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Abstract

The rotator cuff muscles surround the glenohumeral joint of the shoulderand compress the
humeral head into the glenoid fossato prevent dislocation and allow for movement at the
joint. Tears of the rotator cuff are common, if conservative treatment of these fail then
surgical repairis on occasion possible. However, such repairs often lead to unsatisfactory
results. The development of surgical repair methods and new treatments are limi ted by alack
of appropriate functional pre-clinical assessment, especially over extended motion cycles. The
aim of thisthesis was to develop anovel experimental human shoulder simulator capable of
producing repeatable controlled movements over extended motion cyclesto assess the

biomechanics of the rotator cuff in an intact, torn and repaired state.

Duringthe method development process, surrogate animaltissue was evaluated as an
alternative to humantissue, however, this had significant limitations and the use of animal
tissue was not pursued. The premise of the developed simulator was to actuate rotator cuff
muscles of a cadaverichuman shoulder. This was firstly assessed in a computational modeland
theninan experimental simulator. The cadaverichuman shoulder simulator applied controlled
displacementsto tendonsto produce cyclicabduction and flexion motions representative of
normal shoulderfunction. The resultant force applied to each tendon during the cycles was
measured. Braided polyethylenethread was secured totendon ends (supraspinatus,
infraspinatus, subscapularis, teres minor, anteriorand middle deltoid) using a modified finger
trap suture. Eyeletscrews were attached to the scapulatoact as pulleys and maintain the line
of action of the muscles. Forces applied by the stepper motors were measured using acustom

load measurement platformand a compression load cell.

The human shoulder simulator was used to assess three cadavericshouldersamples, studies
investigated the repeatability of the human shouldersimulatorand the effect of asurgical
double row repaironthe biomechanics of the joint. Successful cyclictesting of cadaveric
shouldersamples was achieved using the novel shoulder simulatorto obtain repeatableforce
data through abduction and flexion motions. It was observed that the supraspinatus muscle
initiated the abduction motion followed by the deltoid muscles. When the supraspinatus
tendonwastorn, the force inthe anterior deltoid muscle increased to compensateforthe
reductioninforce inthe supraspinatus tendon. The total magnitude of force within all the
musclesincreased when the supraspinatus was torn suggesting a higherlevel of joint
instability. Afteradouble row repair of the tendon, the force in the supraspinatusincreased

and surpassed the magnitude observed during the intact condition tests.



iv

Table of Contents

F Yo [ Y [T F=dcY o 41T o SR i
FA o1 o - [ R PO P PP PPN iii
Table Of CONENTS.....coiiie ettt ettt ettt et eeeeeeeeeees iv
LiST OF TADIES. ..ttt e e e e e e e e e e e e e e eeeeas ix
R do) S =V (T UURPPPR X
Chapter 1-Introduction ................oiiiiiiii e e e et e e e e et e e e eaa e eaaas 1
1.1General INTrodUCHION c.coiiiiiiiiiiiciiieieeee ettt ettt bbbt et beaebeeesesesenene 1
1.2 The ShOUIAET...cciiiiiiiiiiiiceee ettt eeeneenenees 1
O Y o = (] 1 41 2SRRI 1
1.2.2 BiOMECNANICS. ...ttt e 5
1.2.3 ROtator CUTF INJUIIES ..ceviiiiie e e e et e e e e e e e e e e e 8
1.2.4 Rotator CUFf TreatmMeNT .......eeeieee s 10
1.3 Computer Simulation Methods.........ccooiiiiiiiiiiii e 12
1.3.1Biomechanical Simulation Methods............ccccceiiiiiiiiiiiiiiiieiiiiee e 12
1.3.2 Models of the Shoulder ComPIeX.........coeuuiiiiiiiiii e 14
1.3.3 ROTAtOr CUFf IMIOAEIS ... e 14
1.4 Experimental Simulation Methods...........uuieiiiiiiiiiiiiiee e e 15
1.4.1 Cadaveric Rotator CUff Models.........ooiiiiiiiiiiiiiiiee e 15
1.4.2 Animal Models of the Shoulder........ ... e 17
1.4.3 Natural JOINt SIMUIGLOIS. ....uuuieiiiii e 20
LD SUMIMIAIY ottt e e e s e et e et e e e e e et e et e e e e e et e e et e et e e e e e aaans 27
1.6 Project Aims and ObJECIVES ......cciiiiieeeie e 27
Y ST AN o £ PPP PP PPPRN 27
SN 0] oYYt V7= 28
Chapter 2 — Evaluation of Surrogate Tissues for the Experimental Simulation of the Human
ShOUIAEr JOINT ... .. 30
2.1 INTrOTUCTION ..ttt e 30
2.2 Dissection of @ POrane ShoUlIder...........uuuuueieiiiiiii s 31
2.2.1 Methodology for the Dissection of a Porcine Shoulder ..........ccccccceeeeeeeiiiiiiiiennnnn. 31
2.2.2 DISCUSSION ...euuiieeeeetetttiiee e ettt e e e e et et e e e e e et e er s e e e e e eeean b e e e e e e eeeenaaeeeas 33
2.3 Fixation of Muscle Ends to Allow for Actuation of Rotator Cuff Muscles....................... 35
2.3.11Introduction and AIMS ....cceei i e e e s e e e e e 35
2.3.2 Study Approach and SUCCESS CHtEIA .....uuiiiiiiiii e et e e eeeaae e 35

2.3.3 Previously Used Attachment Methods............coooiiiiiiiiiiiii e 36



2.3.4 Pilot Study to Determine Fixation Methods............ccovviiiiiiiiiiiiiiiei e 37
2.3.5 Further Method Development for Tendon Attachment..........cccoooviiiiiiiiieiiiienne, 44
2.3.6 Dehydration TEChNIQUE .......ccieeiiiciee e e e e e e e 47
2.3.7 DISCUSSION...uuuiiiiiiiiiiiiiiiine ettt e e e et e e e e e s e e e s 49
P VT 0410 o1 | VPSPPI 50
Chapter 3 — The Development of a Musculoskeletal Computational Model of the Human and
Porcine Shoulder JOiNt...............ouiiiiiiiiiiiiii s 51
3.2 INTrodUCtion @Nd AIMS ......eeieiiiiiiiiiiiiie s 51
R I Y11 d o To o [T 51
3.2, L OVEIVIEW cetiiiiiiiiiiiiiiiiii ettt ettt e et e s e e st e e bbb s e e e s e e 51
3.2.2 RePOSILONY MOUEI.....cciiiiiieii e e e e e e e et e e e 52
3.2 3 INPUL ParameEters .. iiei ettt ettt et et et e e e et e e e ea e eeaas 53
3.2 4 IMIOTTON ittt s 57
3.2, 5 SeNSIHIVITY StUAY ..ovuniiiiiiie e e e e e era e 58
3.2.6 Effects of the Scapulohumeral Rhythm ..........ccooooiiii 58
Bi B RESUIES ettt e e e et e e e e e e e e e e e e e e e aabbrraeeteeeens 59
3.3 L OVEIVIEW ettt ettt ettt e e et e e e e e e ar s e s e e et e e ar b e e e e e e e e e nna e as 59
3.3.2 AbdUCtiON MOME] ... 59
3.3.3FIeXioN MOEI .. ..t e e e e e e e 60
3.3.41Internal Rotation Model .......ccooeiiiiiiiii 61
3.3.5 SENSIHIVITY StUAY ..ovuniiiiie e et e e e e et e e e et e e e e et 61
3.3.6 Scapulohumeral Rhythm......cooooiiiiiiiii 63
Bid DISCUSSION ..eeeeiiteiiiiee ettt e e ettt e e ettt ee b e s e e et e eae bbb s e e et e te e bbb e e e eeeeaaraaas 63
Bih. L OVEIVIEW ettt ee ettt e e e e ettt e e e e e et e et e e e e e e eear b e e e e e e eeeanrna e e e eeeeeennaaeeeas 63
3. 4.2 AbAUCLION MOE] ..., 64
3.4 BFIeXioN MOGEI .. ..o 65
3.4.4Internal Rotation Model ........oooeiiiiiiiii 65
3.4.5SenSiHiVItY STUAY .cooeieeeeeeeeeeeeee 65
3.4.6 Scapulohumeral Rhythm.........cooiiiiiii e 66
3.5Porcine Model DevelopmMENT........u it 67
3 5. L OVEIVIEW ettt ettt ettt e e et e e e et e e eer s e eeeba e e e eera e e eeena s erenaeaees 67
3 . 2 INPUL ParameTerS .o iie ittt e e e et e e e e e e e e s e e e e e et e e e eaans 67
3.5.3 ReSUItS @nd DiSCUSSION.....cceieieieiieeee e 69
R I 0] a1 T T o] o TP 70
Chapter 4 - Development of a Natural Porcine Shoulder Simulator..................ccccooeeerennn. 72
AL INErOAUCTION et a e 72

4.2 Design SPeCfiCatioN.........ciii e aaaea 73



Vi

B.2. 1 OVEIVIEW ittt ittt ettt ettt e e e et e bbb s s e e et e eab s e s s eeaannaaas 73
4.2.2 Determining the Range of Motion for the Porcine Shoulder Simulator................... 74
4.2.3 Determining Muscle Loads for the Porcine Shoulder Simulator..........ccccoceeveeeeneee. 74
4.2.4 Maintaining Joint Stability of the Porcine Shoulder Simulator ............cccceeeeereennnee. 74
4.2.5 Physical Constraints of the Porcine Shoulder Simulator ..........cccooevviiiieiiiiiiienennnnn.. 75
4.2.6 Summary of the Design Specification for the Porcine Shoulder Simulator .............. 75
4.3 Materials and Methods. ........coiiiiiiiiiiiiie e e e e e e 76
4.3.1 Sample Preparation.......ccuu i e 76
T T A =Y o g L= =] = o S 79
4.3.3 ActUation METhOOS. ..o e 80
e N o T=To I =Y 1Y 1o =SSP 82
e BT o T [o I =T o T o V=S 88
4.3.6 Adaption of Porcine AnyBody Model ..........coovvviiiiiiiieiiiiiiciie e 89
4.3.7 Applied Motion and Load Cyde ........uueiiiiiiiiiiiiicee e 90
4.4 Experimental ProtOCol .......cooiiuii i aaaaas 92
4.4.1 Initial Pilot Test (ShOrt DUration) .......uueeeeeeeieeiiiiciie e eeeecee e e e e e e e e e e e eveaaaaas 92
4.4.2 Extended DUFation TEST.....uuuuuuuereriiiiiieiiieieiet e 93
4.4.3 POrcing Capsule TeSt.. . i e et e e e e e e e e e 93
4.5 RESUITS @Nd DiSCUSSION c.eeeeeeeeeeeeeeeeeee e e 95
4.5.1 Initial Pilot Test (Short DUFation) ........cviiveueiiiiiiiiiieiei e 95
4.5.2 LoNg DUIatioN TS . ciuu i e et e e e e e e e e e e ea e e eaaeees 97
4.5.3POrCiNe CapSUIE TSt . uuuueriiiiiiiiiiiiiitieitttiti s 99
.6 CONCIUSION e 102
Chapter 5 - Translation from a Porcine to a Human Natural Shoulder Simulator................ 104
LT B [ a1 d oY [¥ Tt d o s HO 104
5.2 DeSigN SPECIHICAtION.....cciiiiiiiiiei e et e et 105
5.3 Adaption of the Human AnyBody Shoulder Model............ccoviiiiiiiiiiiiiie e, 107
5.4 HUMAN TiSSUE IMENOTS ...eeveiiiiiiiiiiiiiiiiiiiettteeiieie ittt 110
5.4, 1 TiSSUE SEIECHION. ....ueeteieeetee e e ettt ettt e e e et e e e e e e e s sabbbreeeeeeeeeeans 110
5.4.2 DisSeCtion ProtoCol.......cooeiiiiiiiiiiiecee e 111
5.5 Model Development of the Human Simulator from the Porcine Natural Shoulder
STMIUIATON . . e e e e e e e e e e e e e e e e as 113
5.5. 1 Human Sample Preparation ...........eeeiiiiiii et 113
5.5.2 Human Frame AdaptioNns .........cuuuiiiiiiiiieiiicie e e e e e e e e e e e e e 115
5.5.3 Actuation and Sensing Methods.........cc.uoiiiiiiii i 116
5.5.4 Applied Motion and Load Cyde ........coeeiiiieiiiiie et 117

5.6 Final Human Shoulder Simulator DESIgN........cccvviiuiiiieieeieeeeee e 118



vii

5.7 Preliminary Human Shoulder Simulator Study ..........cooviiiiiiiiiiiiceee e, 119
5. 7. L OVRIVIEW ..ttt ettt e e et e e e ettt e e eta s e e e bt s e eetbanseaetsasaeenanaans 119
5.7 2 MEENOAS. ... 119
5.7.3 ReSUItS @Nd DiSCUSSION...cciieiiiiiiiiiietteeeee ittt e e e e e st e e e e e e ee s seiibbeeeeeeeeesaans 120

5.8 Pilot Study: Effect of Time on Tissue Properties........cccceeeeeeeiiiiiieiiieeeeice e 123
5.8 L OVBIVIBW ..ttt ettt ettt e e et e et et e e et e e et e et e eea e e ean e eeaeeenns 123
5.8. 2 IMEENOMUS. ..ceiiiiiee et e e e e e e e e e e 123
5.8.3 ReSUlts and DiSCUSSION......cceeeiiiiiieiiiiee e 124
TS Y U T oo 0= 1 P 127

5.9 CONCIUSION ..ttt ettt e e e e st e e e e e e e s e baeeeeeeeese sennanreeeeeas 127

Chapter 6 — Application of the Human Shoulder Simulator .......................cciiii i, 128

30 1o e Yo [W ot o) o PP 128

5.2 STUAY DBSIEN c.eieiiiiiiie e e e e e e e ettt e e e e e e eee bt e e e e e e e aeatar e aaeeetrbannas 128
6.2.1 RANEE OFf IMOTION covuuiiiiiii et e e e e e e e s 128
6.2.2 Incorporating Rotator Cuff Tears into the Shoulder Simulation............................. 129
6.2.3 Available Cadaveric SAMPIES ....cuuiucii e 131
6.2.4 SUb StUAY COMPANSONS ....ciiiiiiieiiiee et et e et e e e e e e e e e e e et e e e e et e e eeaaaaaas 134

6.3 FIEXioN MOLION CYCIES. ... e et e e e e 135

6.4 Sub Study A: Effect of increased angle of motion on the muscle forces....................... 137

6.5 Sub Study B: Repeatability of the human shoulder simulator when performing the same
motion with different SamMpPlEs. ......ccoeeniiii e 141

6.6 Sub Study C: Effect of a 50% artificial tear of the supraspinatus on the muscle forces

WIthin the JOINT. .o et e e e e e e e e et e e aaaeeaeaen 145
6.7 Sub Study D: Effectof a 100% supraspinatus artificial tear on the muscle forces within
£ 0 1< T 1 o AU 148
6.8 Sub Study E: Effect of a double row repair of the supraspinatus muscle onthe muscle
(0] oL TP TP PPPPPUPPPPIN 151
6.9 Sub Study F: Difference between an artificial tearand a natural tear of the supraspinatus
1o TU T ol LT PP U PPN 154
6.10 OVETall DISCUSSION. ..ceiiiiiiiiiiiiiiete e e e ettt e e e e sttt e e e e e e e s st eeeeeeeeasnebereeeeeas 157
L2060 3 ol T T o TP 159
Chapter 7 - Overall Discussion, Conclusions and Future Work ...................ccccooiiiin. 160
28 N L a Lo o T 1N Tt (7o s BTN 160
A A o fe [=To @1 (=Y o 1= Y P 161
7.3 Novelty of the Human Shoulder Simulator ............coooiiiiiiiiiiii e, 163
T4 LIMITatiONS ..coiiiiiiiiiiii e e 164
7.5Research Value and IMpPact...........oo i 166

Z B FUTUIE WOTK . cent ittt ettt ettt e et et e e et e st e taeetaeanseenseansenssensennss 168



A A 8 o 1o 1T E] o] o - F PN 169
Chapter B REFEIGNCES .......coeiii ettt e e e e e e e e et e e e e et e e e e eaaaaaes 171
7AYo o =g Vo [t PP 181
FAY o] o 1Y oo [ G PPN 182
FAN o] o 1Y oo [ PPN 183

FAN o] o 1Y oo | PRSPPI 184



ix

List of Tables

Table 1.1 - Range of motion at the shoulderjointata mean of 23 and 71 yearsfor male
subjects (Dempster, 1955; Doriot and Wang, 2006) ............uceeeeeeeereeeriiiiieeeeeeeeeiiieeeeeeeeeeeenannes 6
Table 1.2 - Range of motion required for activities of daily living (Oosterwijk et al., 2018)........ 7
Table 1.3 - Forcesrequired foractivities of daily living given as a percentage body weight and
the resultant force for a male of average weight (Bergmann et al., 2007). ......cccceeeeeeervevrrnnnnnn... 8
Table 1.4 - Comparisons between key features of the Aachen simulator, the Kedgley et al
(2207) simulator, the Baumgartneretal (2014) simulator, the Debski et al (1995) simulatorand
the Guo et al (2023) simulator. A/A: Abduction/Adduction, F/E: Flexion/Extension, IR/ER:
INTEIMAl EXEEINAl FOTATION ... eeeeee ettt et e et e et e e e et e e e e e e e e e e e s erananss 25
Table 2.1 - Requirements for the fixation method.............ccccooviiiiiiiiiiiiii e, 35
Table 2.2 - Properties of Arthrex Fibrewire and Dorisea extremebraid fishingline (Najibietal.,
2010; DOFiSEA, 2007). ceeeeeteeeeeiiee ettt et e e et e e et e e e et e e et e e et e e aat e aat e aananans 39
Table 3.1 — Anthropometricdataforthe humerus (Maurel etal., 1996). |,, = Moment of inertia
inthe xdirection, I,,= Momentof inertiain the y directionand|,,= Momentof inertiaalong

L8 LA [T (=Tt 1 o] o PP PP PP P PP PPPRPPPPPPPRPPPR 54
Table 3.2 - Muscle inputs to the shoulder model (Peterson and Rayan, 2011). Physiological
cross sectional area (PCSA), rest length of muscle fibre (Lf0), rest muscle volume (Vol0) and
Maximum MUSCIE TOICE (FO)......uuuuuieieeeeiieeeitieeee ettt e e e e et e e e e e e et ee e e e e e e e e e ebta e eas 56
Table 3.3 - Percentage change inthe maximum force required inthe anterior deltoid though
abduction, flexion and internal rotation when the origin location was translated inthe x, y and
Z AIT@ O ONS. - 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 e e aaaaaaaaaaaaaaaaaaas 62

Table 3.4 - The mass and momentofinertiatensororthe porcine humerus and scapulaas

determined from CT scans of the BONES. ......ccovveiiiiiiiiie e 68
Table 4.1 - Design spedification for the pordne shoulder simulator............ccccevvveeeeeieeeeeennnnn. 76
Table 4.2 - Advantages and disadvantages of the actuation methods (Klar, 2016). ................. 81

Table 5.1 - Design specification for the creation of a human shoulder simulator (Terry and
Chopp, 2000; Doriot and Wang, 2006; Felstead and Ricketts, 2017). .......cceeeeeeeeereeriiinieneeennns 106
Table 5.2 -Range of motion (°) at the shoulderjoint for a natural joint, ajointtreated with
formaldehydeand ajointtreated with the saturated salt solution technique (Burnsetal.,
2018). euuururnrnnnuntitu i —————————————— ]t aaaaaaaaaaaaaaaaaaaaaaaaaas 111
Table 5.3 - Percentage contribution of each muscle during the repeats of the abduction motion
through the four time points with the 95% confidence interval. The shaded cells are consistent

with the colour of the respective segmentin the pie charts displayedin Figure 5.12............. 126



List of Figures

Figure 1.1 — Anteriorview of the bones of the shoulderjoint; humerus, scapulaand clavicle.
The bony landmarks of the acromion process and the corocoid process of the scapulaare also

T g [Tor= 1= R 2
Figure 1.2 - Joints of the shoulder complex. The sternoclavicular, acromioclavicular,
glenohumeral and scapulothoracic joints are highlighted in green. ...........cooiiiiiiiiiiiinene. 3
Figure 1.3 - The rotator cuff muscles of the shoulder: subscapularis, supraspinatus,
infraspinatus and teres minor. A: anterior view. B: Posterior View. ..........cccceeeeiiiieeeeiiieecennnnnn. 4
Figure 1.4 - The motions achievable atthe shoulder; flexion/extension, abduction/adduction
and INTErNal/eXTEINAl FOTATION. . .eeeeeee et e et e et r e e eaereeeaaereaes 5
Figure 1.5 - Superiortranslations of the humeral head due to atear of the supraspinatus
tendon. A: Shoulderjoint with an intact supraspinatus. B: Shoulder with a supraspinatus
tendon tear showing superior translation of the humerus.........ccccccveeeiii e, 10
Figure 1.6 - Surgical techniques forthe arthroscopicrepair of the rotator cuff. A - Single row
repair. B - Double row repair. C - Transosseous equivalent technique ............ccceeeeevvvneeeeennnn.. 11
Figure 1.7 - Skeletal anatomy of the porcine forelimb. The scapulaand humerus bones are
labelled as well as the greater tuberosity of the humerus...........ccooiiiiiiiii i, 18
Figure 1.8 - Mass and physiological cross sectional area (PCSA) of the rotator cuff musclesin
the pig and the human (Mathewson et al., 2014). .........oovuiieieiiiiiiiicee e 19
Figure 1.9 - The Munich knee rigwhich uses pneumaticactuators to powerthe quadricepsand
hamstring muscles (Steinbriick etal., 2013). Image reproduced underthe creative commons
AL DU ON [I0BNSE . e 21
Figure 1.10 — The Aachen shouldersimulator. Six pneumatic muscles provide active motion of
a cadavericshoulder(Verjans etal., 2016). Image reproduced underthe creative commons

AL DULION [10BNSE ..ttt e e e et e e e e s e raeeeeeeeas 22
Figure 1.11 - Cadavericshouldersimulator created by Kedgley et al (2007). A series of
pneumaticactuators, pulleysand wire powera cadavericshoulder. Image reprod uced with
0121 04T E1 T ] o O OO 23
Figure 1.12 - Shoulder replacement simulator by Baumgartneretal (2014). Pneumatic
actuators replicate the forces provided by the rotator cuff muscles. Image reproduce d with

071 00T E3 T o 24
Figure 1.13 - Shoulder simulator by Debski et al (1995). Image reproduced with permission. . 24
Figure 1.14 - Flowchart of the objectives of the overall project showing how each objective will

feedinto the overall aim of the ProjJECt. ....coiiiiiiiiiiiiiiiiieee e 29



Xi
Figure 2.1 - Dissection of the porcine forelimb. A: Lateral view of the porcine forelimb. B:
Medial view of the porcine forelimb. C: Removal of the spine, ribcageand tissue to reveal the
scapula. D: Removal of soft tissue on the lateral side. .........cccoveiiiiiiiiiiiiiee e, 32
Figure 2.2 - Fully dissected porcine shoulder with the four rotator cuff muscles (supraspinatus,
infraspinatus, teres minor and subscapularis) and the long and short head of the biceps
labelled. A: Medial view. B: Lateral VIEW. ..........uuuememmmiiiiiiiiiiii s 32
Figure 2.3 - Schematicshowingthe bones of the porcine shoulder. The humerus and scapula
bones are labelled along with the greater tuberosity feature of the humerus........................ 34
Figure 2.4 - The resulting bone-tendon sample consisting of the porcine humerus and the
SUDSCAPUIANS MUS....cciiiiiiiiie e e e et e e e e e e e ettt e e e e eeeseaessaaeeeeeeassnnnnns 38
Figure 2.5 - The Krackow whip stitchona porcine tendon of the short head of the biceps using
the Doriseaextreme braid fishingliNe..........ouuvuiiii i e 39
Figure 2.6 - The modified fingertrap stitch on a porcine tendon of the long head of the biceps
using Dorisea extreme braid fishing liN€............oiiiiiiiii i, 40
Figure 2.7 - The fixture designed to ensure that the natural angle of 110° between the
subscapularis tendon and the humerus was maintained throughout testing.......................... 40
Figure 2.8 - Force-displacement graph for the three samples using the modified finger trap
ST e 42
Figure 2.9 — Force-displacement graph for the three samples using the Krackow whip stitch.. 42
Figure 2.10 - The failure process of the Krackow whip stitch on sample 2. A: Pre-testsample
prepared with the Krackow whip stitch. B: Tightening of the top stitches asforce is applied. C:
Progressive rupture of the tissue surrounding each stitch. D: Failure of the tissue. The
displacement-force graph for sample 2 with the appropriate locations of images A-Dis
[ Y01V o =T o U 43
Figure 2.11 - The failure process forthe modified finger trap stitch on sample 2. A: Pre-test
sample, B: Sample at failure. The location on the force-displacement graph where the images
were taken are iINdIiCated........ooo i 43
Figure 2.12 - Wrappingtechnique. A: Suture material weaved through woven material. B: The
material and suture material wrapped tightly around the muscle end and secured with
altemating half hitch KNOtS........iiiii et 44
Figure 2.13 - Force-displacement graph for the four wrapped samples ........cccoeeeevrrviiiinnnnnn... 45
Figure 2.14 - Fingertrap secured tothe muscle end using sutures. (A) Afingertrap tightly
positioned overthe tendon end. (B) The fingertrap tightly positioned over the tendonend
with the inclusion of four additional suture SUPPOIS. ......eeiiiiiiiiiiiiiii e, 46

Figure 2.15 - The force-displacement graph for the two samples using finger traps. .............. 47



Xii

Figure 2.16 - The clamp used to grip the dehydrated surface of the porcine subscapularis
tissue. (A) Ridged inner surface of the clamp. (B) Clamp assembled. .............covvveeeeeeenrrennnnn. 48
Figure 2.17 - The failure of the tissue occurredinthe region between the dry and wet portions
of the tissue in all three SaMPIES........ i 49
Figure 3.1 - Force results from the adapted repository AnyBody model with the motion of 0° -
90° abduction. The muscles with the largest magnitude of force are the lateral and anterior
deltoid and the trapezius MUSHES.......coeiiui it e e e 53
Figure 3.2 - AnyBody model of the four bones of the left shoulder joint. The humerus, clavicle,

scapulaand spine are labelled in black. The joints of the shoulder model are labelled in green.

Figure 3.3 - Anteriorand posteriorviews of amodel of the human shoulderinthe AnyBody
aaTeo (=Y |1 ¥ =Y A (=T o P 55
Figure 3.4 - AnyBody model showingthe cylinderslocated within the humerusto ensure that
the muscles do not penetrate the bone (anNterior VIEW).......ccoeeeiiiieiiiiieieeeeeiieieeee e, 57
Figure 3.5 - The internal muscle forces through 150° of abduction of the shoulderjoint. The
key muscles are [abelIEd...........uue i e aaaas 59
Figure 3.6 - Muscle forces through 100° of shoulderflexion. The key muscles of deltoid,
pectoralis major and coracobrachialis are labelled............cccooeiiiiiii e, 60
Figure 3.7 - Muscle forces through 70° of internal rotation of the shoulder. They key muscles
of latissimus dorsi, pectoralis major, infraspinatus and subscapularis are labelled. ................ 61
Figure 3.8 - Graph of the internal deltoid force required through 160° of abduction of the
shoulder with the centre of rotation translated by 5mm in the x, y and z directions............... 62
Figure 3.9 - The effect of removingthe scapulohumeral rhythm on the internal muscle forces
through abduction of the ShOUIder...........cooviiiiiii e, 63
Figure 3.10 - Models of the porcine humerus and scapulafollowing a CT scan and post
processing using the ScanlP software. A: Porcine humerus. B: Porcine scapula. ..................... 68
Figure 3.11 - AnyBody model of the left porcine shoulderjointincluding the spine, scapulaand
UMEIUS DONES. ..ttt e e e e e st e e e e e e e e s e rreeeeeeeeas 69
Figure 3.12 - Results forthe force in each muscle during flexion and extension of the porcine
joint from - 10° to - 45° and back to - 10° as indicated with the diagrams..........ccccccceeeeeeiins 70
Figure 4.1 - Flowchart showingthe approachto developingaporcine natural shoulder
SIMIUIAEOT . e 73
Figure 4.2 — Dissected porcine shoulderjoint. The rotator cuff tendons that were retained are

=] oY= 1 £=Yo IR 77



Xiii

Figure 4.3 - Insertion of screw eyes to act as pulleys to maintain the line of action of the
natural muscle tissues. The porcine infraspinatus and supraspinatus muscles are shown as an
example of the positioning of the SCrew eYes. ........uueeiiiiiiiiiicc e 78
Figure 4.4 - Porcine shoulder joint mounted into the shoulder simulator. ...............ccc........... 79
Figure 4.5 - CAD design of the porcine shouldersimulator constructed using aluminium

extruded barto allow for reconfiguration of the simulator between the human and porcine

Figure 4.6 — Porcine shoulder simulator set up showing load measurement platform with the
pivot, load cell and stepper motor labelled............ooouniiiiiii e 82
Figure 4.7 - Schematicof the load platform (shown in Figure 4.6). The pivot, measurement
platform, load cell and stepper motorare labelled. F = the horizontal force inthe polyethylene
braided thread. X = Distance from thread to measurement platform. Maorm = Mass of the
measurement platform. M,..or = Mass of the stepper motor. L = Load recorded by load cell. D,
= Distance from pivot to the centre of mass of the platform. D, = Distance from pivotto load
cell. D; = Distance from pivot tO STEPPEr MOTOF. ..vvvuuiieieiieeeiiceee e 83
Figure 4.8 — Schematicof the load platform with an angled thread. The pivot, measurement
platform, load cell and stepper motor are labelled. F = the horizontal force in the polyethylene
braided thread. X = Distance from thread to measurement platform. Matorm = Mass of the
measurement platform. M,..or = Mass of the stepper motor. L = Load recorded by load cell. D,
= Distance from pivot to the centre of mass of the platform. D, = Distance from pivotto load
cell. D; = Distance from pivot to stepper motor. © = Angle from horizontal to the polyethylene
181 LT [o A PP P P PP PP P PP PPPPPPPPPPPPPPPPRY 84
Figure 4.9 - Experimentalset-up forthe load cell calibration. Braided thread was passed
horizontally from the load cell, through a pulley on a model porcine scapula to a weight....... 85
Figure 4.10 —Results forthe firstload cell check experiment where a 600g load was applied
directly tothe load cell then removed five times. The output value from the load cell (y-axis)
was arbitrary as the calibration method had not been applied to the load cell....................... 86
Figure 4.11 —Force results fromload cell 1 afteraload of 600g (5.886 N) was applied and
FEMOVED FIVE TIMES. ..ttt e e ettt e e e e e s et taeeeeeeeas 87
Figure 4.12 - Experimental set up with the thread entering the pulley at 32.5 degreestothe
horizontal. The red line indicates the position of the 32.5 degree angle. .......ccccceevvvvviivvnnnnn... 87
Figure 4.13 - The force results forthe experiment where the thread was atan angle of 32.5
degreestothe horizontal forload cell 5. The blue line indicates the record ed values and the

dashed line represents the expected values. .........c.uueiiiiiiiiiiiiiiii e 88



Xiv
Figure 4.14 - The adapted AnyBody model of the porcine shoulder simulator. The pulley and

actuator positions are labelled. These additionsimprove the similarity between the

computational porcine model and the physical simulator set-up. .......c.veeereeiiiiiiiiiicineeeeeees 89
Figure 4.15 - Output from the original (A) and adapted (B) AnyBody models.. ........................ 90
Figure 4.16 - Flowchart representing the inputs and outputs of the simulator. ...................... 91

Figure 4.17 - 3D printed porcine shouldersimulator set up forthe initial test of short duration.

......................................................................................................................................... 92
Figure 4.18 - Diagram to differentiate between the terms cycle, setand run......................... 93
Figure 4.19 - 3D printed porcine shoulderjoint with the addition of four elasticbands
surrounding the joint to provide CONSTraiNt........ueeiieiiiiieiiice e e e e e 94
Figure 4.20 - Clamp was used in orderto allow forthe cementing of the scapulaintothe
SIMUIAEOT FIXTUIE. e, 94

Figure 4.21 - Force requiredin each muscle of the porcine shoulderin orderto performa
flexion and extension motion ten times. The shaded zones indicate a period of abduction and
the white zonesrepresent a period of adduction. A: Example datasetfrom a motion set of
porcine sample 1. B: Example dataset from a motion set of porcine sample 2. C: Example data
set from a motion set of POraNe SAMPIE 3.....couiiiiiiiii i e eeeee e 96
Figure 4.22 - Porcine sample undergoing the flexion and extension motion cyde thirty times.97
Figure 4.23- Variation across a single porcine sample forthe infraspinatus muscle. Each set
indicates one runthrough the ten flexion and extension cycles forthe same sample. A -
Porcine Sample 1. B - Porcing Sample 3. .......oeeiiiiiiiiee e 98
Figure 4.24- Forcesin the infraspinatus and teres minor muscles during a flexion and extension
cycle for a plastic porcine joint with an elastic band ‘capsule’. ........cccooeiiiiiiiiiiiiiiiiiiee e, 100
Figure 4.25- The force in each muscle required forthe flexion and extension of one porcine
sample that retained the shoulder capsule and glenohumeral ligaments..............ccccccceeeeee.. 101
Figure 4.26- Variationin the force of the infraspinatus muscle results between the six runs of
the same pordine sample that had an intact shoulder capsule and glenohumeral ligaments..102
Figure 5.1 - The AnyBody computational model of the human shouldersimulator. A: The
original AnyBody model of the whole shoulder complex. B: The adapted model forthe physical
human shoulder SIMUIATON.........uuee e e e e e e e e e e e e 108
Figure 5.2 - Output of muscle forces forthe adapted human simulator AnyBody model (A) and
the original Shoulder MOEl (B)......uuueeieiiiieeeiieee e et e e e e e 109
Figure 5.3 - Muscle forces required forabduction of the shoulderfrom a computational model
by Karlsson and Peterson (1991). Image reproduced with permission (Karlsson & Peterson,

1992) . ettt e e e et et e e e e e e r et e e e e e e a e aneeeeens 110



XV

Figure 5.4 — The lefthumerus, scapulaand surrounding soft tissue following the primary
removal of the clavide, ribcage and lower arm of the human left arm (sample 1).................. 112
Figure 5.5 — Dissected human shoulderjoint with the fourrotator cuff tendons (infraspinatus,
supraspinatus, teres minorand subscapularis), middle and anterior deltoid tendons labelled. A:
Anteriorview of the human shoulder. B: Posterior view of the human shoulder. C: Superior
view of the human shoulder. All images of sample 1. ......ccooeeiiiiiiiiiiiiiin e, 113
Figure 5.6 - The set-up of the human shouldersample (sample 1). A: Posteriorview of the
modified fingertrap suture used to connect the tendon ends to the actuation system. B:
Posteriorview of the eyelets screwed into the scapulaat the approximate muscleinsertion

[T o 14 o] o -F O PP PP PUTPU T UTPPPTPPP 114
Figure 5.7 - The custom made cementing fixture during the cementing process. .................. 115
Figure 5.8 — Schematic of the frame setup for the human cadavericshoulder, showing key
L PPN 116
Figure 5.9 - Photograph of the human shouldersimulator with key components of the design
Y o1 1Yo I EF= oY o) FT00 ) SRR 119
Figure5.10 - An example of aforce graph for a single repeat of the abduction/adduction
motion with sample 1. The grey zones highlighted are the periods of abduction and the white
zones refer to periods of addUCiON. ........iiiiiiiii i 121
Figure 5.11 - Mean peak supraspinatus force forcycles 6-10 of the three repeats of the
abduction/adduction motion cycles. The range for each repeat are given. .............cceeeenen.. 122
Figure 5.12 - Mean of the force against time for each repeat forthe cycles 6-10 of the
abduction/adduction motion. The range for each data point are also plotted (grey)............. 123
Figure 5.13 - The mean contributions of the total force by each muscle at minimum and
maximum abduction for the four time points (week 0,2, 4and 6). ........ccoevvvveeeeeeeiieerinnnnnnn. 125
Figure 6.1 - Cadavericshoulder (sample 2), photograph showing a 50% anterior artificial tear
(created via a scalpelincision) of the supraspinatus tendon.........ccccoeeveviieiiiiiiiiieneeeeeeeeeee, 129
Figure 6.2 — Cadavericshoulder(sample 2), photograph showingafull artificialtear (created
viascalpelincision) of the supraspinatus which detached the tendon fromitsinsertion site on
TNE NUMIBIUS. ..ottt 130
Figure 6.3 — Cadavericshoulder(sample 4), photograph showing adouble row repairof the
supraspinatus tendon as carried out by an upper limb surgeon. ........ccccoeeeeiiiiiiiiiiiinneeeeeen, 131
Figure 6.4 - Design of study - Effects of rotator cuff tear and repairs, showing available
shouldersamples. The lines indicate where comparisons can be made between samples (NB
sample 1 was tested in Chapter5). ..o e e e e e e et e e e e e eeeeanns 132
Figure 6.5 — Cadavericshouldersample 3. The anteriorand posterior portion of the

supraspinatus attachment is labelled along with the bucket handle tear. ............cccccocoeeniiil. 133



XVi

Figure 6.6 - Final study design (adapted from Figure 6.4) due to large natural tear insample 3.

Figure 6.7 - The study design updated to show the sub studies (A - F) which will answer
individualresearch questions. A: The effect of increased angle of motion onthe muscle forces.
B: The repeatability of the simulator when performing motion with different samples. C: The
effectof a 50% artificial tear of the supraspinatus. D: The effect of a100% artificial tearof the
supraspinatus. E: The effect of a double row repair of the supraspinatus. F: The difference
between an artificial tear and the natural tear of the supraspinatus. ........cccccceeeeeeeireiiiinnnn... 135
Figure 6.8 - The muscle force valuesfora single repeat of the flexion motion with sample 2.

The grey zones represent periods of flexion and the white zones show periods of extension.

Figure 6.9 - The mean distributions of the force requiredin flexion forthe three repeats of the
intact and 50% artificial supraspinatus tearin sample 2...........ovvieiieiiiiiiiiiiiii e, 137
Figure 6.10 - Force in each muscle during abduction against time of sample 2. A: Limited
abduction of 30 degrees. B: Extended abduction of 50degrees. The grey zones indicate periods
of abduction and the white zones indicate periods of adduction............ccccccooviiiiiiiiiin . 138
Figure 6.11 - The mean distribution of force between the rotator cuff muscles at mean neutral
position and mean maximum abduction position during the limited and extended motion
protocols. The distribution forthe extended cycle is based solely onrepeat 1due to errors with
the anterior deltoid 10ad Cell..........oviiiiiiiiiiiiiiiiiiiiiiii e 139
Figure 6.12 - An example of the typical force in each muscle during the extended motion cycle
(sample 4). The grey zonesindicate periods of abduction and white shows adduction.......... 142
Figure 6.13 - The meandistribution of the total force between the muscles of the shoulder
joint at the maximum and minimum abduction values for sample 2 and sample 4................ 143
Figure 6.14 - The repeatability of the abduction motion cycle for sample 2. Each individual
cycle (10 —20) is plotted on the same axes for each motion, the plotted cycles are indicated by
the blue areaon image A. A: Repeated cycles forall musclesin cycles 0 - 20. B: Forcesin teres
minorfor cycles 10 - 20. C: Forces inthe middle deltoid forcycles 10 —20. D: Forces inthe
anteriordeltoid forcycles 10 — 20. E: Forcesin the subscapularis forcycles 10 — 20. F: Forcesin
the supraspinatus for cycles 10 —20. ......ccoeuiuiiiiiii e e et e e et e e e e rae e e e 144
Figure 6.15 - Percentage of force required by each muscle at minimum and maximum

abduction with anintact rotator cuff and a 50% artificial tear of the supraspinatus muscle in

Figure 6.16 - Percentage of force required by each muscle at minimum and maximum
abduction with anintact rotator cuff and a 50% artificial tear of the supraspinatus musclein

Y- [0 o1 (I P 147



Xvii
Figure 6.17 —Schematicshowing superior translation of the humerus when the supraspinatus
LT aTe (oYK} U111V o o o PPN 148
Figure 6.18 — Photograph of the humerus beingheld at 15 degrees abductionin the shoulder
simulator to allow for the abduction of the shoulder to occur (sample 2).........cccceeeeeeeeennnnns 149
Figure 6.19 - The forcesrecordedin each muscle in orderto produce abduction when a 100%
artificial tear of the supraspinatus had occurred. The humerus was held at a starting position of

15 degrees of abduction and prevented from reaching the neutral position following each

Figure 6.20 - The 100% artificial tear of the supraspinatus tendon with the root of the tendon
indicated along with the detached tendon and the acromion of the scapula (sample 2)......... 150
Figure 6.21 - The mean percentage of force between the muscles at maximum and minimum
abduction forsample 2 with an intact cuff, an artificial 50% tear of the supraspinatusanda
double row repair of the SUPrasPINAtUS. .......cceeiiiiiiiiiiieee e e e e e e e e 152
Figure 6.22 - The mean percentage of force between the muscles at maximum and minimum
abduction forsample 4 with an intact cuff, an artificial 50% tear and a double row repair of the
YU o] = 1Y o1 = L6 (- 153
Figure 6.23 - The meandistribution of the total force required at maximum and minimum
abduction forthe artificial tear of the supraspinatus muscle in sample 2and the natural tear of
the supraspinatus in SAMPIE 3. ...ttt bababaaaaaaa 155
Figure 6.24 —Schematicto show the difference between an intact supraspinatus, an anterior
tear and a bucket handle tear of the supraspinatus. The simplified line of action of the muscle

IS SHOWN DY the @ITOW. .ccciii e e e e e e e e et e e eaaaes 156



Chapter 1 - Introduction

1.1 General Introduction

The shoulderjointis capable of the widest range of motion of any jointin the body howeverto
achieve thisitisalsothe most unstable joint (Rockwood and Matsen, 1998a). The rotator cuff
muscles surround the large glenohumeral joint of the shoulder and compress the humeral
headintothe glenoid fossa of the scapula preventing dislocation (Hess, 2000). Half of all major
shoulderinjuries are tears of the rotator cuff tendons. Over 62% of adults overthe age of 80
years have a rotator cuff tear (May and Garmel, 2020). Tears of the rotator cuff are often
initially managed conservatively howeverin over 40% of cases continuing painleadsto the
requirement for surgical intervention (Greenallet al., 2018). The age, tendon quality and size
of tearimpactthe success of surgical repair with failure rates between 25-50% at 12-months
post-surgery (Greenall etal., 2018). Simulator models enablethe surgical repair methods to be

tested through appropriate loading cycles and ranges of motion.

The anatomy and biomechanics of the shoulderwill be discussed followed by the causes of
rotator cuffinjuries and the surgical repair approaches. Computational simulation methods
and the application of these to the shoulderjointandin particularthe rotator cuff will be
considered. Current cadavericrotator cuff studies will be assessed followed by the suitability
of porcine tissue torepresentthe human shoulder. Finally natural joint simulators will be
discussedforthe hipand knee joints leading onto the natural shouldersimulatorsincluding

theiradvantagesand limitations.

1.2 The Shoulder

1.2.1 Anatomy
The shouldercomplex consists of three bones, fourjoints and 30 muscles which create a joint
capable of the widest range of motion of any jointinthe human body (Martini et al., 2017).
However, to permitthis range of motion the shoulderjointisalsothe mostunstable jointin

the body (Rockwood and Matsen, 1998a).

The scapula, clavicle and the humerus are the three bones which directly participatein
shouldermotion. Other bones such as the spine and sternum are importantfor muscle
attachmenthoweverdo notinteractdirectly at the shoulderjoint (Rockwood and Matsen,

1998a). The bonesof the shoulderare shownin Figure 1.1.



Coracoid Clavicle
Acromion process
process

Humeral head Scapula

Humerus

Glenoid fossa

Figure 1.1 — Anteriorview of the bones of the shoulder joint; humerus, scapula and clavicle. The

bony landmarks of the acromion process and the corocoid process of the scapula are also

indicated.

The longestbone inthe upperlimbisthe humerus. Atthe proximal end of the bone thereisa
half spherical articulating surface called the humeralhead (Tortoraand Nielson, 2012).
Relative to the shaft of the humerus, the headisinclined by an angle of between 130° and
150° (Terry and Chopp, 2000). The scapulaisa large, triangular bone that lies posteriorto the
thorax (Plausinis etal., 2006). The scapula ‘floats’ on top of the rib cage, unconnectedto the
spine andribs otherthan through muscle attachments. The mainfunction of the scapulais
muscle attachment with 17 muscles attached to or originating on the scapula. The acromion
and the corocoid process are bony struts projecting off the superior portion of the scapulaas
shownin Figure 1.1. The main function of the acromion is for muscle attachmentanditalso
acts to increase the leverarm of the deltoid muscle. The coracoid process serves as the origin
site forseveral ligaments of the shoulder (Terry and Chopp, 2000). The glenoid cavity lies
inferiortothe acromion and articulates with the humeral head (Tortoraand Nielson, 2012).

a_n
S

The clavicle lies horizontally at the base of the neck, anteriorto the scapula.ltisan shaped

strut which connectsthe upperlimb to the axial skeleton (Plausinis et al., 2006).

Movement at the three anatomical joints allowfor the wide range of motion possible atthe
shoulderjoint (Plausinis etal., 2006). The acromioclavicularjointisadiarthrodial joint

between the acromion of the scapulaand the lateral portion of the clavicle (Felstead and



Ricketts, 2017). At the otherend of the clavicle, the sternoclavicularjoint links the medial
portion of the clavicle to the sternum. This joint provides the only skeletal articulation
between the axial skeleton and the upperlimb (Rockwood and Matsen, 1998a). The
acromioclavicularand sternoclavicularjoints combineto allow the scapulato 'glide' overthe
posterior portion of the ribcage which is oftenreferred to as the scapulothoracicjoint. The
final jointisthe glenohumeral joint between the humeral head and the glenoid fossa of the
scapula. The large radial mismatch between the humeral head and the glenoid fossa allows for
the large mobility atthe joint (Terry and Chopp, 2000). The joints of the shouldercomplexare

shownin Figure 1.2.

Acromioclavicular Sternoclavicular

Glenohumeral

Scapulothoracic

Figure 1.2 - Joints of the shoulder complex. The sternoclavicular, acromioclavicular,

glenohumeraland scapulothoracic joints are highlighted in green.

At any one time only approximately 25% to 30% of the humeral headisin contact with the
glenoidfossainthe glenohumeraljoint. Therefore, to prevent dislocations of this jointand to
allow forthe wide range of movement, several passive and active stabilisers actin the
shoulder (Terryand Chopp, 2000). The articular cartilage in the glenoid fossaisthickerinthe
peripheral thaninthe central regionin orderto mitigate the shallow nature of the glenoid
fossa (Funk, 2005). Alongsidethis, the glenoid labrum also acts to increase the contactarea
withinthe joint (Clavert, 2015). Consequently, the conformityinthe jointisincreased such that
a negative pressure exists within the joint. The pressure within the jointis lowerthan
atmosphericpressure resultingin avacuum effect which helpsto hold the humeral headinto
the joint (Rau et al., 2000). Howeverthe impact of the negative pressure on the joint stability is

limited during daily life as maximum stabilisation forces occur when a net pulling force acts on
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the jointwhichisrare duringnormal use (Veegerandvan der Helm, 2007). The final static
stabilisers are ligaments. Two main groups of ligaments contribute to the stability atthe joint.
The glenohumeral ligaments connect the humeral head to the rim of the glenoid which helps
to preventanteriortranslation and hence dislocation of the joint (Rau etal., 2000). The
coracohumeral ligament originates on the coracoid process of the scapulaandinserts ontothe
tubercles of the humerus. This ligament works to stabilise the joint particularly during the

motions of forward flexion, adduction and internal rotation (Terry and Chopp, 2000).

The main dynamicstabiliser of the shoulderis the rotator cuff. This comprises of four muscles:
the supraspinatus, infraspinatus, teres minorand the subscapularis (Terry and Chopp, 2000).
The primary role of the rotator cuff musclesisto compressthe humeral headintothe glenoid,
particularly during the middlerange of shoulder movement (Hess, 2000). The muscles of the
rotator cuff are shownin Figure 1.3. The subscapularisis the most powerful rotator cuff
muscle contributing 53% of the total cuff power. The supraspinatus contributes 14%, 22% from
the infraspinatus and the remaining 10% from the teres minor muscle (Keatingetal., 1992;

Goettietal., 2020).

Subscapularis
Teres Minor

Supraspinatus
Infraspinatus

A B

Figure 1.3 - The rotator cuff muscles of the shoulder: subscapularis, supraspinatus,

infraspinatus and teres minor. A: anterior view. B: Posteriorview.

Otherdynamicstabilisersincludethe bicepstendon which sits overthe top of the humeral

head depressingitintothe glenoid cavity. The deltoid muscleis the primary abductor of the



shoulder. Italso provides asuperiorforce tothe humeral head whichis counteracted by the
force of the rotator cuff muscles. Finally, the position of the scapulathroughout the range of

motion also contributestothe stability at the shoulder (Felstead and Ricketts, 2017).

1.2.2 Biomechanics
A wide range of movements are achievable at the shoulderjoint. The shoulderjoint has six
degrees of freedom howeververy little translation can occur in the joint without causing
dislocation leavingthe three main rotational degrees of freedom (Veegerand van der Helm,
2007). Flexion, extension, abduction, adduction, internal and external rotation can all be
achieved atthe shoulderjoint. These motions of the shoulder are shownin Figure 1.4. The
average value of the range of each of these motions that can be achieved atthe jointare

providedin Table 1.1.

External
Rotation

Abduction

Flexiy
'_/ Internal

Adduction Extension Rotation

Figure 1.4 - The motions achievable at the shoulder; flexion/extension, abduction/adduction

and internal/externalrotation.



Table 1.1 - Range of motion at the shoulderjointat a mean of 23 and 71 years for male

6

subjects (Dempster, 1955; Doriot and Wang, 2006)

Range of Motion
Motion Age 23 + 5 years Age 71 + 4 years

Flexion 193° 75°

Extension 63° 45°

Abduction 132° 122°

Adduction 51° 1°

Internal Rotation 96° 120°

External Rotation 31° 7°

The valuesshownin Table 1.1 were taken from two studies, one focusing on young male
participants and anotherfocusing on elderly male subjects. Age is shown to have an important
role inthe range of motion achievable atthe joint. Flexion, extension, abduction, adduction
and external rotation were shown to decrease with age howeverthe value forinternal rotation
increases with age (Barnesetal.,2001). The motions shown in Table 1.1 are achievable only
due to the combined motion of all the joints within the shoulder. Primarily the motion occurs
within the glenohumeraland scapulothoracicjoints howeverat the extreme positions,
movementin the sternoclavicularand acromioclavicularjointsis also required (Rockwood and

Matsen, 1998a).

Scapulohumeral rhythm refers to the coordinated motionin the glenohumeral and
scapulothoracicjoints (Lugo etal., 2008a). The rotation of the scapula has three key functions.
Firstly, the rotation ensures that there is maximum contact between the humeralhead and the
glenoid fossathroughoutthe motion cycle (Felstead and Ricketts, 2017). Secondly
impingement of the humeral head on the coracoid process of the scapulais prevented
(Rockwood and Matsen, 1998a). Finally scapularotation allows the acromion (deltoid origin
point) to move away from the deltoid insertion point on the humerus. This ensures that the
length of the deltoid is maintained which hence maintains the power output of the deltoid

(Lucas, 1973).

Duringthe first 30° of abduction and 60° of flexion, little scapulothoracic motionis required
(Felstead and Ricketts, 2017). Beyond this point, scapulohumeral rhythm performs an
increasingly importantrole. The normal rhythmis often quoted as 2° of glenohumeral motion
for every 1° of scapulothoracicmotion (Flores-hernandez et al., 2019). The humerus must also

externally rotate in orderto reach maximum elevation. This preventsimpingement whilst also



loosening the inferior glenohumeral ligaments (Rockwood and Matsen, 1998a). The clavicle
also moves upward to allow for maximum abduction and flexion of the shoulder. Up to 90°
abduction, there is approximately4° of elevation of the clavicle per 10° elevation of the
humerus. Beyond 90° there is negligible elevation of the clavicle. The clavicle elevation occurs

due to rotation at both the acromioclavicularjoint and the sternoclavicularjoint (Lucas, 1973).

Activities of daily living (ADLs) are a collection of activities used to determinea patient’s ability
to live independently. They are key to establishing the need forsurgical or non-surgical
intervention when a patienthasaninjury (Edemekongetal., 2020). The activities of daily living
can be separated into five categories: eating, bathing, dressing, mobility and toileting
(Anspach, 2020). The shoulderjoint plays akeyrole in many of these activitieswith alossinits

function proving detrimental to the independence of a patient.

The range of motion required to do a selection of key activities of daily living are provided in

Table 1.2.

Table 1.2 - Range of motion required for activities of daily living (Oosterwijk etal., 2018).

Activity Flexion Extension Abduction Adduction
Reach shelf above shoulder height | 142° - 34° -
Combing hair 139° - 125° -

Washing opposite armpit 95° - - 25°
Reachingback pocket - 50° 5° -
Eatingwith a fork 35° - 44° -

It can be seen from Table 1.2 that a large functional range of motionisrequiredinthe

shoulderto be able to complete activities of daily livingand remainindependent.

Bergmannetal., used an instrumented shoulder replacement to record the glenohumeral
contact force in the glenohumeral joint throughout a range of activities of daily living
(Bergmannetal., 2007). The forcesrecorded duringaselection of these ADLs are providedin

Table 1.3.
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Table 1.3 - Forces required for activities of daily living given as a percentage body weight and

the resultant force for a male of average weight (Bergmann et al., 2007).

Activity Resultantforce (% body Resultantforce foran
weight) average 80 kg male (N)

75° abduction without weight | 85 667

120° flexion without weight 121 950

Lifting 1.4kg jug 103 808

Driving 42 330

Walking with 2 crutches 118 926

Putting 2.5 Kg onto ashelf60 | 69 542

cmin front

Combing hair 65 510

Thereisa large range inthe force values reportedin the literature. Particularly inthe case
where analytical shoulder models were used to predict the glenohumeral contact forces. Due
to the limited anatomical landmarks on the scapula, optical tracking systems to determine
scapulamotion produce variable results. When these are then applied to dynamiccomputer
simulations the contact forces vary across studies (Bergmann et al., 2007). Despite providing
more repeatable force values, the study by Bergmann etal used an instrumented shoulder
replacementand hence notanatural shoulderenvironment potentially altering the

glenohumeral contact forces.

1.2.3 Rotator Cuff Injuries
Over50% of major shoulderinjuries are due to tears of the rotator cuff muscles (Murrell and
Walton, 2001). Tears can either be acute, due toa traumaticinjury such as a fall, or chronic.
The differentiation between acute and chronictears can be difficult due to the additional sub-
category of acute on chronictear whichinvolves an acute tearon an already degenerated
rotator cuff (Abdelwahab et al., 2021; Paul et al., 2022). Purely acute tears of the rotator cuff
are rare accounting forapproximately 8% of all rotator cuff tears and are predominantly seen

inyounger patients (Abdelwahab etal., 2021).

There are several factors which can lead to chronicrotator cuff tears. Firstly, repetitive
motions such as sports or overhead activities can stress the muscles and tendons. Due to
ageing, the blood supply to the tendons decreases which reduces the abilityof the tendon to
heal. Bone spurs can alsoform on the inferior portion of the acromion as a patientages. This

causesimpingement of the acromion onthe supraspinatus tendon. These three factorsall



increase the likelihood of arotator cuff tear as a patient ages (Athwal and Armstrong, 2017). A
tear that involves more than one of the rotator cuff musclesistermed a massive rotator cuff
tear. These are particularly commoninthe elderlyand account for 10-40% of all tears

(Manske, 2018).

Any of the fourrotator cuff muscles can be affected by a rotator cuff tear, howeverthe
majority of tears occur inthe supraspinatus muscle due to the impingement of the acromion
(Sward etal., 1992). Tears of the subscapularistendon along with the supraspinatus were seen
in31% of cases howeveranisolated tear of the subscapularis tendon only occurred in 4. 9% of
rotator cuff tears (Lafosse etal., 2010). The infraspinatus tendon was torn alongside the
supraspinatustendonin 18.2% but occurred on itsown inonly 0.1% of cases (Minagawaetal.,

2013).

Rotator cuff tears are also categorised as being partial orfull thickness tears. A partial tear
doesnotseverthe tendon as the tear extends only partially through the thickness. A full
thicknesstearhoweverseparatesthe bone fromthe tendon leadingto a hole forming (Athwal
and Armstrong, 2017a). The severity of the rotator cuff tear impacts on the outcome for the
patientand the time required toreturnto full use of the shoulderjoint (Kessel and Bayley,
1986). Acute tears often stem from high energy mechanisms which resultin full thickness tears
however, chronictears are more likely to originate as partial thickness tears which then

progressto full thickness tears (Abdelwahab et al., 2021).

Patients with rotator cuff tears often present with stiffness, weakness and instabilityin the
shoulder (Rockwood and Matsen, 1998b). The impact on the range of motion at the jointis
dependent onthe severity of the tearand the muscles which are torn. Often elevation and
external rotation of the arm are impacted leading to difficulties in completing many of the
activities of daily living (Sward et al., 1992). A massive rotator cuff tear or one involvingthe
supraspinatus muscle can cause the humeral head to translate superiorly on the glenoid
surface as seenin Figure 1.5. This is because the force opposing the deltoid has beenreduced.
The superiorshearforce can then cause structural damage to the glenohumeral joint surface

and can lead to cuff tear arthropathy (Sharkey etal., 1994).
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Acromion Supraspinatus
Supraspinatus tendon tear

Deltoid

Superior
translation of
the humerus

Humerus

Figure 1.5 - Superiortranslations of the humeral head due to a tear of the supraspinatus
tendon. A: Shoulder joint with an intact supraspinatus. B: Shoulder with a supraspinatus tendon

tear showing superior translation of the humerus.

1.2.4 Rotator Cuff Treatment
Rotator cuff tears (both acute and chronic) are treated eithersurgically or through
conservative non-surgical management. Acute tears of the rotator cuff in young patients,
where identified early, are usually repaired surgically since tendons are often of good quality
allowingforasuccessful and more stable repair (Manske, 2018). Partial thickness chronictears
can heal or become smallerthrough non-operative techniques. Around 28% of partial
thickness tears propagate to become afull thickness tear, causingincreased painand
weaknessinthe affected shoulder (Pandey and Jaap Willems, 2015). Treatment of most
chronictears begins with conservative methods. However, 40% of patients will require surgical

intervention due to continuing pain despite non-operative management (Greenalletal., 2018).

Regardless of if the rotator cuff tear was due to an acute event or a degenerative tearthe
factors fora surgical decision are the same. Surgery is usually recommended for patients
youngerthan 70 years of age due to the increased muscle and tendon quality required toyield
a satisfactory repairresult (Williams etal., 2004; Tashjian, 2012; Sambandametal., 2015). The
activity level which the patient expectsto returnto alsoimpacts the decision forsurgery along
with the level of retraction of the torn muscle and the presence of muscle atrophy and fatty
infiltration which would limit the ability of the tendon to heal (Williams etal., 2004; Paul etal.,
2022).



Non operative treatmentinvolves a combination of physical therapy, restand steroid
injections (Rockwood and Matsen, 1998b). The main benefit of non-operativetreatmentis

that the patientavoids the risks associated with asurgical procedure. However, risks of this
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approach include extension of the tearand arthritis due to cuff teararthropathy and migration

of the humeral head asshownin Figure 1.5 (Sambandam etal., 2015).

Surgical repairof a tear can be performed either using open or arthroscopictechniques. Open

surgery requires alargerincision which allows for greater access enablingbone spursto be

removed oradditional reconstructionto be completed if required. Arthroscopicsurgery

requires smallerincisions hencereducingthe healingtimeand the chance of infection (Athwal

and Armstrong, 2017a). The choice between performingthe procedure inan open or

arthroscopicmannerdepends mainlyon surgeon preference and experience.

There are three main surgical techniques for the arthroscopicrepair of rotator cuff muscles:

single row, double row and transosseous equivalent (Pandey and Jaap Willems, 2015). The

three arthroscopicsurgical techniques are shownin Figure 1.6.

The single row technique is the simplest repairtechniqueallowing for quicker surgery times

and easierrevision surgeries. The double row technique uses both a medial and lateral row of

suturesinorderto increase the contact area of the repair. Thisimproves the initial strength of

the repairhoweverthe operativetime, procedure complexity and cost are all increased

(Pandey and Jaap Willems, 2015). The transosseous equivalent technique usestwo rows of

anchors but, unlike the double row technique, does not pass an anchor through the lateral

stump of the tendon (McCormick etal., 2014). This technique canimprove the vascularity of

the repaired tendon whilst having comparable complexity, cost and operative timetothe

double row technique (Pandeyand Jaap Willems, 2015).

A

Humerus

Humerus

C

Humerus

Figure 1.6 - Surgical techniques forthe arthroscopicrepair of the rotator cuff. A - Single row

repair. B - Double row repair. C - Transosseous equivalent technique

Age, tendon quality and the size of the original tear are factors that have the highestimpacton

the success rate of a tendon repair (Athwal and Armstrong, 2017a). Small tears which are
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surgically repaired early havethe lowest failurerates however, large or massive tears
frequently re-rupture aftersurgery. Thisis due to the degenerative changesinthe tendon
tissue. Greenall etal found failure rates of 25-50% at 12 months post-surgery (Greenall etal.,
2018). The double row and transosseous equivalent repair techniques offer the best outcomes
for large tears as theyincrease the contact of the tendon edge to the greatertuberosity whilst
alsoimprovingthe vascularity of the repair (Matthews et al., 2006). A systematicreview
conducted by Longo etal., found that the double row repairmethod had lower retearrates
compared to the single row repair based upon 18 studies. The average retear rate was found
to be 12.7% for double row repair patients, 14.5% for patients who underwent asingle row
repairand 23.6% for patients who underwentatransosseous re pair (Longo et al., 2021). This
would suggest that the transosseous repairtechnique was biomechanically inferior however,
the transosseous repairis more likely to be usedin the case of a large tearwith poorer quality

tendonwhich would be less likely to heal surgically (Pandey and Jaap Willems, 2015).

1.3 Computer Simulation Methods

1.3.1 Biomechanical Simulation Methods
Computational models of the human body allow foradeeperunderstanding of how joints and
muscles work togetherto produce motion. Computational models are used to determine what
muscles are involved with certain movements and the reaction forces involved ina movement
(Veegeretal., 1991). Gait analysis was initially used to gain quantitative data on the dynamics
and movements of the human body by using high precision cameras to track positional
changes of body segments. Gait analysis however could not provide any insightintoforcesin
the muscles or accelerations of body segments (Pandy, 2001). Computer modelling allows

simulationsto be usedto predicthow musclesinteract with one another (Maurel et al., 1996).

There are two different methods of analysis used to calculate or measure muscle force: inverse
and forward dynamics. Inverse dynamics takes the motion and external | oads asinputsto the
system and calculates the internal muscle forces (Rasmussen, 2003). Forward dynamics
however, usesinputs of muscle activity and external forcesin orderto calculate the motion of
the body (Pandy, 2001). The musculoskeletal system as awhole is mechanicallyredundant
meaningthatthere are a greater number of musclesinthe body than are necessary tocreate
most motions (Rasmussen, 2003). In the human body, the central nervous systeminstantly
selects muscles to perform each motion howeveracomputational model must use
optimisation theory to make the same decision (Pandy, 2001). Optimisation theory usesa
combination of linearand quadraticprogramsin orderto select the muscles which minimise

the muscle fatigue caused by the motion (Rasmussen et al., 2002). The main difference
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between the forwards and inverse dynamics methods is that duringinverse dynamics, the
optimisation problemis solved at every point throughout the motion whereasininverse
dynamics, the optimisation is solved once, afterthe complete simulation. Consequently,
forward dynamics problems can take longerto run. Inverse dynamics methods produce results
which are very dependenton the accuracy of the input values, in this case the position,
velocity and acceleration of body segments. This information can be very difficult to obtain
accurately leadingto significant errors building up within the computational model (Pandy,
2001). Most musculoskeletal modelling systems use aninverse dynamicapproach asthis
allows the unknown internal muscle forces to be calculated from prescribed motions

(Bolsterlee etal., 2013).

Anotherchallenge with computer modelling of musculoskeletal systems is the modelling of
muscles. They are commonly modelled using eithera ‘straight line’ or ‘centroid line’ method.
The straightline method assumesthat the muscle forms astraightline between the originand
insertion points. This assumption meansthatthe muscleis simple toimplement but the quality
of the results generated is compromised as the lengths of the muscles are not representative.
The centroid line method constructs the muscle using cross sectional centroids of the muscle.
A line thenjoins several centroids providing a much better representation of the muscle
geometry. However, this method can prove very hard to implement due to a lack of literature
surroundingthe cross sectional centroids and how these change through motion. Therefore,
viapoints are often used to enhance the representation provided by the straight line method.
Viapointsallow the straightline to ‘root’ to several points between its origin and insertion

pointsin orderto improve the definition of the length of the muscle (Pandy, 2001).

The AnyBody modelling system uses inverse dynamics and numerical methods which estimate
the internal muscle forces based oninputted motions and movements (Lemieuxetal., 2012). A
Hill modelisusedin orderto allow the maximal force to be exerted by amuscle whenitis at
itsoptimum length. The optimisation theory used in the AnyBody software isreferred to asthe
min/max criterion which aims to minimise the energy expenditure of the systemtoreflect the

natural synergism of the muscular system (Lemieux etal., 2012).

Othercommercial software enables the modelling of the musculoskeletal system. OpenSimis
an opensource modelling system, allowing analysis of reactions between the human body and
the environment (Delp etal., 2007). Whereas the AnyBody system runs the inverse dynamics
and optimisation equationsin parallel, OpenSim completes these intwo steps. This means that
the AnyBody software is more efficient at solving the closed systems and also allows for
greater control overindividual parameters of the model (Cadova, 2013). Other programs such

as SiemensJack, allow forintegration of modelling software such as AnyBody with CAD
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systems. Digital human modelling systems such as Jack and Human Builder create visual
representations of anthropometricand kinematicdatato aid engineering design. This type of
model are most commonly usedin orderto determine human and environment compatibility

(Paul, 2011).

1.3.2 Models of the Shoulder Complex
The Delft shoulder model usesinverse dynamics to model the shoulderjointonacomputer
program called SPACARwhichis afinite element software designed specifically for
mechanisms with multiple degrees of freedom such as the shoulderjoint. Bones are
represented as singleelements with multiple nodes and the Delft shoulder model comprises of
seven segments: thorax, clavicle, scapula, humerus, ulna, radius and hand. The model also
contains 17 muscles which control the motion at the shoulderand elbow joints (vanderHelm,
1997). A cadavericstudy was used to provide the information regarding optimal muscle fibre
length and muscle structures. This information along with external forces were the inputs to
the model providinginternal muscleforces as the outputs (Nikooyan etal., 2011). Applications
of this model includeastudy looking at glenohumeral arthrodesis conducted by van der Helm
and Pronk (1994), manual wheelchair propulsion and analysis of aglenohumeral prosthetic

design (vanderHelm, 1997).

The AnyBody shoulder model was created based upon dataand assumptions from the Dutch
Shoulder Group. The model represents an average male of 75 Kg and 1.8 m in height (Lemieux
et al., 2012). There are 118 muscle-tendon units thatrepresentthe musclesandtendons of the
shoulderjoint. The only ligamentsincluded on the model are the coracoacromial and conoid

ligaments for stability (Lemieux et al., 2013).

1.3.3 Rotator Cuff Models
Several in-silico studies have been completed to determine the effect of rotator cuff injuries
and repair mechanisms on the shoulderjoint. A study conducted by Steenbrink et al (2009)
used the Delft shoulderand elbow model to assess the impact of rotator cuff tears. Thirty-one
muscles were used. To simulate arotator cuff tear the affected muscle was removed from the
model. The study found that a tear of the rotator cuff caused instability and increased forcesin
the alternative abducting muscles (Steenbrink et al., 2009). Only one motion, abduction, was
assessed duringthis study and so the effects of a rotator cuff tear on other motions were not

analysed.

Holscheretal (2016) used the basichuman model from the AnyBody repository to simulate a
rotator cuff tear. The joint reaction force in the shoulderwas restricted to the glenoid cavityin

orderto mimica rotator cuff tear. The studyindicated thatthe deltoid and teres major
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muscles compensated most forthe reduced forces produced in the torn rotator cuff. Again

only one motion, elevation, was considered (Weberetal., 2016).

AnyBody was usedin anotherstudy by Haering etal (2015) to assess the risk of failure of
repairs to the rotator cuff muscles during passive motion. In this study different sized tears
were simulated by reducing the size of the muscles within the model and hence reducing the
forces produced. Healthy participants with no history of shoulder painwere used to obtain

kinematicdataforeach of the passive rehabilitation exercises being modelled.

1.4 Experimental Simulation Methods

1.4.1 Cadaveric Rotator Cuff Models
Cadavericstudies have been undertaken to assess the strength of the repair methods invitro.
The mechanical properties and boundary conditions do not have to be estimated when using
cadaverictissue leadingto an advantage of cadavericstudies over purely computational
models (Kimetal., 2006). Several cadavericstudies have assessed the effect of the different
surgical rotator cuff repairmethods on the strength and outcomes of the repair. Limitations
remainin cadavericstudiesin comparisontoinvivo clinical tests. Some general limitations
include the quality of the rotator cuff tissue, the duration of the studies and the loads and
motions applied tothe joint. Oftenthe tissue used in these studies are from specimens with no
previous rotator cuff injuries ratherthan those with rotator cuff tears which often have poor
tendon quality due to the degeneration of the tendons (Kim et al., 2006). The cadaverictissue
will startto degrade in quality once it has been removed fromthe body and so the duration of
any tests are limited to ensure that the mechanical properties of the tissue remains relevant
(Cartneretal., 2011). Alsothe freeze/thaw cycles that the tissue undergoes during dissection,
preparation and storage priorto the studies commencing has been demonstrated to reduce
the Youngs modulus of the tendons. Consequently, the results from these studies cannot be
directly translated to in vivo outcomes. However, the comparisons between different repair
methods canstill be made as the effectappliestoall the tissue used equally (Smith etal.,
2006). Finally, the loads and motionsthatare simulatedinthe studiesin literature are

simplifications of the motions experienced in vivo (Kim etal., 2006).

Waltrip etal. (2003) and Kim et al. (2006) removed all the softtissue in the shoulderjoint
exceptthe supraspinatus tendon which was cutin orderto simulate arotator cuff tear. The
supraspinatus tendoninthe most commonlyinjured of all the rotator cuff muscles due tothe
proximity to the acromion process of the scapula (Athwal and Armstrong, 2017a) hence why
thistendontearwas chosen to be simulated. Smith etal. (2006) alsosimulated a

supraspinatus tear however the remaining rotator cuff muscles were leftintact surrounding
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the joint. Oh et al. (2012) was the only study to simulate a massive rotator cuff tear where
both the supraspinatus and the infraspinatus tendons were torn. The remaining rotator cuff
muscles, along with the deltoid, pectoralis major and latissimus dorsi muscles were replaced
with wires from theirintactinsertion points. To replicate the wide origins, and multiple lines of
action of these muscles, several wires represented asingle muscle. The amount of static
loading applied to each wire was determined from the physiological muscle cross-sectional
area (PCSA) ratios of the corresponding muscles (Oh et al., 2012). The PCSAis directly
proportional to the maximum force that can be produced by the muscle (Rockwood and

Matsen, 1998a).

Oh etal. (2012) and Smith et al. (2006) applied purely staticloads to the tendons hence why
othersofttissueswere leftinsituin orderto maintain some stabilitywithin the joint. As
mentioned, Ohetal. (2012) applied loads relative to the cross sectional area (PCSA) of the
muscles. Smith et al. (2006) on the otherhand applied forces obtained from literature to the
fourtendons of the rotator cuff muscles. Smith et al. (2006) leftthe staticloadson the
cadavericshouldersfor 60 minutes whilstthe shoulder was abducted to 30°; the angle of a
sling following rotator cuff surgery. Oh et al. (2012) applied the staticloads at 0°, 30° and 60°
of shoulderabductionincludinga2:1 ratio of glenohumeral to scapulothoracicabduction. In
both cases the distance from a staticreference point onthe humerustoa reference point on
the repairwas measuredin orderto determine the fixation strength of the different repair

methods.

Waltrip etal. (2003), Kim et al. (2006) and Smith et al. (2006) performed cyclictestsusinga
universal material testing machine. Allthese studies fixed the humerus to the base of the
machine and then used a variety of clamping methods to fix the tendon to the crosshead of
the testing machine. The angle of abduction of the shoulder within the testing machine was
selectedtotry and replicate the line of action of the supraspinatus tendon as the testing
machine could rigidly only apply this force in one direction. Smith et al. (2006) attached the
humerus at an angle of 30° abduction, Kim et al. (2006) at 45° abduction and Waltrip etal.
(2003) at an abduction angle of 100°. Both Waltrip etal. (2003) and Kim et al. (2006)
performed cyclictests uptoa load of 180 N whereas Smith etal. (2006) performed thesetests
up to avalue of 100 N. Once the specified number of cycles had been conducted, in all cases,
the maximum load was thenincreased incrementally until failure occurred. The fixation
method of the tendon end to the crosshead of the testing machine was crucial in orderto
obtain accurate resultsinstead of the tendon pulling out of the clamp system leading to
premature failure. Kim etal. (2006) used a soft tissue clamp with additionalfine sand paperto

clampthe tendon. A cryoclamp was usedinthe study conducted by Smith et al. (2006) which
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maintained the temperature of the tendon end between -20°Cand +2°C to maximise the grip
on the tendon. The connection method between the tendon and an artificial material is
importantto ensure that the results from any test were accurate and not impacted by a
connectionfailure. Consequently in orderto allow for active actuation of the rotator cu ff
muscles as outlinedin the project objectivesin Section 1.6, preliminary testing regarding

suitable connectiontechniques would have to be conducted.

1.4.2 Animal Models of the Shoulder
The use of a surrogate model of the human shoulderjointallows for biomechanical testing to
be completed usingamore available source of tissue. Suitable anatomy of the surrogate
shoulderjointisrequired to enable biomechanical testing. Common animal models such asthe
dog, pig, sheep, cow, rat and rabbit do not have a true rotator cuff where the tendons of the
supraspinatus, infraspinatus, teres minorand subscapularis muscles insert togetherto forma
single cuff surrounding the glenohumeral joint. Primates and a tree kangaroo were found by
Sonnabend and Young (2009) to be the only animals whose rotator cuff anatomy relevant to
the human anatomy due to the function of theirupperlimbs. However, costs, accessibility and
ethical concerns would prevent widespread use of these animals as biomechanical models of

the shoulder(Sonnabend and Young, 2009).

Tissue fromthe food chain resultsin tissue with less variability compared to human cadaveric
tissue due tothe consistent age of the tissue (Cone etal., 2017; Jimenez-Cruzetal., 2022). The
most widely available biomechanical animal models (excluding live animal models) are the

porcine model and the ovine model (Sonnabend and Young, 2009).

1.4.2.1 Porcine Models of the Shoulder

Quadrupeds such as the pig, use the forelimbinalargely different capacity to humans. The
forelimb and hence shoulderjointis aweight-bearing joint undergoing much greaterforces
(Hast etal., 2014). Anatomically, the main difference between the pigand the human shoulder
isthe clavicle. Most quadrupeds do not have a clavicle butinstead have aclaviculartendon
withinthe brachiocephalicus muscle (Frandson etal., 2009). The skeletal anatomy of the pig

forelimbisshownin Figure 1.7.
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Figure 1.7 - Skeletal anatomy of the porcine forelimb. The scapula and humerus bones are

labelled as well as the greater tuberosity of the humerus.

The greatertuberosity of the pighumerus extends much further than that of the human such
that itextends pastthe humeral head. The additional height of the tuberosity increases the

leverarm of the muscles which insert onto this region (Frandson etal., 2009).

The forelimb muscles of a pigare expected to be largerthan those of a human of a similar
mass due to the weight-bearing nature of the joint. Thisis particularly the case with the
rotator cuff muscles. Inthe human, the rotator cuff muscles are particularly crucial inretaining
the stability in the joint during the full range of motion. The range of motionis muchlessfor a
guadruped and hence the weight bearing function is of much more importance. Whereas the
subscapularis muscle is the dominant rotator cuff muscle in humans, primatesand small
quadrupeds, larger quadrupeds are infraspinatus dominant (Mathewson et al., 2014). The
difference inthe mass and the physiological cross sectionalarea (PCSA) of the rotator cuff
muscles between humans and pigsis providedin Figure 1.8. The PCSAis directly proportional

to the maximum force that can be produced by the muscle (Rockwood and Matsen, 1998a).
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Figure 1.8 - Mass and physiological cross sectional area (PCSA) of the rotator cuff muscles in

the pig and the human (Mathewson etal., 2014).

It can be seenfrom Figure 1.8 that the mass of both the supraspinatus and infraspinatus
muscles are considerably greaterinthe pig. Alongside this, the PCSA is greaterin the pigforall
the muscles. Thisis due to the much increased forces passing through the joint. During normal
walking, the maximum force through the porcine shoulder was shown to be 550% body weight
(Thorup etal., 2007) whereas the maximum force reported to pass through the human

shoulderwas 118% body weight when walking with two crutches (Bergmann et al., 2007).

Despite all these differences porcine shoulders have been used to conduct tests on rotator cuff
repairmethods. Milano et al (2008) used 50 fresh porcine shouldersto assess the difference
between the single-row and double-row repairtechniques. A full thickness tear of the
infraspinatus was replicated and then repaired. The proximal humerus was then loaded to the
base of a universal testing machine with the tendon fixed to the crosshead. A cyclicload w as
thenappliedtothe tendon repair. The main limitation that was observed was that the tested
repairs produced much greaterfixation than that observed clinically. This was related to the
difference in bone density between ayoung pigand a typically older patient who would

require the surgery (Milano etal., 2008).

1.4.2.2 Ovine Models of the Shoulder
The anatomy of the sheep shoulderjointis very similartothat of a pigbecause they are both
guadrupeds. Neitheranimal has atrue rotator cuff whichis defined as the joining of the
rotator cuff to forma commoninsertion. The tendons of the pig and sheep supraspinatus,
infraspinatus and teres minorinsert separately onto the greater tuberosity of the humeral
head (Sonnabendand Young, 2009). The role of the rotator cuff ina quadrupedis considerably
differenttotherole playedinananimal which raises theirforelimb above the head. The

rotator cuffis purely used toswingthe limbinthe sagittal plane creatinga pendulum motion
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(Ahmad etal., 2020). Consequently the supraspinatus musclewhichis predominantly usedin
the humanjointto abduct the shoulderand maintain stability is of lessimportanceina
quadrupeds joint which undergoes less abduction andisinherently more stable (Mathewson

etal., 2014).

The ovine infraspinatusis the largest muscle of the rotator cuff and has similarity to the human
supraspinatus tendon (Turner, 2007). The shape and anatomy of the ovine infraspinatusis
similartothe human supraspinatus tendon butalso the thickness and direction of muscle
fibres are similarto the human anatomy (Bisbinasetal., 2013). Ovine tendon fibres have a
more parallel arrangementthanin humans. However, as human tendons degenerate their
fibreslose some orientation and hence become more parallel, similarto the ovine model

(Smithetal., 2017).

1.4.3 Natural Joint Simulators

1.4.3.1 Lower Limb Joints
Experimental simulator models enable whole joints to be tested through a consistent range of
motion and loading cycles (Pallan, 2016). Commercial joint simulators predominantly focus on
the preclinical assessment of replacementjoints. These can provide three-dimensional forces
and motionsto evaluate awide range of artificial joints including hips, knees, ankles, fingers,
spines and shoulders (Dowson and Unsworth, 2016). Wear rate and total wear of the
components are the most commonly measured outcomes but geometry, materials, loading

and motion profiles can also be considered (Shen etal., 2019).

Testing of natural tissue within a mechanical simulator means that estimations of material
propertiesand boundary conditions do not have to be taken. Limitations of using natural
tissue primarily focus on the length of time that tests canrun for. Overtime, afterthe tissueis
removed from the body, the mechanical properties of the tissue changes as it decays (Pallan,
2016). Groves (2015) used a simulatorto apply a dynamicload toa whole natural hip joint
during motion. The dynamicload and motion regime ran for over2 hours howeverthe motion

was limited toasingle flexion/extension plane (Groves, 2015).

Pallan (2016) conducted testing of the natural hip joint throughout the whole gait cycle. An ISO
standard gait cycle was applied tothe natural tissue using a single -station anatomical hip
simulator. Porcine tissue was used due to the availability of the tissue in the food chainand
was fixed into the simulator with the use of Polymethymethacrylate (PMMA) bone cement
(Pallan, 2016). The tissue can be dissected to just reveal the joint geometry which can be
mounted into the simulator. Due to the high conforming nature of the hip joint no soft tissue is

required to maintain the stability during motion within the simulator.
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Knee simulators often are designed to study the tribol ogy of total knee replacements rather
than softtissue conditions such as cartilage or meniscal repairtechniques. A porcine knee
model was used within aknee simulatorto assess the biomechanical properties of the
cartilage. Stabilising tissue such as ligaments surrounding the knee were replicated using
springs to ensure thatthe knee was stable throughout the testing (Liu et al., 2015). Several
knee simulators have been made which use natural tissue alongside natural soft tissue such as
muscles and ligaments. In most cases however, very low forces are passed through the soft
tissue leading to poor physiological conditions within the knee (Schall etal., 2019). The Munich
kneerig, shownin Figure 1.9, powers the quadriceps and hamstring muscles via pneumatic
actuators. Although these muscles are powered, the simulator initiates the motion and the
softtissueis purely used to maintain stability in the joint throughout the motion hence the

true forces withinthe jointare notrepresented (Heinrichs etal., 2018).

hip assembly

miniature
force sensor

6-dof-transducer
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Figure 1.9 - The Munich knee rig which uses pneumatic actuators to powerthe quadriceps and
hamstring muscles (Steinbriick etal., 2013). Image reproduced underthe creative commons

attribution license.

1.4.3.2 Natural Shoulder Simulators
Natural shouldersimulators are required to demonstrate the natural unstable shoulder
environment whilst simulating some of the wide range of motion achievable atthe joint. Due
to the complexity of the joint, most current simulators use the staticjoint to evaluate shoulder
biomechanics asdemonstrated in Section 1.4.1. In orderfor a simulatorto be truly

representative of the shoulderenvironment, the muscles must be actively poweredinorderto
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produce motion. Passive motion occurs when the simulator moves the humerus directly
instead of powering the musclesto produce the motion. Passive motion produces less muscle
forcesand reduces the contact force withinthe glenohumeral joint which resultin outputs

that are less well aligned to the natural shoulder case (Verjansetal., 2016).

The Aachenshouldersimulatoris shownin Figure 1.10. A cadavericshoulder was used along
with six pneumatic muscles which could perform active motion. UHMWPE ropes and ball
bearing pulleys were used to connect the pneumaticactuators to the equivalent muscle

tendon (Verjansetal., 2016).

Figure 1.10 — The Aachen shoulder simulator. Six pneumatic muscles provide active motion of a
cadavericshoulder (Verjans etal., 2016). Image reproduced underthe creative commons

attribution license.

Active motion was achieved by the use of a teach-in process. The user was required to move
the humerusinthe desired motion to determine the length of muscles and hence actuation
that was requiredto performthese motions (Verjansetal., 2016). Although this provided
more realisticresults than passive motion, there was no control overthe distribution of
motion between the over-constrained system of muscles. The teach-in method did however,
allow fora wide range of motions to be studied usingthe simulatorincluding:

abduction/adduction, internal/external rotation and fle xion/extension.
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Kedgley etal (2007) used a cadavericshouldersimulatorto assess the repeatability of the
motions when different muscle inputs were used. The simulator used is shownin Figure 1.11
and usesa similarset-up tothe Aachen simulator. A cadavericshoulderis powered by aseries
of pneumaticactuators, pulley and ropes which are attached to muscle tendons (Kedgley etal.,

2007).

Transmitter Scapula

i\\ >

Humerus

E s b i Supra.  q 4 .

(;(;: ! T Ant. Delt. =
e I Te > Mid. Delt. =p

; .'. , ._ Post. Delt. ve \

\ Receiver

o

—_—— [— ——
Pneumatic \] Actuator Cable Scapula
Actuators Cables Alignment Alignment  Holder
System System
Distal Arm /
Replacement

Figure 1.11 - Cadavericshoulder simulator created by Kedgley et al (2007). A series of
pneumatic actuators, pulleys and wire power a cadaveric shoulder. Image reproduced with

permission.

The pulleys were required in the system to allow for the changinglines of action of the musdes
throughoutthe motion cycle. Fourregimes of muscle loading were tested alongside a passive
system: (1) loads applied to each muscle were equal, (2) loads applied to each muscle were
relative tothe PCSA of the muscle, (3) loads from an EMG study constant throughoutthe
motion, and (4) loads from an EMG study which changed as a function of abduction angle. It
was concluded that none of these regimes gave atrue representation of physiological loading
due to the assumptions made in each method. In particularthe like lihood of the PCSA to
change in relationto the changinglength of the muscles and the difficulty in obtaining
accurate EMG data for the rotator cuff muscles was noted. Despite this, all the active muscle
controlled methods provided much more repeatable motion than passive motionindicating

that active motion should be used for natural shouldersimulation (Kedgley etal., 2007).
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Figure 1.12 - Shoulder replacement simulator by Baumgartner et al (2014). Pneu matic
actuators replicate the forces provided by the rotator cuff muscles. Image reproduced with

permission.

A shoulderreplacement simulator created by Baumgartneretal (2014) is shownin Figure 1.12.
A shoulderreplacement was used in place of the natural joint and a series of electroactuators
were used to powerfour musclesincluding the rotator cuff. This simulatoralso incorporates
the scapulohumeral rhythm by rotating the scapula using astepper motor. Cyclic motions
could also be performed with the simulatorto represent repetitive loading tasks and
determine the forces within the replacement throughoutits lifetime (Baumgartneretal.,

2014).

Figure 1.13 - Shoulder simulator by Debskiet al (1995). Image reproduced with permission.
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The Debski shouldersimulatoris shown in Figure 1.13 which uses hydrauliccylindersin order
to applyload to the fourrotator cuff tendons and the middle deltoid. The model only
simulated abduction of the shoulderand no scapulothoracicmotion wasincluded in the model
hence the abduction motion was limited to 60°. The same force was applied to all the actuated

muscles and wasincreased until the desired motion was achieved (Debski et al., 1995).

Guo et al (2023) made a natural shouldersimulator which used active control of the
supraspinatus, subscapularis, infraspinatus and deltoid muscles to perform three cycles of
flexion, abduction and internaland externalrotation. The force required in each muscle during
the motions was recorded usingload cells. The scapulothoracic motion was not modelled and
so the range of abduction motion waslimitedto 60 °. The input datarequired forthese
motions was obtained through cross-sectionalareaand EMG data from literature (Guoetal.,

2023).
Comparisons between the key features of the five simulators above are detailed in Table 1.4.

Table 1.4 - Comparisons between key features of the Aachen simulator, the Kedgley et al (2207)
simulator, the Baumgartner et al (2014) simulator, the Debskiet al (1995) simulator and the
Guo et al (2023) simulator. A/A: Abduction/Adduction, F/E: Flexion/Extension, IR/ER:

Internal/External rotation.

Requirements Aachen Kedgley Baumgartner Debski Guo

Simulator Simulator Simulator Simulator  Simulator

Natural Joint « « J J
Active Motion « « « J «

Scapulo-
thoracic J

motion
Cyclic Motion «
RoM A/A, A/A A/A A/A A/A, F/E, IR

IR/ER, F/E

It can be seenthat none of the natural simulators provide the capability to represent the
scapulohumeral rhythm. Accurately measuring the motion of the scapulain-vivo can be
difficultand oftenrequiresinvasive methods such as bone pinsto get accurate results. Non-
invasive methods such as skin markertracking systems are less accurate due to limited bony
landmarks on the skin (Flores-hernandezetal., 2019). Asthe Aachen simulator, the Kedgley

simulatorandthe Guo simulator performed abduction to an angle less than 120°,
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impingement of the humeral head onto the scapuladid not occur evenwhenthe
scapulohumeral rhythm was ignored. However a computational study using the AnyBody
modelling system concluded that the scapulohumeral rhythm had asignificantimpactonthe
forces withinthe glenohumeral joint. The changing angle of the scapulalead tothe moment
arms and muscle lengths of the key shoulder muscles changing throughout the motion
impacting the internal muscle forces (Flores-hernandez etal., 2019). The change in length
muscles duringthe rotation of the scapulavaries across the shoulder muscles dependanton
the origin and insertion locations of the muscle. The supraspinatus muscle has avery small
changein length through the abduction motion due toits position onthe superior portion of
the scapulaas seenin Figure 1.3. Contrastingly, the muscles which enable to rotation of the
scapulasuch as the latissimus dorsi and pectoralis major muscles undergo large length changes

through the motion of abduction (van der Helm, 1994b).

To simulate the performance of a rotator cuff repair method throughoutits lifetime, cyclic
motions must be achievable inashoulder simulator. Inthe lowerlimb, common repetitive
motion can be characterised using the gait cycle. The approximate number of cycles that the
lowerlimb undergoes each year can then be defined providing atesting standard. However
the shoulderjointrarely undergoes similar repetitive motion on adaily basis. Consequently,
definingacycle of shoulder motions to encompass the whole range of motion required
becomes more difficultin the non-weight-bearingjoint (Langohr, 2015). A study usinginertial
sensors that were worn by healthy subjects foraportion of the day provided dataregarding
the daily use of the shoulder. The majority of the day (96%) shoulder motion was below 100°
of abduction and there were on average 19 instances of abduction above 100° every hour

(Coleyetal., 2008).

The current gap inthe literature was identified to be a natural tissue shoulder simulator which
used active motion of the jointto produce cyclicmotions. Increasing the number of motion
cycles performed by the simulator would allow forawider understanding regarding the
natural joint biomechanics through repeated motions and the effect of time onthe muscle
forces. The Baumgartnersimulator, which used areplacement shoulderjoint, was the only
identified previous study tolook at the effect of longer cycles on the shoulder biomechanics.
Active motion mustalso be achieved by the simulator due tothe importance of the soft tissue
structures on the stability and movement of the shoulder. Consequently, combining an active
natural shouldersimulator with cyclicmotion cycles would allow foradeeperunderstanding
to be made regarding the biomechanics of the shoulder and the effect of rotator cuff tears and

repairs on the jointbiomechanics.
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1.5 Summary

This literature review has discussed the anatomy and biomechanics of the natural shoulder
along with rotator cuff tears and the surgical approachesto repairs. Following from this both
computational and experimental methods of shoulder simulation have been investigated.
Finally current natural shoulder simulators have been discussed with the assumptions that
these simulators have used. It was made clear from completingthe literature review that the
shoulderjointisavery complex mechanism creating difficultiesin accurateinvitro

simulations.

Rotator cuff tears are commoninjuries howeverthe success of surgical repairmethods can be
low. This can partially be attributed to the lack of appropriate pre-clinical testing and the
limited cycles and range of motion thatare experimentally tested. Computational models of
the shouldercomplex have been created which provide insight into the effect of a rotator cuff
tear onthe remainder of the musclesinthe joint. Limitations with the computational models
include alack of motions modelled and the assumptions required to create the models.
Employing natural joint simulation removes the need for certain assumptions such as material
properties, geometry and boundary conditions. Physical shoulder simulators have
demonstrated an ability to represent physical phenomena, and could be used to allow rotator
cuffrepairmethodsto be tested undercyclic physiological loads overarange of motion that is
usually experienced within the shoulderjoint. Aninverse dynamics computational simulation
could be usedto provide the forces required within the muscles to produce certain motions
required foractivities of daily living. Natural shoulder simulators that have previously been
made do not allow the jointto be tested throughoutacycle for a period of time. This would
not provide enough informationin orderto assess the functional competence of the

interventionthroughoutits lifetime.

1.6 Project Aims and Objectives

1.6.1 Aims
The overall aim was to develop an experimental simulator which will enabletesting of a
cadavericshoulderjointthrough awide range of repeatable cyclic motions with appropriate
loading applied tothe muscles of the shoulder joint. The force in each muscle required to
performthe desired motion will be measuredin order forthe biomechanics to be assessed and

different rotator cuff tears and repairs to be assessed.



28

1.6.2 Objectives

The objectives were:

e Todevelopaspecification foran experimental natural shoulder simulatortoidentify
the important parametersin clinical function that must be mimickedinanin-vitro
simulator.

o Use a multi-body modelling system to define the constraints and degrees of freedom
neededinthe experimental simulation. This willdeterminethe experimental
constraints that will be used and how these will impactthe joint.

e Determineifasuitable surrogate animalmodel could meet the defined specification.

e Developanatural shouldersimulator which can simulate the environment of the
natural shoulderjointthrough aseries of cyclicshoulder motions. This will include the
translation from a surrogate model to a human cadavericmodel.

e Use the natural shouldersimulatorto experimentally assess different surgical repair

strategiesforthe rotator cuff.

The objectives are showninthe flow chartin Figure 1.14 indicating how each objective will

feedintothe subsequent objectiveand therefore meetthe overall aim of the project.
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2. Use a multibody
modelling system to
computationally model
the human shoulder
joint.

1. Develop a design
specification for a
natural human shoulder
simulator.

3. Determine the suitability of a surrogate animal
model of the human shoulder joint.

4. Develop a natural human shoulder simulator which
applies relevant loads and motions to the shoulder
joint.

5. Use the shoulder simulator to experimentally assess
different surgical repair strategies for the rotator cuff.

Figure 1.14 - Flowchart of the objectives of the overall project showing how each objective will

feed into the overall aim of the project.
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Chapter 2 — Evaluation of Surrogate Tissues for the
Experimental Simulation of the Human Shoulder Joint

2.1 Introduction

The use of humantissue within research and particularly during the development of
methodologiesis costly and requires additional ethical consideration. The use of a surrogate
model allows forthe method development stage to be completed usinga more available
source of tissue. Amodel usingtissuefrom the food chain means that the tissue hasless
variability compared to human cadaverictissue due to the consistent age of the tissue (Coneet

al.,2017; Jimenez-Cruzetal., 2022).

Rotator cuff repairstrategies have been widely investigated using animal shoulder models
howeverlimited models were found to be capable of reproducingall the features of the
human shoulderjoint (Hastetal., 2014). For an animal model to be a suitable surrogate model
for the humanshoulderthe following features must be present; (1) anatomically similar (soft
tissue and bony) to the humanjoint, (2) usedin a similarfunctional way to the humanjoint, (3)
atendonsize and shape similarto the humanto allow for surgical procedures (Derwinetal.,
2010; Hast et al., 2014). The porcine joint has been widely used foravariety of
musculoskeletal studiesincludingin the hip, knee, ankleand temporomandibularjoints as well
as bone, cartilage and ligament studies (Cone etal., 2017). Consequently, due to the wide use
of porcine tissue and the availability of the tissue within the food chain the porcine joint was

selected forinvestigation within this chapter.

Through the analysis of previously developed shoulder simulatorsin Section 1.4.3.2, it was

determinedthat the active control of the muscles was requiredin orderforthe simulatorto
produce relevant shoulder motions. Therefore the surrogate model selected must allow for
the active actuation of the tendons of the rotator cuff and a suitable method forthe secure

attachment of wire to the tendon ends must be determined.
The main objectives forthis chapterof work are:

e To determine the suitability of the porcine shoulder as a surrogate model forthe
human shoulderjoint for use withinthe shoulder simulator.
e Todetermine the mostappropriate method of loadingthe tendons of the porcine

jointforthe application of force within the simulator.
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2.2 Dissection of a Porcine Shoulder

2.2.1 Methodology for the Dissection of a Porcine Shoulder
Porcine tissue (forelimb and shoulder) was obtained, within 24 hours of slaughter, fromalocal
abattoir (John Penny and Sons, Leeds) from animals of approximately six months of age. The
age was determined due to the availability within the food chainand all the pigs were
slaughtered for human consumption. The shoulder joints were dissected fresh or stored at -

20°C fordissection within 7 days.

The forelimbs were dissected initially to obtain the whole shoulderjointincluding the scapula,
humerus, the four rotator cuff muscles, tendon of the long head of the biceps and the short
head of the biceps. Further dissections could then be undertaken depending on the work
required with the specificsample. All other skin, muscles, bones and fatwere removedin
orderto allow foreasieraccess to the desired components. The porcine forelimbs were
obtained fromthe abattoiras shownin Figure 2.1Aand B. The spine, ribcage and surrounding
tissue were dissected from the medial side to reveal the underlying scapulaas shownin Figure
2.1C. On the lateral side, large overlying muscles such as the latissimus dorsi were removed as
shownin Figure 2.1D until the scapula spine was visible. The fascia surrounding each muscle
was followed usingafingerin orderto separate each muscle fromits neighbouring muscles
priorto removal. This ensured thatthe muscles which were removed from the samples were

identified and not the required muscles.
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Figure 2.1 - Dissection of the porcine forelimb. A: Lateral view of the porcine forelimb. B: Medial
view of the porcine forelimb. C: Removalof the spine, ribcage and tissue to reveal the scapula.

D: Removal of soft tissue on the lateral side.

All overlying muscle and tissue was then removed to leave the rotator cuff muscles alongside
the short and long heads of the biceps. The medial and lateral views of the resulting samples

are shownin Figure 2.2 with the muscles labelled.

Scapula spine
Subscapularis

Teres Minor
Infraspinatus
Supraspinatus

Short head of
the Biceps Supraspinatus
Long head of
the Biceps

Figure 2.2 - Fully dissected porcine shoulder with the four rotator cuff muscles (supraspinatus,
infraspinatus, teres minor and subscapularis) and the long and short head of the biceps

labelled. A: Medialview. B: Lateral view.
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2.2.2 Discussion
The dissections also allowed for the anatomy and functionality of the porcine shoulderto be

analysedtodetermine the suitability of the porcine model to mimicthe human shoulderjoint.

Porcine tissue has the majoradvantage over human tissue of being cost effective and readily
available inthe food chain which would allow for greater opportunity in developmentaltesting
of the shouldersimulator. The forelimbis used inavery different manner by quadrupeds such
as pigs compared to humans, especially since the shoulderjointisaweightbearingjointina
porcine. Hence, there are several anatomical differences between the two shoulderjoints.
Firstly, pigs have restricted forward movement of the forelimb, therefore they donothave a
clavicle butinstead aclaviculartendon within the brachiocephalicus muscle (Frandsonetal.,
2003). It was noted duringthe dissection of the porcine forelimbs described in Section 2.2.1,
that the greatertuberosity of the pighumerus extends much furtherthan that of the human
such that itreaches past the proximal edge of the humeral head, as shownin the schematicin
Figure 2.3. The leverarms of the muscles which insert onto thisregionare increased by the
additional height of the tuberosity (Frandson et al., 2003). However, the extension of the
greatertuberosity led tothe impingement of the humerus on the scapula at very small values
of abduction (<5°). Several of the rotator cuff musclesinsertonto the greatertuberosity and
therefore this cannot be removed whilst keeping the rotator cuff muscles intact.
Consequently, abduction beyond 5° was not possible with a porcine shoulder. During activities
of dailyliving, abduction of the human shoulderreaches angles of 125° when combing hair
(Oosterwijketal., 2018). Therefore, it can be seen thatthe porcine model would severely limit

the range of activities thata natural shouldersimulator would be able to perform.



Scapula
P Greater

tuberosity

~

Humerus

Figure 2.3 - Schematic showing the bones of the porcine shoulder. The humerus and scapula

bones are labelled along with the greater tuberosity feature of the humerus.

In humans, the tendon of the supraspinatus muscle must pass through asmall gap between
the humeral head and the acromion process of the scapula. Due to the small gap, the
supraspinatustendonisalongand thinshape. Impingement of thistendon on the acromionis
one of the leading causes of dege nerative rotator cuff tearsin humans. The porcine shoulder
however, does not have an acromion process due to the different orientation of the scapula.
Hence, the tendon does not have to pass through a gap and as suchis shortand wide. The
tendonwasfound during dissection to be so shortthat it would not be suitable toreplicate the
repairthat can be performed on a human supraspinatus. The only rotator cuff tendoninthe
porcine model that was deemed by two consultant shoulder surgeons, to be suitableforatear
repairto be simulated on was the subscapularistendon. Thistendon is much more rarely torn
inhumans, withisolated tears of the subscapularis accounting for only 4.9% of all rotator cuff
tears (Lafosse etal., 2010). The porcine model would not be able to be used to simulate the
most common supraspinatus tears, however, would be able to be used to simulate the less

common subscapularistendontear.

The three criteriafor a successful surrogate model of the shouldergivenin Section 2.1were (1)
anatomically similarto the humanjointin both the soft tissue and bony anatomy, (2)
functionally similartothe humanjoint, and (3) a tendon size and shape similartothe human
to allow forsurgical procedures (Derwin etal., 2010). Firstly, the anatomical differences have
beendiscussed, including the differencein bony structure where the porcine joint had a more

prominent greatertuberosity of the humerus which limited the movement of the joint. The
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range of motion achievableatthe porcine joint was considerably limited due to this
anatomical difference, particularly during the abduction motion. The soft tissues surrounding
the porcine jointwere also found to be incomparable to the human, particularly the
supraspinatus tendon which did not pass through the small gap between the humeralhead
and the acromion of the scapula. Due to these differences between the joints, the porcine
jointwould not be a suitable surrogate model forthe human joint. However, the method
development process would be completed with the more accessible porcine tissue before

beingtranslatedtothe humanshoulder.

2.3 Fixation of Muscle Ends to Allow for Actuation of Rotator Cuff Muscles

2.3.1 Introduction and Aims
Muscles of the rotator cuff had to be loaded throughout the experimental simulationin order
to maintain the stability of the naturally unstable shoulder. In ordertoload these muscles
within asimulator environment, the muscle ends distalto the joint were securely connected to

a pulley and actuation system.

In orderto produce force in the muscles of the shoulder during simulation, an actuation
system was connected to the muscle ends. The aim of the study was to experimentally
determine the optimum attachment method according to a criteriadetermined to be key to

the success of the simulator.

2.3.2 Study Approach and Success Criteria
The requirementsforasuitable fixation method between the muscle and the actuation

method are detailed in Table 2.1.

Table 2.1 - Requirements for the fixation method

Requirement Reason

Lightweight Fixation method must notinterfere with the actuation of the
muscles.

Smalland compact Fixation must notinterfere with the method of actuation.

Strong The fixation method must be able to withstand the loads of 450 N

appliedtothe shoulder muscles.

Non-elastic The fixation method must not stretch when loadis applied.

Repeatable The fixation method will be required several times per sample and

so a repeatable method of fixation must be developed.
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The loads applied to the shoulder muscles were determined using a computational model of
the humanshoulderjointdetailedin Chapter 3. The model performed aflexion of the shoulder
to 100° where aload of 350 N was applied to the deltoid muscle, henceaminimumloadto be
withstood by the fixation method was selected to be 450 N to allow forerrorand to prevent
the system from breaking within the test. The value of 450 N was based upon the human
shoulder, as detailed in Section 2.2 the structure of the porcine shoulderdiffers fromthe
structure of a human shoulder. Hence, it may not be possible to achieve avalue of 450 N and
so the highest possible force that can be achieved by aconnection method will be taken into

account.

2.3.3 Previously Used Attachment Methods
The application of force to a muscle ortendon requires asecure connection method between
the softtissue and a mechanical actuation system. Many fixation methods have been
developed and demonstrated throughout literature. A range of pneumatic, hydraulicand
electrical actuators have been used to simulate muscle activityhoweverthe secure connection

of these systemsto the softtissues has remained challenging (Sharkey et al., 1995).

Duringsurgical repair of soft tissues, such astendons, avariety of suture methods are used to
secure the softtissue. Consequently, many previous studies have used suturing methods to
connect softtissue to actuation systems foruse in natural joint simulators (Kedgley etal.,
2007; Ferreiraetal., 2010; Gilesetal., 2011; Gilesetal., 2014; Verjansetal., 2016; Dyrnaetal.,
2018). The use of suture methods within a simulator environment ensures that the connection
method remains small and light enough to notinterfere with the actuation of the muscle

elements (liangetal., 2020).

In orderto distribute the applied load overagreater surface area of the tendon Steinbriick et
al (2013) used a metallicfingertrap which was then sutured to the tendonin orderto secure

the fingertrap into position (Steinbriick et al., 2013).

Clamps have also been very commonly used but were often adapted in orderto maximise the
strength of the connection. Clamp modifications can be splitintothree types: (i) altering the
surface geometry of the clamp-tissueinterface, (ii) inclusion of additional materials or
adhesivesand (iii) modifying the mechanical properties of the tissue in the clamped region.
Increasingthe contactarea and friction of the tissue-clamp junction was achieved through the
use of serrated clamps. Despite the ease of use and inexpensive nature of this modification,
these clamps can increase the stress concentration leading to failure at the clamped edge.

Materials such as sandpaperor adhesive have also be applied to the clamp surface, however
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the water content of natural tissue can hinderthe application of adhesive to the tissue surface

(Jiangetal., 2020).

Muscle tissue is composed of bundles of parallel musclefibres called fascicles (Rockwood and
Matsen, 1998a). Therefore, thickerspecimens are composed of many layers of fibres and
fascicles. When the surface of the muscle is clamped, the slippage of the outerfibresis
prevented, however shearcan occur betweeninternal and outer muscle fibres resultingin
failure of the tissue (Jiang etal., 2020). Consequently, the technique of altering the mechanical
properties of the tissue priorto clamping can preventinternal shearfrom occurring. The
currentgold standard method for clamping softtissue is often deemed to be by freezing the
tissue withinthe areato be clamped, using cryogenicclamps. Freezing the tissue means that
the shearbetweenthe innerfibres can be neglected becausethe clamped portion has become
asolidsample. However, in orderto maintain the strength of the junction throughout testing,
the clamped specimen must remain frozen throughout the test which can be difficult to

achieve (Jiangetal., 2020).

Dehydration of the clamped portion of the tissue sample may also be performedin orderto
alterthe mechanical properties to aid clamping. However, asuitable drying method must be
developedinordertoreduce the flexibility of the clamped region whilst maintaining the

hydration and hence the mechanical properties of the testregion (liangetal., 2020).

2.3.4 Pilot Study to Determine Fixation Methods

A pilot study was conducted to performinitial assessments of tendon attachment methodsin
orderto selectthe mostappropriate techniqueto adopt within the shouldersimulator.

Mechanical testing of the different techniques was conductedin orderto aid this decision.

2.3.4.1 Study Design
It was important for the successful attachment method to be easily repeatable and compactin
orderto fitwithin the simulatorareaas stated in Table 2.1. Therefore two simple surgical
suture techniques wereselected initially to determine if amore complicated attachment

process was required.

The porcine forelimb was used throughout all preliminary tests due to the advantages of being
cost effectiveand freelyavailable in the food chain. The porcine shoulder was dissected as

describedin Section 2.2.

The long and short heads of the biceps, supraspinatus, infraspinatus and teres minor muscles
were removed. The origin of the subscapularis muscle on the scapulawas severed leaving the

insertion onthe humeral headin place. Removingthese tissues allowed the capsule
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surroundingthe glenohumeraljoint to be dissected, enablingthe scapulato be removed. The
resulting sample isshownin Figure 2.4. The subscapularis tendon was selected forthese tests
due to the length of the tendon available for suturing. The subscapularistendonisthe longe st
of all the porcine rotator cuff tendons and hence the tendon best suited for suturing. The

bone-tendon sample was stored at-20° C priorto biomechanical testing.

Figure 2.4 - The resulting bone-tendon sample consisting of the porcine humerus and the

subscapularis muscle.

Doriseaextreme braid fishing line (Dorisea Fishing, UK) was selected for use as the suture
material. Acommon suture material used fortendon repairis Arthrex Fibrewire (Arthrex,
Munich), the properties of Arthrex Fibrewire and Dorisea extreme braid fishingline are
providedinTable 2.2. From the values presentedin Table 2.2, it can be seenthatthe Arthrex
Fibrewire and the Doriseafishing lineare both made from braided UHMWPE with a very
similardiameter. The maximum load to failure of the Doriseafishingline also exceeded the
value forthe Arthrex suture material. Therefore, due to the much reduced cost and the easier

accessibility, the Dorisea extreme braid fishing line was selected for use during this study.
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Table 2.2 - Properties of Arthrex Fibrewire and Dorisea extreme braid fishing line (Najibi etal.,

2010; Dorisea, 2017).

Property Arthrex Fibrewire Dorisea Extreme Braid
FishingLine

Material UHMWPE core withbraided | 8 strands of braided
jacket of polyesterand UHMWPE
UHMWPE

Diameter(mm) 0.98 1

Max load to failure (N) 620 1334

Price per meter £12.70 £0.079

The suture methods selected to be tested were the Krackow whip stitch and the modified
fingertrap method. The Krackow whip stitch was considered as the gold standard for securing
the suture-tendoninterface during soft tissue fixation (Sherman, 2018). The Krackow whip
stitch was performed onthe tendon of the short head of the biceps using the Dorisea extreme

braid fishingline andis shownin Figure 2.5.

Figure 2.5 - The Krackow whip stitch on a porcine tendon of the short head of the biceps using

the Dorisea extreme braid fishing line.

The modified fingertrap stitch (MFT) was developed to prevent the need for multiple passes
through the tendon with a needle, hence reducing the damage to the integrity of the tendon
tissue (Suetal., 2012). The suture material was crisscrossed and tied around the tendon witha

rolling-hitch knot to prevent slippage of the stitch. The modified fingertrap stitch was
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performed onthe tendon of the long head of the biceps usingthe Dorisea extreme braid

fishingline andisshownin Figure 2.6.

Figure 2.6 - The modified fingertrap stitch on a porcine tendon of the long head of the biceps

using Dorisea extreme braid fishing line.

A fixture was designed to ensure that the natural angle of 110 ° between the subscapularis
tendon and the humerus was maintained throughout testing. The resulting fixtureis shownin
Figure 2.7 and the technical drawings are providedin Appendix 1. A collection of slots on the
base of the fixture allowed foritto be clamped in different positions ensuring that the force on

the humeral head was always vertical regardless of the size of the porcine humerus tested.

Figure 2.7 - The fixture designed to ensure that the naturalangle of 110° between the

subscapularis tendon and the humerus was maintainedthroughout testing.

2.3.4.2 Sample Preparation
The bone-tendon samples werethawed at room temperature for 24 hours prior to the
mechanical testing. Once the samples had reached room temperature, the subscapularis
muscle was cut to size determined by atemplate. The use of a template when cutting the
muscle ensured that the subscapularis muscle was always the same size regardless of the

variability of porcine tissue.
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The relevant suture method (Krackow whip stitch or modified finger trap) was then performed
on the subscapularis muscle. The two suture techniques were initially practiced to ensure that
they could be performed consistently. Each suture method was performed on three

independentsamples.

The humerus was fixated into the custom designed holder using non-sterile
Polymethylmethacrylate (PMMA) bone cement (WHW plastics, Hull, UK). The alighment of the
sample withinthe cement pot was achieved by attaching the suture material toaclamp
directly above the fixture, to ensure that the subscapularis tendon was vertical. The muscle
was alsoaligned with avertical notch that was cut into the fixture. Three pointed screws were

insertedintothe fixture until they gripped the humerus, securingitinto place.

PMMA bone cementrequired the mixing of liquid and powdercomponents duringwhich an
exothermicreaction occurs as the viscosity of the cementincreased. The cementwas used
immediately, whilstin aliquid state, to ensure thatthe humerus was securely held within the
pot. The sampleswere wrappedin a phosphate buffered saline (PBS) soaked tissue whilst
undergoing the cementing process to maintain the hydration of the tissue through the

exothermiccuring process.

2.3.4.3 Mechanical Testing Protocol
The humerusfixture was clamped into place on the base of the Instron E10000 (Instron, High
Wycombe UK) machine. The slotsin the base of the fixture, shownin Figure 2.7, allowed for
the fixture to be positioned such that the humeral head was vertically beneath the top loading
bar of the Instron machine. The suture material was thentied securely to a bar at the top of
the Instron using alternating half hitch knots. The samples wereloaded ataramp rate of
120mm/min in accordance with previous studies, toa maximum value of 450 N (Mathewson et
al., 2014). Threeindependentsamples for each type of attachment method were assessed. All
mechanical tests were conducted at room temperature with PBS being sprayed regularly
throughoutthe study to maintainthe hydration of the tissue. Extension of the samples, failure
mechanisms and failure loads wererecorded and photographs were taken at regularintervals

throughout the study.

2.3.4.4 Results and Discussion
The results fromthe three samples tested using the modified fingertrap stitch are shownin
Figure 2.8 on a force-displacement graph. The results fromthe three samples with the

Krackow whip stitch are shown inforce-displacement graphsin Figure 2.9.
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Figure 2.8 - Force-displacement graph forthe three samples using the modified fingertrap

stitch.
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Figure 2.9 — Force-displacement graph for the three samples using the Krackow whip stitch.

The peak loads forthe modified fingertrap samplesin Figure 2.8 were 96.9 N, 108.1 N and
117.0 N andfor the Krackow whip stitchin Figure 2.9 were 102.1 N, 143.3 N and 85 N. The
displacement of the tissue priorto failure forthe Krackow whip stitch was higherthan the
displacementto failure for the modified finger trap stitch. The failure of the Krackow whip
stitch method was gradual and underwent high displacement as each stitch pulled through the
tissue asshownin Figure 2.10A-D. The pre-testsampleisshownin Figure 2.10A, the
subsequentimages show the stitches pulling through the tissue, the corresponding peaks and

troughs on the force-displacement graph forsample 2 are indicated.
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Figure 2.10 - The failure process of the Krackow whip stitch on sample 2. A: Pre-test sample
prepared with the Krackow whip stitch. B: Tightening of the top stitches as forceis applied. C:
Progressive rupture of the tissue surrounding each stitch. D: Failure of the tissue. The
displacement-force graph forsample 2 with the appropriate locations of images A-Dis

provided.

The failure process forthe modified fingertrap stitch was a faster event that occurred with
less displacement when the suture material cut through the tissue leading to failure. The pre -

testand post-test samplesare shownin Figure 2.11.
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Figure 2.11 - The failure process for the modified finger trap stitch on sample 2. A: Pre-test
sample, B: Sample at failure. The location on the force-displacement graph where theimages

were taken are indicated.
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In both cases the tissue failed due to the concentrated load applied by the suture slicing
through the muscle tissue. Therefore, it was determined that a method toincrease the surface
area of the gripping method would prevent the suture material fromsslicing the tissueand

hence increase the maximum force able to be applied to the sample.

2.3.5 Further Method Development for Tendon Attachment
Followingthe results from the previous section where surgical suture techniques of the
modified finger trap stitch and the Krackow whip stitch were used fortendon attachment, it
was determined thatatechnique involvingincreasing the surface area of the gripping method
may improve the success of the method. A wrapping technique using syntheticwoven

bandagesanda fingertrap technique were tested.

2.3.5.1 Wrapping Technique
In orderto distribute the applied load overalargersurface area of the tendon and hence
preventthe suture slicingthrough the tissue, awrappingtechniques was developed. Suture
material was weaved through woven bandages as demonstrated in Figure 2.12A. This was then
wrapped tightly around the muscle end and secured in place with alternating half hitch knots

as shownin Figure 2.12B.

Figure 2.12 - Wrapping technique. A: Suture material weaved through woven material. B: The
material and suture material wrapped tightly around the muscle end and secured with

alternating half hitch knots.

The loose ends of the suture material were attached to the top bar of the Instron machine
using alternating half hitches as described in Section 2.3.4.3. The samples were loaded ata
ramp rate of 120 mm/minin accordance to previous studies, toamaximum of 450 N or failure
(Mathewson etal., 2014). All mechanical tests were conducted at room temperature with PBS
being sprayed ontothe tissue regularlythroughout the study to maintain the hydration of the
tissue. Extension of the samples, failure mechanisms and failure loads were recorded and

photographs were taken atregularintervals throughout the study.
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Four sampleswere prepared and tested using the above method. The results from the four

samples were plotted onto the same force-displacement graph as shownin Figure 2.13.
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Figure 2.13 - Force-displacement graph for the four wrapped samples

It can be seenfrom Figure 2.13 that none of the samplesreached the desiredload of 450 N,
with the maximum load reached by any of the samples being 440 N. The peakload reached
was 436.9 N howeverthere was avariation of 300 N between the maximum loads of the

differentsamples.

The results from this study confirmed that by increasing the surface areato which the load was
applied, the maximum load that could be applied tothe tissue was increased as the maximum
load achieved using this technique was 440 N howeveronly aload of 143 N was achieved with
the surgical techniques. A consistent and repeatable method for the application of abandage
wrap to the tissue was found to be very difficult due to the natural tissue variations despite the
same muscle beingused eachtime. These inconsistencies caused the wide range of resul ts
seenin Figure 2.13. A more consistent method which stillenables the force to be spread overa

largersurface area of the tissue was required.

2.3.5.2 Finger Trap Technique
Steinbrick etal (2013) used a metallicChinese fingertrap sutured totendons of the knee
muscles (Steinbriick etal., 2013). Therefore, this method was explored in orderto provide a
more repeatable method of distributing the applied load overagreatersurface areaof the

tissue.

The samples were prepared as describedin Section 2.3.4. The tissue endswere thenfedintoa

fingertrap and secured with suture material asshownin Figure 2.14.
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Figure 2.14 - Fingertrap secured to the muscle end using sutures. (A) A finger trap tightly
positioned overthe tendon end. (B) The finger trap tightly positioned overthe tendon end with

the inclusion of four additionalsuture supports.

The loose ends of the suture material were attached to the top bar of the Instron machine
using alternating half hitches as described in Section 2.3.4. The loading procedure was
conducted as describedin Section 2.3.4.3. Two samples were prepared as shownin Figure
2.14. Sample 1shownin Figure 2.14A consisted of a fingertrap tightly positioned overthe
muscle end. A single suture was placed at the tip of the muscle in orderto secure the finger
trap and allow forthe connection to the top bar of the Instron. Sample 2, shownin Figure
2.14B, was prepared inthe same way as sample 1 withthe addedinclusion of fouradditional
suture supports. These suture supports were included in orderto prevent the fingertrap from
slipping off the end of the tendon. The results from the two samples are plottedin Figure 2.15

on the same force-displacement graph.
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Figure 2.15 - The force-displacement graph for the two samples using finger traps.

The maximum force reached by the second sample was considerably higherthan forthe first
sample:anincrease of 180 N. In both cases the failure mechanism was the slippage of the
fingertrap against the moist surface of the muscle ends. The moisture content of the tissue
was so highthat whenload was appliedtothe fingertrap, the compression caused the
moisture to collect on the tissue surface. The increased surface moisture contentledtoa

decreaseinfriction betweenthe twosurfacesand hence the fingertrap slipped off the tendon.

2.3.6 Dehydration Technique
Freezingthe tissue withinthe areato be clampedis often deemed to be the gold standard
method for clamping softtissue as the shearbetween the innerand outerfibresisgreatly
reduced and so the tissue can be treated as a solid sample. In orderto maintain the strength of
the connection throughout testing, the sample mustremainin afrozen state at all times (Jiang
et al., 2020). Within a simulatorenvironment, prolonged freezing of the tissue would be very
difficult toachieve due tothe space constraints and extended testing. Therefore an alternative
method of dehydrating the tissue within the clamp was tested to determine if the same effect

could be achieved.

The porcine tissue was prepared in line with the other experiments following the procedure
described in Section 2.3.4. Calcium chloride (CaCl,) powder was selected as the drying agent
due to itsavailabilityand success during preliminary investigations. The calcium chloride
powderwas ground using a pestle and mortar to a fine powder. This powder was then spread
evenlyonall sides of the top 5 cm of the subscapularistendon. The end of the tissue was then
wrapped tightly in clingfilm. The remaining portion of the subscapularis tendon was wrapped

ina tissue soaked with PBS solution and then wrapped in clingfilm. Three samples were
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prepared followingthis procedure and were then placed intoacold roomat 4°C for 24, 36 and
48 hours. The three time periods were selected in orderto give arange of tissue dehydration
inorder to determinethe optimumtimefordehydration and if dehydration was aviable

option.

A clamp, shownin Figure 2.16, was used in orderto grip the dehydrated surface of the tissue.
The securing screws were placed both sides of the serrated gripping surface in orderto keep
the gripping surfaces parallel to each otherandto ensure the grip could be tightened evenly.
The clamp was attached to the top of the Instron machine and the loading procedure was

conducted as describedin Section 2.3.4.

Figure 2.16 - The clamp used to grip the dehydrated surface of the porcine subscapularis tissue.

(A) Ridged inner surface of the clamp. (B) Clamp assembled.

In all casesthe tissue tore at the interface betweenthe dryand wettissue asindicatedin
Figure 2.17. The maximum force applied to the tissue before this rupture occurredinthe
sample that was dried for 24 hours and was 120 N. The samplesdried for 36 and 48 hours

reachedlowerloads of 87 N and 62 N respectively.
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Dry tissue

Figure 2.17 - The failure of the tissue occurred in the region between the dry and wet portions

of the tissue in all three samples

The dehydration method wasfound tointroduce a weakness into the tissueatthe junction
betweenthe wetand the dry portions of tissue. When cryoclamps are used on tissue thereisa
gradual temperature gradient within the tissue from the frozen tissue atthe clampsto a
natural temperature. However, the change was much more abrupt with the dehydration
technique due tothe importance of keeping the main body of the tendon hydrated in orderto
maintain the mechanical properties during testing. Alongside this, the length of time that was
requiredin orderforthe tissue to undergo the dehydration process would complicatethe set
up procedure forthe testing using the natural tissue simulator. Therefore, due to the se two
reasons, it was concluded that the dehydration of the tissue was unnecessary and did not

improve the clamping of the tissue.

2.3.7 Discussion
Based uponthe list of requirements detailed in Table 2.1, the original suturing technique was
deemedto be the most suitable attachment method. None of the methods tested were able
to withstand the loads of 450 N originally required. These loads were determined based upon
a computational model of the human shoulder joint during the motion of flexion to an angle of
100°. The structure of the rotator cuff muscles and tendons vary largely between the porcine
and the human shoulderjointas detailed in Section 2.2. A significant limitation of this testing
was that assessing an attachment method on the porcine rotator cuff did not provide for
accurate translationstothe human set up due to these differencesintissue structure. The

suture techniques, particularly the modified finger trap, were lightweight, smalland compact
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which would provide little interference with the tissues during simulation of the joint. The
modified finger trap stitch was also the most repeatable of all the attachment methods and
would be able tobe performed onall the actuated tendons of the shoulderregardless of size
or shape. Therefore it was selected that the modified finger trap suture technique would be
used duringthe experimentalsimulation and additional measures may be included ifitdid not

meetthe requirementsonce tested on the human shouldertissue.

2.4 Summary

The suitability of the porcine joint as a surrogate model forthe human shoulderwas assessed
through the dissection of ajointand a visual inspection of the anatomical differences. It was
determined that despite the advantages of being freely available within the food chain, the
anatomical differences between the porcine and human joint meant that the porcine joint
could not be used as a direct surrogate for the human joint. The lack of a suitable
supraspinatus tendon and the extended greater tuberosity of the porcine humerus resultedin
a considerably limited range of motion achievable at the jointand a limited ability to perform
clinically relevant tests with the porcine joint. Consequently, the method development process

would be undertook with the porcine joint before being translated to human tissue.

The second objective of this study was to determine an appropriate method of loading
tendons of the porcine jointto allow forapplication of force within the simulator. The
modified finger trap suture technique was concluded to be the most appropriate technique as
it was lightweight and compact providinglittleinterference to the natural tissues during
simulation. [t was also a repeatable attachment method which could be performed ontendons
of all shapesandsizes. None of the techniques were ableto withstand the loads of 450 N
which were obtained through a computational modelof the humanjointand were
considerably higherthan forces that these muscles would undergointhe porcine shoulder.
The structural differences between the human and porcine joint were notaccounted forin
these calculationsand hence it was decided to go forward with the mostreliable method, the

modified finger trap stitch to test with the human joint.
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Chapter 3 — The Development of a Musculoskeletal
Computational Model of the Human and Porcine Shoulder
Joint.

3.1 Introduction and Aims

An experimental natural joint simulator enables the whole natural joint to be tested through a
consistentrange of motion and loading cycles. Fora simulatorto be truly representative of the
unstable natural shoulder environment, the muscles of the shoulder must be loaded to
replicate the loads seeninvivo during shoulder motion. To produce these loading cycles for
the shoulder muscles, the internal muscleforces for the primary muscles associated with
shoulder motion must be determined. A computational model of the shoulderjoint will be
createdto calculate the internal muscle forces of the muscles of the shoulder complex during a
range of common motions of the shoulder. The force values obtained through this study will
then be used to determine the forces required in a natural shoulder simulatorto replicate the
force experiencedintheinvivo rotator cuff muscles. The objectives of the computational

model study are outlined below.

1. To develop amultibody model of the human shoulder complex that can simulate the

motions of abduction, flexion and internal rotation.

2. To identifythe significant muscles that must be included in a natural shoul der simulator, and

the correspondingforces required to perform each motion.

3. To assess the effect of simplifying the complex shoulder jointin orderto produce a physical

natural shoulderjointsimulator.

4. To develop asimilar multibody model of the porcine shoulderjointto enable the

development of a preliminary porcine shoulder joint simulator

3.2 Methods

3.2.1 Overview
The AnyBody modelling system (AnyBody 7.4, Denmark) was used to model the natural human
shoulderjoint. The AnyBody modelling system uses an inverse dynamics approach, with inputs
of desired motion and external forces used to calculate the internal muscleforces. The
musculoskeletal system asawhole is mechanically redundant; meaningthatthere area
greater number of musclesinthe body than are necessary to perform most motions

(Rasmussen, 2003). Hence in the human body, the central nervous system instantly selects the
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required muscle to perform each motion to limitthe overall energy required (Pandy, 2001).
The AnyBody modelling systemincludes optimisation theory which uses a combination of
linearand quadraticequations to select the muscles which minimise the muscle fatigue caused

by the motion (Rasmussen, 2003) as discussedin Section 1.3.

3.2.2 Repository Model
The AnyBody Managed Model Repository (AMMR) is an open-source collection of generic
human body models which can be adapted to perform specificmotions (AnyBody, 2024). The
genericshoulder model was assessed as an optionto be adapted for use withinthe project.
With adaptions, the model was able to complete the abduction motion cycle (0° -90°),
howeverthe resultsthat were provided by the model were unexpected in relation to the
literature. Lam and Bordoni (2021) state that the supraspinatus muscle isrequired forthe
initiation of abductionfrom0° to 15°, the deltoid musclethen takes overas primary mover
until 90° abduction (Lam and Bordoni, 2021). The results from the adapted repository model,
giveninFigure 3.1, did notalign with the literature as the supraspinatus muscle did not take a
key partinthe abduction of the shoulder. The supraspinatus muscle (indicated by the light
orange line in Figure 3.1) produces a maximum of 32.5N at an angle of 47 ° howeveraccording
to literature the supraspinatus muscle is mostimportant during the early stages of abduction

from0° to 15°.
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Figure 3.1 - Force results from the adapted repository AnyBody model with the mo tion of 0° -
90° abduction. The muscles with the largest magnitude of force are the lateral and anterior

deltoid and the trapezius muscles.

The repository models have inputs and constraints that are specificto a single use of the
model and hence do not provide universally accurate results. It was decided that a test-specific
model would be developed to represent the desired shoulder simulator model to ensure that

the results forthe motion cyclesto be used within the simulator correspond to literature.

3.2.3 Input Parameters
A novel model was created containingrigid body segments to represent four of the bones of
the shouldercomplex: the humerus, scapula, clavicleand spine. The inputs required to
construct these segments were mass, position and the moment of inertia of the corresponding
bone. Available anthropometricdata, includingthe mass and moment of inertia for the
individualbones, was limited (Veegeretal., 1991). Many studies recorded the massand
momentofinertiaforlarge segments of the body such as the trunk and upperarm, however
there was foundto be a lack of literature thatsplitthe trunkintoits constituent bones. Maurel
et al (1996) provided mass and moment of inertia data of the humerus for a range of cadavers
with a mean age of 80 years (datashownin Table 3.1). Due to the high ages of the subjects,
the mass of the segmentsis likely to be less than that of a population with alowermean age as

the density of the bones decreases with increasing age, particularly overthe age of 50 (Wishart
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et al., 1995). However, due tothe limitationsin the literature, anthropometricdatafora lower

age range was notavailable.

Table 3.1 — Anthropometric data forthe humerus (Maurel etal., 1996). I,, = Moment of inertia

in the x direction, I,, = Moment of inertia in the y direction and |,,= Moment of inertia along the

z direction.
Mass (Kg) 1.8
l(Kg.m?) 0.0023
l,y(Kg.m2) 0.011
l..(Kg.m?) 0.011

The anthropometricdatawas used to construct the humerusin the modelling software. The
moment of inertia was approximated for the other segments such thatthe segmentsizesand

shape wereinline withthose forthe humerus.

Four joints were created to allow for motion of the computational shoulder joint. Two static
joints ensured thatthe mechanism was held stationary to the origin during the simulation. The
glenohumeral jointand scapulothoracicjoint had the same centre of rotation being at the
superiorend of the humerus and the lateral portion of the scapula. The resultant model is

shownin Figure 3.2 with the four boneslabelled.

Acromioclavicular

A |
A | Clavicle 29"t
Scapulothoracic - © rus

Joint —%

Glenohumeral
Joint

Scapula

Spine
Figure 3.2 - AnyBody modelof the four bones of the left shoulderjoint. The humerus, clavicle,
scapula and spine are labelled in black. The joints of the shoulder model are labelled in green.

Muscles were then added to the model to create the model shownin Figure 3.3. Most muscles

of the shouldercomplexoriginate overalarge area, tapering towards a single insertion point.
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In order for this to be modelled within the AnyBody software, several muscle strands are
created with the same insertion points but several origins as seenin Figure 3.3. Consequently,
a total of 59 muscle strands were created torepresent twelve muscles of the shoulderjoint.
Each strand acts as an independent muscle and therefore simultaneous activation of all
strands of a given muscle was unlikely to occur through the inputted motions. This was similar
to the way the central nervous system activates a specific portion of the larger muscles

required formotion (Lumen Learning, 2024).

Anterior View Posterior View

Figure 3.3 - Anterior and posterior views of a modelof the human shoulder in the AnyBody

modelling system.

The inputs required to model the muscles of the shoulderjoint were the maximum force
output of the muscle (F0), length of amuscle fibre (Lf0) and the volume of the muscle fibres
(Vol0). Equations 3.1and 3.2 show the relationship between these values and the physiological

cross sectional area (PCSA) and a constant K (AnyBody Technology, 2021).

Volo
PCSA = Lfo [3.1]
FO=k x PCSA [3.2]

The relationship between PCSA and maximum force in the shoulder muscles was determined
to be 0.7 MNm (Favre et al., 2005). Peterson and Rayan (2011) measured the cross-sectional
area and fibre length of the shoulder muscles from five cadavers with an average age of 73
years. Where more than one muscle strand is used inthe model torepresentasingle muscle
unit, the maximum output force and the volume was divided by the number of individual

muscle strands. The inputs to the muscles within the model are detailed in Table 3.2.
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Table 3.2 - Muscle inputs to the shoulder model (Peterson and Rayan, 2011). Physiological cross

sectionalarea (PCSA), rest length of muscle fibre (Lf0), rest muscle volume (Vol0) and maximum

muscle force (F0).
Muscle PCSA LfOo(m) | VolO(m?) | FO Number | VolO(m?) | FO(N)
(m?) (N) of per per

muscle | muscle musde

strands | strand strand
Supraspinatus 0.000248 | 0.117 | 2.902x10° | 173.6 | 4 7.26x10° | 43.4
Infraspinatus 0.000589 | 0.124 7.31x10° 412.3 | 8 9.14x10°® | 51.5
Teres Minor 0.000126 | 0.085 1.07x10° 88.2 |4 2.68x10° | 22.1
Pectoralis Major | 0.000405 | 0.193 7.82x10° 283.5 | 5 1.56x10° | 56.7
Latissimus Dorsi | 0.000399 | 0.255 | 1.02x10* | 279.3 | 6 1.7x10° 46.6
Teres Major 0.000298 | 0.126 3.75x10° 208.6 | 3 1.17x10° | 69.5
AnteriorDeltoid | 0.000254 | 0.144 | 3.66x10° | 177.8 |1 3.66x10° | 177.8
Middle Deltoid 0.001118 | 0.055 6.15x10° 7826 |1 6.15x10> | 782.6
Posterior Deltoid | 0.000273 | 0.178 | 4.86x10> | 191.1 |1 4.86x10° | 191.1
Biceps 0.000349 | 0.125 4.36x10° 2443 | 1 4.36x10° | 244.3
Triceps 0.00156 0.0827 | 1.29x10* 1092 |1 1.29x10* | 1092
Coracobrachialis | 0.000241 | 0.0600 | 1.45x10° 168.7 | 1 1.45x10° | 168.7

The AnyBody modelling software does not restrict the muscles from penetrating the rigid body
segments meaning thatthe muscles take the shortest path fromthe origin to the insertion
points. Aseries of rigid cylinders were therefore created throughoutthe segments of the
model to create solid structures which the muscles could not penetrate and hence had toslide
over (AnyBody Technology, 2024). This ensured that the muscles were appropriatelengths and
the lines of action of the muscles were more representative of the physiology of the human
shoulder. The cylinders of the humerus, which are not normally visiblein the model, are shown

inFigure 3.4.
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Figure 3.4 - AnyBody modelshowing the cylinders located within the humerus to ensure that

the muscles do not penetrate the bone (anteriorview).

The originand insertion point of the muscles were approximated based upon anatomical
diagrams of the location of these pointsinthe human shoulderjoint. The limited inputs
available to create the bone segmentslead to alarge disparity between the geometrical
shapes of the solid segments produced in the model and the geometry of the bonesin
anatomical diagrams. Hence, approximations had to be made regarding the location of the

originand insertion points of the muscles within the model.

3.2.4 Motion
Activities of daily living are a collection of activities such as eating, bathing, dressingand
mobility activities that are used to determinea patient’s ability to live independently. The
shoulderjoint plays akeyrole in many of these activitieswith alossinits function proving
detrimental tothe independence of a patient (Edemekongetal., 2020). Abduction, flexion and
internal rotation are the most commonly used motions required for the activities of daily living

as describedinSection 1.2.2.

The AnyBody model was used to simulate the abduction of the arm from 0° to 150°. During
the first30° of abduction the majority of the motion occurred in the glenohumeraljoint.
Followingthis the ratio between motionin the glenohumeral jointand motioninthe
scapulohumeral jointis 2:1 (Felstead and Ricketts, 2017). Therefore, the first 30 ° of abduction
occurred entirely inthe glenohumeraljoint. Forthe remaining 120 ° of motion a ratio of 2:1
meantthat 40° occurredin the scapulothoracicjointand 80° in the glenohumeral joint.
Overall, forthe 150° of abduction at the shoulder, the glenohumeral joint provided 110 ° and
40° was provided by the scapulothoracicjoint. Due to limitations within the modelling
software the 40° of scapulothoracic motion was applied throughout the wholerange of

glenohumeral abduction ratherthaninitiatingat 30 ° of glenohumeral abduction. Flexion of
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100° in the sagittal plane and internal rotation of 70° were also performed separately by the

model.

3.2.5 Sensitivity Study
Limitations exist within the model, particularly with regards to the inputs required to construct
the bony geometry. Due to the simplisticgeometries that were created within the software,
locations of the origin and insertion points of the muscles had to be estimated. A sensitivity
study was carried out to assess the impact of altering the origin location of the muscles. The
deltoid muscle was selected asit plays a keyrole in all the motions simulated by the model
(abduction, flexion and internal rotation). The origin location of the anterior deltoid was
translated by Imm inthe x, y and z directionsindependently and then translated by Immin all
three directions simultaneously. For each case the internal muscle force of the anterior deltoid

was recorded throughout the range of motion.

The centre of rotation of the glenohumeral jointalso had been estimated based upon the
relevant geometries of the segments alongside literature. A second sensitivity study was
carried out to investigate the effect of the position of the glenohumeral centre of rotation on
the forces required withinthe whole deltoid (anterior, middle and posterior) muscle. The
deltoid was selected, as with the previous study, because it provided significantforce
throughout all three motions. The centre of rotation was moved by 5Smm inthe x, y and z
directions before beingtranslated by 5Smmin all directions simultaneously. Again, the internal
muscle force of the deltoid was recorded for each case through the motions of abduction,

flexion and internal rotation.

3.2.6 Effects of the Scapulohumeral Rhythm
Scapulohumeral rhythmrefers to the coordinated motion between the glenohumeraland
scapulothoracicjoints (Lugoetal., 2008). Itis required to maintain the contact area between
the humeral head and glenoid fossa throughout abduction, to preventimpingement of the
humeral head and to maintain the length and hence poweroutput of the deltoid muscle
(Lucas, 1973). In Section 1.4.3.2 it was shown that no current natural shouldersimulators
account forthe scapulohumeralrhythm due to the difficulty of including this motion. However,
a computational study, using the AnyBody modelling system, concluded that the
scapulohumeral rhythm had asignificantimpact on the forces within the jointdue tothe
changing muscle momentarms and lengths through the motion (Flores-hernandezetal.,

2019).

A study was conducted to determine the effect of the removal of the scapulohumeral rhythm

on the internal muscle forces through the motion of abduction. The modelwas adapted such
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that the glenohumeraljoint produced the whole 150 ° of abduction whilst the scapulothoracic

jointremained static. The internal muscle forces for each muscle was recorded through the

motion.

3.3 Results

3.3.1 Overview
A model of the human shoulderwas developed using the AnyBody modelling system that
could calculate the internal muscle forces through the motions of abduction, flexion and
internal rotation of the shoulder. The impact of translating the origin positions of the muscles
was investigated alongside the impact of translating the centre of rotation of the

glenohumeral jointand the removal of the scapulohumeral rhythm.

3.3.2 Abduction Model
The abduction model was used to simulate abduction from0° to 150° with 110° of motionin
the glenohumeral jointand 40° of motioninthe scapulothoracicjointas detailedin Section
3.2.3. The only external force onthe model was gravity. The graph of internal muscle force
againstthe angle of abduction foreach muscle groupinthe modelisshownin Figure 3.5, the
muscles which are providing the most force are labelled.
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Figure 3.5 - The internal muscle forces through 150 ° of abduction of the shoulder joint. The key

muscles are labelled.
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At the beginning of the motion, the supraspinatus muscle provided 88% of all the force and so
was instrumentalin initiating the motion of abduction. After 16 ° the deltoid muscle took over
producing 65% of the force required, with the supraspinatus and trapezius muscles producing
the remainingforce. Fromaround 80° of abduction, the muscles producingthe largest forces
were the trapezius, pectoralis majorand coracobrachialis which were key to the rotation of the

scapulothoracicjoint.

3.3.3 Flexion Model
The flexion modelsimulated flexion of the shoulderfrom0° to 100° inthe sagittal plane. No
scapulothoracicmotion occurred during this motion so it was completed entirelyin the
glenohumeral joint. The graph of the force required in each muscle against the angle of flexion

isprovidedin Figure 3.6.
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Figure 3.6 - Muscle forces through 100 ° of shoulder flexion. The key muscles of deltoid,

pectoralis major and coracobrachialis are labelled.

The key musclesrequired forflexion of the shoulder jointare shownin Figure 3.6 to be the
deltoid, in particular the anteriordeltoid, the coracobrachialis and the pectoralis major
muscles. The anterior deltoid provided the majority of the force required reaching a peak of

320 N at 100° of flexion where the deltoid produced 83% of all the force requiredin the joint.
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3.3.4 Internal Rotation Model
The rotation model performed internal rotation of 70 ° at the glenohumeral joint. The graph of
theinternal force required in each muscle againstthe angle of internal rotationis providedin
Figure 3.7. The key muscles required forinternal rotation were shown, using the AnyBody
model, to be the latissimus dorsi, pectoralis major, infraspinatus and subscapularis muscles.

However, the force inall the musclesis considerably lowerthan the forces required forthe

abduction and flexion motions.
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Figure 3.7 - Muscle forces through 70 ° of internal rotation of the shoulder. They key muscles of

latissimus dorsi, pectoralis major, infraspinatus and subscapularis are labelled.

3.3.5 Sensitivity Study
The origin location of the anterior deltoid was moved by Imminthe x,y and z directions
before beingtranslated by Immin all three directions at the same time. The percentage

change in maximum anteriordeltoid force is providedin Table 3.3for abduction, flexionand

internal rotation.
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Table 3.3 - Percentage change in the maximum force required in the anterior deltoid though
abduction, flexion and internal rotation when the origin location was translated in the x, y and

z directions.

Abduction Flexion Internal Rotation
Normal maximum force (N) 218 258 0.32
Percentage +1mm inx 1% 0% 2%
changein +Imminy 2% 0% 0%
maximumforce | +Imminz 0% 1% 8%
+Imminx,y | 2% 1% 8%
andz

A second sensitivity study was carried out to investigate the effect of the position of the centre
of rotation of the glenohumeraljointonthe deltoid muscle forces. The centre of rotation was
moved by 5mm in the x,y and z directions and also all three directions simultaneously. The
graph of the effect of translation of the centre of rotation on the internal deltoid force through

abductionisshownin Figure 3.8.
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Figure 3.8 - Graph of the internal deltoid force required through 160° of abduction of the

shoulder with the centre of rotation translated by 5mm in the x, y and z directions.
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3.3.6 Scapulohumeral Rhythm

Scapulohumeral rhythmrefersto the coordinated motioninthe glenohumeral and

scapulothoracicjoints (Lugo etal., 2008).The impact of the removal of the scapulohumeral

rhythm on the internal muscle forces atthe joint was assessed to determinethe importance of

keepingthis motioninan experimental shoulder simulator. The model was adapted such that

the scapulothoracicjoint remained staticthrough the motion whilst the glenohumeral joint

performedthe whole 150° of abduction. The results from this model are shownin Figure 3.9

with the muscles providing the most force labelled.
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Figure 3.9 - The effect of removing the scapulohumeralrhythm on the internal muscle forces

through abduction of the shoulder.

3.4 Discussion

3.4.1 Overview

The aims of this study were to determine the suitability of acomputational model to provide

the internal muscle forces required by an experimental natural shoulder simulator. The model

was assessed using sensitivity studies looking at the effect of translating the origin locations

and centre of rotation of the glenohumeral joint. The computational modelwas also used to

determine the effect of removingthe scapulohumeral rhythm during the motion of abduction.
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3.4.2 Abduction Model
The results from the abduction model align wellwith datafrom literature regarding the
muscles required forthis motions. The graph of internal muscle force s against the angle of
abductionisshownin Figure 3.4. Lam and Bordoni (2021) state that the primary muscle
required forthe initiation of abduction of the shoulderfrom0° to 15° wasthe supraspinatus
muscle. The deltoid then becomes primary mover until 90° where the motion of the scapula
increasesinimportance (Lamand Bordoni, 2021; Maruvada et al., 2021). This supports the
results obtained by the abduction modelas the deltoid takes over from the supraspinatus as
primary moverat 16° of abduction. From 80° of abduction, the key muscles are those which
cause the rotation of the scapulothoracicjoint; trapezius, pectoralis majorand the

coracobrachialis.

There are several computational models of the human shoulder joint through the motion of
abductioninliterature. Afiniteelement model of the shoulder was made by van Der Helm
(1994) which modelled abduction of the shoulderto 180°. The results from that model forthe
anteriorand middle deltoid and the supraspinatus muscle are givenin Figure 3.10. In this
model the supraspinatus muscle provided very limited force throughout the whole range of
motion whereas the middle deltoid produced very high levels of force throughout including

duringthe initiation of the motion.
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Figure 3.10 - The results from a finite element model of the shoulder which modelled abduction
of the human shoulderto 180°. The results of the anterior and middle deltoid and the
supraspinatus muscles are given (van der Helm, 1994a). This image is reproduced with

permission

Another computational model of the human shoulder joint was made by Karlsson and
Peterson (1992) which modelled the motion of abduction. The results for the anteriorand
middle deltoid, supraspinatus and infraspinatus are provided in Figure 3.11. The resultsfrom
this model were contrasting to the model by van Der Helm (1994) as the deltoid muscle did
not produce significantforce until 50° of abduction. Due toissues with data presentation, itis
unclearwhetherthe infraspinatus or supraspinatus muscle produces maximum force atthe

beginning of the cycle howeverthey both worktoinitiate the abduction motion.
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Figure 3.11 - Muscle forces in the anterior and middle deltoid, infraspinatus and supraspinatus
muscles during abduction of the human shoulderin a computational model (Karlsson and

Peterson, 1992). Image reproduced with permission.

The two computational models from literature presented in this section have very contrasting
results regarding the initiator of abduction and the role that the supraspinatus and deltoid
muscles have inthe motion. The AnyBody model of the shoulder described in this Chapter
provided results that agreed with literature regarding the initiating muscles of the abduction
motion and the angle at which the deltoid muscle became the prime mover hence was

deemedto be suitable forthe development of the simul ator.

3.4.3 Flexion Model
The results from the flexion model provided in Figure 3.6are also supported by literature. The
key muscles required by the AnyBody model for flexion were the anterior deltoid,
coracobrachialis and the pectoralis major muscles. At 100° of flexion, the anterior deltoid
providedthe peakinternal force reaching 320 N. Jones (2021) stated that the primary muscles
required forflexion of the shoulder were the pectoralis major, coracobrachialis and anterior

deltoid (Jones, 2021).

3.4.4 Internal Rotation Model
The rotation model also provided results that were supported by literature. The results from
the internal rotation model were provided in Figure 3.7. The key muscles were shown, using
the computational model, to be the latissimus dorsi, pectoralis major, infraspinatus and the
subscapularis muscles. Jones (2021) stated that the pectoralis major, latissimus dorsi and

subscapularis muscles were the key muscles required forinternal rotation of the shoulder.

3.4.5 Sensitivity Study
Limitations exist within the model inregard to the inputs required to construct the bone

geometries. A sensitivity study was carried out to determinethe effect of moving the muscle
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originlocation onthe internal muscle forces experienced by the muscles of the shoulder. The
percentage change in the maximum anterior deltoid force wereshownin Table 3.3. Through
the motion of abduction, the largest percentage change inthe force recorded was a change of
2% whenthe origin was translated by 1mm in the y direction. Similarly the maximum
percentage change during the motion of flexion was 1% when the origin was translatedin the z
direction. A percentage change of 8% was recorded when the origin location was translated in
the z direction through the motion of internal rotation however thisindicates anincrease of
only 0.0256 N due to the low force inthe muscle. Despitethe inaccuraciesinthe estimation of
the origin locations, the positions chosen were based upon anatomical diagrams and positions
from literature. The errorinthese positionsis unlikely to be over2mm especially due to the
large origins of the muscles and the natural anatomical variations between patients.
Consequently, therewillbe avery small change in the internal muscle forces recordedif the

positions of the origin locations wereto change.

The centre of rotation of the glenohumeral joint had also been estimated based upon the
relevant geometries of the segments alongside literature. The results fromthe second
sensitivity study based on the motion of abduction were shownin Figure 3.8. It can be seen
that there was only a smallimpact on the force when the centre of rotation was translatedin
both the z and x directions. A much largerimpact on the deltoid force was recorded when it
was translatedin the y direction with the maximum force through abduction increased by
30%. For flexion, the maximum force required inthe deltoid decreased by 8% and during
rotation the maximum force inthe deltoid rose by 24%. Anotherimportantimpactis the delay
inthe angle at which the deltoid begins to produce force. The deltoid starts to produce force
at 16° in theinitial modelhowever, when the centre of rotation was translated by 2mmin the
y direction thisangle became 25°. Lam and Bordoni (2021) stated that the deltoid muscle
became the primary muscle involved with the abduction of the armat 15 °. Hence, it can be
deemedthatthe centre of rotationis appropriately estimated as the angle at which the deltoid

takes the majority of the force isclose to the 15° statedinliterature.

3.4.6 Scapulohumeral Rhythm
The impact of the removal of the scapulohumeral rhythm on the internal muscle forces was
assessedtodeterminethe importance of keeping this motionin an experimental shoulder
simulator. The results from the original model in Figure 3.5and the model without the
scapulohumeral rhythmin Figure 3.9are comparable between the abduction anglesof 0° to
16°. As mentioned previously, due to limitations within the modelling software, the
scapulothoracic motion of abduction was applied evenly throughout the whole motioninstead

of startingfrom 30° of abduction as suggestedin literature (Felstead and Ricketts, 2017).
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Hence the removal of the scapulohumeral rhythm altered the wholeresultinstead of just the
higherrange of abduction angles. It was also noted thatthe maximum force required by both
the deltoid and the supraspinatus muscles decreased when the scapularemained stationary.
Anotherkey pointisthatthe deltoid force remained high throughout the whole motion as the
pectoralis major muscle which had become the primary muscle in Figure 3.5at 75° no longer
producedsignificantforce. Despitethis, especially during the lower levels of abduction, the
removal of the scapulohumeral rhythm caused little difference in the internal muscle for ces of
the primary muscles required for the abduction of the shoulder. Felstead and Ricketts (2017)
stated that up to 30° of abduction the scapulohumeralrhythm played anegligible roleand
hence itcan be assumed that the internal muscle forces would not change when the
scapulohumeral rhythm was removed in this region. Scapulohumeral rhythm does not play a
large role inthe other motions of flexion and internal rotation and so these motions were not

simulated.

3.5 Porcine Model Development

3.5.1 Overview
As previously stated in Chapter 2, the use of porcine tissue to develop the initial simulator
methods reduces the ethical burden of the project by using porcine tissue from the food chain.
A computational modelof the porcine shoulderjoint was created using the AnyBody modelling
software. The model was createdin orderto allow for comparisons between the forces within
the muscles of the human shoulderand the forces within a porcine shoulder, particularly

considering the anatomical differences between the joints.

3.5.2 Input Parameters
The inputs required to model bones within the AnyBody software were mass and moment of
inertia of the bones. Due tothe very limited literature regarding the moment of inertia of
porcine shoulder bones, steps were taken to obtain these results experimentally. Following on
froma dissection of a porcine forelimb accordingto the methodology outlinedin Chapter 2.2,
the remaining soft tissues wereremoved such that the resulting samples were clean humerus
and scapulabones. The samples were scanned usinga CT scanner (XTreme CT, Scanco,
Switzerland)to produce DICOMimage files of the humerus and scapulageometries. The
images were analysed using the segmentation software ScanlP (Synopsis, CA). Athre sholding
technique was used to select the outersurfaces of the bones on the scan images. The resultant

models of the porcine humerus and scapulaare shownin Figure 3.12.
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Figure 3.12 - Models of the porcine humerus and scapula following a CT scan and post

processing using the ScanlP software. A: Porcine humerus. B: Porcine scapula.

The scan images were then converted to STEP files which were compatible with ABAQUS 2017
(RI, USA), a finite element software. This software allowed the properties, including moment of
inertia, forthe individual bones to be obtained. Therefore, both the mass and moment of
inertiaforthe creation of the bone segments within the AnyBody modelwere obtained froma
porcine humerus and scapula and provided in Table 3.4.

Table 3.4 - The mass and moment of inertia tensor or the porcine humerus and scapula as
determined from CT scans of the bones.

Humerus Scapula
Mass (kg) 0.25 0.13
Moment of inertiatensor (0.00056, 0.000078, (0.00018, 0.000081,
(Lexs Iy, 122) (kgm?) 0.00054) 0.00022)

The inputsrequired forthe modelling of the muscle segments were: maximum force (FO),
muscle fibre length (Lf0) and volume of muscle fibres (Vol0). These were obtained from
literature forthe rotator cuff muscles of the porcine model (Mathewson et al., 2014). As with
the human model, described in Section 3.2.3, several muscle strands were created with the
same insertion points but several origin locations to model muscles which originate overa
large area and tapertowards a single insertion point. When more than one muscle was used to
representasingle muscle unit, the maximum force and the volume was divided by the number

of individual muscles.
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The resultant model of the left porcine shoulderis shownin Figure 3.13. The bonesincludedin
the model are the spine, scapulaand humerusand the initial position of the jointisatan angle

of 45° of extension.
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Figure 3.13 - AnyBody model of the left porcine shoulder jointincluding the spine, scapula and

humerus bones.

A quadruped shoulderundergoes 30° of flexion and extension throughout the walking cycle
(Lanovazetal., 1999). Hence, the porcine AnyBody modelwas used to simulate 30 ° of flexion
and extension from-10° to the resting position of -45° from the vertical asseenin Figure 3.10
and thenreturningto-10°. The resting position of -45° was measured during the dissection

process detailedin Section 2.2.

A porcine shoulderjointisaweight bearingjointandis fullyinvolved in the walking cycle of a
pig. Therefore, in contrast tothe human model described in Section 3.2, an additional external
force had to be added to represent the weight of the pig. The reaction force of a quarter of the
weight of an average pig, assuming that the pig was standingon all fourlimbs, was applied to

the model alongside gravity (Agriculture and Horticulture Development Board, 2020).

3.5.3 Results and Discussion
The results fromthe porcine AnyBody model are shownin Figure 3.14. [t can be seenthatthe
muscles which produce the mostforce during the flexion and extension motion are the deltoid

muscle and the supraspinatus muscles.
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Figure 3.14 - Results for the force in each muscle during flexion and extension of the porcine

joint from- 10° to - 45° and back to - 10° as indicated with the diagrams.

Duringthe human flexion motion, shownin Figure 3.6the maximum force was 310 N similarly
inthe deltoid muscle. The maximum force experienced within the porcine joint was aforce of
1150 N, an increase of 271%, at peak flexion inthe deltoid muscle. The porcine joint undergoes
much largerforces due to the weight bearing nature of the porcine joint. Consequently, the
muscles withinthe porcine joint are largerand can withstand much higherforces thanthe
muscles withinthe human shoulder. Simulation of the human shoulder joint using asurrogate
porcine model would need to have much higherforcesappliedin orderto replicate the forces

within the porcine muscle environment.

3.6 Conclusion

The computational model of the shoulder joint presented in this chapterallowed the internal
muscle forces of the muscles of the shoulder complexto be calculated through arange of
common motion of the shoulderjoint. A multibody model of the natural shoulder joint was
created usingthe AnyBody modelling system to simulate flexion, abduction and internal
rotation of the shoulder. The open-source repository modelwas assessed as an option to be
adaptedforuse withinthe project. However, due to results that did notalign with literature
for the abduction motion, it was decided thata project specificmodel would be made to

ensure muscle force results thataligned with literature. Consequently abespoke modelwas
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created whichincluded fourbones (humerus, scapula, clavicle and spine)and twelve muscles
of the humanshoulder. Due tolimitationsin literature with regards tothe inputs required to
model the muscles, asensitivity study was conducted to assess the impact of muscle origin and

insertion locations onthe outputs of the model.

The bespoke AnyBody modelcompleted the motions of abduction, flexion and internal
rotation and the key muscles were found forthese motions. In particularthese werethe
supraspinatus and deltoid musclesfor0° - 90° of abduction, the anterior deltoid and
pectoralismajormuscle for0° - 100° of flexion and the latissimus dorsi, infraspinatus and
subscapularis musclesfor0° - 70° of internal rotation. The removal of the scapulohumeral
rhythm from the model was also assessed and found to have limited impact on the muscle

forces duringthe lowerranges of abduction.

The final objective of this chapter of work was to develop a multibody model of the porcine
jointto enable to development of a preliminary porcine shoulder joint simulator. Due to the
weight bearing nature of the porcine jointand the large difference in anatomical structure of
the jointthe results fromthe porcine model were considerably different to those obtained
fromthe human model. The maximum force within the porcine joint was much higherthan
those experienced within the human joint despite the range of motion achievable by the joint
being much lower. The bespoke human and porcine multibody models can be used to

determine inputsintothe humanand porcine simulators respectively.
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Chapter 4 - Development of a Natural Porcine Shoulder
Simulator

4.1 Introduction

Experimental simulation of ajointallows forthe natural jointtissue to be tested throughouta
range of loading and motion cycles. Thisenables the assessment of surgical interventions due
to the realisticmaterial properties and biomechanical conditions within the simulator. There is
a clear clinical need forinnovationin surgical interventions of the rotator cuff with failure rates
of rotator cuff repairs being 25-50% at 12 months post-surgery, which increasesin elderly
patients with largertears and poor quality of the remainingtissue (Greenalletal., 2018).
Previous natural shoulder simulators have included experimental assessment of avery limited
number of motion cycles which fails to assess the longevity of arepairmethodina

biomechanically accurate environment.

An in-vitro natural shoulder simulator would allow the shoulder jointto be assessed under
clinically relevant biomechanical conditions with a controllable range of load and motion
cycles. Further development of such simulation could allow for the assessment of rotator cuff
repairmethods. Significant research is needed to develop an effective simulation of the
natural human shoulderjoint. The natural instability of the shoulderjoint has been shownto
be a challenge during the simulation of the human shoulder due to the requirement of
including the soft tissue surrounding the joint within asimulator. Another chall enge facing
experimental shoulder simulators was found to be the reliable performance of alarge number
of motion cycles. Inorderto simulate the performance of arotator cuff repair method

throughoutits lifetime, cyclicmotions must be achievable.

The overall aim of this chapter was to develop methodologies for experimental porcine
shouldersimulation which could then be translated to ahuman simulator. Method
development forthe human shouldersimulator was undertaken using porcine tissue. This
enabled method development studiesto be carried out without the ethical burdenand
increased variability of human tissue (Bowland etal., 2018). In orderto achieve theaima
series of work was planned as outlined in the flowchartin Figure 4.1. Initially adesign
specification was created for the porcine shouldersimulatorto prioritise the features that
would most benefitthe translation from porcine to human and hence the development of the
human shouldersimulator. A computational model of the porcine joint was previously detailed

in Chapter3 which was adaptedto allow fordirect comparison between the computational
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and experimental set-ups. Consequently the force in each muscle would be required to be

measured experimentallythroughout the simulation.

Design specification to identify key features.

! '

Develop load
measurement
using plastic
porcine bones

| I
v

Develop the simulation techniques using
porcine tissue.

!

Compare the results of the experimental and
computational porcine shoulder simulators.

Computational
model of the
porcine simulator

Figure 4.1 - Flowchart showing the approach to developing a porcine naturalshoulder

simulator.
The two main objectives of the porcine shoulder simulatorwere:

e To produce a repeatable flexion/extension motion cycle viathe application of
displacementto the intact rotator cuff muscles of the porcine specimen.
e Todeveloparobustand repeatable method forthe measurement of loads applied to

each of the four rotator cuff muscles and the deltoid muscle.

4.2 Design Specification

4.2.1 Overview
A porcine simulator was developed as the first step towards a full human shoulder simulator.
Several limitations existin terms of using porcine tissue as asurrogate for humantissue, these
were discussedin Chapter2. These limitations focus on the differences in anatomy that limit
the range of motion with the porcine joint compared to the human. This limits the ability to
use porcine tissue in developingaclinically relevant shoulder simulator. However, porcine
tissue isreadily available in the food chain from animals of similaranatomy and age; the
ethical burden of using this tissue is less than using human tissue so despite the limitations it
can provide valuable informationin developing a natural tissue shoulder simulator. The
porcine joint was therefore used to provide anindication of how the human simulator could
be developed forall motions. Consequently, it was decided to push the porcine joint further

than would be naturally achievable to enableabetter surrogate model of the human shoulder.
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A design specification specificfor the porcine shoulder simulator was requiredin orderto
ensure thatthe simulator was suitable for use. Justification for each aspect of the design
specification are provided in Sections 4.2.2to 4.2.5 and the resultant design specificationiis

showninTable 4.1.

4.2.2 Determining the Range of Motion for the Porcine Shoulder Simulator
The angles forthe abduction, adduction, internal rotation and external rotation were
determined duringthe dissection of a porcine shoulder detailed in Section 2.2. During the
walking cycle of a horse which, asa quadruped, is anatomically similartothe pig,
approximately 0° of abduction/adduction and internal/external rotation occurs (Lanovazetal.,
1999). Duringthe dissection, however, it was found that the porcine joint was capable of
producing 5° of passive motioninall four of these directions. Consequently, to providean
indication of how the human simulator would be developed forall the motions, it would be
desirable forthe porcine simulator to produce the limited range of these motions. Lanovaz et
al. also stated that during the equine walking cycle 30° of flexion and 10° of extension
occurred. Therefore, itis essential that the simulator can produce this motion in orderto

simulate a quadruped walking cycle.

4.2.3 Determining Muscle Loads for the Porcine Shoulder Simulator
Usingthe porcine shoulder AnyBody computational model described in Chapter3, the loads
withinthe muscles required to produce these motions were determined. The forces withinthe
muscles of the porcine shoulderwere considerably higher than those within the human
shoulder because of the weight-bearing nature of the porcine joint. The essentialforce values
showninTable 4.1 are taken from the maximum force required to perform 30° of flexion in the
porcine shoulderwhenthejointis notweightbearing. If the jointis not weight bearing then
the porcine shoulderacts like apendulum with the only externalforce being gravity, producing
much lower muscle forces. The desired values were the maximum force within the porcine

muscles during weight bearing flexion of the joint.

4.2.4 Maintaining Joint Stability of the Porcine Shoulder Simulator
The supraspinatus, infraspinatus, subscapularis and teres major muscle tendons must be
poweredinorderto retainthe stability of the jointthroughout simulations. During the
dissections of the porcine shoulder describedin Chapter 2, it was determined thatthe removal
of the deltoid muscle would provide easier access to the remainder of the jointincluding the
rotator cuff tendons. If the deltoid muscle must be removed, it would be essential thatawrap

type feature wasincluded toincrease the stability of the joint. It would be desirableto provide
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powerto the four rotator cuff muscles and the deltoid muscle due tothe large role that the

deltoid hasin motion atthe joint.

4.2.5 Physical Constraints of the Porcine Shoulder Simulator

The volume of tissue which mustfitinside of the simulator was measured during the
dissections of the porcine joint according to the methodology in Chapter 2. The volume
providedinTable 4.1 includesthe scapulaand humerus bones as well asthe musclesto be
retained. The volume did notincludethe extracomponents which were required such as
pulleys, actuators and attachment materials. The length of tendon tissue that was to be
retained was measured during the experiments detailed in Chapter 2. A length of 10 cm was
determinedto be the shortesttendonlength which could still be used forastrong connection.
However, alongertendon length of 15 cm was found toimprove the process of connecting the

line tothe tissue and hence was desired.

4.2.6 Summary of the Design Specification for the Porcine Shoulder Simulator
The design specification forthe porcine shouldersimulatoris provided in Table 4.1based upon

the information supplied in the previous sections.
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Table 4.1 - Design specification forthe porcine shoulder simulator.

Essential Desired
Range of Motion
Abduction 0° 5°
Adduction 0° 5°
Flexion 30° 30°
Extension 0° 10°
Internal Rotation 0° 5°
External Rotation 0° 5°
Scapulothoracic Motion No No
Number of motion cycles 1 >5 (cyclic)
Load
Maximum force through 15N 1160 N
muscle
Number of loaded muscles 4 + Deltoid wrap 5

Size

Volume of tissue that must
beincluded (Scapula,

humerus and soft tissue)

150 x 150 x 150 mm

150 x 150 x 150 mm

Length of tendonto be 10cm 15cm

retained

Control and measurement

Force measurement None Measurement of force inall
5 powered muscles

Position measurement None Tracking of the motion

throughout motion cycle

4.3 Materials and Methods

4.3.1 Sample Preparation
A porcine forelimb was dissected to the level of the glenohumeral joint following the method
describedin Chapter 2. Porcine tissue was obtained within 24 hours of slaughterfroma local
abattoir (John Penny and Sons, Leeds) from animals approximately 6 months old, weighing
between 60-100 Kg. These characteristics were determined by the availability within the

human food chain from where these animals were sourced. Alljoints were dissected and
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stored at -18°C until required. The tissue was then defrosted in arefrigeratorat 3°C for 24
hours prior to being prepared and tested inthe simulator. The fourrotator cuff tendons
(supraspinatus, infraspinatus, teres minorand subscapularis) and the deltoid tendon were
identified and lengths of 15 cm retained, as detailed in the design specification in Section 4.2.
The side of a scalpel blade was used to remove the bulk muscle tissuefromthe tendon leaving

thinned tendon sections as shownin Figure 4.2.

Deltoid

Infraspinatus

b Supraspinatus

Teres Minor

Figure 4.2 — Dissected porcine shoulderjoint. The rotator cuff tendons that were retained are

labelled.

Braided polyethylene thread (Dorisea extreme braid fishing line, Dorisea Fishing UK) was
securedtothe five thinned tendon ends via suturing using the modified finger trap stitch
described in Chapter 2. Braided polyethylene thread was selected due to the high maximum
load, reduced costand ease of accessibility compared to surgical suture material. Eyelet
screws were screwed into the porcine scapula atthe approximate insertion locations of the
five musclestoact as pulleys and maintain the line of action of the muscles. Adiagramis
presented in Figure 4.3which demonstrates the positioning of the screw eyes within the

insertion region of the relevant muscle.
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Scapula

Infraspinatus pulley Supraspinatus pulley

Infraspinatus thread

Infraspinatus muscle/

'{ Supraspinatus thread

Supraspinatus muscle

Humerus

Figure 4.3 - Insertion of screw eyes to act as pulleys to maintain the line of action of the natural
muscle tissues. The porcine infraspinatus and supraspinatus muscles are shown as an example

of the positioning of the screw eyes.

The porcine scapulawas cementedinto acustom made fixture, using non-sterile
Polymethylmethacrylate (PMMA) bone cement (WHW plastics, Hull, UK). A custom designed
fixture was used to ensure that the scapulawas cemented inthe correct orientation such that
the face of the glenoid fossawas parallel to the face of the fixture. The technical drawings of
the fixture are provided in Appendix 2. The fixture was manufactured from Delrin
(polyoxymethylene plastic) to enable cleaning of the fixture between porcinesamples. The
braided polyethylenethread, attached to the tendons on the humerus, was then passed
through the corresponding eyeletscrew onthe porcine. The joint was assembled in the correct

orientation on the simulator frame as demonstrated in Figure 4.4.
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~Scapula fixture

Screw eye pulleys

Braided polyethylene
thread

Figure 4.4 - Porcine shoulderjoint mounted into the shoulder simulator.

4.3.2 Frame Design

Previously designed natural human shouldersimulators inthe literature, described in Chapter
1, were analysedinordertoinitiate the design process forthe new shoulder simulator. Due to
the anatomical difference between porcineand human shoulderjoints, an adaptable frame
which could be configured for both joints was identified as a crucial requirementin orderto
reduce the cost and waste of the project. The shouldersimul ator frame was designed using
aluminium extrusion bars which were connected using angle brackets and T-nuts. This allowed
easy repositioning of the bars to reconfigure the simulatorto fit both porcine and human

joints. The frame designin configuration foraporcine shoulderjointis shownin Figure 4.5.
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- Scapula
Aluminium P
. cement
extrusion
pot
Porcine Porcine
scapula humerus

Figure 4.5 - CAD design of the porcine shoulder simulator constructed using aluminium
extruded barto allow forreconfiguration of the simulator between the human and porcine

setup.

4.3.3 Actuation Methods
To meetthe desired range of motion outlined in the design specification givenin Section 4.2a
novel actuation system had to be developed. The system would be required to provide acyclic
actuation regime to five muscles of the shoulderjoint. Other requirements for the actuation
systemincluded beingable to provide enough force foruse in both a porcine and human

shouldersimulatorand being cost effective.

Servo motors, stepper motors and linear actuators were all considered for the actuation of the
shouldersimulator. The advantages and disadvantages of the actuation methods are listed in

Table 4.2.
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Table 4.2 - Advantages and disadvantages of the actuation methods (Klar, 2016).

Actuation method Advantage Disadvantage
Servo motor e Hightorque at high e Highercostand
speed complexity

e Widelyavailable

Stepper motor e Precise motion control e Lowertorque at high
e Hightorque at low speed
speeds e Can produce high
e Inexpensiveand widely vibration levels,
available resonance issuesand

heat at high speed.

Linear Pneumatic Actuator e Highpeakpowerathigh | ¢ Highcost

speeds e Low positional accuracy

To control the motion of the shoulderjointin the simulator, precise control of the selected
motor was required. Stepper motors were selected due to the close control that the userhad
overthe motion produced. The selected stepper motor was able to provide high torque which
would enable the same motorsto be used forboth the porcine and human shoulder
simulators. One limitation of the stepper motors was that they were limited to low/medium
speeds. Thiswas deemed to have low impact on the simulator because of the comparatively
low speed of motion thatis performed at the shoulder (Rockwood and Matsen, 1998a). The
shouldersimulator would produce alowernumber of motion cycles than simulators of joints

such as the hipand knee joints due to the limited testing life of natural tissue.

NEMA 17 (Ooznest, Essex UK) stepper motors met the required specification and were used
within the shouldersimulator due to theirlocal availability. These stepper motors had the
capability of producing 3.2 Kgcm of torque (Ooznest, 2023) which was suitable foruse in both

the porcine and human simulator development.

The polyethylene braid which was attached to a muscle tendon and then passed through a

pulley onthe porcine scapulaand wasthen securedto the corresponding stepper motor.
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4.3.4 Load Sensing

4.3.4.1 Load measurement platform
The motion of the motordriving each muscle was programmed using a custom made
programme to produce the motion cycle required. To compare the physical simulatorto the
computational models created previously, detailed in Section 3.3, the force applied to each
muscle by the stepper motor was measured. The load applied to each muscle was measured
using a custom load measuring platform shownin Figure 4.6. The load cell selected foruse
withinthe custom load measuring platform was required to have a capacity of over 100N for
use during both the human and porcine shouldersimulators. It was also required that the load
cell had high precision and accuracy over the range of forces measured so therefore it was
decidedthata load cell with a lowerrange (over 100N) would be selected to maximisethe
accuracy. The load cell also was required to have small dimensions to allow it to fit withinthe

load measuring platform.

A button compression load cell (FX1901-0001-0025-L, TE Connectivity, Switzerland) was
selected foruseinthe load platform due toits availability, low cost and load capacity of 11.34
Kg/ 111 N which was adequate forthe requirements of the simulator. The accuracy of the load
cellswas = 1% of the full range so hence an accuracy of + 1.1N (TE Connectivity, 2024). The
load cells were connected to a HX711 load cell amplifier (HAUIA) which amplified the signal to

be read by the Arduino Uno Rev3 microcontroller board (Arduino, New York, USA).

\

Nema 17
y | stepper motor \
/ f

RN
\

o A
Figure 4.6 — Porcine shoulder simulator set up showing load measurement platform with the

Load cell

pivot, load cell and stepper motorlabelled.
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F
Stepper motor —
Measurement
) Platform Load cell
Rlvot w,‘ [ X
v ‘
mplatform Mimotor
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| d,
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Figure 4.7 - Schematic of the load platform (shown in Figure 4.6). The pivot, measurement
platform, load cell and stepper motorare labelled. F = the horizontalforce in the polyethylene
braided thread. X = Distance from thread to measurement platform. M ae0:m = Mass of the
measurement platform. M,,,..,= Mass of the stepper motor. L = Load recorded by load cell. D, =
Distance from pivot to the centre of mass of the platform. D, = Distance from pivot to load cell.

D; = Distance from pivot to stepper motor.

A schematicdetailing how the horizontal force in the braided polyethylene thread was
measured usingthe compression load cell is shownin Figure 4.7. Moments were taken around

the pivoton the left hand side of the system.

mplatformgdl - Ldz + mmotorgds =Fx [4-1]

F = Mylatform 9d1—Ldy+Myotor 9ds
X

[4.2]

Where F =the horizontal force inthe polyethylene braided thread, X = Distance fromthread to
measurement platform, mgjuom= Mass of the measurement platform, m = Mass of the
stepper motor, L = Load recorded by load cell, d, = Distance from pivot to the centre of mass of

the platform, d, = Distance from pivottoload cell and d; = Distance from pivotto stepper

motor.

Usingequations 4.1 and 4.2 the force inthe horizontal braided thread, and hence the force
appliedto each of the tendons, was calculated from the load recorded by the compression

load cell.
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Due to physical space constraints within the simulatorframe, it was not possible to ensure that
each thread was horizontal upon leaving the stepper motor. Therefore the schematicshownin

Figure 4.8 was used to calculate the angled force recorded by the load cell.

Stepper motor

Measurement
. Platform Load cell
Pivot X
mplatform Mimotor

N

1 dl

-

| d,

| ds

]

Figure 4.8 — Schematic of the load platform with an angled thread. The pivot, measurement
platform, load cell and stepper motorare labelled. F = the horizontalforce in the polyethylene
braided thread. X = Distance from thread to measurement platform. M ,ae0:m = Mass of the
measurement platform. M,,,..,= Mass of the stepper motor. L = Load recorded by load cell. D, =
Distance from pivot to the centre of mass of the platform. D, = Distance from pivot to load cell.
D; = Distance from pivot to stepper motor. © = Angle from horizontalto the polyethylene

thread.

Moments were again taken around the pivoton the left hand side of the schematicin Figure
4.8.

Mytatrorm941 + Myoror 9dz — Ld, + Fd3Sin(6) + FxCos(8) = 0 [4.3]
_ Ldy-mpyiairorm 9 —Mmotor 943
F= d sin(6)+xcos(0) [4.4]

A stillimage was taken from the beginning of the recording of the motion cycle. Image J
software (Maryland, USA) was used to measure the angle 8 which was used during the

calculations.

4.3.4.2 Load cell calibration
The theoretical calculations of force assumed that there was no frictionin the load
measurement platforms pivot. Shoulder bolts along with precise manufacture of the parts was
used to minimisethe friction present howeverarange of preliminary tests were also
completedto ensure thatthe purchased load cells measured the correct forces within the

system. Two tests were completed with all the load cell s and load cell amplifiers. Firstly force
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was applied then removed from the load cellsinturn to ensure thatthe load cells returned to
0 N force when the load was removed and measured the same value each time force was
applied. The second test was to ensure that the load measurement platform allowed for the
correct forcesto be recorded. A3D printed porcine scapulawas used to model the porcine set
up. Braided thread was passed from the load cell, through a pulley on the scapulatoa load
which was applied cyclically and the force inthe load cells recorded. The experimental set-up

for the second experimentis shownin Figure 4.9.

Load
platform

Scapula

> Button
! load cell

Braided
thread

Figure 4.9 - Experimentalset-up forthe load cell calibration. Braided thread was passed

horizontally from the load cell, through a pulley on a model porcine scapula to a weight.

In the first case, a load of 600 g was applied to the surface of the buttonload cells forfive
secondsand then removed forfive seconds before being added again. In total the weight was
addedthenremoved fromthe load cell five times. This was then repeated threetimes forall
six load cells. All load cells returned to the base value once the mass was removed and
returnedto this value after each addition of mass as shown for load cell 1in Figure 4.10. The
output value fromthe load cell was arbitrary as the calibration method had not been applied
to the load cell. However, the output value should return to the same each time the load is

applied.



86

14000
12000
10000
8000
6000

4000

S L Y B

0 100 200 300 400 500 600 700
-2000

Figure 4.10 — Results for the first load cell check experiment where a 600g load was applied
directly to the load cell then removed five times. The outputvalue from theload cell (y-axis)

was arbitrary as the calibration method had not been applied to the load cell.

The second experiment utilised the experimental set up shownin Figure 4.9. The load cells
were in turn positioned within the load cell pivot mechanism. Polyethylenethread was then
passed fromthe stepper motorthrough a pulley onthe 3D printed porcine scapulatoa weight.
A spiritlevel was usedto ensure thatthe thread was horizontal between the stepper motor
and the pulley. The dataoutputted fromthe load cells was then run through a Matlab
(Mathworks, Massachusetts) script containing Equation 4.2 (because the thread remained
horizontal throughout). Consequently the measured force in the thread was able to be directly
compared to the weightadded. The same load of 600g was applied thenremoved fromthe
vertical thread five times. This experiment was completed with all five load cells and the
correspondingload cell amplifier boards. The results forone load cell are shownin Figure 4.11.
It can be seenthat the load cell recorded values of approximately 5.5N when the load of 5.886
N (600 g) was appliedtothe system. All otherload cellsrecorded forcesinthe range of 5 —7 N

for the same experiment.
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Figure 4.11 — Forceresults fromload cell 1 aftera load of 600g (5.886 N)was applied and

removed five times.

An experiment was also conducted to verify the equation for the angled thread situation given

in Equation 4.4. The experimental set upisshownin Figure 4.12 where the thread was at an

angle of 32.5°.

Figure 4.12 - Experimentalset up with the thread entering the pulley at 32.5 degrees to the

horizontal. Thered line indicates the position of the 32.5 degree angle.
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As with previous experiments, the datarecorded from the load cell was processed by a
MATLAB script which implemented Equation 4.4. The load was applied and removed fivetimes
for eachload cell and load cell amplifier. The resultsforload cell 5are providedin Figure 4.13,
the recorded values are shown by the solid line and the expected values are indicated with the
dashedline.The load cell recorded avalue of approximately 5.4N when a load of 5.886 N was
applied atthe angle of 32.5° which gives an average root mean square error of 1.52 across the

five force peaks.

—— Actual

Expected

Force (N)
N

S I A IR ] W A G A

Time (s)

Figure 4.13 - The force results forthe experiment where the thread was at an angle of 32.5
degrees to the horizontalforload cell 5. The blueline indicates the recorded values and the

dashed line represents the expected values.

4.3.5 Position Sensing
The position of the porcine humerus was tracked throughout the motion cyclesto allow for
comparisonsto be made between the expected motion and the actual performance of the
simulator. Two green headed pins of 5 mm diameter were inserted into the porcine connective
tissue around the humerus duringthe set up process of the porcine simulator. They were
placedinthe tissue such that both pins were at all timesvisibleto a camera positioned directly

in front of the simulatoron a laboratory bench.

A Canon EOS 550d camera (Canon, Tokyo, Japan) was placed on a tripod and positioned 1m
away fromthe porcine simulator. The camerawas used to record the porcine shoulder
through a flexion/extension cycle. The captured video was post processed using a Matlab

script. This was developed to track the position of the two green markers throughout the video
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and plottheir coordinates on a graph. From this, the average flexion and extension angles for

each motion cycle were calculated.

4.3.6 Adaptation of Porcine AnyBody Model
A computational model of the porcine joint was made using the AnyBody musculoskeletal
modelling software and was detailed in Chapter 3. The model was adaptedin orderto better
reflectthe physical set-up toallow fordirect comparisons between the outputs fromthe
physical simulator and the computational outputs. The differences between the two AnyBody
models of the porcine joint was the addition of pulleys to the system and the range of motion
for whichthe model produced. The model of the porcine simulatoris shownin Figure 4.14

with the pulleys labelled.

A

Actuator position

00

Pulley

Muscles
0 v

Humerus —

Figure 4.14 - The adapted AnyBody modelof the porcine shoulder simulator. The pulley and
actuatorpositions are labelled. These additions improve the similarity between the

computational porcine model and the physical simulator set-up.

The outputs of force required in each muscle to produce 50 degrees of flexion and extension

fromthe original and adapted models are providedin Figure 4.15.
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A Infraspinatus B Infraspinatus

Subscapularis Subscapularis

Teres Minor ' Supraspinatus Te{res Minor
P

Figure 4.15 - Output from the original (A) and adapted (B) AnyBody models.

The adaptations made to the original porcine model detailed in Chapter 3 can be seenin Figure
4.15 to make little difference to the outputted force in each muscle. The magnitudes of force
requiredinthe infraspinatus, deltoid, subscapularis and teres minor muscles are identical
betweenthe two models. The only difference is the introduction of a spike of supraspinatus
force at the maximum flexion position. The magnitude of this supraspinatus forceis 1.2N and
hence very low in comparison to the other muscle forces occurring at that time point.
Therefore the adapted porcine simulator AnyBody model has been shown to provide results

comparable tothe original porcine musculoskeletal model.

4.3.7 Applied Motion and Load Cycle
The motionselected forthe preliminary porcinetesting was a flexion and extension cycle. This
was selected due to the limitations of motion within a porcine joint detailed in Section 4.2.
Porcine shoulders have the maximum range of motionin the flexion/extension plane and so
thiswas selected to ensure that the simulator could be tested throughout alarge range of

motion.

The rationale forthe simulator development was as a prototype fora human cadaveric
shouldersimulator, howeverthe objective was not to accurately replicate the normal gaitof a
pig with the simulator. Therefore the maximum possible flexion achieved within the

anatomical restrictions of the porcine joint was simulated, which was around 50 °.

The AnyBody computational model of the porcine shoulder simulated detailed in Section 4.3.6
was usedtoinitially design the control cycle forthe stepper motors. The ratio of forces
requiredineach muscle to produce the flexion motion was used to calculate the ratio of
motionrequiredin each corresponding stepper motor. Forexample, given the datain Figure
4.15, the maximum force was produced by the infraspinatus muscle and the least by the
deltoid. Therefore, the stepper motor controlling the infraspinatus muscle was coded to

produce the highest displacement of the wire and the deltoid stepper motor displaced the
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least. Aninitial Arduino (Arduino, New York, USA) programme was developed to control the
five stepper motors using these calculations. The initial Arduino programme was then
developed furtherusingatrial-and-error approach to manually adjust the rotationsin each
stepper motor, in orderto obtain the best and most visually fluid flexion and extension cycle of

the joint.

The process of determiningthe inputs and outputs of the simulatorare shownin Figure 4.16
which indicates the flow of results from literature and the computational modelinto the
shouldersimulator. Afeedbackloopisalsoindicated, where the Arduino code istunedin order

to obtain the mostappropriate and fluid motion cycle based upon the initial AnyBody model.

Literature

Design
specification

Simulator Desired
design motion

y
AnyBody
computational
model

Force required by
muscles to produce
motion

Simulator
Arduino
control

Tune
Arduino code

Does the simulator
produce desired
motion?

Run
simulator

Forcein Motion
muscles capturedata

Figure 4.16 - Flowchart representing the inputs and outputs of the simulator.
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4.4 Experimental Protocol

In orderto refine the novel porcine shoulder simulator, aseries of experiments were required.
An initial test of short duration was performed to refine the Arduino program which controlled
the stepper motor. An extended duration test was then completed to investigate the effect of
longercyclicmotions onthe simulatorsetup. Following this an experiment was completed
which leftthe shoulder capsule tissue intact to assess the effect of this structure on the

function of the porcine joint. The aims of each stage are detailed below.

4.4.1 Initial Pilot Test (Short Duration)
A porcine shoulderjoint was manufactured via 3D printing using a Fused Deposition Modelling
(FDM) approach. This enabled the motion cycle to be developed without the waste of tissue
resources. The set up process for the natural tissue was followed in orderto maximisethe
similarities between the set ups. The 3D printed joint within the simulatoris shownin Figure

4.17.

Braided Polyethylene
Thread

Figure 4.17 - 3D printed porcine shoulder simulator set up forthe initial test of short duration.
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4.4.2 Extended Duration Test
Natural tissue wasthen used duringa longer duration test to assess the effect of the number
of cyclesonthe results and also the repeatability of the simulatorand force measurements.
The porcine simulatorwas initially used to simulatethree natural porcine shoulderjoints. A
single flexion and extension motion cycle comprised of the flexion and extension motions and
thiswas repeated ten times consecutively without userinput to complete atesting set. Each
porcine jointunderwentsix runs of the testing set (i.e. six repeats of 10 cycles, totalling 60

cycles) asseenin Figure 4.18.
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One motion set One motion set One motion set One motion set One motion set One motion set
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Figure 4.18 - Diagram to differentiate between the terms cycle, set and run.

The loadin each load cell was recorded throughout the motion cycles asdescribedin Section

4.3.4. Each experiment was alsovideoed to allow for motion tracking as described in 4.3.5.

4.4.3 Porcine Capsule Test
Firstly, aporcine capsule study was completed using the 3D printed porcine bones usedin the
first study to reduce the waste tissue. Fourelasticbands were secured around the
glenohumeral joint of the 3D printed porcine joint using screw in eyelets toreplicatethe role
of the shoulder capsule and glenohumeral ligaments and provide constraints to the joint. The

resulting plasticporcine jointis shownin Figure 4.19.
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Figure 4.19 - 3D printed porcine shoulder joint with the addition of four elastic bands

surrounding the joint to provide constraint

Following on from the plasticporcine capsule test, anatural porcine joint with intact capsule
and glenohumeral ligaments was used in the shoulder simulator. The dissection process
outlinedin Chapter 2 was followed howeverthe scapulaand humerus bones were not
separated and hence the capsule and glenohumeral ligaments were leftintact. Acementing
method was also developed to allow forthe cementing of the scapulainto afixture whilst
maintaining the orientation of the humerus and rotator cuff tendons. A clamp was used to
supportthe porcine humerusinits natural position whilst the joint was placed upsidedown to
allow forthe cementto setaround the scapula. The cementing configuration can be seenin

Figure 4.20.

Figure 4.20 - Clamp was used in order to allow forthe cementing of the scapula into the

simulator fixture.
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Due to the additional musculature, capsule and glenohumeral ligaments surrounding the
porcine joint, the amount of flexion that the joint could achieve was severely reduced. The
simulatorwas previously able to produce 50 ° flexion due to the removal of the constraining
structures howeverwhenthesesofttissues were leftinsitu the flexion achievable by the

porcine joint was approximately 20°.

4.5 Results and Discussion

4.5.1 Initial Pilot Test (Short Duration)
The 3D printed porcine shoulder joint was used to refine the methods described in Section 4.3.
The initial Arduino control programme was tested and then developed using atrial-and-error
approach inorderto obtainthe bestand mostfluid flexion and extension cycle of the plastic
porcine joint. To assess the fluidity of the cycles, the motion was tracked using the process
detailedin Section 4.3.5. The Arduino code was adapted until the simulator consistently

reached a flexion and extension angle of 50degrees.

The forces recorded in each muscle during one motion setforeach three porcine samplesare

providedin Figure 4.21A,B and C.
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Figure 4.21 - Forcerequired in each muscle of the porcine shoulderin orderto perform a flexion

and extension motion ten times. The shaded zones indicate a period of abduction and the white

zones represent a period of adduction. A: Example data set from a motion set of porcine

sample 1. B: Example data set from a motion set of porcine sample 2. C: Example data set from

a motion set of porcine sample 3.
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For each motion cycle, particularly in porcine samples 2and 3 (shownin Figure 4.21B and C),
the teres minor muscle provided the mostforce during the motion of flexion followed by the
subscapularis andinfraspinatus muscles. There was a much smaller peak of muscle force
during the extension phase of the motion cycle with the majority of the muscle forces
provided by the deltoid and supraspinatus muscles. Sample 1, shownin Figure 4.21A, required
a peakforce value of approximately 7N in the teres minor muscle. During the same motion
cycle, the maximum force requiredin the third sample, shownin Figure 4.21C, was

approximately 30 N.

One trend that was evidentfrom the three graphs provided in Figure 4.21A, B and C butalso
occurredin all otherruns of the simulatoris that the maximum force decreased steadily over
the first5 or 6 flexion/extension cycles to reach a plateau of the peak force. The patternfor

each individual motion cycle remained consistent across the whole set of each sample.

4.5.2 Long Duration Test
The consistent decrease in peak force values during the first 5/6 motion cycles was determined
to be due to difficultiesin the set-up of the simulator and the positioning of the natural joint
location. A considerable amount of the musculature and soft tissue surrounding the joint was
removed during the dissection procedure detailed in Section 4.3.1. This led to difficultiesin
positioningthe humeral head into the appropriate natural position within the glenoid fossa.
Overthefirst5 to 6 cyclesthe humeral head positioned itself into the natural position and
hence the force inthe muscles settled to a consistent pattern. In orderto assessthe accuracy
of this hypothesis, alongerexperiment was carried out which ran for thirty cycles ratherthan

ten. The results of thistestare shownin Figure 4.22.
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Figure 4.22 - Porcine sample undergoing the flexion and extension motion cycle thirty times.
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Once again the peak force in the majority of the muscles decreased overthe initial 5motion
cycles before plateauing ata constantvalue. The individual pattern of force required for each
motion cycle was comparable throughout the set once the peak values had plateaued. In
future use of the simulator, alarger number of motion cycles would be usedto allow for
initiation of the simulator. Thisis due tothe resultsin Figure 4.22 showing that overthe whole
thirty cycles the force remained at the consistent value that was reached afterthe initial five
cycles. This supported the hypothesis that these initial cycles were required in orderto

positionthe humeral head within the glenoid fossa.

Duringevery motion cycle fromall three samples, (including examplesin Figure 4.21A, B and C)
the teres minor muscle provided the majority of the force required forthe flexion of the joint.
Othermusclesinvolved inthe flexion of the joint were the infraspinatus muscle and the
subscapularis. The deltoid musclealways produced force in orderto extend the porcine joint.
The supraspinatus muscle was inconsistently involved in both the flexion and extension motion
with very low amount of force. Within the same porcine joint, the results varied between sets.
This variationis shown forthe infraspinatus muscle across the first sample and third sample in

Figure 4.23.
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Figure 4.23- Variation across a single porcine sample for the infraspinatus muscle. Each set
indicates one run through the ten flexion and extension cycles for the same sample. A - Porcine

Sample 1. B - Porcine Sample 3.

There is a large variation in the resultsforthe infraspinatus muscle across the runs of sample 1
as shownin Figure 4.23a. This variation still exists butis considerably less for the same muscle
across all runs of sample 3 as shownin Figure 4.23b. The reduction of variation within the
same sample was due to improvementsin the set up procedure between runs of the same

sample. The setup procedure was a very manual task that included the positioning of the




99

humeral head withinthe glenoid as detailed above. As the user of the simulator completed
more runs with the simulatorthe errorincluded in this setup procedure was decreased and

hence the variation was much less for the final sample.

Section 4.3.6 detailed the development of a computational model of the porcine shoulder joint
simulatorusingthe AnyBody modelling software. The model predicted that the prime mover
of flexion of the porcine joint was the infraspinatus muscle. Mathewson et al, also statesthata
quadruped shoulder (such as a porcine) has the infraspinatus muscle as the prime flexor
(Mathewson etal., 2014). Thisisin contrast to the results presented above which found, using
the experimental porcineshoulder simulator, that the teres minor produced greater force than
the infraspinatus muscle. An alternative Arduino code was written which forced the
infraspinatus motorto turn more and hence increase the force within the infraspinatus muscle
throughout the flexion motion. However, that experiment found thatincreasingthe role of the
infraspinatus muscleduring flexion led to a large amount of internal rotation occurring at the
shoulderjoint. A porcine shoulder can naturally achievevery little internal rotation (Frandson
et al., 2003) due to the physical constraints provided by bony geometry and the soft tissue
surroundingthe shoulderjoint. During both the pilot study and the long duration tests, all soft
tissue wasremoved fromthe joint otherthan the fourrotator cuff tendons and the deltoid
tendon priorto use withinthe simulator. Therefore it was predicted that this was the reason
that the joint could not perform flexion when under infraspinatus heavycontrol due to the lack

of softtissue constraints.

4.5.3 Porcine Capsule Test
The 3D printed porcine shoulder joint was used with the addition of an elasticband ‘capsule’
as detailedin Section 4.4.3. The new simulator configuration was run with the infraspinatus
heavy Arduino code that previously had led to internal rotation of the joint. With the addition
of the elasticband ‘capsule’ the shoulder performed flexion of 53° with this code. The force in
the infraspinatus and teres minor muscles were recorded using the load cell platforms as
describedinSection 4.3.4. The force required in these two muscles throughout the flexion and

extension cycle forthe porcine joint with an elasticband ‘capsule’ is shownin Figure 4.24.
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Figure 4.24- Forces in the infraspinatus and teres minor muscles during a flexion and extension

cycle for a plastic porcine joint with an elastic band ‘capsule’.

The results shown in Figure 4.24 indicate that the infraspinatus produced much greater force
than the teres minormuscle. The decrease in peak force through the initial 5motion cycles

was still presentin thistest. A plateau was reachedinthe peakforce by the fifth motion cycle.

Following on from the plasticporcine capsule test, a natural porcine joint with intact capsule
and glenohumeral ligaments was used in the shoulder simulator. The flexion/extension cycle
was reduced from 50° to 20° due to the presence of constraining soft tissuethat surrounded

the jointsuch as the shoulder capsule and glenohumeral ligaments.

A single porcine sample underwent the flexion and extension motion cycle six times. The force
ineach muscle required to perform this motion was recorded viathe load cell platform
system. An example set of results from one of the motion sets of the simulatoris providedin

Figure 4.25.
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Figure 4.25- The force in each muscle required forthe flexion and extension of one porcine

samplethatretained the shoulder capsule and glenohumeral ligaments.

Similarto previous runs of the porcine simulator, the results stabilise and become consistent
afterapproximately6 motion cycles. Once stabilised, the infraspinatus and teres minor
muscles provide very comparable magnitudes of force and are the prime movers during the
flexion phase of the motion cycle. The deltoid muscle is the prime extensor muscle however
the magnitude of force required by the deltoid muscle is lowerthan that required by the

infraspinatus and teres minor muscles during the flexion motion.

The new flexion and extension control code was assessed using asingle porcine sampleand
the results of the force requiredin each muscle are providedin Figure 4.25. The primary mover
in that case was the infraspinatus muscle. This aligned with the results from the AnyBody
model of the same simulator configuration described in Section 4.3.6. The deltoid muscle

remained as the muscle primarily required during extension of the joint.

The peak forces required for 50° of flexion when the shoulder capsule and ligaments were
removed was approximately 25N as seenin Figure 4.21. The force required when the capsule
and ligamentsremained, asseenin Figure 4.25, was on average 2.5 N. The large decrease in
maximum muscle force was due to the much lowerrange of motion that the joint was capable
of achieving. Inthe case of a removed shoulder capsule the simulator was able to achieve
around 50° of flexion, however maintainingthe capsule and ligaments reduced thisto only
20°. Consequently the force in the system was considerably less and this was reflected across

all the muscles of the joint.
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Some variation between the runs of the same sample remained as shownin Figure 4.26. These
were lessthan previously encountered due to the improvementinthe user’s ability at setting
up the simulatorina consistent mannereach time. The prime flexorin every case was the

same muscle;infraspinatus, and the prime extender remained as the deltoid muscle.

Infraspinatus

Force (N)

Figure 4.26- Variation in the force of the infraspinatus muscle results between the six runs of

the same porcinesample that had an intact shoulder capsule and glenohumeral ligaments.

4.6 Conclusion

The shouldersimulator was designed to allow forthe development of experimental methods
using porcine tissue in orderto make a repeatable method for the simulation of natural human
shoulderjoints. Variation between porcine samples was identified, particularly regarding the
magnitude of force experienced by each muscle. In each case the ratio of forces between the
muscles was consistent howeverthe magnitude varied asis evidentin Figure 4.21. The load
measurement technique underwent considerable testing and so was not the cause for this
variation. Variation between the runs of the same sample also occurred during every porcine
sample howeverthis decreased as the experimental procedure was refined. The set up
between the runs of the same sample was streamlined so that minimal userinvolvement
occurred and hence the room forerror decreased. The inter-sample error was lowest for the
final porcine sample which indicated that the methods were workingtoimprove the

repeatability of the simulator.
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It was alsofoundto be importantthatthe simulatorwas used forat least 10 cycles. The
simulatorrequiredthe first 5cyclesin orderto initialise and secure the humeral head into the
glenoid fossa. Therefore in ordertoreduce the errors caused by thisinitiation period, alarger

number of cycles was used.

The capsule and glenohumeral ligaments of the porcine joint were found to playa large rolein
the stability of the joint, in particularthe prevention of internal rotation. By keeping these
important structures within the joint, the outputs from the simulator AnyBody computati onal
model agreed with the results fromthe physical simulator. The dissection process of the
porcine jointwith anintactjoint wasa more time consumingand less repeatable method than
the primary method which removed all softtissue other than the rotator cuff tendonsand
deltoid tendon. The results were dependant on the amount of soft tissue left surrounding the
jointdue to the limits this placed on the range of motion. The capsule limited the motion
achievable by the jointtoa more realisticporcine flexion and extension cycle which limited the
use of the simulatorin developing control methods for the much less constrained human joint.
If the simulator was to be usedto develop an accurate model of the porcine joint, thenit
would be imperativeto keep the capsule and glenohumeralligamentsintactin orderto
maintain the structure of the joint. Howeverdue to the use of the simulatorasa
developmental tool to make a human simulator, it was determined that the range of motion of
the simulator was more important than the accuracy of the porcine jointin developingthe

control methods.

In conclusion, asuccessful porcine shoulder simulator was developed which allowed for
controlled motion of anatural joint. The force within each muscle/tendon unit was
successfully measured throughout the motion cycles. The motion achieved was also measured
by post processing of footage of the simulations. Several considerations have been identified
when movingonto humantissue, particularly the importance of acapsule and ligamentsand

the importance of a consistent set-up procedure both between samples and within samples.
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Chapter 5 — Translation from a Porcine to a Human Natural
Shoulder Simulator

5.1 Introduction

A human shouldersimulator would allowforthe natural shoulder joint tissue to be tested
throughout a range of loading and motion cycles. In previous Chapters, the methodologies for
a porcine shouldersimulator were developed. The use of porcine tissueallowed for method
developmentstudies to be conducted without the ethical burden andincreased variability of
human cadaverictissue. The porcine shoulder simulator, developed in Chapter 4, enabled for
repeatable cyclictesting of the shoulderthrough actuation of the rotator cuff musclesand
deltoid. However, this highlighted some limitations arising from the use of porcine tissue such
as the altered anatomy of the porcine jointand the limited motion that could be achieved with
the joint. Therefore, in orderto achieve ashouldersimulator to betterrepresent the

biomechanics of ahuman shoulderjoint, human cadaverictissue must be used.

Previous human shoulder simulators were discussed in Section 1.4.3.2which informed some of
the approach forthe human shouldersimulator detailed in this Chapter. To translate the
methods fora shouldersimulator from the porcine model to ahuman cadavericsample, a
design specification for the human shoulder simulator was created. A computational model of
the human shoulder, which was previously detailed in Chapter 3, was adapted to better
representthe simulatorset up and hence allow for direct comparisons between the
computational and experimental set-ups. Methodologies were also developed regarding the

dissection and preparation of the human tissue samples.

The human shoulder simulator used cadaverictissue preserved following the saturated salt
solution method. Data was notavailable inthe literature that could inform degradation of this
type of tissue overtime in terms of the effects on mechanical properties of the tissues.
Therefore, apilot study was carried out to assess the effect of time out of the saturated salt
solution onthe mechanical properties of the tissue to determine appropriate durations of

furtherstudies.
The main objectives of this Chapterwere:

e Todevelopadesignspecification foranovel humanshouldersimulator.

e Toadapt the AnyBody model of the humanshoulderinordertoinformthe design of
the simulator.

e Totranslate the methodology of a porcine shoulder simulatorto a cadaverichuman

shouldersimulatorand demonstrate the efficacy of the simulator.
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e To studythe effect of time out of solution on the biomechanical changesinthe tissue

treated with the saturated salt solution preservation method.

5.2 Design Specification

Several limitations existed with the porcine shoulder simulator, detailed in Chapter4, due to
the restrictions related to the anatomy of the porcine joint. Consequently the porcine
simulator produced very limited ranges of motion, particularly in terms of
abduction/adduction. The loads within the muscles of the porcine shoulder were also limited

by the orientation of the porcine joint within the simulator.

The human simulatordeveloped needed to better re present the motions and loads that the
human shoulderissubjectedtoinvivotoensure clinical relevance. The design specification for
the human shouldersimulatoris presentedin Table 5.1. The essential and desired values for
each criteriaare providedinthe table and the rationale foreach value is described in the

following text.
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Table 5.1 - Design specification for the creation of a human shoulder simulator (Terry and

Chopp, 2000; Doriot and Wang, 2006; Felstead and Ricketts, 2017).

Essential Desired
Range of motion
Abduction 30° 90°
Adduction 0° 20°
Flexion 60° 90°
Extension 0° 20°
Internal Rotation 30° 90°
External Rotation 10° 30°
Scapulothoracic Motion None None
Number of motion cycles 10 >30
Load
Maximum force through 160N 160N
muscle
Numberofloaded muscles | 5 6
Size
Volume of tissue thatmust | 50 x 30 cm 50 x 30 cm
beincluded
Length of tendonto be 15cm 15cm
retained

Control and Measurement

Force measurement

Measurement of forceinall

5 powered muscles.

Measurement of forceinall

6 powered muscles.

Position measurement

2D tracking of the humerus
throughout the motion

cycle.

Tracking of the humerus
throughout the motion cycle

in3D.

The angles forthe range of motion were based upon the range of motion foran average 75

yearold male subject with no shoulder pathology provided in Table 1.1 (Doriotand Wang,

2006). The rotator cuff muscles predominately have arole inthe lower angles of motion

before the remaining shoulder muscles (in particularthe deltoid muscle) take over (Terry and

Chopp, 2000). Due to the use of the simulator to understand the role of the rotator cuff

musclesinthe motion at the shoulder, it was deemed that producing the higherranges of
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motion through the use of the scapulothoracicjoint was unnecessary. There is limited
scapulothoracicmotion during the first 30° of abductionand 60° of flexion atthe shoulder
however, beyond this the role of the scapulothoracicmotionincreases (Felstead and Ricketts,
2017). Due to the removal of the scapulothoracicmotion, the values for abduction/adduction
and flexion/extension motion were limited. Hence the minimum required values for flexion
and abductionwere 60° and 30° respectively. Ideally agreaterrange of abduction will be
achieved until the impingement of the humeral head on the coracoid process of the scapula
whichisapproximately at 90° of abduction (Felstead and Ricketts, 2017). Future adaptations
of the simulator could take the additional joint motioninto accountin orderto simulate the

higherranges of motion.

The four rotator cuff muscles (infraspinatus, supraspinatus, teres minor and subscapularis) and
the middle deltoid tendon must be actuated by the simulatorin orderto achieve the range of
motion required. Actuation of the anterior deltoid is also desirable, particularly during the
flexion motionin orderto achieve the higherranges of flexion. The maximum force to be
experienced inthe muscles was determined using the AnyBody modelling of the natural

human shoulderjoint detailed in Section 3.2.

The force and position measurements were undertaken using the same methodologies as
explainedin Chapter4to obtainthe force in each muscle throughout the motion and the
tracking of the humerus to ensure the correct motionisachieved. A greatervolume of tissue
was required within the simulator due to the larger nature of the human joint compared to the
porcine shoulder. However, the simulator was designed to be interchangeable from the

porcine tothe human samplesand so this did notimpactthe functioning of the simulator.

5.3 Adaption of the Human AnyBody Shoulder Model

The development of the AnyBody model of the human shoulderjoint was detailed in Chapter
3. Adaptions were made to the model toalign it with the physical simulatortoallow for
comparisonsto be made between the outputs of the computational model and the physical
simulator. It was important fordirect comparisonsto be made as the computational model
was used toinform design choicesin the physical simulator. The muscles of the shoulder
complex thatwere notincluded inthe simulator were removed from the model and the pulley
locations were added. The spine and clavicle were also removed from the computational

model asthese were notincludedinthe simulator.

The computational model of the original natural human shoulder complexis provided in Figure
5.1A. The model of the shouldersimulatoris shownin Figure 5.1B, the pulley locations and

actuator location are labelled.
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Figure 5.1 - The AnyBody computational model of the human shoulder simulator. A: The
original AnyBody modelof the whole shoulder complex. B: The adapted modelforthe physical

human shoulder simulator.

The force requiredin each of the muscles during 100 ° of abduction derived by the simulator

model are providedin Figure 5.2A and the original shoulder model in Figure 5.2B.
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Figure 5.2 - Output of muscle forces for the adapted human simulator AnyBody model (A) and

the originalshoulder model (B).

The adapted simulator model had comparable results to the original full shoulder model

especially duringthe first 60 ° of motion. Inthe original model the role of the trapezius muscle

increased duringthe first half of the motion. This was due to the scapulothoracic motion that

was programmed into the original shoulder model. The simulatorholds the scapulastationary

and so no scapulamotionwas includedinthe simulator computational model. Forthe first 30

of motionvery little scapula motion occurs (Felstead and Ricketts, 2017), hence the two

o
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models produce similarforce outputs during this range. For the higherrange of motion,

scapulothoracicmotion plays a more importantrole and hence the two models results deviate.

The magnitude of force is different between the two models. The peak deltoid force is 165 N
for the adapted model howeveris 260 N in the original model. The change inloadislikely to
be due to the exclusion of the lower arm during the adapted human simulator model. Despite
the magnitude of force being different, the ratios of forces across the different muscle groups
iscomparable. As the simulation will always be performed without alowerarm, the ratio of

forces will be more comparable than the total magnitude of force.

The muscle forces required forabduction of the shoulder from a computational model by
Karlssonand Peterson (1991) are givenin Figure 5.3. The quality of the figure presentationis
limited howeveritcan be seenthatthe supraspinatus muscle provides force initiallybefore
decreasing as the deltoid (anteriorand middle) take overas prime movers. The muscles which
initiate and provide maximum force are the same inthe AnyBody model of the human
simulator presentedin Figure 5.2 and the results from this study (Karlsson and Peterson,

1992).
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Figure 5.3 - Muscle forces required for abduction of the shoulder from a computational model
by Karlsson and Peterson (1991). Image reproduced with permission (Karlsson and Peterson,

1992).

5.4 Human Tissue Methods

5.4.1 Tissue Selection
Cadaverichumantissue treated using the saturated salt solution method was used for this
study due to the accessibility of the tissue within the University of Leeds. Fresh frozen human

tissue is often used during biomechanical testing of joints due to the similarity to living tissue
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interms of appearance and properties. However, some limitations of this tissue type are that
the tissue begins the decomposition process immediately after thawing and the effect of
freeze thaw cycles onthe tissue requires furtherinvestigations. Hence thereis arestricte d
time period in whichtowork with the tissue before mechanical properties and flexibility of the

tissue change (Begeretal., 2020).

Human tissue preserved with the saturated salt solution method are used for orthopaedic
surgical skills training (Bissonnette et al., 2019). The range of motion achievable atthe
preserved shoulderjointis comparable tothat of the natural jointand surpasses the range of
motion of a joint treated with the traditional formaldehyde method. The average values of

range of motion of the shoulderare providedin Table 5.2 (Burns et al., 2018).

Table 5.2 -Range of motion (°) atthe shoulder joint fora naturaljoint, a jointtreated with

formaldehyde and a joint treated with the saturated salt solution technique (Burnsetal.,

2018).
Natural LivingJoint | Formaldehyde Saturated Salt Solution
Flexion 193 120 158
Abduction 132 125 160
Internal Rotation | 96 89 104
External Rotation | 31 94 111

The range of motion of the jointtreated with the saturated salt solution technique is larger
than that of the formaldehydetreated tissue for all motion types. Forabduction, internal and
external rotation the saturated salt solution tissue was more flexible than the natural joint.
Howeverthe values forthe preserved tissues range of motion are during passive motion (the
tissue is moved as far as possible) which contrasts to the values forthe natural tissue during
active motion (relying onthe muscles). The saturated salt solution tissue is able to perform the
limited range of motion required by the shoulder simulatorand was therefore deemedto be a

suitable tissue typeforuse within the simulator.

5.4.2 Dissection Protocol

Experience exists within the University of Leeds regarding the dissection of humantissue,
specifically the hip, knee, ankle and spine joints. The methodology for the dissection of the
human shoulder was developed based upon that experienceand underthe guidance of the

School of Anatomy faculty members and consultant upperlimb orthopaedicsurgeons.
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The human tissue treated with saturated salt solution was obtained from the School of
Anatomy after the conclusion of surgical skills training courses using the specimens. No
surgical training had been conducted on the shoulders of the specimens and so the tissue had
not been altered priorto dissection. The personal data of the specimens (age and gender) was
collected and recorded. The recorded personal data of each sampleisgiven in Appendix 3.
Ethical approval forthe use of the tissue forresearch was granted priorto the commencement
of the study underthe HTA license 12279 in the School of Anatomy and local ethics underthe
license LTMECH-10.

The upperlimbs were firstly removed from the cadaverictorso by separating the scapulafrom
the posterior of the ribcage. The acromioclavicularjoint was disarticulated which allowed for
the removal of the clavicle. The lowerarm was removed at the elbow joint to leave the scapula

and humerus bones alongside the soft tissue of the shoulderas shownin Figure 5.4.

Figure 5.4— The left humerus, scapula and surrounding soft tissue following the primary

removalof the clavicle, ribcage and lower arm of the human left arm (sample 1).

The outer muscles and fat of the shouldercomplexwere removed including the trapezius,
latissimus dorsi and biceps muscles until the four rotator cuff muscles (supraspinatus,
infraspinatus, teres minor and subscapularis) and the middleand anterior deltoid were
identified. These muscles weredissected from the scapulaleaving the humeral attachments
intact. The insertions of the muscles onto the scapulawere marked to ensure that they could
beidentified laterinthe setup process. The anterior, posteriorand superiorviews of the
dissected human shoulderare providedin Figure 5.5A, B and C respectively with the rotator

cufftendons and anteriorand middle deltoid tendons labelled.
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Figure 5.5 — Dissected human shoulder joint with the four rotator cuff tendons (infraspinatus,
supraspinatus, teres minor and subscapularis), middle and anterior deltoid tendons labelled. A:
Anteriorview of the human shoulder. B: Posteriorview of the human shoulder. C: Superiorview

of the human shoulder. Allimages of sample 1.

5.5 Model Development of the Human Simulator from the Porcine Natural
Shoulder Simulator

5.5.1 Human Sample Preparation
The set up procedure forthe human shouldersample was developed by adapting the
procedure forporcine tissue which was detailed in Section 4.3. Braided polyethylene thread
(Dorisea extreme braid fishing line, Dorisea Fishing UK) was secured to the six tendon ends via
the modified fingertrap suture technique detailed in Chapter 2. The resultantsample is shown
in Figure 5.6A. The approximate insertion location of the six tendons onto the scapula were
identified during the dissection process. Eyelet screws were screwed into the human scapula
at these pointstoact as pulleys and maintain the lines of action of the muscles and are shown
inFigure 5.6B. A small bead of a two part epoxy glue (Araldite, Basel, Switzerland) was applied
to the exposed screw tip to ensure that the force would not retract the screw out of the

scapula.
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Figure 5.6 - The set-up of the human shouldersample (sample 1). A: Posterior view of the
modified fingertrap suture used to connect the tendon ends to the actuation system. B:
Posteriorview of the eyelets screwed into the scapula at the approximate muscle insertion

locations.

A fixture was designed to allow forthe cementing of the human scapula whilst the joint was
heldina natural position with the joint capsule intact. The fixture is shownin Figure 5.7during
the cementing process and the technical drawings are provided in Appendix 4. The human
scapulawas cemented into acustom made fixture using non sterile Polymethylmethacrylate

(PMMA) bone cement (WHW plastics, Hull, UK).
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Figure 5.7 - The custom made cementing fixture during the cementing process.

5.5.2 Human Frame Adaptions
The simulator frame was designed for the porcine shoulder simulator such thatit could be
repositioned to hold ahuman shoulderjoint. Certain elements of the frame could be altered
dependingonifthe sample was aright or left shoulder. All the positions are marked so that
the components were placedin consistent locations on the frame. The addition of ascreen
between the humantissue sample and the electroniccomponents of the simulatorallowed for
the electronics to be better protected from any liquid that may be sprayed. The frame inthe

setup for testingahuman cadavericsampleisshownin Figure 5.8.
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Figure 5.8 — Schematic of the frame set up forthe human cadavericshoulder, showing key

parts.

5.5.3 Actuation and Sensing Methods
The actuation methodis based upon that used in the porcine shouldersimulatorand described
inSection 4.3.3. In the human simulator, six tendons were required to be actuated. The
addition of the anterior deltoid tendon was required due toitsimportantrole in the flexion of
the humanshoulderas discussedin Section 3.4. Due to the limitations of usingan Arduino
Mega control board (Arduino, New York USA), only five stepper motors could be
independently controlled at any one time. Hence the infraspinatus and teres minor muscles
were actuated using the same stepper motor. This pair of muscles were selected as the force s
produced by these muscles during simulations of abduction/adduction and flexion/extension

usingthe AnyBody model described in Chapter2 were very similar.

The load and position sensing methods used werethe same as the meth ods developed using
the porcine tissue. Button load cells, FX1901-0001-0025-L (TE Connectivity, Schaffhausen,
Switzerland), wereusedin apivoted load measurement platform. Equation 4.4 was usedto
calculate the loads experienced by each muscle throughout the motion cycle. A stillimage was
taken fromthe beginning of the recording of the motion cycle. Image J (Image J, Maryland,
USA) was used to measure the angle (8) from horizontal to the polyethylenethread foreach

muscle.
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The position of the humerus was tracked throughout the motion cycle to allow comparisons to
be made between the expected motion and the actual performance of the simulator. ACanon
EOS 550d camera (Canon, Tokyo, Japan) was placed on a tripod which was positioned 1 m
away fromthe human shoulder simulator. The camerawas used to record each motion setand
the resultantvideo was post processed using a custom Matlab script as described in Section
4.3.5. Thistracked the position of two markers throughout the video to calculate the

maximum and minimum angle of each motion.

5.5.4 Applied Motion and Load Cycle
The motion selected forthe preliminary human testing was a flexion/extension motion cycle
and an abduction/adduction motion cycle. These motions were selected due to the frequency
of the motions within the activities of daily living. The scapulothoracicmotion was notto be
modelledinorderto prevent additional complexity of the design as detailed in Section 5.2.
Consequently, the maximum abduction and flexion angle that the simulator could reach was
limited due tothe impingement of the humeral head onto the acromion of the scapula (Lugo

et al., 2008).

The AnyBody computational model of the human shouldersimulator detailedin Section 5.3
was usedtoinitially design the control cycle forthe stepper motors. The ratio of forces
required in each muscle to produce the abduction/adduction and flexion/extension motions
during the computational model was used to calculate the ratio of motionrequired in each
corresponding stepper motor. Aninitial Arduino (Arduino, New York, USA) programme was
developedto control the five stepper motors using these calculations. The initial Arduino
programme was then developed further using atrial-and-errorapproach to adjust the

rotationsin each steppermotor, inorderto achieve the best and most fluid motion cycles.

From the Anybody computationalmodeldetailed in Section 5.3 it was deemed that the deltoid
muscle must be separatedintotwo bundlesin orderto achieve the full range of motion of the
shoulder. Inthe porcine model the anterior, middle and posterior portions of the deltoid
muscle were able to be approximated to asingle insertion location onthe scapuladue tothe
small role that this played in the motion. However, the anteriorand middle/posterior bundles
of the deltoid muscle in the human shoulder play two separate rolesin the actuation of the
shoulderdue to the different lines of actuation of the muscle. The middle/posterior deltoidis
required more in abduction/adduction motions howeverthe anteriordeltoid is necessary for
the flexion of the shoulder due toitsinsertion on the much more anterior portion of the
acromion. Consequently the muscles required to be powered in the human shouldersimulator

were the fourrotator cuff muscles (supraspinatus, subscapularis, infraspinatus and teres
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minor) along with the anteriorand middle/posterior deltoid. Due to restrictions with the
control methodology, only fiveindependent muscle controls could be performed atany time.
Therefore, due to the results shownin Figure 5.2 and discussions with orthopaedicsurgeons, it
was decided to control the infraspinatus and teres minor muscles together due to theirsimilar

roles within the abduction/adduction and flexion/extension motions of the shoulder.

5.6 Final Human Shoulder Simulator Design

The final design forthe human shouldersimulatoris providedin Figure 5.9. The key
components of the simulatorare labelled including the stepper motors which allowed for
active control of the retained tendons. The active control of five muscles was required in the
design specification detailed in Table 5.1. It was desired to be able to provide active control of
the six retained muscles of the shoulder joint (anterior deltoid, middle deltoid, infraspinatus,
supraspinatus, subscapularis and teres minor) however due to the limitations with the control
board this was not possible as detailed in Section 5.5.4. Consequently the teres minorand
infraspinatus tendons were controlled together due to their similar rolesin the abduction and

flexion motions as demonstrated using the computational AnyBody model.

The load cell and load measurement platforms were also labelled in Figure 5.9. The
methodology for the calculation of total force in the tendons based upon the load cell readings
were providedin Section 4.3.4. The forces recorded forthe infraspinatus and teres minor
muscles were the same as they were controlled together usingthe same stepper motor. Force
measurements were recorded for all muscles throughout all motion cycles of both

abduction/adduction and flexion/extension.
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Motion tracking markers were applied to the tissue and the motion was tracked using the
methodologies developed with the porcine simulator detailed in Section 4.3.5. The cycles were

recorded which enabled the maximum abduction and flexion angles to be determined.

‘ Simulator

Stepper motor

Load cell pivot
platform

Human
Shoulder Joint

Protection

screen Motion tracking

marker

Figure 5.9 - Photograph of the human shoulder simulator with key components of the design

labelled (sample 1).

5.7 Preliminary Human Shoulder Simulator Study

5.7.1 Overview
The human shouldersimulator discussed in this Chapter translated the methodology from a
porcine simulatorto enable human cadavericshoulderjoints to be tested. The aim of the
preliminary human tissue study was to ensure that the human tissue was suitable foruse
withinthe shouldersimulatorand that the force measurement system developed with the

porcine model was appropriate for the human simulator.

5.7.2 Methods

A single sample treated with the saturated salt solution method was used in the simulator. The
sample was dissected and the simulatorset up as describedin Section 5.5. The motion

selectedto be performed by the simulator was a flexion/extension motion cycle and an
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abduction/adduction motion cycle. These motions were selected due to the frequency of the
motions within the activities of daily living. As specified in the design specification in Section
5.2, the scapulothoracic motion was not to be modelled in orderto preventadditional
complexity of the design. Due to this limitation, and the role of the rotator cu ff musclesinthe
lowerranges of motion, the angles of flexion/extension and abduction/adduction to be
performed by the simulatorwere 60° and 30° respectively. The Arduino code used to control
the motors wastunedin orderto achieve the full ranges of motion usingthe same method as

for the porcine simulator which is detailed in the flowchartin Figure 4.16.

The tissue was removed from the saturated salt solution, dissected, set up and was subjected
to a testing regime of three repeats of 10 cycles of the flexion/extension motion and the
abduction/adduction motion. This testing regime was the same protocol as was developed for

the porcine tissue and shownin Figure 4.18.

The resultantforces from each muscle during the simulation process wererecorded forevery
cycle and repeat of motion cycle. Auniformweight of 0.6 kg was applied axially to each load
cell priorto the simulation regime commencingin orderto enable calibration of each of the
load cells foreach cycle. The calibration value was applied to each reading foreach load cell
through the cycle. A Matlab (Mathworks, Massachusetts) script then used the equation
providedin Section 4.3.4.1to calculate the force in the braided thread based upon the reading
fromthe compressionload cell and the angle of the corresponding cord into the motoras
measured usingimagel (Maryland, USA) as detailed in Section 4.3.4.1. Each motion cycle was
repeated three times whichresulted inthree repeats of force datafor each muscle through
the motion cycle. Thisthen enabled amean of all the measurements at each time pointto be
found resultingin amean motion cycle forthe sample. In orderto ensure that the cycles were

in phase prior to the mean calculations, the first supraspinatus peak was aligned in all repeats.

5.7.3 Results and Discussion
The simulation was successfully completed for the cadaverichuman sample. An exampleofa
single repeat of an abduction/adduction motion cycle is provided in Figure 5.10. Each line

representsthe force inamuscle duringthe ten cycles of the abduction/adduction motion.
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Figure 5.10 - Anexample of a force graph for a single repeat of the abduction/adduction
motion with sample 1. The grey zones highlighted are the periods of abduction and the white

zones refer to periods of adduction.

The maximum force in all the muscles, decreased over the first five cycles toreach a plateau of
the peakforce. This was also foundinthe porcine studies conducted in Chapter4. This was
postulatedto be a result of repositioning of the shoulderjoint at the start of movement. The
supraspinatus muscle contributed the most force to the abduction motion which corresponds
to literature which states that the supraspinatus muscle was responsible for the initiation of

the abduction motion (Lam and Bordoni, 2021; Mancuso etal., 2021; Abdelwahabetal., 2021).

The mean peak supraspinatus force forcycles 6-10 of the three repeats of the
abduction/adduction motion are givenin Figure 5.11. Each repeat has consistent peak
supraspinatus force between the cycles 6-10as seen by the small ranges given foreachrepeat

inFigure 5.11.
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Figure 5.11 - Mean peak supraspinatus force for cycles 6-10 of the three repeats of the

abduction/adduction motion cycles. The range foreach repeatare given.

The mean of the supraspinatus force for each repeat for the cycles 6-10 of the
abduction/adduction motion was determined to produce amean cycle of the supraspinatus
force. The ranges across the whole of the 6-10 cycles are plotted alongside the mean cycle and
givenin Figure 5.12. The ranges were smallest during the increase and decrease of the
supraspinatus force. However, during the point of minimum abduction, when the
supraspinatus force was minimal, the ranges werelargest suggesting inconsistencies between

the repeats at these low values.
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Figure 5.12 - Mean of the force against time foreach repeat for the cycles 6-10 of the

abduction/adduction motion. The range foreach data pointare also plotted (grey).

5.8 Pilot Study: Effect of Time on Tissue Properties

5.8.1 Overview
The aim of the study was to assess the effect of time following removal from the saturated
solution onthe biomechanical properties of the cadavericshouldertissue. The range of motion
of the embalmed tissue was comparable to that of the natural joint (Section 5.4). Preserved
tissue preventsthe decrease intissue properties due to the rapid putrefaction of fresh frozen
samples (Hayashi etal., 2014). The tissue can be stored in the embalming fluid for 18 months
without showing any signs of degradation (Lombardero etal., 2017), however, once removed
the tissue will start to degrade. Burns et al. found that there was little differencein the
appearance, odour, feel and suitability of the tissue after 15 days out of the solution (Burns et
al., 2018). To inform future cadavericshoulderstudies using this tissue type, an investigation
on the degradation and resultant change in properties of saturated salt solution tissue over

time was conducted.

5.8.2 Methods
Due to limited overallavailability of human shoulder tissue, this study used the same sample
as utilised inthe preliminary study. The tissue was prepared, dissected and set up withinthe

simulatorinthe same was as describedin Section 5.5. After conclusion of the preliminary test,
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the tissue was stored out of the embalming fluid at room temperature for 14 days and
retested. This was continued for4time points, each 14 days apart, over a total time period of
6 weeks (0/2/4/6 weeks). The resultant force in each muscle during the simulation process

were recorded forevery cycle and repeat of motion cycle.

5.8.3 Results and Discussion
The simulation was completed at each of the time points overa 6 week period and the muscle
forces were recorded forthe motion sets and repeats described previously. Force graphs
(Figure 5.10) were recorded for each of the three repeats at each time point. Inorderto
provide aconsistent point within the cycle to compare the behaviour of the tissue, the
maximum point of abduction (30°) and minimum point of abduction (0°) were taken. The
mean contribution of the total force being applied to each muscle at each minimum and
maximum abduction across the fourtime pointsare givenin Figure 5.13. The 95% confidence

interval for each percentage contribution for the five muscles are also givenin Table 5.3.
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Figure 5.13 - The mean contributions of the totalforce by each muscle at minimum and

maximum abduction forthe fourtime points (week 0, 2, 4 and 6).
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Table 5.3 - Percentage contribution of each muscle during the repeats of the abduction motion
through the fourtime points with the 95% confidence interval. The shaded cells are consistent

with the colour of the respective segment in the pie charts displayed in Figure 5.13

Middle Anterior | Teres Minor/ | Supraspinatus | Subscapularis
Week Deltoid Deltoid Infraspinatus
Neutral (0°)
0 24+4.0% [ 31+1.6% | 7+0.8% 12 +4.4% 26 £ 4.6%
2 181+ 0.9% |32£2.0% | 12+ 1.6% 17 £ 2.6% 21£3.7%
4 32+£2.6% [20+£2.8% |12+ 1.1% 25+5.5% 11+1.5%
6 21+£2.7% [ 20+£1.4% | 17 £5.5% 22+7.4% 20 £4.9%
Maximum (30°)
0 1+08% |[1+0.1% |1+0.1% 94 +0.9% 3+0.6%
2 9+23% [20+3.7% |0+£0.1% 70£5.9% 1+0.2%
4 16 £3.0% |21£1.6% |1+£0.1% 61+4.3% 1+£0.2%
6 7+11% [13+£05% |1+£0.1% 77 £1.2% 2+0.6%

Some similartrends were observed across all time points at which the tissue was assessed. The
ratio of the forces between the different muscles at specificangular positions during the cyclic
isshownin Figure 5.13. In all cases, at 30° abduction, the supraspinatus muscle provided the
most force followed by the anteriorand middle deltoid muscles. However, the proportion and
magnitude of force that was provided by the supraspinatus musclevaried greatly between
time points. Atweek 0, 94% of the force was provided by the supraspinatus muscle, this
decreasedto 70%, 61% and 77% in weeks 2, 4 and 6 respectively. As well as the contribution of
supraspinatus force changing through the time points, the magnitude of total force also
changed. Atweek 0 the total force was 36.1 N, thisincreased greatlyto 114.3 N at week 2
before decreasingthroughweeks4and 6 to 74.6 N and 57.8 N respectively. The initial large
increase in force was predicted to be due to the drying out of the tissue following removal of
the tissue fromthe embalmingfluid. The tissuevisibly started to degrade past week 2,
becoming more flexible leading to the lowerforces required forthe same angle of motion. The
confidence intervals at the maximum angle of abduction donotincrease through the time
period suggestingthatthe results from the simulator remained consistent within repeats and

withinthe cycles ata specifictime point.

At 0° of abduction, the splitof force is different at each time pointand the 95% confidence
intervalsare largerthanat 30° abduction as seenin Figure 5.13. Each muscle contributesin
each case, indicating the force required to hold the shoulderin place and prevent dislocation

howeverthe ratiois not consistent between time points. The shoulder capsule plays an
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importantrole in maintainingthe structure of the joint at the neutral position and so changes
in the stiffness and mechanical properties of the capsule would affect the force that each
muscle must undergo to preventdislocation. The magnitude of force in each muscleisalso
considerably lowerat0° abduction and so a smallerchange in magnitude of each muscle force
would lead toa larger effect onthe percentage alongside the measurement error of the load

cells.

5.8.4 Summary
Through the completion of this study it was shown that there was an important effect caused
by the tissue degradation overtime. In orderto minimise the effect, all testing should be
aimedto be completed within 14 days of removal of the tissue from the embalming fluid and if
suitable the tissue should be stored in the fluid between testing days. Throughout the
experimental protocol, the tissue should be sprayed with water to maintain hydration and
lowerthe effect of the tissue drying out on the results. It was also concluded thatlonger
motions, of at least 20 cycles should be conductedin orderto allow forthe tissue settling

periodthat occurs duringthe first five cycles of the motion.

5.9 Conclusion

The porcine shouldersimulator detailed in Chapter 4 was modified to be compatible witha
human shoulderjoint. Human cadaverictissue treated with the saturated salt solution method
was selected for use within the simulator due to the accessibility of the tissue and the
appropriate functional characteristics of the tissue. The tissue was dissected by consultant

shouldersurgeonsto ensure an accurate and repeatable methodology was created.

The human shouldersimulator actuates tendons (infraspinatus, supraspinatus, teres minor,
subscapularis anterior deltoid and posterior/middle deltoid) of the shoulderjoint to produce
flexion/extension and abduction/adduction motions. A computational model (AnyBody) of the
shoulderwas adapted to reflect the simulator constraints and set up. The results from the
computational model informed the inputs into the control of the simulatorin orderto produce

the desired motions.

The simulator was used with cadaverictissue preserved using the saturated salt solution
method. The preliminary tests suggested that repeatable results for the force in each muscle
through the motion of abduction could be obtained through the use of the simulatorwith
humantissue. The preserved tissue underwent a degradation process when the tissue was left
out of the solution overa period of weeks. Consequently, all future testing with this tissue type
will be conducted within 14 days of the removal of the tissue from the fluid and if suitable, the

tissue will be stored in the fluid between testing days.



128

Chapter 6 — Application of the Human Shoulder Simulator

6.1 Introduction

The methods developed fora porcine shoulder simulator were translated toahuman
cadavericsimulatorand the efficacy of the simulator demonstrated (Chapter 5). Additionally a
study was carried out to assess the effects of time following the removal of the cadaveric
tissue from saturated salt solution on the mechanical properties, and information used to

determine durations of future studies.

Clinically, the doublerow repairmethodis the current standard surgical technique for the
repair of the supraspinatustendon, howeverthere is limited functional preclinical testing of
this method (Pandey and Jaap Willems, 2015). Most biomechanical studies looking at the
strength of the double row repairmethod used atensile testing machine with cyclicloading of
the repair (Meierand Meier, 2006; Kingdom, 2006; Kulwicki etal., 2010). This does not assess
the strength of the fixation during multidirectional functional movements of the shoulder.
There isalso notthe ability to determine the change in muscle forces from the intact state
through the tearing process to a repaired rotator cuff due to the single point of testing
performedinthese studies. Therefore, the aim of this study was to assess the impact on
muscle forces of a rotator cuff tear and a double row repair of the rotator cuff using the

human shouldersimulatorto apply functional loadingtothe tendons of the shoulderjoint.
The main objectives forthis Chapterwere:

e To usethe humanshouldersimulatorto assess the repeatability of the simulatorat
producing cyclicmotion over50° abductionand 70° flexion.
e To studythe change in muscle forces between the intact rotator cuff, a rotator cuff

tear and a double row repair of the rotator cuff.

Overall four cadavericsamples were available forthe studies detailed in Chapter5and in this
Chapter.Sample 1 was usedinthe first study toinvestigate the effect of time following
removal from the saturated salt solution on tissue biomechanics detailed in Chapter5. The
remaining samples (2, 3 and 4) were used forthe second study to look at the effect of rotator

cuff tears and repairs on the internal muscle forces of the joint.

6.2 Study Design

6.2.1 Range of Motion
Three cadavericshouldersamples were available forthis study (samples 2, 3 and 4). Following

the conclusion of the previous study (Chapter5), the angle of motion applied was reviewed. In
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Chapter5, a limited range of motion had been used due to the role of the scapulothoracicjoint
at the higherranges of motion. However, if an abduction motiontothe point of impingement
of the humeral head onto the acromionis used, then this enablesawiderrange of motionto
be achieved, thus providing additional understanding of the biomechanics of the shoulder joint
throughout the abduction and flexion motions. Consequentlya largerrange of motion of 50°
abductionand 70° flexion was selected fortestingin this Chapter. To enable comparisons to
be made between sample 1(Chapter5) and the samplesinthis study (Chapter6), an initial
objective was to compare the effects of the limited (detailed in Section 5.7) and extended
range of motion (detailed above). The remaining samples (3and 4) were tested underthe
extended motion cycles only. All motion sets included 20motion (abduction/adduction or
flexion/extension) cyclesto account forthe initial beddingin process that occurred during the

first5 cycles describedin Section 5.7.

6.2.2 Incorporating Rotator Cuff Tears into the Shoulder Simulation
The effect of a tear of the supraspinatus, the most commonly torn rotator cuff muscle (Kim et
al., 2010), on the muscle forces of the shoulderwas studied. The intact shoulder would
undergo the extended motion cycles. Followingintact tests, with guidance froman
orthopaedicupperlimb surgeon, a 50% anteriorartificial tear of the supraspinatus was made
at the insertion of supraspinatus onto the humeral head. The supraspinatus muscle was
measured between the anterior edge and the infraspinatus tendon, ascalpel was used to cut

the supraspinatus 50% from the anterior edge as shownin Figure 6.1. The shoulderwasthen

50% tear of the
supraspinatus

tested usingthe same extended motion cycles protocol.

Supraspinatus
tendon

Figure 6.1 - Cadavericshoulder (sample 2), photograph showing a 50% anterior artificial tear

(created via a scalpel incision) of the supraspinatus tendon.
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The tear was then extended to a full artificial tear of the supraspinatus muscle which detached
thetendonfromitsinsertionsite asshownin Figure 6.2. Afull extended motion cycle protocol

was again performed on the sample.

Full tear of the
supraspinatus

Supraspinatus
tendon

Figure 6.2 — Cadavericshoulder (sample 2), photograph showinga full artificial tear (created
via scalpel incision) of the supraspinatus which detached the tendon from its insertion site on

the humerus.

Finally, adouble row repair of the supraspinatus was performed by the orthopaedicsurgeon
and the sample underwent the same motion protocol. The doublerow repair method was
selected asitisa verywidely used method of surgical repairthat offers some of the best
outcomes fortears of the supraspinatus (Matthews et al., 2006). The double row repair of the

fully torn supraspinatus muscle isshownin Figure 6.3.



Double row
repair of the
supraspinatus

Figure 6.3 — Cadavericshoulder (sample 4), photograph showinga double row repair of the

supraspinatus tendon as carried out by an upperlimb surgeon.

6.2.3 Available Cadaveric Samples

The overall design of the studies and available samplesis providedin Figure 6.4. The samples
are listed across the top with the test protocols each sample was planned to undergo listed

beneath. Lines are drawn between test conditions where direct comparisons can be made

betweensamples.
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Figure 6.4 - Design of study - Effects of rotator cuff tear and repairs, showing available shoulder
samples. The lines indicate where comparisons can be made between samples (NBsample 1

was tested in Chapter5).

Three cadavericshouldersamples were available forthis study (samples 2, 3 and 4). Samples 2
and 3 were the leftandrightshoulders fromthe same donorand sample 4 was a left shoulder
froma separate donor. Each sample was dissected by an orthopaedicupper-limb surgeonin
orderto maintain consistency throughout the dissection process. During the dissection
process, a visual inspection was made regarding the quality of the rotator cuff tendons and the
presence of any shoulder pathology. Samples 2and 4 had good quality, intact rotator cuffs as
assessed by the orthopaedicsurgeon. Sample 4was a much larger sample than sample 2 with
a greateramount of soft tissue and fat surrounding the glenohumeral joint however both
samples had good quality softtissue. Sample 3however, had avery large degenerative bucket
handle tearof the supraspinatus muscle (Figure 6.5). The anteriorand posterior portion of the
supraspinatus were still attached to the humeral head however this was mainly tough scar
tissue in place of tendinous tissue. The tendon had retracted considerablydue to the
degenerative nature of the tear. In consultation with the orthopaedicsurgeons, it was deemed
that if seenclinically, this tear would not be repaired due to the retraction of the remaining

tissue and the degeneration of the surrounding tissues.
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supraspinatus
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Figure 6.5— Cadavericshouldersample 3. The anterior and posterior portion of the

supraspinatus attachmentis labelled along with the bucket handle tear.

Due to the tearidentified in sample 3, the study design was altered toreflect thisandis
providedin Figure 6.6. Sample 3 underwentthe same extended motion cycle toinvestigate the
range of motion of the joint with such a large tear. Comparisons were thento be made

between an artificial 50% tear of the supraspinatus and the natural tearfoundinsample 3.

Donor 1 Donor 2 Donor 3

Sample 1 (L) Sample 2 (L) Sample 3 (R) Sample 4 (L)
4 ™ 4 ™
Limited intact Limited intact
. = . Natural Tear
motion motion
L vy L v

' ™ ' ™ ' ™

. Extended intact Extended intact

2 week intervals i .
motion motion

L v L ’ L v
( 50% N ( 50% )

Supraspinatus Supraspinatus
\ Tear y \_ Tear y,
é 100% é 100% h

Supraspinatus Supraspinatus
\_ Tear \_ Tear y,
' ' ™

Double row ] Double row
repair J repair

L L S

Figure 6.6 - Final study design (adapted from Figure 6.4) due to large naturaltear in sample 3.
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6.2.4 Sub Study Comparisons
This section describes the sub-study comparisons that were made. Due to limited availability of
the samples, and two shoulders from one donorand some tissue degeneration, samples were
selected to be comparedin different ways to answer specificquestions, these groupings are

shownin Figure 6.7. The sub studies were:
A —The effectof increased angle of motion onthe muscle forces.

B — The repeatability of the human shouldersimulator when performing the same motion with

differentsamples.

C—The effectofa 50% artificial tear of the supraspinatus on the muscle forces within the joint.
D — The effect of a 100% artificial supraspinatus tearonthe muscle forces within the joint.

E— The effect of adouble row repair of the supraspinatus muscle onthe muscle forces.

F — The difference between an artificial tearand a natural tear of the supraspinatus muscle.
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Figure 6.7 - The study design updated to show the sub studies (A - F) which will answer
individualresearch questions. A: The effect of increased angle of motion on the muscle forces.
B: The repeatability of the simulator when performing motion with different samples. C: The
effect of a 50% artificial tear of the supraspinatus. D: The effect of a 100% artificial tear of the
supraspinatus. E: The effect of a double row repair of the supraspinatus. F: The difference

between an artificial tear and the naturaltear of the supraspinatus.

6.3 Flexion motion cycles

Three repeats of the flexion motion cycle were conducted foreach sample through every test
case detailedin Figure6.7. Flexion of the shoulderis predominantly conducted through the
use of the anteriordeltoid, coracobrachialis and pectoralis major muscles with limited impact
of the rotator cuff tendons otherthanin theirrole of maintainingjoint stability (Changetal.,
2023). Both the coracobrachialis muscle and the pectoralis major muscle were removed during
the dissection processto allow foraccess to the rotator cuff muscles lying below. The flexion
motion was performedin all cases (intact, torn and repaired) due tothe reliance onthe

anteriordeltoid forthe motion.

A single motion cycle of the flexion motion performed with sample2is shownin Figure 6.8.
The primary flexor was the anterior deltoid, and the rotator cuff muscles (supraspinatus,

infraspinatus, teres minorand subscapularis) provided limited force.
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Figure 6.8 - The muscle force values for a single repeat of the flexion motion with sample 2. The

grey zones represent periods of flexion and the white zones show periods of extension.

The mean ratios of force across the three flexion repeats with anintact and artifici al 50%
supraspinatustearin sample 2 are shownin Figure 6.9. At maximum flexion in the intact case,
the anteriordeltoidis providing 80% of the total force within the joint with the rotator cuff as
a whole providing only 6%. Afteran artificial 50% tear of the supraspinatus tendon, the
anteriordeltoid provides 84% of the force. Due to the verylimited changes within the force
distributions between the test cases atall angles of flexion, the remainder of the studies focus

on the effect of the test cases on muscle forces through the abduction motions.
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Figure 6.9 - The mean distributions of the force required in flexion forthe three repeats of the

intact and 50% artificial supraspinatus tearin sample 2.

6.4 Sub Study A: Effect of increased angle of motion on the muscle forces

The cadavericshouldersample in this study (sample 2) underwent both the limited and
extended motion protocols. Three repeats of the motion cycle were conducted as stated in the
protocol describedin Section 5.7 for both the limited and extended motion cycles. The limited
abduction cycles were performed appropriately by the simulator and force data was obtained
fromallload cells throughout. All threerepeats of the extended abduction were conducted
successfully and the motion was visually consistent. The force data obtained fromthe load cell
was appropriate forthe first motion cycle howeverforrepeats 2and 3, the anteriordeltoid
load cell produced very sporadicand low values throughout the extended motion. Due to the
post-processing of the data occurring afterall repeats were conducted, it was not possible for
additional repeats of the extended abduction cycle to be conducted. Consequently, the data
presented forthe extended motion cycle in sample 2is based solely on the firstrepeat of the

abduction motion.

The force in each muscle throughoutthe 20 motion cycles forthe first repeat of the limited

and extended abduction motion are givenin Figure 6.10A and B respectively. The distribution
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of the total force between the muscles of the shoulder during cycles 6-10 of the limited and
extended motion cycles are shownin Figure 6.11. The distribution values are the mean of the

three limited abduction repeats howeverare the first repeat of the extended abduction run.
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Figure 6.10 - Forcein each muscle during abduction against time of sample 2. A: Limited
abduction of 30 degrees. B: Extended abduction of 50degrees. The grey zones indicate periods

of abduction and the white zones indicate periods of adduction.
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Figure 6.11 - The mean distribution of force between the rotator cuff muscles at mean neutral
position and mean maximum abduction position during the limited and extended motion
protocols. The distribution forthe extended cycle is based solely on repeat 1 due to errors with

the anteriordeltoid load cell.

The limited abduction cycle that was used with sample 1in the previous study ( Chapter 5) was
alsorepeated with sample 2alongside the extended motion protocol. An exampleforasingle
repeat of the graph of the forces required forthe limited motion cycles forsample 2isgivenin
Figure 6.10A. As with sample 1, the supraspinatus muscle provided the majority of the force at
maximum abduction. However, if the magnitude of the force in the supraspinatus muscleis
compared with Figure 5.9 and Figure 5.12 forsample 1, thisislowerin sample 2 than sample 1
and the proportion of the total force that the supraspinatus muscle contributed was also
lower. This was however consistent across all the repeats with sample 2indicating that this

may be related tointer-samplevariation.

The mean distribution of the total force between the muscles during cycles 6-10 of both the
limited and extended motions (sample 2) isgivenin Figure 6.11. It can be seenthatthe total
magnitude of force was higherwhen a higherangle of abduction was reached due to the
increased effect of gravity on the joint. The ratio of the force between the different muscles at
the maximum abduction also changed between the two motion cycles. The anteriorand

middle deltoid were contributing a higher proportion of the force at the maximum abduction
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angle (50°) compared to the supraspinatus. This corresponds to Lam and Bordoni (2021) who
stated that the primary muscle duringthe initiation of abduction was the supraspinatus
muscle, then the deltoid muscle took overas primary mover up until 90° (Lam and Bordoni,
2021). In this study at a higherangle of abduction, the deltoid muscles contributed a higher
percentage of force once the abduction motion had beeninitiated by the supraspinatus

muscle (Figure 6.11).

A single abduction to 50° performed by the simulator was plotted against the angle of
abductionand comparedto the initial AnyBody model of the human shoulder simulator,
describedin Section 5.3,and shownin Figure 6.12. In both cases the supraspinatus muscleis
the force producing the maximum force between 0° and 23° abduction. Inthe computational
model of the simulatorsetup the anterior deltoid then takes overas prime moverhoweverin
the physical simulatorthisisamore gradual increase in force in both the anteriorand middle
deltoid muscles which continueincreasing through to 50° abduction. The forcesinthe
computational model givenin Figure 6.12A are considerably higher (maximum of 163 N) than
those inthe physical simulator (maximum 27N). The lowerarm weight was removed in the
computational model howeverthe full weight of the upperarm was leftintact. During the
physical experiments, all musculature and surrounding tissue was removed from the upper
arm otherthan the required tendons, hence the simulated weight of the upperarm was

considerable less than that modelled computationally.
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Figure 6.12 - A single cycle of abduction from 0° - 50° performed by the computational

AnyBody simulator model (A) and the human shoulder simulator (B).

6.5 Sub Study B: Repeatability of the human shoulder simulator when

performing the same motion with different samples.

The extended motion protocolwas performed using both sample 2and sample 4 as detailedin
Figure 6.6. Forces measured duringthe first repeat of the extended motion cycle forsample 2
are providedin Figure 6.10B and an example of the forces measured during the extended
motion cycle insample 4 are givenin Figure 6.13. The mean distribution of the total force
between the muscles of the shoulder joint at the maximum and minimum abduction values for
all repeatsand cycles 6-10 are shownin Figure 6.14 for the forces measured during the

extended motion cycle in sample 2and sample 4. Due t