IMPROVEMENT OF GENERAL DESIGN THEORY AND METHODOLOGY WITH
ITS APPLICATION TO DESIGN OF A RETRACTOR FOR VENTRAL HERNIA
REPAIR SURGERY

A Thesis Submitted to the College of Graduate and Postdo&tindies
In Partial Fulfillment of the Requiremerf the Degree of Master décience
In theDivision of Biomedical Engineering
University of Saskatchewan

Saskatoon

By

Zhenwei Dai

© CopyrightZzhenwei DajMarch2019. All rights reservd.



PERMISSION TO USE

In presenting this thesis in partfalfillment of the requirements for a graduate dedreen the
University ofSaskatchewan, | agree that the libraries of this university may nfedeytavailable
for inspection. | further agree that permission for copying of this thesis imangerjn whole or
in part, for scholarly purposes may be granted by the profesgpoof@ssorsvho supervised my
thesis work, or in their absence, by the head of the department or the teacafege in which
my thesis work was done. It is understood tmat @opying or publication anse of this thesis or
parts thereof for financiagain shall not be allowed without my writtggermission. It is also
understood that due recognition shall be given to me and to the UnivérSagkatchewan in any
scholarly e which may be made of any material in my thesis. Retprgsermission taopy or

to make other use of material in this thesis in whole or in part shewddressed to:

Chair of Division of Biomedical Engineering
College of Engineering7 Campus Druie
University of Saskatchewan

Saskatoon, &katchewa®7N 5A9Canada

OR

Dean

College of Graduate and Postdoctoral Studies
University of Saskatchewan

116 Thorvaldson Building, 110 Science Place

Saskatoon, Saskatchewan S7N 5C9 Canada



ABSTRACT

Open surgerys an efficient way to cure massive ventral hernias in the clinic. Dthimgurgical

process, a spatula is used to prevent intestine tissues from damage of suture passer, possibly
causing damage and taking time to address the spatula. Thesaef@w, pototype, which could

address both issues, is undmnsideration. In order to design the new prototype that satisfies
clinical use, this studwasbased on the retractor design by Dr. luk uo 6 s r et r,act or
which nevertheless had many shortcogsi\n observation was made to these shortcominais th

they are partially due totheddoc desi gn process taken to resu
the research of this thesis into a close examination of the general design theory and methodology
(DTM) in literature, aiming at improvements of DTM dwt it is possible to apply the DTM to

improveLuoés retractor.

In this thesisthegeneradesigntheory andnethodolog, such asAxiomatic Design Theory (ADT)
and Systemt&c Design Procedure (SDRyas examined closelyseveral problems witthem, e.g.,
missing a guideline to identify the-salled geneal function in SDP, missing a guideline to handle
constraints in ADT, lack of a more formal model to capture design requirementsyete.,
identified and studied Specifcally, a novel model to represeat designmore formally was
proposedand a new general design process model was develdpedesign of the retractor was
then carried out by following the proposed general design process modéientiptoved DTM
which resulted in an improved retractor. The prototype of the new retractor wasctesteadly

with the help of surgeon (Dr. Luo) as well as simulated with the help of the finite elsofievdre



Several conclusions can be drawn frdns study and thegire: (1)the new retractor is a viable
device and ispromising for further commercialization; (2) the general design theory and
methodologyis now morerational formal and robust, ready for applicatsoand for further

developmentowards automating the genedasignprocess

This thesis has made the following contributiom the field of medical device and the field of
general design theory and methodology. In the first field, a new medicakdeeic retractor, is
createdand it will improve the ventral hernia repair surgery in terms of efficiency (time reduction
by 37.3%). In the second field, this thegsovided a revised design theory and methodology that
combines ADT and SDP, which may be called ABDP, and has provideguidelines of howhe

ADT-SDP can be used for practical design problems.



ACKNOWLEDGEMENTS

The journey of research is not an easy progress, which is a scientific training. | appreciate that so
many people accompany with me along in this journey.ulevike to show my great appreciation

to my supervisors, Chris Zhang and Yigang Luo, whose siathim, encouragement, patience and
guidance have a great influence on my research work. Their knowledge impresses me so much

and will continue to impact my &f

| would like to acknowledge my advisory committee members, Daniel Chen aneB8aoko,

who keep the attitude of patience and support in the process.

| would like to thank my friends, Ang Chen, Charles Yuan, Hasan Majumdar, Ramesh Ramanujam
and SamarRahbar. Theyhave givenme significant helg for pursuing myMaster of Science
degreen the Unversity of Saskatchewan. | cherish every moment spent with you guys and look

forward to spending time with each of you in the future.

Finally, | would like toappreciate my lovely parents. Because of their financial support, it makes
it possible formetpur sue my master 6s degr ee ihavenévarnad a.
given up when meeting difficultiealong this study journey am deeply thankfuior their input

for me.



DEDICATION

To:
My father, Puxiang Dai, and
My mother, Xiuhua



TABLE OF CONTENT S

PERMISSION TO USKE...... et eeime et eme e e e e e e e e s emnes s e e e e e nnna s L
AB ST R A C T e et eree e e e e ettt e e e et e tba s eman e e e e e e e ra e e e eeennaann Ii
ACKNOWLEDGEMENTS . ...t e e e et e e e e e e ssmmmeenane s )Y
DEDICATION L.t oot eeeme e ettt e e e e e e et e e e e e emaneaeeesbna e e eaeeennanaeeaas V.
TABLE OF CONTENTS. ..ot r e e e e e e e e e e e enene e e ennnnnns Vi
LIST OF FIGURES . ...ttt e e e e e e e e e s e e e e e e nnnnnas X
LIST OF TABLES ... ettt eeee e e e e e e s emee e e e e e e ena e Xiv
CHAPTER 1 INTRODUCTION. ....uuiieiiiiitie ettt erene e et e e e e e ana e e e anes 1
1.1 Background and MOTIVALION............uuuuiriiiiiiiieeeiiiiiiiie et e e e e e e e s emmmr e e e e e e e e e e e e e e e e 1
1.2 RESEArCh QUESHIONS. ... .ciiiiiiiiieieeeeeeeee et e e e e e s aeeneeseesae e e e e e sesssnseessnnnneessessnned
1.3 Research Objective and SCOPE........ccooi i 9
1.4 Research MethodolOgy.........cooviiiiiiiiiiicee e e e e e e e e ameen s 10
1.5 Outling ofthe theSIS. ... ..o 11
CHAPTER 2BACKGROUND AND LITERATURE REVIEW........ccooiiiiiiiiieeeeemeei 13
2.1 General design theory and methodolagy.............ccccueiiimmmnii e 13
2.1.1 General design phase theary.........couuuiiii e e e 13
2.1.2 System decomposition: diVIGEIACONQUEL...........cceuuuuiiieiiiiiimrie e e e eeeiiee e eeeene 13
2.1.3 AXiomatiC deSigN thEOLY.......cccoviiiii i e e e e eens 14

Vi



2.1.4 Systematic design ProCEAUIE............ovveieiiiiieemr e e e 14

2.1.5 Integrated ADISDP (Muddada, 2014)...........uuueiiiiiiiieeecceeiiise e eeeaeee s 15
2.1.6 DESION MOUEL....uuuuiiiiie et rree e e e e e e e et e e ee et beee e eeeesneees 16
2.1.7 DISCUSSION.....ceiiiieeee e e e e e eeens bbb e e e e e e e e e 20
2.2 DeSign Of SOft UEVICES........ooi it ee et eeeea bbb e e e e e e e e e e eeeeeee s 20
2.3 Design of fOldiNG TEVICES........ccovvviiiiii s errs s e e e e e e e e e e e e e eesaeees 22
2.4 Medical ProteCti@ AEVICES ... .uuuuii i eeeee e ee e e ann 23
2.5 CONCIUSION. ...ceiiiiiitteie et ee ettt emmme et e e e e ettt e eemmt e e e e e e r e e e e e eens 24
CHAPTER 3A NEW GENERAL DESIGN PROCESS MODEL........cccooovviiiiiiiirieeeneeeeees 25
G0 | 1 70 To [0 T 1o o PO P O PP P PPPPPPPPPP 25
3.2 Overcoming the shortcomings+(2) and B)-(6) iN GDTM..........cccccceeeiieeieeeeccceecnn, 25
3.2.1 Understanding the performance of a deviCe..............cccovviveeeiii e 25
3.2.2 Understanding the constraiaguirement to a deviCe.........cccceeveeeeiieeecceeiiieeeeenn. 26
3.2.3 ONtolOgy OF TUNCHONS ....eeiiiiiiiiiieiee e 29
3.2.4 Function Deaaposition and Zigzag ProCesSS.........cooouvviiiiiiiiiiiccceeeeeeeeeee 31
3.2.5 Function independency evaluation..............cccuuuuuimmmnnnnieiiiiiieee e 34
3.3 A general design process MOAEL.......ccoeeiiiiiiiiiiieeeieic e, 35
3.4 Towards a Formal@proach to Design Process Representation...............cccvvueemnnn. 37
3.4.1 Notation for the representation of the decomposition of FR and DP................ 38
3.4.2 Notation for the represtation of the performance requirement (PR)................. 39

vii



3.4.3 Notation for the representation of the constraint requirement..................cceeee. 40

3.5 lllustration-- Design of a Clamp SYSteM........cccoeieiiiiiiiiieeer e 41
3.6 CONCIUSION. ...t ettt eeee e ettt e e e e e e e e e e e e s smme e e e e e e e e e e e e e e e annas 44
CHAPTER 4THE REQUIREMENT FOR THE RETRACTOR......ccoiiiiiiii e 46
v ot R [ o1 oo [¥ox {0 o FER PP TP PP PP P URTPPPPPRRRRROY - o
4.2 Open surgery for NErNIa FEPAIL............uuueiiii et e e eerer e e e e e e e e eeees 46
4. 3 LUOOD S0t 0. YD 49
4.4 The technical specifittan for the retractar..............c.ooooviiiiie i 50
4.5 SUMIMAIY....ceeieeitiittiiies s asse et e e e e e e e e e e emans s s s e e e e e e e eeeeeeeeeesamnnsseeeeeeeeeeeennnnnnnnns 52
CHAPTER SDESIGN AND ANALYSIS ... et 54
ST A 1 (0 To 11 o3 1 o] o PO PP PTT T PPRP 54
22 I =1 T [ SO 54
I R O (o1 =T o] (U =1 o (=S o T ORISR 54
5.2.2 EMBOdIMeNnt deSIQN.......ccoiiiiiiiiiiiiii e e 60

5.3 ANAIYSIS. ..ttt eeer e et e e e e e e aaaaeaaea 64
5.3.1 Simulation of the force reSiStanCe...........coooiviiiiiiiccc e 65
5.3.2 Simulation of the expanding pess of the retractor..............cooovvviiiiccceeeeeeeeinins 67

5.4 CONCIUSION......iii ettt et e e e e e e e e e e e s ammme e e e e e e e e e e e e e e e 69
CHAPTER 6 ABRICATION AND EXPERIMENT ... e 70
G A =T o] 0% 11 [0 o FU PP PP PPPPPPPPPPPR 70

viii



O = o =] 110 1 1= o 1 USRS PPRP 12

6.3 CONCIUSION. ...ceiiiiiiiiiii et ere et emme et e e e et e e eemmr e e e e s e e e e e e eens 77
CHAPTER 7 COUCLUSION.....cueeeieti ettt neme et e e e e e e e e e e enene e 78
7.1 Overview and CONCIUSIONS.............uuuiiiiiiiiiieeeiiiiiiiieee e e e e e e eeeereereeeeeeeeeeaeeeaeeeeeeee ] O
7 ©10] 01141 018110 ] o 1< T PP 80
7.3 FULUIE WOTK ...ttt ettt e e e e enen e e e e e neeas 81
REFERENGCES. ...t e e e eme e e e e e e e e e e e enenans 83
APPENDIX APACKING CASE STUDY ...t e e e 88
APPENDIX BFECBPSS......cee ettt eee et e ettt eannee e e e e eaeaans 90
APPENDIX CFORCE MEASUREMENT. ...t 91

APPENDIX DFINITE ELEMENT MODELING FOR SIMWLATION OF FORCE

RESISTANCE ...t emrn e e e e e e e e eeees 97

APPENDIX EFINITE ELEMENT MODELING FOR SIMULATION OF RETRACTOR

EXPANDING ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e e 103



LIST OF FIGURES

Figure 1.1 Mesh With thread...............eeiii e e 3
Figure 12 The open repair process for ventral hernia................cccoevveeeeiiii e 4
Figure 13 Currently available spatula deVviCe...............uuuiiiiiccceecr e 4
Figure 1.4 The schematic of the current operation with the spatula...................cccceeeoo 5

Figure 1.5 Luobs retractor. (aJ)..t.he..cal6l apsed

Figure 1.6Herniaalong with the INCISION.............ccoiiiiiiiiieee e 7
Figure 2.lintegrated ADTSDP ajproach (Muddada, 2014)............eueeeiieiiiiieemiiiiiiieeeeeeeenn 16
Figure 2.2Graphic expression of general functi@tahl, Beitz, & Feldhusen, 20Q7)............ 18
Figure 2.3 FREPS COMESPONUENCE. .......uuuiiiiiiiiiiiie ettt e e e e e e e e e 18
Figure 2.4 Thresituations Of the deSIgN............ueiiiiiiiiiii e 19
Figure 2.5 The foldable fam...........oo e 22
Figure 3.1 lllustration of FR and CR with the cup design.............cooooiiiiien e 28
Figure 3.2 DeSIgN IEVEL........uuiiiiiiiiiiii e 34

Figure 3.3 FCBPS®ased general design process (S: synthesis, Biathal, A: analysis, S/S:

state/structure, AB: actual behavior, AP: actual performance, SE: search, G: generaliz&fon)

Figure 3.4 The definition of FRIong with itS deCoOmMpPOSItioN..............eevvviiiiiiiieesiiiiieeeeeee 38
Figure 3.5 Representation of function requirement deCompoSsItion................oovvicceeeeennn. 39
FIGQUIE 3.6 CUP ClamMI. ..ttt eee ettt eeee et e et e et e e e e e e e e e e e e s ammme e e e e e eeeeas 41
Figure3.7 The Work Principle of Cups Stack..........ccccvviiiiiiieeeiiiiiiiiiiiiiieeceeeeee e A2
Figure 3.8 FREPS relation............uviiiiiiiiiiiieeeiee e e 43
Figure 3.9 Schematic Diagram of Different Design Parameter...........ccccccovvieeevveeeeenennnnn. 44



Figure 41 Step 1 of the Open SUrgiCal PrOCESS........uuuuuiiiiiii et e e e e e e s annena e a7

Figure 4.2 Step 2 of the SUurgical PrOCESS...........oovvviiiiiiieeee e 47
Figure 4.3 Step 3 Of SUrgiCal PrOCESS ... uuuuiiiiie et eeee e e e e 48
FIQUre 4.4 SHECRING PrOCESS. .. .uuuiiiii ettt eeee e e e e e e e e e e e e e e aa e mmmeeeeees 49
Figure 4.5 CubOid SPACE CAVILY..........euvuurureiiiiieeeeietieieas e e e e e e e e e e s smessses s e e e e e e eeaaeeeeeeeeesannns 51
Figure 5.1 DP3 MECHANISIM......ccoi it eeee et s s e e e e e e e e e emnnn s 56
FIgure 5.2 FR DP relatiONS.......ccooiiiiiiiiiiiiiiii oottt se e s e e e e e e e e e e e e amennas 56
Figure 5.3 The couplealternative deSIgN..........cccuuuiiiiiiiiiieeeiiiiiiiie e eeeee e 57
FIgure 5.4 Origamli SNEEL........ui e e 58
Figure 5.5Lockingmechanism illustration. 1: the first plate; n: the last plate.................... 59
FIQUIe 5.6 FR SIIUCTULE .......ooi i ee s eeeees b e e e eee e 59
Figure 5.7 FRDP COIMeSPONUENCE.......ccceeeeeeeiiiiiieeieeee e e e eee et mmme e e e enannnn e 60
Figure 5.8 Shape and sizing of the plate...........cccoooiiiiiiceeiiiiii e 61
FIgure 5.9 Origami SNEEL........cooiiiiieeeeee e e e e e e e e rne e 62
Figure 5.10 Retractor ProtOtYPE.......ccooiiiiiieiieiet e e e e e e e e e amns 62
Figure 5.11 Plates fixed with origami Sheet................ovviiicciiiiie e, 63
Figure 5.12 Hookandi100p faStENEr...........uuiiiiiii et 63
Figure 5.13 Collapsed and expanded retractor............ccooiiiiiieeeiei e eeeeeceeeeeeeeme e 64
FIQUIE 5.14 FOICE MESISTANCE. .......vviuieiiiee e e ettt e e e e e e e e e e e e e e e aeeer e e s e e e e e e e e e e eeeeereearsnnneaeees 66
FIQUIE 5.05 PTFE SIESS...uuiii it eeeee et e e e ee e e e e e e e et e e e ameeeeeeeeaaaans 66
Figure 5.16 Expanding retractor SimulatiQn..............c.cooiiiiimiiiiiie e emme e 68
Figure 6.1Collapsed and expanded reti@C..............cooooviiiiiiiieee e e d L
Figure 6.2 Manual operation to expand the retraCior................eeeviieeeriiieiiiiiiiieceee e 72

Xi



Figure 6.310 ¢M X 10 CM NEIMIAL........cuuueieiiiiie s e e e e e e e e e s smeerse e e e e e e e e e e e aeeeennenneen d O

Figure 6.4 INCISION MAKING..........ccoiiiiiiiiiiii e e e e e e e e emnn s 74
Figure 65 Inserting the retractor into the abdominal cavity.............cccccevivieemeevvvvveencennnnn L4
Figure 6.6 Stitching the MeESKL...........coo i e 75
Figure 6.7 Putting the mesh into the abdominal cavity..................uvviccciiieeeeiiiiiiceeee, 75
Figure 6.8Folding aml taking out the retractor of the cavity.............ccccevviivieeeee e, 76
Figure 6.9 CloSiNg the INCISION............uuiiiiiii e e e e errerse s e e e e e e e e e e e e e eaesnnnes 76
Figure A.1 Main flow for the packing of carpet tiles...........ccooiiiiiiiieem e 88
FigureA.2 Function structure for the packing of carpet tiles.............evvevviiiiceeiiiiiiieneennen. 89
FIQUIE B.L FCBPSS.... ..ttt ettt ettt eeer ettt e e e e e e e e e e e e e e e e s s rmmme e e e e e e e e 90
Figure C.1 Force Measurement TEStDEM...........iiiiii i eeeeeer e 91
Figure C.2 Adjustinghe electroniC SCal.............coviiiiiiiiiieeee s 91
Figure C.3 Marking the POINt..........cooiiiiiiiiiicce s e e e e e e e ameeaas 92
Figure C.4 The proCess Of PUNCIUIE............uuuueiiiii it eereeee e e e e e e e e e eees 92
Figure D.1 SUUre PASSEr @BOMIY........ccuiiiiiiieeeeeaee e e e reee bbb 98
Figure D.2 Details of suture passer sharp.end.................uuuiimmmiiiiiiiiiiiiiiiie e 98
Figure D.3 FTPE Doard geOMELLY.......cooi ittt ereei e 99
Figure D.4 MeSh gENEIALtION...........uuuueiiie et e e eeeer e e e e e e e e e e e e e e nnne e e 99
Figure D.5 Appy the CONSIIAINES..........uuuiiiiii i eeees e e e e e e 100
Figure D.6 APPIY the [0Ad.........cooeiiiiiee e e e eernneeaanes 100
Figure D.7 Sensitivity Analysis for the theoretical model relative to mesh.size............. 102
Figure E.1 RetraCtOr QEOMIEBIIY ... ...uuuuiiiiiiiiiiiii ettt ettt e e e e e e s s e e e e e e e e e e e nees 104
Figure E.2 INtEeStINE GEOMEBIIY.....coii ittt tieeee s eeens bbb e e e e e e e e e e eenes 104

Xii



Figure E.3 Frictional COEffiCIENL........cccooeei e 105

Figure E.4 Face Size Of INtESHNE.......cccooe i i eieeeeeeee e ens 105
Figure E.5 Face Size Of retracClor.........ccooeiiiiiiieeeeeee e 106
FIgUre E.6 Gravity l0Ad............uuiiiiiiii e eeeee s e e e e e e e e e nnneeeaeeeees 106
Figure E.7 Gravity @qUIVAIENL...........ccooo e eeeeeeeee e e 107
FIQUre E.8 FIXE SUPPOIL.....cco ittt e e e e e e e e e e e e amnea e e e e eeeas 107
Figure E.9 Set up the rotational JOINt............ccooviiiiiiiiieen e 108
Figure E.10 Set up the rotational VEIOCItY...........cccoeeiiiiiiiieeei e 108
Figure E.11 Sensitivity Analysis for the theoretical model relative to mesh.size............ 110

Xiii



LIST OF TABLES

Table 5.1 Material properties in force resistance simulation...............cccooveeeeeiieeiieeeeeen, 65
Table 5.2 Material properties in retractor deploying simulation.................ccccceeeeveevvevennns 67
Table 5.3 Results fromlifferent VEIOCITIES..........cooviiiiiiiiieeee e 68

Table 6.1 Improvements oftthee w r et ract or .o.Mm.e.ax...L.uods..r7fétractc

Table C.1 ReCOrded TALA..........cciiiiiiiiiiiieeeie e eeei e e e me e 93
TADIEC.2 FOICE TALAL......iiiiitieiee e eee et e et e e e e e e e 94
Table D.1 Outcome of varied MESh SIZ............coiiiiiiiiiemiiiie e 101
Table E.1 Outcome of varied MeSh SIZE.........cooviiiiiiiiiiiee e 109

Xiv



CHAPTER 1

INTRODUCTIO N

1.1 Background and Motivation

Ventral hernia is a bulge in the abdomen caused by abdominal cavity contents pushing abdominal
wall layers. It randomly happens at any area oratifdominalwall. Majority of ventral hernias

are incisional hernias meanitigat they occurred at past incontelg-healed surgical incisions.

But not all ventral hernias are incisional; somayoccur due to trauma or congenital problems.
Ventral hernias are abdominal tissues that penetrate weak spotsatidthrainalwall (Ventral

Hernia- Symptoms & Treatment, n.dnfortunately, ventral hernias cannot heal by themselves,

and they require surgery to pusiem backKrause, 2018)

There are several treatmeqtionsavailablefor theventralherniaproblemnowadays:

1 Open surgery: A surgeon makes an incision in the abdominal wall, dih@sniain the
abdomen, separates it from the surrounding tissues, pushes the tissues back imtodlace,
finally places a mesh patch ¢ime weak area to kpentestines in place. Any parts of the
intestineghathavebeen destroyed by herniawill be removedKrause, 2018)

1 Laparoscopisurgery Several comparative small incisions are first made in the abldome
then a thin anddht scope is inserted through the incisions. A surgeon makes use of this
instruments to fix the defect. In the repair, a mesh may or may not be employed to reinforce

the weak spotKrause, 2018)



In the above treatmentoptions it would be ideal if aventral hernia could be repaired by
laparoscopic technology, as this technology tnesbenefits (as opposed to the open surgical
technology):

M less tissue trauma and smaller incisions,

=

reduced postoperative pai
1 shorter hospital stays, and

1 shorter recovery time.

Unfortunately, for large hernias, laparoscopic surgery is not effettivge herniasrealsocalled
massive ventral herniagith their length or widthbeingmore than 15 centimeters (cm) tbeir

overall areabeing150 cnt, according tdrause(2018).

Massive ventral hernias are not uncommon. Approximately 3500@00 ventral hernia
repairs including both open and laparoscopic surgeries are performed every year in the United
StategLaparocopic Ventral Hernia Repair Patient Information From Sages, Ralihly halfof
themareopen incisional repair treatmer{tsuo et al., 2017)For the open incisional surgery, the

mean operative time is 80 mimin. 45, max190)(Crovella, Bartone, & Fei, 2008)

In theventral herniaepair procedure, a mesh is sewed underneath the abdominal wall to stop the
tissues from pushing back. A suture passer, a sharpened needle, is se&dthe mesh to the
inner wall of the abdomen, passing it through the abdominal wall to reach theOneakle. mesh,

there are a series tiireads(Fig. 11). When the passer reaches the mesh, the surgeon takes the

threadto the tip hole of the passer, and the passeiswithdrawn out of the abdominal wab



form a stich. As such, the mesh can be sewed on the inner wall of the abddmihé.operabn,
there is a risk that the suture passer may accidentally hurt intestines underneath the alvdtéminal
To avoid ths risk, athin sheet of metatalled spatulas placed inthe abdominal cavithetween
the inner wall of the abdomen antksh(Fig. 1.2). Thetypical spatula is shown in Fig. 1(Buo,

et al., 2017)After the suture passerpenetrated through the wall of the abdomen, the spiatula
supposedo preventhe passefrom touchng the intestineFor each stch, the spatula needs to be

placed to a right position, and the foregoprgcess isepeatedor forming each stitch.

Thread

Figure 11 Mesh with thread



Suture passer

<+«— Abdominal wall

< Spatula

Mesh

Intestine

Figure 12 Theopen repair process for ventral hern

Spatulas

Figure 13 Currently availake spatula device

There are several drawbacks with this spaplaroach(Fig. 12), namely:
i itdoes not adequately protect the intestine from the suture passer,
7 it relies on the physicians to coordinate both aperation of thesuture passer arttie

placemat of thespatula and



1 the surgeryperation takes a longer tirres a series akpositionof the spatulas needed

to cover thearea of ventral hernigig. 1.4.

Ventral hernia
‘4~ repair area

Figure 12 The schematic of the current operation with the spatul

Development of a new devite address the issues with g@atula was firsattemptedy Luo et

al. (2017), and this new dese is called retractor (Fig. 1.5). In Fig. 1ltBe retractor has several
plates and it has two statespanded sta&t (Fig. 1.5b) and collapsed state (Fig.a).3n the non
operation situation, the retractor is in tb@lapsed state, while in the operation situation, the
retractor is in the expanded state. The collapsed state must be designed such that theaettire retr
can be inserted through the incision opening of the abdominal wall, and ideally it is asssmall a
possibleThe size of the incision opening depends on the size of hemgid..éshows an example

of hernia along with the incision on the abdominal wall.

Luobs phassomeaypas identified for i mprovement .
prototype was not biocompatible. Second, the whole device was still bulky and ntii epsyate
especially the whole device is too thick to be readily placed in the cavity between the abdominal

wall and the intestine



This thesis was motivated to givelaser look into the ventral hernia surgery and to optimize the

Figure13Luo6s retractor . ( aexpandddstate o

designokpatulai ncl uding Luods retractor. To make the
implication, hereafter the devicestich as spatula, retractor, and even nerghcalledio-devices

because thelyave the distinctive featurebeing incontact with biological systems such as human

organs and tissue$his generalization may have dumnefits. First, the existing knowledge for

other instances of bidevice would be borrowed wesign the retractan this thesis study, and

second, the knowledge generated from the design of the retractor could be utilized for other

instances of biaevices in future.



Hernia area

Incision size

Figure 14 Herniaalong with the incision

Driven by the motivation the strategytaken in this thesisvas to exanme both general design

theory and methodology and specific design methodology fodéiwices (i.e., the spatula or
retracor in this case) in literaturdor designingheretractor. A preliminary study revealed that

there weremany unresolve issues ingeneral design theory and methodoldgy products.
Therefore, this thesis was expected to address these issues as well, along with to develop the

specific design theory and methodologyttee biodevices and theretractor.

1.2Research Questions

Thethesisstudy began with the following questions:

Question 1:



Isthe general design theory antethodologyn literature readilyavailablefor guiding the design

process of bialevices (e.g., retractor)?

The device such as the retractor Vethe featurahat theyare necessarnp be soft in the sense
that first, Youngods mo dsshauld be@dmpatileenithntreatt okthei a |
humanbody, and second the @raction of the devisavith humanbody should not damage human

body. Such a kid of deviceamay be called soft devis€Chen, et al., 2017)n literature, there are

many design theories and methodologies developed by researchers for general products. However,
first there are still some confusions witiose theories and methodologiastheir applicatios

(Zhang, li, & Zettl, 2012) and second, there is no specialized design knowledge available for soft
devices. Research into the answer to this question will have gengralieation to both general

designtheory and methodologgnd soft device desigheoryand methodology

Question 2:
Is the current retractor design optimal in that it can achieve the best performance and meet all the

function andconstraint requiremes?

It is observed that the current retractor device does not really followatiopal and systematic
design procesd-an, Cai, Lin, & Zhang, 2015)n other words, the design seems to béacl and

thus there isoomto ogtimize the design or there may potentially be some problEoranstance,
while the plates of the retractare expanded, they may damage the tissue. Additionally, the whole

retractor seems bulky diit may require a large incision, thus increasirggdgree of invasiveness.

o



1.3 Research Objective and Scope

The overall research objective svtb develop @eneral methodology fatesigning softlevices
and toapply thismethodologyto the retractg in ordert o overcome the | imit

prototype The following are the specific objectivekthis thesis.

Objective 1: To clarifyseveralunresolved issues in the general design theory and methodology,
especially deeloping a more formal modg@r notation) that can more precisely describe a design

processincluding technical specification.

ADT (Suh, 2010xstands for axiomatic design theory and SPRhl, Beitz, & Feldhusen, 2007)
stards for systematic design procedureheBe two design approaches are combined into one
approach called AD'EDP(Muddada, 2014based on the analysis of tredationship between the
two approaches. This thesis conducted desigfolbgwing ADT-SDP. The current literature had
missal such a notation, which hinderadgood practice of design. Furthermore, the guideline to
conducta design based on the AESDP wasinconplete, e.g., no guideline was existaout
whetherthe evaluationof a design byAxiom | should be performed at the sfimctions at the
same level of a functional decomposition lattice or ateéheelevel. Research intthis objective

wasexpectd to produce the answer to Question 1.

Objective 2: To develop a commeequirement model technical specificatiofor the retractor
including the requirement on the softness of the retractor such that the retractor design can be

evaluatedquantitatively and objectively



The research resulting from Objective 1 will belégd here. The requirement includes both the
function and constrat parts. Theasearch into this objective was expectedrtmuce the answer

to Question 2.

Objective 3: To design, fabricate and tesexperiment theew retractor to explore itsnproved

behavior along with its performancev er L u o 6 s gt thetectical spacificatigna i n

The existing retractor will be optimized. This covers optimal design, developaretiesting.

The new device will be evaluated based on the requiremerglrdedeloped in the research into

Objective 2.

The study was lintéd to the proebf-concept rather than any commercial product.

1.4 Research Methodology

A thorough literature study of the general design theory and methodology in literature along with

illustration with the help of practical design examples was taken to achieve Objective 1. This

included the classification of issues and resolution of thesssThe ADTSDP process was taken

as a backbone, as it was proved to be effective in the pregaisof Muddada (2014).

By generalizati on edévicdlikeadiractomsrasdft foldiggmevice, dedtke b i o

precious discussion particulliathe two statesf the retractor (collapsed state and expanded state).
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Therefore, design theoriemnd methodologies for soft devices and folding devices were also

examined to achieve Objective 2 and Objective 3.

A series of experiments were conductethvihe help of the surgeon (Dr. Y.G. Luo) in order to

prove the effectiveness of design conceptgtie retractor.

1.50utline of the thesis

The thesis consists of six chapters. The remaining five chapters are outlioboves

Chapter 2 offers a literature review to shdwrtherthe necessity and significance of the objectives

as mentioned befe. The literature review focuses on general design theory and methodology,

which includes axiomatic design technology (ADT), systematic design procedure (SDP), and
incubating ADFSDP approehes, design of soft device, which includes concept and exanoples

soft device, and design of folding device, which includes concept of folding principle and folding

mechanism device, as well as medical protective devices, which includes applicatibffierfzmt

purposes.

Chapter 3 presents several issues existinghe current ADTSDP approachand introduces the

representation of guidelines and nwmas to address the issues. As wdlle illustration of

guidelines and notations is demonstrateditghoa case study.
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Chapter 4 presents a more comprehensive reguieats specification for the retractor based on

the outcome of Chapter 3

Chapter 5 presents theonceptualdesign, embodimentlesign and detail design of reovel

retractor.The simulation @sults are illustrated as well to assist the steps of design

Chapter 6 presents th&abrication process of the retractor device is displayed as well. In addition,

several testing methods and resalts illustrated in this chapter.

Chapter 7 concludes the thesis with discussions, consisting of the representatioatafisoand

guidelines of thelesignprocess, the retractor contribution to the medical surgery, and future work.

12



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

In this chapterthe relevant background materials are discussed, including the general design
theory and methodology, thaesignof soft devices, thelesignof folded devices, and medical

protection devices.

2.1 General design theory andnethodology

2.1.1 General design phase theory

The general design phase theory consists of four steptechnical specification of requirement

concept design, embodiment design and detail design. For each step, it has different tasks. For the
technical specification of requirementit uses the technical terminology to represent the

c u s t owwieerofttherequirementor his productfor concept design, it focuses on developing

the working principle of thdevice under design to meetjuirematsin the technical specification;

for embodiment design, it concentrates on developinigadgstructure of the&vice under design

to embrace the working principle; for detail design, it develops a complete specification of the

device under design réwa for manufacturing or purchasing.

2.1.2 System decomposition: dividand-conquer
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Design can be viewed @soblemsolving To a complex problem.€. a complexequiremenin

the case of design),division of this problem intaa set of simple problems neededThe se

called simple problem means that the problem has a solution. In the case of design, it refers to
decomposition of a complex requirement into a set of simple requirements such that the simple
requirements can be fulfilled by designs (osations of devices}or the convenience of later

discussions, the dividendconquer is calle®C Axiom.

2.1.3Axiomatic design theory

The axiomatic design theory consists of two pafise Independent Axiom (Axiom I) and

Information Axiom (Axiom I) (Suh, 2010)

o Axiom I: AMai ntain the independenc)e(Adomatitc he f ur
design, n.d.) In the following discussion, it is denotess ADT-Axiom | for the
convenience of discussions.

o Axiomll: AMIi ni mize the i nf or (aidmatic designo.ch)tine nt of
the following discussion, it is denoteas ADT-Axiom |l for the convenience of

discussions.

According to Fan et al. (2015ADT-Axiom | is only applicable to the concept desighase. In

this thesisADT-Axiom | is concentrated.

2.1.4 Systenatic design procedure
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The systematic design procedure (SDP) consists of two processes: function decomposition and
device searching. According to Zhang (2018), the principle to conduct the function decomposition
is the application of engineering commserse. For instance, onauld first design X, and then
manufacture X based on the design of X (i.e., description of X). The principle to conduct the device
searching is the match of tifienctionalrequirement and the function of the devices in the past
desgn practice or based aheimaginationof designers. To facilitate the device searching, SDP
has a concept called general function and specific fun@@ahl, Beitz, & Feldhusen, 20085DP

also advocates the general desigage theory and has a step to check the physical compatibility
among component devices or components that are designed to fulfilhti®nalrequirements

through the four design phases.

2.1.5 Integrated ADT-SDP (Muddada, 2014)

Muddada(2014)proposed to integrat®DT and SDP based on the observation that the two are
complementary to each other in many ways. SDP provides a guideldevétop the function
decomposition, and a guided to probe the (conceptual) desigrusoh. ADT, however provides

a means to perform the evaluation of design, including both the design requirement and design
solution with ADT-Axiom | and ADT-Axiom Il. Figure 2.1 shows the integrated AISDP

approach of Muddada (2014), where there eiglh steps.
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Requirements list from Generate main functions

customer attributes with SDP
A

Find the possible solution Generate sufunctions

principles using SDP < with SDP

A
Develop the solution Apply Axiom | of ADT to
variants using BP eliminate coupled solutior]
variants
A
Apply modified Axiom I Apply the compatibility
of ADT to derive the best analysis based on SDP on
solution < solution variants to
eliminate wrong
combinations

Figure 21 Integrated ADTSDPapproachNuddada, 2014)

2.1.6 Design model

A design modetepresents the FRP relation. A design object model represents th€ZbRang,
1994) A design requirement model represents the requirement of the customer as well as the
technical specification (i.e., the reggment described in the technical terminologd)design
process modelepreserg how a design is conducted, indhglthe decisionmaking processes
(Zhang, 1994; Zhang, Lin, & Sinha, 2005; Lin & Zhang, 2004; Zhang & Wang, 2Ba6her, a

design processs divided into a gneral design process aadpecific design process. The general
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design process is suitalfler all desgns butthe specific design process only meaningful to a

specific design problem, e.g., febar linkagedesign(Zhang,1994; Ca, Dolovich, Chen, &

Zhang, 2018)rice mechanism desigfbuo & Zhang, 2001 underactuated robot desigZhang,

Zhang, & Gupta, 2018ktc. To a specifidevice design, both the general desigocpss and

specific design process are involved. This thesis takes the retractor design as a case throughout,
discusson both the general design process and specific (i.e., retractor) design pitocessbe

clearfrom the above discussion thatlesigns the result of a design process.

Further, amodel needs to be expressed with symbols that can be visually commuaitateg
human designers.xamples of the visual expression of tnedelaretextual expressian{oth

less formal andormal), and grapileal expressions. Expressions need elements (visual or audial),
synaptic rules and formats, like grammars in the human nataldge, e.g., Chinese, English,

etc.

In the design literature, the SDP has a sefraphic exprssions fordesign, see Figer2.2. In the
ADT, FR represents the functional requirement, Bitkepresents the design product or solution.
The correspondence between the set of FRs and the set of DPs can be egpapbselly in
Figure 2.3 This graphical expression can be furtegpressed by the correspondence matrix, i.e.

Equation (2.1):

(@}
o

5 a (2.1)
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whered charaterizes the correspondence betweenaf DF; in particulard

no correspondence between; BRd DR, on the other hand,

between FRand DR.

1tif there is

p if there is a correspondence

|n§m:i%i:i§f|itcm) Ge?n:anr:tlilgn\'rsa"d Ll X
Type Change Gepl:anrglilgnvsalid Type anadngug.';;?eiorm of |
Magnitude Vary Gea:anr:tlilgn\.rsalid II 100
i

Figure 22 Graphic expression afiegeneral functiorfPahl, Beitz, &-eldhusen, 2007)

Figure 23 FRsDPs correspondence
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In the above, A is called@esgn matrix. When A is a diagonal matrix, the correspondence of the

set of FRs and the set of DPs is shown in Figure 2.4a, and such a design is called uncoupled design.
According toADT-Axiom |, anuncoupled design is theest design. When A is a triangufaatrix,

the correspondence of the set of FRs and the set of DPs is shown in Figure 2.4b, and such a design
is cdled decoupleddesign. A decoupled design means that the functional independence can be
maintained if a degn process follows a proper sequene.g., in the case of Figure 2.4b, the
design sequende DP1d > DP2 (i.e., first design for FR1, followed by design for FR2). When A

is neither a diagonal matrix nor a triangular matrix, the correspondence of ttié-Bst @and the

set of DPs is showmiFigure 2.4c, and such a design is callesb@pleddesign. According to

ADT-Axiom I, the coupled design should not be pursued.

FR1 DP1 ‘ ‘ FR1 DP1 ‘ ‘ FR1 .v DP1

FR2 DP2 ‘ ‘ FR2 DP2 ‘ ‘ FR2 DP2
(@) (b) (©)

Figure 26 Three situations of the design

In Suh @010, the correspondence in Figu2.3 is expressed by an equation below

oY o) 0 O (22)

It is only recently noticedh Fan ¢ al. (2015) that Equation (2.2) is misleading, as the equation
(i.e., the right side is equal to the left side) is not based on any prsicipleysics and chemistry.

Equation (2.2) cannot be used to perform any quantitetraiation between FRs andPB e.q.,
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calculatinghe value of FRs given the value of DPs. Infach e si gn A =0 ddesmot Equat i

meantot he mat hematd claktpopeent osriderrespondencedo

2.1.7 Discussion

The lrief overview of the state @rts inthe general design theory and methodology in the above
reveals that the contemporary general design process model is still weak in fulfilling its premise.
Particularly, there are the following shortcomings identifiethwhe general design proses
model: (1) The performance of a device under design, e.g., a robot device in design should walk
at the speed of 10 meters per secondf i® way to be represented as well as expressed. (2) The
constraintof a device under design plays its functioroisno way to be represented as well as
expressed. (3) There is no formal way to represent design options or device alternatives. (4) It is
not clear about the role of the design phase theory in the generaSBBTdesign process. (5)

The concemof functions, such ashegeneral function versus specific function and main function
versus auxiliary function in the ADEDP, need to be further classified. (6) The function
requirement decomposition needs a clear@taiine, e.g., whether thenctionaldecomposion

and device searching should be couplagtoupled or decoupled.

2.2 Design of soft devices

Devices are divided into two kinds: structure and mechanism.sfrbetual device does not
transfer motion buforcesonly. As such, the general functiohastructuraldevice is: to support

a loadandto clamp two pieces together. The mechanism device transfers both motion and force
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(Zhang, 1994)Robots are beyond devices, as robots are expegpedftwm not only motion and
force transfer but also leang and decision making arfdlfill ing different tasks in different
environmentgChen et al., 2017)This thesis focuses on devices.

Soft devices can be defined as (1) not damaging their enviranvhéa they are performing their
function and (2) perfoning their function based on their material deformation, adapted from the
definition to soft robots by Chen et al. (2017). A partial soft device may include the connection
(between two components)athallows a relative motion between two components. Usual
device may be partially soft or called hybrid devi€ao, Dolovich, Chen, & Zhang, 2018; Cao,
Dolovich, & Zhang, 2015; Cao, Dolovich, Schwab, &.Zhang, 2015)Examples of the soft or
partial softdevicearesoft claw gripperRateni, Cianchetti, Ciuti, Menciassi, & Laschi, 2015)
partial soft robot han{Noritsugu, Sasaki, & akaiwa, 2002)and partial soft adaptable pavilion

(Knippenberg, Habraken, & Teuffel, 2016)

One kind of the soft device has the following architecture: the device is built upon a piece of
materials which are rationally shaped, and the device plays its function based on the deformation
of the material. This kind of device may be calledoanpliantdevice (both compliant structure

and compliant mechanism).

There is no general design theory and methodology availalihe ttesign of soft devices but
compliant devices. The theory for designicompliant devices is the elasticity theory, and the
metlodology is based on the-salled module optimization. By the way, the methodology for
analysis of a compliant device is the finite element method. In this thesamalysisof compliant

devicess concerned.
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2.3 Design of folding devices

Fu et al. (2015) defined the folding devecghaving two or more different states (particularly the
shape) and enabling taviéch from onestateto anotherstateon its own or on an external
intervention.Further, at each state the device is locked. Cnthebest example of the folding
device may refer to thimldablefan (Fig. 2.5). There are two states with the: feollapsed state

and expandestate (Fig. 2.5). An external torque is appliethe fan to gecute the change of the
states. The basic fieae of theneedto a folding device is that the space constraint for the device
to play its function differs from the space constraint for transporting and storing the device. In this
thesis, the folding devicconcept may be applied to the retractorgiesis it seems that the initial
state of the retractor significantly differs from its working state. Design of a folding device has
two issues: (i) locking the device at the desired state and (ii) switchingédre the two desired

states.

Collapsed fan Expanded fan

Figure 29 The foldable fan
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2.4 Medical protective devices

Medical protection devices are needed in surgery; they are expected to keep surgeons or assistants
from unexpected accidents and/or to protect patients from potentiges or infections.One

example of such a device is the device of protecting sgati8r Patent No. WO2009077695A3,

2009)in a surgical operation area, which is expected to limit the infection risks to patients. This
device has a transparentiilwhich is made of singlase sterile material. To maintain cléaass

and aseptic condition, the film is stored in the form of a coil at initial configuration. During use,

the film will pass across the observation plate by extending the portion wistcingd in a coil, to

offer a bouncing sterile surface for the paof biological material from the operation area. In
addition, it reduces the I imitation of surgeo

some special display shields.

Another example is the pahina Patent No. CiR01216601 Y, 2009)which is used to keep
surgeons and assistants fronra¢ exposure for minimally invasive surgery. The idea is to place
aprotectivecushion on the surgical site whicontains a cover case witheadplate inside. There

is anothe layer made of aluminum arranged between the lead plate and cover case, which is
attached to each other by resin. There is a typémedor thesurgicalrequirement to operate the
X-ray pracedure. The advantage is that the pad is flexible enough to be placed on anyhites su
as thigh, abdomen, chest, and solbalso efficiently protects doctors from therXy radiation,
enabing nimble operation of #surgical procedure that could bepeded by wearing gloves. The

vital point is that the material usedtims pad gives easy access to sterilization, recycimd

lower costs.
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One more application is a disposable sterile protective dav&. Patent No. US801158B1,

2011) which isused in ophthalmology. This cover is made efexileand disposable material for

multi-use. It is also biologicallyceptable for contact with human eyes. Its purpose is to prevent
thetransferof infection from patiersito patiers. There are a bunch of devices used for intraocular
observation, diagnosis, treatment, etc. Since these daregwolved with the physical contact

with patients6é eyes, such covers could el i min

retrador concerned in this thesis is a kind of the medical protective device

2.5 Conclusion

In this chapter, the general design theory and methodology was briefly reviewed. Several salient
points revealed in the discussion are revisitexkin (1) the conept of the general design theory

and methodology verstise concept athe specific design theory and methodologyeclarified;

(2) six areas with the general design theory and methodology in the current literature were
identified for clarification or improvement; (3) the concept of design model was clarified and
observation that the literature misses a comprehensive design model was made. The chapter also
summarized the concepiscluding soft devices, folding devices, and medical protective devices,
which arerelated to the design of the retractor concerned in this thesis. It can be seen from the
discussion that the research objectives along with their scope, described in Chapter 1, warrant to

be pursued.
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CHAPTER 3

A NEW GENERAL DESIGN PROCESSMODEL

3.1 introduction

The six shortcomings were identified in the preceding chapter regarding general design theory and
methodology (GDTM). They are ngsited here for the conveniencelafer discussions: (1) the
performance of a device under desigmoway to be explicitly represented; (2) the constraint

a device under design plays its function is no way to be explicitly represented; (3) there is no
formal way to represent design options; (4) it is not clear about the role of the desigrmpbase t

in the general ADISDP design process model; (5) the coreeptfunctiors, such as general
function versus specific function and main function versus auxiliary function in the {DH,

need to be further classified for their readily use; (6) thetfonmrequirement decomposition needs

a clearer guideline. This chapter addresses these shortcomings. Specifically, Statidne3ses

the shortcomings (4(2) and (5)(6). Section B addresses the shortcoming (4). Sectioh 3.
addresses the shortcoming (§)droposing a formal representation of part of the design process.
Section 3 illustrates how the design model worlising an exampleFinally, a conclusion is

drawn (in Section 8).

3.20vercoming the shortcomings (1)(2) and (5)(6) in GDTM

3.2.1Understanding the performance of a device
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Neither in the ADT literature nor in the SDP literature, there is a clear definition of the performance.
Indeed, only the concept of functional requirement (FR) is available in the literature, so a
performance musteorepresented as a kind of $-For insance, for a walking robot, its function

is: o6to walkoé, while the information O6speed o
notation for FR, there is no syntax to express this piece of informatios.tAesis defines the

performance as flows, adapted from Leonard (1999):

Definition 3.1: Performance. Performance is added upon a function, particularly specifying how

well the function is performed in terms of quantity, quality, coverage, timelinesadiness.

According totheabove definition, the information O0sp

performance information, specifically in terms of quantity.

3.2.2Understanding the constraint requirement to a device

Neither in the ADT literaturaor in the SDP literature, theeis a concept called constraint. Though

the concept of function seems to be clear (i.e., a function refers to a role the device under design
plays), the fact that any function is performed under a condition or in contegtiieans that a
device playsts function in a constraint mannéeadingto the concept of constraint. This thesis

defines the constraint as follows:

Definition 3.2: Constraint. Constraint is a condition or contarder whicha device plays its

function. Constraint requirement (CR) is the required constraint.
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The CR is further classified into the global CR and local CR. A global CR is applicable to a group

of FRs, whereas a local CR is applicable to a specific FR. For instamqeose that a brake péd

in a car must be in black colour. The black colour to the pedal is a local CR, i.e., this CR is only
applicable to the pedal that is part of the brake function. The requirement that the total weight of a
device should be leskan 50 g is a global CRsall the components of the device contribute to

the total weight.

It is sometimes difficult to distinguish between a functional requirement and a constraint

requirement. The following are several rules that helpdstenguish FR and CR.

Rule 1 If a particularequirement concerns thisefulness of a device in a context, the requirement

is a FR. Leonard (1999) further stated that the usefulness may be in one of the following aspects,
such agyuantity (how many), wglity (how good), coverage (holarge), time lines (how lony

and availability (how often)In fact, Leonard (1999) usefulness refers to the performance as
proposed in this thesist & requiremenis aboutthe factors that limit design flexibility, suchs

the environmental conditions éimits, the defence against internal or external threats, and the

contract, customer or regulatory standards,atCR.

Rule 2 In the context of axiomatic design, Axiom | is not applied to the, @kt is, CRs cahe
coupled to each othefor instare, the cost requirement for a desigay6t he t ot al Cost
than 50 dol |l ar s 6, aBRhaswothedvisetbetdesigreis suredfoupted(adl a s

FRs are contributory to the total cpst
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Example 1design a device X that can hold hotteaand can be grasgwith a single hand of

humans whose age is greater than 15.

Analysis:Appl ying Rule 1, FR1: Ohol d water 6; FR2:
local CRto FR2thatisage i s grkeatéehi sharampghbe dwintdd ana
considered aa FR or CR. The reason of defining it as a FR is that ussiggle hand to fulfill

the function dédhold X6 is a significant factor
concepts in the subsequentdestgs( i . e., conceptual design). Sp
handé, t he Harsdlgadjondmednelpded aga design option in the subsequent

design phasd conceptual design. However, i f ,thewi t h a
design concept Ohandledéd may or may npt ©Osi zak

and s(Riadb)imay suffice to fulfill the FR O0being

A

Handle Size and shape

(a) (b)

Figure 31 lllustration of FR and CR with the cup design
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Il n summary, defining 0 Jkelydomeup with twg design boacemsdé a s
0handl edé and O0si ze and mayorypoeé yp withlorie designacanéeptn i n g
0si zepammd dhais noted that in design practice
shapedl yst ambsn, but defining owith a single

different paths (but leading to the same result):

Path 1(FR): proposewo design option® > elaborate on which one is better> the concept

6size and shapped is the final choic

Path2( CR) : propose one deé8pthefinabghdice.on O6si ze and

It is noted that defining 06 wotddsigneoptiens,n.e,lPa&h h and
1 but the I|ikelihood is | ower Neurthelesgjiedanbei ng 6
seen from the above discussion that defining a requirememFRsor CR is not of a crystal
decisionwhichis reflectiveof the nature of desigh that is design is mix of sciersg@bjectivity)

and arts (subjectivity).

3.2.30ntology of functions

In SDP(Pahl, Beitz, & Feldhusen, 20Q#he notios of main function and auxiliary functioare
introduced withoua much clear definition. There is no objective criterion to determine whether a
function $ould be considered as a main function or an auxiliary function. This thesis attempts to

give the folbwing clarification.
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(1) Main function versus auxiliary function
Themain function of a system is one that uniquely represents the machine system irf i§ms o
usefulness; in other words, if this function is missed, the system will be a different one. To the
example used in the text &fahl, Beitz, & Feldhusef 2 00 @y petbct i |l e packingd
o6remove offcut d i theabsentefindoawnot anandethe averall éunction af s
t he machine system,l enba meDeyt adipl aacedsdputgn Appestdigeexta nipil
Afor the r ead eTheasxiliacydunati@nnsi oaentbaé provides an additioral,
supplementaryor helpful function tothe main function, maiag the overall function be played
better. To the foregoi ng e x aumiparydéunctiontoéendimnct i o |

function 6dseparate carpet tiles from offcutso

The distinction othetwo concepts (main function and auxiliary function) is significartaeing

the mabine withthe benefits including clear operation logicclear divsion of tasks over the
human and machine, and high degree of modularization of the machine dystanstace, if
the6r emov al o f incdutiedin thd fgnétionidscompasition latticthis function may
need to be fulfilled by the human operatefining thedegree of automation with the carpet tile
packaging machineThese benefits will further hetp improve the performance of product design,

manufacturing and management.

(2) Generafunction versus specific function
The concem of general function and specific functi@re very important concegtin SDP
(Krumhauer 1974; Pahl, Beitz, & Feldhusen, 200%) this literature,the gener& function is

defined as a generally valid function, whilee specific function is defined as a function in
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connection to a specific task. This definitionh®wever, not easy to haken in practice. In the

following, some modificationo this definitionis discussed.

The goal of any system can be generally viewed as transferring Substance A to another Substance
B. There are three types of substances: energy, physical entityiéfaterd conceptual entity
(informationor knowledgé. The general functin operates on the general types of substances to
change their characteristics. There are five characteristics for the general types of substances
according to SDIKrumhauer, 1974; Pahl, Beitz, & Feldhusen, 206/f)e quantity or magnitude

number of objectsplace andtime There are five types of the change operatipon these
characteristics of substancesnvert (characteristics: type)vary (characteristic:quantity or
magnitude),connect(characteristic: nundy of objects)move(characteristic: place), arstore
(characteristic: time). A general device is nothing but to change a general substance from its input
state to its output staté specific type of substance refers to a specific material with a gpecif
energy or a specific piece of information. A specific device refers to a device that fulfills a specific
task. In fact, the general function atie specific functioncorrespondso thegeneralization and
specialization relation; particularly, any sdacifunction can be generalized to one of the five
types of change in the general function. For example, in carpet tiles packing (Appgnthie
specific functd ocnanbd sheep ageanteer aolfifzceud st o t he gene

objects(f om a f ewer number of objects to a greater

3.2.4Function Decomposition and Zigzag Process
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Given a required overall function along with constraints, one negyg nodecompose it into a
seriesof simpler functions along with constrains, FR1, FR2 (only two simpler functions without
theloss of generality). There is no guideline in literature albhowt such decomposition can be
carried out. To a processing systeamg., the carpet tile packing machine (Apperijxone may
decompose an overall function into a series of functions by following the processing order of the
machine.This thesis proposethe following guideline for the functionedompositionto a

processig machine:

Axiom for the function decomposition forhé processing machine axiorRd-Axiom [): to

decompose the overall function of a processing machine based on the promeksing

Remark 3.1: the overall function aniis subfunctiors follow the dda relativity principle(Zhang,
1994) that is a function of one overall funicin maybe an overall function of other functions

when it is decomposed.

Remark 3.2: with an overalfunctionbeing decomposed, its constraint is also decomposed.

Remark 3.3: both manufacturing and service systems are a kind of processing nsg¥arey

et al.,2016)

To the system or device that all its components simultaneously contribute to an overall function,
e.g., a coffee cup, a manipulator, etc., the first is to cendielign (i.e., to find a device to meet a

function in a context) as a problem solyiand then function decomposition becomes the problem
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decompositiord i.e., to decompose a complex problem into a series of simple problems. For the
convenience of latatiscussions, such a system is called integral systhia.thesis proposes the

following guideline for the function decomposition to an integral system:

Axiom for the function decomposition for the integral sygteidraxiom Il): to decompose the
overall function of an integral system based on problem decompo8itioomplex one to

simple one.

Remark 3.4: In design literature, there is a-salled zigzag proces§Suh, 2010) In general, the

zig-zag process involves two domairBP domain and FR domain. Zmpg means that the
cognitive or desigprocess goes along two lines: Line 1 (in the FR domain): Decomposing FR

into FR1, FR2; Line 2 (in the DP domain): Discovering DP (i.e., DP1 for FR1, DP2 for FR2). In

case that no DP cdre found for a FR (e.g., FR1), that FR (i.e., FR1) is further decadpo

FR1. 1, F Rheé dedign précess does along Line 1), and subsequently the design process
will go along with Line 2 (i.e., the DP domain). This-zigg (Line 1 Line 2) procss will go on

until all FRs get DPs. The foregoing zigg procesassimesthat FRs and DPs satisfyxiom | of

ADT, that is, each DPi (DPj) onlyffacts FRi (FRj) but not FRj (FIR Otherwise, the design

process goes as follows: If folR (say FR1), DPA&ffects not only FR1 bwtlsoF R2, t hen FR:
is formedF R 2sdhe orighal FR2 subtracted by the function fulfilled B1. Subsequently, seek

DP26 for FR206 rather than FR2. This pBucess i

1990)
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3.2.5Function independency galuation

It is possible that a design process comes up with a design shown in2Fig. 8hich FR1 is

further decomposed into two function requirements, namely FR1.1, FR1.Zubedquently,

DP1.1 and DP1.2. It can be seemir&ig. 32, at the first level of function hierarchy, there are
three subfunction requirements, FR1, FR2, FR3, axdeptFR1, FR2and FR 3 get DP, namely

DP2, DP3. At the second level, there are DP1.1Rd.2. DP1 is aggregated from DP1.1 and
DP1.2. Itis noted that aggregation differs from assembly; aggregation may result in a DP which
has the behavior beyond a simple summation of its member DPs, while assembly is a simple

summation of its member DRsnce,assembly is a special case of aggregation.

FR1
ﬁ
FR FR2 DP2
[ = ] |
FR3 DP3

Figure 32 Designlevel

The evaluation of a design may have two ways. The first way is to evaluate design level by level,
that is, to the design of Fig.Z3.the evaluation takes place on Level 1 on DP1 (aggregated from
DP1.1and DP1.2), DP2, DP3, and Level 2 on DP1.1 and DRh&.second way is to evaluate
design on all the DPs at the end node of the DP hierarchy (BiggBt), that is the evaluation

takes place on DP1.1, DP1.2, DP2, and DP3. In principle, the secondinsathare accurate than
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the first method, as the firmethod creates a local scope for DP1 (FR1) but DP1.1 and DP1.2 may
affect DP2, DP3 on their own right, which may differ from the effect of DP1 (aggregated from

DP1.1 and DP1.2) on DP2 and DP3, respebti

3.3A general design processodel

The genergprocess model is based on FCBRE&® & Zhang, 2004; Zhang, Lin, & Sinha, 2005;
Zhang & Wang, 201,6Zhang et al., 2005; Zhardg Wang, 2016)which is in AppendixB for the
convenience of readers. Fig. 3.3 shows a diagrammatic representation of the HEZBP&S

general design procedsshows:

(1) A design begins to transform the customer
specification of the needamely the description of the need étlinical terminologyFig. 3.3a)

The formerdescrption of the need is usually imprecise, which could be vague, uncertain, and/or
missing(Cai, Lin, Han, Liu, & Zhang, 2017vhile the latteidescription is precise. The technical

specification includes function requirement;fpemance requirement, and constraint requirement.

(2) After the technical specification is made, the concept or conceptual desigriFstarg3a)
The concept design includ€fig. 3.3b) (i) decomposition of FRalong with performance
requirement ath constraint requirement and @iding of DPs, a processuns in a zigzag manner.
It is noted that the Dd*here is description of concepts or workimgnciples of the device under
design. kg. 3.3 shows steps to conduct function decomposition artirfghof DPs. Specifically,
function decomposition follows the F&xiom as discussed previously. Finding of foRows
finding its general function for each specifienction andsearching design dataleasiith the
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general function to generate all matchedtpkesigns, retrieving the past designs, comparing the
specific functions along with performances and constraints with the required specific functions,

performances and constraintdéada set of DP ptions.

(3) After the conceptual design is done, #malysis of the set of Poptions is carried out to

generate the actubEhavior(AB) along with the actual proper{AP) of DPs options.

(4) Evaluation is carried out by comparing the achettavor and property with the required
behaviorand constrat as well as by checking BPptions withADT-Axiom | if a designis at

the concept design phase.

(5) Evaluation is also carried out by APAxiom Il if the information isenoughif the design

information isenough

(6) Evaluation is also carried ouy ISDP physical compatibility analysis if a design is at the

embodiment design phase.

Remark 3.5 The design process Fig. 3.3is applicable tall three design phases (concegsidn,
embodiment desigranddetail desigh In the case of embodiment dgs; the resulting DP out of

the conceptual design, denoted aBRE, serves as a constraint at the embodiment design phase
and the FR as well as CR in conceptual design, denot€eF&sand CCR, will be inherited to

the embodiment design phase.
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Remark 3.6: C-FR along with CCR may be further decomposegbarticularly along with its
performancesand so fortifor embodiment and detail desighrfeeded. That isto say thezig-
zag process is valid to both coptéesign and embodiment design, and withie design phase,

there may be more than one lagéfunction decomposition.

Remark 3.7: The borderline between concept design and embodiment design is that in the
embodiment design phase, the concern is aiaigtrial selection, material distributicstuctural
layout, and sizing, while in the concept design phase, the concern is aboutgwanikiciples

physics or laws that govern the behavior of a device under design.

Cust omer D G
of need FRICRR CwME CwA I wNE CwGBRIZGBR2yY, GBR

- SE
Technical /A9.WMZ 0. wABt NI StwY XI 5tY

-

specification

Y el T s T A ——
i FRIPR/ICR——» BR/PR/CR—»> DP (S/$) """" > AB/AP — Synthesis activity
:L ______ B ‘_!:_' __________ Y >_~ ______________ /_ _______ i A _______________ 1
TR B3N % /i »  Analysis
) ~. . N // '/~ . .
@ \.\\ Ep TTim- ,\.\‘\.\%/'/./ ./.’ RO = Evaluation

Figure 33 FCBPSSbased general design process (S: synthesis, E: evaluation, A: analysi
state/structure, AB: actual behavior, AP: actual performance, SE: sPadggompositiorG:
generalization)

3.4 Towards aFormal Approach to DesignProcessRepresentation

In this section, a relatively formal approach is presented for design process. In fact, to a model,

there are always two aspects: (1) conssrtiat capture the semantics of a domain of discourse,
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and (2)atool to represent the constructs. To a general dgsigcess, the constructs are FR, DP,

etc., including their relationships, as discussed above. In this section, a tool to represent them is

discussed.

3.4.1Notation for the representation ofthe decompositionof FR and DP

A notation was developed fogpresenting the function decomposition in the following:

Notation 1: FR.i.jmas shown in Fig. 3.4, where i

InNotationl,he number of dots 6. 6 Irisdyttireenstedrihtitshe doh e

6. 06 f or hlyonstted. Therefee, AR% and FR2 stand for théuhction at Level 1 and
2" function at Level 1The notationalsorepresentshe historicalinformation of decomposition.
For instance, FR1.2.1 stands for tRdunction at Level 3 along with thediory of decomposition
(i.e., the parent function of FR1.2.1 is FRMWhich represents the second function at Leyah?l

the parenfunction of FR1.2 is FRIwhich represents the first function at Levgl 1

i-th subfunction at LeveI 1 J -th subfunction at Level 2
FR I .
\/ mth subfunction at Level 3
Level 1 /

Level 2 Level 3

Figure 34 The definition of FR along with its decomposition
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Fig. 35shows an example of tifienctionrequirementlecompositionT he notation of DBfollows
that of FRs. That is, DP1.2 means a design solution to FR1.2. To DP, there may be several
alternatives, and this can be represented by

instanceDP1.2a and DP1.2b stand for two design alternatives to FR1.2.

Figure 35 Representation of function requirement decompositic

3.4.2Notation for the representation ofthe performance requirement (PR)

A notation was developed for representing PR as follows:

Notation 2: FR{PR-ID/name/expression}.
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In Notation 2, ID means identity follows Notationihere6 name & gi ves t he name
performance, and dexpressi ond iqgisuen ce ,mdatRh @ ma |
{PR-1/speed/5 m/s} means: the speedvafkingis a performance assact e d wi t h d6dwal ki
0t he sbpnese lER {PR2/stabilitylateral swing angle <1 degre@)eans: the stability is
another performance associated with o6wal kingé
stabilty) should be less than 1 degrdn this example, one FR can have more than one
performance requirement. Fulfillment of two performance requirements will be achieved with the
information beyond the concept, including the material and Isath,ofwhich areonly available

in embodimentesign. The discussion thus far implies that concept design focuses on FR but not

PR, and ADTAxiom | makes sense to the concept design only (see the previous discussion as

well).

3.4.3Notation for the representation ofthe constraint requirement

A notation was developed for GRs follows:

Notation 3:CRi (ist of FRs or name of a systgraxpression where i = 1, 2,

Il n Notation 2, t he p arwherdalR appliss. For(indtande, FRL s e st |

owal ki 8gppose t hwvaatl kti megg 6f urmrsctoinomné i ce road. Th

constraint (i .e., a condition under which t he

expressed by Notation3as:CRFR1) : 6éon ice road©é.
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3.5 lllustration -- Design of a Clamp System

At the agriculture cafeteria in thdniversity of Saskatchewan, therie a stack of cups for
customers to fill with drinkgFig. 3.6) In the following, the design of this system is used to

illustrate how thebove design model works.

Elastic strip

Figure 36 Cup Clamper

There are two fuction requirementsvith this device (1) to store a group afupswith the same
size(FR1), (2) to store cups of different siz¢=R2), (3) tobeready for a user to pick up one cup
(FR3), and (4 to releaseone cup by the pulling action from a us@R4). The function
requirementgFRs)can be represented as:

FR1 {PR-1|Number of cups|20 cups}.

FR2 {PR1|Size rang&? - 3 inch at the large end of the cup}.

FR3 {PR1|Opening diameter| £A5 inch at the small end of the cup}
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FR4 {PR-1|numbed cup}.

At the concept design phasePdP1 ( wher e C stands f or/fridiendcept)
meaning that a device that fulfills this function is based on the elastic deformation (Figt-3.6).

DP2 is O6adjusting t heaastpstetso utrhee i anppob e(ddtiécf g .o m3 .t
strip). CDP3is6openi ngo, . e., t he «c uDP4is6sp ud ple én.gt of otrt

There are a couple of remarks concerning this design in the follorigng3.7 brings together alll

the DPs.

Adjustable

spring
elastic strip (clamper)

Figure 37 The Work Principle of Cups Stack

Remak 3.8: FR4 is completed by a human usarprocessneans that the whole system is a

humanmachine system.
Remark 3.9 In fact, there is another humaperation, that is, the maintenance personnel needs

to press the cups into the storage. But this fands deassociated with all the other functions.

That is to say, the user 6s orpseafagesignon of t hi s
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Remark 3.10 The operation has a sequence with this device, that is, first FR1 and then FR4.

Fig. 3.8shows theorrespondence between thesieiRd DR. Clearly, thedesign for FR1 and R
is a decoupled desigiNotice Remark 3 above, the coupling of the desigthis case can be
decoupled by following this sequentkeu s er 6 s oper ati on ( HeRouple i s

the designThedesign then meets ADAxiom |.

i ™ i ™
FR1 < C-DP1

N Iy A A

i R i ™
FR2 £ C-DP2

L Iy N "y

i R i ™
FR3 £ C-DP3

LN Iy L y

i i ™
FR4 C-DP4

LN L Iy

Figure 38 FRsDPs relation

Given the fact that the whole systemisahwmeanc hi ne system, the DPA4
Opullingbé) needs to be described soentofithet t

FR4 can be played. In thisase this pulling operation shuld be actedn a slow procedure,

ot her wi se, more than one cup may be pull ed.

dependn the friction force (pressure) and elasticityhia systemboth factors aréhe business of

embodiment design.
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There may be some other design options to achieve the FRs, e.g., for the FR1. Fig. 3®shows

other design options for the FR1. Let us denote HB¥CT as discussed aboveDPla. The dter

three C-DP1s are thusC-DP1b, GDP1c, and €DP1d. GDPlbis@r avi t y 0, whi ch n
principle of device for fulfill the storage is based on the gravitational forc&ige. %A ; C-DP1c

i vyedgtically el astic el e mé¢hatthe staskstorage af @8 based a mp e r
on the vertically elastic pressing, 96g. 3.8B; C-DP1d i s Ohorizontally el e
clampeb ; Fg.34C. Once more than design options are available, the evaluation of selecting

the best one needs be conducted according tag. 3.3. Due to the sake of illustrating the

effectiveness of the proposed notation, the discussion of this example stops here.

(B)

Elastic strip (clamper’

Pro-a

I e
____________

"""""""" Elastic strip l Elastic strip spring
______________ L
(A (clamper) (clamper) (C) Elastic strip (clamper,

Figure 39 Schematic Diagram of Different Design Parameter

3.6 Conclusion

This chapter addressed several controversial issues presented in the ganstiadjdesign theory
andmethodology angroposed a more formal general design process model (Fig. 3.3) and a more
formal notation for representing a desigm example was disssed to show how the proposed

notation works. It can be concluded that wiie proposed notation, a design can be conducted in
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a mae formal and systematic way, whially open a new avenue in future development of the
socal | ed @ mangdt, mndesigaliecondycted ymachinedompute). The notion of

machine designg may be in parallel with the notion of machine learning.
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CHAPTER 4

THE REQUIREMENT FOR THE RETRACTOR

4.1 Introduction

In this chapter, the requirement for tregractor is presented in detail. This includes a detailed
discussion of the applicatiqoroblem, i.e., open body surgery for hernia repair, from which the
requirementfomthe medical side is derived (in Section 4.2). In Section 4.3, the requirement from
the technical igle, also called technicapecification(Zhang, 1994; Zhang, 2018% deived by

using theimproveddesign theory and methodology along with the notation for representing a

designdeveloped in Chapter 3here is a summary at the end luitchapter.

4.2 Open surgeryfor hernia repair

The overall open surgery for hernigpaér wasdiscussed irsectionl.1. Here more details about

it arepresented ttelp derivethe requirementfor theretractordesign The operatiorfor hernia

repaircan be described in the following steps:

Step 1. Make aincision atthe hernia area inhie abdominal walénd find the hernia arg#ig.

4.1).Thesize of thencision should be made as small as possible.
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Abdominal
wall

Intestines

Figure 41 Step 1 othe OperSurgical Process

Step 2: Separate tiestinefrom theherniawhich is attached with the inner wall of the abdomen
(Fig. 4.2). Then, place anesh patie between the abdominal wall and thestine (Fig. 4.3)The
mesh is made of treynthetic materials or animal tiss{&).S Food & Drug Administration, 2018)

and it is soft and easy to be manipulated into the place.

Hernia area

Figure 42 Step 2 otthe Surgical Process
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Step 3:Stitch the mesh to the inner wall of the abdomen (Fig. £8)ing the stitching process,
the suture passenayaccidentlytouch anchurt the intestin€Fig. 4.4). Thereforea spatula (the
current practice) or eetractor(future pending the devgbment of it in this thesis$ placel on the
intestineto avoid the suturpasser touchinthe intestineThe retractor mustompletely cover the
area of intestine. It is noted that the small intestine is abotg 2m in diameter in aduli&mall

intestine, 2018)

After Repair with Mesh
Mesh

Skin  Muscle Mesh

Fat =
| ——

Intestine

Figure 43 Step 3 of Surgical Process
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Figure 44 Stitching process

4.3 Luobds prototype

The current practice in the hernia repair surgery is to use the device called spatula which is placed
on the top of the intestine to avoid the suture passer to touch the mtesiilustratedbefore in

Chapter 1 wittFig. 1.4 andFig. 1.5. The mainproblem with the spatula is that for each siitgh

the spatula needs to be osftioned a procedurevhich is extremely time consuming u o0 6 s
prototypeof the retractomicely addessed this problem with the design concepfotding /
unfolding(or retractor)such that when the retractor is placed on the top of intestine, it is unfolded
or expanded to cover the whole area of the concerned intestine. As such, one only neeolg to depl
the retractor once on the top of the intestine for all the stitGiesnaterial ofL u opdototype is

vinyl, whichis stiff enough to prevent the intestingsue from any movements prevent small
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