are included in Figure 8.37.
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Figure 8.37: ERD vs compressive axial deformation for parametric study of Es
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(parametric study 2 of cylinder with pronged cone end pieces and in-plane

negative Poisson's ratio). Stills of ERD (left) and AD (right) are also shown.
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An equatorial narrowing occurs for Ee=1.98x108 Pa and Ee=1.98x107 Pa, a
transition occurs around Es=1.98x108 Pa (where the equator is wider than the
undeformed values, but still narrower than at the ends), and when Ee=1.98x10°
- 1.98x103 Pa the cylinder adopts the shape of a prolate spheroid (Figure 8.37).
A large equatorial radial deformation of the solid wall cylinder (~80mm) for small
axial strain (~7%) was obtained when Ee was 1.98x10*Pa and 1.98x10%Pa
(Figure 8.38).
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Figure 8.38: ERD vs axial strain for parametric study of Ee (parametric study
2 of cylinder with pronged cone end pieces and in-plane negative Poisson's

ratio).

Geometrical parameters:

The results of parametric study of geometrical parameters carried out using
‘standard’ configuration (Table 5.4, Chapter 5) were nearly identical to the
results outlined for the parametric study of geometrical parameters performed
using the ‘standard’ set of material properties outlined in Table 5.3, Chapter 5

and hence, they are not described here.

8.2.2.2 Simulation of shape change properties

Orthotropic material properties required for a large equatorial radial deformation
of solid wall cylinder assembled with pronged cone end pieces are considered

as 'shape change' properties (Table 8.4).
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Table 8.4: 'Shape change' properties to carry out parametric study of cylinder

with pronged cone end pieces.

Orthotropic Material
Geometrical Parameters

Properties
Er=2x10"" Pa Outer Diameter (D) = 40mm
Ee = 1.98x10°Pa Length (L) = 300mm
E:=2.02x10"°Pa Wall thickness (T) = 2.5mm
ver = 2.9x10”7 Young's modulus of end pieces = 2x10'! Pa
vez = -0.0031 End Pieces = Pronged cone at both ends
vzr=0.03033

Gro = 3.5x108 Pa
Gez = 1.0x107 Pa
rz = 2.7X1010 Pa

The magnitude of in-plane negative Poisson's ratio required for large equatorial
radial deformation of solid wall cylinder was found during parametric study of
set of ‘standard’ properties (Table 8.3 and Figure 8.37). Additionally, in-plane
negative Poisson’s ratios (vezand vez) are related with Ee and Ezdue to
symmetric matrix compliance. Hence, in-plane negative Poisson's ratio was not
varied for 'shape change' properties to maintain the set of nine orthotropic
constants outlined in Table 5.4, Chapter 5. The results of parametric study of
geometrical parameters carried out using ‘shape change’ configuration (Table
8.4) were nearly identical to the results outlined for the parametric study of
geometrical parameters performed using the ‘shape change’ material properties

outlined in Table 8.2 and hence, they are not described here.

8.2.3 Parametric study 2 of solid wall cylinder without end
pieces

In-plane positive and negative Poisson's ratios were simulated for uniaxial

compression and tension mechanism, respectively during parametric study 2 of

solid wall cylinder without end pieces. It was carried out using finite BCs in

accordance with the protocol defined for 'parametric study 2' (Table 5.4,

Chapter 5).
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8.2.3.1 Uniaxial compression mechanism

In-plane positive Poisson's ratios were simulated for uniaxial compression

mechanism and results are described in this section.

8.2.3.1.1
A set of orthotropic material properties specified in Table 5.4 (Chapter 5) and

Simulation of standard properties

geometrical parameters defined in Chapter 5.3.1 were considered as the

'standard' configuration.

Orthotropic material properties:

When Es varied from 1.98x108 Pa to 1.98x103 Pa; vez and vz (in-plane), and ver
(out-of-plane) were recalculated to maintain the symmetric compliance matrix
and reciprocal Poisson's ratio relationships (Table 8.5). vizand Ez were constant
values of 0.03033 and 2.02x10'° Pa, respectively during parametric study of Ee
(not shown in Table 8.5). Shear moduli were also derived with respect to the

change in the in-plane positive Poisson's ratios (Table 8.5).

Table 8.5: Calculation of orthotropic constants corresponding to the
parametric study of Ee (parametric study 2 of cylinder without end pieces and

with in-plane positive Poisson's ratio).

Es (Pa) vez V28 ver Gre(Pa) | Gez (Pa) | Grz (Pa)
1.98x108 | 0.098 10.1 2.9x104 | 2.5x108 | 2.2x10° | 1.5x10"0
1.98x107 | 0.031 31.9 2.9x10° 1.1x10° | 2.8x108 | 2.2x10"°
1.98x108 | 0.0098 | 101.1 2.9x10% | 5.2x10% | 2.9x10® | 3.2x10"°
1.98x10% | 0.0031 | 319.5 2.9x107 | 2.5x108% | 2.9x10% | 4.7x10"0
1.98x10% | 0.00098 | 1012.0 | 2.9x10® 1.1x10% | 2.9x10% | 6.9x10"°
1.98x103 | 0.00031 | 3192.8 | 2.9x10° | 5.3x107 | 3.0x108 | 1.0x10"

ERD vs AD with stills from the simulation movies, ERD vs axial compressive

force and ERD vs compressive axial strain are plotted (Figures 8.39-8.41). The

magnitude of axial compressive force required for a large equatorial radial

deformation was increased when Ee¢ reduced from 1.98x108 Pa to 1.98x103 Pa

(Figure 8.40). A large radial deformation in the equatorial region of solid wall of

cylinder (~80mm) for the small compressive axial deformation (<25mm) and
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strain (<10%) was found when Ees was <1.98x107 Pa in Figure 8.40 and Figure

8.41, respectively.
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Figure 8.39: ERD vs AD for parametric study of Ee (parametric study 2 of

cylinder without end pieces and with in-plane positive Poisson's ratio). Stills
of ERD (left) and AD (right) are also shown.
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Figure 8.40: ERD vs axial compressive force for parametric study of Ee
(parametric study 2 of cylinder without end pieces and with in-plane positive

Poisson's ratio).
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Figure 8.41: ERD vs axial strain for parametric study of Es (parametric study

2 of cylinder without end pieces and with in-plane positive Poisson's ratio).

Geometric parameters:

Geometrical parameters of 'standard' set of properties did not have significant
impact on the equatorial deformation of solid wall cylinder with pronged cone
end pieces and hence, they were not simulated using 'standard' properties for

solid wall cylinder without end pieces (in-plane positive Poisson’s ratio).

8.2.3.1.2 Simulation of shape change properties

Orthotropic material properties required to achieve a large equatorial radial
deformation of solid wall cylinder (no end pieces) for uniaxial compression

mechanism are considered as 'shape change' properties (Table 8.6).
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Table 8.6: 'Shape change' properties for parametric study 2 of solid wall

cylinder without end pieces and with in-plane positive Poisson's ratio.

Orthotropic Material
Properties Geometrical Parameters
Er=2x10"" Pa Outer Diameter (D) = 40mm
Ee = 1.98x10°Pa Length (L) = 300mm
E:=2.02x10"°Pa Wall thickness (T) = 2.5mm
ver = 2.9x106
vez=0.0098
vzr=0.03033
Gro = 5.2x108 Pa
Gez = 2.9x108 Pa

Grz = 3.2X1010 Pa

The magnitude of in-plane positive Poisson's ratio requires for large equatorial

radial deformation of solid wall cylinder (Table 8.5 and Figure 8.39) was found

during parametric study of set of ‘standard’ properties. Hence, in-plane positive
Poisson's ratio was not varied for 'shape change' properties. A large equatorial
radial deformation (~80mm) for small axial strains (£10%) were obtained when
Ee<1.98x107 Pa (Figure 8.39). Hence, the geometrical parameters were

evaluated for Ese=1.98x108 Pa as way of example and results are outlined below.

Outer diameter, length and wall thickness of solid wall cylinder:

ERD vs AD (Figures 8.42, 8.45, and 8.48), ERD vs axial compressive force
(Figures 8.43, 8.46, and 8.49) and ERD vs axial strain (Figure 8.44, 8.47, and
8.50) were plotted for the different outer diameters, lengths and wall

thicknesses of solid wall cylinder.
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Figure 8.42: Parametric study of outer diameter of cylinder for uniaxial
compression mechanism (ERD vs compressive axial deformation)
(parametric study 2 of cylinder without end pieces and with in-plane positive
Poisson's ratio). Stills of ERD (left) and AD (right) are also shown.
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Figure 8.43: Parametric study of outer diameter of cylinder for uniaxial
compression mechanism (ERD vs axial compressive force) (parametric study

2 of cylinder without end pieces and with in-plane positive Poisson's ratio).
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Figure 8.44: Parametric study of outer diameter of cylinder for uniaxial
compression mechanism (ERD vs axial strain) (parametric study 2 of cylinder

without end pieces and with in-plane positive Poisson's ratio).
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Figure 8.45: Parametric study of length of cylinder for uniaxial compression
mechanism (ERD vs compressive axial deformation) (parametric study 2 of
cylinder without end pieces and with in-plane positive Poisson's ratio). Stills
of ERD (left) and AD (right) are also shown.
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Figure 8.46: Parametric study of length of cylinder for uniaxial compression

mechanism (ERD vs axial compressive force) (parametric study 2 of cylinder

without end pieces and with in-plane positive Poisson's ratio).
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Figure 8.47: Parametric study of length of cylinder for uniaxial compression

mechanism (ERD vs axial strain) (parametric study 2 of cylinder without end

pieces and with in-plane positive Poisson's ratio).

263



90

-a-T=2.5mm

80
70
60
50
40
30
20

Equatorial Radial Deformation (mm)

10

-15 125 -10 -7.5 -5 2.5 0
Axial Deformation (mm)
Figure 8.48: Parametric study of wall thickness of cylinder for uniaxial

compression mechanism (ERD vs AD) (parametric study 2 of cylinder
without end pieces and with in-plane positive Poisson's ratio). Stills of ERD

(left) and AD (right) are also shown.
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Figure 8.49: Parametric study of wall thickness of cylinder for uniaxial

compression mechanism (ERD vs axial compressive force) (parametric study

2 of cylinder without end pieces and with in-plane positive Poisson's ratio).
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Figure 8.50: Parametric study of wall thickness of cylinder for uniaxial
compression mechanism (ERD vs axial strain) (parametric study 2 of cylinder

without end pieces and with in-plane positive Poisson's ratio).

The degree of equatorial radial deformation and axial strain were not
significantly affected by the different outer diameters (Figure 8.42 and Figure
8.44), lengths (Figure 8.45 and Figure 8.47), and wall thicknesses (Figure 8.48
and Figure 8.50) of solid wall cylinder.

Axial compressive forces however required for a larger outer diameter
(>20mm), shorter length (<300mm), and thicker wall of solid wall cylinder
(>2.5mm) were significantly higher. For example, axial compressive force
required for 40mm outer diameter was approximately six times more than
20mm outer diameter (Figure 8.43). Similarly, axial compressive forces were 16
times higher for 150mm length of cylinder compare to 300mm length of cylinder
(Figure 8.46).

8.2.3.2 Uniaxial tension mechanism

In-plane negative Poisson's ratio was simulated for uniaxial tension mechanism

and results are described in this section.
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8.2.3.2.1
A set of orthotropic material properties specified in Table 5.4 (Chapter 5) and

Simulation of standard properties

geometrical parameters defined in Chapter 5.3.1 were considered as the

'standard' configuration.

Orthotropic material properties:

When Es was varied from 2x108 Pa to 2x103 Pa; vez and vzs (in-plane) and ver
(out-of-plane), recalculated to maintain the symmetric compliance matrix and
reciprocal Poisson's ratio relationships (Table 8.7). vizand Ez were constant
values of 0.03033 and 2.02x10'° Pa, respectively during parametric study of Ee
(not shown in Table 8.7). Shear moduli were also derived with respect to the

change in the in-plane negative Poisson's ratios (Table 8.7).

Table 8.7: Calculation of orthotropic constants corresponding to the change
in Ee during parametric study 2 of cylinder without end pieces (in-plane

negative Poisson's ratio).

Ee (Pa) Vez Vz0 ver Gro(Pa) | Gez (Pa) | Grz (Pa)
1.98x108 | -0.098 -10.1 2.9x104 | 3.3x10° | 9.9x107 | 7.4x10°
1.98x107 | -0.031 -31.9 | 2.9x10° | 1.6x10° | 9.9x107 | 1.1x10"
1.98x108 | -0.0098 | -101.1 | 2.9x10% | 7.6x108 | 9.9x107 | 1.6x10"°
1.98x10° | -0.0031 | -320.9 | 2.9x107 | 3.5x10% | 9.9x107 | 2.7x10"°
1.98x10% | -0.00098 | -1013.5 | 2.9x10® | 1.6x108 1x107 | 3.3x10"0
1.98x103 | -0.00031 | -3180.6 | 2.9x10° | 7.7x107 1x108 | 4.9x10"0

ERD vs AD (tensile axial deformation) with stills from the simulation movies,
ERD vs tensile axial force and ERD vs axial strain graphs are plotted (Figure
8.51-8.53). A large radial deformation in the equatorial region of solid wall of
cylinder (~80mm) for the small tensile axial deformation (<28mm) and strain
(<10%) was noted when Ee was <1.98x107 Pa in Figure 8.51 and Figure 8.53,

respectively.
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Figure 8.51: ERD vs AD for parametric study of Es (parametric study 2 of
cylinder without end pieces and with in-plane negative Poisson's ratio). Stills
of ERD (left) and AD (right) are also shown.
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Figure 8.52: ERD vs axial tensile force for parametric study of Ee (parametric
study 2 of cylinder without end pieces and with in-plane negative Poisson's

ratio).
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Figure 8.53: ERD vs axial strain for parametric study of Ee (parametric study

2 of cylinder without end pieces and with in-plane negative Poisson's ratio).

Geometric parameters:

Geometrical parameters of 'standard' set of properties did not have significant
impact on the deformation of solid wall cylinder with pronged cone end pieces
and hence, they were not simulated using 'standard' properties for solid wall

cylinder without end pieces (in-plane negative Poisson’s ratio).

8.2.3.2.2 Simulation of shape change properties

Orthotropic material properties required to achieve a large equatorial radial
deformation of solid wall cylinder (no end pieces) for uniaxial tension

mechanism are considered as 'shape change' properties (Table 8.8).
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Table 8.8: 'Shape change' properties to carry out parametric study 2 of solid

wall cylinder without end pieces and with in-plane negative Poisson’s ratio.

Orthotropic Material
Properties Geometrical Parameters
Er=2x10"" Pa Outer Diameter (D) = 40mm
Ee = 1.98x10°Pa Length (L) = 300mm
E:=2.02x10"°Pa Wall thickness (T) = 2.5mm
ver = 2.9x106
vez = -0.0098
vzr=0.03033
Gro = 7.6x108 Pa
Gez = 9.9x107 Pa

rz =1 .6X1010 Pa

The magnitude of in-plane negative Poisson's ratio requires for large equatorial
radial deformation of solid wall cylinder was identified during parametric study of
set of ‘standard’ properties (Table 8.7 and Figure 8.51). Hence, the parametric
study for in-plane negative Poisson's ratio was not carried out using 'shape
change' properties. A large equatorial radial deformation (~80mm) for small
axial strains (<10%) were obtained when Ee< 1.98x107 Pa (Figure 8.51). Hence,
the geometrical parameters were evaluated for Ee=1.98x10°¢ Pa as way of

example and results are outlined below.

Outer diameter, length and wall thickness of cylinder:

ERD vs AD (tensile axial deformation) (Figures 8.54, 8.57 and 8.60), ERD vs
tensile axial force (Figures 8.55, 8.58 and 8.61), ERD vs axial strain (Figures
8.56, 8.59 and 8.62) were plotted for different outer diameters, lengths and wall

thicknesses of solid wall cylinder.
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Figure 8.54: Parametric study of outer diameter of cylinder for uniaxial

tension mechanism (ERD vs AD) (parametric study 2 of cylinder without end

pieces and with in-plane negative Poisson's ratio). Stills of ERD and AD are

also shown.
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Figure 8.55: Parametric study of outer diameter of cylinder for uniaxial

tension mechanism (ERD vs axial tensile force) (parametric study 2 of

cylinder without end pieces and with in-plane negative Poisson's ratio).
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Figure 8.56: Parametric study of outer diameter of cylinder for uniaxial
tension mechanism (ERD vs axial strain) (parametric study 2 of cylinder

without end pieces and with in-plane negative Poisson's ratio).
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Figure 8.57: Parametric study of length of cylinder for uniaxial tension
mechanism (ERD vs AD) (parametric study 2 of cylinder without end pieces
and with in-plane negative Poisson's ratio). Stills of ERD and AD are also

shown.
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Figure 8.58: Parametric study of length of cylinder for uniaxial tension
mechanism (ERD vs axial tension force) (parametric study 2 of cylinder

without end pieces and with in-plane negative Poisson's ratio).
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Figure 8.59: Parametric study of length of cylinder for uniaxial tension
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mechanism (ERD vs axial strain) (parametric study 2 of cylinder without end

pieces and with in-plane negative Poisson's ratio).
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Figure 8.60: Parametric study of wall thickness of cylinder for uniaxial tension

mechanism (ERD vs AD) (parametric study 2 of cylinder without end pieces

and with in-plane negative Poisson's ratio). Stills of ERD and AD are also

shown.
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Figure 8.61: Parametric study of wall thickness of cylinder for uniaxial tension

mechanism (ERD vs tensile axial force) (parametric study 2 of cylinder

without end pieces and with in-plane negative Poisson's ratio).
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Figure 8.62: Parametric study of wall thickness of cylinder for uniaxial tension
mechanism (ERD vs axial strain) (parametric study 2 of cylinder without end

pieces and with in-plane negative Poisson's ratio).

The degree of equatorial radial deformation and tensile axial strain were not
significantly affected by the different outer diameters (Figure 8.54 and Figure
8.56), lengths (Figure 8.57 and Figure 8.59), and wall thicknesses (Figure 8.60
and Figure 8.62) of solid wall cylinder. However, tensile axial forces were
significantly higher for the larger outer diameters (>20mm), shorter length
(<300mm), and thicker wall of solid wall cylinder (>2.5mm). For example, tensile
axial force required for 40mm outer diameter was twice than 20mm outer
diameter (Figure 8.55). Similarly, tensile axial forces were 10 times higher for

150mm length of cylinder compare to 300mm length of cylinder (Figure 8.58).

8.3 Summary

The results of the FE modelling of solid wall cylinder with and without end
pieces carried out for the linear elastic (isotropic and orthotropic) material
properties were described in this chapter. The results of the parametric study 1
suggested that Ee (or Ez/ Eg) is the critical parameter amongst the orthotropic
material properties to achieve a large equatorial deformation of a solid wall

cylinder with pronged cone end pieces. The results of the parametric study 2
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suggested that in-plane orthotropic material properties — Poisson’s ratios (vez
and vze) and Es (or Ez/ Es) related by compliance matrix symmetry — are critical
parameters amongst the orthotropic material properties to achieve a large
equatorial deformation of a solid wall cylinder with and without end pieces. The
magnitudes of in-plane Poisson’s ratios (positive and negative) essential for the
large equatorial deformation at low axial deformation (or strain) were identified
during the parametric study 2 of solid wall cylinder with and without end pieces

and are outlined below:

e veoz <-320.9 for solid wall cylinder with pronged cone end pieces (uniaxial
compression mechanism),

e vez <-10 for solid wall cylinder without end pieces (uniaxial tension
mechanism) and

e vez > +10 for solid wall cylinder without end pieces (uniaxial compression

mechanism).

Moreover, geometric parameters of solid wall cylinder with and without end
pieces were optimised. The results of the parametric studies will be discussed
in the Chapter 10.
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9 Results 3 - Cellular mesh cylinders, Fabrication,
Characterisation, and in-vitro and in-vivo assessments of

prototypes
In-silico models of cellular mesh cylinders were designed and simulated, and
the results are presented in this chapter. The results of the fabrication,
mechanical characterisation and in-vitro evaluation of promising prototypes are
subsequently reported. Additionally, in-vivo and in-vitro assessments of

doughnut shape inflatable prototypes are described.

9.1 Cellular mesh cylinders

Cellular mesh cylinders were designed and simulated for validation of outputs of
the FE modelling of the solid wall cylinder (Chapter 8) and to predict the
expansion behaviours of cellular mesh cylinders fabricated using laser cutting
and 3D printing technology. The 'CAD-FE' parts of the 'CAD-FE-Experimental
approach' is simultaneously demonstrated for promising prototypes in the
absence of surrounding materials. The 'Experimental’ part of the 'CAD-FE-
Experimental approach' is demonstrated in Sections 9.2 and 9.3 of this chapter
for promising prototypes. FE predictions of laser cut and 3D printed cellular

mesh cylinders are then compared with the experimental outputs in Section 9.3.

9.1.1 Validation of outputs of FE modelling of a solid wall
cylinder

Cylinders consisting of auxetic and conventional hexagonal honeycombs

(Tables 6.5, Chapter 6) were designed and simulated to predict the expansion

capabilities and validate the outputs of the FE modelling of solid wall cylinders

described in Chapter 8.

9.1.1.1 Auxetic and conventional honeycomb mesh cylinders
without end pieces

Cylinders consisting of auxetic (Auxetic 1-4 models of Table 6.5, Chapter 6) and

conventional (Conventional 1-5 models of Table 6.5, Chapter 6) honeycomb

meshes were designed with effective mechanical properties to match the target

mechanical properties (to achieve large equatorial radial deformation at small

axial strain) of the solid wall cylinder. They were subsequently simulated in
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Ansys software (version 17.1). Pictorial representations of auxetic and

conventional honeycomb meshes and length of end pieces at both ends of

cylinder are shown in Table 9.1 and 9.2, respectively.

Table 9.1: Segments of auxetic honeycombs from CAD models and length of

end pieces.
Segment Length of end pieces at both
Model Name )
ends of cylinder (mm)
Auxetic 1 70.0
Auxetic 2 58.7
Auxetic 3 40.4
Auxetic 4 52.1
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Table 9.2: Segments of conventional honeycombs from CAD models and

length of end pieces.

Segment Length of end pieces at both
Model Name ]
ends of cylinder (mm)
Conventional 1 . 25
Conventional 2 . 25
Conventional 3 . 25
Conventional 4 . 25
Conventional 5 . 25

ERD vs AD for auxetic (Figure 9.1) and conventional (Figure 9.2) honeycomb
meshes were plotted to demonstrate the expansion capabilities of the cellular
mesh cylinders. Radial (left) and axial (right) deformation stills are shown as
inserts for each cylinder in Figures 9.1 and 9.2.
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Figure 9.1: FE predictions of auxetic honeycomb mesh models (ERD vs

Tensile axial deformation). Stills of ERD (left) and AD (right) are also shown.
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Figure 9.2: FE predictions of conventional honeycomb mesh models (ERD vs
Compressive axial deformation). Stills of ERD (left) and AD (right) are also

shown.

ERD vs axial tension force and ERD vs axial compressive force were plotted for
auxetic and conventional honeycomb meshes in Figures 9.3 and Figure 9.4,

respectively.
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Figure 9.3: FE predictions of auxetic honeycomb mesh models (ERD vs Axial

tension force).

—=-Conventional 1 ——Conventional 2 ——Conventional 3

——Conventional 4 ——Conventional 5

100 ~

w
o

80-
70-
60-
50-

Equatorial Radial Deformation (mm)

25000 50000 75000 100000 125000 150000 175000
Axial Compressive Force (N)

Figure 9.4: FE predictions of conventional honeycomb mesh models (ERD vs

axial compressive force).
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The axial tension and compressive forces shown in Figure 9.3 and Figure 9.4,
respectively are extremely high for surgical purposes and are due to the models
employing elastic constants based on structural steel.

ERD vs axial strain for auxetic and conventional honeycomb meshes were
plotted in Figure 9.5 and 9.6, respectively. The large equatorial radial
deformations were obtained for small axial tension and compressive strains

(approximately 10% or less) (Figures 9.5 and 9.6).

—8-Auxetic1 —-e—Auxetic2 -A-Auxetic3 =—eAuxetic4

100 -

Equatorial Radial Deformation (mm)

Tensile Axial Strain (%)

Figure 9.5: FE predictions of auxetic honeycomb mesh models (ERD vs

Tensile axial strain).
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Figure 9.6: FE predictions of conventional honeycomb mesh models (ERD vs

Compressive axial strain).

9.1.1.2 Auxetic honeycomb cylinders with pronged cone end
pieces
Cylinders consisting of auxetic honeycomb meshes (Auxetic 5-7 models of
Table 6.5, Chapter 6) were designed in SolidWorks (version 2015) with effective
mechanical properties to match the target mechanical properties of the solid
wall cylinder with pronged cone end pieces obtained during parametric study 2
(Chapter 8.2.2). Fillets were used to round sharp edges of the diagonal ribs of
auxetic honeycombs prior to simulating expansion capabilities of the Auxetic 5-7
models in Ansys software (version 17.1). ERD vs AD, ERD vs axial
compressive force and ERD vs axial strain (Figures 9.7-9.9) were plotted.
Radial (left) and axial (right) deformation stills are shown in the inserts to Figure
9.7.
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Figure 9.7: FE predictions of auxetic honeycomb mesh models with pronged
cone end pieces (ERD vs Compressive axial deformation). Stills of ERD (left)

and AD (right) are also shown.

—-B-Auxetic 5 —-e—Auxetic6 -A—Auxetic7

Equatorial Radial Deformation (mm)

5000 10000 15000 20000 25000 30000

200, -14.4

Axial Compressive Force (N)

Figure 9.8: FE predictions of auxetic honeycomb mesh models with pronged

cone end pieces (ERD vs Axial compressive force).
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Figure 9.9: FE predictions of auxetic honeycomb mesh models with pronged

cone end pieces (ERD vs Compressive axial strain).

The Auxetic 7 model clearly demonstrates the large equatorial radial
deformation for small axial deformation compared to the Auxetic 6 (shows
deformation in the equatorial region but less than the deformation at both ends)
and Auxetic 5 (gets thinner in the equatorial region) models (Figure 9.7). The
large equatorial radial deformation (approximately 80mm) for the Auxetic 7

model was obtained for small axial compressive strain (<10%) (Figure 9.9).

9.1.1.3 Validation

The results of the FE modelling of the solid wall cylinder with and without end
pieces (Chapters 8.2.2 and 8.3.3) indicated the target mechanical properties
(Ez/Ee and v,0) to achieve a large equatorial radial deformation for the small axial
deformation (or strain). The cellular meshes were then derived for the target v,
in the Table 6.5, Chapter 6. These cellular meshes were subsequently designed
and simulated to obtain ERD, AD, axial tension and compressive forces and
axial tension and compressive strain values. The ERD vs AD (Figures 9.1, 9.2,
and 9.7) and ERD vs axial strain (Figures 9.5, 9.6, and 9.9) plots qualitatively
validate the outputs of the FE modelling of solid wall cylinder with and without
end pieces (Figures 8.37-38, Chapter 8.2.2; Figures 8.39-41, Chapter 8.2.3;

and Figures 8.51-53, Chapter 8.2.3).
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9.1.2 FE predictions of laser cut and 3D printed cellular mesh

cylinders
Cylinders consisting of auxetic and conventional hexagonal honeycombs
(Tables 6.6, Chapter 6) were laser cut and 3D printed. The Auxetic 8 (laser cut),
Conventional 8 (laser cut), Conventional 10 (laser cut), and Conventional 12
(3D printed) models were simulated to predict the expansion capabilities of the
experimental cylinders in this section. FE predictions in the forms of ERD vs AD
(Figures 9.10), ERD vs axial tension and compressive force (Figure 9.11) and
ERD vs axial strain (Figures 9.12) are plotted. Radial (left) and axial (right)
deformation stills are shown as inserts in Figure 9.10. They will be compared

with the experimental data in Sections 9.3 and 9.4.3.

Equatorial Radial Deformation (mm)

25 -20 .15 10 -5 0 &5 10 15 20 25
Axial Deformation (mm)

-35 -30

-8-Auxetic 8 —e—~Conventional 8 -a-Conventional 10 =»Conventional 12
Figure 9.10: FE predictions of laser cut and 3D printed auxetic and
conventional honeycomb mesh models (ERD vs AD). Stills of ERD (left) and
AD (right) are shown. Tensile and compressive axial deformation applied for
cellular models consisting of auxetic and conventional honeycomb meshes,

respectively.
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Figure 9.11: FE predictions of laser cut and 3D printed auxetic and
conventional honeycomb mesh models (ERD vs Axial force). Axial tensile
force for Auxetic 8 model and axial compressive force for Conventional 8,

Conventional 10 and Conventional 12 cylinders.
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Figure 9.12: FE predictions of laser cut and 3D printed auxetic and
conventional honeycomb mesh models (ERD vs Axial strain). Axial tensile
strain for Auxetic 8 model and axial compressive strain for Conventional 8,

Conventional 10 and Conventional 12 cylinders.

9.1.3 Relationships between global, RVE and cellular mesh

parameters
Relationships of mechanical properties with the global, RVE and cellular mesh
parameters are established in this section for the fixed global parameters
(40mm outer diameter, 2.5mm wall thickness and 300mm length of cylinder).
The different aspect ratios (h/l) of the cellular meshes (conventional and auxetic
hexagonal honeycombs) are considered to achieve the target mechanical
properties (Young’s moduli, shear moduli and Poisson’s ratios) graphically for

the specified a.

Cellular mesh parameters as way of example were graphically obtained for the
different RVE and aspect ratios (h/l) of the cellular meshes and fixed global
parameters. Additionally, 20mm outer diameter is considered to obtain cellular
mesh parameters for the different RVE and aspect ratios (h/l) which would be

outer diameter for the proposed laparoscopic device.
288



Auxetic honeycomb cylinders:

The FE modelling of solid wall cylinder consisting of in-plane negative Poisson’s
ratio has suggested target mechanical properties (Ez/Ees and v,o) for cylinders
with pronged cone end pieces (for uniaxial compression mechanism) and
without end pieces (uniaxial tension mechanism) to achieve large equatorial
deformation for small axial displacement (Chapter 8). The target mechanical
properties for cylinders with pronged cone end pieces and without end pieces
are obtained graphically for specified a by varying aspect ratios (h/l) of the
auxetic honeycombs (h/I=2, 4,10 and 40) in this section and their relationship
with cellular mesh parameter (a) is established by plotting Ez/Es and v,,against

o (Figure 9.13).
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Figure 9.13: Relationship of the mechanical properties (Ez/Ee and vzo) with
the cellular mesh parameter (o) for the different aspect ratios (h/l) of auxetic

honeycombs.

Auxetic honeycomb cylinders with pronged cone end pieces (uniaxial
compression mechanism) and without end pieces (uniaxial tension mechanism)
can be designed for -90 < o =-86.79 (h/I=2) and -90 < o < -71.64 (h/I=2) (Figure

9.13), respectively for the specified global and RVE parameters presenting the
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infinite possibilities to design cellular cylinders that can achieve the large

equatorial deformation for small axial deformation.

As way of example, auxetic honeycomb mesh parameters were graphically
obtained for the fixed global parameters of cylinder (40mm and 20mm outer
diameter, 2.5mm wall thickness and 250mm length), RVEs (Nv = 6), th (2.5mm)
and t(2mm). The target o (revealed from Figure 9.13) was obtained by varying
Nc (RVE) for the different aspect ratios and is then plotted against Nc/Nv and v,
(Figure 9.14).
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Figure 9.14: Relationship of the mechanical property (vz6) and RVE (Nc¢/Nv)
with the cellular mesh parameter (o) for the different aspect ratios (h/l) of

auxetic honeycombs and outer diameters of the cylinder.

Target o was obtained for outer diameters (40mm and 20mm) of cylinder and
aspect ratios (h/I=2, h/I=4) of auxetic honeycombs (Figure 9.14) which in turn
meets the target mechanical properties — as shown in Figure 9.13 — required for
the large equatorial deformation for small axial deformation for cylinder with
pronged cone end pieces and without end pieces. Outer diameter of cylinder

(global parameter) does not affect the cellular parameter (o), which is valid for
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different aspect ratio of auxetic honeycombs (Figure 9.14). However, outer
diameter of cylinder does impact the RVEs (Nc¢/Nv) as expected, for instance,
the number of RVEs (N</Nv) required for 20mm outer diameter is half compared
to 40mm outer diameter irrespective of aspect ratios of auxetic honeycombs
(Figure 9.14).

The relationship of RVEs with the auxetic honeycomb mesh parameters can be
obtained by plotting W and t/l against N¢/Nv (Figure 9.15 and Figure 9.16,

respectively).
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Figure 9.15: Relationship of RVE (Nc¢/Nv) with the cellular mesh parameter
(W) for the different aspect ratios (h/l) of auxetic honeycombs and outer

diameters of the cylinder.
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Figure 9.16: Relationship of RVE (Nc¢/Nv) with the cellular mesh parameter
(t/1) for the different aspect ratios (h/l) of auxetic honeycombs and outer

diameters of the cylinder.

Cellular (auxetic) mesh parameter (W) substantially decreases with the increase
in the RVEs (Nc¢/Nv) irrespective of outer diameters of cylinder and aspect ratios
of auxetic honeycombs which would be useful trend to consider during laser
cutting (fabrication method) of auxetic cylinders. Cellular (auxetic honeycomb)
mesh parameter (/1) marginally decreases with the increase in the RVEs
(Nc/Nv) (Figure 9.16). When aspect ratios changed from h/I=2 to h/I=4, ti/| was
increased from ~0.1 to ~0.3 which is essential to consider to ensure cellular
meshes obey the flexure model of Gibson and Ashby(''3) (Figure 9.16). The

outer diameter of the cylinder (20mm and 40mm) does not affect ti/l.

Conventional honeycomb cylinders:

The FE modelling of solid wall cylinder consisting of in-plane positive Poisson’s
ratio has suggested target mechanical properties (Ez/Ees and v,o) for cylinder

without end pieces (uniaxial compression mechanism) to achieve large
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equatorial deformation for small axial displacement (Chapter 8). The target
mechanical properties are obtained graphically for specified a by varying aspect
ratios (h/l) of the conventional honeycombs (h/I=1, 0.33 and 0.033) in this
section and relationship of target mechanical properties with cellular mesh

parameter (o) is established by plotting Ez/Ee and v,sagainst a (Figure 9.17).
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Figure 9.17: Relationship of the mechanical properties (Ez/Ee and vzo) with

the cellular mesh parameter (a) for the different aspect ratios (h/l) of

conventional honeycombs.

Conventional honeycomb cylinders without end pieces (uniaxial compression
mechanism) can be designed for 65.5 < o < 90 (h/I=1), 69.8 < a < 90 (h/I=0.33)
and 72.2 < a <90 (h/I=0.033) (Figure 9.17) for the specified global and RVE
parameters presenting the infinite possibilities to design cellular cylinders that

can achieve the large equatorial deformation for small axial deformation.

As way of example, conventional honeycomb mesh parameters were
graphically obtained for the fixed global parameters of cylinder (40mm and
20mm outer diameter, 2.5mm wall thickness and 250mm length), RVEs (Nv =

6), th (2.5mm) and ti (2mm). The target a (revealed from Figure 9.17) was
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obtained by varying Nc (RVE) for the different aspect ratios and is then plotted
against N¢/Nv and v, (Figure 9.18).

Target o was graphically obtained for different outer diameters of cylinder and
aspect ratios of conventional honeycombs (Figure 9.18) which in turn meets the
target mechanical properties — as shown in Figure 9.17 — required for the large
equatorial deformation for small axial deformation. Outer diameter of cylinder, a
key global parameter, does not affect the cellular parameter (o) (Figure 9.18).
However, the number of RVEs (Nc/Nv) required for 20mm outer diameter is half

as expected compared to 40mm outer diameter (Figure 9.18).
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Figure 9.18: Relationship of the mechanical property (vz6) and RVE (Nc¢/Nv)
with the cellular mesh parameter (o) for the different aspect ratios (h/l) of

conventional honeycombs and outer diameters of the cylinder.

The relationship of RVEs with the conventional honeycomb mesh parameter
was obtained by plotting t/l against Nc/Nv for different aspect ratios (Figure
9.19). Cellular (conventional honeycomb) mesh parameter (t/l) marginally
increases with the increase in the RVEs (Nc/Nv) (Figure 9.19) for different
aspect ratios. When the aspect ratio (from h/I=1 to h/I=0.033) and ti (t = 2mm to
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t=0.5mm) decreases, ti/l decreases (Figure 9.19) which is essential for

ensuring cellular meshes obey flexure model of Gibson and Ashby(113),
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Figure 9.19: Relationship of RVE (Nc¢/Nv) with the cellular mesh parameter

(t/1) for the different aspect ratios (h/l) and ti of conventional honeycombs.

Summary:

Relationships of mechanical properties with the global, RVE and cellular mesh
parameters were obtained graphically for different aspect ratios of auxetic and
conventional honeycombs. The infinite possibilities to design cellular cylinders
using conventional and auxetic honeycombs that can achieve the large

equatorial deformation for small axial deformation were identified. Additionally,
the impact of the relationship between RVE and cellular mesh parameters was

explained for the design and fabrication of cellular cylinders.

9.2 Fabrication of cellular mesh cylinders
Cellular mesh cylinders were fabricated using 3D printing and laser cutting
equipment. Additionally, cylinders consisting of beams/strips were laser cut.

They are collectively referred as ‘expansion mechanisms’.

Laser cut cellular mesh cylinders:
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The Auxetic 8-9 and Conventional 6-9 models (Table 6.6, Chapter 6) were laser
cut from PVC tubes and are displayed in Figure 9.20. Fillets were introduced to
round off sharp edges of the diagonal ribs of auxetic honeycombs (Auxetic 8-9
models) prior to the laser cutting process. The Conventional 10-11 models
(Table 6.6, Chapter 6) were laser cut from PP tubes and are shown in Figure
9.21. Pictures displayed in Figures 9.20-22 were taken after initial application of

axial compressive force by hand.

Auxetic 8 Auxetic 9 Conventional 6 Conventional 7 Conventional 8 Conventional 9

Figure 9.20: Laser cut PVC cellular mesh tubes.
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Conventional 10  Conventional 11

Figure 9.21: Laser cut PP cellular mesh tube.

Laser cut cylinders consisting of beams/strips:

Beam 1 and Beam 2 cylinders (Table 6.7, Chapter 6) were laser cut from PP

tubes and are presented in Figure 9.22.
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Beam 1 Beam 2

Figure 9.22: Laser cut PP cylinders consisting of beams/strips.

3D printed cellular mesh cylinders:

The Conventional 12 cylinder (Table 6.7, Chapter 6) was 3D printed using

DurusWhite™ material and is presented in Figure 9.23.

Figure 9.23: 3D printed cellular mesh cylinder.

Summary:
The expansion mechanisms were fabricated using laser cut and 3D printed

techniques. The laser cut PVC and PP tubes were characterised in the Instron

machine, as reported in the next section.
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9.3 Characterisation of experimental expansion mechanisms
The expansion mechanisms were characterised in the absence of a
surrounding material using the Instron machine and the results are described in
this section. Additionally, the equatorial deformation of the Conventional 8 and
Beam 2 cylinders were determined, and correlated with the applied axial
deformation, from selected stills of the corresponding video footage using the
ImageJ(225) image analysis software. Finally, the experimental expansion
mechanism data are compared with the FE predictions (reported in Chapter

9.1.2) in this section.

9.3.1 Mechanical characterisation

The Auxetic 8 cylinder was subjected to uniaxial tension while the Conventional
6-9 and Beam 1-2 cylinders were uniaxially compressed in the Instron machine.
The Conventional 12 (3D printed model) was brittle and hence not
characterised mechanically. Axial force vs axial displacement and stress vs

strain are plotted for the expansion mechanisms.

Axial force, axial deformation and tangent stiffness:

The axial compressive and tension forces are plotted against the corresponding
displacement values (Figure 9.24). Stills extracted from video footage (at
maximum axial deformation) are also presented in Figure 9.24. The expansion
mechanisms show significant equatorial radial expansion (Figure 9.24) except
for the Auxetic 8 cylinder which can be attributed to the issue of some of the
cells coming out of the axial-circumferential plane. The Beam 1 cylinder was
compressed axially for 20mm instead of 50mm due to the onset of plastic

deformation of the beam strips (Figure 9.24).

The axial compressive or tension force required for activating the expansion
mechanisms is initially high at small axial deformation and decreases as the
axial deformation increases (Figure 9.24). This phenomenon gives a negative
value of slope (called tangent stiffness) beyond the proportional limit of axial
force vs axial displacement, corresponding to negative stiffness. The negative
stiffness arises due to out-of-plane buckling of the cylinder wall and not due to

any in-plane flexing, stretching or hinging of the mesh ribs.
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Figure 9.24: Axial force vs axial displacement curves of the expansion
mechanisms. Axial tension force applied to the Auxetic 8 cylinder and axial
compression forces applied to the Conventional 6-9 and Beam 1-2 cylinders.

Stills showing expansion profiles are shown.

The axial force vs axial displacement responses of expansion mechanisms
(Figure 9.24) are non-linear and hence, a polynomial fit to the entire
displacement curve of the expansion mechanisms yielded low R? values
(<0.70). Consequently, displacement-dependent stiffness curve was generated
by considering adjacent data points of the force vs displacement curve,
corresponding to the tangent stiffness. Tangent stiffness vs axial displacement
curve was then plotted and shown in Figure 9.25 as split curves to show
positive (Figure 9.25a) and negative (Figure 9.25b) tangent stiffness
phenomenon.
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Figure 9.25: Tangent stiffness vs axial displacement curve of the
Conventional 8 model characterised in the absence of a surrounding
material.
Similarly, tangent stiffness curves of the other expansion mechanisms were
obtained by considering adjacent data points of the corresponding force vs
displacement curves and plotted against axial displacement to demonstrate
positive (Figure 9.26a) and negative (Figure 9.26b) tangent stiffness

phenomenon.
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Figure 9.26: Tangent stiffness vs axial displacement curves of the expansion

mechanisms.

Stress, strain and tangent modulus:

The axial forces applied to the expansion mechanisms were divided by the

cross-sectional area (11*D*T) of the cylinder wall to obtain axial stresses. Axial
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strains were obtained by dividing the axial displacement with the original length
of cylinder. Axial stress vs axial strain was then plotted.

The axial compressive and tensile stresses required for activating the
expansion mechanisms are initially high at small axial strain and decrease as
the axial strain increases (Figure 9.27). This phenomenon gives a negative
value of slope (called tangent modulus) beyond the proportional limit of axial
stress vs axial strain, corresponding to negative modulus. The negative
modulus, like negative stiffness, is due to out-of-plane buckling of the cylinder
wall and not due to any in-plane flexing, stretching or hinging of the mesh ribs.
Tangent modulus values for the expansion mechanisms unlike tangent stiffness

are not reported in detail.
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Figure 9.27: Stress vs strain curves of the expansion mechanisms.
Tensile stress and strain for the Auxetic 8 cylinder, and compressive stress

and strain for the Conventional 6-9 and Beam 1-2 cylinders.

9.3.2 Calculation of equatorial deformations

Video footage of the mechanical testing of the expansion mechanisms was
recorded. Image analyses of selected stills extracted from the video footage
were carried out to calculate equatorial deformations for the expansion

mechanisms.
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Cellular mesh models:

The detailed image analysis of stills extracted from the video footage of the
mechanical characterisation of the Conventional 8 cylinder is reported here by
way of example. Stills at Osec, 60secs, 120secs, 180secs, 240secs, and
304secs were extracted from the video footage and individually processed to
measure the change in length and equatorial diameter of the cylinder. Length
and diameter of the cylinder were measured three times (unit = pixel) when
each individual image was imported into the ImageJ®?2% software, and average

values were determined (Figure 9.28).

Image at 180 Sec Image at 240 Sec Image at 304 Sec
Figure 9.28: Image analysis of selected stills extracted from the video

footage of the mechanical characterization of the Conventional 8 cylinder.

The image at 0 sec was calibrated in 'pixels' using length and outer diameter at
equatorial region of cylinder (‘known dimensions’). These pixel values of the
image at 0 sec were multiplied with the 'known dimensions (300mm length and
68mm outer diameter) to obtain two 'calibration factors'. Pixel values of length
and diameter of selected stills were however converted into ‘mm’ using the
‘calibration factor’ obtained from the length of the cylinder. Equatorial radial

deformation (ERD), axial deformation, and total equatorial deformation were
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then obtained. ERD vs AD (Figure 9.29) and axial compressive force and total
equatorial deformation vs axial deformation (Figure 9.30) are plotted. Error bars
in Figure 9.29 represent standard deviation of the three measurements of length

and equatorial diameter of the cylinder during image analysis.
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Figure 9.29: Equatorial radial deformation vs axial deformation curve for the

Conventional 8 cylinder.

Large equatorial radial deformation (~125mm in Figure 9.29) is obtained at
relatively small axial deformation (~50mm) for the Conventional 8 cylinder. Total
equatorial deformation of ~200mm at ~50mm axial deformation (~16% axial
strain) in Figure 9.30 achieves the degree of expansion (in order of 200mm)
envisaged for the proposed laparoscopic device. Total equatorial deformation
continues to increase with the increase in axial deformation and axial
compressive force; however, there was approximately 25% of reduction in the
axial compressive force applied between 10mm (~200N) and 50mm (~150N) of
axial deformation of cylinder and with the increase from 100mm to 180mm of

total equatorial deformation (Figure 9.30).
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Figure 9.30: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional 8

cylinder.

Similarly, selected stills from the video footage recorded during testing of the
Conventional 6, 7, and 9 cylinders were analysed using the ImageJ?2%
software. Axial compressive force and total equatorial deformation vs axial
deformation plots are shown in Figure 9.31 (Conventional 6), Figure 9.32
(Conventional 7) and Figure 9.33 (Conventional 9). Selected stills are also
shown in Figures 9.31-9.33.

Total equatorial deformation of ~200mm at ~50mm axial deformation (~16%
axial strain) in Figures 9.31-9.33 achieve the degree of expansion (in order of
200mm) envisaged for the proposed laparoscopic device. The degree axial
compressive forces are in order of 200N for Conventional 6 and 9 models
(Figure 9.31 and Figure 9.33, respectively) and 100 N for Conventional 7 model
in Figure 9.32. Selective stills shown in Figures 9.31-33 demonstrate the
expansion capabilities of Conventional 6, 7, and 9 models in the absence of

surrounding materials.
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Figure 9.31: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional 6

cylinder. Selective stills are also included.
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Figure 9.32: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional 7

cylinder. Selective stills are also included.
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Figure 9.33: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Conventional 9

cylinder. Selective stills are also included.

Beam 1 and Beam 2 models:

Selected stills from the video footages recorded during testing of the Beam 1
and Beam 2 cylinders were analysed using the ImageJ®2% software. ERD vs
AD with selected stills and axial compressive force and total equatorial
deformation vs axial deformation are plotted for Beam 2 model in Figure 9.34
and Figure 9.35, respectively. Likewise, axial compressive force and total
equatorial deformation vs axial deformation plot for Beam 1 cylinder with the

selected stills is depicted in Figure 9.36.
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Figure 9.34: Equatorial deformation vs axial deformation curve for the Beam

2 cylinder.
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Figure 9.35: Axial compressive force and total equatorial deformation vs axial

deformation curves showing the expansion capability of the Beam 2 cylinder.

311



250 4 - 150

| | o5 E

< 200 P =
3 -
S 100 8
o 150 1 L S
@ . L 75 O
3 100 ] L ks
£ - 50 €
3 —4—Axial Compressive Force g
T 50 i
Z -8-Total Equatorial Deformation @4 %
'_

0 sET T TT T T T TTTT TN TyTTTTy Ty rTr Ty Ty Ty vwwy 0

Axial Deformation (mm)
Figure 9.36: Axial compressive force and total equatorial deformation vs axial
deformation curves showing the expansion capability of the Beam 1 cylinder.

Selective stills are also included.

Large equatorial radial deformation (~120mm in Figure 9.34) is obtained at
relatively small axial deformation (~50mm) for the Beam 2 cylinder. Total
equatorial deformation of ~165mm at ~50mm axial deformation (~16% axial
strain) in Figure 9.35 achieve the degree of expansion (in order of 200mm)
envisaged for the proposed laparoscopic device. The total equatorial
deformation for Beam 1 model is ~125mm in Figure 9.36 at ~18mm axial
deformation (~6% axial strain) which would not be sufficient for the proposed
laparoscopic device. The maximum axial compressive force required to activate
the expansion of Beam 2 cylinder is ~40N (Figure 9.35); whereas, it is in order
of 200N for Beam 1 model (Figure 9.36). The expansion capabilities of the
Conventional 8 cylinder in the absence of surrounding materials will be
compared in Chapter 9.4 with its ability to retract simulant organs and foam

blocks and create space within the test rig mounted on the Instron machine.

9.3.3 Comparison of Experimentations and FE predictions

FE predictions of ERD and AD of the laser cut and 3D printed cellular mesh
cylinders were described in Section 9.1.2 and are compared with the

experimental outcomes of expansion mechanisms in this section. ERD and AD
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obtained from the experimentation (Instron test without surrounding material)
and FE prediction (transient structural analysis) for the Conventional 8 cylinder

are compared in Figure 9.37 by way of example.

350

w
o
o

250

200

150

—o—FE - Transient Linear

100

Total Equatorial Deformation (mm)

——FE - Transient Nonlinear

(9)]
o

-8-Instron Test without surrounding material

0---|---|---|---|---|---|
10 20 30 40 50 60

Axial Deformation (mm)
Figure 9.37: ERD vs AD curves obtained from experimental and FE

approaches for the Conventional 8 cylinder.
The experimental and FE ERD vs AD data are in good agreement (Figure 9.37).

Summary:

Promising expansion mechanisms have been characterised from mechanical
testing. Equatorial deformations have been determined from selected stills
extracted from video footage recorded during the mechanical tests and
compared with FE predictions. Candidate expansion mechanisms will be
evaluated in-vitro within the test rig mounted on the Instron machine in the next

section.

9.4 In-vitro assessments of expansion mechanisms

In-vitro assessment was carried out to evaluate the organ retraction and space

creation functions of the promising expansion mechanisms within the test rig
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mounted on the Instron machine. The Instron data was used to quantify the
expansion capabilities. Video footage and surface pressures exerted on
surrounding foam blocks and simulant organs were simultaneously recorded to
quantify the degree of space created and/or organ retracted within the test rig
and the surface pressure exerted. In-vitro assessments of Conventional 6-9,
Conventional 10-11, and Beam 2 cylinders were carried out and the results are

presented in this section.

9.4.1 Assessments using foam blocks

In-vitro assessment of the promising expansion mechanisms using foam blocks
are briefly summarised in this section. The detailed data analysis involving
image analysis of the selected stills extracted from the video footage to
calculate ERD and the synchronisations of mechanical characterisation data,
video footage, and surface pressures exerted by the prototypes are described in

section 9.4.2 for the assessments of simulant organs.

Surface pressures exerted by the Conventional 6-11, and Beam 2 cylinders on
the foam blocks within the test rig mounted on the Instron machine are
summarised in Figure 9.38. Stills showing the maximum axial deformation (at
50mm) of expansion mechanisms are also shown in Figure 9.38. The Beam 1
cylinder required high axial load (~250 N in Figure 9.24, Section 9.3.1) during
mechanical characterisation, making it practically not possible to deploy by
human hand compared to the other expansion mechanisms assessed. The
Auxetic 8 cylinder did not show promising expansion in during mechanical
characterisation in the absence of any surrounding materials (Figure 9.24,
Section 9.3.1). The Beam 1 and Auxetic 8 cylinders were therefore not

assessed in-vitro within the test rig mounted on the Instron machine.
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Figure 9.38: Surface pressure exerted by expansion mechanisms on
surrounding foam blocks within the test rig during in-vitro assessment. Stills

showing maximum axial deformation are included.

The maximum surface pressure exerted on the foam blocks was in order of 25
kPa by the Conventional 6 and Conventional 8 cylinders, 20 kPa for the Beam 2
cylinder; and 10-15 kPa for the Conventional 7-9-10-11 cylinders. Foam blocks
were kept retracted within the test rig for ~1 min 30s after the completion of the
Instron test (to 50mm axial deformation) by the Conventional 6-7, Conventional
10-11 and Beam 2 cylinders (~1 min 50s for Conventional 8-9 cylinders) and,
hence, there is a decay in the surface pressure exerted on the foam blocks
(Figure 9.38). The in-plane thickness of vertical ribs (th) and diagonal ribs (1) of
conventional honeycomb units of Conventional 7 and Conventional 9 cylinders
(2.5mm and 1.5mm, respectively) are less than th and ti of Conventional 6 and
Conventional 8 cylinders (Table 6.6, Chapter 6). Additionally, axial to
circumferential stiffness ratio (Ez/Ee) of Conventional 7 cylinder is higher than
Conventional 6-8-9 cylinders (Table 6.6, Chapter 6) making it more compliant.

Hence, Conventional 7 cylinder has exerted approximately half the surface
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pressure (~12.5 kPa) on the foam blocks than applied by the Conventional 6
and Conventional 8 cylinders (~27 kPa). Conventional 9 cylinder has also
exerted half the surface pressure (~12.5 kPa) on the foam blocks than
Conventional 6 and Conventional 8 cylinders due to thin vertical and diagonal
ribs. Similarly, Beam 2 cylinder was compliant than Beam 1 cylinder owing to
high number of thin beams/strips allowing foam blocks to push it into
undeployed state (still shown for Beam 2 cylinder in Figure 9.38) in the
constrained environment of test rig causing substantial drop in the applied

surface pressure from 180 secs (Figure 9.38).

By way of example, the sequence of selected stills extracted from the video
footage recorded during assessment of the Conventional 8 cylinder are shown
in Figure 9.39. It demonstrates the ability of the Conventional 8 cylinder to

retract the foam blocks and create the space within the test rig.

Conventional 8 Conventional 8
Image at 0 Sec Image at 60 Sec

-

Conventional 8 Conventional 8
Image at 180 Sec Image at 240 Sec

Conventional 8 Conventional 8
Image at 306 Sec Image at 414 Sec

Figure 9.39: Retraction of surrounding foam blocks within the test rig

mounted on the Instron machine by the Conventional 8 cylinder.
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The axial compressive force required for the deployment of the expansion

mechanisms within the test rig are plotted against axial deformation in Figure
9.40.

——~Conventional 6 e Conventional 7

----Conventional 8 - = Conventional 9
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300 o —  Beam2
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200

150 1

Axial Force (N)

Axial Deformation (mm)

Figure 9.40: Axial force vs axial deformation data for the expansion

mechanisms surrounded by foam blocks within the test rig.

The maximum axial compressive force was >200 N for the Conventional 6, 8
and 9 cylinders, ~150 N for the Conventional 7 cylinder, and 50-100 N for the
Conventional 10-11 and Beam 2 cylinders (Figure 9.40).

9.4.2 Assessments using simulant organs

In-vitro assessment of the candidate expansion mechanisms was carried out
using the simulants of key human abdominal organs (liver, bowel, kidney,
stomach, and spleen) within the test rig mounted on the Instron machine. Video
footage and surface pressure exerted by the expansion mechanisms on the
simulant organs were recorded. The Conventional 8 cylinder is, by way of
example, assessed using individual as well as combinations of simulant human

abdominal organs within the test rig mounted on the Instron machine and
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reported in section 9.4.2.1. In-vitro assessment of other expansion mechanism

is briefly summarised in section 9.4.2.2.

9.4.2.1 Conventional 8 cylinder

Individual organs such as bowel, kidney and spleen present on the right and
left-hand sides of the Conventional 8 cylinder within the test rig were retracted
against blue colour support material. (Liver)-(Bowel & Kidney) and (Stomach &
Spleen)-(Bowel) combinations of simulant organs were positioned on the (right)-
(left) hand sides of the Conventional 8 cylinder within the test rig. Data obtained
from the mechanical characterisations, video footage and surface pressure
exerted by the expanding Conventional 8 cylinder were analysed, synchronised

and presented in this section.

9.4.2.1.1 Surface pressure

The surface pressure exerted on the individual and combinations of simulant
organs by the Conventional 8 cylinder is shown in Figure 9.41. Properties
described for data analysis such as Pmax, Thold, Pend, and Pms (defined in
Chapter 4) are also shown by way of example for retraction of the kidney

simulant.

—Liver-BowelKidney ——StomachSpleen-Bowel Bowel —Kidney Spleen
\ \ 1 ’
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Time (s)

Figure 9.41: Surface pressure exerted on simulant organs by the
Conventional 8 cylinder within the test rig vs time. Properties extracted for

data analysis are also indicated for the retraction of the kidney simulant.
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The maximum surface pressure exerted is lowest on the bowel and combination
of (Stomach & Spleen)-(Bowel) (10-15 kPa), highest for the kidney and spleen
(40 kPa), and intermediate for the combination of (Liver)-(Bowel & Kidney) (~20
kPa). The decrease in surface pressure during Thold for all individual and
combinations of simulant organs shows pressure relaxation as per the natural

organs reported in Chapter 7.

9.4.21.2 Mechanical characterisation

Axial compressive force vs axial deformation, tangent stiffness vs axial
deformation and axial stress vs axial strain are plotted to describe the
mechanical characteristics of the Conventional 8 cylinder during the in-vitro

assessment.

Axial force, axial deformation and tangent stiffness:

Axial compressive force vs axial deformation curves of the Conventional 8
cylinder characterised during retraction of individual and combinations of
simulant organs within the test rig are shown in Figure 9.42. Axial compressive
forces for the retraction of individual simulant organs such as bowel, kidney,
and spleen predominantly increase as the axial deformation increases (Figure
9.42). In contrast, the data show ~25% reduction in the axial compressive force
between 10mm and 50mm of the axial deformation for the Conventional 8
cylinder in the absence of surrounding simulant organs (Figure 9.24, Section
9.3.1). The axial compressive force remained approximately constant for the
retraction of combinations of simulant organs such as (Liver)-(Bowel & Kidney)
(slight drop of 191N to 186N between 25mm and 50mm of axial deformation)
and (Stomach & Spleen)-(Bowel) between 10mm and 50mm of the axial

deformation for the Conventional 8 cylinder (Figure 9.42).
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Figure 9.42: Axial compressive force vs axial deformation curves of the
Conventional 8 cylinder surrounded by individual and combinations of

simulant organs.

The adjacent data points of the axial compressive force vs axial displacement
curve of the Conventional 8 cylinder, characterised during retraction of the

combination of (Liver)-(Bowel & Kidney) within the test rig, were considered to
obtain tangent stiffness. It was divided into two curves to show distinct positive

(Figure 9.43a) and fluctuated positive-negative-positive phases (Figure 9.43b).
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Figure 9.43: Tangent stiffness vs axial displacement curves of the
Conventional 8 cylinder surrounded by a combination of (Liver)-(Bowel &

Kidney) simulants.

Similarly, tangent stiffness were obtained from the adjacent data points of the
corresponding axial compressive force vs axial displacement curves for the
retractions of the combination of (Stomach & Spleen)-(Bowel) simulants and
individual simulant organs such as the bowel, kidney, and spleen. The

corresponding tangent stiffness vs axial displacement curves were divided into
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two curves to show distinct positive (Figure 9.44a) and fluctuated positive-

negative-positive phases (Figure 9.44b).
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Figure 9.44: Tangent stiffness vs axial displacement curves of the
Conventional 8 cylinder surrounded by individual and combinations of

simulant organs.

Axial stress and axial strain:

Axial stress vs axial strain curves were obtained from the corresponding axial

compressive force vs axial deformation curves of the Conventional 8 cylinder
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characterised during the retraction of individual and combinations of simulant
organs within the test rig (Figure 9.45).
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Figure 9.45: Axial compressive stress vs axial strain curves of the
Conventional 8 cylinder surrounded by individual and combinations of

simulant organs.

Summary:
The mechanical characteristics of the Conventional 8 cylinder during in-vitro

assessment were obtained during retraction of the individual and combinations
of the simulant organs within the test rig mounted on the Instron machine. Axial
compressive force obtained for the Conventional 8 cylinder is synchronised with

the axial deformation and equatorial radial deformation in the next section.

9.4.2.1.3 Synchronisations of data obtained during in-vitro

assessment
There was approximately five seconds interval kept between starting of data
logging on the laptop associated with the pressure sensor and turning the
camera on for the recording of video footage. This 5s interval was required to
get a 'flat line' response on the data logging software prior to the start of video
recording. A five seconds interval was also ensured between starting of the
camera and the Instron machine to ensure synchronisations of data collected
during in-vitro assessments. Simulant organs were kept retracted within the test

323



rig for 1 min 30s after the completion of the Instron test (to 50mm axial
deformation). Five seconds interval was again maintained between stopping of
the Instron machine, camera, and data logging on the pressure measurement
software. Data collected during retraction of the individual and combinations of
the simulant organs within the test rig by the Conventional 8 cylinder are

synchronised and reported here.

Data obtained during the in-vitro assessments of the combination of (Liver)-
(Bowel & Kidney) are synchronised and described in detail by way of example.
The detailed image analysis of stills extracted from the video footage of in-vitro
assessment of the Conventional 8 cylinder is also reported by way of example.
Stills at 6secs, 60secs, 180secs, 295secs, 340secs, 370secs, and 374secs
were extracted from the video footage and individually processed according to
the methodology described in section 9.3.1 for the calculation of equatorial
deformation in the absence of surrounding material. Selected stills analysed are

shown in Figure 9.46.

Image at 6 Sec Image at 60 Sec Image at 180 Sec  Image at 295 Sec

Image at 340 Sec Image at 370 Sec Image at 374 Sec

Figure 9.46: Image analysis of selected stills extracted from the video
footage recorded during the retraction of the combination of (Liver)-(Bowel &

Kidney) simulants by the Conventional 8 cylinder.

ERD and AD were calculated using the stills at 6secs, 60secs, 180secs, and
295secs (Figure 9.46) and are plotted in Figure 9.47.
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Similarly, ERD and AD data obtained during in-vitro assessment of the
combination of (Stomach & Spleen)-(Bowel) and individual bowel, kidney and
spleen simulant organs are also plotted in Figure 9.47. Error bars in Figure 9.47
represent standard deviation of three measurements of the length and
equatorial diameter of the cylinder during image analysis. ERD at ~50mm of AD
in Figure 9.47 is ~100mm for the combination of (Liver)-(Bowel & Kidney),
~85mm for the kidney and spleen, and ~70mm for the bowel and the
combination of (Stomach & Spleen)-(Bowel), respectively. These ERD values
are less than the ERD obtained (~120mm) during the mechanical
characterisation of the Conventional 8 cylinder in the absence of surrounding
materials (Figure 9.29). This can be attributed to a combination of the presence
of simulant organs within the test rig restricting the visibility of the equatorial
edges of the deployed Conventional 8 cylinder during image analysis of the
selected stills, as shown in Figure 9.46, and the constrained environment in the

tests with surrounding material.
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Figure 9.47: ERD vs AD curves obtained for retraction of individual and
combinations of the simulant organs present within the test rig during in-vitro

assessment of the Conventional 8 cylinder.

When the outer diameter (68mm) of the Conventional 8 cylinder is considered,

the total equatorial deformations for retractions of individual and combinations
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of the simulant organs are in the ballpark of the requirement for the expansion
mechanisms developed in this project for the proposed laparoscopic device
application.

Surface pressures exerted on the combinations of simulants of (Liver)-(Bowel &
Kidney) and (Stomach & Spleen)-(Bowel) as well as individual bowel, kidney,
and spleen simulant organs are synchronised with the total equatorial
deformations obtained via image analysis of stills extracted from the
corresponding video footage and are shown in Figures 9.48-52. Selected stills
are also included in Figures 9.48-52 to demonstrate the deployment of the

Conventional 8 cylinder within the test rig.
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Figure 9.48: Surface pressure and total equatorial deformation vs time for
retraction of the (Liver)-(Bowel & Kidney) simulant combination by the

Conventional 8 cylinder. Selected stills are also included.
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Figure 9.49: Surface pressure and total equatorial deformation vs time for
retraction of the (Stomach & Spleen)-(Bowel) simulant combination by the

Conventional 8 cylinder. Selected stills are also included.
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Figure 9.50: Surface pressure and total equatorial deformation vs time for

retraction of bowel simulants by the Conventional 8 cylinder. Selected stills

are also included.
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Figure 9.51: Surface pressure and total equatorial deformation vs time for
retraction of kidney simulants by the Conventional 8 cylinder. Selected stills

are also included.
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Figure 9.52: Surface pressure and total equatorial deformation vs time for
retraction of spleen simulants by the Conventional 8 cylinder. Selected stills

are also included.

The surface pressure exerted on the simulant organs and total equatorial

deformation were both increased due to the deployment of the Conventional 8
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cylinder within the test rig mounted on the Instron machine (Figures 9.48-52).
The sequence of the selected stills shown with Figures 9.48-9.52 reveals the
retraction movements of simulant organs within the test rig and confirms the
organ (simulant) retraction and space creation (within the test rig) capabilities of

the Conventional 8 cylinder.

Surface pressure drop was observed for the retraction of key human abdominal
organs during in-vivo pilot study (Chapter 7). Simulant organs were therefore
maintained in the retracted state within the test rig for an additional ~1 min 20
secs (~305 secs to ~385 secs in Figures 9.48-52) at the end of the Instron test
to investigate whether surface pressure drops for simulant organs within the test
rig, and the capability of the expansion mechanism for maintaining the space
created within the test rig, an essential feature of the proposed laparoscopic
device. This duration is called Thoida and decay in surface pressure was
calculated as root mean square surface pressure (Prms) between Pmax and Pmin
(according to the methodology described in Chapter 4). The maximum surface
pressure (Pmax) and RMS pressure for Thod (~1 min 20 secs) are shown in
Figure 9.53 for the retraction of the individual and combinations of simulant
organs within the test rig. There was a marginal decay in the surface pressure
(Prms) from the maximum surface pressure exerted by the Conventional 8 model

(Figure 9.53) at the end of the Instron test.
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Figure 9.53: Maximum surface pressure (Pmax) and root mean square
surface pressure (Pms) for the retraction of the simulant organs by the

Conventional 8 cylinder.

Summary:

The results of the in-vitro assessment of the Conventional 8 cylinder were
described in this section. Surface pressures exerted on the individual and
combinations of simulant organs due to the deployment of the Conventional 8
cylinder were compared. Axial compressive forces required to deploy the
Conventional 8 cylinder within the test rig were synchronised with the axial
deformations and total equatorial deformations. Finally, surface pressures were
synchronised with the total equatorial deformations obtained using the stills
extracted from the corresponding video footages. Total equatorial deformations
for the retraction of the simulant organs within the test rig are in the ballpark for
the degree of expansion (in order of 200mm) envisaged for the proposed
laparoscopic device. Other expansion mechanisms were likewise assessed
within the test rig consisting of simulant organs during in-vitro assessment and

are described in the next section.
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9.4.2.2 Other expansion mechanisms

Individual bowel, kidney and spleen organs present on the right and left-hand
sides of the Conventional 10 and Beam 2 cylinders within the abdominal
simulator were retracted against support material. (Stomach & Spleen)-(Bowel)
combinations of simulant organs were positioned on the right-left hand sides of
the Conventional 10 cylinder within the test rig and retracted. Data obtained
from the mechanical characterisations, video footage, and surface pressures
exerted by Conventional 10 and Beam 2 cylinders were analysed,

synchronised, and are presented in this section.

9.4.2.2.1 Surface pressure

Surface pressures exerted on the individual and combinations of simulant
organs by the Conventional 10 and Beam 2 cylinders are shown in Figure 9.54.
Selected stills are included in Figure 9.56 to demonstrate the expansion
capabilities of the Conventional 10 and Beam 2 cylinders. The maximum
surface pressure exerted by the Beam 2 cylinder is in order of 20 kPa and 10
kPa for the kidney and bowel simulants, respectively. The maximum surface
pressure exerted by the Conventional 10 cylinder is in order of 30 kPa, 20 kPa,
and 10 kPa for the spleen, kidney and combination of (Stomach & Spleen)-
(Bowel) simulant organs. The degree of maximum surface pressure exerted on
individual and combinations of the simulant organs by the Conventional 10
cylinder (Figure 9.54) is less than the Conventional 8 cylinder (Figure 9.41).
This can be due to different outer diameter (41mm vs 68mm), nature of the
polymer cylinders are made of (PP vs PVC) and total equatorial deformation (in
order of 100mm) for the Conventional 10 cylinder within the test rig lower than

required (in order of 200mm) for the proposed laparoscopic device.
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Figure 9.54: Surface pressure exerted on the simulant organs by the
Conventional 10 and Beam 2 cylinders within the test rig. Selected stills are

also indicated.

9.4.2.2.2 Mechanical characterisation

Axial compressive force vs axial deformation, tangent stiffness vs axial
deformation and axial stress vs axial strain are plotted to describe the

mechanical characteristics of the Conventional 10 and Beam 2 cylinders.

Axial force, axial deformation and tangent stiffness:

Axial compressive force vs axial deformation curves of the Conventional 10 and
Beam 2 cylinders characterised during retraction of individual and combinations
of simulant organs within the test rig are shown in Figure 9.55. The maximum
axial compressive forces required for the retraction of bowel and combination of
(stomach & spleen)-(bowel) simulant organs are in order of 60N (Figure 9.55).
Maximum axial compressive forces required for the retraction of individual
kidney and spleen simulant organs are ~80N, ~33% (higher than bowel and

combination of (stomach & spleen)-(bowel) simulant organs (Figure 9.55).
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Figure 9.55: Axial compressive force vs axial deformation curves of the
Conventional 10 and Beam 2 cylinders for the retraction of surrounding

individual and combinations of simulant organs.

Tangent stiffness values were obtained for the Conventional 10 and Beam 2
cylinders according to the methodology described for the Conventional 8
cylinder in section 9.4.2.1.2. Tangent stiffness vs axial deformation curve were
divided into two curves to show distinct positive (Figure 9.56a) and fluctuated

positive-negative-positive phases (Figure 9.56b).
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Figure 9.56: Tangent stiffness vs axial displacement curves of the
Conventional 10 and Beam 2 cylinders for the retraction of surrounding

combination and individual simulant organs.

Axial stress and axial strain:

Axial stress vs axial strain curves were obtained from the corresponding axial
compressive force vs axial deformation curves of the Conventional 10 and

Beam 2 cylinders (Figure 9.57).
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The maximum axial compressive stress is in order of 180kPa for the cylinder-
simulant organ combinations of Beam 2-Bowel and Conventional 10-(Stomach
& Spleen)-(Bowel), whereas in order of 250kPa for the Conventional 10-Kidney

and Conventional 10-Spleen (Figure 9.57).
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Figure 9.57: Axial stress vs axial strain curves of the Conventional 10 and
Beam 2 cylinders for the retraction of the individual and combinations of

simulant organs.

The maximum axial compressive stress (Figure 9.57) is approximately 50%
[Beam 2-Bowel and Conventional 10-(Stomach & Spleen)-(Bowel)], 50%
(Conventional 10-Spleen) and 50% (Conventional 10-Kidney) less than reported
for the Conventional 8-Bowel and Conventional 8-(Stomach & Spleen)-(Bowel)
(~350 kPa), Conventional 8-Spleen and Conventional 8-Kidney, respectively in
Figure 9.45.

Summary:

During in-vitro assessment, the mechanical characteristics of the Conventional
10 and Beam 2 cylinders were obtained during retraction of the individual and
combinations of the simulant organs within the in-house abdominal simulator.
Axial compressive force obtained for the Conventional 10 and Beam 2 cylinders
is synchronised with the axial deformation and equatorial radial deformation in

the next section.
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9.4.2.2.3 Synchronisations of data obtained during in-vitro

assessment
Data collected during the retraction of individual bowel, kidney and spleen
simulant organs and the combination of (Stomach & Spleen)-(Bowel) within the
test rig by the Conventional 10 and Beam 2 cylinders is synchronised and

reported in this section.

ERD and AD were calculated using the selected stills extracted from the
corresponding video footage, and ERD vs AD curves are plotted in Figure 9.58.
Error bars in Figure 9.58 represent standard deviation of three measurements
of the length and equatorial diameter of the cylinder during image analysis.
Maximum equatorial radial deformations for the retraction of the bowel simulant
organ by the Beam 2 cylinder and retractions of the kidney, spleen, and
(Stomach & Spleen)-(Bowel) by the Conventional 10 cylinder are in order of
100mm and 50mm, respectively (Figure 9.58). The expansion capacity of
cellular meshes of the Conventional 10 cylinder is responsible for the lower
equatorial deformation during retractions of individual and combinations of the
simulant organs compared to the Beam 2 (Figure 9.58) and Conventional 8

(Figure 9.47) cylinders.
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Figure 9.58: ERD vs AD curves for the retractions of the individual and
combinations of the simulant organs obtained during in-vitro assessment of

the Conventional 10 and Beam 2 cylinders.

When the outer diameter (41mm) of the Beam 2 and Conventional 10 cylinders
is considered, the total equatorial deformations for retractions of individual and
combinations of the simulant organs are in the ballpark of the requirement for
the expansion mechanisms developed in this project for the proposed
laparoscopic device application.

Surface pressure exerted on individual and the combination of simulant organs
by the Beam 2 and Conventional 8 cylinders is synchronised with the total
equatorial deformation obtained via image analysis of stills extracted from the
corresponding video footages and shown in Figures 9.59-62. Selected stills are
also included in the Figures 9.59-62 to demonstrate the deployment of the

Conventional 10 and Beam 2 cylinders within the test rig.

337



12 1 180
] I \
4 1 \ :
] - \ 160 £
10 - ] £
o , g
© ] [
B . ] h 140 &
S— - f e
I / g
3 ] 1 120 .,g
;hj 6 ] ; [m]
@ : ! 100 ©
© ] ! S
S 4 y E
» ] 80 =
5 ] -8-Surface Pressure ©
—e—Total Equatorial Deformation 60 ©
0 L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] L] %-':'_E' L] L] L] L] 40
0 100 200 300 400 500

Time (s)
Figure 9.59: Surface pressure and total equatorial deformation vs time for
retraction of bowel simulants by the Beam 2 cylinder. Selected stills are also

included.
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Figure 9.60: Surface pressure and total equatorial deformation vs time for
retraction of kidney simulants by the Conventional 10 cylinder. Selected stills

are also included.
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Figure 9.61: Surface pressure and total equatorial deformation vs time for

retraction of spleen simulants by the Conventional 10 cylinder. Selected stills

are also included.
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Figure 9.62: Surface pressure and total equatorial deformation vs time for
retraction of the combination of (Stomach & Spleen)-(Bowel) simulants by
the Conventional 10 cylinder. Selected stills are also included.

Surface pressures exerted on the simulant organs and total equatorial

deformation were increased due to the deployment of the Beam 2 and
339



Conventional 10 cylinders within the abdominal simulator (Figures 9.59-62). The
sequence of the selected stills shown with Figures 9.59-9.62 reveals the
retraction movements of simulant organs within the test rig and confirms the
organ (simulant) retraction and space creation (within the test rig) capabilities of

the Beam 2 and Conventional 10 cylinders.

Summary:

The results of the in-vitro assessment of the Beam 2 and Conventional 10
cylinders were described in this section. Surface pressures exerted on the
individual and combinations of simulant organs due to the deployment of the
Beam 2 and Conventional 10 cylinders were compared. Axial compressive
forces required to deploy the Conventional 10 model within the test rig and
surface pressures exerted on the individual and combination of simulant organs

were synchronised with the total equatorial deformations.

Experimental results are compared with FE predictions in the next section.

9.4.3 Experimentations vs FE predictions

Total equatorial deformation vs AD for the Conventional 8 cylinder is plotted to
compare the FE predictions with the characterisation without surrounding
material and within the test rig surrounded by foam blocks and simulant organs
(Figure 9.63). Total equatorial deformation vs AD for the Conventional 10
cylinder is plotted to compare the FE predictions with the assessment within the

test rig surrounded by foam blocks and simulant organs (Figure 9.64).
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modelling and experimental approaches for the Conventional 10 cylinder.
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The experimental and FE data of the Conventional 8 cylinder in Figure 9.63 are
in good agreement. However, total equatorial deformations diverge significantly
from the FE prediction beyond 10mm of AD for the Conventional 10 cylinder
(Figure 9.64). The poor agreement is due to linear elastic behaviour considered
for the mesh rib material in the FE modelling which would not account for

changes in the stiffness of the deformed cellular mesh material in reality.

The maximum axial compressive forces of ~14000N and 6000N (Conventional
8 and 10 cylinder, respectively) in the FE prediction (Figure 9.11) are two orders
of magnitude higher than ~200N and ~80N (Conventional 8 and 10 cylinder,
respectively) reported experimentally in Figure 9.17 (Conventional 8 cylinder
characterised in absence of the surrounding materials), in Figure 9.40 (foam
blocks), and in Figure 9.42 and Figure 9.55 (Conventional 8 and 10 cylinders for
simulant organs, respectively). This is attributed to the FE model employing
structural steel mechanical properties and, therefore, a Young's modulus for the

mesh ribs two orders higher than the polymer used in the experimental cylinder.

9.4.4 Surface pressure for the retraction of human and simulant

abdominal organs
Surface pressures applied by the fingertips of surgeons for the retraction of
liver, bowel, kidney, stomach and spleen within the human abdominal cavity
during OC and HALS (in-vivo pilot study, Chapter 7) are compared in this
section with surface pressures exerted by the Conventional 8 and 10 cylinders
during retractions of simulant organs within the test rig mounted on the Instron
machine (in-vitro assessment, sections 9.4.1 and 9.4.2). The comparison
between the retraction distances calculated using selected stills extracted from
the video footages obtained during in-vivo pilot study (Chapter 7) and total
equatorial deformations obtained for the promising expansion mechanisms
during experimental work in this chapter (Mechanical characterisation and in-
vitro assessment) have not been done due to the difficulties encountered in

measuring retraction distances during surgery.

Surface pressures measured for the retractions of liver, bowel, kidney, stomach,
and spleen during OC and HALS are compared with the surface pressures
exerted by the Conventional 8 and 10 cylinders on the corresponding simulant
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organs in Figures 9.65-69. Selected stills included in Figures 9.65-69
demonstrate the retractions of simulant and human organs when the maximum
surface pressure is applied by the expansion mechanisms and the fingertips of

surgeons and metal retractors, respectively.
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Figure 9.65: Surface pressure applied (a) on the combination of Liver-
BowelKidney simulants within the test rig (in-vitro) by the Conventional 8
cylinder and (b) on the human liver during OC and HALS (in-vivo) by the
fingertips of the surgeon and metal retractors. Selected stills are also
included in (a) and (b).
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The surface pressure exerted on the liver simulant (part of the combination of
Liver-BowelKidney simulants) during in-vitro assessment is in order of 20kPa
and in the ballpark of the surface pressures applied by the fingertips of
surgeons and metal retractors during OC and HALS (Figure 9.65).
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Figure 9.66: Surface pressure applied (a) on the bowel simulants within the
test rig (in-vitro) by the Conventional 8 cylinder and (b) on the human bowel
during OC and HALS (in-vivo) by the fingertips of the surgeon. Selected stills

are also included in (a) and (b).
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The surface pressure exerted on the bowel simulants by the Conventional 8
cylinder during in-vitro assessment is in order of 10kPa and in the ballpark with
the surface pressure applied by the fingertips of the surgeon during OC (Figure
9.66). The surface pressure applied by the fingertips of the surgeon during
HALS (~19kPa) is ~50% higher than the surface pressure exerted by the
Conventional 8 cylinder during in-vitro assessment (~13kPa), which can be
attributed to the difficulty in retracting human bowel during hand assisted

laparoscopic surgery (Figure 9.66).
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Figure 9.67: Surface pressure applied (a) on the kidney simulants within the
test rig (in-vitro) by the Conventional 8 and 10 cylinders and (b) on the
human kidney during HALS (in-vivo) by the fingertips of the surgeon.

Selected stills are also included in (a).
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The surface pressure exerted on the kidney simulants by the Conventional 8
cylinder during in-vitro assessment is in order of 45kPa and in the ballpark with
surface pressure applied by the fingertips of the surgeon (~37kPa) during HALS
(Figure 9.67). On the contrary, the surface pressure applied by the
Conventional 10 cylinder during in-vitro assessment is approximately half
(~20kPa) compared to the surface pressure applied by the fingertips of the
surgeon. The difference between the surface pressure exerted by the
Conventional 8 and 10 cylinder (Figure 9.67a) should primarily be due to the
large (in order of 200mm) total equatorial deformation obtained for the
Conventional 8 model against small (in order of 100mm) for the Conventional
10 model (owing to the longer and shorter diagonal ribs of the cellular meshes,
respectively) for the fixed axial deformation (50mm) within the test rig mounted
on the Instron machine. The secondary reason may be the difference in the
outer diameter of the Conventional 8 (68mm) and the Conventional 10 (41mm)
cylinder which affected the placing of blue support material (vertically and
horizontally, respectively in Figure 9.67a). This in turn allowed the squashing of
kidney simulant predominantly against walls of the test rig for the Conventional
8 cylinder in contrast to the squashing predominantly against more compliant

support material for the Conventional 10 cylinder.
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Figure 9.68: Surface pressure applied (a) on the combination of
StomachSpleen-Bowel simulants within the test rig (in-vitro) by the
Conventional 8 and 10 cylinders and (b) on the human stomach during HALS
(in-vivo) by the fingertips of surgeon. Selected stills are also included in (a)
and (b).
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Surface pressure exerted (~5 kPa) by the Conventional 10 cylinder on the
stomach simulant (part of the combination of StomachSpleen-Bowel simulants)
is in excellent agreement with that applied by the fingertips of the surgeon
during OC (Figure 9.68b), whereas the Conventional 8 cylinder exerts 3 times

the surface pressure (Figure 9.68a).
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Figure 9.69: Surface pressure applied (a) on the spleen simulants within the
test rig (in-vitro) by the Conventional 8 and 10 cylinders and (b) on the
human spleen during HALS (in-vivo) by the fingertips of the surgeon.

Selected stills are also included in (a) and (b).
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Surface pressure exerted (~30 kPa) by the Conventional 10 cylinder on the
spleen simulant is 50% higher than that applied by the fingertips of the surgeon
during HALS (Figure 9.69b), whereas the Conventional 8 cylinder exerts 2 times

the surface pressure (Figure 9.69a).

Summary:

The surface pressures applied by the fingertips of surgeons and metal
retractors during OC and HALS (in-vivo) have been quantitatively compared
with the surface pressure exerted on the individual and combinations of
simulant organs (in-vitro) by the expansion mechanisms. Surface pressures
exerted on the hollow (stomach and bowel) and solid (liver, spleen and kidney)
organs by the Conventional 10 and Conventional 8 cylinders are in ballpark to

surface pressures applied by fingertips of surgeons during OC and HALS.

9.4.5 Summary of in-vitro assessment of expansion

mechanisms
The promising expansion mechanisms were evaluated within the test rig
mounted on the Instron machine (in-vitro set up) using foam blocks and
simulant organs. The degree of axial compressive force required to deploy the
expansion mechanisms (without surrounding materials and within the test rig
consisting of simulant organs), the surface pressure exerted during the
retraction of the foam blocks and simulant organs within the test rig by the
expansion mechanisms and the total equatorial deformation for the expansion

mechanisms were major outcomes.

The axial compressive forces and surface pressures are correlated with the
total equatorial deformation. The gradual increase in the axial compressive
forces during the deployment of the expansion mechanisms within the test rig
gradually increase the total equatorial deformation (i.e. space creation) and the
surface pressure exerted on the simulant organs. The degree of surface
pressure reported for the retraction of simulant organs during in-vitro
assessment of promising expansion mechanisms is broadly in agreement with
the degree of surface pressure measured for the corresponding human

abdominal organs during the in-vivo pilot study.
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The FE modelling predictions of the total equatorial deformation of the
Conventional 8 and Conventional 10 cylinders are in good agreement with the
total equatorial deformation of laser cut models without surrounding materials
and within the test rig at low axial deformations (<20mm). The order of total
equatorial deformation (~200mm for the Conventional 8 and ~100mm for the
Conventional 10 cylinders) without surrounding materials as well as for the
retraction of the simulant organs within the test rig are in the ballpark of the
retraction distances reported for human abdominal organs (Chapter 7) and the
degree of expansion (in order of 200mm) envisaged for the proposed

laparoscopic device.

9.5 In-vivo and in-vitro assessments of Doughnut shape

inflatable prototypes

The doughnut shape inflatable prototypes were assessed within the pig
abdomen (in-vivo) and inside the test rig (in-vitro) to evaluate expansion

capabilities and the results are described in this section.
In-vivo:

Selected stills captured during the in-vivo assessment of the inflatable doughnut
shape prototypes within the pig abdomen are shown in Figure 9.70 for the

retraction of the pig liver and bowel.
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Figure 9.70: Retraction of pig liver and bowel by the doughnut shape

inflatable prototypes.

Surface pressures exerted by the fingertips of the surgeon on the pig liver,
bowel and abdomen are plotted in Figure 9.71.
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Figure 9.71: Surface pressure exerted by the fingertips of the surgeon on the

pig liver, bowel and abdominal wall.

Surface pressure applied for retraction of the pig liver, bowel and abdomen is in
order of 15kPa, 3kPa and 40kPa, respectively (Figure 9.71). Surface pressure
exerted on pig liver and bowel (Figure 9.71) is in the ballpark of the surface
pressure applied on the human liver and bowel by the fingertips of the surgeon

during the in-vivo pilot study (Figures 7.29 and 7.31, Chapter 7.4.1).
In-vitro:

Sequences of the selected stills extracted from the video footage of the
retraction of the pig liver and simulant bowel and liver during the in-vitro
assessment of the inflatable doughnut shape prototype (inner diameter =

100mm) within the test rig are shown in Figure 9.72-74.

The doughnut shape prototype when inflated does not show retraction of pig
liver and simulant bowel and liver (Figure 9.72-74). It does not have the axial
strength to deploy within the test rig and inside the pig abdomen. Additionally, it
does not have cellular structures and hence, do not permit insertion of surgical
instruments. There is also a risk of bursting of the inflated prototype during the

in-vivo and in-vitro assessments.
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Image at 15 Sec Image at 25 Sec

Figure 9.72: Retraction of pig liver during the in-vitro assessment of the

inflatable doughnut shape prototypes.

Image at 60 Sec Image at 90 Sec

Figure 9.73: Retraction of the bowel simulant during the in-vitro assessment
of the inflatable doughnut shape prototypes.
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Image at 60 Sec Image at 90 Sec

Figure 9.74: Retraction of the liver simulant during the in-vitro assessment of

the inflatable doughnut shape prototypes.

Summary:

The doughnut shape inflatable prototypes were assessed in-vivo (within pig
abdomen) and in-vitro (within the test rig) to evaluate their expansion
capabilities. The expansion capability of the doughnut shape inflatable
prototypes is compared with the expansion mechanisms developed in this

project in the next section.

9.6 Novel expansion mechanisms

The novel expansion mechanisms are developed in this PhD project in addition
to the inflatable doughnut shape prototypes developed by the industry
sponsors. They are ranked into two categories based on — (a) FE predictions of
the candidate cellular cylinders and (b) experimental outputs (mechanical
characterisation and in-vitro assessment) of the promising cellular cylinders by

considering the essential features of the expansion mechanisms outlined below:

e large total equatorial deformation for small (tensile or compressive) axial
deformation (or strains) without surrounding materials (Sections 9.1 and
9.3) and inside the test rigs consisting of simulant organs (Section 9.4.2),
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e deployability and expansion capabilities in surrounding without material
or simulant organs (Sections 9.1 and 9.3) and inside the test rigs
consisting of simulant organs (Sections 9.4.2 and 9.5),

e scaffold-like cellular and semi-rigid structure to support the retraction of
the simulant organs and space creation functions within the test rig
(Section 9.4.2), and

e the degree of surface pressure applied on the simulant organs by the
promising expansion mechanisms when deployed inside the test rigs
(Sections 9.4.2.1.1 and 9.4.2.2.1).

The candidate expansion mechanisms are ranked by plotting the axial
deformation (Figure 9.75a) and axial force (Figure 9.75b) (compressive and
tensile) predicted during FE modeling against the total equatorial deformation.
The outer diameter and wall thickness of Auxetic 3, Auxetic 7 and Conventional
4 cylinders (Figure 9.75) are 40mm and 2.5mm, respectively. Whereas, the
outer diameter and wall thickness of Auxetic 4 and Conventional 5 cylinders are
20mm and 2.5mm, respectively.

The total equatorial deformation of Auxetic 3 cylinder for the applied axial force
and axial deformation is greater than Auxetic 7 and Conventional 4 cylinders
(Figure 9.75). Although the axial deformation for Auxetic 7 cylinder (31mm) to
achieve ~200mm of total equatorial deformation is higher than Conventional 4
cylinder (23mm), the required axial force (~80000N) is half that of the
Conventional 4 cylinder (~150000N) (Figure 9.75). The axial deformation
required to achieve ~200mm of total equatorial deformation for the Auxetic 4
cylinder (20mm) is approximately 50% less than the Conventional 5 cylinder
(~30mm) (Figure 9.75a). Additionally, the axial tensile force required to deploy
in free space for the Auxetic 4 cylinder (~15000N) is three times less than the
Conventional 5 cylinder (~45000N) (Figure 9.75b).
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Figure 9.75: Ranking of the expansion mechanisms according to (a) axial
deformation and (b) axial force predicted during FE modeling. Axial
compressive and tensile deformation and force for the cellular cylinders

consisting of conventional and auxetic hexagonal honeycombs, respectively.
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Figure 9.76: Ranking of the promising expansion mechanisms according to

the experimental outputs.

To rank the promising expansion mechanisms assessed during the
experimental stages (mechanical characterisation in case of Auxetic 8 cylinder
and in-vitro assessment), the total equatorial deformation is plotted against the
axial deformation in Figure 9.76. The inflatable doughnut shape prototype is
ranked lowest in Figure 9.76 since they do not have sufficient strength to enable
them to deploy within the test rig. The Auxetic 8 cylinder is also ranked very low
compared to the Beam 2 and Conventional 8 cylinders since it did not show
significant equatorial deformation during mechanical characterisation without
surrounding materials. Despite the total equatorial deformation for Beam 2 and
Conventional 8 cylinders being in the ballpark of the expansion (in order of
200mm) required for the proposed laparoscopic device, the Conventional 8
cylinder should be preferred over the Beam 2 cylinder due to former’s cellular
and scaffold-like structure promoting the retraction of simulant organs and

space creation functions within the test rig.
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9.7 Summary

Expansion mechanisms were designed, simulated, fabricated, characterised
and assessed (in-vivo and in-vitro) in this chapter. Novel expansion
mechanisms were ranked according to the outputs of FE modelling and
experimental work. Results described in this chapter are discussed in Chapter
10.

358



10 Discussion
The results outlined in Chapters 7-9 are discussed in this chapter for
overarching explanations of phases (outlined below) of the development of the
prototype expansion mechanisms for space creation and organ retraction

functions during abdominal surgery.

e Development of in-house abdominal simulator.

¢ In-vivo measurement of surface pressures and organ retraction
distances.

e FE modeling of solid wall cylinder to identify the mechanical properties
required to achieve a large equatorial deformation for small axial
deformation (or strain).

o Computer-aided-designing of cellular meshes for the expansion
mechanisms.

e Fabrication of candidate expansion mechanisms.

e Mechanical characterisation of expansion mechanisms without
surrounding materials.

¢ In-vitro assessment of promising prototype expansion mechanisms.

10.1 Development of in-house abdominal simulator
The results of the development (fabrication and assessment) of simulant organs
and utilisation of the in-house abdominal simulator for in-vitro assessment of

simulant and pig organs are discussed in this section.

10.1.1 Fabrications and assessment of simulant organs
Simulant organs of human liver, kidney, spleen, bowel and stomach essential
for the development of the in-house abdominal simulator were fabricated. The
ballpark physical dimensions of human simulant organs (such as liver, kidney
and spleen) and pig liver simulants were obtained via fabricating them within the
respective moulds (Figures 7.1-7.4). The J-shape stomach simulant were
obtained by RF welding of PU sheets (Figure 7.5).

Density of simulant organs:

The different consistencies of Pro Gel 10 softener (% v/v) and wall paper paste

(% wl/v) were used during fabrication of solid simulants (liver, kidney and
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spleen) and hollow simulant (bowel), respectively to achieve the required
biomechanical properties (density and elasticity). The density of solid simulants
was in good agreement with the density of the human liver, kidney and spleen,
with the largest discrepancy noted at 60% and 70% of Pro Gel 10 softener
(Figure 7.7).

Elasticity of pig liver and simulants:

Elasticity of pig simulant organs (liver and kidney) were evaluated by comparing
the tangent modulus obtained via in-vitro mechanical indentation tests with that

to actual pig liver and kidney.

The stress-strain responses of the Area 4 of right and Area 1 of left lobes of the
actual pig liver A are non-linear and have shown significant degree of variability
at higher strain (Figure 7.9). These variations could be due to the difference in
the thickness of right (20£1.3mm) and left lobe (16£1.2mm) and sample
geometry effects (i.e. irregular physical dimensions or contours). Overall, the
non-linear responses of actual pig liver A (and of actual pig Livers B-D) (Figure
7.12) are consistent with the non-linear nature of pig and human liver(18.105.229-
232) Rosen et al.??%) have reported the non-linear behaviour (stress-strain
curves for the first and fifth loading cycles) of pig liver tissues for the
compression tests carried out during post-mortem (ex-corpus) using the
Universal testing machine. The difference of two orders of magnitude in the
applied stress — ~100 kPa reported by Rosen et al.?2?) vs ~1 kPa in Figure 7.12
at 30% strain — can be due to the nature of pig liver sample (ex-corpus vs in-
vitro) and size of the indenter (7mm diameter right circular cylinders vs 35mm
diameter circular indenter). The average tangent modulus of pig liver samples of
20 kPa at 20% strain (Figure 7.14) is compared with the elastic modulus (the
mean gradient of stress-strain curves) of 600 kPa at 20% strain reported in
Carter et al.(3® Discrepancy between the two studies may be attributable to in-
vitro (this work) vs in-vivo®9 testing, size of indenter [diameter of 35mm (this
work) vs 4.5mm®%)] and displacement rate [30mm/min or 0.5mm/s (this work) vs

1mm/sG9)].

The force-displacement responses of the pig liver simulants, similar to the

actual pig liver A (Figure 7.8), are non-linear and have varied significantly for
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displacement >1.5mm (Figure 7.15) due to the difference in the thickness of
right and left lobes and irregular contours of pig liver simulants. The force vs
displacement (Figure 7.15), stress vs strain (Figure 7.16) and tangent modulus
vs strain (Figure 7.17) curves of the pig liver simulants suggested that 50% v/v
consistency of Pro Gel 10 softener makes simulant organs less stiff than 20%
and 30% v/v consistencies. The tangent modulus of 50% v/v pig liver simulant
at 20% strain (~30 kPa) is in ballpark with the actual pig liver (~20 kPa) (Figure
7.18).

The stress-strain responses (and elastic/tangent modulus) of intra-abdominal
organs of living humans have not frequently reported in literature due to ethical
constraints. However, the stress-strain responses (~25 kPa at 10% strain) and
elastic modulus (~270 kPa at 10% strain) of only right lobe (25mm thickness) of
healthy human liver of five patients measured during open surgery (in-vivo)
using hand-held compliance probe were reported.®% The mechanical responses
(stress and elastic modulus) of healthy human liver are compared with those of
actual pig liver [stress and tangent modulus were ~0.5 kPa (Figure 7.12) and ~5
kPa (Figure 7.14) at 10% strain, respectively] and 50% v/v pig liver simulant
[stress and tangent modulus were ~2.5 kPa (Figure 7.16) and ~25 kPa (Figure
7.17) at 10% strain, respectively]. Discrepancy between two studies may be
attributable to in-vitro (this work) vs in-vivo(®® testing, size of indenter [diameter
of 35mm (this work) vs 4.5mm(%)], indentation rate [30mm/min or 0.5mm/s (this
work) vs 3-4mm/s®9)], indentation depth [10mm (this work) vs 5mm(3®)] and area

of liver [right and left lobes of liver (this work) vs only right lobe®%)].

Elasticity Pig kidney and simulants:

The force-displacement and stress-strain responses of the actual pig kidney
samples are non-linear (Figures 7.19-7.20) similar to the actual pig liver
(Figures 7.8-7.9). These responses are consistent with the non-linear nature of
pig and human kidney(?29.232.233) Tamura et al.(?32) have reported the non-linear
behaviour of rectangular pig kidney specimens (20x20x10mm) for the in-vitro
compression tests carried out at 0.5mm/s indentation rate using the universal
testing machine. The difference of one order of magnitude in the applied stress
— ~150 kPa reported by Tamura et al.?32) ys ~15 kPa in Figure 7.20 at 30%
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strain — can be due to the nature of specimens of the pig kidney (rectangular

pieces vs whole organ).

The force-displacement responses of the pig kidney simulants like the actual pig
kidney in Figure 7.19, are non-linear and have varied significantly for
displacement >2mm for KS 30-60% in Figure 7.22 due to irregular contours of
pig kidney simulants. The average force, average stress and average tangent
modulus values for pig kidney simulants at lower displacements and strains
(Figures 7.22-24) suggested that 60 %v/v and 70 %vV/v consistencies of Pro Gel
10 softener makes simulant less stiff than other consistencies (30-50 %v/v). The
tangent modulus of 50% v/v pig kidney simulant is in excellent agreement with
the actual pig kidney (~25 kPa at 15% strain) (Figure 7.24). The tangent
modulus of the pig kidney simulants made from 60 %v/v and 70 % v/v Pro Gel
10 softener were also found to give the closest match to the tangent modulus of
the actual pig kidney up to a strain of ~0.1. However, simulants made of
softener concentration greater than 50 % v/v were found to have a sticky

surface which poses a challenge when handling by hand.

The slight discrepancies in the tangent modulus vs strain data between pig liver
(Figure 7.17) and pig kidney (Figure 7.24) simulants having same softener
concentrations (e.g. 30% and 50% curves in both figures) are attributable to
sample geometry/dimensions. The fixed sample size (cubes/cuboid or
rectangular) should be considered for the compression tests instead of

indentation tests to avoid such discrepancies.(@32)

According to the tangent modulus vs strain curves for the pig liver (Figure 7.17)
and pig kidney simulants (Figure 7.24) and opinions of surgeons on the physical
dimensions, density and pliability of solid simulants obtained during survey of
biomechanical properties (Table 7.4), it is concluded that solid simulant organs
fabricated using 50 %v/v of Pro Gel 10 softener closely match the
biomechanical properties of the corresponding human abdominal organs and
should be considered for the in-vitro assessment of the promising expansion

mechanisms within the test rig.
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10.1.2 In-house abdominal simulator (in-vitro test rig)

Surface pressure was applied by the fingertips of the operator using the thin film
pressure sensor during the predefined typical 'movements’ of the pig liver,
human liver simulant and simulant human bowel pieces within the 'right angled
shape' test-rig (Figures 7.25-7.28).

The range of maximum surface pressures required for the ‘moving and
squashing’ (8-19 kPa in Figure 7.25) and ‘lifting’ (3-9 kPa in Figure 7.26) of the
actual pig liver; ‘lifting’ (20-25 kPa in Figure 7.27) of human liver simulant and
‘moving and squashing’ (8-11 kPa in Figure 7.28) of simulant human bowel
pieces within the test rig (in-house abdominal simulator) fall within the range (1-
41 kPa) of maximum surface pressures (Table 7.6) reported for the typical
retraction movements of human liver and bowel during OC and HALS (Figures
7.61-7.62).

The surface pressure responses generated within the test rig validate the
development of the in-house abdominal simulator (test rig and simulant organs).
The in-house abdominal simulator was developed to evaluate the organ
retraction and space creation functions of the promising expansion mechanisms

at the later stages of this PhD.

10.2 In-vivo measurement of organ surface pressures and

retraction distances

Results of in-vivo measurement of surface pressures and retraction distances
applied to key abdominal organs during abdominal surgery (OC and HALS) are

discussed in this section.

Surface pressure:

The in-vivo study was designed to quantify typical surface pressures applied to
organs and surrounding tissues by the hand of the surgeon and metal retractors
carrying out standard manoeuvres during abdominal surgery. The choice of
open abdominal surgery and hand assisted laparoscopic nephrectomy allowed
repeatable access to key abdominal organs and, therefore, repeating typical

retraction manoeuvres of the liver, bowel, stomach, spleen and kidney readily
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whilst placing the pressure sensor between the organ and the flexor surface of

the dominant hand of the operator.

To the best of our knowledge, this is the first time a study has electronically
measured surface pressures typically applied on human abdominal organs
during open and laparoscopic surgery. Carter et al®® and Nava et al('%®) have
reported in-vivo indentation tests on six human livers to characterise liver
mechanical properties during MIS and open abdominal surgery, respectively.
Sterile hand-held compliance probe and aspiration devices were employed to
study liver tissues, but no surface pressures were measured. Barrie et al.
2016(1%) have obtained the grasping force for the major abdominal organs using
a fenestrated grasper for an in-vivo porcine model. In the in-vivo study reported
in Chapters 5 and 7, a broad flat pressure sensor was deployed between the
operator’s fingers and the organ during a manoeuvre specifically to mimic
typical organ retraction carried out with currently employed retractors
intraoperatively at the MFT. For example, the liver was retracted superiorly in
the coronal (x-y) plane before the excursion was stopped by
compression/squashing of the liver against the diaphragm and rib cage. This is
typical of liver retraction to gain access to the gall bladder during open and
laparoscopic cholecystectomy and other surgical procedures in the sub-hepatic

region.

Assuming full contact of the pressure sensor with the organ during retraction,
the recorded pressure can be converted to applied force by multiplication of the
pressure with the sensor cross-sectional area (= 6.25 x 10* m?). In this case the
values of <Pms> = 913 kPa and <Pmax> = 1215 kPa for the Bowel-OC
combination (Figure 7.44), for example, correspond to average rms and
maximum forces of <Fms> = 622N and <Fmax> = 73N, respectively. Similarly,
for the Bowel-HALS combination <Prms> = 1114 kPa and <Pmax> = 134 kPa
correspond to <Fms> = 72N and <Fmax> = 8+3N, respectively. For comparison,
Barrie et al. 2016(1%) reported <Fms> = 13.7+5.4N and <Fmax> = 20.5+7.2N
using a fenestrated grasper to manipulate the small bowel in an in-vivo porcine

model(196),
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The surface pressure relaxation phenomenon associated with the hand-tissue
interaction observed in this in-vivo study on human abdominal organs (Figure
7.30 and Figure 7.35) was also found in the tool-tissue interaction of the in-vivo
fenestrated grasper study of pig abdominal organs('%) and is known to be a
feature of the biomechanical properties of soft tissues under an applied surface
pressure.(?29 Barrie et al. 2016(1%) attributed the force relaxation phenomenon
in their work to a combination of a maximum force to lift the organ initially and
subsequent tissue response and grasper handle applied pressure. Similarly, |
believe in the work | report the initial applied pressure is higher to initiate
movement of the organ (the dynamic retraction phase), followed by a static
retraction phase where the organ is held in one place. The surface pressure in
this static retraction phase is less, since the organ is in a state of rest, and
decreases due to a combination of tissue relaxation and pressure applied by the

surgeon fingertips.

The suggestion of a lower rate of surface pressure relaxation in the HALS
procedures compared to the OC procedures (Figure 7.47) possibly indicates the
surface pressure relaxation is affected by external constraints: the more
constrained abdominal environment in the HALS procedure providing some
degree of mitigation against surface pressure relaxation. This may have
implications in the design of organ retractors and other surgical implements

used in laparoscopic surgery.

Caution should be applied in drawing firm conclusions between organ type and
open versus hand assisted laparoscopic surgery given the relatively low number
of retractions studied in this pilot study. The average maximum and rms surface
pressures applied to the solid organs (liver and kidney) were both higher in
comparison to the hollow organs (bowel and stomach) for both types of
procedure — Figure 7.4. With the exception of <Pmax> for the liver-OC case,
which has a large associated standard deviation, there is a slight tendency for
higher average maximum and rms surface pressures applied in HALS than in
open surgery, again consistent with the more constrained abdominal

environment in HALS.

Retraction distance:
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Due to logistical and infection control imperatives in the operating theatre to
position the camera, and movements of the operators’ hands and organ
retraction out of the line of sight of the camera lens and behind the abdominal
wall, full tracking of abdominal organ retraction in a controlled frame of
reference relative to the defined human coordinate system (Figure 2.9) was not
possible in this study. Consequently, a fully quantitative measurement of
retraction distances and directions has not been undertaken. Nevertheless, a
direct correlation has been established between the organ retraction distance
data extracted from image analysis and the surface pressure data measured
using the pressure sensor for retraction of the liver in OC (Figure 7.51) and
bowel, kidney, stomach and spleen in HALS (Figure 7.56-59). The degrees of
organ retraction distances (Figure 7.60) are ~ 60mm, ~50mm, ~20mm and
~10mm for the retraction of liver (OC) and bowel (HALS), stomach (HALS),
spleen (HALS) and kidney (HALS), respectively. It is estimated by the
participating surgeons that ~30-40mm of distance organs retracted was not
captured due to movements of organs out of the range of the hand-held
camera/endoscope. Hence, total retraction distance of abdominal organs (solid
and hollow) in the plane of image is in the range of ~40-100mm. This range of
retraction distance would be (~80-200mm diameter of sphere) required for the
proposed expansion mechanisms in the fully deployed state and, in fact,
considered as target value of deformation of solid wall cylinder during FE
modeling. A more detailed study employing fixed cameras at appropriate
locations is now merited for a fully quantitative assessment of surface pressure

and retraction distance relationships for specific organs and procedures.

Importance of in-vivo measurement of surface pressures and retraction

distances:

While the degree of surface pressure used to retract tissues and organs is
subjective and learnt through experience of surgical craftsmanship, in the
current era of increasing technology in surgery, methods of objective
assessment of surface pressures in real time could be of immense value in
improving outcomes and decreasing morbidity in the form of traction injuries.
This includes robotic surgery and mechanised tissue manipulation which

employ force sensing and feedback. The approach reported in this work could
366



be used to develop databases of typical surface pressures (or forces) and
retraction distances for specific organs and procedures, against which applied
forces and distances can be monitored. This will improve control and accuracy
for improved dexterity, and mitigate against both excessive forces causing
trauma and tissue damage, and insufficient forces in grasping devices leading
to slippage.(?3*) Well-defined objective retraction surface pressure parameters
could be of value in the training of surgeons in all disciplines of surgery.
Accurate definition of these surface pressures may be, and especially of value
in laparoscopic surgery. For example, surface pressure data can be
incorporated within the software of advanced laparoscopic simulators to
improve haptic feedback during simulated laparoscopic surgery which is
becoming increasingly sophisticated. In addition, quantified surface pressures
and organ retraction distances for key abdominal organs will be key inputs for
the design and development of organ retraction and space creation devices for

use during laparoscopic surgery.

10.3 FE modelling of a solid wall cylinder

Results of the FE modelling of a solid wall cylinder with pronged cone and
without end pieces displaying uniform linear elastic isotropic and orthotropic

material properties are discussed in this section.

Isotropic material properties:

Results of uniform linear elastic isotropic material properties (without end pieces
in Figures 8.1, Chapter 8) suggested (as expected) that the magnitude of the
Poisson’s ratio (0.3) was not sufficient to achieve the large equatorial
deformation of a solid wall of cylinder for small axial strain. When the different
types of end pieces (assembled at both ends of a solid wall of cylinder)
simulated using isotropic material properties, they did not induce out-of-plane
bending of solid wall of cylinder to achieve the large equatorial deformation
against our expectation at low strain (<4%) (Figure 8.2, Chapter 8). Hence,
uniform orthotropic material properties were subsequently simulated during

parametric studies 1 and 2 using finite BCs.

Parametric study 1:
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The parametric study 1 for solid wall cylinder was carried out using the set of
orthotropic material properties (Table 5.3, Chapter 5) (defined as ‘standard’ set
of properties), geometrical parameters defined in Chapter 5.3.1, and pronged
cone end pieces at both ends under the uniaxial compression mechanism.
Young’s moduli (Er, Ee and Ez), shear moduli (Grs, Gez and Gr) and in-plane
Poisson’s ratio (vez) (negative) of orthotropic material properties (Table 5.3,
Chapter 5) were varied during parametric study 1 and results were shown in
Figures 8.3-8.9 (Chapter 8), Figures 8.10-8.15 (Chapter 8) and Figures 8.16-17
(Chapter 8), respectively. The geometrical parameters were subsequently
varied using the set of orthotropic material properties (Table 5.3, Chapter 5) and

results were displayed in Figures 8.18-8.22, Chapter 8.

Except the parametric study of Ee (Figure 8.5, Chapter 8), variations in other
orthotropic material properties as well as geometric parameters did not affect
the equatorial deformation of solid wall cylinder. When Eg was reduced to 2x10*
Pa from the ‘standard’ value of 2x108 Pa (without changing the remaining
orthotropic properties except vez to maintain the symmetric matrix compliance),
a solid wall of cylinder has shown the large equatorial deformation (the shape of
a prolate spheroid) for the small axial deformation (Figure 8.5, Chapter 8). This
is because Ez/Ee has increased to 2x10°¢ Pa from 2x102 Pa making the solid wall
of cylinder extremely compliant which in turn allowed the pronged cone end
pieces at the both ends to induce the out-of-plane bending of solid wall of
cylinder when uniaxially compressed along its cylindrical axis (Ez). The
difference of one order of magnitude in the required axial compressive force to
achieve the large equatorial deformation was indicative of compliant solid wall
when Es was 2x10* Pa than Ee=2x10°% Pa and 2x108 Pa (Figure 8.6, Chapter 8).

The impact of varying Es suggested that in-plane properties would be crucial
from the set of orthotropic material properties to achieve the large equatorial
deformation for the small axial deformation (or strain) when solid wall of cylinder
was uniaxially compressed along its cylindrical axis. Hence, in-plane Poisson’s
ratio (vez) was the only parameter from the set of orthotropic material properties
varied during the simulation of ‘shape change’ properties (Table 8.2, Chapter 8).
Variations in vez did not affect the large equatorial deformation of solid wall of

cylinder which was not expected (Figures 8.23-8.24, Chapter 8). It is therefore
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concluded that vez did not impact the deformation of solid wall of cylinder with

pronged cone end pieces when simulated using the ‘shape change’ properties.

As expected, parametric studies of geometric parameters (outer diameter,
length and wall thickness of cylinder, and Young’'s modulus of pronged cone
end pieces) carried out using the ‘shape change’ properties did impact the
degree of equatorial deformation. The required equatorial radial deformation
(90mm) for 20mm outer diameter is greater than 40mm outer diameter (80mm)
of cylinder to achieve the target value of 200mm diameter of sphere for the
proposed expansion mechanisms when fully deployed, and hence, it required
20% more axial compressive force than the 40mm outer diameter of cylinder
(Figure 8.26, Chapter 8). The length of solid wall cylinder when simulated using
the ‘shape change’ properties (Table 8.2, Chapter 8) had significant impact on
the degree of equatorial deformation (Figure 8.28, Chapter 8) and axial
compressive force (Figure 8.29, Chapter 8). The ratio of outer diameter (fixed at
40mm for ‘shape change’ properties) to length of solid wall cylinder (D/L) is half
(0.13) for 300mm length than for 150mm length of cylinder (0.26) which should
be the reason for achieving the target value of equatorial deformation (80mm)
for the approximately half the axial deformation in case of 300mm length than
150mm length of cylinder (~19mm vs ~36mm) (Figure 8.28, Chapter 8). It is
suggested that the impact of the length of solid wall cylinder should be
investigated for 20mm of outer diameter of cylinder (D/L=20/300=0.067) during
further development of the expansion mechanisms to optimise the D/L ratio.
The parametric study of wall thickness of cylinder (Figures 8.31-8.32, Chapter
8) suggested that the axial compressive force required for 5Smm of wall
thickness was significantly higher than 1mm of wall thickness which will affect
the amount of force required for the deployment of the expansion mechanisms
from cylinder to sphere. Wall thickness of cylinder is therefore critical along with
the length of cylinder. The parametric study of Young’s modulus of pronged
cone end pieces suggested that there was a significant deformation of the
pronged end piece as the Young's modulus of material of end pieces decreases
(Figure 8.34, Chapter 8). Linear elastic model employed in this PhD may
therefore not be sufficient to evaluate the impact of the Young’s modulus of

pronged cone end pieces.
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It is concluded from the parametric study 1 that Esis a critical orthotropic
material property (or Ez/Eg) to obtain a large equatorial deformation of solid wall
cylinder with pronged cone end pieces. It is also suggested that presence of
pronged cone end pieces at the both ends of solid wall cylinder might have
neutralised the impact of in-plane negative Poisson’s ratio. The parametric
study 2 was further employed in accordance with the symmetric compliance
matrix condition and the reciprocal Poisson’s ratio relationship in hexagonal
honeycombs deforming by flexure in light of the eventual cellular nature of the

expansion mechanism.

Parametric study 2:

The parametric study 2 for solid wall cylinder was carried out using the set of
orthotropic material properties (Table 5.4, Chapter 5) (defined as ‘standard’ set
of properties), geometrical parameters defined in Chapter 5.3.1, and pronged
cone end pieces at both ends under the uniaxial compression mechanism
(Chapter 8.2.2) as well as without end pieces under the uniaxial compression
(Chapter 8.2.3.1) and tension mechanisms (Chapter 8.2.3.2).

Solid wall cylinder with pronged cone end pieces:

Ee was the only parameter varied (incrementally from 1.98x108 Pa to 1.98x103
Pa) to maintain the two conditions — symmetric compliance matrix condition and
the reciprocal Poisson’s ratio relationships — during parametric study 2 of solid
wall cylinder with pronged cone end pieces (Table 8.3, Chapter 8). The solid
wall of cylinder adopted the shape of a prolate spheroid when Es was 1.98x10°
Pa, 1.98x10* Pa and 1.98x103 Pa (Figure 8.37, Chapter 8). This is as explained
during parametric study 1, due to the significant increase in Ez/Ee from 1.02x102
Pa for Ee=1.98x108 Pa to 1.02x10°Pa, 1.02x10% Pa and 1.02x107 Pa,
respectively making the solid wall of cylinder extremely compliant which in turn
allowed the pronged cone end pieces at the both ends to induce the out-of-
plane bending of solid wall of cylinder when uniaxially compressed along its
cylindrical axis (Ez). The magnitude of in-plane negative Poisson's ratio required
for large equatorial radial deformation of solid wall cylinder was found during
parametric study of set of ‘standard’ properties (Table 8.3, Chapter 8) (‘shape

change’ from cylinder to prolate spheroid obtained when Es was 1.98x10° Pa)
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due to the symmetric compliance matrix condition and the reciprocal Poisson’s
ratio relationships employed in the parametric study 2. Additionally, shear
moduli can’t be varied using the ‘shape change’ properties (Table 8.4, Chapter

8) due to two conditions (outlined above) employed for the parametric study 2.
Solid wall cylinder without end pieces:

Ee was the only parameter varied (incrementally from 1.98x108 Pa to 1.98x103
Pa) to maintain the two conditions — symmetric compliance matrix condition and
the reciprocal Poisson’s ratio relationships — during the parametric study 2 of
solid wall cylinder without end pieces under uniaxial compression (Table 8.5,

Chapter 8) and tension (Table 8.7, Chapter 8) mechanisms.

The large equatorial deformation of a solid wall of cylinder for the small axial
deformation (or strain) was obtained when Es <1.98x107 Pa [Figure 8.39 in case
of uniaxial compression mechanism (in-plane positive Poisson’s ratio) and
Figure 8.51 in case of uniaxial tension mechanism (in-plane negative Poisson’s
ratio), Chapter 8]. This should be due to combinations of two factors — a) an
increase/decrease in the magnitude of the in-plane positive/negative Poisson’s
ratios (commonly known to govern the transverse deformation) and b) an
increase in ratio of Ez/Ee from 1.02x102 Pa (for Ee=1.98x108 Pa) to 1.02x103 Pa
(for Ee=1.98x107 Pa) and so on. Due to the symmetric compliance matrix
condition and the reciprocal Poisson’s ratio relationships employed in the
parametric study 2 of solid wall cylinder without end pieces, the remaining
orthotropic constants were not varied. The parametric studies of geometrical
parameters of solid wall cylinder without end pieces were carried out using the
‘shape change’ properties [Table 8.6 in case of uniaxial compression
mechanism (in-plane positive Poisson’s ratio) and Table 8.8 in case of uniaxial
tension mechanism (in-plane negative Poisson’s ratio), Chapter 8]. The
outcomes depicted in Figures 8.42-8.50 [in case of uniaxial compression
mechanism (in-plane positive Poisson’s ratio)] and Figures 8.54-8.62 [in case of
uniaxial tension mechanism (in-plane negative Poisson’s ratio)], Chapter 8 were
approximately similar to that outlined for a solid wall cylinder with pronged cone

end pieces for parametric study 1.

Importance of parametric studies of solid wall cylinder:
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The in-plane Poisson’s ratios (vez and vze) and Ee (or Ez/ Eg) related by
compliance matrix symmetry and the magnitudes of in-plane Poisson’s ratios
(positive and negative) were identified as key orthotropic material properties to
achieve a large equatorial deformation of a solid wall cylinder with and without
end pieces. These effective mechanical properties required for shape change
were subsequently utilised to achieve the hexagonal honeycomb meshes
assumed to deform by flexure of the honeycomb ribs, previously developed by
Gibson and Ashby.(113)

10.4 Designing cellular mesh cylinders

Results of the designing of cellular (hexagonal auxetic and non-auxetic
honeycombs) mesh cylinders (in-silico models) are discussed in this section.
They were developed for the validation of outputs of the FE modelling of the
solid wall cylinder (Chapter 8) and to predict the expansion behaviours of

cylinders fabricated using laser cutting and 3D printing technology.

10.4.1 Validation of outputs of FE modeling of a solid wall
cylinder
Auxetic honeycomb mesh models without end pieces (Auxetic 1-4 models,
Table 6.5, Chapter 6), Auxetic honeycomb mesh models with pronged cone end
pieces (Auxetic 5-7 models, Table 6.5, Chapter 6) and Conventional
honeycomb mesh models (Conventional 1-5 models, Table 6.5, Chapter 6)
were designed and simulated without surrounding materials. These steps have
demonstrated the 'CAD-FE' parts of the 'CAD-FE-Experimental approach'.

FE predictions of Auxetic 1-4 and Conventional 1-5 models were depicted as
ERD vs tensile and compressive AD (Figure 9.1-9.2, Chapter 9), ERD vs axial
tensile and compressive force (Figure 9.3-9.4, Chapter 9) and ERD vs axial
tensile and compressive strain (Figure 9.5-9.6, Chapter 9). The large equatorial
deformations (~80mm) were obtained for the Auxetic 1-4 models for the small
tensile AD (Figure 9.1, Chapter 9) or tensile axial strain (<10%) (Figure 9.5,
Chapter 9) and for the Conventional 3-5 models for the small compressive AD
(Figure 9.2, Chapter 9) or compressive axial strain (£10%) (Figure 9.6, Chapter
9) which have qualitatively validated the outputs of FE modeling of a solid wall

cylinder. The large equatorial deformations (~80mm) were not achieved by the
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Conventional 1 and 2 models due to the high aspect ratio of vertical to diagonal
ribs (h/I=2) and magnitude of the in-plane positive Poisson’s ratio (+10),

respectively.

Tensile AD and the maximum axial tensile force required to achieve a large
equatorial deformation (~80mm) was approximately 50% higher (~30mm vs
~20mm) and five times (~80000N vs ~16000N) for Auxetic 3 model than
Auxetic 4 model, respectively which could be due to the bigger outer diameter
(40mm vs 20mm) and higher numbers of Ny (12 vs 8) (Figure 9.3, Chapter 9).
The maximum axial tensile force required to achieve a large equatorial
deformation (~80mm) was minimum for Auxetic 1 model (~2500N) than Auxetic
2 (~10000N) and Auxetic 3 (80000N) models (Figure 9.3, Chapter 9) because
of least numbers of Nc (Table 6.5, Chapter 6). The maximum axial compressive
force required to achieve a large equatorial deformation (~80mm) was
approximately three times (150000N vs 50000N) for Conventional 4 model than
Conventional 5 due to the bigger outer diameter (40mm vs 20mm) and higher
numbers of Nv (Nv = 12 vs 8 in Table 6.5, Chapter 6) (Figure 9.4, Chapter 9).
Conventional 4 model required approximately twice the axial force (~150000N
vs ~80000N) than Auxetic 3 model to achieve the large equatorial deformation
(~80mm) (Figures 9.3-9.4, Chapter 9) which can be attributed to the higher
numbers of Nc (Nc = 64 vs 49 in Table 6.5, Chapter 6) and double value of 1/l
(t/1= 0.0955 vs 0.0482 in Table 6.5, Chapter 6). The axial tension and
compressive forces shown in Figure 9.3 and Figure 9.4, Chapter 9, respectively
are extremely high for surgical purposes and are due to the models employing

elastic constants based on structural steel.

FE predictions of Auxetic 5-7 models (assembled with the pronged cone end
pieces) were shown as ERD vs axial compressive AD (Figure 9.7, Chapter 9),
ERD vs axial compressive force (Figure 9.8, Chapter 9) and ERD vs axial
compressive strain (Figure 9.9, Chapter 9) which have qualitatively validated
the outputs of FE modeling of a solid wall cylinder. The effective material
properties for ‘shape change’ of solid wall cylinder with pronged cone end
pieces were identified as vez < -320.9 and Ee (or Ez/Es) = 1.98x10° Pa (or
1.02x10°) in Table 8.3 and Figure 8.37 (Chapter 8.2.2.1). However, it must be

noted that Auxetic 7 model has vez=-216.2 and E-/Ee = 4.76x10%and it has
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shown large equatorial deformation (~80mm) for small axial compressive
deformation (Figure 9.7, Chapter 9). The large equatorial deformation of Auxetic
7 model for small axial deformation was obtained due to conversion of
axisymmetric load into bending load by the pronged cone end pieces
assembled at both ends of cylinder (causing out-of-plane bending of wall of
cylinder) and converts cylinder into sphere when fully deployed. This effect is
shown in Figure 3.15, Chapter 3 for the deployment of the origami folded paper
into sphere by simple application of the axisymmetric compressive load
(cylinder to ball mechanism).('%4) This phenomenon was investigated based on
the double curvature effect of auxetic honeycombs predicted in the flat sheet
(Figure 3.13, Chapter 3).(5.161.162)

10.4.2 FE predictions of cellular mesh cylinders

FE predictions of Auxetic 8 (laser cut), Conventional 8 (laser cut), Conventional
10 (laser cut), and Conventional 12 (3D printed) cylinders in the forms of ERD
vs AD (Figures 9.10, Chapter 9), ERD vs axial tension and compressive force
(Figure 9.11, Chapter 9) and ERD vs axial strain (Figures 9.12, Chapter 9) were
carried out to predict the expansion capabilities of the experimental cylinders

(laser cut and 3D printed).

The large equatorial deformation (~80mm) for Auxetic 8 cylinder obtained for
the small tensile AD (~18mm in Figure 9.10, Chapter 9) or tensile axial strain
(~6% in Figure 9.12, Chapter 9) was approximately half as compare to the
compressive AD (~33mm in Figure 9.10, Chapter 9) or tensile axial strain
(~11% in Figure 9.12, Chapter 9) for the Conventional 8 cylinder (outer
diameter is 68mm for both cylinders). However, the axial tensile force for
Auxetic 8 cylinder was 3.5 times than axial compressive force for Conventional
8 cylinder (~46000N vs ~13000N in Figure 9.11, Chapter 9). This could be
attributed to nature of deploying mechanisms (tension vs compression), a
[acute (-80.8°) vs extremely acute (88.2°) which would require higher axial force
to initiate the bending of diagonal rib before stretching and/or flexing
mechanisms start dominating], and number of Nc (Nc = 18 vs 36 in Table 6.6,
Chapter 6).
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Although the large equatorial deformation was achieved for approximately equal
axial deformations for Conventional 10 (outer diameter is 41mm) and
Conventional 12 (outer diameter is 40mm) cylinders, the axial compressive
force required to deploy the Conventional 12 cylinder is approximately eleven
times (44000N vs 4000N in Figure 9.10, Chapter 9) than Conventional 10
cylinder. It could be due to higher numbers of RVEs for Conventional 12 than
Conventional 10 cylinder (Nc = 24 vs 16 and Nv = 6 vs 3 in Table 6.6, Chapter
6).

Possibilities of designing expansion mechanisms:

Designing of the cellular mesh cylinders/in-silico models (with and without end
pieces) using auxetic and non-auxetic honeycomb meshes were assessed
through relationships between mechanical properties, global, RVE and cellular

mesh parameters. These relationships are outlined below:

¢ Relationship of the mechanical properties (Ez/Es and vz¢) with the cellular
mesh parameter (o) for the different aspect ratios (h/l) of auxetic and
conventional honeycombs (Figures 9.13 and 9.17, Chapter 9)

e Relationship of the mechanical property (vz0) and RVE (Nc/Nv) with the
cellular mesh parameter (o) for the different aspect ratios (h/l) of auxetic
and conventional honeycombs and outer diameters of the cylinder
(Figures 9.14 and 9.18, Chapter 9)

¢ Relationship of RVE (Nc/Nv) with the cellular mesh parameter (W) and
(t/1) for the different aspect ratios (h/l) of auxetic honeycombs and outer
diameters of the cylinder in Figures 9.15 (W) and 9.16 (t/l), respectively,
Chapter 9)

e Relationship of RVE (Nc/Nv) with the cellular mesh parameter (t/1) for the
different aspect ratios (h/l) and ti of conventional honeycombs (Figure
9.19, Chapter 9).

These relationships as explained in Chapter 9 present ‘n’ number of
opportunities to design cellular mesh cylinders. However, cellular meshes
should be designed considering following aspects of development of the

expansion mechanisms.
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Deformation mechanisms of cellular meshes such as flexure model of
Gibson and Ashby('"3 considered in this PhD.

Impact of th, ti, Nc and W during fabrication (laser cutting process)
process which in turn affect the semi-rigid nature of prototype structures
essential for the retraction of the simulant organs and actual abdominal
organs of pig and human.

Impact of th and ti on the selection of wall thickness of cylinder (T) —t<T
is essential for the validity of the flexure model of Gibson and Ashby(*3)
considered in this PhD. ti of the laser cut cylinders (Table 6.6, Chapter 6),
for example, were kept less than T (2.5mm) to ensure flexing of the
diagonal ribs during deploying of the expansion mechanisms.

Types of materials of cylinder sourced from suppliers [metal (structural
steel, mild steel, etc.), metal alloys (nitinol), and biocompatible plastics.].
Deploying mechanisms within the in-house abdominal simulator or pig
abdomen (axial compression and tension).

Different aspect ratios (h/l) of the honeycomb meshes lead to change in
Ees (Equation 3.44, Chapter 3) and in turn affect the Ez/Es. EZ/Es is related
with the vze due to the symmetric matrix compliance condition. This
makes the material properties highly anisotropic. The high order of

vzo lead to high number of Nc making cylinder wall extremely compliant
(Conventional 7 cylinder, Tables 6.5 and 6.6, Chapter 6). Hence, the
trade-off between the extremely compliant and semi-rigid nature of
cellular wall should be maintained to ensure the retraction of organs and
to prevent expansion mechanisms reverting to undeployed state during

surgical procedures.

10.5 Fabrication of expansion mechanisms

Candidate cellular mesh cylinders were laser cut and 3D printed (Figures 9.20-

23) and were referred as the ‘expansion mechanisms’. Conventional 6-11 and

Beam 1-2 cylinders were deployed immediately after the laser cutting process

by the human hand without any surrounding materials to evaluate their

expansion capabilities before subjecting them to the mechanical

characterisation using the Instron machine. Auxetic 8-9 and Conventional 12

cylinders were unable to deploy by the human hand due to the quantity of axial
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load required and brittle nature of 3D printed sample, respectively. Plastic
deformation was observed after the initial deployment of the Conventional 6-11
and Beam 1-2 cylinders (Figures 9.20-22, Chapter 9) which should be due to
the material properties (PVC and PP corresponding to 68mm and 41mm outer
diameters of cylinders, respectively) of cylinders sourced for fabrication of the

expansion mechanisms.

Auxetic honeycomb cylinders with or without pronged cone end pieces
consisting of thin vertical and diagonal ribs (due to high number of N¢ required
to achieve the order of magnitude of vz obtained during the parametric studies
of solid wall cylinder with and without end pieces) can be fabricated using the
StarCut Tube machines developed by the Rofin(235). Although there is a doubt
that such auxetic honeycomb cylinders would retract the simulant or actual
abdominal organs in fully deployed conditions. Conventional honeycomb
cylinders should be designed and fabricated using higher number of Ny than
considered in this project. Beam models should be developed using the metal

strips.

In a nutshell, laser cut cylinders (made up of PP and PVC) were deformed into
sphere compared to 3D printed cylinder and hence, laser cutting technique

should be considered in future for the fabrication of the expansion mechanisms.

10.6 Characterisation of experimental cylinders

The expansion mechanisms were subjected to uniaxial tension (Auxetic 8) and
compression (Conventional 6-9 and Beam 1-2 cylinders) mechanisms using the
Instron machine in the absence of a surrounding material to determine their

mechanical behaviours and were then compared with the FE modeling results.

The mechanical responses of the expansion mechanisms were non-linear, but
the degree of non-linearity have varied, for instance, Auxetic cylinder vs
Conventional cylinders and cellular cylinders vs Beam cylinders (Figure 9.24,
Chapter 9). The axial compressive or tension force required for activating the
cellular expansion mechanisms was initially high at small axial deformation due
the acute angles of the diagonal ribs. Forces decreased as the axial
deformation increased giving a negative value of slope (called tangent

stiffness), corresponding to negative stiffness which arise due to out-of-plane
377



buckling of the cylinder wall and not due to any in-plane flexing, stretching or

hinging of the mesh ribs.

Tangent stiffness values were positive at the small axial deformation (linear
phase) and negative for the large axial displacement (non-linear phase)
(Figures 9.25-26, Chapter 9). Like axial forces, axial stresses applied on the
expansion mechanisms were non-linear giving the negative value of slope
(called tangent modulus) beyond the proportional limit of axial stress vs axial

strain (Figure 9.27, Chapter 9), corresponding to negative modulus.

Selected stills from the video footages recorded during mechanical
characterisation of the cellular and Beam 1-2 cylinders were analysed using the
ImageJ@?® software to obtain the ERD, AD and total equatorial deformation.
Total equatorial deformation of ~200mm at ~50mm axial deformation (~16%
axial strain) in Figures 9.30-9.33, Chapter 9 achieve the degree of expansion (in
order of 200mm) envisaged for the proposed laparoscopic device, and hence,
they were regarded as promising expansion mechanisms to be evaluated in-
vitro for their organ retraction and space creation functions within the in-house
abdominal simulator. There was approximately 20-25% of reduction in the axial
compressive force applied between 10mm and 50mm of axial deformation of
Conventional 6-9 cylinders (Figures 9.30-9.33, Chapter 9) due to the cylinders
utilising the energy (due to plastic deformation) stored from the initial application
of force for the axial deformation beyond 10mm. Total equatorial deformation of
~165mm at ~50mm axial deformation (~16% axial strain) in Figure 9.35,
Chapter 9 for Beam 1 cylinder is greater than ~125mm in Figure 9.36 at ~18mm
axial deformation (~6% axial strain) for Beam 2 cylinder in Figure 9.36, Chapter
9. Hence, Beam 2 cylinder with the higher number of vertical strips should be
considered as promising expansion mechanism and evaluated in-vitro along

with the cellular cylinders.

ERD and AD obtained from the experimentation and FE prediction for the

Conventional 8 cylinder are in good agreement (Figure 9.37, Chapter 9).

The mechanical responses of the promising expansion mechanisms were

subsequently evaluated in-vitro within the test rig mounted on the Instron
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machine for their organs retraction and space creation functions and results are

discussed in the next section.

10.7 In-vitro assessment of expansion mechanisms

In-vitro assessment of Conventional 6-9, Conventional 10-11, and Beam 2
cylinders was carried out using foam blocks within the test rig mounted on the
Instron machine. The degree of surface pressure exerted by the cellular and
beam cylinders on the foam blocks, and axial compressive force required for the
deployment of the expansion mechanisms within the test rig were obtained —
Figure 9.38 and Figure 9.40, Chapter 9, respectively. The sequence of selected
stills extracted from the video footage recorded during assessment of the
Conventional 8 cylinder (Figure 9.39, Chapter 9) has demonstrated its ability to
retract foam blocks and create space inside the test rig. Conventional 8 cylinder
was selected for in-vitro assessment using simulant organs owing to the semi-

rigid nature of cellular meshes.

Assessment of Conventional 8 cylinder:

Individual simulant organs such as bowel, kidney and spleen and (Liver)-(Bowel
& Kidney) and (Stomach & Spleen)-(Bowel) combinations of simulant organs
were retracted within the test rig by the Conventional 8 cylinder. The degree of
maximum surface pressure exerted on simulant organs by the Conventional 8
cylinder (Figure 9.41, Chapter 9) is in good agreement with that of reported for
the natural organs during in-vivo pilot study (Figure 7.29 for Liver-OC, Figures
7.31-32 for bowel-OC, Figure 7.33 for stomach-OC, Figures 7.34-37 for liver-
HALS, Figure 7.38 for bowel-HALS, Figures 7.39-40 for kidney-HALS, Figure
7.41 for spleen-HALS and Figure 7.42 for stomach-HALS). The surface
pressure relaxation (calculated as Pms) phenomenon for simulant organs during
Thoid also correlated with that of natural organs (Figure 7.30 for liver-OC and
Figure 7.35 for liver-HALS). The degree of Pmax and surface pressure relaxation
(Prms) validate the simulant organs and use of test rig during in-vitro assessment

of the promising expansion mechanisms.

The mechanical characteristics of the Conventional 8 cylinder during in-vitro
assessment were obtained (and plotted as axial compressive force vs axial

deformation, tangent stiffness vs axial deformation and axial stress vs axial
379



strain) for the retraction of the individual and combinations of the simulant
organs. The degree of axial force required for the deployment of the
Conventional 8 cylinder without surrounding materials (Figure 9.24, Chapter 9)
and within the test rig consisting of individual and combinations of simulant
organs (Figure 9.42, Chapter 9) are in ballpark (~200N). The maximum value of
tangent stiffness noted for 0-10mm of axial deformation was ~550 N/mm for the
deployment of cylinder without surrounding materials (Figure 9.25, Chapter 9)
against ~130 N/mm for the deployment of cylinder within the test rig consisting
of individual and combinations of simulant organs (Figure 9.44, Chapter 9). This
could be attributed to the presence of surrounding materials (simulant organs)
exerting force back onto the expanding structures within the more constrained
environment of test rig. The positive tangent stiffness immediately turned
negative (at ~1.5mm of axial deformation) in the case of cylinder without
surrounding materials and remained negative for the remaining duration of the
mechanical test (Figure 9.25, Chapter 9). In contrast, the positive tangent
stiffness turned negative at ~10mm of axial deformation in the case of cylinder
surrounded by simulant organs within the test rig and oscillated between
positive and negative values for the remaining duration (15-50mm) of the

mechanical test (Figure 9.44, Chapter 9).

The image analysis of stills extracted from the video footages recorded during
in-vitro assessment of the Conventional 8 cylinder within the test rig consisting
of the individual and combinations of simulant organs were carried out to obtain
ERD and AD. ERD vs AD curves for retractions of individual and combinations
of simulant organs were depicted in Figure 9.47, Chapter 9 to demonstrate the
degree of space created within the test rig when the Conventional 8 cylinder
deployed by uniaxial compression mechanism using the Instron machine. ERD
values of the Conventional 8 cylinder reported in Figure 9.47, Chapter 9 for
retractions of individual and combinations of simulant organs are less than the
ERD obtained (~120mm) during the mechanical characterisation of the
Conventional 8 cylinder in the absence of surrounding material (Figure 9.29,
Chapter 9). This trend could be attributed to the difficulty encountered in the
complete tracking of the deformation in the equatorial region of the cylinder

during the image analysis of stills due to the nature of organ (solid vs hollow).
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Further explanations are given below for the individual and combinations of

organs in this regard.

(Liver)-(Bowel & Kidney) (~100mm): It was relatively easy to track

equatorial deformation on the side of liver simulant within the test rig.
Since edges of the deformed cylinder in the equatorial region were
behind the squashed bowel simulant (on the side of bowel simulant
within the test rig), there was a substantial loss of distance during image
analysis of stills. Hence, ERD (~100mm) was less compared to ERD
obtained in the absence of surrounding material.

Kidney and spleen (~85mm): Acrylic wall of the in-house abdominal

simulator on the side of liver simulant was bended outward due to the
physical dimension and weight of liver simulant (~1.5 kg) and by the
virtue of in direct contact with acrylic wall. This has allowed higher
amount of equatorial deformation of cylinder (~100mm for 50mm of AD)
within the test rig when compared with kidney and spleen simulants
(~85mm for 50mm of AD) due to presence of blue support material
between the simulant organ and acrylic wall of simulator.

o The phenomenon of bending of acrylic wall of in-house abdominal
simulator when cylinder is fully deployed can be linked with the
possibility of the expansion mechanisms lifting the human/pig
abdominal wall (compliant than acrylic wall) in addition to the
retraction of abdominal organs, reducing/eliminating the need for
CO:2 insufflation during surgical procedures.

Bowel and combination of (Stomach & Spleen)-(Bowel) (~70mm): Edges

of the deformed cylinder in the equatorial region on the both sides were
behind the squashed bowel in case of individual bowel and were behind
the stomach and bowel in case of combinations of (Stomach & Spleen)-
(Bowel). Hence, it was not possible to track the complete equatorial

deformation during image analysis of stills.

Surface pressures exerted on the individual and combinations of simulant

organs were synchronised with the total equatorial deformations obtained via

image analysis of stills (Figures 9.48-52, Chapter 9). Selective stills were

included to demonstrate the simultaneous process of deployment of the
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Conventional 8 cylinder and retraction movements of simulant organs within the
test rig which in turn has demonstrated the organ (simulant) retraction and
space creation (within the test rig) capabilities of the Conventional 8 cylinder.
There was a marginal drop in the maximum surface pressure exerted by the
Conventional 8 cylinder during the retractions of individual and combination of

simulant organs (Figure 9.53, Chapter 9).

Total equatorial deformations for the retraction of the simulant organs within the
test rig are in the right ballpark for the degree of expansion (in the range of 80-

200mm) envisaged for the proposed laparoscopic device.

Assessment of Conventional 10 and Beam 2 cylinders:

Individual simulant organs such as bowel and kidney and (Stomach & Spleen)-
(Bowel) combination of simulant organs were retracted within the test rig by the
Conventional 10 and Beam 2 cylinders. The degree of maximum surface
pressures exerted on bowel and kidney simulants by the Conventional 10 and
Beam 2 cylinders (Figure 9.54, Chapter 9) are in reasonable agreement with
that of reported for the natural organs during in-vivo pilot study (Figures 7.31-32
for bowel-OC, Figure 7.38 for bowel-HALS and Figures 7.39-40 for kidney-
HALS, Chapter 7). The degree of maximum surface pressure exerted on
(Stomach & Spleen)-(Bowel) combination of simulant organs is in reasonable
agreement with that of reported for the natural organs during in-vivo pilot study
(Figure 7.33 for stomach-OC, Figure 7.41 for spleen-HALS and Figure 7.42 for
stomach-HALS, Chapter 7).

The mechanical characteristics of the Conventional 10 and Beam 2 cylinders
during in-vitro assessment were obtained (and plotted as axial compressive
force vs axial deformation, tangent stiffness vs axial deformation and axial
stress vs axial strain) for the retraction of the individual and combinations of the
simulant organs. The axial compressive force required for the deployment of the
Beam 2 cylinder without surrounding materials (Figure 9.24, Chapter 9) is
~40N, and within the test rig consisting of bowel and kidney simulant organs is
~55N and ~80N, respectively (Figure 9.55, Chapter 9). Tangent stiffness values
of Beam 2 and Conventional 10 cylinders have followed similar trends (positive

values ranging from 20-40 N/mm at low axial deformations and oscillating
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between negative and positive stiffness at higher axial deformation — Figure
9.56, Chapter 9) to that explained for Conventional 8 cylinder for individual and

combinations of simulant organs within the test rig.

ERD vs AD curves for retractions of individual and combinations of simulant
organs were depicted in Figure 9.58, Chapter 9 to demonstrate the degree of
space created within the test rig when the Conventional 10 and Beam 2
cylinders deployed by uniaxial compression mechanism using the Instron
machine. The expansion capacity of cellular meshes of the Conventional 10
cylinder is responsible for the lower equatorial deformation (~50mm) during
retractions of individual and combinations of the simulant organs compared to
the Beam 2 (Figure 9.58) and Conventional 8 (Figure 9.47) cylinders. It can also
be attributed to the nature of the materials of cylinder (PP vs PVC) when

compared with the Conventional 8 cylinder.

Surface pressures exerted by the Beam 2 and Conventional 10 cylinders on the
individual and combinations of simulant organs were synchronised with the total
equatorial deformations obtained via image analysis of stills (Figures 9.59-62,
Chapter 9). Selective stills were included to demonstrate — a) the simultaneous
process of the deployment of the Beam 2 and Conventional 10 cylinders and b)
retraction movements of simulant organs within the test rig — which in turn has
demonstrated the organ (simulant) retraction and space creation (within the test

rig) capabilities of the Beam 2 and Conventional 10 cylinders.

The surface pressures applied by the fingertips of surgeons and metal
retractors during OC and HALS (in-vivo) have been quantitatively compared
with the surface pressure exerted on the individual and combinations of
simulant organs (in-vitro) by the expansion mechanisms in Figures 9.65-69,
Chapter 9. The order of total equatorial deformation (~200mm for the
Conventional 8 cylinder) for the retraction of the simulant organs within the test
rig was in the good agreement with the retraction distances reported for human
abdominal organs (Chapter 7) and the degree of expansion (in order of 200mm)

envisaged for the proposed laparoscopic device.

Doughnut shape inflatable prototype structure:
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The doughnut shape inflatable prototypes were assessed within the pig
abdomen (in-vivo) and inside the test rig (in-vitro) to evaluate expansion
capabilities (Figures 9.70, 9.72-74). They did not show significant deformation
when inflated due to passing of pressurised air and were unable to retract
simulant organs within the test rig. They lacked semi-rigid structure and cellular

apertures like expansion mechanisms developed in this PhD.

10.8 Summary

Results obtained in the different phases of the development of the novel
expansion mechanisms for space creation and organ retraction functions during
abdominal surgery were discussed in this chapter. The conclusion, novelties of
the expansion mechanisms and recommendations for future work are outlined

in the next chapter.
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11 Conclusion, Novelties and Recommendations for Future

work

11.1 Conclusion

Novel expansion mechanisms were developed for the organ retraction and

space creation during open and laparoscopic abdominal surgery.

A detailed literature review of salient aspects of the human abdominal
environment, existing surgical devices for organ retraction, elasticity theory,
beam theory, and auxetic materials has been undertaken. An in-house
abdominal simulator has been developed as an in-vitro test rig to evaluate the
space creation and organ retraction functions of novel expanding prototype

structures.

During the in-vivo study involving human participants, the surface pressures
applied by fingertips of participating surgeons and metal retractors to retract key
abdominal organs during open and hand-assisted laparoscopic abdominal
procedures have been measured for 12 patients using a pressure sensor Kit.
The degree of surface pressures applied for typical retraction movements of key
abdominal organs and the space created inside the abdominal cavity were the
major outcomes. The working space quantified during in-vivo study was
considered as the target expansion in the fully deployed state of the proposed

device during the design and development of prototype structures.

A fundamental finite element (FE) modelling study and parametric investigations
of the influence of the mechanical properties (including negative and positive
Poisson's ratios) on the expansion behaviour of cylindrical structures with and
without end pieces has been undertaken. The effective mechanical properties
required for a large equatorial deformation at the small axial deformation (or
strain) were identified for solid wall cylinder with (pronged cone) and without
end pieces, and were considered as target properties during computer-aided-
designing of cellular meshes. Additionally, deploying cylinders comprising of
beams or strips were considered as candidate expansion mechanisms. CAD
models were simulated to predict the expansion capabilities of promising

prototype structures.
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The candidate expansion mechanisms have been laser cut and 3D printed
using cylindrical tubes. The laser cut tubes were consequently characterised
using the Instron mechanical compression and tension testing to quantify the
degree of expansion without surrounding materials. During in-vitro assessment,
a test rig was mounted on the Instron machine and the degree of surface
pressure exerted for the retraction of the foam blocks and simulant organs was
recorded using pressure sensor Kit. In-vitro assessment events were
simultaneously recorded, and still images were extracted from the video
footages to quantify the degree of space created inside the test rig (i.e. total
equatorial deformation). Retraction movements of simulant organs within the
test rig were correlated with the surface pressures exerted by the expansion
mechanisms. The range of surface pressure exerted on the simulant organs (in-
vitro) by expansion mechanisms (5-45 kPa) and on key abdominal organs (in-

vivo) by fingertips of participating surgeons (3-41 kPa) is matched.

Innovative expansion mechanisms for the further development of the
LaparOsphere™ device were simulated, designed, fabricated, characterised,

and evaluated in-vitro for their space creation and organ retraction capabilities.

11.2 Novelties

The research in this project is original and novelties are outlined below.

e The degrees of surface pressure and organ retraction distance quantified
for typical retraction movements of key abdominal organs during an open
and laparoscopic abdominal surgery are original contributions to the
existing knowledge in the surgical field.

e The methodology of the fabrication of human liver simulants using patient
CT scan data and silicone gel material is appearing to be new.

e The FE modelling of solid wall cylinder with and without end pieces
carried out to identify the effective mechanical properties required for a
large equatorial deformation of solid wall cylinder for small axial
deformation (or strain) is novel and reported for the first time in the field
of medical engineering. The ‘shape change’ mechanical properties and
geometrical parameters identified during parametric studies of solid wall

cylinder were subsequently used as target mechanical properties and
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global parameters to derive cellular meshes (auxetic and conventional
hexagonal honeycombs) for the computer-aided-designing of the
expansion mechanisms (in-silico models).

e The methodology developed for the derivation of cellular meshes for
cylinder is unique and the designing of in-silico models of the expansion
mechanisms using auxetic and conventional hexagonal honeycombs and
beam or strips are first of its kind. Cellular mesh cylinders were
subsequently used to predict the expansion capabilities of candidate
expansion mechanisms.

e The use of 2D laser cutting kit in combination with the rotary attachment
to fabricate the expansion mechanisms is a new in-house approach.

e The range of surface pressure (1-41 kPa) and the degree of organ
retraction distance (indicates ~200mm diameter of sphere) quantified
during in-vivo are in ballpark with the range of surface pressure (5-45
kPa) and the degree of total equatorial deformation (indicates ~170mm
diameter of sphere) quantified during in-vitro assessment of the
expansion mechanisms.

e The expansion mechanisms designed and developed for the further
development of the LaparOsphere™ are innovative and reported for the

first time.

Key attributes of the novel expansion mechanisms (including in-silico models)

are summarised below.

Innovative mechanical features:

e Large expansion capability in response to the extremely small activation
force and strain (axial strain<17%).

e Shape change function from cylinder to sphere.

e A mechanism enabling combined space creation and organ retraction
functions in one device.

e Cellular, hollow, and semi-rigid deployable structure that would not
damage the delicate tissues.

e Retractable and repeatable deployability function for repositioning within
the abdominal cavity.
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Expansion mechanisms are deployed by uniaxial compression. Cellular
mesh cylinder can also be encapsulated in the flexible double wall
structure and deployed by passing the sterilised liquid (saline) or gas
(medical grade CO2).

Cellular meshes were developed for (including in-silico models) the
broad range of outer diameter of cylinder (20mm — 68mm). This feature
permits the use of novel expansion mechanisms for open, hand assisted
laparoscopic, and complete laparoscopic abdominal procedures.
Negative stiffness phenomenon means large equatorial deformation can
be achieved for less axial compressive or tensile force.

Expansion mechanisms can be further optimised by varying the wall
thickness and length of the cylinder without significantly compromising
the expansion capabilities for small activation strain.

The mechanical properties of expansion mechanisms are transferable for
different biocompatible materials such as plastic and metal alloys
currently used for the development of medical technology. Nitinol alloy,

for example, is widely used for development of cardiac stent.

Benefits to surgeons and patients during and after surgical procedures:

It would generate clear working space essential for abdominal surgical
procedures.

The large omnidirectional expansion capabilities of the prototype
structures have potentials to eliminate the use of CO: insufflation and/or
abdominal wall lifting techniques currently used during laparoscopic
surgery to inflate the abdominal wall. Therefore, patient side effects
associated with these techniques can significantly be reduced. It may
also eliminate the need for multiple gas tight access ports. It would allow
use of suction without deflation of abdominal wall and further promotes
the use of thermal cutting systems.

It would increase the visibility and access to the target surgical sites for
the surgeon due to its combined space creation and organ retraction
functions inside the abdominal cavity as well as possibility of inflating

abdominal wall. This would reduce the number of injuries to tissues
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and/or surrounding organs which can lead to quick recovery. It would
allow use laparoscopic surgery for older and higher risk patients and
longer operations due to reduced need of converting to the open
abdominal surgery.

e Cellular nature (multiple holes) will give the surgeon access to the
surgical field, facilitate the insertion of laparoscope and other surgical
devices, and allow removal of diseased or unwarranted tissues and/or
organs such as extraction of gall bladder during open and laparoscopic
cholecystectomy.

e Semi-rigid cellular scaffold of expansion mechanisms would continuously
maintain clear working space by preventing tissues and/or bulky organs
such as human liver to cause the collapse of device in to the undeployed
state. This should reduce interruptions throughout surgical procedures.

e The benefits explained above would either limit the role of or eliminate
the need for assistant surgeon or surgeons during abdominal surgical
procedures. This scenario would further promote better coordination
during complex abdominal surgical procedures amongst participating

surgeons.

Benefits to the healthcare delivery systems and economy:

e Advantages of novel prototype expansion mechanisms would decrease
surgical hours by speeding up surgical procedures. This in turn would
free up surgeon’s time and may also reduce postoperative engagement
of surgeon.

¢ |t would reduce the number of hours of paramedics required for each
abdominal surgery.

e The prototype device provides the possibility to increase the number of
elected procedures that are carried out on a day case basis.

e A reduction or elimination of patients’ side effects has a direct benefit on
the recovery time of the patient, thus enabling them to return to normal
activity quicker.

e Overall, it can significantly reduce the cost of healthcare delivery and

bolster the economy.
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11.3 Recommendations for future works

The recommendations for future works are categorised based on outputs of the
experimental work (reported in Chapters 7-9) in the different phases of the

development of prototype structures and outlined below.

In-vivo measurement of surface pressures and organ retraction distances:

While a novel in-vivo pressure sensing experiment is a first of its kind studyj, it
provides a glimpse of potential utility of obtaining objective surface pressures for
retracting abdominal organs. The scope of this pilot study can be broadened by
increasing number of participating patients and surgeons, varying experience of
surgeon from junior to consultant surgeons having few to several years of
experience of carrying out open and laparoscopic abdominal surgery, and
selecting other abdominal surgeries such as laparoscopic hernia repair,
adrenalectomy, appendectomy, etc. During my 3 months of secondment at the
‘Research Office’ of the MFT, | have worked on the ‘study closure’ activities of
the multisite clinical trial called MINESS (Midland and North of England Stillbirth
Study). The identical clinical study was carried out in Auckland, New Zealand at
the pilot scale. Our pilot study can be scaled up like MINESS to develop a
broader range of surface pressure applied on abdominal organs and tissues
which would then be valuable during the further development of the expansion

mechanisms for clinical trials in pigs.

There are significant opportunities with modern biomedical technology to design
a newer generation of instruments both for open and laparoscopic surgery
having improved space creation and organ retraction functions with a potential
for real time feedback on applied surface pressures. Data gathered from in-vivo
pilot study in this PhD on the surface pressures exerted during organ retraction
and the extent of organ retraction, in our opinion can contribute to the design

and development of such instruments.

Additionally, precise surface pressure limits for key human organs and tissues
should be incorporated into existing surgical simulators used in surgical training
and simulation to develop newer generation surgical and especially
laparoscopic simulators for surgical training. It will ultimately lead to augmented

surgical skills and instrumental feedback required to undertake complex
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laparoscopic surgery. It may enable the manufacture of safer retractors with
feedback sensors indicating excessive retraction forces and reducing surgical

morbidity in the form of traction injuries.

Well-defined objective retraction surface pressure parameters could be of value
in the training of surgeons in all disciplines of surgery. Accurate definition of
these surface pressures may be especially of value in laparoscopic surgery. For
example, surface pressure data can be incorporated within the software of
advanced laparoscopic simulators to improve haptic feedback during simulated

laparoscopic surgery which is becoming increasingly sophisticated.

The solid simulant organs (spleen and kidney) and hollow simulant organs
(bowel and stomach) can be developed using CT scan data of healthy patients.
They can subsequently be used to develop next generation surgical simulator

for an accurate force feedback.

Finite element modelling of expansion mechanisms:

A finite element (FE) modelling of solid wall of cylinder should be carried out to
incorporate the nonlinear response of system due to the change in the stiffness
of elements during large transverse deformation. Nitinol alloy can be used to
fabricate the expansion mechanisms and hence, the FE modelling can be
studied for superelastic or shape memory behaviour of solid wall of cylinder.
Moreover, the deformation of solid wall and cellular cylinder should be studied
in the constrained environment to evaluate the impact of ‘contact nonlinearity’

on the expansion capabilities.

Design and fabrication of cellular mesh cylinders:

The recommendations for the design and fabrication phases of the prototype

development are outlined below.

e Further optimisations of uniform cellular meshes.
e Consideration of the gradient cellular (honeycombs) meshes.
e Fundamental investigation of the use of cellular meshes other than

honeycombs.
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In-silico models of honeycomb meshes can be deployed into the
hemisphere (half-sphere) shape via uniaxial compression and tension
mechanisms.

Use of nitinol tube during fabrication of prototype structures for the shape
memory and superelasticity responses to ensure removal through
laparoscopic ports which are generally 15-25mm in diameter.
Biocompatible plastics can also be evaluated as candidate material in

addition to the nitinol.

Mechanical characterisation and in-vitro assessment of the expansion

mechanisms:

The recommendations for the mechanical characterisation and in-vitro

assessment phases of the prototype development are listed below.

Auxetic cylinders should be further characterised for uniaxial tension and
compression (pronged cone end pieces at both ends of cellular cylinder)
mechanisms.

In-vitro test rig should be converted into the closed chamber (except top
end to permit the in-vitro assessment using the Instron machine) and
place the simulant organs surrounding the expansion mechanism which
should allow evaluation of the retraction capabilities in omni directions.
In-vivo evaluation of organ retraction and space creation capabilities of
the expansion mechanisms inside the abdominal cavity of pigs. In this
case, hand held instrument should be used to activate/deploy the

expansion mechanism instead of the Instron machine.
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Appendix A
Survey Sheet:

Aim:

Single blind study to identify simulant abdominal organs that mimic the healthy

human abdominal organs.

Introduction:

My name is Dignesh Shah, PhD student at the Sheffield Hallam University,
working on a project to develop novel organ retraction and space creation devices

for use in laparoscopic procedures.

My supervisory team includes Prof Andrew Alderson of Sheffield Hallam
University and Dr James Corden of TrusTECH. Mr. Titus Augustine has

developed this concept with Dr James Corden and Prof Andrew Alderson.

This project is being undertaken in partnership with TrusTECH, the NorthWest
NHS Innovation Service and is sponsored by Central Manchester University
Hospitals NHS Foundation Trust (CMFT).

As part of the PhD project | am developing an in-house abdominal simulator
consisting of simulants of key abdominal organs such as liver, bowel, kidney,
spleen, and stomach. In-house abdominal simulator will be used as in-vitro test-

rig to evaluate expansion capabilities of the prototype devices.

| have fabricated simulants of key abdominal organs using different
concentrations of silicone gel and wallpaper paste. | am now seeking opinions on
organs that most closely represent the density and pliability of human organs
from surgeons experienced in carrying out open and laparoscopic abdominal

surgeries.

| would be most grateful if you could spare 10 minutes of your time to assess
simulants and fill in the accompanying data sheet. Please can you do this

independently without discussing your opinions with your colleagues?

Place:

Manchester Royal Infirmary, CMFT, Manchester.
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Participants/Personnel:

Open and laparoscopic abdominal surgeons

Procedure:

1. Please add your name (optional), job title and number of years' experience
in abdominal surgical procedures to the data collection sheet.

2. Please manipulate the various simulant organs and tick the box indicating
which simulant organ you feel most closely represents the density and
pliability of healthy human organs.

3. Please provide any additional general comments you have in the
comments box.

Conclusion:

The selected simulant organs by surgeons will be utilized for the further

development of an in-house abdominal simulator.

DATA COLLECTION SHEET:

Surgeon x (x =1 to 5)

Name (Optional): ...........

Experience in years for open and/or laparoscopic abdominal surgeries: ........
Abdominal organs:

|. Liver: Simulants are made up of Pro Gel 10 System (Silicone gel).

Sample No. A B C
Opinion (Yes/No)
Please tick the box indicating which simulant you feel most closely represents

the density and pliability of a healthy human liver.

II.  Kidney: Simulants are made up of Pro Gel 10 System (Silicone gel).

Sample No. A B C
Opinion (Yes/No)
Please tick the box indicating which simulant you feel most closely represents

the density and pliability of a healthy human kidney.

1. Bowel: Simulants are filled with the mixture of different concentrations of
wallpaper paste and water.
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Sample No.

A

B

C

Opinion (Yes/No)

Please tick the box indicating which simulant you feel most closely represents

the density and pliability of a healthy human bowel.

[V. Stomach: Simulants are filled with the mixture of water and air.

Sample No.

A

B

Opinion (Yes/No)

Please tick the box indicating which simulant you feel most closely represents

the density and pliability of a healthy human stomach.

V. Spleen: Simulants are made up of Pro Gel 10 System (Silicone gel).

Sample No.

A

B

Opinion (Yes/No)

Please tick the box indicating which simulant you feel most closely represents

the density and pliability of a healthy human spleen.

Comments:

1.
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Appendix B

Study Protocol To Measure Surface Pressure
Title:

In-vivo measurement of surface pressures applied on human abdominal organs

and tissue during open and laparoscopic surgical procedures.

Summary of proposed in-vivo pilot study:

The proposed in-vivo pilot study is summarised in Table B.1.
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Table B.1: Summary of proposed in-vivo pilot study.

Title of Study In-vivo measurement of surface pressures exerted on
human abdominal organs and tissue during open and
laparoscopic surgical procedures.

Principal Mr Titus Augustine

Investigator

Study Site Manchester Royal Infirmary, Central Manchester
University Hospitals NHS Foundation Trust (CMFT),
Manchester, England

Duration Four calendar months

Study Design

The study is a pilot study to validate the surface pressure
measurement method and to obtain initial data from a
small number of basic surgical procedures. The study
will involve two consultant surgeons, two surgical

procedures and 10 to 12 patients.

Name of consultant surgeons: Mr. Titus Augustine and
Mr. Thomas Satyadas

Surgical procedures: Hepatectomy, Laparoscopic
Cholecystectomy, and Laparoscopic Nephrectomy

Approx. 10-12 patients split 50:50 between open and
laparoscopic procedures.

Objective

The obijective of this pilot study is to accurately measure
the in-vivo surface pressures exerted on abdominal
organs by retracting instruments and surgeon’s hands
during open and laparoscopic surgery using sensitive

pressure sensors.

Outcomes

e The primary outcome will be basic measurements
that quantify the surface pressures exerted during

open and abdominal laparoscopic procedures.
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e The data referred to above will be a key input into a
PhD project being undertaken at Bolton University (at
the Materials and Engineering Research Institute of
the Sheffield Hallam University from Oct 2013), part
funded by CMFT and will include:

1. Utilisation of the data for the design and
development of the LaparOsphere™, a prototype
organ retraction and space creation system for
use during laparoscopic surgery

2. The design and evaluation of a prototype
abdominal laparoscopic simulator

e The data may also be of value:

3. For use within the software of advanced
laparoscopic simulators to improve haptic
feedback during simulated laparoscopic surgery.

4. During laparoscopic surgical training

5. In the design of more advanced pressure
measurement studies (such as the comparison
between different procedures or the comparison

between different surgeons).

Background:

Laparoscopic Surgery, also known as Minimally Invasive Surgery (MIS), is the
surgical technique of operating within body cavities through small incisions. Its
use is growing significantly because of its advantages over open surgery. The
advantages include; earlier recovery, reduced post-operative pain, reduced

length of stay, decreased morbidity and increased cost effectiveness.

The most common laparoscopic procedures include Laparoscopic
Cholecystectomy, Laparoscopic Nephrectomy, Laparoscopic Appendectomy,
and Laparoscopic Hernia repair (2) (3). Laparoscopic surgery is increasingly
being used in complex abdominal procedures including hepatic resections and

even surgery on major vascular structures including the aorta.
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Briefly, the technique involves making a number of small incisions in the

abdominal wall to enable the insertion of a camera and surgical instruments. In
order to create space within the abdominal cavity and for the surgeon to access
the surgical field it is necessary to inflate the abdominal cavity using CO:2 gas, a

process referred to as COz insufflation (79) (81). This is outlined in Figure B.1.

CO, Insufflation Method

Figure B.1: CO2 Insufflation.
There are a number of recognised problems associated with the use of CO2

insufflation (84) (85):

8. Increased risk of hypothermia because of increased exposure to cold,

dry CO2 gas during inflation of the abdomen.

9. The need to constantly insufflate the abdominal cavity to maintain a
working space. Leaks and suction causes deflation often at crucial points
during surgery which leads to collapse of the working space with reduced

visibility for the surgeon.
10.Raised abdominal pressure resulting in reduced heart and lung function.

Difficulties in using electrosurgical and laser based cutting and sealing

instruments.

1. The increased intra-abdominal pressure due to the pneumoperitoneum

can cause hemodynamic and metabolic effects such as an increase in
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CO2 absorption. This is a major disadvantage especially in neonatal and

paediatric laparoscopic surgery

2. The requirement for several different components (the gas cylinder,
tubing, pump, and pressure monitor) for delivery of the CO2 and also the
availability of medical grade COz2 in some less developed markets are

some of the disadvantages with use of CO2

3. Leaks of CO2 with deflation increases surgical time, volume of CO2 used
and could contribute to complications and therefore, can affect overall

cost and outcome of surgery.

During both open and laparoscopic abdominal surgery, access to, and visibility
of the surgical field is reduced due to the presence of surrounding organs and
tissues. It is necessary for the surgeon to constantly retract (move) surrounding
organs and tissues from the surgical field. For example, during a routine
laparoscopic cholecystectomy it can be necessary for the surgeon to lift the liver
in excess of 50 times to gain access to the gall bladder. This often requires an
assistant surgeon, is distracting and can be time consuming. The need to
constantly handle surrounding organs increases the potential of inadvertent

damage or injury to these structures.

The LaparOsphere™ concept:

The LaparOsphere™ is a potential alternative to the use of CO:2 insufflation to
create a pneumoperitoneum during abdominal laparoscopic procedures. It has
the potential to reduce or eliminate the above described drawbacks of CO2
insufflation. The initial concept was proposed by Mr Titus Augustine, a
consultant transplant surgeon at the CMFT. The concept is now being further
developed by Dignesh Shah in a PhD project at Bolton University (at the
Materials and Engineering Research Institute of the Sheffield Hallam University
from Oct 2013), part funded by CMFT.

The LaparOsphere™ is an expanding device that is initially inserted into the
abdominal cavity in its unexpanded state. Upon inflation it takes the shape of a
truncated hollow sphere with a number of access holes for surgical instruments.

It creates space within the abdomen by moving the abdominal wall upwards and
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by moving surrounding structures away from the surgical field. The surgeon
operates within the space inside the sphere. The laparoscope and other
laparoscopic instruments are inserted through holes/apertures within the
surface of the sphere without affecting the inflation or structural integrity of the
sphere. Surrounding organs and tissues remain outside the sphere and are
retracted and protected from the surgical field. This concept is illustrated in
Figure B.2.

Expanded Laparosphere

Small Intestine

Large Intestine

Kidney

Figure B.2: The concept of the LaparOsphere™ device.

Surface pressure measurements during organ retraction:

In order to further develop the LaparOsphere™ it is necessary to understand
the mechanics of organ retraction during laparoscopic surgical procedures.
Specifically, it is necessary to determine the extent of organ retraction (i.e. the
distances moved) and the surface pressures exerted on the main abdominal

organs during retraction.
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During surgery, surface pressures can be applied to single organs by the
surgeon’s hand, across a number of organs using metal retraction plates and to
individual organs by surgical instruments. To our knowledge no studies have
been undertaken to quantify the surface pressures for the organ retraction
applied during surgery. We are aware of some studies that have measured the
pressures and forces applied to surgical instruments by surgeons in an attempt

to improve the design of surgical instruments.

The primary outcome of this study will be basic measurements that quantify the

surface pressures exerted during open and abdominal laparoscopic procedures.

This data will be a key input into a PhD project being undertaken at Bolton
University (at the Materials and Engineering Research Institute of the Sheffield

Hallam University from Oct 2013), sponsored by CMFT and will enable:
e The design and development of a range of prototype expanding structures.

e The design and evaluation of an in-house abdominal simulator to enable in

vitro testing of these structures.
e Mathematical modelling of the process of organ retraction
Outside of the PhD project, the data may also be of value:

e For use within the software of advanced laparoscopic simulators to improve

haptic feedback during simulated laparoscopic surgery.
e During laparoscopic surgical training

¢ In the design of more advanced surgical pressure measurement studies
(such as the comparison of the surface pressures exerted between different

procedures or between different surgeons).

We propose to utilize flexible thin film pressure sensors placed between the
surgeons hand or retracting instrument during surgery to directly measure the
surface pressures applied to abdominal organs during common laparoscopic

and open abdominal procedures.

Study Personnel:
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1. Mr Titus Augustine

The Principal Investigator on this study will be Mr Titus Augustine, a Consultant
Transplant and Endocrine Surgeon and Clinical Director of Transplantation at
CMFT.

Mr Augustine has over 25 years of experience as a surgeon, 15 years of
experience in laparoscopic surgery and is a Royal College of Surgery trainer for

laparoscopic techniques.

Mr Augustine proposed the concept of the LaparOsphere™ as an alternative to

CO:z insufflations.

2. Mr Thomas Satyadas

Mr Thomas Satyadas will be involved in the study and will undertake some of

the surgical procedures during which retraction pressures will be measured.

Mr Satyadas is a Consultant Hepatobiliary, Pancreatic and Advanced
Laparoscopic Surgeon at CMFT. He has over 15 years of experience in

laparoscopic abdominal surgery.

3. Dr James Corden

Dr James Corden is a Chartered Mechanical Engineer and has a PhD in
medical device development. Dr Corden is the Business Development manager
at TrusTECH, the NorthWest NHS Innovation Service. He is the industrial
supervisor for the PhD project being undertaken at the University of Bolton (at
the Materials and Engineering Research Institute of the Sheffield Hallam
University from Oct 2013).

4. Mr Dignesh Shah

Mr Dignesh Shah is a PhD student at the Institute of Materials Research and
Innovation (IMRI) of the University of Bolton (at the Materials and Engineering
Research Institute of the Sheffield Hallam University from Oct 2013). He has a
first degree in Pharmacy and an MSc in Healthcare and Medical Devices. His
PhD project is funded by an EPSRC Industrial Case PhD studentship with
additional sponsorship from CMFT.
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5. Dr Tahir Shah

Dr Tahir Shah is Dignesh Shah’s academic supervisor at Bolton University. He
has general expertise in the area of materials science and the characterisation
of material properties with research interests in polymer science and the
application of novel polymers and processing methods across a range of

industries.

Study Site:

All clinical measurements will be taken at Manchester Royal Infirmary, part of
CMFT.

Study Procedures:

Patients scheduled for the following routine procedures at CMFT will be invited

to participate in the study.

a) Open liver resection

b) Open gall bladder removal

c) Hand assisted laparoscopic kidney removal

In addition to their routine appointment letter patients will be sent a covering
letter inviting patients to participate in the study and a patient information sheet.
This sheet details the background to the study and also the risks associated
with the study. Upon attendance for surgery the surgeon will speak to the
patient about the study and resolve any further queries they have. The surgeon
will then ask the patient if they would like to participate in the study. Patients

who agree to participate will be asked to sign the study consent form.

Clinical Procedures:

The main abdominal organs are outlined in the diagram in Figure B.3.
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Figure B.3: Major abdominal organs. ‘©2016, WebMD, LLC. All rights

reserved’ (4)

Open Abdominal Surgery:

In open abdominal surgery an incision is generally along the midline of the
abdomen. The muscle and fascia are retracted using steel retractors to expose

the main abdominal organs. This is illustrated in the Figure B.4.

Figure B.4: Exposure of the abdominal cavity during open abdominal surgery.

A common abdominal procedure is gall bladder removal (cholecystectomy). The
gall bladder is located below the left lobe of the liver. In order to obtain access
to the gall bladder the surgeon must lift the liver in the cranial direction by
approximately 5 to 10 cm and move the stomach and large bowel in the caudal

direction by approximately 5 to 10 cm.
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Other surgical procedures require abdominal organs to be retracted in a range
of directions to access the surgical field. As this is a pilot study, we propose to
concentrate on the retraction of the liver, stomach, and the bowel only. Such
basic retraction is required in the majority of abdominal procedures to obtain
deeper access within the abdomen and expose the gall bladder, kidneys, etc.
(Figures B.5).

Dagheagm  Escphages  Stomach

Figure B.5: Retraction of liver in cranial and stomach in right lateral directions
during an open abdominal procedure. 'ACS Surgery 2003. © 2003 WebMD
Inc. All rights reserved'. (77)

Hand Assisted Laparoscopic Surgery:
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Hand assisted laparoscopic surgery (HALS) is a half-way house between open
and laparoscopic procedures. A number of small incisions are made in the
abdomen to enable the insertion of laparoscopic instruments. A larger incision
of 3 to 5 cm is also made in the abdomen to enable the surgeon to insert their
hand into the abdomen to facilitate advanced retraction and manipulation of the
abdominal organs. CO2 insufflation is used in this procedure and in order to
prevent CO2 leakage a “GelPort” is used to seal round the surgeons hand and
the incision in the abdomen (Figure B.6). HALS is typically used during more
advanced laparoscopic procedures such as laparoscopic nephrectomy. During
these procedures, the bowel and spleen are typically retracted by 10 cm distally

from the kidney.

¥y r- " :
- ot e .

Figure B.6: A GelPort used to hand assisted laparoscopic surgery.(80)

Surgical procedures during the study:

In this pilot study we propose to undertake basic surface pressure
measurements at the start of a number of open abdominal procedures and at
the start of a number of HALS procedures. Primarily we will be measuring the
surface pressures involved in the retraction of the liver, bowel, and stomach.

The surface pressures required to retract abdominal organs will be measured

using flexible thin film pressure sensors that are inserted between the
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liver/bowel and the surgeon’s hand. The sensors and associated wires will be

enclosed within a sterile wrapper to address sterility issues.

The pressure data will be obtained at the start of the surgical procedure, once
access to the abdomen has been obtained but prior to any further surgery.
Obtaining the pressure measurements should take no longer than 10 minutes.
Once the pressure data has been obtained the pressure sensors will be
removed from the abdomen and the surgeon will be free to proceed in

accordance with the procedure.

STUDY EQUIPMENT:

Study equipment

The pressure sensor is shown in Figure B.7a and described below.

» The Pressure Profile C500 Tactile Sensor is a simple, 3-wire device that
provides precise and repeatable measurements of tactile force and
pressure. This single element pressure sensor allows you to conveniently

measure pressure at different locations.

« The sensor is a thin film flexible capacitive sensor which is encapsulated

into a fabric layer.

» Application of a pressure to the sensor results in a DC analogue output

with a voltage range of 0 to 4V and a current of 13mA.

« The sensor has a cable approximately 1m in length which is hardwired to
an amplifier and signal conditioning unit. This connects via a USB

interface to a laptop or PC with associated data logging software.

« Arange of available sensors are available. We are proposing to use two
sensors, one that is 10mm x 10mm square and another that is 25mm x

25 mm square. Both sensors are approx. 1mm thick.

Sterility issues

The thin film pressure sensors are not sterile.
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To address this they will be covered in a sterile outer cover that completely
covers the sensor and the associated cables. The cover that will be used is a
sterile ultrasound probe cover. This is approximately 1.5m encapsulating the
sensor in latex part (Figure B.7b) and enabling the cables to be covered entirely
until the cables reach the laptop which will be placed outside of the sterile field
(Figure B.7c).

(b) (c)

Figure B.7: Components of C500 Pressure Sensor system. (a) Components
of C500 Pressure Sensor System (b) Enclosure of the Pressure Sensor (c)

Sterile Ultrasound Probe Cover encapsulating Pressure Sensor System.

Operating theatre setup
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The operating theatre is split into a sterile field and a non-sterile field (Figure
B.8). All personnel within the sterile field must be dressed in sterile gowns,
gloves, facemasks etc. All equipment within the sterile field must be sterile or
covered in a sterile barrier. Personnel outside of the sterile field do not have to
wear sterile gowns. Equipment outside of the sterile field does not have to be

sterilised.
The surgical field is the area of the body in which the operation is taking place.

For this study, the pressure sensors and cables will enter the sterile field and
the surgical field. The sensors will be contained within a sterile outer layer as
described above. The associated laptop and assistant who will operate the

laptop will be outside of the sterile field and will not have to be sterile.

POSITION OF ANAESTHETIST

Scrub Nurses

and LOCATION OF STERILE SCRUB NURSE
THOAWESIANE: s o s e e s e e - e I
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Laptop | = ] i
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Figure B.8: Representation of sterile and non-sterile fields within an operation

theatre.

SYSTEM VALIDATION:

Prior to in-vivo measurements, the pressure sensing system will be evaluated
by manipulating various simulant organs within the assembly of in-house

abdominal simulator.

Both surgeons involved in the in-vivo work will have the opportunity to
familiarise themselves with the equipment. During this work, the surgeon will

wear surgical gloves and the sensors will be contained within their sterile cover
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to ensure the evaluation closely represents how the device will be used in-vivo.

This will enable the exact procedure for passing the sensor into the sterile field

and the interaction between the surgeon and the assistant to be practiced

before any in-vivo measurements are undertaken. This will ensure that the time

required to obtain these measurements during surgery is kept to a minimum.

EXPERIMENTAL PROCEDURE:

Prior to using the pressure sensor in-vivo, the surgeon and associated
theatre staff will have the opportunity to familiarise themselves with the
pressure sensor and the procedure for introducing it into the sterile field

and collecting data from the surgical field.

The pressure sensing system will be set up and checked by the non-

sterile assistant prior to surgery commencing.

The pressure sensor will be inserted into its sterile cover in a suitable
manner to ensure that the outer layer of the cover remains sterile and the
sterile field is not compromised. This procedure will be practiced by the
non-sterile assistant and the sterile scrub nurse before any surgery
commences. This is similar to the method currently used for
encapsulating a non-sterile ultra sound probe into its sterile cover and

the scrub nurse will be familiar with this procedure.

The surgeon will gain access to the abdomen using standard surgical

procedures.

Upon inspection of the abdominal cavity the surgeon will confirm that the
patient is suitable for the pressure measurements to be undertaken and
there are no underlying pathologies which make the patient unsuitable

(such as significant adhesions).

The sterile scrub nurse will hand over the pressure sensor to the surgeon

when requested by the surgeon.

The surgeon will place the pressure sensor within the abdominal cavity

between the appropriate organ and their hand. They will liaise with the
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non-sterile assistant to confirm that the pressure sensor is functioning

correctly.

e The surgeon will retract the organ in question using standard surgical
techniques. During the retraction the assistant will record the pressure

data.

e The retraction will be repeated 4 or 5 times to confirm the repeatability of

the measurements.

e Before concluding the pressure measurements the non-sterile assistant

will confirm that the pressure data has been correctly recorded.

e The surgeon will remove the pressure sensor from the abdomen and

hand back to the sterile scrub nurse.
e The surgeon will continue with the operation as planned.

e The total time required to obtain the pressure data should not add more

than 10 minutes to the overall surgery time.

e During the pressure measurement procedure and the resulting surgical
procedure the patient will be monitored by the surgeon and anaesthetist

in accordance with standard clinical practice.

e Following surgery and during their recovery, the patient will cared for in

accordance with standard clinical practice
e No further patient follow up will be undertaken or is required.

INCLUSION CRITERIA:

1) Male and female patients scheduled for the following routine operations

will be invited to participate in the study.
e Open liver resection
e Open gall bladder removal

¢ Hand assisted laparoscopic kidney removal
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2)

Only patients over the age of 18 will be invited to participate in the study.

EXCLUSION CRITERIA:

1. Pregnant woman.

2. Patients who have previously undergone abdominal surgery

3. Patients admitted for emergency abdominal surgery

4. As this is a pilot study there is insufficient resource to be able to translate
the patient information sheet into other languages apart from English or
to provide an interpreter to explain the procedure to the patient. For this
reason only patients with a good understanding of spoken and written
English will be included in the study.

5. The surgeon undertaking the procedure will be able to exclude any
patient that initially meets the inclusion criteria but upon further
investigation prior to surgery or during surgery is no longer considered
suitable.

STUDY SIZE:

A medical statistician has been consulted to determine the appropriate number

of patients for this study. His view was that as this is a pilot study to validate the

in-vivo

pressure measurement technique and that as no comparisons are being

made with the data (such as comparisons with other pressure measurement

techniques, between surgeons or the outcome of patients) it was appropriate to

limit the study size to 10 to 12 patients.

STUDY RISKS:

The study risks are outlined in Table B.2.

Table B.2: Study risks.

Risk Severity Mitigated by
Sterility of The sensor will initially be cleaned by
Medium
sensors wiping the sensor and wires with an
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alcohol solution and then drying it with a

sterile cloth.

The sensor will then be enclosed in a
sterile outer layer that is typically used to
cover intra-operative ultra-sound probes.
The procedure for this is similar to the
procedure for introducing the ultrasound
probe into the sterile field and will be

practiced before surgery.

The sensors are flexible fabric based
sensors and do not have any sharp edged
that could result in rupture of the sterile

cover.

Prior to surgery the surgeons involved will
practice using the sensor to manipulate
simulant organs. This will ensure that they
are familiar with the handling of the

sensors prior to use in-vivo.

Electrical hazard

Low

The pressure sensors do not receive an

electrical current.

They generate a DC voltage in the range
of 0.25 to 4V when pressure is applied.
The associated current output is in the

region of 13mA.

These levels are an order of magnitude
below the levels required to cause pain
and at least two orders of magnitude below
the level that could affect the patient's

heart.
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The pressure sensors are encapsulated in
an insulating fabric layer and the wires are
encapsulated in insulating plastic. The
pressure sensors and wires will be further

insulated by the sterile outer cover.

Additional time
for surgical

procedure

Low

The entire pressure measurement
procedure should take no more than 10
minutes and will take place at the start of
the surgical procedure once access to the

abdomen has been obtained.
The procedure can be stopped at any time.

The patient will be monitored as standard
by anaesthetist during surgery and

postoperatively.

Subjects undergoing an emergency
surgical procedure will not be recruited to

the study.

Damage to

organs

Low

The sensors are embedded into a flexible

fabric layer with no sharp edges.

Surgeons will use surgical instruments and
their hands’ to apply pressure for the
retraction of organs as per standard

surgical operating procedure.

Sensor retained

in body after
surgery

Low

Only one sensor will be used per study. It
is connected by a wire to a laptop so it will
be obvious that the sensor cannot be left
in the abdominal cavity. The entire

assembly of sensor, wire and sterile cover
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is atleast 1m long so again it would be very

difficult to misplace the sensor.

PATIENT FOLLOW UP:

Patients will be followed up as standard for the procedure and as the clinical

situation dictates. No additional follow up will be required for the trial.

CONFIDENTIALITY AND DATA PROTECTION:

Patients are not identifiable from data.
It will not be possible to identify personal data such as name, address.

ADVERSE EVENTS:

The most likely adverse event arising from this study is a surgical site infection
(SSI) as a result of the placement of the pressure sensor within the abdomen.
Note that as the pressure sensor will be placed in a sterile cover the additional

risk of an SSI due to the use of the sensor is very low.

Any patient undergoing an abdominal surgical procedure is at risk of an SSI and
in the event that they experience the symptoms of infection following surgery
they are likely to contact the hospital where the procedure took place, present to
their local Accident and Emergency department or make an appointment with
their GP. Upon presenting, they would be diagnosed and treated in accordance
with standard clinical procedures associated with a suspected SSI. There is no
requirement to implement additional diagnostic tests or treatments to manage
an SSI specifically caused by the use of the pressure sensor and it would not be
possible to identify if the SSI was caused specifically by the pressure sensor or

was just a general side effect associated with the abdominal surgery.

Due to the very low risk of additional infections caused as a result of
participating in the study we do not consider that any specific adverse event
reporting procedures are required in addition to the standard adverse event

reporting system that exists within CMFT.

DATA ANALYSIS:
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We will obtain surface pressure vs time graphs that are associated with the
degree of retraction of each abdominal organ from a number of patients. We will
correlate this data with surface pressure data collected in the laboratory to

validate that the pressure measurement system functioned correctly.

We will attempt to generate "average surface pressure curves" that represent all

the data collected.

We will attempt to determine if the surface pressure data was significantly
higher or lower than the average for a particular abdominal organ or for a

particular patient.

We will attempt to correlate the surface pressure data with the degree of organ

movement recorded in the video footage.
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Appendix C

Patient Information Sheet and Patient Consent Form

Mr Titus Augustine
Consultant Transplant and Endocrine Surgeon
Manchester Royal Infirmary
Oxford Road
Manchester
M13 9WL

Add Date

Dear

Invitation to take part in a research study

As a patient who will shortly be admitted to the Manchester Royal Infirmary for
an operation within your abdomen | am inviting you to participate in a research
study that | am leading. This study involves the measurement of the pressures
exerted by surgeon’s during surgery and may lead to the development of a new
surgical device that could make abdominal surgical procedures simpler and

quicker.

A participant information sheet is attached to this letter that explains the
research study in more detail. | would be grateful if you could read this
participant information sheet before you attend for surgery and consider
whether you are interested in participating in the study. If you have any queries
relating to this invitation you can contact me or my colleague to discuss these

on the numbers below.

Yours Sincerely
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Mr Titus Augustine — Consultant Transplant and Endocrine Surgeon (0161
2763467)

Mr Thomas Satyadas — Consultant Hepatobiliary, Pancreatic and Advanced
Laparoscopic Surgeon (0161 2712534)

PARTICIPANT INFORMATION SHEET

Measurement of organ retraction pressures during surgery.

Introduction to the research and invitation to take part.
As a patient who will shortly be admitted to the hospital for a surgical procedure

in your abdomen you are being invited to take part in a research project.

Why have | been chosen?

The hospital is involved in a research project that may lead to the development
of a new surgical device that improves a surgeon’s access to the area within the
abdomen in which they are operating. The new device has the potential to make
abdominal surgical procedures simpler and quicker. The research is being led by
Mr Titus Augustine, a consultant transplant and endocrine surgeon at the Trust.

We have invited you to take part in our study as you will shortly be admitted to
hospital for a surgical procedure within your abdomen as part of your planned
care. Your consent to participation in the study gives us the opportunity to
undertake some simple measurements during surgery and collect information

which will contribute to the development of the new device.

What is the research study about?

During abdominal surgical procedures it is necessary for the surgeon to move
surrounding organs and tissue away from the diseased area that they wish to
focus on (the surgical field) in order to obtain good access to the surgical field
and a good view of the surgical field. This process is called retraction. During
conventional “open” abdominal surgery in which access to the abdomen is
obtained via a large incision in the tummy a number of special instruments called
retractors are used to retract organs. During “laparoscopic” or keyhole surgery in

which access to the abdomen is obtained through a number of small incisions in
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the tummy, organ retraction is more difficult and often requires the help of an
assistant surgeon with further specialised retracting instruments.

We are in the process of developing a new surgical device which we hope will
simplify the process of organ retraction, especially during laparoscopic abdominal
surgery. The device has the potential to simplify surgical procedures by improving
access to the surgical field resulting in a clearer view of the surgical field to the
surgeon and their assistants. It may also help to reduce complications associated
with surgery and perhaps reduce operating times.

As part of the process of developing the new device we need to gain an improved
understanding of the retraction pressures that a surgeon exerts on the major
abdominal organs (such as the liver, kidney, spleen etc) during abdominal
surgery. Obtaining this information will enable us to ensure that the new device
applies a similar pressure to a surgeon’s hand or the instruments currently used
for organ retraction. These pressures are thought to be quite low, similar to the
pressures involved in stroking a dog or kneading bread mixture. Hence it is
essential that the pressures are accurately known so that the pressures exerted
by the new device are not excessive which could result in damage to the
abdominal organs.

We are proposing to collect this information during surgical procedures using a
thin pressure sensing mat that is placed between the surgeon’s hand and the
organ being retracted. By undertaking this procedure on a number of patients and
during a variety of surgical procedures we will obtain a database of the typical
pressures involved during abdominal surgery. As far as we are aware, such

information has never been obtained before and is not available in the literature.

What will | have to do?

All the information that we wish to collect will be collected during your surgical
procedure after you have had your anaesthetic. Hence you do not actually have
to do anything before, during or after the procedure.

During surgery the electronic pressure sensing mat will be placed in your
abdomen within a sterile cover. Your organs will be moved aside in the same
way as usual but while we do this we will measure the pressure we use with a

small sensor the size of a 50 pence piece. The pressures will be recorded and
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the process will be videoed. This will take about 10 minutes. After this your
operation will continue in the usual way.

Some clinical information will be recorded and will only be used for the purpose
of this study. Your doctor is not being paid any additional fees for your

participation in this study.

What are the benefits?

Collection of this information will result in an improved understanding of the
pressures exerted by a surgeon during abdominal surgery.

This could contribute to:

1) The design of a new organ retraction and space creation device for use in
surgery. This device has the potential to improve a surgeon’s access and
view during surgery, to simplify surgical procedures, to speed up surgical
procedures and to reduce some of the complications associated with
surgery.

2) The design of advanced surgical simulators to help train surgeons and to
enable surgeons to practice new procedures on the simulator without the
risk of harming patients.

3) Improved training of junior surgeons.

What are the risks?
We have undertaken a thorough risk assessment of the pressure measurement
procedure. The main risks identified from this risk assessment were:

1) There is a very slightly increased risk of infection as it is not possible to
sterilise the pressure sensors that are being used. To address this, the
pressure sensors will be inserted within a sterile cover prior to being placed
in your abdomen. This cover is normally used to cover ultra-sound sensors
that are routinely inserted into the abdomen during surgery and that are
also not sterile. There will only be an increased risk of infection if, for some

reason, there was a hole in the sterile cover.

2) There is a very small risk of an electric current passing into your body. This
could only occur if the insulation on the wires of the pressure sensor were

damaged and if the sterile cover was also damaged. The pressure sensors
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operate with a very low level of electrical current and there is no risk of
electrocution or injury. If the same level of electric current were applied to
you whilst you were awake it is unlikely that you would be able to feel it.
The electrical current generated by the pressure sensor is very much lower
than the current supplied to other electrical instruments that are routinely

used during surgery.

What if | do not want to take part?

If you decide not to take part this will not affect your medical care. Also, if you do
decide to take part and then change your mind before your scheduled operation,
you are also free to withdraw from the study without giving a reason. Again, this

will not affect your medical care.

What happens to the information?
The information collected during this study is kept confidential and will be used
for the purpose of this study only. Should we publish any material resulting from

the study in medical journals the information will be anonymous.

Who else is taking part?
Other patients attending the hospital for routine abdominal surgery are being

asked to take part.

What happens at the end of the research study?
When we complete the study, we will evaluate the results. The results may be
published in medical journals or presented at scientific conferences, but no

participants will be identified or named.

What happens now if | decide to take part?

When you attend for your operation your surgeon will ask if you received this
information sheet with your appointment letter. The surgeon will ask if you have
any questions about the study and will answer any queries you have. The

surgeon will then ask if you wish to take part in the study.

C-30



If you do decide to take part you will be asked to sign the consent form which will
be kept with your patient notes. You will also be given a copy of this information
sheet to keep.

If you do not wish to take part, your operation will be performed in accordance

with the standard hospital procedures.

Declaration of commercial interests

This study does not involve any companies and the surgeons involved are not
being paid to undertake this study. The research may lead to the development of
a new medical device and if this is commercially successful the researchers may

benefit financially from this in the future.

Complaints

If you have a concern about any aspect of this study, you should ask to speak to
the researchers (Mr Titus Augustine or Mr Thomas Satyadas) who will answer
your questions. If they are unable to resolve your concern or you wish to make a
complaint regarding the study, please contact the PALS (Patient Advice and
Liaison Service) team on 0161 276 8686 or you can email them on

pals@cmft.nhs.uk

Contact name and number:

Mr Titus Augustine Mr Thomas Satyadas

Consultant Transplant and Endocrine Consultant Hepatobiliary Surgeon and
Surgeon Advanced Laparoscopic Surgeon
Manchester Royal Infirmary Manchester Royal Infirmary

Central Manchester University Central Manchester University

Hospitals NHS Foundation Trust Hospitals NHS Foundation Trust
Oxford Road Oxford Road

Manchester Manchester

M13 9WL M13 QWL

0161 2763467 0161 2712534
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Department of Surgery
Manchester Royal Infirmary
Oxford Road

Manchester

M13 QWL

0161 2763467

PATIENT CONSENT FORM

Title of Project: Measurement of Organ Retraction Forces During Surgery

Name of Researcher: Mr Titus Augustine, Consultant Transplant and Endocrine

Surgeon.
Study Number: R03194

1. I confirm that | have read and | understand the information sheet
dated 15t March 2013 (version: 1) for the above study. | have had
the opportunity to consider the information, ask questions and

have had these answered satisfactorily.

2.1 consent to the procedure being recorded with a video camera
and the video footage being used for the research project on the
basis that it will not be possible to identify me from the video

footage.

3. I understand that my participation is voluntary and that | am free to
withdraw at any time without giving any reason, and without my

medical care or legal rights being affected.

4.1 understand that relevant sections of my medical notes and data
collected during the study may be looked at by individuals from
Central Manchester University Hospitals NHS Foundation Trust or
from regulatory authorities, where it is relevant to my taking part in
this research. | give permission for these individuals to have

access to my records.

5.1 agree to take part in the above study.
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Participant’'s Name of Person

Name: Taking consent:
Signature: Signature:
Date: Date:

When completed: 1 for participant; 1 for researcher site file; 1 (original) to be
kept in medical notes.
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Appendix D
Ethical Approval of In-vivo Pilot Study

NHS!

Health Research Authority

Mational Research Ethics Service

NRES Committee North West - Liverpool Central
HRA MRES Centre - Manchester

3rd Floor

Barlow House

4 Minshull Strest

Manchester

M13D2

Telephone: 0161 625 T&18
Facsimile: 0161 625 7200

15 May 2013

Mr Trtus Augustine

Consultant Transplant and Endocrine Surgeon and Clinical Director of Transplantation
Central Manchester University Hospitals NHS Foundation Trust

Manchester Royal Infirmary

Oxford Road

Manchester

M13 SWL

Dear Mr Augustine

Study title: In vivo measurement of retraction and displacement
forces applied on human abdominal organs and tissues
during open and laparoscopic surgical procedures.

REC reference: 13/NWID258

IRAS project ID: 124838

Thank you for your email of 9 May, responding to the Committee's request for further information
on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chair. .

We plan to publish your research summary wording for the above study on the NRES website,
together with your contact details, unless you expressly withhold permission to do so.
Publication will be no earlier than three months from the date of this favourable opinion letter.
Should you wish to provide a substitute contact point, require further information, or wish to
withhold permission to publish, please contact the Co-ordinator Mrs Carol Ebenazer,
nrescommittee northwest-liverpoolcentral@nhs. net.

Confirmation of ethical opinion

On behalf of the Commuttee, | am pleased to confirm a favourable ethical opinion for the above
research on the basis described in the application form, protocol and supporting documentation
as revised, subject to the conditions specified below.

Ethical review of research sites

NHS sites
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The favourable opinion applies to all NHS sites taking part in the study, subject to management
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see
"Conditions of the favourable opinion” below).

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of the
study.

Management permission or approval must be obtained from each host organisation prior to the
start of the study at the site concemed.

Management permission ("R&D approval”) should be sought from all NHS organisations
involved in the study in accordance with NHS research governance arrangements.

Guidance on applying for NHS permission for research is available in the Integrated Research
Application System or at hitp-/fwww. rdforum.nhs.uk.

Where a NHS orgamisation’s role in the study is imifed fo identifying and referming potential
participants to research sites ("participant identification centre”), guidance should be sought from
the R&D office on the infarmation it requires to give permission for this actiity.

For non-NHS sites, site management permission should be obtained in accordance with the
procedures of the relevant host organisation.

Sponsars are nof required to notify the Commuttee of approvals from host organisations

It is the responsibility of the sponsor to ensure that all the conditions are complied with
before the start of the study or its initiation at a particular site (as applicable).

Approved documents

The final list of documents reviewed and approved by the Committee is as follows:

Document Version Date
Cowvering Letter 21 March 2013
Investigator CV Augustine
Investigator CV Shah (D)
Investigator CV Dr Tahir

Shah
Letter of invitation to participant 1 15 March 2013
Participant Consent Form 2 09 May 2013
Participant Information Sheset 2 09 May 2013
Protocol 1 15 March 2013
REC application 34 20 March 2013
Response to Request for Further Information

Statement of compliance
The Committee is constituted in accordance with the Govemance Amangements for Research

Ethics Committees and complies fully with the Standard Operating Procedures for Research
Ethics Committees in the UK.

After ethical review

Reporting requirements
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The attached document “After ethical review — guidance for researchers” gives detailed
guidance on reporting requirements for studies with a favourable opinion, including:

+ Motifying substantial amendments

+ Adding new sites and investigators

+ Motification of serious breaches of the protocol

+ Progress and safety reports

+ Motifying the end of the study
The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.
Feedback
You are invited to give your view of the service that you have received from the National
Research Ethics Service and the application procedure. If you wish to make your views known

please use the feedback form available on the website.

Further information is available at Mational Research Ethics Service website = After Review

| 13/NW /0258 Please quote this number on all correspondence

We are pleased to welcome researchers and R & D staff at our NRES committee members’
training days — see details at hitp-/fwww hra.nhs.uk/hra-training/

With the Committee’s best wishes for the success of this project.

Yours sincersly

(é%» -

Mrs Julie Brake
Chair

Email:nrescommittee northwest-liverpoolcentral@nhs.net

Enclosures: “After ethical review — guidance for
researchers”
Copy to: Dr. Lynne Webster

James Cordon

D-36



