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Chapter 1: Introduction

TKe LQWURdXcWLRQ cKaSWeU ZLOO SURYLde bacNgURXQd fRU RXU SURMecW LQ WKe bLReQgLQeeULQg fLeOd

aORQg ZLWK a UeYLeZ Rf WKe cXUUeQW fLeOd LQYROYLQg K\dURgeO fRUPaWLRQ, ceOO eQcaSVXOaWLRQ aQd

PLcURQeedOe cUeaWLRQ WKURXgK 3D SULQWLQg. IQ addLWLRQ, WKeUe ZLOO be aQ RYeUYLeZ Rf WKe YaULRXV

bLRORgLcaO aQd WecKQLcaO cRPSRQeQWV Rf RXU SURMecW. AOO Rf ZKLcK aUe YLWaO fRU WKe cRPSOeWe

cRPSUeKeQVLRQ Rf RXU SURMecW aQd gRaOV.

1.1 Background

OXU SURMecW fRcXVeV RQ bLRSURceVVLQg, ZKLcK LV a SURceVV WKaW WUaQVOaWeV bLRORgLcaO UeVRXUceV,

VXcK aV PaPPaOLaQ ceOOV LQWR XVefXO LQdXVWULaO SURdXcWV [1]. OQe Rf WKe PaQ\ WKeUaSLeV cUeaWed

XVLQg bLRSURceVVLQg aUe PRQRcORQaO aQWLbRdLeV [2]. CXUUeQWO\, WKeUe LV a KXge Qeed fRU OaUge VcaOe

SURdXcWLRQ Rf PRQRcORQaO aQWLbRdLeV WR WUeaW caQceU, CRYLd-19, aQd RWKeU dLVeaVeV [3],[4].

BLRSURceVVLQg W\SLcaOO\ WaNeV SOace LQ LQdXVWULaO bLRUeacWRUV, ZKLcK SURdXce VWaQdaUdL]ed,

UeSURdXcLbOe ceOO baVed WKeUaSLeV RQ a OaUge VcaOe [5]. TKeUe aUe a ZLde YaULeW\ Rf bLRUeacWRUV,

UaQgLQg LQ VL]e fURP 15 PL WR 2000 L. IQdXVWULaO bLRUeacWRUV aUe e[WUePeO\ KLgK WKURXgKSXW,

KRZeYeU WKe\ dR caXVe ceOO daPage b\ LQdXcLQg K\dURd\QaPLc VWUeVV [6]. TKLV e[ceVV

K\dURd\QaPLc VWUeVV OeadV WR ceOO deaWK aQd UeYeUVLRQ, bXW LW LV dLffLcXOW WR TXaQWLf\ WKLV VWUeVV

beWZeeQ VcaOeV [7],[8]. TKeUefRUe, WKeUe LV a Qeed WR deYeORS VWUaWegLeV WR aQaO\]e K\dURd\QaPLc

VWUeVV RQ WKe VPaOO VcaOe VR WKaW K\dURd\QaPLc VWUeVV caQ be XQdeUVWRRd dXULQg WKe VcaOeXS

SURceVV.

OXU SURMecW bXLOdV XSRQ WKe ZRUN Rf a 2018 VeQLRU deVLgQ SURMecW WLWOed ³TKUee-DLPeQVLRQaO (3D)

PULQWed MLcURQeedOeV fRU MLcUReQcaSVXOaWed CeOO E[WUXVLRQ´ [9]. TKe PaLQ RbMecWLYe Rf WKLV

SURMecW ZaV WR cUeaWe a KROORZ PLcURQeedOe aQd LdeQWLf\ WKe RSWLPXP fORZ UaWe fRU WKe e[WUXVLRQ

Rf YLabOe eQcaSVXOaWed ceOOV WKURXgK a PLcURQeedOe aUUa\ fRU ZRXQd KeaOLQg aSSOLcaWLRQV. TKLV

SURMecW KLgKOLgKWV WKe feaVLbLOLW\ Rf eQcaSVXOaWed ceOO e[WUXVLRQ, VSecLfLcaOO\ SURWecWLRQ fURP

VKeaU, WKURXgK a KROORZ PLcURQeedOe aVVePbO\, aV WKeUe ZeUe YeU\ ORZ YaOXeV Rf K\dURd\QaPLc

VWUeVV (a 1 Pa) aVVRcLaWed ZLWK e[WUXVLRQ WKURXgK WKeLU deYLce. FRU RXU SURMecW, Ze ZLOO be

cUeaWLQg a VRfW VeQVRU deYLce fRU bLRSURceVVLQg b\ UedeVLgQLQg WKe ZRXQd KeaOLQg PLcURQeedOe
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deYLce WR LQdXce PRUe VKeaU aQd be XVed aV a SUeVcUeeQLQg WRRO fRU bLRSURceVVLQg aSSOLcaWLRQV.

TabOe 1. BacNgURXQd aQd IQVSLUaWLRQ BeKLQd PURMecW

2018 SD [9] 2020 Industrial
Grant

2021 SD [10] 2022 SD

Translation Wound healing Industrial
bioprocessing
problem
statement
identified

Simulation Bioprocessing of shear

Biomaterials U87 cells, alginate,
polymethyl
methacrylate
(PMMA)

N/A N/A Chinese Hamster
Ovary (CHO) cells,
3% alginate, PMMA

Device 3D printing,
stereolithography
(SLA)

N/A N/A 3D printing, SLA,
design change

Biocompatibility
Testing

WST-1 Cytotoxicity
Assay [11]

N/A N/A Lactate
dehydrogenase (LDH)
cytotoxicity assay

Computation N/A Statistical Proof of
Shear

Fracture,
clogging,
shear
(CAD/CAM)

Increased
hydrodynamic shear

1.2 Problem Statement

TKe gRaO Rf RXU SURMecW LV WR deVLgQ a VRfW bLRVeQVRU deYLce fRU deWecWLQg K\dURd\QaPLc VKeaU LQ

PLcUReQcaSVXOaWed ceOOV SULRU WR eacK VcaOe-XS VWeS dXULQg bLRSURceVVLQg.

1.3 ReYieZ of Field

1.3.1 HolloZ Microneedle Arra\s

GeQeUaOO\, PLcURQeedOe W\SeV caQ be VeSaUaWed LQWR fRXU caWegRULeV (FLgXUe 1): VROLd, cRaWed,

dLVVROYLQg, aQd KROORZ [12]. OXU SURMecW fRcXVeV RQ WKe XVe Rf KROORZ PLcURQeedOeV, ZKLcK aUe

OLNe K\SRdeUPLc QeedOeV, bXW aUe VKRUWeU LQ OeQgWK. MRVW UeVeaUcK aQd aSSOLcaWLRQV Rf KROORZ

PLcURQeedOe aUUa\V LQYROYe WUaQVdeUPaO dUXg deOLYeU\. TKe XVe Rf PLcURQeedOeV fRU WUaQVdeUPaO
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dUXg deOLYeU\ aUe adYaQWageRXV RYeU WUadLWLRQaO deUPaO SaWcKeV, aV WKe deUPaO SaWcK caQQRW

deOLYeU dUXgV WKURXgK WKe WRS Oa\eU Rf WKe VNLQ Lf WKe\ aUe QRW OLSLd-VROXbOe [13]. AddLWLRQaOO\,

PLcURQeedOeV KaYe WKe abLOLW\ WR SLeUce WKURXgK WKe VWUaWXP cRUQeXP aQd eQWeU WKe deVLUed

deOLYeU\ VLWe Rf WKe VNLQ Oa\eUV LQ a PLQLPaOO\-LQYaVLYe PeWKRd [14].

FLgXUe 1. MeWKRdV Rf WUaQVdeUPaO dUXg deOLYeU\ XVLQg VROLd, cRaWed, dLVVROYLQg, aQd KROORZ

PLcURQeedOe SaWcKeV [12].

FRU ZRXQd KeaOLQg aSSOLcaWLRQV, LW LV LPSRUWaQW WKaW VKeaU VWUeVV LV OLPLWed VR WKaW WKe

eQcaSVXOaWed ceOOV VXUYLYe aQd aUe deOLYeUed SURSeUO\ WR WKe VNLQ WKURXgK WKe PLcURQeedOe aUUa\.

TKLV PeaQV WKaW PaQ\ PLcURQeedOe aUUa\ V\VWePV aLP WR decUeaVe WKe aPRXQW Rf VKeaU VWUeVV

e[SeULeQced b\ WKe ceOOV dXULQg deOLYeU\ [15]. IQ WKe caVe Rf RXU SURMecW, Ze ZaQW WR Pa[LPL]e WKe

VKeaU VWUeVV e[SeULeQced b\ eQcaSVXOaWed ceOOV LQ RUdeU WR PLPLc WKe eQYLURQPeQW Rf LQdXVWULaO

bLRUeacWRUV.

1.3.2 Bioprocessing of Shear

AV PeQWLRQed SUeYLRXVO\, KLgK OeYeOV Rf VKeaU VWUeVV aUe aVVRcLaWed ZLWK bLRSURceVVLQg. IQ WKe

bLRUeacWRU eQYLURQPeQW, ceOOV caQ be daPaged b\ KLgK VKeaU VWUeVV, WeaULQg aSaUW ceOOV aQd ceOO

aggUegaWeV aQd UeVXOWLQg LQ ORZeU ceOO TXaOLW\ aQd ceOO \LeOd [16]. AddLWLRQaOO\, cXUUeQW VWXdLeV

VKRZ WKaW WKeUe e[LVWV a OacN Rf VcaOabOe SURWRcROV fRU WKe LQRcXOaWLRQ aQd KaUYeVWLQg SKaVeV
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[17],[18]. TKeUefRUe, WKeUe LV a Qeed WR deYeORS VWUaWegLeV WR aQaO\]e K\dURd\QaPLc VWUeVV RQ WKe

VPaOO VcaOe VR WKaW K\dURd\QaPLc VWUeVV caQ be XQdeUVWRRd dXULQg WKe VcaOeXS SURceVV.

1.4 Biological and Technical Components

1.4.1 Biomaterials

TKe SXUSRVe Rf ceOO eQcaSVXOaWLRQ WecKQRORgLeV LV WR WUaS YLabOe aQd fXQcWLRQaO ceOOV ZLWKLQ a

VePLSeUPeabOe PaWUL[ [19]. TKeUe aUe a YaULeW\ Rf dLffeUeQW PaWeULaOV WKaW caQ be XVed fRU ceOO

eQcaSVXOaWLRQ. CRPPRQ caUbRK\dUaWeV XVed fRU ceOO eQcaSVXOaWLRQ LQcOXde agaURVe, cKLWRVaQ, aQd

aOgLQaWe, ZKLOe cRPPRQ SURWeLQV XVed fRU PLcUReQcaSVXOaWLRQ LQcOXde cROOageQ, geOaWLQ, aQd

eOaVWLQ [19]. OXU SURMecW ZLOO XWLOL]e aOgLQaWe, ZKLcK LV WKe PRVW ZLdeO\ XVed PaWeULaO fRU WKe

eQcaSVXOaWLRQ Rf OLYLQg ceOOV [20]. AOgLQaWe caSVXOeV ZLOO be cUeaWed XVLQg CaCO2, ZKLcK LV RQe Rf

WKe PRVW cRPPRQO\ XVed ageQWV WR LRQLcaOO\ cURVVOLQN aOgLQaWe [20].

VLVcReOaVWLcLW\ LV aQ LPSRUWaQW cRPSRQeQW Rf aOgLQaWe K\dURgeOV, aV WKe SK\VLcaO SURSeUWLeV Rf WKe

e[WUaceOOXOaU PaWUL[ affecW ceOO beKaYLRUV VXcK aV ceOO adKeVLRQ aQd PLgUaWLRQ WR dLffeUeQWLaWLRQ

[21]. ReceQW VWXdLeV KaYe UeYeaOed ECM YLVcReOaVWLcLW\, LQdeSeQdeQW Rf VWLffQeVV, aV a cULWLcaO

SK\VLcaO SaUaPeWeU UegXOaWLQg ceOOXOaU SURceVVeV, VXcK aV ceOO VSUeadLQg [22],[23]. TKeVe

SURSeUWLeV aUe LPSRUWaQW WR cRQVLdeU ZKeQ cUeaWLQg aOgLQaWe caSVXOeV.

AQRWKeU bLRPaWeULaO aVVRcLaWed ZLWK RXU SURMecW LV SRO\PeWK\O PeWKacU\OaWe (PMMA). PMMA LV

a WUaQVSaUeQW, OLgKWZeLgKW WKeUPRSOaVWLc UeVLQ WKaW LV V\QWKeVL]ed b\ SRO\PeUL]LQg PeWK\O

PeWKacU\OaWe [24]. PMMA LV a bLRcRPSaWLbOe PaWeULaO [25] aQd ZLOO be XVed ZKeQ 3D SULQWLQg

RXU VRfW bLRVeQVRU.

1.4.2 Cells

TKeUe aUe a PXOWLWXde Rf dLffeUeQW PaPPaOLaQ ceOO OLQeV. OXU SURMecW XVeV CKLQeVe HaPVWeU

OYaU\ (CHO) ceOOV, aV CHO ceOOV KaYe becRPe WKe VWaQdaUd PaPPaOLaQ KRVW ceOO OLQe aQd aUe

RfWeQ XVed fRU cRPPeUcLaO PaQXfacWXULQg [26]. CHO ceOOV KaYe beeQ SURYeQ WR be eaV\ WR

cXOWXUe, KaYe FDA-aSSURYaO, aQd KaYe ORZ VXVceSWLbLOLW\ WR YLUXVeV [26],[27]. CHO ceOOV aOVR caQ

gURZ LQ VeUXP-fUee aQd cKePLcaOO\ defLQed PedLa, eQVXULQg UeSURdXcLbLOLW\ beWZeeQ dLffeUeQW

baWcKeV Rf ceOO cXOWXUe [27].

4



1.4.3 3D Printing

OXU SURMecW XWLOL]eV VWeUeROLWKRgUaSK\ (SLA), a 3D SULQWLQg SURceVV WKaW XVeV a UV OaVeU WR cXUe

OLTXLd SKRWRUeVLQ b\ fUee UadLcaO SRO\PeUL]aWLRQ LQWR KaUdeQed SOaVWLc [28]. TKe SURceVV LQYROYeV

a cRPSXWeU-cRQWUROOed UV OaVeU beaP, ZKLcK KaV beeQ SUe-SURgUaPPed XVLQg CAM/CAD

VRfWZaUe, WR dUaZ a cURVV-VecWLRQ Rf WKe 3D PRdeO aQd VeOecWLYeO\ KaUdeQ WKe PaWeULaO ZLWK WKe

SULQW beLQg bXLOW LQ cRQVecXWLYe Oa\eUV. IQYeUWed VWeUeROLWKRgUaSK\ LV WKe PRVW cRPPRQ SLA

V\VWeP, aQd LV WKe V\VWeP WKaW LV XWLOL]ed LQ RXU Oab. IQYeUWed SLA LV SRSXOaU becaXVe LW UeTXLUeV a

PXcK VPaOOeU UeVLQ WaQN cRPSaUed WR bXLOd YROXPe [29]. AddLWLRQaOO\, WKe cUeaWLRQ Rf

XSVLde-dRZQ PacKLQeV aOORZed VWeUeROLWKRgUaSK\ WR PRYe WR WKe deVNWRS, ZLWK a VPaOOeU

fRRWSULQW aQd PXcK ORZeU cRVW [29]. FLQaOO\, SLA KaV a Pa[LPXP UeVROXWLRQ aW 25 XP [30],

PaNLQg LW aQ LdeaO 3D SULQWLQg PeWKRd WR XVe ZKeQ cUeaWLQg deVLgQV RQ WKe PLOOLPeWeU RU PLcURQ

VcaOe.

1.4.4 Bioreactors

BLRUeacWRUV aUe eQgLQeeUed V\VWePV WKaW aUe XVed WR PaLQWaLQ ZeOO-cRQWUROOed PLcUReQYLURQPeQWV

WKaW UegXOaWe ceOO gURZWK, dLffeUeQWLaWLRQ, aQd WLVVXe fRUPaWLRQ [31]. BLRUeacWRUV aUe e[WUePeO\

LPSRUWaQW LQ WKe ceOO-baVed WKeUaS\ LQdXVWU\, aV WKe\ aUe QeceVVaU\ LQ RUdeU WR SURdXce

VWaQdaUdL]ed, UeSURdXcLbOe ceOO baVed SURdXcWV fRU UegeQeUaWLYe PedLcLQe aSSOLcaWLRQV [31].

AddLWLRQaOO\, bLRUeacWRUV aUe adYaQWageRXV becaXVe OaUge QXPbeUV Rf ceOOV (10^8 WR 10^10) aUe

Qeeded LQ RUdeU fRU ceOO-baVed WKeUaSLeV WR be effecWLYe aQd VXcceVVfXO [31]. TKLV PeaQV WKaW a

OaUge aPRXQW Rf VSace LV Qeeded WR gURZ WKe ceOOV LQ a Za\ WKaW WKe VWaQdaUd ceOO cXOWXUe aSSaUaWXV

LV QRW abOe. BecaXVe bLRUeacWRUV aUe abOe WR VXSSRUW LQdXVWULaO-VcaOe, XOWUa-KLgK-deQVLW\ ceOO

VXVSeQVLRQ cXOWXUeV ZLWK cRQWUROOed PLcUReQYLURQPeQWV, VWaQdaUdL]aWLRQ, aQd XQLfRUPLW\ Rf

cXOWXUe cRQdLWLRQV, WKeVe V\VWePV aUe LPSRUWaQW WRROV fRU WKe OaUge-VcaOe SURdXcWLRQ Rf ceOO

WKeUaSLeV.

TKeUe aUe WKUee PaLQ cOaVVeV Rf bLRUeacWRUV: ceOO e[SaQVLRQ bLRUeacWRUV, WLVVXe eQgLQeeULQg

bLRUeacWRUV, aQd Oab-RQ-a-cKLS V\VWePV [31]. IQ RXU SURMecW, Ze ZLOO be fRcXVLQg RQ ceOO e[SaQVLRQ

bLRUeacWRUV. CeOO e[SaQVLRQ bLRUeacWRUV aUe LPSRUWaQW becaXVe Rf WKe QeceVVLW\ WR SURdXce OaUge

TXaQWLWLeV Rf KLgK TXaOLW\ WKeUaSeXWLcV LQ WKe bLRWecKQRORg\ LQdXVWU\ [32]. TKeUe aUe a YaULeW\ Rf

facWRUV WKaW aUe cUXcLaO WR WKe VcaOeXS SURceVV, VXcK aV PL[LQg WLPe, R[\geQ WUaQVfeU, aQd caUbRQ

dLR[Lde UePRYaO [32]. SSecLfLcaOO\, RQe VWXd\ fRXQd WKaW VcaOLQg XS WR a 5,000 L bLRUeacWRU Oed WR
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a ORZeU R[\geQ WUaQVfeU cReffLcLeQW, ORQgeU PL[LQg WLPe, aQd ORZeU caUbRQ dLR[Lde UePRYaO UaWe

WKaQ ZaV VeeQ LQ VPaOOeU, beQcK VcaOe bLRUeacWRUV [32]. IW LV LPSRUWaQW WKaW WKeVe facWRUV aUe WaNeQ

LQWR cRQVLdeUaWLRQ dXULQg WKe VcaOeXS SURceVV.

FLgXUe 2 VKRZV WKe YaULRXV PL[LQg SaWWeUQV WKaW caQ LQdXce K\dURd\QaPLc VWUeVV LQ a bLRUeacWRU

[33]. FLgXUe 3, ZKLcK VKRZV acWLYLW\ LQ a bLRUeacWRU, VKRZV WKe cRUUeOaWLRQ beWZeeQ

K\dURd\QaPLc VWUeVV aQd Re\QROdV QXPbeU [34]. AV WKe fORZ YeORcLW\ aQd PL[LQg ULgRU LQcUeaVeV,

K\dURd\QaPLc VWUeVV aOVR LQcUeaVeV. AV a UeVXOW, WKe gRaO Rf RXU SURMecW LV WR cUeaWe a VRfW

bLRVeQVRU WKaW caQ UeSURdXce WKe YaOXeV LQ FLgXUe 3, RSeUaWLQg aV a SUeVcUeeQLQg WRRO WR aQaO\]e

WKe K\dURd\QaPLc VWUeVV befRUe VcaOeXS.

FLgXUe 2. ML[LQg SaWWeUQV LQ a bLRUeacWRU [33]. N: USP Rf WKe SURSeOOeU, Qg: gaV fORZ UaWe.

FLgXUe 3. GUaSK Rf K\dURd\QaPLc VWUeVV YV. Re\QROdV QXPbeU [34].
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1.4.5 FloZ Anal\sis

MRQLWRULQg Rf ceOO YLabLOLW\ UeTXLUeV e[WUaQeRXV VKeaU VWUeVV aQaO\VLV fRU ceOOV WKaW KaYe

XQdeUgRQe aQ aSSOLed VKeaU VWUeVV. TKe SURSRUWLRQ Rf aSSOLed VKeaU VWUeVV ZLOO cRUUeOaWe WR WKe

YLabLOLW\ Rf WKe ceOOV WKURXgK QXPeURXV aQaO\VeV. TKeVe aQaO\VeV ZLOO LQcOXde WKe XVe Rf WKe

NaYLeU-SWRNeV ETXaWLRQV, NeZWRQ¶V LaZ Rf VLVcRVLW\, WKe Re\QROdV QXPbeU, aQd BeUQRXOOL¶V

PULQcLSOe.

TKe NaYLeU-SWRNeV ETXaWLRQV aUe SaUWLaO dLffeUeQWLaO eTXaWLRQV WKaW deVcULbe WKe fORZ Rf

LQcRPSUeVVLbOe NeZWRQLaQ fOXLdV. TKe NaYLeU SWRNeV eTXaWLRQV aUe aV fROORZV:

[1]ρഈ՝ * ∇ഉ՝ ࡦ ∇ * ഌࡠ ρ𝑙  𝐾  𝐹  

[2]ρ∇ * ՝ ࡦ 0

[3]𝐾 ࡦ  µഈ∇՝  ഈ∇՝ഉ𝑇ഉ

UeSUeVeQWV fOXLd fORZ, UeSUeVeQWV fOXLd SUeVVXUe, UeSUeVeQWV fOXLd deQVLW\, aQd UeSUeVeQWV՝  ρ µ

fOXLd d\QaPLc YLVcRVLW\. LV WKe YROXPe fRUce YecWRU, aQd = 0 fRU QRQ-YLVcRXV aQd𝐹 𝐾

LQcRPSUeVVLbOe fORZ. ETXaWLRQ 1 LV a YecWRU eTXaWLRQ ZKLcK UeSUeVeQWV cRQVeUYaWLRQ Rf

PRPeQWXP aQd ETXaWLRQ 2 LV WKe cRQWLQXLW\ eTXaWLRQ ZKLcK UeSUeVeQWV WKe cRQVeUYaWLRQ Rf PaVV.

NeZWRQ¶V LaZ Rf VLVcRVLW\ cRUUeOaWeV WKe VKeaU VWUeVV beLQg aSSOLed aQd d\QaPLc YLVcRVLW\ Rf WKe

ceOOXOaU VROXWLRQ [35]. NeZWRQ¶V LaZ Rf VLVcRVLW\ LV aV fROORZV:

[4]τ ࡦ  µ 𝑑՝
𝑑ա

UeSUeVeQWV VKeaU VWUeVV, ZKLcK LV LQWeUcKaQgeabOe ZLWK K\dURd\QaPLc VWUeVV fRU WKe SXUSRVeV Rfτ

WKLV SURMecW. UeSUeVeQWV YLVcRVLW\ aQd LV WKe UaWe Rf VKeaU defRUPaWLRQ.µ 𝑑՝
𝑑ա
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TKe Re\QROdV QXPbeU LV LPSRUWaQW becaXVe LW dLVWLQgXLVKeV beWZeeQ OaPLQaU aQd WXUbXOeQW fORZ,

e[SOaLQLQg WKe UeOaWLRQVKLS beWZeeQ YeORcLW\ aQd aVVRcLaWed VKeaU. TKe Re\QROdV QXPbeU LV aV

fROORZV:

[5]𝑅𝑒 ࡦ ρ𝑉𝐷
µ

IQ WKLV eTXaWLRQ, UeSUeVeQWV deQVLW\, UeSUeVeQWV YeORcLW\, UeSUeVeQWV dLaPeWeU, aQdρ 𝑉 𝐷 µ

UeSUeVeQWV bXON YLVcRVLW\. IW LV LPSRUWaQW WR eQVXUe OaPLQaU fORZ Rf ceOOV dXULQg RXU e[SeULPeQW, aV

Lf a SURSeU OaPLQaU fORZ LV QRW NeSW, WKeQ WKe SURSRUWLRQaOLW\ Rf VKeaU VWUeVV aQd fORZ UaWe caQQRW

be cRUUecWO\ TXaQWLfLed [35].

BeUQRXOOL¶V PULQcLSOe deVcULbeV WKe UeOaWLRQ beWZeeQ SUeVVXUe, YeORcLW\, aQd deQVLW\ LQ UegaUd WR

fORZ. BeUQRXOOL¶V PULQcLSOe LV aV fROORZV:

P1 V1
2 K1 =  P2 V2

2 K2  [6] 1
2 ρ    ρ𝑔    1

2 ρ    ρ𝑔

IQ WKLV eTXaWLRQ, , , aQd UeSUeVeQWV WKe SUeVVXUe, YeORcLW\, aQd deQVLW\ Rf WKe fOXLd,𝑃 𝑉 ρ

UeVSecWLYeO\. LV acceOeUaWLRQ dXe WR gUaYLW\. BeUQRXLOOL¶V PULQcLSOe LV a Ne\ cRPSRQeQW Rf ceOO𝑔

fORZ aQaO\VLV, aV BeUQRXOOL¶V PULQcLSOe WaNeV LQWR cRQVLdeUaWLRQ WKe cKaQgLQg cURVV-VecWLRQaO aUeaV

aQd eQabOeV a cRPSOeWe XQdeUVWaQdLQg Rf WKe fORZ W\Se WKaW ceOOV aUe e[SeULeQcLQg aV ZeOO aV WKe

SUeVVXUe dLffeUeQceV aVVRcLaWed ZLWK cKaQgLQg cURVV-VecWLRQaO aUeaV [35]. TKLV LV eVSecLaOO\

LPSRUWaQW WR RXU SURMecW dXe WR WKe cKaQgLQg cURVV-VecWLRQaO aUeaV aVVRcLaWed ZLWK WKe

PLcURQeedOe deVLgQ.

1.5 Project Proposal

IQ RUdeU WR cUeaWe a VRfW bLRVeQVRU WKaW caQ be XVed aV a SUeVcUeeQLQg WRRO WR aQaO\]e

K\dURd\QaPLc VWUeVV befRUe VcaOeXS, SROLdWRUNV ZLOO be XVed WR UedeVLgQ WKe ZRXQd KeaOLQg

PLcURQeedOe aUUa\ WR LQdXce PRUe K\dURd\QaPLc VWUeVV. TKLV LQYROYeV UedXcLQg WKe QXPbeU Rf

PLcURQeedOeV LQ WKe aUUa\, aQd LQcUeaVLQg WKe VcaOe Rf WKe deYLce LQ RUdeU WR e[WUXde OaUgeU

caSVXOeV.
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OQce WKe deYLce KaV beeQ fabULcaWed XVLQg SLA, eQcaSVXOaWed ceOOV ZLOO be e[WUXded WKURXgK WKe

VRfW bLRVeQVRU. CeOO YLabLOLW\ ZLOO be deWeUPLQed b\ caWegRULcaO VcRULQg aQd b\ XVLQg a OacWaWe

deK\dURgeQaVe (LDH) c\WRWR[LcLW\ aVVa\. TKe SURceVV Rf e[WUXVLRQ aQd aQaO\VLV Rf YLabLOLW\

cUeaWe a ORRS V\VWeP (FLgXUe 4) ZKLcK ZLOO be UeSeaWed XQWLO WKe ceOOV KaYe dLed. TKe QXPbeU Rf

e[WUXVLRQ ORRSV ZLOO WKeQ be cRUUeOaWed WR ceOO YLabLOLW\ b\ TXaQWLf\LQg WKe K\dURd\QaPLc VWUeVV

e[SeULeQced b\ CHO ceOOV. FLQaOO\, Ze ZLOO cRPSaUe WKe SXbOLVKed K\dURd\QaPLc VKeaU YaOXeV LQ

LQdXVWULaO bLRUeacWRUV WR WKe VKeaU VWUeVV PeaVXUed LQ RXU e[SeULPeQWaO VeWXS WR YeULf\ RXU deYLce.

FLgXUe 4. DLagUaP Rf e[WUXVLRQ ORRS ZRUNfORZ.

1.6 Importance

OYeUaOO, WKLV SURMecW LV LPSRUWaQW becaXVe RXU VRfW bLRVeQVRU caQ be XVed WR aQaO\]e WKe VKeaU

VWUeVV WKaW PLcUReQcaSVXOaWed CHO ceOOV e[SeULeQce aQd aSSO\ WKLV WR KLgK WKURXgKSXW VcUeeQLQg

aSSOLcaWLRQV. TKeUe LV a Qeed fRU OaUge VcaOe SURdXcWLRQ Rf PRQRcORQaO aQWLbRdLeV WR WUeaW dLVeaVeV

VXcK aV caQceU aQd CRYLd-19. MRQRcORQaO aQWLbRd\-baVed LPPXQRWKeUaS\ LV a PaMRU cRPSRQeQW

Rf caQceU WKeUaS\, aV WKeVe aQWLbRdLeV dLUecWO\ WaUgeW WXPRU ceOOV aQd SURPRWe cRQWLQXed

aQWL-WXPRU LPPXQe UeVSRQVeV [36]. AddLWLRQaOO\, PRQRcORQaO aQWLbRdLeV VXcK aV baPOaQLYLPab,

eWeVeYLPab, caVLULYLPab, LPdeYLPab, aQd VRWURYLPab aUe beLQg XVed WR WUeaW CRYLd-19 LQfecWLRQ

[37],[38],[39]. B\ PeaVXULQg aQd XQdeUVWaQdLQg WKe K\dURd\QaPLc VWUeVV e[SeULeQced b\ WKe

eQcaSVXOaWed ceOOV befRUe eacK VcaOeXS VWeS, WKeUaSeXWLcV VXcK aV PRQRcORQaO aQWLbRdLeV caQ be

SURdXced PRUe effLcLeQWO\, ORZeULQg WKe cRVW Rf WKeVe LPSRUWaQW dUXgV.
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1.7 Project Aims

OXU cXUUeQW aLPV fRU WKLV SURMecW aUe WKe fROORZLQg:

1. TUaQVOaWe WKe deVLgQ Rf WKe cXVWRP KROORZ PLcURQeedOe aUUa\ fURP a ZRXQd KeaOLQg

aSSOLcaWLRQ WR a KLgK WKURXgKSXW VcaOabOe bLRSURceVVLQg aSSOLcaWLRQ.

2. CRUUeOaWe WKe QXPbeU Rf e[WUXVLRQ ORRSV WR ceOO YLabLOLW\ b\ TXaQWLf\LQg WKe K\dURd\QaPLc

VKeaU e[SeULeQced b\ CHO ceOOV.
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Chapter 2: S\stem LeYel

2.1 S\stem LeYel OYerYieZ

TKe cXUUeQW deVLgQ Rf WKe VRfW bLRVeQVRUV deYLce LV cRPSRVed Rf WZR PaLQ SaUWV: RQe cRQWaLQLQg

WKe aUUa\ Rf KROORZ PLcURQeedOeV, aQd WKe RWKeU cRQVLVWLQg Rf a fOXLd cKaPbeU.

2.1.1 Simulation

COMSOL MXOWLSK\VLcV 5.6 ZaV XVed WR VLPXOaWe WKe fORZ WKURXgK WKe RULgLQaO ZRXQd KeaOLQg

PLcURQeedOe aUUa\. FLgXUe 5 VKRZV WKaW a YeU\ VORZ fORZ UaWe ZaV Qeeded LQ RUdeU fRU

eQcaSVXOaWed ceOOV WR SaVV WKURXgK aOO 13 PLcURQeedOeV. WKeQ WKe fORZ UaWe LV LQcUeaVed, WKe fORZ

LV fRcXVed LQ WKe ceQWeU Rf WKe aUUa\. IQdXcLQg VKeaU LQYROYeV KLgKeU fORZ UaWeV, VR WKLV

LQfRUPaWLRQ SURPSWed WKe cUeaWLRQ Rf a 5 PLcURQeedOe aUUa\ fRU RXU VRfW bLRVeQVRU deYLce. IQ WKLV

deVLgQ, WKe QeedOeV ZeUe eQOaUged aQd fRcXVed aURXQd WKe ceQWeU Rf WKe aUUa\.

FLgXUe 5. CRPSaULVRQ Rf WKeUaSeXWLc YeORcLW\ aQd bLRSURceVVLQg YeORcLW\ WKURXgK WKe ZRXQd

KeaOLQg PLcURQeedOe aUUa\.
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OXU fLUVW VLPXOaWLRQ Rf fORZ ZaV WKURXgK a PLcURQeedOe aUUa\ LQ ZKLcK WKe eQOaUged PLcURQeedOeV

ZeUe SOaced LQVLde WKe deYLce. TKLV ZaV a SUecaXWLRQ WR eQVXUe VWUXcWXUaO LQWegULW\ aQd VWabLOLW\ Rf

WKe OaUgeU PLcURQeedOeV, aV Ze ZRUULed WKaW WKe KeaW fURP WKe 3D SULQWeU ZRXOd caXVe WKe e[SRVed

PLcURQeedOeV WR PeOW. IQ FLgXUe 6, WKe K\dURd\QaPLc VWUeVV LV 2 Pa, ZKLcK LV OaUgeU WKaQ WKe

SUeYLRXV YaOXe Rf 1 Pa fURP WKe ZRXQd KeaOLQg deVLgQ. AddLWLRQaOO\, Ze caQ Vee WKaW WKe VXUface

Re\QROdV NXPbeU LV 35, ZKLcK LV LQ WKe OaPLQaU fORZ UegLRQ.

FLgXUe 6. SLPXOaWLRQ Rf fORZ WKURXgK aUUa\ ZLWK PLcURQeedOeV LQVLde WKe deYLce.

FLgXUe 7. SROLdWRUNV UeSUeVeQWaWLRQ Rf VRfW bLRVeQVRU ZLWK PLcURQeedOeV LQVLde deYLce.

FRU RXU VecRQd VLPXOaWLRQ Rf fORZ, WKe eQOaUged PLcURQeedOeV ZeUe SOaced RQ WKe RXWVLde Rf WKe

deYLce. TKLV VLPXOaWLRQ (FLgXUe 8) VKRZV WKaW WKe K\dURd\QaPLc VWUeVV KaV a Pa[LPXP Rf 3.5 Pa,

ZKLcK LV OaUgeU WKaQ WKe YaOXeV aVVRcLaWed ZLWK RXU fLUVW deVLgQ. AddLWLRQaOO\, WKe QeZ deVLgQ KaV

a VXUface Re\QROdV NXPbeU Rf 350, ZKLcK LV aQ RUdeU Rf PagQLWXde OaUgeU WKaQ WKe Re\QROd¶V
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QXPbeU YaOXe fURP RXU fLUVW deVLgQ. TKLV ZaV RXU PRVW VXcceVVfXO deVLgQ, aV LW LQdXced WKe PRVW

VKeaU aQd Kad WKe KLgKeVW VXUface Re\QROdV QXPbeU.

FLgXUe 8. SLPXOaWLRQ Rf fORZ WKURXgK QeZ PLcURQeedOe aUUa\ deVLgQ.

2.1.2 Soft Biosensor Design

TKe bRWWRP cRPSRQeQW Rf WKe deYLce (FLgXUe 9) LV a cLUcXOaU VXUface ZLWK a dLaPeWeU Rf 28.5 PP

aQd a WKLcNQeVV Rf 4.72 PP. AQ aUUa\ Rf 5 cRQLcaO-VKaSed KROORZ PLcURQeedOeV aUe RUgaQL]ed LQ

a cLUcXOaU SaWWeUQ RQ WKLV VXUface. TKe dLPeQVLRQV Rf WKe cRQeV aUe: 3 PP LQ KeLgKW, a baVe

dLaPeWeU Rf 1.6 PP, aQd a WLS dLaPeWeU Rf 0.8 PP. TKeVe OaUgeU dLPeQVLRQV aOORZ fRU OaUgeU

PLcURcaSVXOeV WR SaVV WKURXgK WKe QeedOe aQd LQdXce PRUe VKeaU. AddLWLRQaOO\, WKe ZaOO WKLcNQeVV

ZaV LQcUeaVed WR 0.12 PP VR WKaW WKe ORQgeU PLcURQeedOeV ZeUe VWabOe aQd VecXUe afWeU beLQg 3D

SULQWed. TKLV deVLgQ caQ be VcaOed ZKeQ 3D SULQWLQg, ZKLcK aOORZV fRU WKLV deVLgQ WR

accRPPRdaWe a YaULeW\ Rf PLcURcaSVXOe VL]eV.
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FLgXUe 9. SROLdWRUNV deVLgQ Rf PLcURQeedOe aQd PLcURQeedOe aUUa\ ZLWK dLPeQVLRQV.

FLgXUe 10. SROLdWRUNV UeSUeVeQWaWLRQ aQd 3D SULQWed VRfW bLRVeQVRU deYLce.

2.2 S\stem LeYel Requirements

OXU V\VWeP PXVW be effecWLYe LQ LQdXcLQg VKeaU. TKLV LV WKe UeaVRQ fRU RXU deVLgQ cKaQge, aV WKe

OaUgeU QeedOeV UeVXOWed LQ KLgKeU YaOXeV Rf K\dURd\QaPLc VKeaU aQd VXUface Re\QROd¶V QXPbeU,

ZLWK WKe QeedOeV fRcXVed LQ WKe ceQWeU Rf WKe deYLce WR aOORZ fRU KLgKeU fORZ UaWeV. AddLWLRQaOO\, LW

LV LPSRUWaQW WKaW RXU deYLce dReV QRW cORg VR WKaW WKe eQcaSVXOaWed ceOOV caQ be SURSeUO\ e[WUXded

aQd aQaO\]ed.

2.2.1 Benchmarking Results

NR VWXdLeV VR faU KaYe XVed a KROORZ PLcURQeedOeV V\VWeP aV a SUeVcUeeQLQg WRRO fRU VKeaU

aQaO\VLV. OXU SURcedXUe ZLOO XVe OacWaWe deK\dURgeQaVe aV aQ LQdLcaWRU Rf VKeaU. OQe VWXd\ XVeV a

dURSOeW baVed PLcURfOXLdLc VcUeeQLQg SOaWfRUP aV a Za\ WR deWecW OacWaWe deK\dURgeQaVe, aQd LQ

WXUQ VKeaU VWUeVV [40]. TKLV VWXd\ LQYROYeV XVLQg a VcUeeQLQg aVVa\ aQd fOXRUeVceQce WR deWecW WKe

OeYeOV Rf OacWaWe deK\dURgeQaVe LQ eQcaSVXOaWed ceOOV. AQRWKeU VWXd\ XVed cKaPbeUV WR aXgPeQW

aQd UefLQe PLcURfOXLdLc deYLceV WR SURYLde WKe RSSRUWXQLW\ WR aSSO\ KRPRgeQeRXV VKeaU VWUeVV WR

ceOOV [41]. TKLV VWXd\ aWWePSWV WR deVLgQ aQ LQ-YLWUR deYLce WKaW caQ be XVed WR aSSO\

SK\VLRORgLcaOO\ UeOeYaQW PecKaQLcaO VWUeVV WR a OLQe Rf LQWeVWLQaO eSLWKeOLaO ceOOV. TKe PaLQ
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SXUSRVe beKLQd WKeLU deYLce ZaV WR LQdXce dLffeUeQWLaWLRQ fRU ceOOV ZLWK WKe XVe Rf VKeaU VWUeVV.

TKLV VWXd\ e[ePSOLfLeV aQRWKeU PeWKRd fRU LQWURdXcLQg VKeaU VWUeVV WR ceOOV LQ RUdeU WR PeaVXUe

YaULRXV cRPSRQeQWV Rf ceOOXOaU acWLYLW\, ZKLcK cRQQecWV WR WKe PaLQ RbMecWLYe Rf RXU SURMecW ZLWK

VLPLOaULWLeV LQ LQdXcLQg VKeaU VWUeVV aQd aQaO\]LQg ceOOV.

IQ WeUPV Rf aQaO\]LQg K\dURd\QaPLc VWUeVV, RQe VWXd\ cUeaWed aQ aggUegaWe bUeaNXS V\VWeP,

XVLQg cRQWUacWLQg QR]]OeV WR cRQYeUW WKe PeaVXUed aggUegaWe VL]eV LQWR K\dURd\QaPLc VWUeVV [7].

TKe VWXd\ fRXQd WKaW WKe PeaVXUed YaOXeV Rf K\dURd\QaPLc VWUeVV agUeed ZLWK OLWeUaWXUe daWa,

VXSSRUWLQg WKe aSSOLcabLOLW\ Rf WKeLU PeWKRd WR cKaUacWeUL]e WKe Pa[LPXP effecWLYe

K\dURd\QaPLc VWUeVV LQ cRPSOLcaWed PXOWLSKaVe fORZ [7]. AfWeU fXUWKeU ZRUN, WKe VaPe gURXS

deYeORSed a ORRS V\VWeP WR eYaOXaWe WKe Pa[LPXP RSeUaWLQg UaQge fRU VWLUULQg, baVed RQ a

Pa[LPXP WROeUabOe K\dURd\QaPLc VWUeVV LQ a bLRUeacWRU [8]. TKLV VWXd\ VKRZed fRU WKe fLUVW WLPe

a YaOLdaWLRQ VWXd\ fRU a VcaOe-dRZQ PRdeO, ZLWK WKeLU V\VWeP aOORZLQg fRU a beWWeU XQdeUVWaQdLQg

Rf WKe VcaOLQg SURceVV LQ bLRUeacWRUV. WKLOe WKeVe VWXdLeV aQaO\]e K\dURd\QaPLc VWUeVV dXULQg WKe

VcaOeXS SURceVV, QR RWKeU VWXd\ KaV aWWePSWed WR XVe a 3D SULQWed PLcURQeedOe aUUa\, a ORZ cRVW

aQd acceVVLbOe deYLce, WR aQaO\]e VKeaU VWUeVV, PaNLQg RXU aSSURacK a QRYeO cRQceSW.

2.2.2 Functional Anal\sis

OXU VRfW bLRVeQVRU QeedV WR e[ecXWe WKe fROORZLQg fXQcWLRQV:

● AOORZ fRU e[WUXVLRQ Rf 3 PP caSVXOeV

● WLWKVWaQd PXOWLSOe c\cOeV Rf eQcaSVXOaWed ceOO e[WUXVLRQ

● IQdXce YaOXeV Rf K\dURd\QaPLc VKeaU WKaW caQ be TXaQWLfLed

2.3 Team and Project Management

OXU WeaP LV cRPSRVed Rf WZR VWXdeQW PePbeUV aQd RXU adYLVRU. We PaLQWaLQed UegXOaU

cRPPXQLcaWLRQ VLQce WKe fRXQdLQg Rf RXU gURXS aQd SURMecW, VcKedXOLQg ZeeNO\ PeeWLQgV WR

dLVcXVV SURgUeVV aQd Qe[W VWeSV. AOO dRcXPeQWV, VXcK aV OLWeUaWXUe VeaUcK, SKRWRV, ZULWWeQ ZRUN,

aQd daWa aQaO\VLV ZeUe XSORaded WR RXU VKaUed GRRgOe DULYe fROdeU. BRWK gURXS PePbeUV aUe

WUaLQed LQ SROLdZRUNV WUaLQed WR ZRUN ZLWK PaPPaOLaQ ceOOV.
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2.3.1 Timeline

TabOe 2. 2021-2022 PURMecW TLPeOLQe.

FaOO 2021 WLQWeU 2022 SSULQg 2022

Ɣ LLWeUaWXUe UeVeaUcK
Ɣ DefLQe RXU SURbOeP
Ɣ EVWabOLVK
UROeV/e[ecXWLRQ SOaQ
Ɣ BegLQ caSVXOe fabULcaWLRQ

Ɣ FLQaOL]e deYLce deVLgQ
Ɣ MaNe fXQcWLRQLQg
SURWRW\Se
Ɣ BegLQ ceOO eQcaSVXOaWLRQ
aQd YLabLOLW\ WeVWLQg

Ɣ CRPSOeWe WeVWLQg
Ɣ CUeaWe SeQLRU DeVLgQ
PUeVeQWaWLRQ
Ɣ WULWe fLQaO WKeVLV

2.3.2 Risks and Mitigation

A ULVN LQ RXU aSSURacK LQYROYeV VKULQNage RccXUULQg dXULQg 3D SULQWLQg, aV UeVLQ caQ VKULQN XSRQ

SRO\PeUL]aWLRQ [42]. BecaXVe RXU VRfW bLRVeQVRU cRQVLVWV Rf a WRS aQd bRWWRP SaUW WKaW aUe gOXed

WRgeWKeU, VKULQNage SUeYeQWV WKe SaUWV fURP fLWWLQg WRgeWKeU SURSeUO\. TKLV caQ be PLWLgaWed b\

adMXVWLQg WKe dLPeQVLRQV Rf WKe bRWWRP cRPSRQeQW aQd UeSULQWLQg WKe SaUW, aV WKe deVLgQ LV

fOe[LbOe aQd caQ be edLWed LQ SROLdWRUNV.
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Chapter 3: Subs\stems LeYels

FLgXUe 11. SXbV\VWePV fORZ cKaUW.

3.1 Materials

IQ RUdeU WR SURSeUO\ cRPSOeWe RXU SURMecW Ze Qeeded aQ e[WeQVLYe OLVW Rf PaWeULaOV. OXU PaWeULaOV

fRU WKLV SURMecW LQcOXde: AOgLQLc AcLd SRdLXP SaOW fURP BURZQ AOgae, SRdLXP CKORULde, aQd

CaOcLXP CKORULde DLK\dUaWe ZeUe aOO RbWaLQed fURP SLgPa AOdULcK. OXU LacWaWe DeK\dURgeQaVe

(LDH) C\WRWR[LcLW\ AVVa\ ZaV RbWaLQed fURP TKeUPR FLVKeU ScLeQWLfLc. TKe CHO ceOOV,

NE-1000 CKaQQeO PURgUaPPabOe S\ULQge PXPS, cRa[LaO QeedOeV, aQd VWeULOe fLOWeUV ZeUe aOO

SURYLded WR XV b\ WKe SaQWa COaUa UQLYeUVLW\ BLReQgLQeeULQg DeSaUWPeQW.

3.2 Methods

3.2.1 Computation

TKURXgK cRPSXWaWLRQ, Ze ZeUe abOe WR VLPXOaWe aQd cRQVWUXcW RXU adMXVWabOe aQd VSecLfLed

PLcURQeedOe WR fLW WKe dLPeQVLRQV Qeeded fRU SURSeUO\ e[SeULeQced VKeaU VWUeVV. SLPXOaWLRQV ZeUe

SeUfRUPed XVLQg COMSOL MXOWLSK\VLcV 5.6. TKeVe VLPXOaWLRQV PLPLcNed fORZ UaWeV WKURXgK

WKe PLcURQeedOe, ZKLcK aOORZed fRU WKe deWecWLRQ Rf SURSeU aQd eTXaO fORZ WKURXgK eacK Rf WKe

PLcURQeedOeV LQ RXU deVLgQ, aV ZeOO aV a SUeYLeZ Rf WKe VKeaU VWUeVV e[SeULeQced b\ WKe PaWeULaO

fORZLQg WKURXgK WKe PLcURQeedOe aW aQ\ gLYeQ fORZ UaWe. CRQVWUXcWLRQ Rf WKe PLcURQeedOe ZaV

dRQe XVLQg SROLdWRUNV. SROLdWRUNV eQabOed a PaQLSXOaWLYe fRUPaW fRU cRQVWUXcWLQg WKe

PLcURQeedOe, aOORZLQg RXU PLcURQeedOe WR be fOe[LbOe aQd eaVLO\ adMXVWed.
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3.2.2 Steam Sterili]ation

WKeQ ZRUNLQg ZLWK ceOOV, aOO Rf WKe PaWeULaOV XVed Qeed WR be SURSeUO\ VWeULOL]ed WR SUeYeQW aQ\

W\Se Rf cRQWaPLQaWLRQ dXULQg e[SeULPeQWaWLRQ. IQ RUdeU WR SURSeUO\ VWeULOL]e aOO Rf WKe PaWeULaOV,

Ze XVed aQ aXWRcOaYe. AQ aXWRcOaYe LV a PacKLQe WKaW XVeV KLgK WePSeUaWXUeV aQd SUeVVXUe WR NLOO

PLcURRUgaQLVPV aQd VSRUeV. TKe PaWeULaOV XQdeUgRLQg WKe VWeULOL]aWLRQ LQcOXded WKe aOgLQaWe

SRO\PeU, V\ULQgeV, QeedOeV aQd VROXWLRQV. OQce aXWRcOaYed, WKe PaWeULaOV ZeUe Vafe WR XVe fRU

e[SeULPeQWaWLRQ ZLWK WKe CHO ceOOV.

3.2.3 Alginate Pol\meri]ation

TKe eQcaSVXOaWLRQ Rf WKe CHO ceOOV LQ WKe 3% aOgLQaWe VROXWLRQ cRXOd RQO\ RccXU Lf WKe aOgLQaWe LV

SURSeUO\ SRO\PeUL]ed. IQ RUdeU WR SRO\PeUL]e WKe aOgLQaWe, Ze dURSSed WKe caSVXOeV LQWR a 1.5%

CaCO2 VROXWLRQ. TKe CaCO2 VROXWLRQ LRQLcaOO\ LQWeUacWed ZLWK WKe aOgLQaWe, SRO\PeUL]LQg LW dXULQg

WKe eQcaSVXOaWLRQ SURceVV. WLWKRXW WKLV VWeS, WKe caSVXOeV ZRXOd QRW be abOe WR WaNe WKe VSKeULcaO

VKaSe Ze Qeeded LQ RUdeU WR SeUfRUP fXUWKeU aQaO\VLV fRU ceOOXOaU YLabLOLW\. FLgXUe 12, beORZ,

VKRZV KRZ WKe CaCO2 LQWeUacWed ZLWK WKe aOgLQaWe WR SRO\PeUL]e LW dXULQg WKe eQcaSVXOaWLRQ

SURceVV.

FLgXUe 12. TKe SRO\PeUL]aWLRQ Rf aOgLQaWe WKURXgK LRQLc LQWeUacWLRQ ZLWK WKe 1.5% CaCO2

VROXWLRQ.
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3.2.4 Light Microscop\

LLgKW PLcURVcRS\ ZaV XVed LQ SaUaOOeO ZLWK WKe c\WRWR[LcLW\ aVVa\ aV a Za\ WR YLVXaOL]e WKe CHO

ceOOV aV WKe\ XQdeUZeQW eQcaSVXOaWLRQ aQd YLabLOLW\ WeVWLQg. TKe VSecLfLc PLcURVcRSe Ze XVed ZaV

WKe LeLca DMI6000 B OLgKW PLcURVcRSe. MLcURVcRS\ eQVXUed WKe TXaOLW\ Rf RXU caSVXOeV LQ

UegaUd WR VKaSe aQd VL]e, aV ZeOO aV WKe YLabLOLW\ Rf WKe ceOOV LQ WeUPV Rf ceOO cRXQW aQd ceOO VL]e. IQ

addLWLRQ, WKe PLcURVcRSe ZaV caSabOe Rf caSWXULQg LPageV Rf RXU caSVXOeV aQd ceOOV.

FLgXUe 13. LeLca DMI6000 B OLgKW PLcURVcRSe.

3.2.5 LDH C\toto[icit\ Assa\

TKLV aVVa\ aOORZV fRU PeaVXUePeQW Rf ceOOXOaU YLabLOLW\ WKURXgK aQ LQdLUecW PeaVXUePeQW Rf

e[WUaceOOXOaU LDH [43]. E[WUaceOOXOaU LDH KaV beeQ SURYeQ WR be aQ adeTXaWe eYaOXaWLRQ Rf

ceOOXOaU YLabLOLW\ becaXVe WKe SUeVeQce Rf e[WUaceOOXOaU LDH LQdLcaWeV a dLVUXSWLRQ LQ WKe

PePbUaQe Rf WKe ceOO [44]. TKe dLUecW PeaVXUePeQW dRQe b\ WKe aVVa\ LV WR PeaVXUe WKe aPRXQW

Rf Ued fRUPa]aQ fRUPed. Red fRUPa]aQ LV cRXSOed ZLWK WKe LDH UeacWLRQ, VR WKe aPRXQW Rf Ued

fRUPa]aQ dLUecWO\ cRUUeOaWeV WR WKe aPRXQW Rf e[WUaceOOXOaU LDH SUeVeQW.

19



FLgXUe 14 VKRZV WKe PecKaQLVP beKLQd WKe c\WRWR[LcLW\ aVVa\. IQLWLaOO\ S\UXYaWe UeacWV ZLWK

LDH fRUPLQg OacWaWe aQd NAD+ [45]. TKe NAD+ WKeQ UeacWV ZLWK a dLffeUeQW eQ]\Pe, dLaSKRUaVe,

ZKLcK UeacWV ZLWK WKe WeWUa]ROLXP VaOW WR fRUP Ued fRUPa]aQ, WKe PROecXOe WKaW caQ be aQaO\]ed

WKURXgK abVRUbaQce LQ VSecWURSKRWRPeWU\.

FLgXUe 14. LDH c\WRWR[LcLW\ aVVa\ PecKaQLVP.

3.2.6 Statistical Anal\sis

TKe UeVXOWLQg abVRUbaQceV fURP WKe c\WRWR[LcLW\ aVVa\V gaYe TXaQWLWaWLYe daWa fRU WKe YLabLOLWLeV

Rf WKe ceOOV. IQ RUdeU WR aQaO\]e WKeVe YaOXeV WKURXgK a VWaWLVWLcaO aQaO\VLV, Ze XVed a WZR VaPSOe

cRUUeOaWed W-WeVW RQ VaVVaUSWaWV [46]. DeWecWLQg aQ\ VLgQLfLcaQW dLffeUeQceV Rf WKe abVRUbaQce

YaOXeV beWZeeQ WKe WKUee da\ WeVWLQg SeULRd Rf WKe c\WRWR[LcLW\ aVVa\ ZaV dRQe XVLQg eTXaWLRQV 7,

8, 9, 10 aQd 11.
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𝑆

𝑑
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[11]𝑑𝑓 ࡦ 𝑛 ࡠ 1

TKeVe eTXaWLRQV aOORZed XV a Za\ WR aQaO\]e S-YaOXeV beWZeeQ abVRUbaQce fURP WKe WKUee da\

WeVWLQg SeULRd, VecXULQg RXU cRQcOXVLRQ Rf VLgQLfLcaQW dLffeUeQceV LQ ceOOXOaU YLabLOLW\.
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Chapter 4: S\stem Tests, Integration and Results

4.1 E[perimental Procedures

4.1.1 Alginate Preparation

TKe K\dURgeO V\VWeP LV Pade XS Rf bURZQ aOgae PL[ed ZLWK 0.9% VRdLXP cKORULde (NaCO) WR

PaNe a 3% aOgLQaWe VROXWLRQ. TKLV VROXWLRQ ZRXOd WaNe 24 KRXUV WR PaNe, QeedLQg cRQVWaQW

PL[WXUe fURP a PagQeWLc VSLQQeU beWZeeQ 400 - 500 USP.

4.1.2 Cell Preparation

CeOO SUeSaUaWLRQ LV Qeeded WR UePRYe CHO ceOOV fURP WKe cXOWXUe SOaWe VR WKe\ caQ be added WR

aOgLQaWe. TKe beORZ SURWRcRO LV fRU 100 PP SOaWeV.

SROXWLRQV XVed: ceOO PedLa (DMEM + 1% FBS), TU\SVLQ, PBS

NRWLce: AQ\ PaWeULaOV WKaW eQWeU WKe KRRd ZLOO be VSUa\ed ZLWK 70% EWOH. TKLV LQcOXdeV ceOO

SOaWeV, SLSeWWeV, VROXWLRQV, KaQdV, eWc.

1. WaUP WKe ceOO PedLa, WU\SVLQ, aQd PBS LQ a 37�C ZaWeU baWK fRU 10 PLQXWeV.

2. AVSLUaWe ceOO PedLa fURP WKe SOaWe.

3. Add 2 PL Rf WU\SVLQ WR WKe SOaWe. IQcXbaWe aW 37�C fRU 5 PLQXWeV.

4. ReWXUQ SOaWe WR WKe KRRd. Add 5 PL ceOO PedLa WR WKe SOaWe. PLSeWWe XS aQd dRZQ WR eQVXUe

aOO ceOOV aUe UePRYed fURP WKe SOaWe.

5. TUaQVfeU cRQWeQWV Rf SOaWe WR a 15 PL cRQLcaO ceQWULfXge WXbe XVLQg a VeURORgLcaO SLSeWWe

aQd SLSeWWe cRQWUROOeU.

6. CeQWULfXge aW 3000 RPM fRU 1 PLQXWe.

7. AVSLUaWe aQd UeVXVSeQd SeOOeW LQ 0.5 PL PBS.

4.1.3 Pol\electrol\te Comple[ation

CeOO eQcaSVXOaWLRQ LQcOXdeV eQcaSVXOaWLQg CHO ceOOV LQ VSKeULcaO 3% BURZQ AOgae caSVXOeV.

TKLV SURceVV begLQV ZLWK WKe addLWLRQ Rf WKe 500 PL SeOOeW WR 3 PL Rf WKe aOgLQaWe, PL[LQg WKLV

VROXWLRQ fRU 10 PLQXWeV. TKe aOgLQaWe aQd CHO ceOO VROXWLRQ aUe WKeQ added WR a 3 PL V\ULQge
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ZLWK a cRa[LaO QeedOe (FLgXUe 15). TKe fLOOed V\ULQge aQd QeedOe aUe VecXUed WR aQ NE-1000

CKaQQeO PURgUaPPabOe S\ULQge PXPS, ZKLcK aOORZV fRU cRQVWaQW fORZ Rf WKe aOgLQaWe aQd CHO

ceOO VROXWLRQ WKURXgK WKe V\ULQge aQd cRa[LaO QeedOe. TKe V\ULQge SXPS ZaV VeW WR UXQ aW a OLTXLd

fORZ UaWe Rf 1.0 PL/PLQ. IQ addLWLRQ WR WKe SXPS, aQ aLU VRXUce ZRXOd be cRQQecWed WR WKe

cRa[LaO QeedOe, cUeaWLQg aQ aLU fORZ UaWe Rf 2.0 PL/PLQ. TKe aLU VRXUce VeUYed aV a Za\ WR cXW WKe

aOgLQaWe LQVLde Rf WKe QeedOe aOORZLQg fRU WKe VSKeULcaO caSVXOeV WR fRUP. AV WKe aOgLQaWe aQd

CHO ceOO VROXWLRQV PRYed WKURXgK WKe QeedOe, caSVXOeV ZeUe dURSSed LQWR a 1.5% CaOcLXP

CKORULde (CaCO2) VROXWLRQ, ZKeUe WKe\ VaW fRU 20 PLQXWeV WR cURVVOLQN. A VWaQdaUd QeedOe ZaV

XVed WR cUeaWe 3 PP caSVXOeV (FLgXUe 16).

FLgXUe 15. CRa[LaO QeedOe XVed WR cUeaWe 1 PP aOgLQaWe caSVXOeV.

FLgXUe 16. SWaQdaUd QeedOe XVed WR cUeaWe 3 PP aOgLQaWe caSVXOeV.
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4.1.4 LDH C\toto[icit\ Assa\

IQ RUdeU WR SeUfRUP WKe c\WRWR[LcLW\ aVVa\, RQe caSVXOe fLOOed ZLWK ceOOV ZaV SOaced LQWR eacK Rf 3

ZeOOV Rf a 96-ZeOO SOaWe. PBS ZaV added WR 3 dLffeUeQW ZeOOV aV a QegaWLYe cRQWURO cRQdLWLRQ. TKe

SUePade UeacWLRQ PL[WXUe fURP WKe aVVa\ NLW LV added WR WKe 6 ZeOOV, WKeQ WKe caSVXOeV aQd

QegaWLYe cRQWURO LQcXbaWe aW 37 RC fRU 15 PLQXWeV. AfWeU 15 PLQXWeV, a VWRS VROXWLRQ fURP WKe

aVVa\ NLW LV added WR eacK ZeOO WR KaOW aQ\ fXUWKeU LDH UeacWLRQV. AfWeU WKe VWRS VROXWLRQ ZaV

added, WKe 96-ZeOO SOaWe LV SOaced LQWR a VSecWURSKRWRPeWeU WR UecRUd WKe abVRUbaQce YaOXeV

beWZeeQ 490 QP aQd 680 QP. AbVRUbaQce YaOXeV TXaQWLfLed WKe aPRXQW Rf e[WUaceOOXOaU LDH

SUeVeQW, ZKLcK cRXOd WKeQ be XVed WR deWeUPLQe WKe YLabLOLW\ Rf WKe ceOOV.

4.1.5 3D Printing

SLA ZaV XVed WR fabULcaWe WKe VRfW bLRVeQVRU deYLce. TKe deYLce ZaV SULQWed aW 2[ VcaOe Rf WKe

RULgLQaO fLOe WR accRPPRdaWe WKe e[WUXVLRQ Rf OaUgeU caSVXOeV. AfWeU WKe SaUW ZaV 3D SULQWed, LW

ZaV ZaVKed LQ aOcRKRO fRU 10 PLQXWeV, ULQVed LQ DI ZaWeU fRU 30 PLQXWeV, aQd UV cXUed fRU 5

PLQXWeV, bXW WKeUe LV VWLOO URRP fRU WKLV SURWRcRO WR be RSWLPL]ed.

4.1.6 Compression Testing

CRPSUeVVLRQ WeVWLQg ZaV cRPSOeWed WR deWeUPLQe WKe PecKaQLcaO VWUeQgWK Rf WKe 3PP caSVXOeV. 4

dLffeUeQW cRQdLWLRQV ZeUe WeVWed:

1. AOgLQaWe caSVXOeV LQ VaOLQe aW URRP WePSeUaWXUe

2. AOgLQaWe caSVXOeV LQ VaOLQe aW 37 �C

3. AOgLQaWe caSVXOeV LQ ceOO PedLa aW URRP WePSeUaWXUe

4. AOgLQaWe caSVXOeV LQ ceOO PedLa aW 37 �C

CRPSUeVVLRQ WeVWV ZeUe SeUfRUPed XVLQg WKe BLRMRPeQWXP MacK-1 MecKaQLcaO TeVWLQg

S\VWeP. FLUVW, WKe FLQd CRQWacW fXQcWLRQ ZaV XVed WR SRVLWLRQ WKe 12.2PP dLaPeWeU fOaW LQdeQWeU.

TKe cRQdLWLRQV XVed aUe OLVWed beORZ:

CRQWacW CULWeULa, gf: 1.500000

SWage VeORcLW\, PP/V: 0.2000

SWage LLPLW, PP: 10.0000
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SWage ReSRVLWLRQLQg: SWRS CULWeULa + OffVeW

OffVeW, PP: 0.2000

TKeQ, WKe MRYe ReOaWLYe fXQcWLRQ ZaV XVed WR cRPSUeVV WKe caSVXOeV b\ 1.0 PP (33%) aW a

YeORcLW\ Rf 0.5 PP/V. MLcURVRfW E[ceO ZaV XVed WR aQaO\]e WKe cRPSUeVVLRQ daWa.

4.2 Results and Discussion

4.2.1 Printing Qualit\

VaULRXV dLPeQVLRQ WeVWV ZeUe SeUfRUPed WR RbWaLQ WKe cRUUecW PeaVXUePeQWV VR WKaW RXU

PLcURQeedOeV caQ ZLWKVWaQd e[WUXVLRQ. OXU RULgLQaO PLcURQeedOe deVLgQ Kad WKe VaPe ZaOO

WKLcNQeVV aV WKe 2018 deVLgQ [9], aQ RXWeU dLaPeWeU D = 1.75 PP, aQd aQ LQQeU dLaPeWeU d = 0.70

PP. FLgXUe 17a VKRZV WKLV deVLgQ afWeU 3D SULQWLQg. TKeVe QeedOeV ZeUe e[WUePeO\ ZeaN aQd

fOLPV\, cROOaSVLQg becaXVe WKe RULgLQaO ZaOO WKLcNQeVV cRXOd QRW VXSSRUW WKe PLcURQeedOeV afWeU

3D SULQWLQg.

TKeUefRUe, Ze cRQWLQXed WR UedeVLgQ WKe PLcURQeedOe XQWLO Ze fRXQd WZR dLPeQVLRQV WKaW ZRXOd

be abOe WR ZLWKVWaQd WKe SURceVV Rf beLQg 3D SULQWed. FLgXUe 17b KaV a ZaOO WKLcNQeVV Rf 0.10

PP, D = 1.63 PP, aQd d = 0.60 PP. FLgXUe 17c KaV a ZaOO WKLcNQeVV Rf 0.12 PP, D = 1.6 PP,

aQd d = 0.80 PP. FLgXUe 17c LV WKe fLQaO deVLgQ, aV WKe OaUgeU WLS RSeQLQg aOORZV fRU OaUgeU

caSVXOeV WR be e[WUXded aQd caQ LQdXce PRUe VKeaU aV cRPSaUed WR WKe deVLgQ VeeQ LQ FLgXUe 17b.

(a) (b) (c)
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FLgXUe 17a, b, c. DLPeQVLRQ WeVWV Rf PLcURQeedOe aUUa\. (a) OULgLQaO ZaOO WKLcNQeVV, RXWeU

dLaPeWeU D = 1.75 PP, LQQeU dLaPeWeU d = 0.70 PP. (b) 0.10 PP ZaOO WKLcNQeVV, D = 1.63 PP,

d = 0.60 PP. (c) 0.12 PP ZaOO WKLcNQeVV, D = 1.6 PP, d = 0.80 PP.

TabOe 3. SXPPaU\ Rf MLcURQeedOe ReYLVLRQV.

Design Needle Height Needle
Thickness

Needle Base
Diameter

Needle Tip
Diameter

1 3 PP OULgLQaO 1.75 PP 0.70 PP

2 3 PP 0.10 PP 1.63 PP 0.60 PP

3 3 PP 0.12 PP 1.60 PP 0.80 PP

4.2.2 Cell Encapsulation

FLgXUe 18 LV a 1 PP aOgLQaWe caSVXOe ZLWK CHO ceOOV. TKLV caSVXOe LV PRUe LdeaO fRU WKe SUeYLRXV

ZRXQd KeaOLQg aSSOLcaWLRQ, WKeUefRUe Ze UedeVLgQed WKe caSVXOe LWVeOf WR be PXcK bLggeU aW 3 PP

LQ dLaPeWeU (FLgXUe 19). TKLV OaUgeU VL]e LV PXcK beWWeU fRU WKe KLgK WKURXgKSXW bLRSURceVVLQg

aSSOLcaWLRQ, aV WKe OaUgeU VL]e LQcUeaVeV WKe K\dURd\QaPLc VWUeVV e[SeULeQced dXULQg e[WUXVLRQ,

PRUe SURSeUO\ PLPLcNLQg acWLYLW\ LQ LQdXVWULaO bLRUeacWRUV.

FLgXUe 18. a1 PP aOgLQaWe PLcURcaSVXOeV ZLWK ceOOV. IPage WaNeQ aW 10[ PagQLfLcaWLRQ.
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FLgXUe 19. a3 PP aOgLQaWe ePSW\ PLcURcaSVXOeV. IPage WaNeQ aW 2.5[ PagQLfLcaWLRQ.

4.2.3 100% Confluenc\ E[periments

IQ WKLV e[SeULPeQW, WKe ceOO cXOWXUe SOaWe ZaV 60% cRQfOXeQW SULRU WR ceOO eQcaSVXOaWLRQ.

4.2.3.1 Categorical Scoring of Viabilit\

We aVVeVVed ceOO YLabLOLW\ RYeU a 3 da\ SeULRd. CeOO YLabLOLW\ caQ be caWegRULcaOO\ aVVeVVed b\

RbVeUYLQg WKe LQcUeaVe RU decUeaVe LQ VSKeURLd PRLeWLeV WKURXgKRXW WKe caSVXOe. BegLQQLQg RQ

Da\ 0, FLgXUe 20a VKRZV aOgLQaWe caSVXOeV cRQWaLQLQg WKe ceOOV RQ WKe da\ Rf eQcaSVXOaWLRQ.

FLgXUe 20b VKRZV WKe caSVXOeV 1 da\ afWeU eQcaSVXOaWLRQ. TKe caSVXOe KaV LQcUeaVed LQ VL]e

becaXVe Rf WKe abVRUSWLRQ Rf ceOO PedLa. TKe ceOOV KaYe aOVR LQcUeaVed LQ VL]e, PeaQLQg WKe\ aUe

aOLYe aQd PaLQWaLQLQg ceOOXOaU fXQcWLRQ. TKLV WUeQd cRQWLQXeV RQ Da\ 2 (FLgXUe 20c), aV WKe

caSVXOeV KaYe LQcUeaVed LQ VL]e aQd WKe ceOOV PXOWLSOLed ZLWKLQ WKe caSVXOe. HRZeYeU, RQ Da\ 3

(FLgXUe 20d), WKeUe LV a decUeaVe LQ WKe QXPbeU Rf VSKeURLd PRLeWLeV LQ WKe caSVXOe, LQdLcaWLQg ceOO

deaWK. AddLWLRQaOO\, WKe cRORU Rf WKe LPage cKaQgeV, ZKLcK ZaV caXVed b\ WKe \eOORZLQg Rf

PedLa, aQRWKeU LQdLcaWRU WKaW WKe ceOOV KaYe dLed. We beOLeYe WKe ceOOV dLed dXe WR a OacN Rf

QXWULeQWV WKaW ZaV caXVed b\ WRR PXcK ceOO gURZWK LQ WKe caSVXOe.
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FLgXUeV 20a, b, c, d. VLabLOLW\ Rf eQcaSVXOaWed ceOOV RYeU 3 da\V (100% cRQfOXeQc\). AOO LPageV

WaNeQ aW 10[ PagQLfLcaWLRQ. (a) EQcaSVXOaWed ceOOV RQ Da\ 0 (da\ Rf eQcaSVXOaWLRQ). (b)

EQcaSVXOaWed ceOOV RQ Da\ 1. (c) EQcaSVXOaWed ceOOV RQ Da\ 2. (d) EQcaSVXOaWed ceOOV RQ Da\ 3.

4.2.3.2 C\toto[icit\ Assa\

CeOO YLabLOLW\ LV aOVR deWeUPLQed XVLQg a c\WRWR[LcLW\ aVVa\. FLgXUe 21 VKRZV LDH acWLYLW\ RYeU

WKe 3 da\ SeULRd. WKeQ ORRNLQg aW WKe aYeUage abVRUbaQce YaOXeV, VaPSOeV 2 aQd 3, aV ZeOO aV 1

aQd 3 KaYe VKRZQ WR be VLgQLfLcaQWO\ dLffeUeQW, UeVXOWLQg LQ a S-YaOXe Rf OeVV WKaQ 0.001 fURP a

W-WeVW RQ VaVVaUSWaWV [46]. TKLV LQdLcaWed aQ LQcUeaVe LQ ceOO deaWK RQ WKe WKLUd da\ aV cRPSaUed WR

WKe fLUVW aQd VecRQd da\V. TKLV ZaV LQ OLQe ZLWK RXU UeVXOWV deWeUPLQed b\ YLVXaOL]LQg RXU

VaPSOeV.
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FLgXUe 21. AYeUage LDH acWLYLW\ RYeU a 3 da\ SeULRd (100% cRQfOXeQc\).

4.2.4 60% Confluenc\ E[periments

AfWeU WKe eQcaSVXOaWed ceOOV dLed RQ Da\ 3 Rf RXU SUeYLRXV c\WRWR[LcLW\ WeVW, Ze SeUfRUPed

aQRWKeU c\WRWR[LcLW\ WeVW RQ eQcaSVXOaWed ceOOV RYeU a 3 da\ SeULRd. IQ WKLV e[SeULPeQW, WKe ceOO

cXOWXUe SOaWe ZaV 60% cRQfOXeQW SULRU WR ceOO eQcaSVXOaWLRQ. We KRSed WKaW a OeVV cRQfOXeQW SOaWe

ZRXOd aOORZ fRU ceOO VXUYLYaO XS WR Da\ 3.

4.2.4.1 Categorical Scoring of Viabilit\

BegLQQLQg RQ Da\ 0, FLgXUe 22a VKRZV aOgLQaWe caSVXOeV cRQWaLQLQg WKe ceOOV RQ WKe da\ Rf

eQcaSVXOaWLRQ. FLgXUe 22b VKRZV WKe caSVXOeV 1 Da\ afWeU eQcaSVXOaWLRQ. TKe caSVXOe KaV

LQcUeaVed LQ VL]e becaXVe Rf WKe abVRUSWLRQ Rf ceOO PedLa. TKe ceOOV KaYe aOVR LQcUeaVed LQ VL]e,

PeaQLQg WKe\ aUe aOLYe aQd PaLQWaLQLQg ceOOXOaU fXQcWLRQ. TKLV WUeQd cRQWLQXeV RQ Da\ 2 (FLgXUe

22c), aV WKe caSVXOeV KaYe LQcUeaVed LQ VL]e aQd WKe ceOOV PXOWLSOLed ZLWKLQ WKe caSVXOe. OQ Da\ 3

(FLgXUe 22d), VKRZed a OacN Rf VSKeURLd PRLeWLeV dePRQVWUaWLQg a decUeaVe LQ YLabLOLW\ fRU WKe

eQcaSVXOaWed ceOOV . HRZeYeU, YLVXaOO\ aQaO\]LQg ceOO YLabLOLW\ LV PRUe dLffLcXOW ZLWK OaUgeU

caSVXOeV, aV WKe OaUgeU dLaPeWeU PaNeV LW dLffLcXOW WR YLeZ LQVLde WKe caSVXOe.
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FLgXUeV 22a, b, c, d. VLabLOLW\ Rf eQcaSVXOaWed ceOOV RYeU 3 da\V (60% cRQfOXeQc\). AOO LPageV

WaNeQ aW 2.5[ PagQLfLcaWLRQ. (a) EQcaSVXOaWed ceOOV RQ Da\ 0 (da\ Rf eQcaSVXOaWLRQ). (b)

EQcaSVXOaWed ceOOV RQ Da\ 1. (c) EQcaSVXOaWed ceOOV RQ Da\ 2. (d) EQcaSVXOaWed ceOOV RQ Da\ 3.

4.2.4.2 C\toto[icit\ Testing

A VecRQd WeVW RQ ceOO YLabLOLW\ ZaV aOVR SeUfRUPed fRU a 3 da\ SeULRd, VLPLOaU WR WKe SUeYLRXV RQe.

HRZeYeU, LQ WKLV WeVW, WKe ceOO cXOWXUe SOaWe ZaV 60% cRQfOXeQW SULRU WR ceOO eQcaSVXOaWLRQ. IQ WKLV

c\WRWR[LcLW\ WeVW, Ze agaLQ fRXQd a VLgQLfLcaQW dLffeUeQce beWZeeQ WKe abVRUbaQce YaOXeV RQ da\V

1 aQd 3 aV ZeOO aV Da\V 2 aQd 3 (FLgXUe 23). TKe S-YaOXeV beWZeeQ WKeVe da\V ZeUe bRWK S <

0.05. TKe VLgQLfLcaQce dLffeUeQce ZaV caOcXOaWed XVLQg WKe VaPe W-WeVW RQ VaVVaUSWaWV aV

SUeYLRXVO\ PeQWLRQed. We e[SecWed WKe ceOOV WR dLe afWeU dLYLdLQg aQd LQcUeaVLQg LQ VL]e LQ WKe

aOgLQaWe caSVXOeV, OeVVeQLQg WKe aPRXQW Rf QXWULeQWV aYaLOabOe, KRZeYeU, Ze KRSed WKe OeVV

cRQfOXeQW SOaWe ZRXOd KaYe VXUYLYed WKURXgK Da\ 3.
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FLgXUe 23. AYeUage LDH acWLYLW\ RYeU a 3 da\ SeULRd (60% cRQfOXeQc\).

4.2.5 Compression Testing

FLgXUeV 24a, b, c, aQd d VKRZ WKe VWUeVV YV. VWUaLQ gUaSK Rf aOgLQaWe caSVXOeV LQ VaOLQe aW URRP

WePSeUaWXUe, aOgLQaWe caSVXOeV LQ VaOLQe 37 �C, aOgLQaWe caSVXOeV LQ ceOO PedLa aW URRP

WePSeUaWXUe, aQd aOgLQaWe caSVXOeV LQ ceOO PedLa aW 37 �C, UeVSecWLYeO\. TKe eOaVWLc UegLRQ Rf WKe

VWUeVV YV. VWUaLQ cXUYe LV defLQed b\ HRRNe¶V LaZ:

[12]σ ࡦ  𝐸ε

TKe caSVXOeV LQ VaOLQe aW URRP WePSeUaWXUe KaYe WKe KLgKeVW YRXQg¶V MRdXOXV Rf 13.333 NPa.

TKe caSVXOeV LQ ceOO PedLa aW 37 �C KaYe WKe ORZeVW YRXQg¶V MRdXOXV Rf 3.500 NPa. BecaXVe RXU

caSVXOeV cRQWaLQ ceOOV, WKe\ aUe SOaced LQ ceOO PedLa aW 37 �C fRU WKe ceOOV WR VWa\ aOLYe. TKLV

cRQdLWLRQ cUeaWeV WKe VRfWeVW caSVXOeV, ZKLcK LV LPSRUWaQW WR QRWe becaXVe WKe caSVXOeV PXVW VWa\

LQWacW dXULQg e[WUXVLRQ. HRZeYeU, VWXdLeV VKRZ WKaW WKe aYeUage YRXQg¶V PRdXOXV fRU 3 PP

aOgLQaWe beadV UaQged beWZeeQ 25±35 NPa [47]. IQ WKLV Za\, WKLV WeVW PXVW be UeSeaWed LQ RUdeU WR

deWeUPLQe WKe PagQLWXde Rf WKe YRXQg¶V MRdXOXV.
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(a) (b)

(c) (d)

FLgXUeV 24a, b, c, d. SWUeVV VWUaLQ cXUYeV Rf aOgLQaWe caSVXOeV LQ VaOLQe RU ceOO PedLa aW URRP

WePSeUaWXUe (25 �C) RU 37 �C. (a) AOgLQaWe caSVXOeV LQ VaOLQe aW URRP WePSeUaWXUe. (b) AOgLQaWe

caSVXOeV LQ VaOLQe 37 �C. (c) AOgLQaWe caSVXOeV LQ ceOO PedLa aW URRP WePSeUaWXUe. (d) AOgLQaWe

caSVXOeV LQ ceOO PedLa aW 37 �C.

TabOe 4. YRXQg¶V MRdXOXV Rf AOgLQaWe CaSVXOeV.

EVaOLQe, 25 �C 13.333 NPa

EVaOLQe, 37 �C 8.333 NPa

ESK\VLRORgLcaO, 25 �C 8.000 NPa

ESK\VLRORgLcaO, 37 �C 3.500 NPa
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Chapter 5: Cost Anal\sis

TabOe 5. MaWeULaOV LLVW aQd CRVWV.

Categor\ Materials Vendor Price

EQcaSVXOaWLRQ NeedOeV (cXVWRP [2) N/A ProYided b\ SoE

EQcaSVXOaWLRQ S\ULQge PXPS NeZ EUa PXPS
S\VWePV

ProYided b\ SoE

EQcaSVXOaWLRQ 3 PL BD
LXeU-LRN� S\ULQge
VWeULOe, VLQgOe XVe

BD $22.59

EQcaSVXOaWLRQ AOgae, SRdLXP
CKORULde, CaOcLXP
CKORULde

SLgPa AOdULcK ProYided b\ SoE

CeOO CXOWXUe CHO CeOO OLQe aQd
ceOO cXOWXUe PaWeULaOV

DeSaUWPeQW Rf
BLReQgLQeeULQg

ProYided b\ BioE
department (Zhang lab)

VLabLOLW\ LDH C\WRWR[LcLW\
AVVa\ KLW

TKeUPR FLVKeU $441

VLabLOLW\ 96 WeOO NRQ-WUeaWed
POaWe ZLWK LLd,
IQdLYLdXaO, SWeULOe

CELLTREAT $178.06

GeQeUaO
MaWeULaOV

100 ȝP SWeULOe CeOO
FLOWeUV SWUaLQeUV (2
bR[eV)

TKeUPR FLVKeU ProYided b\ SoE

GeQeUaO
MaWeULaOV

MLcURSLSeWWe TLSV UQLWed ScLeQWLfLc
SXSSOLeV

$58.55

GeQeUaO
MaWeULaOV

SRdLXP
caUbR[\PeWK\O
ceOOXORVe

SLgPa AOdULcK $52.99

SKLSSLQg N/A N/A $240.71

TOTAL $993.90

OXU PURMecW VWa\ed ZLWKLQ WKe bXdgeW Rf $1,000.
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TabOe 6. CRVW Rf DeYLce.

Item Cost

3D PULQWed SRfW BLRVeQVRU $12

S\ULQgeV $1.13

TOTAL $13.13
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Chapter 6: Professional Issues and Constraints

6.1 Economic

FURP aQ ecRQRPLcaO VWaQdSRLQW, RXU SURMecW¶V SXUSRVe LV WR OeVVeQ WKe ecRQRPLc bXUdeQ Rf WKe

cXUUeQW LQdXVWU\ bLRUeacWRUV. If RXU V\VWeP VXcceVVfXOO\ Pa[LPL]eV ceOOXOaU YLabLOLW\ ZKLOe WKe

CHO ceOOV XQdeUgR K\dURd\QaPLc VKeaU VWUeVV, WKeQ WKeUe LV SRWeQWLaO fRU RXU V\VWeP WR be

VcaOed-XS WR PLPLc OaUge-VcaOe bLRUeacWRUV. TRda\, cXUUeQW bLRUeacWRUV KaYe beeQ SURYeQ WR caXVe

ceOOV WR XQdeUgR aQ abXQdaQce Rf K\dURd\QaPLc VKeaU VWUeVV caXVLQg a OaUge aPRXQW Rf WKe ceOOV

ZLWKLQ WKe bLRUeacWRUV WR XQdeUgR aSRSWRVLV RU QecURVLV [48][49]. TKLV LV a KXge ZaVWe Rf WKe

bLRPaWeULaOV ZLWKLQ WKe bLRUeacWRU, ZKLcK accRXQWV fRU WKe ecRQRPLc bXUdeQ Rf cXUUeQW

bLRUeacWRUV. OXU SURMecW RffeUV WKe SRWeQWLaO WR OeVVeQ WKLV bXUdeQ aQd aOORZ fRU aQ LQcUeaVe LQ

bLRPaWeULaO ZLWKLQ bLRUeacWRUV ZKLcK WKeQ LQcUeaVeV WKe aPRXQW Rf PedLcaO WUeaWPeQWV

PaQXfacWXUed fRU WKe SRSXOaWLRQ.

6.2 Health and Safet\

PXbOLc KeaOWK aQd VafeW\ QeedV WR be a SULPaU\ cRQceUQ, eVSecLaOO\ ZKeQ ZRUNLQg ZLWK facWRUV

WKaW caQ eQabOe aQ LQcUeaVe Rf VXSSO\ fRU YaU\LQg PedLcaO WUeaWPeQWV. TKLV LV eYeQ PRUe

LPSRUWaQW cRQVLdeULQg KRZ COVID-19 KaV LPSacWed WKe ZRUOd, SURPSWLQg WKe UaSLd SURdXcWLRQ

Rf OaUge TXaQWLWLeV Rf PRQRcORQaO aQWLbRdLeV WR WUeaW WKLV eSLdePLc. MRQRcORQaO aQWLbRdLeV aUe

aOVR a VLgQLfLcaQW aVSecW Rf caQceU WUeaWPeQW. TKeUefRUe, Ze Vee WKaW RXU SURMecW WaNeV LQWR

cRQVLdeUaWLRQ WKe LPSRUWaQce Rf KeaOWK aQd VafeW\ fRU WKe gUeaWeU SRSXOaWLRQ WKURXgKRXW WKe

ZRUOd.

6.3 Manufacturabilit\

TKe SRWeQWLaO PaQXfacWXUabLOLW\ Rf RXU SURMecW caQ SURYe WR KaYe VRPe SURbOePV, MXVW dXe WR WKe

SURWRW\SLcaO aVSecWV Rf RXU SURMecW aW WKLV VWage. TKe V\VWeP Rf WKe SURMecW ZRXOd Qeed WR be

fXUWKeU deYeORSed LQ RUdeU fRU PaQXfacWXUabLOLW\ WR LQcUeaVe. TKe V\VWeP WKaW Ze cUeaWed LV VWLOO

ZLWKLQ LWV eaUO\ VWageV ZLWK UegaUd WR 3D SULQWLQg, WKe SURceVV Rf ceOOXOaU eQcaSVXOaWLRQ aQd

e[WUXVLRQ aQd YLabLOLW\ WeVWLQg WKURXgK WKe c\WRWR[LcLW\ aVVa\. AV WKeVe aVSecWV Rf WKe SURMecW aUe

RSWLPL]ed RXU SURMecW ZRXOd PRYe PRUe WRZaUd aQ LQcUeaVed abLOLW\ Rf beLQg PaQXfacWXUed aW a

OaUge-VcaOe.
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6.4 EnYironmental Impact

AV SUeYLRXVO\ PeQWLRQed, WKe bLRUeacWRUV VeeQ WRda\ LQ WKe LQdXVWU\ LOOXVWUaWe aQ abXQdaQce Rf

K\dURd\QaPLc VWUeVV WR ceOOV, ZKLcK LQcUeaVe WKe aPRXQW Rf aSRSWRVLV aQd QecURVLV Rf WKeVe ceOOV.

TKLV UeVXOWV LQ a OaUge aPRXQW Rf bLRORgLcaO ZaVWe WKURXgKRXW WKe LQdXVWU\. TKLV bLRORgLcaO ZaVWe

caQ KaYe adYeUVe effecWV RQ WKe eQYLURQPeQW becaXVe Rf WKe dLVSRVLQg Rf WKLV ZaVWe. LeVVeQLQg

WKe aPRXQW Rf bLRORgLcaO ZaVWe VeeQ aURXQd WKe LQdXVWU\ LV a SaUW Rf RXU SURMecW WKaW ZRXOd

SURYLde a SRVLWLYe LPSacW WR WKe eQYLURQPeQW. AQRWKeU aVSecW Rf WKe SURMecW WKaW cRQWULbXWeV WR WKe

eQYLURQPeQW ZRXOd be WKe ZaWeU VROXbOe cKePLVWU\ UeOaWed WR WKe SURMecW. TKe dLVSRVaO Rf WKe

PaWeULaOV XVed LQ RXU SURMecW, VXcK aV VRdLXP aOgLQaWe, caQ be dRQe WKURXgK ZaWeU VROXbLOLW\ [50],

KaYLQg aQRWKeU SRVLWLYe LPSacW RQ WKe eQYLURQPeQW.

6.5 Usabilit\

OXU PLcURQeedOe V\VWeP KaV beeQ deVLgQed LQ a Za\ WKaW aOORZV fOe[LbLOLW\ fRU YaU\LQg

aSSOLcaWLRQV. TKe PLcURQeedOe deVLgQ WKURXgK WKe SROLdWRUNV cRPSXWaWLRQ LV UeadLO\ aYaLOabOe

fRU cKaQgeV LQ VWUXcWXUeV aQd deVLgQ. TKURXgKRXW RXU SURMecW Ze ZeUe abOe WR PaQLSXOaWe WKe

VWUXcWXUeV, ZLdWKV, aUUa\ Oa\RXW, aQd KeLgKWV Rf WKe PLcURQeedOeV aW RXU dLVcUeWLRQ aV Ze UaQ LQWR

YaULRXV SURbOePV. HRZeYeU, WKLV aVSecW LV QRW RQO\ fRU WURXbOeVKRRWLQg, LW aOVR VeUYeV WR add

fOe[LbLOLW\ WR WKe deVLgQ Rf WKe PLcURQeedOeV aVVRcLaWed ZLWK RXU V\VWeP. TKLV RSeQV WKe dRRU fRU

RWKeU W\SeV Rf aQaO\VLV LQ RXU V\VWeP, LQcOXdLQg cRPSUeVVLRQ, ceOO-adKeVLRQ, WePSeUaWXUe aQd SH

aQaO\VeV.
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Chapter 7: Summar\ and Conclusions

7.1 Summar\

TKe PaLQ RbMecWLYe Rf RXU SURMecW LV WR PLPLc WKe cRQdLWLRQV e[SeULeQced b\ LQdXVWULaO

bLRUeacWRUV b\ XVLQg a PLcURQeedOe aUUa\ V\VWeP WR cUeaWe a VRfW bLRVeQVRU. TKLV deYLce aOORZV fRU

WKe deWecWLRQ Rf VKeaU VWUeVV e[SeULeQced b\ ceOOV ZLWKLQ LQdXVWULaO bLRUeacWRUV, aQd LQ dRLQg WKLV,

Ze caQ Pa[LPL]e ceOOXOaU YLabLOLW\ fRU WKe ceOOV e[SeULeQcLQg WKe VKeaU VWUeVV. Ma[LPL]LQg

ceOOXOaU YLabLOLW\ LQ WKeVe KLgK VKeaU VWUeVV eQYLURQPeQWV caQ KaYe WUePeQdRXV LPSacW RQ WKe

bLRLQdXVWU\ b\ VaYLQg bLRPaWeULaO XVed LQ bLRUeacWRUV aQd LQcUeaVLQg WKe SURdXcWLRQ Rf YaULRXV

PedLcaO WUeaWPeQWV VXcK aV ceOOXOaU WUeaWPeQWV, RU PRQRcORQaO aQWLbRd\ SURdXcWLRQ.

TR begLQ RXU SURMecW, Ze fLUVW Qeeded WR deYeORS a PLcURQeedOe deVLgQ WKaW aOORZed fRU aQ

adeTXaWe aPRXQW Rf e[SeULeQced VKeaU VWUeVV fRU WKe ceOOV beLQg e[WUXded. We XVed SROLdWRUNV WR

deYeORS WKLV deVLgQ fURP WKe SUeYLRXVO\ eVWabOLVKed cXVWRP PLcURQeedOe V\VWeP Rf WKe 2018

SeQLRU DeVLgQ PURMecW ³TKUee-DLPeQVLRQaO (3D) PULQWed MLcURQeedOeV fRU MLcUReQcaSVXOaWed

CeOO E[WUXVLRQ.´ OXU deVLgQ cKaQgeV LQcOXded LQcUeaVLQg WKe VL]e Rf WKe PLcURQeedOeV LQ WeUPV Rf

KeLgKW, dLaPeWeU, aQd WKLcNQeVV. We aOVR cKaQge WKe aUUa\ aUUaQgePeQW Rf WKe QeedOeV RQ WKe SaUW

fURP a 13 QeedOe deVLgQ WR a 5 QeedOe deVLgQ. TKeVe cKaQgeV aOORZed fRU aQ LQcUeaVe LQ VKeaU

VWUeVV WR WKe ceOOV beLQg e[WUXded, ZKLcK LV e[acWO\ ZKaW Ze Qeeded WR Pa[LPL]e ceOOXOaU YLabLOLW\

LQ WKe SUeVeQce Rf VKeaU VWUeVV. We ZeUe abOe WR eQVXUe WKe LQcUeaVed VKeaU VWUeVV e[SeULeQced

dXULQg e[WUXVLRQ fURP WKe PLcURQeedOe b\ VLPXOaWLQg fORZ WKURXgK a PLcURQeedOe LQ COMSOL

5.6.

TKe Qe[W VWeS fRU RXU SURMecW ZaV SRO\eOecWURO\We cRPSOe[aWLRQ. TKLV LQcOXded eQcaSVXOaWLQg WKe

CHO ceOOV LQWR a 3% aOgLQaWe VROXWLRQ XVLQg aQ NE-1000 CKaQQeO PURgUaPPabOe S\ULQge PXPS.

TKLV eQWLUe SURceVV UeTXLUed cRPSOeWe VWeULOL]aWLRQ LQ RUdeU WR SUeYeQW aQ\ W\Se Rf cRQWaPLQaWLRQ

fRU WKe CHO ceOOV. SWeULOL]aWLRQ ZaV dRQe b\ aXWRcOaYLQg eacK Rf WKe PaWeULaOV WKaW ZRXOd cRPe

LQWR cRQWacW ZLWK WKe ceOOV, LQcOXdLQg WKe aOgLQaWe SRO\PeU, V\ULQgeV, QeedOeV, gOaVVZaUe aQd

VROXWLRQV. OQce WKe PaWeULaOV ZeUe SURSeUO\ VWeULOL]ed, WKe ceOOV ZeUe SUeSaUed XVLQg YaULRXV

WecKQLTXeV LQYROYLQg WU\SVLQL]aWLRQ aQd ceQWULfXgaWLRQ. TKe ceOOV ZeUe WKeQ added WR 3 PL Rf

aOgLQaWe VROXWLRQ aQd PL[ed fRU 10 PLQXWeV. OQce eQWLUeO\ PL[ed, WKe aOgLQaWe VROXWLRQ ZRXOd be
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added WR a 3 PL V\ULQge cRQQecWed WR a cRa[LaO QeedOe, aQd WKe V\ULQge ZRXOd be SOaced LQ WKe

V\ULQge SXPS. TKe SXPS ZRXOd WKeQ cRQWLQXaOO\ SXPS WKe aOgLQaWe RXW Rf WKe V\ULQge aW a

cRQVWaQW fORZ UaWe, aOORZLQg fRU VSKeULcaO caSVXOeV WR be fRUPed. CeOO fLOOed aOgLQaWe caSVXOeV

ZeUe dURSSed fURP WKe V\ULQge LQWR a 1.5% CaCO2 VROXWLRQ. TKe CaCO2 VROXWLRQ SRO\PeUL]ed WKe

aOgLQaWe, caXVLQg WKe caSVXOeV WR gaLQ URbXVWQeVV aQd VWXUdLQeVV WR PaLQWaLQ WKeLU VSKeULcaO

VKaSeV.

OQce WKe ceOOV ZeUe eQcaSVXOaWed LQWR aOgLQaWe, Ze ZRXOd begLQ RXU WeVWLQg SURceVV Rf WKe ceOOXOaU

YLabLOLW\ Rf WKe ceOOV ZLWKLQ WKe aOgLQaWe. USRQ eQcaSVXOaWLRQ, OLgKW PLcURVcRS\ ZaV XVed WR

YLVXaOL]e WKe ceOOV. AfWeU 1, 2 aQd 3 da\V a c\WRWR[LcLW\ aVVa\ ZaV SeUfRUPed WR WeVW WKe YLabLOLW\

Rf WKe ceOOV. LLgKW PLcURVcRS\ aOORZed fRU WKe YLVXaOL]aWLRQ Rf WKe ceOOV aQd caSVXOeV WR eQVXUe WKe

caSVXOeV ZeUe WKe cRUUecW VL]e aQd VKaSe, aQd WKaW WKe ceOOV ZeUe aOLYe, dLYLdLQg aQd gURZLQg.

HRZeYeU, YLVXaOL]aWLRQ ZaV a TXaOLW\ cKecN, ZKeUeaV WKe c\WRWR[LcLW\ aVVa\ RffeUed a PRUe

cRQcUeWe TXaQWLW\ cKecN b\ QXPeULcaOO\ eYaOXaWLQg WKe YLabLOLW\ Rf WKe ceOOV WKURXgK abVRUbaQce

YaOXeV XVLQg a VSecWURSKRWRPeWeU. AfWeU WKe 3 da\ c\WRWR[LcLW\ aVVa\ aQaO\VLV, WKe ceOOV ZeUe

SURSeUO\ dLVSRVed Rf WKURXgK a VeULeV Rf bOeacKLQg aQd dLVSRVLQg LQWR bLRKa]aUdRXV ZaVWe

cRQWaLQeUV.

7.2 Conclusion

IQ cRQcOXVLRQ, Ze ZeUe abOe WR VXcceVVfXOO\ bXLOd WKe fRXQdaWLRQ Rf a SUeVcUeeQLQg V\VWeP WKaW

eQabOeV fXUWKeU aQaO\VLV Rf WKe effecWV Rf VKeaU VWUeVV e[SeULeQced b\ ceOOV LQ LQdXVWULaO

bLRUeacWRUV. We deYeORSed a QeZ PLcURQeedOe VWUXcWXUe, eQcaSVXOaWed ceOOV LQ aOgLQaWe, aQd WeVWed

WKe YLabLOLW\ Rf WKe eQcaSVXOaWed ceOOV. TKe PLcURQeedOe deVLgQ WKaW Ze deYeORSed WKURXgK 3D

SULQWLQg aOORZed fRU e[WeQVLYe aQaO\VLV Rf WKe VKeaU VWUeVV e[SeULeQced b\ WKe eQcaSVXOaWed CHO

ceOOV ZKeQ XQdeUgRLQg e[WUXVLRQ WKURXgK WKe PLcURQeedOe. TKLV ZaV SURYeQ WKURXgK VLPXOaWLRQV

dRQe ZLWK COMSOL 5.6, VKRZLQg WKe VKeaU VWUeVV WR be LQcUeaVed 3.5 WLPeV PRUe WKaQ WKe

SUeYLRXV PLcURQeedOe deVLgQ aV ZeOO aV aQ LQcUeaVe LQ WKe Re\QROdV QXPbeU WR 350. CHO ceOOV

ZeUe eQcaSVXOaWed LQ 3% aOgaLQWe WR cUeaWe 3 PP caSVXOeV fRU e[WUXVLRQ WKURXgK WKe VRfW

bLRVeQVRU, a VL]e Ze fRXQd WR adeTXaWeO\ LQdXce WKe SURSeU aPRXQW Rf VKeaU VWUeVV WKURXgK aQ

e[WUXVLRQ. TKe SUeYLRXV caSVXOeV ZeUe VL]ed LQ WKe 1 PP UaQge, aQd WKeVe ZeUe WRR VPaOO fRU RXU

QeZeU, aQd OaUgeU PLcURQeedOe. A LDH c\WRWR[LcLW\ aVVa\ ZaV XVed WR aQaO\]e WKe YLabLOLW\ Rf WKe
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ceOOV RYeU a 3 da\ SeULRd fROORZLQg eQcaSVXOaWLRQ. TKe UeVXOWV VKRZed ceOO deaWK WR RccXU RQ da\

3 ZLWK a S < 0.001 cRQfLdeQce (100% cRQfOXeQc\) aQd S < 0.05 (60% cRQfOXeQc\). VLVXaOL]aWLRQ

Rf WKe eQcaSVXOaWed ceOOV WKURXgK OLgKW PLcURVcRS\ cRLQcLded ZLWK RXU c\WRWR[LcLW\ aVVa\ UeVXOWV

ZLWK caWegRULcaO aQaO\VLV Rf WKe YLabLOLW\ Rf WKe ceOOV dXULQg WKLV 3 da\ WeVWLQg SeULRd. FLQaOO\,

cRPSUeVVLRQ WeVWLQg ZaV SeUfRUPed RQ WKe 3 PP caSVXOeV WR WeVW WKeLU PecKaQLcaO VWUeQgWK. TKe

caSVXOeV YRXQg¶V MRdXOXV ZaV fRXQd WR be 2.7342 NPa. OYeUaOO, RXU deYLce KaV WKe abLOLW\ WR

LQdXce VKeaU VWUeVV ZLWK SRWeQWLaO VcaOabOe RSSRUWXQLWLeV, aOORZLQg fRU fOe[LbLOLW\ aQd

PaQLSXOaWLRQ fRU fXWXUe ZRUN.

7.3 Future Work

LRRNLQg LQWR WKe fXWXUe, WKeUe caQ be PaQ\ dLffeUeQW aSSURacKeV WR RSWLPL]LQg RXU VRfW bLRVeQVRU

deYLce. TKe YaU\LQg PeWKRdV KaYe \eW WR be cRPSOeWeO\ RSWLPL]ed, aV ceOOXOaU eQcaSVXOaWLRQ aQd

e[WUXVLRQ caQ be fXUWKeU deYeORSed LQWR a PRUe effLcLeQW aQd PaQXfacWXUabOe V\VWeP. AOVR, WKe

3D SULQWLQg Rf WKe PLcURQeedOe caQ aOVR be RSWLPL]ed fRU OaUge-VcaOe SURdXcWLRQ. AOWKRXgK RXU

V\VWeP KaV beeQ deYeORSed WR VSecLfLcaOO\ aQaO\]e K\dURd\QaPLc VKeaU VWUeVV, WKeUe aUe RWKeU

SRWeQWLaO aSSOLcaWLRQV WKaW caQ be cRQVLdeUed fRU aQaO\VLV. FRU e[aPSOe, RXU SURMecW KaV WKe

SRWeQWLaO WR e[SaQd WR WKe aQaO\VLV Rf cRPSUeVVLRQ, ceOO-adKeVLRQ, WePSeUaWXUe aQd SH. EacK Rf

ZKLcK KaYe cRQWULbXWLQg facWRUV WR WKe XVabLOLW\ Rf LQdXVWULaO bLRUeacWRUV fRU deYeORSPeQW Rf

YaU\LQg PedLcaO WUeaWPeQWV, LQcOXdLQg ceOOXOaU WUeaWPeQWV, aQWLbRd\ WUeaWPeQWV aQd

SKaUPaceXWLcaO WUeaWPeQWV. We KRSe WKe fXWXUe Rf RXU SURMecW dLYeV LQWR WKeVe SRWeQWLaO

aSSOLcaWLRQV LQ addLWLRQ WR a cRPSOeWe RSWLPL]aWLRQ Rf K\dURd\QaPLc VKeaU VWUeVV e[SeULeQced

ZLWKLQ bLRUeacWRUV.
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Chapter 9: Appendi[

9.1 C\toto[icit\ Assa\ Ladder

BefRUe XVLQg WKe LDH c\WRWR[LcLW\ aVVa\ WR WeVW WKe YLabLOLW\ Rf RXU eQcaSVXOaWed ceOOV, Ze

SeUfRUPed a OaddeU WR SUacWLce XVLQg WKe aVVa\ (aQd deWeUPLQe WKe RSWLPXP ceOO cRXQW fRU WKe

aVVa\?). FLgXUe 25 VKRZV WKe VeWXS Rf RXU e[SeULPeQW. TKe WRS URZ LV WKe OaddeU, ZLWK WKe ceOO

cRQceQWUaWLRQ decUeaVLQg fURP OefW ZeOO WR ULgKW ZeOO. TKe PLddOe URZ LV a QegaWLYe cRQWURO

(PBS), aQd WKe bRWWRP URZ LV WKe SRVLWLYe cRQWURO (SURYLded b\ WKe aVVa\ NLW). AQaO\]LQg WKe

abVRUbaQce YaOXeV (FLgXUe 26) VKRZV XV WKaW WKe ZeOO ZLWK WKe KLgKeVW cRQceQWUaWLRQ Rf ceOOV KaYe

WKe PRVW ceOO deaWK, ZKLcK LV e[SecWed.

FLgXUe 25. C\WRWR[LcLW\ aVVa\ OaddeU VeWXS. TRS URZ: LaddeU (cRQceQWUaWLRQ Rf ceOOV fURP ULgKW

ZeOO WR OefW ZeOO: OaddeU (300 XL, 150 XL, 75 XL, 35 XL). MLddOe URZ: NegaWLYe cRQWURO.

BRWWRP URZ: PRVLWLYe cRQWURO.

FLgXUe 26. PORW Rf abVRUbaQce YV. ceOO cRXQW (WR be UeSOLcaWed).
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