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AbVWUacW 

BUaiQ WiVVXe iV YXOQeUabOe aQd VeQViWiYe, SUediVSRVed WR SRWeQWiaO daPage XQdeU YaUiRXV 

cRQdiWiRQV Rf PechaQicaO ORadiQg. The VWXdieV iQ WhiV WheViV aiPed WR iQYeVWigaWe Whe YiVcReOaVWic 

SURSeUWieV Rf bUaiQ WiVVXe XQdeU YaUiRXV ORadiQg cRQdiWiRQV aQd deYeORS YiVcReOaVWic PRdeOV WR 

caSWXUe Whe WiVVXe behaYiRXU. 

The PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe ZeUe TXaQWified XViQg d\QaPic PechaQicaO aQaO\ViV 

(DMA) ZheUe a ViQXVRidaOO\ YaU\iQg diVSOacePeQW ZaV aSSOied WR VSeciPeQV aQd Whe 

YiVcReOaVWic SURSeUWieV ZeUe RbWaiQed XQdeU diffeUeQW WeVWiQg SURWRcROV. The UegiRQaO aQd 

diUecWiRQaO SURSeUWieV Rf bUaiQ WiVVXe ZeUe TXaQWiWaWiYeO\ PeaVXUed aW Sh\ViRORgicaO aQd 

iQjXUiRXV ORadiQg cRQdiWiRQV. The cRPSUeVViYe SURSeUWieV Rf bUaiQ WiVVXe ZeUe VWXdied XQdeU 

WiPe aQd fUeTXeQc\ dRPaiQV ZiWh Whe VaPe Sh\VicaO cRQdiWiRQV. The WheRU\ Rf YiVcReOaVWiciW\ 

ZaV aSSOied WR eVWiPaWe Whe SUedicWiRQ Rf YiVcReOaVWic UeVSRQVe WhURXgh FiQiWe EOePeQW PRdeOV. 

FXUWheU, Whe effecW Rf OaUge VWUaiQ WR PechaQicaO behaYiRXU Rf bUaiQ WiVVXe ZaV iQYeVWigaWed. 

ThiV WheViV fRXQd bUaiQ WiVVXe WR haYe VhRZed fUeTXeQc\ deSeQdeQW-YiVcReOaVWic SURSeUWieV. The 

cRPSUeVViYe d\QaPic SURSeUWieV Rf bUaiQ WiVVXe ZeUe heWeURgeQRXV fRU UegiRQV aQd affecWed b\ 

iQdeQWeU Vi]e aQd iQdeQWaWiRQ deSWh. The UeVXOWV dePRQVWUaWe Whe feaVibiOiW\ Rf deUiYiQg WiPe-

dRPaiQ YiVcReOaVWic SaUaPeWeUV fURP fUeTXeQc\-deSeQdeQW cRPSUeVViYe daWa fRU biRORgicaO 

WiVVXe. ASSOicaWiRQV Rf Whe bUaiQ YiVcReOaVWic SURSeUWieV SUeVeQWed iQ WhiV WheViV iQcOXde Whe 

diagQRViV Rf bUaiQ iQjXU\ aQd fabUicaWiRQ Rf biRPaWeUiaOV WR UeSOicaWe bUaiQ WiVVXe.  
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1 IQWURdXcWiRQ 

The bUaiQ iV cRQVideUed WR be RQe Rf Whe PRVW cRPSOe[ RUgaQV iQ Whe bRd\ aQd iV UeVSRQVibOe fRU 

a VeUieV Rf Sh\VicaO aQd PeQWaO WaVkV. AOWhRXgh Whe bUaiQ iV ZeOO SURWecWed b\ Whe VkXOO, iW iV VWiOO 

VeQViWiYe aQd YXOQeUabOe XQdeU SRWeQWiaOO\ iQjXUiRXV ORadiQg cRQdiWiRQV. DXe WR YaUiRXV e[WeUQaO 

fRUceV, WUaXPaWic bUaiQ iQjXU\ (TBI) iV a PajRU caXVe Rf deaWh aQd diVabiOiW\ affecWiQg PiOOiRQV 

Rf SeRSOe (Ta\ORU eW aO. 2017). AccRUdiQg WR Whe CeQWUeV fRU DiVeaVe CRQWURO, 2.53 PiOOiRQ TBI-

UeOaWed ePeUgeQc\ deSaUWPeQW YiViWV ZeUe dRcXPeQWed iQ 2014 aQd Whe TBI-UeOaWed ePeUgeQc\ 

deSaUWPeQW YiViWV aQd deaWhV haYe iQcUeaVed VWeadiO\ fURP 2006 WR 2014 (CaSi]]i eW aO. 2020). 

TUeaWPeQW PRdaOiWieV Rf bUaiQ iQjXUieV aUe caWegRUi]ed baVed RQ Whe VeYeUiW\ Rf Whe iQjXU\ UaQgiQg 

fURP PiOd WR VeYeUe WUaXPaWic bUaiQ iQjXU\ (GaOgaQR eW aO. 2017). The fRcXV Rf WhiV WheViV iV RQ 

PiOd WUaXPaWic bUaiQ iQjXUieV Zhich cRXOd be iQdXced ZheQ RVciOOaWRU\ fRUce iV aURXQd 20 H] 

(LakVaUi eW aO. 2015). IQ Whe VXbVeTXeQW chaSWeUV, Whe WeVWed fUeTXeQc\ UaQge fRU d\QaPic 

PechaQicaO e[SeUiPeQWV ZaV XS WR 35 H] WR Zhich Whe bUaiQ PighW be e[SRVed dXUiQg 

Sh\ViRORgicaO aQd iQjXU\ cRQdiWiRQV (RaVhid eW aO. 2013). 

The aiP Rf WhiV WheViV ZaV WR chaUacWeUi]e Whe PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe aQd deYeORS 

YiVcReOaVWic PRdeOV. The V\VWePaWic chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe ZRXOd SURYide eVVeQWiaO 

iQfRUPaWiRQ WR Whe aQaO\ViV Rf bUaiQ iQjXUieV iQ cOiQicaO WUeaWPeQWV aQd Oead WR Whe deYeORSPeQW 

Rf cRPSXWaWiRQaO ViPXOaWiRQV Rf head Zhich caQ SUedicW bUaiQ diVeaVe SURgUeVViRQ aQd deYeORS 

VPaUW SURWecWiRQ V\VWePV. The VSecific RbjecWiYeV ZeUe WR: 
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x AcTXiUe Whe d\QaPic PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe; 

x EYaOXaWe Whe effecW Rf heWeURgeQeRXV PicURVWUXcWXUe RQ PechaQicaO SURSeUWieV Rf bUaiQ 

WiVVXe aQd ZiWhiQ Whe cRQWe[W Rf cRQVWiWXWiYe PRdeOV; 

x IQYeVWigaWe Whe WiPe aQd fUeTXeQc\ dRPaiQ PechaQicaO chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe. 

The PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe SOa\ aQ iPSRUWaQW UROe ZheQ head iQjXUieV aUe 

aQaO\Ved. TR RbWaiQ Whe PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe, WhiV WheViV iQYeVWigaWeV aQiPaO 

bUaiQV e[WeQViYeO\ XQdeU YaUiRXV ORadiQg cRQdiWiRQV. ChaUacWeUi]aWiRQ aQd TXaQWificaWiRQ Rf 

WheVe PechaQicaO SURSeUWieV caQ be aSSOied WR PRdeOV Rf bUaiQ diVeaVe Yia cRPSXWaWiRQaO 

ViPXOaWiRQV. The effecW Rf PicURVWUXcWXUaO heWeURgeQeiW\ Rf bUaiQ WiVVXe ZaV ideQWified fRU 

accXUaWe SUedicWiRQ Rf iQjXU\ acURVV Whe bUaiQ VWUXcWXUe. The PeaVXUePeQWV caQ SURYide a 

VWaQdaUd fRU cOiQicaO-gUade biRPaWeUiaOV VXiWabOe fRU XVe iQ UegeQeUaWiYe PediciQe (BaUWOeWW eW aO. 

2020). IQ addiWiRQ, WheVe PechaQicaO SURSeUWieV caQ be XVed WR deWeUPiQe a VXUURgaWe bUaiQ 

PaWeUiaO fRU aVVeVViQg Whe feaVibiOiW\ Rf head SURWecWiRQ V\VWeP (ZhaQg eW aO. 2019). The 

iQYeVWigaWiRQ Rf PechaQicaO UeVSRQVe XQdeU diffeUeQW ORadiQg eQYiURQPeQWV (e.g. WiPe aQd 

fUeTXeQc\ dRPaiQV) caQ cRQWUibXWe WR a beWWeU XQdeUVWaQdiQg Rf Whe SheQRPeQRORg\ Rf bUaiQ 

WiVVXe aQd iWV cRQVWiWXWiYe PRdeOOiQg. 

ChaSWeU 2 SUeVeQWV Whe backgURXQd iQfRUPaWiRQ SeUWiQeQW WR WhiV WheViV. IW iQcOXdeV aQ 

iQWURdXcWiRQ WR Whe bUaiQ V\VWeP. MRdeOOiQg aQd PechaQicaO WeVWiQg Rf bUaiQ WiVVXe aUe diVcXVVed 
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XQdeU YaUiRXV WeVWiQg cRQdiWiRQV. FXUWheUPRUe, Whe PechaQicV Rf WheVe PaWeUiaOV aUe aQaO\Ved 

iQcOXdiQg YiVcReOaVWic aQd h\SeUeOaVWic SURSeUWieV. 

ChaSWeU 3 deVcUibeV a VWXd\ RQ Whe geQeUaO YiVcReOaVWic SURSeUWieV Rf SRUciQe bUaiQ WiVVXe. The 

YaUiaWiRQ Rf d\QaPic VWiffQeVV ZaV aVVeVVed b\ cRPSaUiQg diffeUeQW iQdeQWeU Vi]eV aQd 

iQdeQWaWiRQ deSWhV. The YiVcReOaVWic PRdXOi ZeUe aOVR aQaO\Ved RYeU a UaQge Rf ORadiQg 

fUeTXeQcieV. The chaSWeU iV baVed RQ Whe ZRUk SXbOiVhed iQ Whe Journal of the Mechanical 

Behaviour of Biomedical Materials eQWiWOed µFUeTXeQc\ deSeQdeQW YiVcReOaVWic SURSeUWieV Rf 

SRUciQe bUaiQ WiVVXe¶; 2020, YROXPe 102, SageV 103460. ThiV ZRUk ZaV aOVR SUeVeQWed aW Whe 

25th CRQgUeVV Rf Whe EXURSeaQ SRcieW\ Rf BiRPechaQicV, VieQQa, AXVWUia, 2019. 

ChaSWeU 4 deWaiOV Whe aQaO\ViV RQ Whe cRPSUeVViYe fUeTXeQc\-deSeQdeQW PechaQicaO 

chaUacWeUi]aWiRQ Rf bRYiQe bUaiQ WiVVXe aQd ideQWifieV iWV YiVcReOaVWic PRdeOOiQg. IQ WhiV chaSWeU, 

Whe ZhiWe aQd gUe\ PaWWeU ZeUe iQYeVWigaWed WR deWeUPiQe Whe UegiRQaO aQd diUecWiRQaO SURSeUWieV 

Rf bUaiQ WiVVXe. A fUeTXeQc\-deSeQdeQW cRQVWiWXWiYe PRdeO ZaV aSSOied iQ Whe QXPeUic 

ViPXOaWiRQ WR caSWXUe Whe PechaQicaO behaYiRXU Rf bUaiQV. The ZRUk iQ WhiV chaSWeU iV baVed RQ 

Whe ZRUk SXbOiVhed iQ Whe Journal of the Mechanical Behaviour of Biomedical Materials 

eQWiWOed µD\QaPic PechaQicaO chaUacWeUi]aWiRQ aQd YiVcReOaVWic PRdeOiQg Rf bRYiQe bUaiQ 

WiVVXe¶; 2021, YROXPe 114, SageV 104204. 

ChaSWeU 5 VWXdieV Whe YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe XQdeU WiPe aQd fUeTXeQc\ deSeQdeQW 

ORadiQg cRQdiWiRQV. ThiV chaSWeU cRPSaUeV Whe fUeTXeQc\ aQd WiPe dRPaiQ PechaQicaO 
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chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe b\ cRQYeUWiQg iWV d\QaPic SURSeUWieV WR eQabOe PaWhePaWicaO 

PRdeOOiQg iQ Whe WiPe dRPaiQ. FXUWheU, Whe h\SeUeOaVWic PaWeUiaO PRdeO ZaV XVed WR iQYeVWigaWe 

Whe OaUge VWUaiQ behaYiRXU Rf bUaiQ WiVVXe. The ZRUk iQ WhiV chaSWeU iV baVed RQ Whe ZRUk 

SXbOiVhed iQ Whe Annals of Biomedical Engineering eQWiWOed µIQYeVWigaWiRQ Rf Whe CRPSUeVViYe 

ViVcReOaVWic PURSeUWieV Rf BUaiQ TiVVXe UQdeU TiPe aQd FUeTXeQc\ DeSeQdeQW LRadiQg 

CRQdiWiRQV¶; 2021, VROXPe 49, PageV 3737-3747. 

ChaSWeU 6 RXWOiQeV Whe RYeUaOO diVcXVViRQ, iQcOXdiQg Whe fXWXUe ZRUk Whe fiQdiQgV SUeVeQWed iQ 

WheViV cRXOd be aSSOied WR, aQd Whe fiQaO cRQcOXViRQV. 
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2 BackgURXQd 

2.1 ChaSWeU OYeUYieZ 

ThiV chaSWeU SURYideV Whe backgURXQd iQfRUPaWiRQ UeTXiUed WR XQdeUVWaQd VXbVeTXeQW chaSWeUV 

iQ WhiV WheViV. TR begiQ, a backgURXQd iV SURYided RQ VkXOO aQd bUaiQ WiVVXe iQ VecWiRQ 2.2. The 

diVcXVViRQ Rf Whe PechaQicV Rf PaWeUiaOV aSSOied iQ aQaO\ViV Rf e[SeUiPeQWaO UeVXOWV aQd 

ViPXOaWiRQV iV RXWOiQed iQ VecWiRQ 2.3. FROORZiQg WhiV, OiWeUaWXUe RQ PRdeOOiQg aQd PechaQicaO 

WeVWiQg Rf bUaiQ WiVVXe iV cUiWicaOO\ aQaO\Ved iQ VecWiRQ 2.4 XQdeU YaUiRXV WeVWiQg cRQdiWiRQV. 

FiQaOO\, VecWiRQ 2.5 VXPPaUi]eV Whe backgURXQd chaSWeU. 

2.2 SkXOO aQd BUaiQ S\VWeP 

2.2.1 The SkXOO 

The VkXOO iV a cRUWicaO gUaiQ VWUXcWXUe Zhich fRUPV Whe head iQ YeUWebUaWeV (DePSVWeU 1967) aQd 

iV cRPSUiVed Rf WZR SaUWV, Whe cUaQiXP aQd Whe PaQdibOe. The VkXOO VXSSRUWV Whe VWUXcWXUe Rf Whe 

face aQd SURYideV a SURWecWiYe caYiW\ fRU Whe bUaiQ WiVVXe fURP iQjXUieV dXUiQg e[WeUQaOO\ aSSOied 

PechaQicaO fRUceV, VXch aV bOaVW aQd iPSacW. The VkXOO bRQeV aUe geQeUaOO\ Pade XS Rf Whe 

fURQWaO bRQe, fRUPiQg Whe fRUehead; WZR SaUieWaO bRQeV, Zhich aUe Whe biggeVW SaUW Rf Whe VkXOO 

diVWUibXWed RQ eiWheU Vide; Whe RcciSiWaO bRQe, Whe baVe Rf Whe VkXOO; aQd Whe WZR WePSRUaO bRQeV 

(FigXUe 2.1). SXWXUeV aUe Uigid jRiQWV beWZeeQ Whe bRQeV Rf Whe VkXOO aQd VXWXUe OiQeV aUe Whe PRVW 

diVWiQgXiVhiQg PaUk RQ Whe VkXOO bRQeV. TheVe fibURXV jRiQWV aV V\QaUWhURVeV SURYide Whe 
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cRPSOiaQce aQd eOaVWiciW\ Rf Whe VkXOO. The gURZWh SaWWeUQ Rf Whe VkXOO iV affecWed b\ Whe VXWXUeV, 

Zhich gUadXaOO\ haUdeQ dXUiQg eaUO\ chiOdhRRd. 

 

FigXUe 2.1± SkXOO VWUXcWXUe VchePe. IPage b\ EdRaUadR - OZQ ZRUk baVed RQ: HXPaQ VkXOO Vide 
ViPSOified (bRQeV), fUeeO\ aYaiOabOe iQ Whe SXbOic dRPaiQ (Lad\RfHaWV 2007). 

2.2.2 AQaWRP\ Rf CUaQiaO BRQe 

CUaQiaO bRQeV haYe YaUiRXV VWUXcWXUaO SURSeUWieV WhaW chaQge ZiWh age. FeWaO cUaQiaO bRQe iV a 

WhiQ cRUWicaO bRQe Oa\eU aQd highO\ VeQViWiYe WR geVWaWiRQaO age aQd cUaQiaO bRQe fibUe RUieQWaWiRQ 

(McPheUVRQ aQd KUieZaOO 1980). MaWXUe cUaQiaO bRQe diffeUeQWiaWeV iQWR a cRPSRViWe VWUXcWXUe 

Pade XS Rf a WhUee-Oa\eU VaQdZich VSheUe ZiWh cRPSacW cRUWicaO bRQeV aQd iQQeU caQceOORXV 

bRQe (diSORe) (FigXUe 2.2). The cUaQiaO bRQeV aUe cRQVideUed aV WUaQVYeUVeO\ iVRWURSic 

(McEOhaQe\ eW aO. 1970) aQd Whe PechaQicaO UeVSRQVe Rf Whe VkXOO iV VWURQgO\ affecWed b\ Whe 



 

 7 

VWUXcWXUaO aUUaQgePeQW Rf Whe diSORe (EQdR 1966). The PRUShRORgicaO YaUiaWiRQ Rf cUaQiaO bRQeV 

ZaV fRXQd WR be OaUge (LaZ 1993) aQd WhiV iV cRQVideUed aV Whe PRVW VigQificaQW facWRU WR caXVe 

diVcUeSaQcieV iQ Whe PechaQicaO SURSeUWieV. SXWXUeV aUe VXUURXQded aQd UeiQfRUced b\ cRPSacW 

bRQe, aQd Whe aUea ZiWh WhickeU diSORe iV aZa\ fURP VXWXUeV. The RXWeU cRPSacW bRQeV haYe a 

deQVe VWUXcWXUe ZiWh OeVV WhaQ 30% SRURViW\, ZhiOe diSORe iV highO\ SRURXV (AOe[aQdeU eW aO. 

2020).  

 

FigXUe 2.2 ± AQaWRP\ Rf hXPaQ cUaQiaO bRQe fURP VkXOO. IPage b\ OSeQSWa[ CROOege, aYaiOabOe XQdeU 
CUeaWiYe CRPPRQV AWWUibXWiRQ 3.0. (AQaWRP\ & Ph\ViRORg\ 2013). 
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2.2.3 BUaiQ TiVVXe 

The bUaiQ iV cRQVideUed aV RQe Rf Whe PRVW YXOQeUabOe RUgaQV iQ Whe bRd\; iW iV iPPeUVed iQ 

ceUebURVSiQaO fOXid (CSF) aQd VXUURXQded b\ Whe VkXOO. The bUaiQ cRQViVWV Rf Whe ceUebUXP, Whe 

bUaiQVWeP aQd Whe ceUebeOOXP. The ceUebUXP, Whe biggeVW SaUW Rf bUaiQ WiVVXe, haV WZR 

hePiVSheUeV (OefW aQd UighW cRQQecWed b\ cRUSXV caOORVXP ZhiWe PaWWeU WiVVXe) aQd each 

hePiVSheUe iV cRQYeQWiRQaOO\ VXbdiYided iQWR fRXU PaiQ ORbeV iQcOXdiQg fURQWaO, WePSRUaO, 

SaUieWaO aQd RcciSiWaO ORbeV (FigXUe 2.3). BUaiQ WiVVXe caQ be diYided iQWR gUe\ aQd ZhiWe PaWWeU. 

The gUe\ PaWWeU cRQViVWiQg Rf cRUWe[ aQd Whe baVaO gaQgOia iV Pade Rf QeXURQV ZiWh Whe fXQcWiRQ 

Rf daWa SURceVViQg, aQd Whe ZhiWe PaWWeU cRQViVWiQg Rf cRURQa UadiaWe aQd cRUSXV caOORVXP iV 

Pade Rf P\eOiQaWed QeUYe a[RQV (PUaQge eW aO. 2000). The bUaiQ iV ZUaSSed b\ WhUee PePbUaQeV 

Rf Whe dXUa PaWeU, aUachQRid PaWeU aQd Whe Sia PaWeU, Zhich SURWecW Whe QeUYRXV V\VWeP (FigXUe 

2.4). CSF ciUcXOaWeV aURXQd Whe VSace beWZeeQ Whe aUachQRid PaWeU aQd Whe Sia PaWeU.  

The effecW Rf PicURVWUXcWXUaO heWeURgeQeiW\ Rf bUaiQ WiVVXe haV UeceQWO\ UeceiYed aWWeQWiRQ 

(BXdda\ eW aO. 2015; PeUYiQ aQd CheQ 2009) aQd iW iV QeceVVaU\ WR iQYeVWigaWe Whe cRQQecWiRQ 

beWZeeQ Whe PacURVcRSic PechaQicaO behaYiRXU aQd Whe UegiRQaO PicURVWUXcWXUe fRU accXUaWe 

SUedicWiRQ Rf iQjXU\ acURVV Whe bUaiQ VWUXcWXUe. BUaiQ WiVVXe caQ be diYided iQWR gUe\ aQd ZhiWe 

PaWWeU aQd iV cRYeUed ZiWh Whe WhiQ Oa\eU Rf Sia aQd aUachQRid PePbUaQeV. The gUe\ PaWWeU iV 

Pade Rf QeXURQV ZiWh Whe fXQcWiRQ Rf daWa SURceVViQg diVWUibXWed aURXQd Whe VXUface Rf Whe 

cRUWe[, aQd Whe ZhiWe PaWWeU cRQViVWV Rf P\eOiQaWed QeUYe a[RQV Zhich caQ be highO\ RUieQWed 
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aQd cRQQecW YaUiRXV gUe\ PaWWeU aUeaV. PUeYiRXV VWXdieV VhRZed gUe\ PaWWeU VeePV WR be OeVV 

VWiff WhaQ ZhiWe PaWWeU WhURXgh iQdeQWaWiRQ WeVWV (BXdda\ eW aO. 2015; FeQg eW aO. 2013). ReceQWO\, 

a VWXd\ VhRZed WheUe iV UegiRQaOO\ PicURVWUXcWXUaO YaUiaWiRQ eYeQ ZiWhiQ Whe gUe\ aQd ZhiWe 

PaWWeU WiVVXe (BXdda\ eW aO. 2017). BUaiQ WiVVXe ZaV fXUWheU diffeUeQWiaWed iQWR ORcaWiRQV Rf 

cRUSXV caOORVXP, cRURQa UadiaWa, cRUWe[ aQd baVaO gaQgOia (PUaQge aQd MaUgXOieV 2002). CRURQa 

UadiaWa aQd cRUSXV caOORVXP aUe cRQVideUed aV ZhiWe PaWWeU, ZhiOe Whe OaWWeU haV PRUe RUieQWed 

QeUYe fibUeV cRQQecWiQg Whe WZR hePiVSheUeV. CRUWe[ aQd baVaO gaQgOia aUe cRQVideUed aV gUe\ 

PaWWeU. The iQYeVWigaWiRQ Rf UegiRQaOO\ PechaQicaO SURSeUWieV iQ bUaiQ WiVVXe ZRXOd be heOSfXO 

fRU cOiQic aQaO\ViV aV Whe degUee Rf iQjXU\ Pa\ YaU\ ZiWh UegiRQV. IQ addiWiRQ WR Whe UegiRQaO 

heWeURgeQeiW\, ZhiWe PaWWeU VWUXcWXUe haV beeQ fRXQd WR be WUaQVYeUVeO\ iVRWURSic becaXVe Rf Whe 

highO\ aOigQed a[RQaO fibUeV, ZhiOe gUe\ PaWWeU iV ViPSO\ iVRWURSic (AUbRgaVW aQd MaUgXOieV 

1999; FeQg eW aO. 2017). TheUefRUe, Whe PechaQicaO UeVSRQVe Rf ZhiWe PaWWeU iV SRWeQWiaOO\ 

affecWed b\ Whe fibUe diUecWiRQ (NiQg eW aO. 2006). 
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FigXUe 2.3 ± BUaiQ aQaWRP\ iQ VagiWWaO SOaQe. IPage b\ OZQ ZRUk, aYaiOabOe XQdeU CUeaWiYe CRPPRQV 
AWWUibXWiRQ 3.0. (NEUROWikeU 2007). 

 

FigXUe 2.4 ± IOOXVWUaWiRQ Rf PeQiQgeV aQd bUaiQ-VkXOO iQWeUface. IPage b\ OSeQSWa[ CROOege, aYaiOabOe 
XQdeU CUeaWiYe CRPPRQV AWWUibXWiRQ 4.0. (AQaWRP\ & Ph\ViRORg\ 2016).  
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2.2.4 TUaXPaWic BUaiQ IQjXU\ 

AOWhRXgh Whe bUaiQ iV ZeOO SURWecWed b\ Whe VkXOO, bUaiQ WiVVXe iV VWiOO eaViO\ iQjXUed ZheQ 

e[SeUieQciQg YaUiRXV ORadiQg cRQdiWiRQV. TUaXPaWic bUaiQ iQjXU\ (TBI) iV a PajRU caXVe Rf deaWh 

aQd diVabiOiW\ iQdXced b\ e[WeUQaO d\QaPic fRUceV (Ta\ORU eW aO. 2017) aQd iV a cUiWicaO SXbOic 

heaOWh SURbOeP ZRUOdZide (H\deU eW aO. 2007). The SUiPaU\ caXVeV Rf bUaiQ iQjXU\ iQcOXde 

YiROeQce, VSRUWV, YehicOe cUaVheV aQd cRQVWUXcWiRQ ZheUe bUaiQ WUaXPa RccXUV aV a cRQVeTXeQce 

Rf a VXddeQ acceOeUaWiRQ RU deceOeUaWiRQ ZiWhiQ Whe cUaQiXP (KXVhQeU 1998). IQ Whe UQiWed 

SWaWeV, aSSUR[iPaWeO\ 1.5 PiOOiRQ WUaXPaWic bUaiQ iQjXUieV RccXU SeU \eaU (BUXQV JU aQd HaXVeU 

2003) aQd WUaXPaWic bUaiQ iQjXU\ iV aPRQg Whe PRVW VeYeUe W\Se Rf iQjXU\ iQ WeUPV Rf ORQg-WeUP 

iPSOicaWiRQV fRU VXUYiYRUV aQd caVe faWaOiW\ (RRdUigXe] eW aO. 2006). The diUecWiRQ aQd W\Se Rf 

fRUceV Pa\ cRQWUibXWe WR bUaiQ iQjXUieV iQcOXdiQg aQgXOaU, VheaU aQd WUaQVOaWiRQaO fRUceV. IQ 

addiWiRQ, Whe VXddeQ acceOeUaWiRQ RU deceOeUaWiRQ, bOaVW ZaYeV aQd SeQeWUaWiQg iPSacW caQ caXVe 

bUaiQ iQjXUieV. AOWhRXgh TBI SaWhRORg\ aQd QeXURQaO fXQcWiRQ haYe beeQ Whe fRcXV Rf PaQ\ 

VWXdieV, PaQ\ iQjXU\ cRQdiWiRQV aUe VWiOO XQcOeaU. 

The VeYeUiW\ Rf WUaXPaWic bUaiQ iQjXU\ caQ be cOaVVified iQWR PiOd, PRdeUaWe aQd VeYeUe 

caWegRUieV. CRQcXVViRQ kQRZQ aV PiOd WUaXPaWic bUaiQ iQjXU\ (PTBI) iV RQe Rf Whe PRVW 

cRPPRQ W\SeV Rf TBI Zhich RccXUV aW OeaVW 10 WiPeV PRUe fUeTXeQWO\ WhaQ PRdeUaWe aQd VeYeUe 

cRQdiWiRQV (NgX\eQ eW aO. 2016). PUiPaU\ iQjXUieV Rf cRQcXVViRQ caQ be caXVed eiWheU aW Whe SOace 

Rf iPSacW RU RQ Whe Vide RSSRViWe Whe iPSacW UegiRQ, Zhich iV WhRXghW aV Whe cRXS-cRQWUecRXS 
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SheQRPeQRQ (MeaQe\ aQd SPiWh 2011). The e[acW PechaQiVP Rf Whe cRXS-cRQWUecRXS iQjXU\ 

iQ cRQcXVViRQ iV cRQWURYeUViaO. GeQeUaOO\, iW iV WhRXghW WhaW Whe iPSacW Rf iQeUWia iV iPSRUWaQW iQ 

bUaiQ iQjXUieV ZheUe Whe bUaiQ keeSV PRYiQg ZiWh Whe VkXOO VWRSSed b\ e[WeUQaO ORadiQg (ShaZ 

2002). IQ addiWiRQ, Whe iQcUeaVed iQWUacUaQiaO SUeVVXUe ZaYe Pa\ SOa\ a UROe iQ Whe iQjXU\ (Mckee 

aQd DaQeVhYaU 2015). IW aOVR caQ be affecWed b\ PaQ\ RWheU facWRUV iQcOXdiQg Whe VkXOO, 

ceUebURVSiQaO fOXid, aQd Whe PePbUaQeV beWZeeQ Whe bUaiQ aQd VkXOO. 

WheQ Whe bUaiQ UaSidO\ PRYeV ZiWhiQ Whe VkXOO iQdXciQg WUaXPaWic VheaUiQg fRUce, ZhiWe PaWWeU 

ZiWh SaUWiaO gUe\ PaWWeU aSSeaUV WR be daPaged aQd defRUPed dXUiQg Whe WUaXPaWic fRUceV, 

OeadiQg WR diffXVe a[RQaO iQjXU\ (DAI) (SPiWh aQd MeaQe\ 2000). DAI SaWhRORg\ UeYeaOV Whe 

PechaQicaO daPage Rf Whe a[RQ Zhich iV VORZO\ diVcRQQecWed iQ ZhiWe PaWWeU (JRhQVRQ eW aO.  

2013). The VeYeUiW\ Rf DAI cRYeUV fURP PiOd WR VeYeUe aQd iWV d\QaPic iPSacW RQ iQfaQWV caQ 

caXVe VhakeQ bab\ V\QdURPe (SBS) aV diffXVe iQjXU\ (EOiQdeU eW aO. 2018). LeViRQV iQ DAI 

SaWieQWV caQ be fRXQd WhURXgh cRPSXWed WRPRgUaSh\ (CT) RU PagQeWic UeVRQaQce iPagiQg 

(MRI) VcaQV (FigXUe 2.5). 
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FigXUe 2.5 ± A CT VcaQ VhRZiQg WUaXPaWic bUaiQ iQjXU\ ZiWh a bOack aUURZ iQdicaWiQg Whe iQjXUiRXV 
ORcaWiRQ. IPage b\ OZQ ZRUk, aYaiOabOe XQdeU CUeaWiYe CRPPRQV AWWUibXWiRQ 3.0. (JaPeV HeiOPaQ 
2010) 

2.3 MechaQicV Rf MaWeUiaOV 

2.3.1 IQWURdXcWiRQ 

CRQVWiWXWiYe PRdeOV aUe Rf iPSRUWaQce fRU Whe FE PRdeOOiQg Rf bUaiQ WiVVXe. The XQdeUO\iQg 

PechaQicaO UeOaWiRQVhiSV caQ SURYide eVVeQWiaO iQfRUPaWiRQ fRU XQdeUVWaQdiQg Whe WiVVXe 

behaYiRXU. The PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe caQ be RbWaiQed fURP e[SeUiPeQWaO WeVWV, 

Zhich aOVR deSeQdV RQ Whe ORadiQg cRQdiWiRQV. IQ Whe fROORZiQg VecWiRQ YiVcReOaVWic SURSeUWieV 

aUe deVcUibed. The PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe WhURXghRXW WhiV WheViV aUe XVed WR 

TXaQWif\ WiVVXeV aQd cRPbiQed ZiWh cRQVWiWXWiYe OaZV iQ QXPeUicaO ViPXOaWiRQV. 
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2.3.2 SWUeVV aQd SWUaiQ 

WheQ eYaOXaWiQg Whe PechaQicaO SURSeUWieV Rf a PaWeUiaO, a XQia[iaO PechaQicaO WeVW iV cRPPRQ 

WR be SeUfRUPed ZheUe a fRUce YeUVXV diVSOacePeQW cXUYe iV PeaVXUed. HRZeYeU, iQ RUdeU WR be 

iQdeSeQdeQW Rf VaPSOe Vi]e, Whe UeVXOWV aUe SUefeUabO\ VhRZQ aV VWUeVV YeUVXV VWUaiQ. IQ VWUXcWXUaO 

PechaQicV, WheUe aUe YaUiRXV defiQiWiRQV Rf VWUeVV aQd VWUaiQ Zhich haYe diffeUeQW aSSOicaWiRQV 

iQ FE aQaO\ViV. The WeUP VWUeVV (𝜎) iV XVed WR PeaVXUe Whe fRUce aSSOied WR a ceUWaiQ cURVV-

VecWiRQaO aUea Rf aQ RbjecW (ETXaWiRQ 2.1). SWUaiQ (𝜀) iV Whe defRUPaWiRQ RU diVSOacePeQW chaQge 

RYeU Whe RUigiQaO OeQgWh UeVXOWiQg fURP aQ aSSOied VWUeVV (ETXaWiRQ 2.2). SWiffQeVV (k) Zhich 

PeaVXUeV Whe UeViVWaQce Rf a VWUXcWXUe iQ UeVSRQVe WR aQ aSSOied fRUce caQ be caOcXOaWed fURP 

ETXaWiRQ 2.3 aQd iV iQfOXeQced b\ PaWeUiaO geRPeWU\. 

 𝜎 =
𝐹
𝐴0

   ETXaWiRQ 2.1 

 𝜀 =
𝐿 − 𝐿0

𝐿0
 ETXaWiRQ 2.2 

 𝑘 =
𝐹

𝐿 − 𝐿0
 ETXaWiRQ 2.3 

ZheUe F iV Whe aSSOied fRUce, A0 iV Whe RUigiQaO cURVV-VecWiRQaO aUea, L iV Whe OeQgWh afWeU ORad iV 

aSSOied aQd L0 iV Whe RUigiQaO OeQgWh, Zhich aUe VhRZQ iQ FigXUe 2.6. 
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FigXUe 2.6 ± C\OiQdeU VSeciPeQ VXbjecWed WR a WeQViOe fRUce (F) ZiWh RUigiQaO cURVV VecWiRQaO aUea (A0), 
RUigiQaO OeQgWh (L0) aQd OeQgWh afWeU aQ aSSOied fRUce (L). 

The diVcXVViRQ abRYe fRcXVed RQ eQgiQeeUiQg VWUeVV aQd VWUaiQ, Zhich aUe cRPPRQO\ XVed 

becaXVe iW iV eaVieU WR geQeUaWe e[SeUiPeQWaO daWa aQd Whe PechaQicaO SURSeUWieV RbWaiQed aUe 

adeTXaWe fRU PRVW eQgiQeeUiQg caOcXOaWiRQV. FRU cRPSUeVViRQ WeVWiQg, Whe cRPSUeVViYe fRUce 

UeVXOWV iQ VhRUWeQiQg iQVWead Rf eORQgaWiRQ ZiWh Whe diffeUeQW diUecWiRQ Rf VWUeVV aQd VWUaiQ. The 

cRQfiQed cRPSUeVViRQ WeVW ZaV fiUVW chRVeQ iQ chaSWeU 3 becaXVe Whe geQeUaO PechaQicaO 

behaYiRXU Rf bUaiQ WiVVXe ZaV iQYeVWigaWed iQ PacURVcRSe ZheUe Whe bUaiQ iV cRQVideUed aV Whe 

VRfW WiVVXe cRQVWUaiQed b\ Whe VkXOO. The cRQfiQed WeVWiQg iV WhXV Whe QaWXUe Rf Whe bRXQdaU\ 

cRQdiWiRQV aW VkXOO/bUaiQ iQWeUface. FRU Whe VXbVeTXeQW chaSWeUV, Whe fRcXV Rf Whe ZRUk ZaV 

PicURVWUXcWXUaO heWeURgeQeiW\ Rf bUaiQ WiVVXe, aQd Whe XQcRQfiQed cRPSUeVViRQ WeVWiQg ZaV 
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aSSOied WR iQYeVWigaWe UegiRQaO aQd diUecWiRQaO PechaQicaO SURSeUWieV, Zhich iV cRQViVWeQW WR 

SUeYiRXV VWXdieV (BXdda\ eW aO. 2017; Li eW aO. 2019). OWheU fXQdaPeQWaO PeaVXUePeQWV aUe WUXe 

VWUeVV aQd VWUaiQ, Zhich aUe defiQed b\ VWXd\iQg Whe fRUce acWiQg RQ aQ iQfiQiWeViPaO aUea eOePeQW 

iQ defRUPed bRd\, accRXQWiQg fRU chaQgeV iQ cURVV-VecWiRQaO aUea. The cRUUeOaWiRQ beWZeeQ 

eQgiQeeUiQg VWUeVV-VWUaiQ cXUYe aQd WUXe VWUeVV-VWUaiQ cXUYe ZaV iQYeVWigaWed (FaUidPehU eW aO. 

2014) aQd aW VPaOO defRUPaWiRQV, Whe WUXe VWUeVV aQd VWUaiQ aUe baVicaOO\ iQdiVWiQgXiVhabOe fURP 

Whe eQgiQeeUiQg VWUeVV aQd VWUaiQ. FigXUe 2.7 VhRZV a W\SicaO VWUeVV-VWUaiQ cXUYe. 

 

FigXUe 2.7 ± T\SicaO VWUeVV-VWUaiQ cXUYe (adaSWed fURP LaXUeQce W. McKeeQ (McKeeQ 2016)). AW Whe 
VPaOO defRUPaWiRQ, Whe eQgiQeeUiQg aQd WUXe VWUeVV-VWUaiQ cXUYeV aUe RYeUOaSSed VhRZiQg OiQeaU eOaVWic 
behaYiRXU. YieOd VWUeVV 𝜎௒ iV Whe eQd SRiQW Rf Whe OiQeaU eOaVWic UegiRQ. Su iV Whe XOWiPaWe WeQViOe VWUeQgWh 
aQd 𝜎𝑓, 𝜀𝑓 deQRWe WUXe fUacWXUe VWUeVV aQd VWUaiQ, UeVSecWiYeO\. 
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2.3.3 EOaVWiciW\  

IQ eQgiQeeUiQg, Whe eOaVWiciW\ Rf a PaWeUiaO iV TXaQWified b\ eOaVWic PRdXOXV VXch aV YRXQg¶ 

PRdXOXV PeaVXUiQg aQ RbjecW¶V UeViVWaQce WR beiQg defRUPed eOaVWicaOO\ ZheQ VXbjecW WR a VWUeVV. 

HRRke¶V OaZ deVcUibeV SeUfecW eOaVWiciW\ ZheUe Whe fRUce iV diUecWO\ SURSRUWiRQaO WR Whe diVWaQce 

Rf defRUPaWiRQ aW aQ\ diVSOacePeQW. HRZeYeU, PRVW PaWeUiaOV aUe RQO\ SXUeO\ eOaVWic RQO\ XS WR 

VPaOO defRUPaWiRQ, Zhich iV UegaUded aV OiQeaU eOaVWiciW\. FURP FigXUe 2.7, Whe VORSe Rf Whe 

VWUaighW OiQe deQRWiQg Whe eOaVWic UegiRQ iV Whe YRXQg¶ PRdXOXV (E) Zhich iV a PechaQicaO 

SURSeUW\ PeaVXUiQg Whe VWiffQeVV Rf a PaWeUiaO aQd caQ be deWeUPiQed XViQg ETXaWiRQ 2.4. 

 𝐸 =
𝜎
𝜀

 ETXaWiRQ 2.4 

FURP FigXUe 2.6, Whe defRUPaWiRQ Rf Whe c\OiQdUicaO VSeciPeQ haV cRQWUacWed iQ diUecWiRQV 

SeUSeQdicXOaU WR Whe ORadiQg diUecWiRQ. The QegaWiYe UaWiR Rf WUaQVYeUVe VWUaiQ (𝜀𝑡) WR a[iaO VWUaiQ 

(𝜀) iV kQRZQ aV PRiVVRQ¶V UaWiR: 

 𝜈 = −
𝜀𝑡

𝜀
 ETXaWiRQ 2.5 

The aOORZabOe UaQge Rf PRiVVRQ¶V UaWiR iV beWZeeQ -1 aQd 0.5, ZheUe SRViWiYe YaOXeV iQdicaWe 

WhaW Whe PaWeUiaO VhUiQkV iQ Whe WUaQVYeUVe diUecWiRQ ZheQ Whe VSeciPeQ iV SXOOed. FRU VRfW 

PaWeUiaOV, VXch aV biRORgicaO WiVVXe, WhiV YaOXe iV QeaU 0.5 aQd fRU PaQ\ PeWaOV aQd aOOR\V, WhiV 

YaOXe iV QeaU 0.3 (LiX eW aO. 2006). 
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IQ Whe YaVW PajRUiW\ Rf ViPXOaWiRQV Rf OiQeaU eOaVWic PaWeUiaOV, aQ iVRWURSic PaWeUiaO PRdeO ZaV 

VeOecWed Zhich dReV QRW haYe diUecWiRQaO VeQViWiYiW\. TR deVcUibe VXch a PaWeUiaO, YRXQg¶V 

PRdXOXV (E), VheaU PRdXOXV (G) aQd PRiVVRQ¶ UaWiR (𝜈) aUe Whe PRVW cRPPRQO\ XVed SaUaPeWeUV 

iQ WabOeV Rf PaWeUiaO daWa aQd Whe VheaU PRdXOXV caQ be caOcXOaWed aV: 

 𝐺 =
𝐸

2ሺ1 + 𝜈ሻ ETXaWiRQ 2.6 

 

2.3.4 H\SeUeOaVWiciW\ 

FRU PaWeUiaOV VXch aV UXbbeU ZhRVe VWUeVV-VWUaiQ cXUYe iV QRQ-OiQeaU, h\SeUeOaVWic PaWeUiaO 

PRdeOV haYe beeQ ZideO\ XVed WR deVcUibe WhiV behaYiRXU. TheUe aUe cRQVWiWXWiYe PRdeOV 

chaUacWeUi]ed b\ a VWUaiQ-eQeUg\ deQViW\ fXQcWiRQ ZheUe a h\SRWheViV iV aSSOied WhaW Whe VWUeVV 

iQ a PaWeUiaO caQ be RbWaiQed b\ WakiQg Whe deUiYaWiYe Rf VWUaiQ eQeUg\ ZiWh UeVSecW WR VWUaiQ 

(MXhU 2005). GeQeUaOO\, h\SeUeOaVWic PaWeUiaO PRdeOV aUe aSSOied WR UeSUeVeQW Whe OaUge 

defRUPaWiRQ behaYiRXU Rf PaWeUiaOV iQ FE ViPXOaWiRQV aQd biRORgicaO WiVVXe iV aVVXPed WR be 

iQcRPSUeVVibOe. CRPSaUed ZiWh a OiQeaUO\ eOaVWic PRdeO ZheUe PaWeUiaOV aUe PaiQO\ deVcUibed 

b\ WZR PaWeUiaO cRQVWaQWV VXch aV YRXQg¶V PRdXOXV aQd PRiVVRQ¶V UaWiR, Whe VWUaiQ-eQeUg\ 

deQViW\ (W) iV XVed WR deUiYe QRQOiQeaU cRQVWiWXWiYe PRdeOV, Zhich iV a fXQcWiRQ Rf SUiQciSOe 

VWUaiQ iQYaUiaQWV (OgdeQ 1997). The VWUaiQ iQYaUiaQWV aUe VhRZQ aV fROORZV: 
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 𝑊 = 𝑊ሺ𝐼1, 𝐼2, 𝐼3ሻ ETXaWiRQ 2.7 

 𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2 ETXaWiRQ 2.8 

 𝐼2 = 𝜆1
2𝜆2

2 + 𝜆2
2𝜆3

2 + 𝜆3
2𝜆1

2 ETXaWiRQ 2.9 

 𝐼3 = 𝜆1
2𝜆2

2𝜆3
2 ETXaWiRQ 2.10 

ZheUe 𝜆1 , 𝜆2 , 𝜆3  aUe Whe SUiQciSOe VWUeWcheV RU SUiQciSOe e[WeQViRQ UaWiRV, OiQked b\ Whe 

UeOaWiRQVhiS 𝜆1𝜆2𝜆3 = 1 , dXe WR iQcRPSUeVVibiOiW\. DXUiQg XQia[iaO PechaQicaO WeVWiQg, Whe 

VSeciPeQV aUe aVVXPed WR be defRUPed hRPRgeQRXVO\. FRU WhiV defRUPaWiRQ VWaWe, Whe SUiQciSOe 

VWUeWch UaWiRV iQ Whe diUecWiRQV RUWhRgRQaO WR Whe ORadiQg a[iV ZiOO be ideQWicaO. ThXV, dXe WR 

V\PPeWU\ aQd iQcRPSUeVVibiOiW\, Whe VWUeWch UaWiRV aUe QRZ Rf Whe fRUP: 

𝜆1 = 𝜆, 𝜆2 = 𝜆3 = 𝜆−1 ETXaWiRQ 2.11 

ZheUe 𝜆 < 1 iV iQ cRPSUeVViRQ. The fiUVW aQd VecRQd VWUaiQ iQYaUiaQWV WheQ becRPe: 

𝐼1 = 𝜆2 + 2𝜆−1, 𝐼2 = 𝜆−2 + 2𝜆 ETXaWiRQ 2.12 

The VWUaiQ-eQeUg\ deQViW\ (W) iV a fXQcWiRQ Rf Whe VWUeWch UaWiR RQO\. IQ XQia[iaO cRPSUeVViRQ, 

Whe VWUeWch (𝜆 = 𝐿
𝐿0

= 1 + 𝐿−𝐿0
𝐿0

= 1 + 𝜀 ) caQ be caOcXOaWed b\ Whe defRUPed OeQgWh Rf Whe 

VSeciPeQ (L) diYided b\ Whe iQiWiaO OeQgWh (L0). The VWUeVV cRPSRQeQW aORQg Whe diUecWiRQ Rf 

ORadiQg S11 haV beeQ PeQWiRQed iQ VecWiRQ 2.4.2 aV Whe UaWiR Rf Whe PeaVXUed fRUce aQd Whe cURVV-
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VecWiRQaO aUea iQ Whe XQdefRUPed VWaWe. The PeaVXUed QRPiQaO VWUeVV iV XVed WR cRPSaUe Whe 

SUedicWiRQV Rf Whe h\SeUeOaVWic PRdeOV (OgdeQ 1997). 

𝑆11 =
𝑑𝑤ෝ
𝑑𝜆

, 𝑤ෝሺ𝜆ሻ = 𝑊ሺ𝐼1, 𝐼2ሻ ETXaWiRQ 2.13 

DiffeUeQW h\SeUeOaVWic PaWeUiaO PRdeOV aUe cRQVWUXcWed b\ VSecif\iQg diffeUeQW eOaVWic VWUaiQ 

eQeUg\ e[SUeVViRQV. BeORZ aUe VRPe cRPPRQ PRdeOV XVed WR deVcUibe biRORgicaO WiVVXe.  

The WRWaO VWUaiQ eQeUg\ deQViW\ fRU a NeR-HRRkeaQ PaWeUiaO PRdeO (𝑊ே𝐻) aQd Whe QRPiQaO VWUeVV 

(𝑆11
ே𝐻) aUe giYeQ b\: 

 𝑊ே𝐻 =
𝜇0

2
ሺ𝐼1 − 3ሻ ETXaWiRQ 2.14 

 𝑆11
ே𝐻 = 𝜇0ሺ𝜆 − 𝜆−2ሻ ETXaWiRQ 2.15 

ZheUe 𝜇0 iV a PaWeUiaO SaUaPeWeU Zhich caQ be RbWaiQed b\ cXUYe fiWWiQg. 

The fRUP Rf Whe VWUaiQ-eQeUg\ SRWeQWiaO fRU Whe GeQW PRdeO (𝑊𝐺ே்) deSeQdV RQ Whe fiUVW VWUaiQ 

iQYaUiaQW RQO\ (GeQW 1996). IW \ieOdV Whe cRUUeVSRQdiQg QRPiQaO VWUeVV (𝑆11
𝐺ே்) aV fROORZ: 

 𝑊𝐺ே் = −
𝜇0

2
𝐽𝑚 ln ൬1 −

𝐼1 − 3
𝐽𝑚

൰ ETXaWiRQ 2.16 

 𝑆11
𝐺ே் =

𝜇0𝐽𝑚

𝐽𝑚 − 𝜆2 − 2𝜆−1 + 3
ሺ𝜆 − 𝜆−2ሻ ETXaWiRQ 2.17 

ZheUe 𝜇0 aQd 𝐽𝑚 aUe Whe PaWeUiaO cRQVWaQWV Zhich caQ be RSWiPi]ed ZiWh e[SeUiPeQWaO daWa. 
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The OgdeQ PRdeO haV beeQ ZideO\ XVed iQ OiWeUaWXUe WR deVcUibe Whe QRQOiQeaU PechaQicaO 

behaYiRXU Rf bUaiQ WiVVXe aW OaUge defRUPaWiRQ (BXdda\ eW aO. 2017; FRUWe eW aO. 2017). The OgdeQ 

VWUaiQ eQeUg\ deQViW\ (𝑊ை𝑔𝑑) aQd cRUUeVSRQdiQg QRPiQaO VWUeVV (𝑆11
ை𝑔𝑑) aUe defiQed aV: 

 𝑊ை𝑔𝑑 =
2𝜇0

𝛼2 ሺ𝜆1
𝛼 + 𝜆2

𝛼 + 𝜆3
𝛼 − 3ሻ ETXaWiRQ 2.18 

 𝑆11
ை𝑔𝑑 =

2𝜇0

𝛼
ቄ𝜆𝛼−1 − 𝜆−ቀ𝛼

2+1ቁቅ ETXaWiRQ 2.19 

ZheUe 𝜇0 iV Whe iQVWaQWaQeRXV VheaU PRdXOXV aQd 𝛼 iV Whe VWiffeQiQg SaUaPeWeU accRXQWiQg fRU 

Whe QRQOiQeaUiW\ Rf Whe VWUeVV-VWUaiQ UeVSRQVe. 

2.3.5 ViVcReOaVWiciW\  

AOPRVW aOO biRORgicaO WiVVXeV e[hibiW YiVcReOaVWic behaYiRXU aQd Whe YiVcReOaVWic SURSeUWieV aUe 

eVVeQWiaO iQ WheiU cRQVWiWXWiYe fXQcWiRQ (ViceQWe 2012). ViVcReOaVWic PaWeUiaOV caQ be cRQVideUed 

aV haYiQg bRWh eOaVWic aQd YiVcRXV cRPSRQeQWV. FRU a SXUeO\ eOaVWic PaWeUiaO, Whe VWUaiQ UeacWV 

iQVWaQWO\ WR Whe VWUeVV, aQd ZheQ Whe VWUeVV iV UePRYed iW aOVR UeacWV iQVWaQWO\ (FigXUe 2.8 (b)). 

FRU a SeUfecWO\ YiVcRXV PaWeUiaO, WheUe iV QR iQVWaQWaQeRXV VWUaiQ aQd eOaVWic UecRYeU\, bXW a 

SeUPaQeQW VWUaiQ (FigXUe 2.8 (c)). IQ FigXUe 2.8 (d), a W\SicaO UeVSRQVe Rf a YiVcReOaVWic PaWeUiaO 

VXbjecW WR a cRQVWaQW ORad aQd WR Whe VXbVeTXeQW XQORad, iV VhRZQ. ThiV behaYiRXU iQcOXdeV 

eOaVWic aQd SeUPaQeQW YiVcRXV VWUaiQ, aQd Whe WiPe-deSeQdeQW UeVSRQVe iV UegaUded aV creep. AW 

fiUVW, aQ iQVWaQWaQeRXV VWUaiQ RccXUV ZiWh ORadiQg fROORZed b\ aQ iQcUeaViQg VWUaiQ ZiWh a 

decUeaViQg VWUaiQ UaWe. 
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FigXUe 2.8 ± WiWh (a) a VWeS VWUeVV e[ciWaWiRQ, (b) VWUaiQ UeVSRQVeV Rf ideaOiVWicaOO\ eOaVWic PaWeUiaOV, (c) 
YiVcRXV PaWeUiaOV aQd (d) YiVcReOaVWic PaWeUiaOV. 

FigXUe 2.9 VhRZV Whe W\SicaO UeVSRQVe Rf a YiVcReOaVWic PaWeUiaO WR a UeOa[aWiRQ WeVW VXbjecW WR a 

cRQVWaQW VWUaiQ. The SURceVV Rf VWUeVV UeOa[aWiRQ VhRZV hRZ Whe VWUeVV iQdXced iQ Whe PaWeUiaO 

UedXceV fROORZiQg VXddeQ defRUPaWiRQ, fURP Whe cRUUeVSRQdiQg VWUeVV-VWUaiQ daWa aQd Whe 

YiVcReOaVWic UeVSRQVe Rf Whe PaWeUiaO caQ be eYaOXaWed. 
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FigXUe 2.9 ± WiWh (a) a VWeS VWUaiQ e[ciWaWiRQ, (b) VWUeVV UeVSRQVe Rf a YiVcReOaVWic PaWeUiaO VhRZV a 
UeOa[aWiRQ SURceVV ZheUe Whe PagQiWXde Rf VWUeVV decUeaVeV RYeU WiPe. 

FRU a YiVcReOaVWic PaWeUiaO, a Oag e[iVWV beWZeeQ Whe XQORadiQg aQd ORadiQg SRUWiRQV Rf Whe cXUYe 

(FigXUe 2.10). H\VWeUeViV iV a PeaVXUe Rf RbVeUYiQg Whe diVViSaWed eQeUg\ fRU Whe PaWeUiaO 

(MeQaUd aQd MeQaUd 2020). H\VWeUeViV caQ be caOcXOaWed fURP Whe aUea iQ gUe\ iQ FigXUe 2.10 

aQd a OaUgeU h\VWeUeViV aUea PeaQV Whe gUeaWeU aPRXQW Rf eQeUg\ diVViSaWed. 

 

FigXUe 2.10 ± SWUeVV-VWUaiQ h\VWeUeViV ORRSV. The gUe\ aUea iQVide Whe cXUYe UeSUeVeQWV Whe eQeUg\ ORVW. 
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2.3.5.1 LiQeaU ViVcReOaVWiciW\  

LiQeaU YiVcReOaVWiciW\ iV a VSeciaO W\Se Rf YiVcReOaVWic WheRU\ deVcUibiQg PaWeUiaOV fRU Zhich Whe 

UeOaWiRQVhiS beWZeeQ VWUeVV aQd VWUaiQ iV OiQeaU. LiQeaU YiVcReOaVWiciW\ iV cRPPRQO\ aSSOied iQ 

cRPSXWaWiRQaO PRdeOV fRU SRO\PeUV aQd biRORgicaO WiVVXeV WR caSWXUe WheiU YiVcReOaVWic 

behaYiRXU (Gidde aQd PaZaU 2017; QiaQ eW aO. 2018). The PechaQicaO behaYiRXU Rf bUaiQ WiVVXe 

XQdeU e[WeUQaO fRUceV VhRZV YiVcReOaVWic SURSeUWieV aQd iW iQcOXdeV eOaVWic aQd YiVcRXV 

defRUPaWiRQ Zhich caQ be deVcUibed b\ OiQeaU YiVcReOaVWic WheRU\ ZiWh Whe VSUiQg aQd daVhSRW 

eOePeQWV (QiaQ eW aO. 2018). A OiQeaU YiVcReOaVWic PRdeO iV bXiOW XS b\ cRQVideUiQg ViPSOe OiQeaU 

eOePeQWV VXch aV Whe OiQeaU eOaVWic VSUiQg aQd Whe OiQeaU YiVcRXV daVh SRW, ZheUe Whe VWUeVV iV iQ 

OiQeaU UeOaWiRQ ZiWh VWUaiQ aQd VWUaiQ UaWe. The cRQVWiWXWiYe eTXaWiRQV fRU a VSUiQg aQd a daVhSRW 

cRPSRQeQW aUe ViPSO\ e[SUeVVed b\ ETXaWiRQ 2.20 aQd ETXaWiRQ 2.21, UeVSecWiYeO\.  

 𝜎 =
1
𝐽

𝜀 ETXaWiRQ 2.20 

 𝜎 = 𝜂
𝑑𝜀
𝑑𝑡

 ETXaWiRQ 2.21 

ZheUe 𝜎 iV Whe VWUeVV, 𝜀 iV Whe VWUaiQ, 𝐽 aQd 𝜂 aUe kQRZQ aV cRPSOiaQce (Whe iQYeUVe Rf Whe 

VWiffQeVV) aQd YiVcRViW\ Rf fOXid, UeVSecWiYeO\ (FigXUe 2.11).  
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FigXUe 2.11 ± (a) SSUiQg aQd (b) daVh-SRW eOePeQWV iQ OiQeaU YiVcReOaVWic PRdeOV. 

ThURXgh diffeUeQW cRPbiQaWiRQV Rf Whe OiQeaU eOePeQWV, WheUe aUe YaUiRXV Sh\VicaO PRdeOV 

geQeUaWed WR deVcUibe Whe WiPe-deSeQdeQW behaYiRXU, iQcOXdiQg Whe Ma[ZeOO PRdeO cRQViVWiQg 

Rf a VSUiQg aQd a daVh SRW iQ VeUieV aQd KeOYiQ PRdeO cRQViVWiQg Rf a VSUiQg aQd a daVh SRW iQ 

SaUaOOeO (FigXUe 2.12). The cRUUeVSRQdiQg cRQVWiWXWiYe eTXaWiRQ fRU a Ma[ZeOO PRdeO iV: 

 𝜎 + 𝜂𝐽
𝑑𝜎
𝑑𝑡

= 𝜂
𝑑𝜀
𝑑𝑡

 ETXaWiRQ 2.22 

aQd fRU a KeOYiQ PRdeO iV: 

 𝜎 =
𝜀
𝐽

+ 𝜂
𝑑𝜀
𝑑𝑡

 ETXaWiRQ 2.23 
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FigXUe 2.12 ± (a) Ma[ZeOO PaWeUiaO PRdeO cRQViVWiQg Rf a VSUiQg aQd a daVh SRW iQ VeUieV aQd (b) 
KeOYiQ PaWeUiaO PRdeO cRQViVWiQg Rf a VSUiQg aQd a daVh SRW iQ SaUaOOeO. 

TheVe ViPSOe PRdeOV caQ RQO\ e[hibiW a SaUW Rf YiVcReOaVWic chaUacWeUi]aWiRQ. CRPSOicaWed 

PRdeOV caQ be cRQVWUXcWed b\ cRPbiQiQg PRUe eOePeQWV. The geQeUaOi]ed Ma[ZeOO PRdeO iV 

Whe PRVW ZideO\ XVed PeWhRd fRU a OiQeaU PRdeO Rf YiVcReOaVWiciW\ cRQViVWiQg Rf N VSUiQg-

daVhSRW SaiU bUaQcheV aQd a PaiQ eOaVWic bUaQch ZiWh diffeUeQW SaUaPeWeU YaOXeV (FigXUe 2.13). 

The iVROaWed VSUiQg eQVXUeV Whe VROid behaYiRXU (aQ iQVWaQWaQeRXV iPSacW UeVSRQVe) aQd Whe 

PRdeO SUeVXPeV Whe UeOa[aWiRQ dReV QRW RccXU aW a ViQgOe WiPe bXW aW YaUiRXV WiPeV ZiWh VSUiQg-

daVhSRW bUaQcheV. 
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FigXUe 2.13 ± A VchePaWic iQWeUSUeWaWiRQ Rf Whe geQeUaOi]ed Ma[ZeOO PRdeO. IPage fUeeO\ aYaiOabOe iQ 
Whe SXbOic dRPaiQ (Pekaje 2007). 

2.3.5.2 PURQ\ SeUieV 

FRU YiVcReOaVWic PaWeUiaOV, Whe VWUeVV deSeQdV RQ Whe VWUaiQ hiVWRU\. The VWUeVV iQ a YiVcReOaVWic 

PRdeO iV RbWaiQed b\ Whe fROORZiQg cRQVWiWXWiYe fRUPXOaWiRQ baVed RQ Whe BROW]PaQQ¶V 

VXSeUSRViWiRQ iQWegUaO (BROW]PaQQ 1878).  

 𝜎ሺ𝑡ሻ = න 𝑢ሺ𝑡 − 𝜏ሻ
𝑑𝛿
𝑑𝜏

𝑡

−∞
𝑑𝜏 ETXaWiRQ 2.24 

ZheUe 𝜎 iV Whe deYiaWRUic VWUeVV WeQVRU, 𝛿 iV Whe deYiaWRUic VWUaiQ WeQVRU aQd 𝑢ሺ𝑡ሻ iV Whe OiQeaU 

UeOa[aWiRQ PRdXOXV. 

DXUiQg Whe UeOa[aWiRQ VWeS, Whe VWUeVV UeOa[eV RYeU WiPe dXe WR Whe YiVcRXV SaUW Rf Whe PaWeUiaO. 

ı

N N

N

N

ĲĲ Ĳ
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The UeOa[aWiRQ fXQcWiRQ iV ZideO\ aSSUR[iPaWed b\ a PURQ\ VeUieV: 

 
𝑢ሺ𝑡ሻ = 𝑢𝑒 + ෍ 𝑔𝑖 exp ൬−

𝑡
𝜏𝑖

൰
ே

𝑖=1

 ETXaWiRQ 2.25 

ZheUe Whe N UeOa[aWiRQ PRdeV aUe deWeUPiQed b\ Whe cRUUeVSRQdiQg PURQ\ cRQVWaQWV 𝑔𝑖 aQd 

UeWaUdaWiRQ WiPeV cRQVWaQWV 𝜏𝑖. 𝑢𝑒 iV Whe eTXiOibUiXP PRdXOXV. ThiV PeWhRd iV cRPPRQO\ XVed 

WR fiW e[SeUiPeQWaO daWa ZiWh a PiQiPi]aWiRQ aOgRUiWhP WR cROOecW Whe SaUaPeWeUV Zhich aUe abOe 

WR be aSSOied iQ FE ViPXOaWiRQV. The iQiWiaO eOaVWic PRdXOXV iV UeOaWed WR Whe eTXiOibUiXP: 

 
𝑢0 = 𝑢𝑒 + ෍ 𝑔𝑖

ே

𝑖=1

 ETXaWiRQ 2.26 

TheQ, Whe PURQ\ VeUieV caQ aOVR be UeSUeVeQWed iQ aQ aOWeUQaWiYe fRUP: 

 
𝑢ሺ𝑡ሻ = 𝑢0 − ෍ 𝑔𝑖 ൤1 − exp ൬−

𝑡
𝜏𝑖

൰൨
ே

𝑖=1

 ETXaWiRQ 2.27 
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2.3.5.3 QXaVi-OiQeaU YiVcReOaVWiciW\  

FRU OiQeaU YiVcReOaVWiciW\, Whe UeOa[aWiRQ fXQcWiRQ iV a fXQcWiRQ Rf WiPe aQd OiPiWed WR Whe OiQeaU 

YiVcReOaVWic UegiRQ (LVR). QXaVi-OiQeaU YiVcReOaVWiciW\ (QLV) haV beeQ aSSOied WR fiW ZiWh OaUge 

VWUaiQ e[SeUiPeQWaO daWa aQd WhiV PRdeO aVVXPeV Whe effecWV Rf VWUaiQ aQd WiPe aUe VeSaUabOe. 

The QLV PRdeO haV beeQ ZideO\ XVed WR SUedicW Whe SaWWeUQ Rf iQjXU\ iQ OaUge VWUaiQ cRQdiWiRQV 

iQ cRPSXWaWiRQaO PRdeOOiQg (JaQQeVaU eW aO. 2018; MeQdi]abaO eW aO. 2015). IW decRPSRVeV Whe 

PechaQicaO behaYiRXU Rf a PaWeUiaO iQWR WZR effecWV iQcOXdiQg a WiPe-iQdeSeQdeQW eOaVWic 

UeVSRQVe aQd a OiQeaU YiVcReOaVWic VWUeVV UeOa[aWiRQ UeVSRQVe. TheVe PRdeOV caQ be deUiYed fURP 

VeSaUaWe e[SeUiPeQWV. FRU Whe OaUge VWUaiQ behaYiRXU, Whe QLV PRdeO caQ be UeSUeVeQWed ZiWh a 

h\SeUeOaVWic PRdeO XViQg eOaVWic effecW ideQWified iQ VecWiRQ 0.  

2.3.5.4 D\QaPic MechaQicaO AQaO\ViV 

ViVcReOaVWiciW\ caQ aOVR be VWXdied XViQg d\QaPic PechaQicaO aQaO\ViV (DMA). DMA iV a 

PeWhRd Zhich caQ be XVed WR chaUacWeUi]e a PaWeUiaO¶V YiVcReOaVWic SURSeUWieV RYeU VSecific 

fUeTXeQcieV cRYeUiQg Sh\ViRORgicaO aQd iQjXU\ ORadiQg cRQdiWiRQV (BaUWOeWW eW aO. 2020). UQOike 

cRQYeQWiRQaO VWUeVV-VWUaiQ WeVWV, aQ RVciOOaWRU\ defRUPaWiRQ iV aSSOied WR PaWeUiaOV ZiWh a ShaVe 

deOa\ fURP Whe fRUce. IW iV XVefXO becaXVe iW SURYideV deWaiOV Rf Whe VhRUW-WeUP effecWV Rf ORadiQg 

RQ YiVcReOaVWic SURSeUWieV. The VchePaWic RYeUYieZ Rf Whe ViQXVRidaO ORad aQd diVSOacePeQW daWa 

iV VhRZQ iQ FigXUe 2.14. 
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FigXUe 2.14 ± A VchePaWic UeSUeVeQWaWiRQ Rf ViQXVRidaO ORad aQd diVSOacePeQW ZaYeV Rf a YiVcReOaVWic 
PaWeUiaO. 

FaVW FRXUieU WUaQVfRUP (FFT) iV aSSOied WR aQaO\Ve Whe fRUce aQd diVSOacePeQW ZaYeV (FigXUe 

2.14). The d\QaPic VWiffQeVV (k*) aQd Whe ShaVe aQgOe (δ) aUe chaUacWeUi]ed VXbVeTXeQWO\. The 

daWa-VeW OeQgWh fRU fRUce (F*) aQd diVSOacePeQW (d*) aW Whe fXQdaPeQWaO fUeTXeQc\ aUe TXaQWified 

aQd XVed WR caOcXOaWe Whe d\QaPic VWiffQeVV: 

 𝑘∗ =
𝐹∗

𝑑∗ ETXaWiRQ 2.28 

ViVcReOaVWic SURSeUWieV Rf a VWUXcWXUe caQ be chaUacWeUi]ed b\ a VWRUage aQd ORVV VWiffQeVV 

(AVSdeQ 1991). The VWRUage VWiffQeVV chaUacWeUi]eV Whe abiOiW\ Rf Whe WiVVXe WR VWRUe eQeUg\ iQ Whe 

eOaVWic ShaVe. The ORVV VWiffQeVV chaUacWeUi]eV Whe abiOiW\ Rf Whe WiVVXe WR diVViSaWe eQeUg\ iQ Whe 

YiVcRXV ShaVe, PRVWO\ ORVW aV heaW. The VWRUage (k’) aQd ORVV (k’’) VWiffQeVV UegaUded aV Whe UeaO 
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aQd iPagiQaU\ SRUWiRQ Rf d\QaPic VWiffQeVV aUe caOcXOaWed: 

 𝑘ᇱ = 𝑘∗ cos 𝛿 ETXaWiRQ 2.29 

 𝑘ᇱᇱ = 𝑘∗ sin 𝛿 ETXaWiRQ 2.30 

The ShaVe aQgOe 𝛿 iV Whe ShaVe Oag beWZeeQ Whe aSSOied cRPSUeVViYe fRUce aQd diVSOacePeQW. 

FRU a SeUfecWO\ eOaVWic PaWeUiaO, WheUe iV QR ShaVe Oag beWZeeQ UeVXOWiQg VWUeVV aQd VWUaiQ. FRU a 

SXUeO\ YiVcRXV PaWeUiaO, WheUe iV a 90-degUee ShaVe Oag Rf VWUeVV ZiWh UeVSecW WR VWUaiQ. The UaWiR 

Rf ORVV WR VWRUage VWiffQeVV iV WaQ deOWa (tan ሺ𝛿ሻ) Zhich iV a PeaVXUe Rf eQeUg\ diVViSaWiQg iQ a 

V\VWeP. A PaWeUiaO ZiWh gUeaWeU UaWiR diVSOa\V Whe gUeaWeU SURSRUWiRQ Rf YiVcRXV behaYiRXU iQ Whe 

V\VWeP. The UeOaWiRQVhiS beWZeeQ VWRUage VWiffQeVV, ORVV VWiffQeVV aQd ShaVe aQgOe iV VhRZQ iQ 

FigXUe 2.15. 

 tanሺ𝛿ሻ =
𝑘ᇱᇱ

𝑘ᇱ  ETXaWiRQ 2.31 
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FigXUe 2.15 ± VecWRUiaO UeOaWiRQVhiS beWZeeQ Whe d\QaPic (k*), VWRUage (k’) aQd ORVV (k’’) VWiffQeVV ZiWh 
ShaVe Oag (δ). 

The YiVcReOaVWic SURSeUWieV Rf a PaWeUiaO caQ be TXaQWified WhURXgh a VhaSe facWRU (S), ZheUe Whe 

d\QaPic PRdXOXV (E*) caQ be caOcXOaWed fURP Whe d\QaPic VWiffQeVV Zhich deVcUibeV 

YiVcReOaVWic SURSeUWieV Rf a VWUXcWXUe. CRUUeVSRQdiQgO\, VWRUage (E’) aQd ORVV PRdXOi (E’’) caQ 

be caOcXOaWed b\ cRQYeUWiQg fURP Whe UeOeYaQW VWiffQeVV XViQg a VhaSe facWRU: 

 𝐸ᇱ =
𝑘∗𝑐𝑜𝑠𝛿

𝑆
 ETXaWiRQ 2.32 

 𝐸ᇱᇱ =
𝑘∗𝑠𝑖𝑛𝛿

𝑆
 ETXaWiRQ 2.33 

 𝑆 =
𝜋𝑑2

4ℎ
 ETXaWiRQ 2.34 

ZheUe h aQd d aUe Whe WhickQeVV aQd diaPeWeU Rf a c\OiQdUicaO VSeciPeQ, UeVSecWiYeO\. 
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UViQg DMA caQ chaUacWeUi]e bXOk PechaQicaO SURSeUWieV Rf a PaWeUiaO iQ Whe fUeTXeQc\ dRPaiQ. 

ThiV fOe[ibOe aQd aXWRPaWed WechQiTXe cRPSaUed WR cUeeS aQd VWUeVV UeOa[aWiRQ WeVWV haV aQ 

adYaQWage Rf deWeUPiQiQg YiVcReOaVWic SURSeUWieV PRUe TXickO\ aQd caQ RbWaiQ accXUaWe daWa 

ZiWhRXW YeU\ high-UeVROXWiRQ daWa acTXiViWiRQ. DMA iV ZideO\ XVed WR PaS PechaQicaO 

SURSeUWieV Rf VRfW YiVcReOaVWic PaWeUiaOV, iQcOXdiQg biRPaWeUiaOV (BaUWOeWW eW aO. 2020), bOaddeU 

(BaUQeV eW aO. 2015) aQd aUWicXOaU caUWiOage (LaZOeVV eW aO. 2017). 

2.4 MRdeOOiQg aQd MechaQicaO TeVWiQg Rf BUaiQ TiVVXe 

2.4.1 FiQiWe EOePeQW AQaO\ViV aQd CRQVWiWXWiYe MRdeOV 

CRPSXWaWiRQaO ViPXOaWiRQV Rf bUaiQ WiVVXe haYe ePeUged ZiWh SURgUeVV iQ bUaiQ PechaQicaO 

iQYeVWigaWiRQV RYeU Whe SaVW decadeV. ThiV W\Se Rf PRdeOOiQg iV SURPiViQg aV iW caQ be aSSOied WR 

SUedicW bUaiQ PechaQicV (GRUieO\ eW aO. 2015) aQd deYeORS a PeWhRdRORg\ WR aVVeVV head iQjXU\ 

(SahRR eW aO. 2016). FRU Whe PiOd WUaXPaWic bUaiQ iQjXU\, Whe Sh\ViRORg\ Rf bUaiQ caQ be affecWed 

fRU hRXUV WR \eaUV aQd Whe V\PSWRPV Rf bUaiQ iQjXUieV Pa\ RccXU iPPediaWeO\ RU a feZ ZeekV 

OaWeU. DXe WR Whe e[iVWeQce Rf WheVe XQceUWaiQ caVeV, Whe SUedicWiYe abiOiWieV Rf bUaiQ iQjXUieV 

becRPe iPSRUWaQW aQd haYe beeQ VWXdied iQWeQViYeO\ OeadiQg WR head ViPXOaWiRQ PRdeOV (SahRR 

eW aO. 2014). IQ addiWiRQ, fiQiWe eOePeQW (FE) ViPXOaWiRQV haYe beeQ VWXdied WR aQaO\]e Whe VPaUW 

SURWecWiRQ V\VWePV VXch aV iPSacWV Rf a cRQVWUXcWiRQ heOPeW (WX eW aO. 2017) aQd SUedicW bUaiQ 

diVeaVe SURgUeVViRQ aQd deYeORSPeQW (WeickeQPeieU eW aO. 2017). AQ FE PRdeO Rf Whe hXPaQ 

head iV VhRZQ iQ FigXUe 2.16. HRZeYeU, Whe accXUac\ aQd YaUieW\ Rf WheVe cRPSXWaWiRQaO PRdeOV 
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RQ bUaiQ WiVVXe UeTXiUeV TXaQWiWaWiYe daWa fURP e[SeUiPeQWV aQd Whe deYeORSPeQW Rf cRQVWiWXWiYe 

PRdeOV WR caSWXUe Whe YiVcReOaVWic behaYiRXU Rf WhiV WiVVXe.  

 

FigXUe 2.16 ± FiQiWe eOePeQW PRdeO Rf hXPaQ head iOOXVWUaWiQg Whe PaiQ aQaWRPicaO feaWXUeV ZiWh a 
cURVV VecWiRQ (UeSURdXced ZiWh SeUPiVViRQ fURP Ta\ORU & FUaQciV (Deck, & WiOOiQgeU 2014)). 

TR deYeORS fiQiWe eOePeQW PRdeOV Rf bUaiQ WiVVXe, Whe aSSURSUiaWe cRQVWiWXWiYe OaZV aUe eVVeQWiaO. 

MRVW SUeYiRXV VWXdieV chaUacWeUi]ed YiVcReOaVWic behaYiRXU iQ Whe WiPe dRPaiQ aQd haYe XVed a 

PURQ\ VeUieV iQ Whe ViQgOe YiVcRXV VROid ShaVe (BXdda\ eW aO. 2017). SRPe VWXdieV aSSOied a 

biShaVic WheRU\ WR deVcUibe Whe WiPe-deSeQdeQW UeVSRQVe Rf bUaiQ WiVVXe (CheQg aQd BiOVWRQ 

2007; FRUWe eW aO. 2017), Zhich ZaV fiUVW eVWabOiVhed fRU Whe VWXd\ Rf aUWicXOaU caUWiOage (MRZ eW 

aO. 1980) aQd WheQ e[WeQded WR iQWegUaWe Whe VWUaiQ-deSeQdeQW SeUPeabiOiW\ aQd eOaVWiciW\ Rf VROid 

PaWUi[ ZiWh fiQiWe defRUPaWiRQ (HROPeV 1986). 
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FRU PRVW biRORgicaO PaWeUiaOV XQdeU OaUge VWUaiQV, Whe WheRU\ Rf QRQOiQeaU eOaVWic PRdeOV iV RfWeQ 

adRSWed WR deVcUibe Whe PechaQicaO behaYiRXU (e.g. h\SeUeOaVWic PRdeOV). H\SeUeOaVWic PRdeOV 

aUe cRPPRQO\ XVed WR ViPXOaWe bUaiQ WiVVXe (BXdda\ eW aO. 2017; Li eW aO. 2019) RU RWheU geQeUaO 

VRfW WiVVXeV (LaSeeU eW aO. 2010) Zhich VhRZV aQ QRQOiQeaU VWUeVV-VWUaiQ UeOaWiRQVhiS aW 

e[SeUiPeQWaO WeVWV XQdeU OaUge defRUPaWiRQ. FXUWheU, Whe VSecific cRPSRQeQW Rf h\SeUeOaVWic 

PRdeOV haV beeQ deWeUPiQed fROORZiQg cRPSaUiVRQ Rf diffeUeQW cRQVWiWXWiYe PRdeOV (e.g. QeR-

HRRkeaQ, MRRQe\-RiYOiQ, GeQW RU OgdeQ) (RaVhid eW aO. 2013). APRQg WheVe PRdeOV, OgdeQ 

PRdeOV haYe beeQ XVed fRU YaUiRXV biRORgicaO WiVVXeV (JaQQeVaU eW aO. 2018; Li eW aO. 2019), aQd 

WeQd WR beWWeU PaS Whe QRQ-OiQeaU VWUeVV-VWUaiQ cXUYe. 

RegaUdiQg head iQjXUieV, e[ceSW ³TXaVi-VWaWic´ aQd WiPe-deSeQdeQW ORadiQg cRQdiWiRQV, Whe bUaiQ 

cRXOd aOVR e[SeUieQce d\QaPic iPSacW iQ Whe fUeTXeQc\ dRPaiQ ZheUe Whe VWURQg VhakiQg fRUce 

RccXUV ZiWhiQ Whe VkXOO (EOiQdeU eW aO. 2018). TheUefRUe, Whe fUeTXeQc\-deSeQdeQW SURSeUWieV Rf 

bUaiQ WiVVXe aUe YiWaO iQ head cRPSXWaWiRQaO ViPXOaWiRQV ZheQ Whe d\QaPic PechaQicaO UeVSRQVe 

iV aQaO\Ved. HRZeYeU, Whe aSSOicaWiRQ Rf cRQVWiWXWiYe OaZV deVcUibiQg Whe fUeTXeQc\-deSeQdeQW 

YiVcReOaVWic behaYiRXU Rf bUaiQ WiVVXe iQ cRPSUeVViRQ iV OiPiWed.  
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2.4.2 MechaQicaO TeVWiQg Rf BUaiQ TiVVXe 

The PechaQicaO chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe haV beeQ Whe fRcXV Rf VeYeUaO VWXdieV. HRZeYeU, 

Whe RbWaiQed UeVXOWV aUe QRW aOZa\V cRQViVWeQW acURVV diffeUeQW VWXdieV dXe WR Whe cRPSOe[iW\ Rf 

Whe VRfW WiVVXe. FXUWheU, a Zide UaQge Rf ORadiQg cRQdiWiRQV aQd SURWRcROV haYe beeQ SeUfRUPed 

RQ bUaiQ WiVVXe aQd WheUe iV Oack Rf a VWaQdaUd WeVWiQg PeWhRd. MRVW SURWRcROV aQaO\Ve bUaiQ 

WiVVXe ZiWhiQ Whe WiPe dRPaiQ aQd ZiWh ³TXaVi-VWaWic´ WeVW cRQdiWiRQV. The effecW Rf VWUaiQ UaWe 

RQ PechaQicaO SURSeUWieV Rf SRUciQe bUaiQ WiVVXe haV beeQ aQaO\Ved b\ iQdeQWaWiRQ WeVWV (QiaQ 

eW aO. 2018). UQcRQfiQed cRPSUeVViRQ e[SeUiPeQWV haYe beeQ SeUfRUPed WR iQYeVWigaWe Whe 

SRURXV SURSeUWieV Rf Whe bRYiQe ZhiWe PaWWeU XViQg a SRUR-YiVcReOaVWic PRdeO (CheQg aQd 

BiOVWRQ 2007). The iQfOXeQce Rf heWeURgeQeiW\ RQ SRUciQe bUaiQ WiVVXe ZaV VWXdied WhURXgh 

WeQViOe WeVWV (VeOaUdi eW aO. 2006). ReceQWO\, Whe PechaQicaO behaYiRXU aQd UegiRQaO SURSeUWieV 

Rf bUaiQ WiVVXe haYe beeQ iQYeVWigaWed WhURXgh Whe cRPbiQaWiRQ Rf cRPSUeVViRQ, VheaU aQd 

WeQViOe WeVWV XQdeU PXOWiSOe ORadiQg cRQdiWiRQV (BXdda\ eW aO. 2017). IQ addiWiRQ, Whe PechaQicaO 

SURSeUWieV Rf bUaiQ WiVVXe haYe beeQ SUeYiRXVO\ iQYeVWigaWed iQ Whe fUeTXeQc\ dRPaiQ. D\QaPic 

fUeTXeQc\ VZeeS WeVWV haYe beeQ SeUfRUPed WR chaUacWeUi]e PaWeUiaO SURSeUWieV Rf hXPaQ bUaiQ 

(FaOOeQVWeiQ eW aO. 1969) aQd QRQOiQeaU cRQVWiWXWiYe PRdeOV fRU bRYiQe bUaiQ (DaUYiVh aQd 

CUaQdaOO 2001), PRVWO\ cRQdXcWed iQ VheaU. TheVe VWXdieV haYe TXaQWiWaWiYeO\ PeaVXUed 

PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe (TabOe 2-1). IQ addiWiRQ, Whe cRPSUeVViYe ORadiQg SOa\V aQ 

iPSRUWaQW UROe iQ head WUaXPa aV PaQ\ defRUPaWiRQV Rf iQiWiaO iPSacW iV cRPSUeVViYe (BaU-

KRchba eW aO. 2016; YRXQg eW aO. 2015). The bUaiQ cRXOd aOVR e[SeUieQce Whe cRPSUeVViYe ZaYeV 
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dXUiQg Whe cRXUVe Rf head iPSacW (MRUVe eW aO. 2014). HRZeYeU, Whe effecW Rf d\QaPic 

YiVcReOaVWic chaUacWeUi]aWiRQ Rf Whe bUaiQ WiVVXe WhURXgh d\QaPic PechaQicaO aQaO\ViV (DMA) 

XQdeU cRPSUeVViRQ haV QRW beeQ TXaQWified aQd RQO\ RQe d\QaPic RVciOOaWRU\ VWUaiQ VWXd\ Rf 

cRPSUeVViRQ ORad caQ be fRXQd, deVcUibed iQ a UeYieZ SaSeU ZheUe fifW\ \eaUV Rf bUaiQ WiVVXe 

PechaQicaO WeVWiQg ZeUe iQYeVWigaWed (ChaWeOiQ eW aO. 2010). DMA iV a YeUVaWiOe, fOe[ibOe aQd 

aXWRPaWed WechQiTXe WR PaS Whe bXOk PechaQicaO SURSeUWieV Rf VRfW YiVcReOaVWic PaWeUiaOV. IW caQ 

deWeUPiQe bRWh Whe eOaVWic aQd YiVcRXV cRPSRQeQWV Rf a PaWeUiaO WhURXgh cRPSUeVViYe 

PRYePeQW WR cROOecW cRPSUeheQViYe PechaQicaO chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe.  
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TabOe 2-1 ± MechaQicaO WeVWiQg Rf bUaiQ WiVVXe fURP OiWeUaWXUe. 

THVWLQJ MHWKRd MRdHO MaLQ FLQdLQJV LLPLWaWLRQV SWXd\ 

IQdeQWiRQ WeVW PRUciQe 
SheaU PRdXOXV fURP 0.3 kPa WR 0.7 
kPa, ZiWh Whe VWUaiQ UaWe fOXcWXaWiQg 

fURP 0.002 V-1 WR 0.017 V-1 

LiPiWed WR iQWeUUegiRQaO 
YaUiaWiRQ Rf bUaiQ WiVVXe 

(QiaQ eW aO. 
2018) 

     

CRPbiQaWiRQ Rf 
VheaU, 

cRPSUeVViRQ 
aQd WeQViRQ WeVWV 

HXPaQ 

OQe-WeUP OgdeQ PRdeO caQ 
UeSUeVeQW Whe h\SeUeOaVWic behaYiRXU 
ZiWh a VheaU PRdXOXV Rf 0.4 WR 1.4 

kPa 

NR YiVcReOaVWic PRdeOV 
WR deVcUibe UeOa[aWiRQ 

UeVSRQVe 

(BXdda\ eW aO. 
2017) 

     

SheaU WeVW PRUciQe 

The Pa[iPXP VheaU VWUeVV aW VWUaiQ 
UaWeV Rf 30, 60, 90 aQd 120/V ZaV 
1.15 � 0.25, 1.34 � 0.19, 2.19 � 

0.225 aQd 2.52 � 0.27 kPa (PeaQ � 
SD) 

EVWiPaWiRQ Rf PaWeUiaO 
SURSeUWieV ZaV baVed RQ 

Pi[WXUe Rf ZhiWe aQd 
gUe\ PaWWeU 

(RaVhid eW aO. 
2013) 

     

CRPSUeVViRQ 
WeVW 

BRYiQe 

The VWUeVV±VWUaiQ behaYiRXU aW high 
VWUaiQ UaWeV UeYeaOV a VigQificaQW UaWe 
deSeQdeQc\ Rf Whe gUe\ PaWWeU aQd 

ZhiWe PaWWeU 

NR UeOa[aWiRQ WeVWV ZeUe 
cRQdXcWed WR deUiYe 

YiVcReOaVWiciW\  

(PeUYiQ aQd 
CheQ 2009) 

     

TeQViOe WeVW PRUciQe 

The WeQViOe eQgiQeeUiQg VWUeVV aW 
30% VWUaiQ ZaV 3.1 � 0.49, 4.3 � 

0.86, 6.5 � 0.76 kPa (PeaQ � SD) aW 
VWUaiQ UaWeV Rf 30, 60 aQd 90/V 

LiPiWed WR hRPRgeQRXV 
defRUPaWiRQ dXe WR Whe 
bRQdiQg Rf bUaiQ WiVVXe 

(RaVhid eW aO. 
2014) 
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D\QaPic VheaU 
WeVW 

HXPaQ 
The VWRUage PRdXOXV OieV beWZeeQ 

0.6 WR 1.1 kPa aQd ORVV PRdXOXV OieV 
beWZeeQ 0.35 WR 0.6 kPa 

OQO\ ZhiWe PaWWeU Rf 
bUaiQ WiVVXe ZaV WeVWed 

(FaOOeQVW.GW eW 
aO. 1969) 

     

OVciOOaWRU\ 
VheaU WeVW 

HXPaQ
/ 

PRUciQe 

The VWRUage PRdXOXV iQcUeaVed 
fURP 2.1 WR 16.8 kPa aQd Whe ORVV 

PRdXOXV iQcUeaVed fURP 0.4 WR 18.7 
kPa beWZeeQ 0.1 aQd 6300 H]. NR 
VigQificaQW diffeUeQce beWZeeQ Whe 
YiVcReOaVWic behaYiRXU Rf SRUciQe 

aQd hXPaQ bUaiQ ZhiWe PaWWeU 

The SUeVeQWed UeVXOWV 
ZeUe baVed RQ OiPiWed 

aPRXQW Rf bUaiQ VaPSOeV 

(NicROOe eW aO. 
2004) 

MaQ\ SUeYiRXV VWXdieV haYe VeOecWed aQiPaO bUaiQV WR cRQdXcW iQ YiWUR WeVWV aV a VXbVWiWXWe fRU 

hXPaQ bUaiQV becaXVe Whe fRUPeU iV PRUe UeadiO\ aYaiOabOe. The hXPaQ bUaiQ VaPSOeV ZeUe 

fRXQd WR be 29% VWiffeU WhaQ Whe SRUciQe bUaiQ VaPSOeV WhURXgh VheaU VWUeVV UeOa[aWiRQ (PUaQge 

aQd MaUgXOieV 2002). HXPaQ bUaiQ VaPSOeV ZeUe VhRZQ WR be 40% VWiffeU WhaQ bRYiQe VaPSOeV 

XViQg Whe VaPe WeVWiQg PeWhRd (TakhRXQWV eW aO. 2003). TheVe e[SeUiPeQWV ZeUe SeUfRUPed iQ 

Whe WiPe dRPaiQ ZiWh VWUeVV-VWUaiQ PeWhRdV ZhiOe Whe UeVXOWV iQ Whe fUeTXeQc\ dRPaiQ ZeUe 

diffeUeQW. GaOfRUd aQd McEOhaQe\ (GaOfRUd aQd MceOhaQe\ 1970) fRXQd, fURP YibUaWiRQ 

e[SeUiPeQWV, Whe d\QaPic VWRUage aQd ORVV PRdXOi Rf PRQke\ bUaiQ WiVVXe WR be 1.4 aQd 2 WiPeV 

higheU WhaQ WhaW Rf hXPaQ bUaiQ WiVVXe, UeVSecWiYeO\. HRZeYeU, WhURXgh RVciOOaWRU\ VheaU WeVWV 

Whe PRdXOi Rf hXPaQ aQd SRUciQe bUaiQ WiVVXe ZeUe fRXQd WR be ViPiOaU (Nicolle eW aO. 2004). 

TheUefRUe, WheUe aUe ViPiOaUiWieV UeSRUWed iQ SUeYiRXV VWXdieV RQ Whe PechaQicaO UeVSRQVe Rf 

bUaiQ WiVVXe beWZeeQ hXPaQ aQd SRUciQe, iPSO\iQg WhaW SRUciQe bUaiQV Pa\ be XVed aV PRdeOV 

fRU hXPaQ bUaiQV (RaVhid eW aO. 2012). 
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2.4.3 EffecW Rf TeVWiQg CRQdiWiRQ  

TeVWiQg cRQdiWiRQV aQd SURWRcROV iQ Whe UeVeaUch Rf PaWeUiaO SURSeUWieV haYe a VigQificaQW 

iQfOXeQce RQ e[SeUiPeQWaO UeVXOWV. The cRPSOe[ VheaU PRdXOXV Rf SRUciQe bUaiQ WiVVXe aW 5% 

aSSOied VWUaiQ ZaV fRXQd WR be ORZeU WhaQ aW 2.5% VWUaiQ (AUbRgaVW eW aO. 1997). A ViPiOaU WUeQd 

ZaV ideQWified WhaW Whe YaUiaWiRQV Rf VheaU PRdXOXV RQ bRYiQe bUaiQ WiVVXe aUe UeOeYaQW WR VWUaiQ 

(DaUYiVh aQd CUaQdaOO 2001). The cRQWacW VWiffQeVV Rf bRYiQe VaPSOeV ZaV RbVeUYed WR haYe a 

OiQeaU UeOaWiRQVhiS ZiWh Whe iQdeQWeU Vi]e (BXdda\ eW aO. 2015). IQ addiWiRQ, Whe YaUiaWiRQV aUe 

aOVR affecWed b\ Whe facWRUV Rf VaPSOe VSecieV, WiVVXe heWeURgeQeiW\ aQd eYeQ eQYiURQPeQWaO 

WePSeUaWXUe (RaVhid eW aO. 2012). 

2.4.4 CRPSaUiVRQ Rf TiPe aQd FUeTXeQc\ DRPaiQ ChaUacWeUi]aWiRQ  

The PechaQicaO chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe haV beeQ geQeUaOO\ aQaO\Ved iQ Whe fUeTXeQc\ 

RU WiPe dRPaiQV. FUeTXeQc\-deSeQdeQW d\QaPic PRdXOXV iV defiQed aV Whe UaWiR Rf fRUce 

aPSOiWXde WR diVSOacePeQW aPSOiWXde RYeU a UaQge Rf fUeTXeQcieV aQd SURYideV iQfRUPaWiRQ fRU 

bRWh eOaVWic aQd YiVcRXV cRPSRQeQWV Rf biRORgicaO WiVVXeV. TiPe-deSeQdeQW UeOa[aWiRQ PRdXOXV 

deVcUibeV Whe SheQRPeQRQ Rf YiVcRXV effecW Rf a PaWeUiaO ZheUe VWUeVV decUeaVeV XQdeU cRQVWaQW 

VWUaiQ. BUaiQ iQjXUieV Pa\ be iQdXced b\ aQgXOaU, VheaU aQd WUaQVOaWiRQaO fRUce. OVciOOaWiRQV Rf 

Whe head OeadiQg WR bUaiQ VhakiQg ZiWhiQ Whe VkXOO caQ aOVR SURdXce bUaiQ WUaXPa (LakVaUi eW aO. 

2015). SRPe VWXdieV iQYeVWigaWed bUaiQ WiVVXe iQ Whe WiPe dRPaiQ (VeOaUdi eW aO. 2006) ZhiOe 

d\QaPic VZeeS WeVWV RQ bUaiQ WiVVXe iQ Whe fUeTXeQc\ dRPaiQ haYe aOVR beeQ SeUfRUPed (DaUYiVh 
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aQd CUaQdaOO 2001). AOWhRXgh a UaQge Rf d\QaPic PechaQicaO daWa aUe aYaiOabOe fRU YaUiRXV 

PaWeUiaOV iQ Whe OiWeUaWXUe, iW haV UaUeO\ beeQ aSSOied iQ PRdeOOiQg WR aQaO\Ve aQd deVigQ 

VWUXcWXUeV, PaiQO\ becaXVe PRdeOV aUe RfWeQ VROYed XQdeU VWead\ VWaWe cRQdiWiRQV SURYidiQg 

OiPiWed iQfRUPaWiRQ abRXW Whe VWiffQeVV Rf WiVVXeV.  

ViVcReOaVWic chaUacWeUi]aWiRQ caQ be iPSOePeQWed eiWheU iQ Whe WiPe RU Whe fUeTXeQc\ dRPaiQ 

aQd WheVe PRdeOV aUe caSabOe Rf deVcUibiQg Whe PechaQicaO SURSeUWieV Rf a PaWeUiaO fURP bRWh 

WeVWiQg dRPaiQV. BaVed RQ Whe eTXiYaOeQW PaWhePaWicaO eTXaWiRQV iQcOXdiQg iQWegUaO aQd 

diffeUeQWiaO WheRU\ ZiWh VhaUed OiQeaU YiVcReOaVWic PaWeUiaO SaUaPeWeUV deVcUibed iQ deWaiO iQ 

VecWiRQ 2.3.5, iW VhRXOd be SRVVibOe WR OiQk beWZeeQ WiPe deSeQdeQW aQd fUeTXeQc\ deSeQdeQW 

YiVcReOaVWic SURSeUWieV (TVchRegO 2012). EYeQ WhRXgh fUeTXeQc\ deSeQdeQW SURSeUWieV aQd 

cRUUeVSRQdiQg YiVcReOaVWic PRdeOV Rf bUaiQ WiVVXe haYe beeQ UeceQWO\ VWXdied (Li eW aO. 2020), iW 

UePaiQV XQcOeaU ZheWheU VXch daWa caQ be XVed iQ cRPSXWaWiRQaO PRdeOV WR SUedicW PechaQicaO 

behaYiRXU XQdeU YaUiRXV ORadiQg cRQdiWiRQV VXch aV XQdeU WiPe-deSeQdeQW ORadiQg. IW iV cUXciaO 

WR XQdeUVWaQd Whe UeOaWiRQVhiS beWZeeQ diffeUeQW WeVWiQg PeWhRdV RQ PaWeUiaO SURSeUWieV Rf bUaiQ 

WiVVXe becaXVe iW eQabOeV Whe YiVcReOaVWic SURSeUWieV Rf Whe bUaiQ WR be PeaVXUed XQdeU UeaOiVWic, 

d\QaPic cRQdiWiRQV aQd PakeV WhiV iQfRUPaWiRQ aYaiOabOe WR e[iVWiQg PRdeOV Zhich SUedicW 

WUaXPa. 
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2.5 ChaSWeU SXPPaU\ 

ThiV backgURXQd chaSWeU VXPPaUi]eV PRdeOOiQg Rf bUaiQ WiVVXe aQd iWV UeOaWed iQjXUieV. DiffeUeQW 

W\SeV Rf WUaXPaWic bUaiQ iQjXU\, Zhich aUe a PajRU caXVe Rf deaWh, aUe SUeVeQWed aQd caQ be 

caXVed b\ e[WeUQaO d\QaPic fRUceV. FiQiWe EOePeQW ViPXOaWiRQV haYe beeQ ZideO\ SeUfRUPed WR 

SUedicW aQd aQaO\Ve bUaiQ iQjXUieV, VR TXaQWiWaWiYe UeVXOWV fURP e[SeUiPeQWV aUe UeTXiUed WR 

iPSURYe WheVe PRdeOV. D\QaPic PechaQicaO aQaO\ViV iV a d\QaPic PeWhRd Zhich caQ be XVed 

WR PeaVXUe Whe YiVcReOaVWic SURSeUWieV Rf a PaWeUiaO RYeU a UaQge Rf fUeTXeQcieV XQdeU YaUiRXV 

WeVWiQg cRQdiWiRQV. The PechaQicaO chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe haV beeQ geQeUaOO\ aQaO\Ved 

iQ Whe fUeTXeQc\ aQd WiPe dRPaiQ. UQdeUVWaQdiQg Whe UeOaWiRQVhiS beWZeeQ Whe WiPe aQd 

fUeTXeQc\ deSeQdeQW SURSeUWieV caQ Pake Whe PRVW Rf e[iVWiQg daWa aQd cRQYeUW Whe PechaQicV 

Rf Whe bUaiQ XQdeU d\QaPic cRQdiWiRQV WR eQabOe PaWhePaWicaO PRdeOOiQg iQ a WiPe dRPaiQ. 

IQ Whe Qe[W chaSWeU, Whe fUeTXeQc\-deSeQdeQW PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe haYe beeQ 

VWXdied e[WeQViYeO\ b\ cRPSUeVViYe DMA XQdeU YaUiRXV WeVWiQg cRQdiWiRQV. IQdeQWeUV ZiWh 

YaU\iQg diaPeWeUV ZeUe XVed WR VWXd\ Whe effecW RQ YiVcReOaVWic SURSeUWieV XQdeU a ViQXVRidaOO\ 

YaU\iQg diVSOacePeQW ZiWh YaU\iQg PeaQ diVSOacePeQWV.  
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3 FUeTXeQc\ DeSeQdeQW ViVcReOaVWic PURSeUWieV Rf PRUciQe BUaiQ 

TiVVXe 

3.1 IQWURdXcWiRQ 

BUaiQ WiVVXe, aV diVcXVVed iQ Whe BackgURXQd chaSWeU, iV cRQVideUed aV RQe Rf Whe PRVW YXOQeUabOe 

RUgaQV iQ Whe hXPaQ bRd\. AOWhRXgh Whe bUaiQ iV ZeOO SURWecWed b\ Whe VkXOO, daPage 

e[SeUieQced b\ bUaiQ WiVVXe haV beeQ OiQked WR Whe PechaQiVP Rf ORadiQg (Ta\ORU eW aO. 2017), 

VXch aV Whe effecW Rf VWUaiQ UaWe (QiaQ eW aO. 2018), ORadiQg defRUPaWiRQ cRQdiWiRQV (MacMaQXV 

eW aO. 2017) aQd VheaU RVciOOaWiRQ Rf ORad (DaUYiVh aQd CUaQdaOO 2001). AddiWiRQaOO\, UegaUdiQg 

head iQjXUieV, Whe bUaiQ cRXOd e[SeUieQce d\QaPic ORadiQg cRQdiWiRQV VXch aV VhakeQ bab\ 

V\QdURPe (SBS) ZheUe Whe YiROeQW VhakiQg RccXUV ZiWh Whe head PRYiQg backZaUdV aQd 

fRUZaUdV (EOiQdeU eW aO. 2018). IWV PaWeUiaO SURSeUWieV haYe beeQ ZideO\ iQYeVWigaWed iQ VheaU, 

bXW WheUe aUe SRWeQWiaO diffeUeQceV Zhich e[iVW iQ ORadiQg SURWRcROV beWZeeQ VheaU aQd 

cRPSUeVViRQ WeVWV. The cRPSUeVViYe fRUce iV aOVR iPSRUWaQW iQ Whe aQaO\ViV Rf bUaiQ iQjXUieV, \eW 

deWaiOed d\QaPic PeaVXUePeQWV UeOeYaQW WR cRPSUeVViYe VWUaiQV aUe OackiQg (ChaWeOiQ eW aO. 

2010). 

DiffeUeQW WeVWiQg cRQdiWiRQV caQ haYe VigQificaQW iQfOXeQceV RQ e[SeUiPeQWaO UeVXOWV. WhiOe 

YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe haYe beeQ chaUacWeUi]ed, Whe effecW Rf iQdeQWeU Vi]e aQd 

PeaQ iQdeQWaWiRQ deSWh RQ d\QaPic SURSeUWieV VXch aV VWRUage aQd ORVV PRdXOi haV QRW beeQ 

aVVeVVed b\ cRPSUeVViYe DMA. The VeYeUiW\ Rf bUaiQ iQjXUieV iV aOVR UeOeYaQW WR Whe VWUaiQ UaWe 
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aQd Whe PagQiWXde Rf Whe diVSOacePeQW Rf bUaiQ aZa\ fURP aQ iQiWiaO ceQWUe OiQe (MaaV eW aO. 

2008; PfiVWeU eW aO. 2003). TheUefRUe, Whe XQdeUVWaQdiQg Rf fUeTXeQc\-deSeQdeQW SURSeUWieV SeU 

e[WeUQaO ORadiQg cRQdiWiRQ, VXch aV iQdeQWeU Vi]e RU VWUaiQ iV iPSRUWaQW. 

The aiP Rf Whe ZRUk SUeVeQWed iQ WhiV chaSWeU ZaV WR chaUacWeUi]e Whe PacURVcRSic fUeTXeQc\ 

deSeQdeQW YiVcReOaVWic SURSeUWieV Rf SRUciQe bUaiQ WiVVXe XViQg DMA XQdeU cRPSUeVViRQ. The 

YaUiaWiRQ Rf d\QaPic VWiffQeVV SURSeUWieV ZaV aVVeVVed b\ cRPSaUiQg diffeUeQW iQdeQWeU Vi]eV 

aQd iQdeQWaWiRQ deSWhV. The VWRUage aQd ORVV PRdXOi ZeUe aOVR aQaO\Ved RYeU a UaQge Rf ORadiQg 

fUeTXeQcieV. 

3.2 MaWeUiaOV aQd MeWhRdV 

3.2.1 SSeciPeQ PUeSaUaWiRQ 

FRXU haOf SRUciQe bUaiQV XQdeU 8 PRQWhV ROd ZeUe RbWaiQed fURP a VXSSOieU (DiVVecW SXSSOieV, 

KiQgV HeaWh, BiUPiQghaP, UK). FROORZiQg aUUiYaO iQ Whe OabRUaWRU\ Whe VaPSOeV ZeUe ZUaSSed 

iQ WiVVXe SaSeU VRaked iQ RiQgeU¶V VROXWiRQ (O[Rid LWd, BaViQgVWRke, UK) aQd WheQ VWRUed aW - 

40 °C iQ a fUee]eU iQ dRXbOe heaW-VeaOed SOaVWic bagV (Li eW aO. 2020; MahPRRd eW aO. 2018). 

FURP SUeYiRXV VWXdieV, VXch fUee]iQg WUeaWPeQW dReV QRW chaQge Whe PechaQicaO SURSeUWieV Rf 

biRORgicaO WiVVXeV (S]aUkR eW aO. 2010). BefRUe each PechaQicaO WeVW, a haOf bUaiQ ZaV WakeQ RXW 

fURP Whe fUee]eU aQd SOaced iQ a fUidge, WhaZed iQ RiQgeU¶V VROXWiRQ RYeUQighW aW aURXQd 4 °C 

ahead Rf diVVecWiRQ aQd SUeSaUaWiRQ fRU PechaQicaO WeVWiQg. 
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TeQ WeVW VSeciPeQV Zhich cRPSUiVed bRWh ZhiWe aQd gUe\ PaWWeU ZeUe RbWaiQed fURP Whe fRXU 

haOf SRUciQe bUaiQV. Each VSeciPeQ ZaV WeVWed fRU diffeUeQW VceQaUiRV deVcUibed iQ VecWiRQ 3.2.4 

WR cROOecW adeTXaWe daWa fRU VWaWiVWicaO aQaO\ViV, Zhich iV cRQViVWeQW WR a SUeYiRXV VWXd\ ZheUe 

Whe VaPe bUaiQ VSeciPeQ ZaV WeVWed XQdeU PXOWiSOe ORadiQg PRdeV (BXdda\ eW aO. 2017). IQ 

RUdeU WR be abOe WR XQdeUVWaQd Whe effecW Rf fUeTXeQc\ RQ YiVcReOaVWic SURSeUWieV, iW iV QeceVVaU\ 

fRU Whe fUeTXeQc\ WeVW WR be SeUfRUPed RQ Whe VaPe VaPSOeV, Zhich iV cRQViVWeQW WR SUeYiRXV 

VWXdieV (BaUQeV eW aO. 2016; BXdda\ eW aO. 2017).AfWeU Whe ceUebeOOXP, VSiQaO cRUd aQd PedXOOa 

RbORQgaWa ZeUe UePRYed, Whe ceUebUaO hePi- VSheUeV ZeUe PaiQO\ cRPSRVed Rf Whe fURQWaO, 

SaUieWaO aQd RcciSiWaO ORbeV aQd cXW iQ Whe cRURQaO SOaQe XViQg a VXUgicaO VcaOSeO (SZaQQ-MRUWRQ 

LiPiWed, SheffieOd, UK). SSeciPeQV ZeUe diVVecWed iQWR c\OiQdUicaO VhaSed VaPSOeV (FigXUe 3.1) 

WhURXgh Whe aQWeUiRU-SRVWeUiRU diUecWiRQ. The bUaiQ VaPSOeV ZeUe 7 � 1 PP (PeaQ � deYiaWiRQ) 

iQ WhickQeVV aQd 28 � 1 PP iQ diaPeWeU PeaVXUed XViQg a VeUQieU caOOiSeU (DUaSeU TRROV LWd, 

HaPSVhiUe, UK) VhRZQ iQ FigXUe 3.2.  
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FigXUe 3.1 ± A haOf SRUciQe bUaiQ befRUe diVVecWiRQ. (a) aQ aQaWRP\ Rf bUaiQ iQ cRURQaO SOaQe VhRZiQg 
Whe ceUebUXP, ceUebeOOXP, PedXOOa RbORQgaWa aQd VSiQaO cRUd. (b) FURP Whe YieZ Rf WRS, Whe ceUebUaO 
VaPSOe ZaV PaiQO\ Pade Rf Whe fURQWaO, SaUieWaO aQd RcciSiWaO ORbeV.  
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FigXUe 3.2 ± A UeSUeVeQWaWiYe iPage Rf a WeVW bUaiQ VSeciPeQ. The diPeQViRQ Rf each VSeciPeQ ZaV 
PeaVXUed befRUe PechaQicaO WeVWiQg. 

3.2.2 E[SeUiPeQWaO DeYice 

IQ WhiV VWXd\, Whe PacURVcRSic PechaQicaO UeVSRQVe Rf bUaiQ WiVVXe ZaV Whe PaiQ fRcXV aQd Whe 

bUaiQ WiVVXe iV cRQVideUed aV Whe VRfW WiVVXe cRQVWUaiQed b\ Whe VkXOO. The cRQfiQed cRQWaiQeU ZaV 

deVigQed aQd PaQXfacWXUed, ZiWh Whe VaPe diaPeWeU Rf 28 PP WR Whe WeVWed bUaiQ VaPSOeV 

(FigXUe 3.3). The VeOecWiRQ Rf cRQfiQed WeVWiQg iV baVed RQ Whe QaWXUe Rf Whe bRXQdaU\ cRQdiWiRQV 

aW Whe VkXOO/bUaiQ iQWeUface. 
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FigXUe 3.3 ± A cXVWRP-deVigQed cRQWaiQeU ZiWh diaPeWeU Rf 28 PP fRU cRPSUeVViRQ WeVWiQg. 

TR iQYeVWigaWe Whe iPSacW Rf iQdeQWeU Vi]e RQ Whe PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe, WhUee 

ciUcXOaU fOaW iQdeQWeUV ZiWh diaPeWeUV Rf 8, 12 aQd 16 PP ZeUe PaQXfacWXUed WR cRPSUeVV bUaiQ 

VaPSOeV iQ d\QaPic PechaQicaO WeVWiQg (FigXUe 3.4). The iQdeQWeU Vi]eV XVed ZeUe OaUge eQRXgh 

WR eQVXUe Whe hRPRgeQRXV behaYiRXU Rf WiVVXe dXUiQg Whe SURceVV Rf WeVWiQg.  
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FigXUe 3.4 ± ThUee ciUcXOaU fOaW iQdeQWeUV ZiWh diaPeWeUV Rf 16 PP, 12 PP aQd 8 PP. 

3.2.3 PUeOiPiQaU\ TeVWiQg 

The bUaiQ WiVVXe iV cRQVideUed e[WUePeO\ VRfW aQd dXe WR Whe high VWUeVV UeOa[aWiRQ QaWXUe, 

diVSOacePeQW cRQWURO iQ DMA WeVWiQg ZaV SUefeUUed. A ViQXVRidaOO\ YaU\iQg diVSOacePeQW ZaV 

aSSOied WR Whe VaPSOeV WR SeUfRUP SUeOiPiQaU\ WeVWV. 

The c\OiQdeU bUaiQ VSeciPeQV ZeUe WeVWed fURP 0.1 WR 35 H] aQd 35 WR 0.1 H] ZiWh a SUe-c\cOiQg 

aW 5 H] WR iQYeVWigaWe ZheWheU Whe RUdeU Rf Whe WeVWiQg aOWeU Whe PeaVXUed PechaQicaO SURSeUWieV 

Rf bUaiQ WiVVXe aQd ZheWheU Whe SUecRQdiWiRQiQg c\cOe iV QeceVVaU\. ThUee VaPSOeV ZeUe WeVWed 

ZiWh WhUee diffeUeQW PeaQ diVSOacePeQWV Rf 20% VSeciPeQ heighW (FigXUe 3.5), 15% VSeciPeQ 

heighW (FigXUe 3.6) aQd 10% VSeciPeQ heighW (FigXUe 3.7), UeVSecWiYeO\. 
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FigXUe 3.5 ± SWRUage (k’) aQd ORVV (k’’) VWiffQeVV agaiQVW fUeTXeQc\ XQdeU a 20% VSeciPeQ heighW PeaQ 
diVSOacePeQW. The UaQge Rf WeVWed fUeTXeQc\ ZaV beWZeeQ 0.1 aQd 35 H]. The In UefeUV WR aQ iQcUeaViQg 
WeVWed fUeTXeQc\ aQd De UefeUV WR decUeaViQg WeVWed fUeTXeQc\. 
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FigXUe 3.6 ± SWRUage (k’) aQd ORVV (k’’) VWiffQeVV agaiQVW fUeTXeQc\ XQdeU a 15% VSeciPeQ heighW PeaQ 
diVSOacePeQW. The UaQge Rf WeVWed fUeTXeQc\ ZaV beWZeeQ 0.1 aQd 35 H]. The In UefeUV WR aQ iQcUeaViQg 
WeVWed fUeTXeQc\ aQd De UefeUV WR decUeaViQg WeVWed fUeTXeQc\. 
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FigXUe 3.7 ± SWRUage (k’) aQd ORVV (k’’) VWiffQeVV agaiQVW fUeTXeQc\ XQdeU a 10% VSeciPeQ heighW PeaQ 
diVSOacePeQW. The UaQge Rf WeVWed fUeTXeQc\ ZaV beWZeeQ 0.1 aQd 35 H]. The In UefeUV WR aQ iQcUeaViQg 
WeVWed fUeTXeQc\ aQd De UefeUV WR decUeaViQg WeVWed fUeTXeQc\. 

FURP Whe SUeOiPiQaU\ WeVWV, Whe SUecRQdiWiRQiQg c\cOe Rf 5 H] ZaV UecRUded, aQd iW ZaV VeeQ WhaW 

SUe-c\cOiQg had effecWV RQ Whe PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe aV Whe UeOeYaQW UeVXOWV fRU 

VWRUage aQd ORVV VWiffQeVV diffeUed fURP Whe geQeUaO WUeQd. PUeOiPiQaU\ WeVWV aOVR VhRZed WhaW Whe 

UeVXOWV ZeUe ViPiOaU ZheWheU Whe VSeciPeQ ZaV WeVWed fURP 0.1 WR 35 H] RU 35 WR 0.1 H]. 

TheUefRUe, iQ VXbVeTXeQW WeVWV, aQ RUdeU Rf iQcUeaViQg fUeTXeQc\ ZaV XVed. The bUaiQ VaPSOeV 

ZeUe WeVWed XQdeU a deh\dUaWed cRQdiWiRQ iQ Whe SUeOiPiQaU\ WeVWiQg. HRZeYeU, WheUe ZaV 

adheViYe cRQWacW beWZeeQ Whe bUaiQ VaPSOe aQd iQdeQWeU OeadiQg WR diffeUeQW PechaQicaO 

SURSeUWieV. ThXV, Whe bUaiQ VaPSOeV ZeUe keSW h\dUaWed dXUiQg Whe fROORZiQg PechaQicaO WeVWiQg. 
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3.2.4 PRUciQe BUaiQ D\QaPic E[SeUiPeQW 

TeQ bUaiQ VSeciPeQV ZeUe SOaced iQ a 28 PP diaPeWeU cXVWRP-deVigQed cRQWaiQeU aQd 

cRPSUeVVed XViQg a ciUcXOaU fOaW iQdeQWeU. ThUee diffeUeQW iQdeQWeU diaPeWeUV Rf 8, 12 aQd 16 

PP ZeUe XVed dXUiQg Whe d\QaPic WeVWiQg (FigXUe 3.8). TR PiQiPi]e Whe fUicWiRQ beWZeeQ Whe 

bUaiQ VSeciPeQV aQd Whe cRPSUeVViRQ iQdeQWeU, VaPSOeV ZeUe h\dUaWed ZiWh RiQgeU¶V VROXWiRQ 

befRUe each PechaQicaO WeVW. AOO VaPSOeV ZeUe WeVWed b\ aSSO\iQg a ViQXVRidaOO\ YaU\iQg 

diVSOacePeQW ZiWh a PeaQ diVSOacePeQW (MD) Rf 1.4 PP (20% Rf Whe VSeciPeQ heighW) aQd aQ 

aPSOiWXde Rf 0.14 PP, i.e. beWZeeQ 1.26 aQd 1.54 PP, RYeU Whe fUeTXeQc\ UaQge fURP 0.1 WR 35 

H] iQ 14 VWeSV. The acTXiViWiRQ fUeTXeQc\ aW 35 H] iV 5 kH]. AQ e[aPSOe Rf Whe fRUce agaiQVW 

diVSOacePeQW daWa iV VhRZQ iQ FigXUe 3.9. The fUeTXeQc\ UaQge Rf 0.1 WR 35 H] cRYeUV PRVW Rf 

Whe ORadiQg fUeTXeQcieV WR Zhich Whe bUaiQ PighW be e[SRVed dXUiQg Sh\ViRORgicaO aQd WUaXPaWic 

ORadiQg (LakVaUi eW aO. 2015). FRU PiOd WUaXPaWic bUaiQ iQjXUieV (PTBI), RVciOOaWRU\ fRUce ZiWh 

aSSUR[iPaWe 20 H] cRXOd be SRVVibOe caXVe aQd Whe higheVW fUeTXeQc\ Rf 35 H] aSSOied iQ WeVWiQg 

iV UeOeYaQW WR diffXVe a[RQaO iQjXU\ (DAI) (RaVhid eW aO. 2013). FRU Whe 16 PP diaPeWeU iQdeQWeU 

WZR fXUWheU PeaQ diVSOacePeQWV Rf 1.05 PP (15% Rf Whe VSeciPeQ heighW, ZiWh aQ aPSOiWXde 

Rf 0.105 PP) aQd 0.7 PP (10% Rf Whe VSeciPeQ heighW, ZiWh aQ aPSOiWXde Rf 0.07 PP) ZeUe 

iQYeVWigaWed (TabOe 3-1). The PeaQ diVSOacePeQW UaQge cRYeUed PechaQicaO OeYeOV Rf bUaiQ 

WiVVXe fURP VSRQWaQeRXV UecRYeU\ WR iUUeYeUVibOe iQjXU\ (ThibaXOW eW aO. 1990; ZRX aQd 

SchPiedeOeU 2008). BeWZeeQ each WeVW, Whe bUaiQ VSeciPeQV ZeUe iUUigaWed ZiWh RiQgeU¶V 

VROXWiRQ WR keeS h\dUaWed. BefRUe Whe daWa cROOecWiRQ SURcedXUe, a SUecRQdiWiRQiQg c\cOe Rf 5 
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H] ZaV aSSOied (BaUQeV eW aO. 2016; WiOcR[ eW aO. 2014) fROORZiQg Whe VaPe diVSOacePeQW 

SaUaPeWeUV deWaiOed abRYe. PUecRQdiWiRQiQg iV a ZeOO-eVWabOiVhed SURceVV fRU Whe PechaQicaO 

WeVWiQg Rf biRORgicaO WiVVXe. A SUeYiRXV VWXd\ haV SeUfRUPed ViPiOaU SUecRQdiWiRQiQg c\cOeV RQ 

hXPaQ bUaiQ WR eQVXUe a UeSeaWabOe PechaQicaO UeVSRQVe (BXdda\ eW aO. 2017). B\ aQaORg\, 

TXaVi-VWaWic WeVWV XVe SUeORadiQg RQ bRYiQe bUaiQ WR eQVXUe a cRQViVWeQW aQd cRPSaUabOe VWaUWiQg 

SRiQW fRU WeVW (CheQg aQd BiOVWRQ 2007). PUecRQdiWiRQiQg c\cOeV aUe Qeeded WR cRXQWeU Whe 

aUWefacWV Zhich RccXU iQ PechaQicaO behaYiRXU fURP Whe facW WhaW e[ YiYR WiVVXe haV beeQ e[ciVed. 

The WhaZed WiVVXe iV ORaded iQiWiaOO\ aQd fROORZiQg a feZ SUecRQdiWiRQiQg c\cOeV, Whe WiVVXe WheQ 

behaYeV cRQViVWeQWO\. 

TabOe 3-1 ± TeVWiQg SURWRcRO fRU VeTXeQWiaO PechaQicaO WeVWiQg. TeQ bUaiQ VSeciPeQV ZeUe WeVWed XQdeU 
PXOWiSOe ORadiQg PRdeV. 

 IQdeQWeU DiaPeWeU (PP) MeaQ DiVSOacePeQW (% Rf h) APSOiWXde (PP) 

1 8 20%h 0.14 

2 12 20%h 0.14 

3 16 20%h 0.14 

4 16 15%h 0.105 

5 16 10%h 0.07 

h, VSeciPeQ heighW 
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FigXUe 3.8 ± CRPSUeVViYe WeVWiQg VeWXS fRU Whe SRUciQe bUaiQ VSeciPeQV iQcOXdiQg Whe cXVWRPi]ed 
cRQWaiQeU aQd iQdeQWeU. 

The fUeTXeQc\-deSeQdeQW daWa Rf each bUaiQ VaPSOe ZeUe cROOecWed aQd fRU diffeUeQW VceQaUiRV 

deVcUibed iQ TabOe 3-1, Whe cRUUeVSRQdiQg aYeUage d\QaPic UeVSRQVe ZaV caOcXOaWed ZiWh PeaQ 

YaOXe aQd VWaQdaUd deYiaWiRQ. The PeaQ PechaQicaO UeVSRQVeV Rf bUaiQ WiVVXe ZeUe fXUWheU XVed 

WR cXUYe fiW ZiWh eTXaWiRQV deVcUibed iQ VecWiRQ 3.3. ThiV ZRXOd Oead WR OeVV XQdeUVWaQdiQg Rf 

cRefficieQW VeQViWiYiW\ cRPSaUed WR fiW eTXaWiRQV WR each VaPSOe. 
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FigXUe 3.9 ± ReSUeVeQWaWiYe ORad diVSOacePeQW e[SeUiPeQWaO daWa, fURP PXOWiSOe c\cOeV, fRU a giYeQ 
VaPSOe aW 22 H]. 

A BRVe EOecWURFRUce 3200 (BRVe CRUSRUaWiRQ, EOecWURFRUce S\VWePV GURXS, MiQQeVRWa, USA) 

WeVWiQg PachiQe RSeUaWed XViQg WiQTeVW D\QaPic MechaQicaO AQaO\ViV VRfWZaUe (BRVe 

CRUSRUaWiRQ, EOecWURFRUce S\VWePV GURXS, MiQQeVRWa, USA) ZaV XVed WR deWeUPiQe Whe 

YiVcReOaVWic SURSeUWieV Rf Whe bUaiQ WiVVXe VaPSOeV; Whe VeW-XS cRQfigXUaWiRQ iV diVSOa\ed iQ 

FigXUe 3.10. ThiV aSSURach haV beeQ SUeYiRXVO\ XVed WR WeVW biRORgicaO aQd V\QWheWic PaWeUiaOV 

(Ba[WeU eW aO. 2017; LaZOeVV eW aO. 2017). A 225 N ORad ceOO ZaV XVed Zhich PeaVXUeV fRUce ZiWh 

a UeVROXWiRQ Rf 0.002 N RYeU a Zide UaQge Rf fUeTXeQcieV. The WiQWeVW DMA AQaO\ViV VRfWZaUe 

XVeV a faVW FRXUieU WUaQVfRUP (FFT) WR aQaO\Ve Whe fRUce aQd diVSOacePeQW ZaYeV. The d\QaPic 

VWiffQeVV (k*) aQd Whe ShaVe aQgOe (δ) ZeUe chaUacWeUi]ed VXbVeTXeQWO\. D\QaPic VWiffQeVV ZaV 

deWeUPiQed aV Whe UaWiR Rf fRUce aPSOiWXde WR diVSOacePeQW aPSOiWXde. The ShaVe aQgOe ZaV 
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caOcXOaWed aV Whe ShaVe diffeUeQce beWZeeQ Whe fRUce aQd diVSOacePeQW. The UaWiR Rf ORVV WR 

VWRUage VWiffQeVV (k’’/k’) aV Whe tanδ iV a PeaVXUe Rf eQeUg\ diVViSaWiQg iQ a V\VWeP. A PaWeUiaO 

ZiWh gUeaWeU k’’/k’ UaWiR diVSOa\V Whe gUeaWeU SURSRUWiRQ Rf YiVcRXV behaYiRXU iQ Whe V\VWeP. The 

PeWhRd Whe VRfWZaUe XVed iV deVcUibed iQ deWaiO iQ VecWiRQ 2.3.5. The VWRUage (k’) aQd ORVV 

VWiffQeVV (k’’) ZeUe caOcXOaWed XViQg ETXaWiRQ 3.1 aQd ETXaWiRQ 3.2. 

 𝑘ᇱ = 𝑘∗ cos 𝛿 ETXaWiRQ 3.1 

 𝑘ᇱᇱ = 𝑘∗ sin 𝛿 ETXaWiRQ 3.2 

CRQVideUiQg Whe effecW Rf Whe iQdeQWeU Vi]e, VWRUage (E’) aQd ORVV PRdXOi (E’’) ZeUe caOcXOaWed 

b\ cRQYeUWiQg fURP Whe UeOeYaQW VWiffQeVV XViQg a VhaSe facWRU (S) caOcXOaWed XViQg ETXaWiRQ 

3.4 aQd ETXaWiRQ 3.5 (FXOcheU eW aO. 2009). The VhaSe facWRU fRU c\OiQdUicaO VaPSOeV caQ be 

caOcXOaWed fURP ETXaWiRQ 3.3. 

 𝑆 = ቀ
𝜋
ℎ

ቁ ൬
𝑑
2

൰
2

 ETXaWiRQ 3.3 

 𝐸ᇱ =
𝑘ᇱ

𝑆
 ETXaWiRQ 3.4 

 𝐸ᇱᇱ =
𝑘ᇱᇱ

𝑆
 ETXaWiRQ 3.5 

ZheUe h iV Whe VaPSOe WhickQeVV, d iV Whe diaPeWeU Rf a VSeciPeQ. IQ WhiV iQVWaQce, Whe diaPeWeU 

d ZaV cRQVideUed WR be eTXiYaOeQW WR Whe diaPeWeU Rf Whe iQdeQWeU. 
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FigXUe 3.10 ± The e[SeUiPeQWaO VeW-XS Rf a fXOO WeVWiQg V\VWeP VhRZV Whe aSSOicaWiRQ Rf Whe BRVe 
EOecWURFRUce 3200 cRQQecWed WR WiQTeVW DMA VRfWZaUe. 

3.2.5 DaWa AQaO\ViV 

SigPaSORW VeUViRQ 13.0 (S\VWaW SRfWZaUe IQc., LRQdRQ, UK) ZaV XVed WR SeUfRUP UegUeVViRQ 

aQaO\ViV fRU Whe cXUYe fiW Rf VWiffQeVV aQd PRdXOXV agaiQVW fUeTXeQc\. The UeOaWiRQVhiS beWZeeQ 

bUaiQ VSeciPeQV iQ WeUPV Rf RQe YaUiabOe (i.e. iQdeQWeU Vi]e RU PeaQ diVSOacePeQW) ZeUe 

aQaO\Ved b\ a RQe-Za\ aQaO\ViV Rf YaUiaQce PeWhRd (ANOVA). IW ZRXOd SURYide VWaWiVWicaO 

UeVXOWV aW YaUiRXV WeVWed fUeTXeQcieV fRU WhUee iQdeQWeU Vi]eV RU PeaQ diVSOacePeQWV. A KUXVkaO-

WaOOiV ANOVA RQ UaQkV ZaV XVed if Whe QRUPaOiW\ WeVW (ShaSiUR-WiOk) faiOed (p < 0.05). If 

ANOVA VhRZed a VWaWiVWicaOO\ VigQificaQW diffeUeQce (p < 0.05), a SWXdeQW-NeZPaQ-KeXOV 

MeWhRd (SNK) ZaV XVed fRU aOO SaiUZiVe cRPSaUiVRQV Rf WeVWiQg gURXSV Zhich ZRXOd be 

VigQificaQW ZheQ p < 0.05. 
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3.3 ReVXOWV 

FigXUe 3.11 (a) VhRZV VWRUage VWiffQeVV SURSeUWieV fRU WhUee iQdiYidXaO bUaiQ VaPSOeV. The VWRUage 

VWiffQeVV fRU aOO WeVWed VaPSOeV iQcUeaVed ZiWh fUeTXeQc\ iQiWiaOO\, WheQ decUeaVed aW higheU 

fUeTXeQcieV. The WUeQd Rf VWRUage VWiffQeVV caQ be chaUacWeUi]ed b\ a ORgaUiWhPic cXUYe fiW 

(ETXaWiRQ 3.6) fURP 0.1 WR 18 H] aQd a VecRQd RUdeU SRO\QRPiaO fiW (ETXaWiRQ 3.7) XS WR Whe eQd 

fUeTXeQc\ VZeeS. 

 𝑘′ = 𝐴 ln 𝑓 + 𝐵   𝑓𝑜𝑟 0.1 < 𝑓 < 18 ETXaWiRQ 3.6 

 𝑘′ = 𝐶𝑓2 + 𝐷ሺ𝑓ሻ + 𝐹   𝑓𝑜𝑟 18 ≤ 𝑓 ≤ 35 ETXaWiRQ 3.7 

ZheUe, 𝑘ᇱ iV Whe VWRUage VWiffQeVV, f iV fUeTXeQc\ aQd A, B, C, D aQd F aUe ePSiUicaOO\ deUiYed 

VWRUage cRQVWaQWV b\ Whe OeaVW-VTXaUeV fiW PeWhRd, Zhich aUe VXPPaUi]ed iQ TabOe 3-2. 

FigXUe 3.11 (b) VhRZV ORVV VWiffQeVV SURSeUWieV fRU WhUee iQdiYidXaO bUaiQ VaPSOeV. The ORVV 

VWiffQeVV iQcUeaVed ZiWh iQcUeaViQg fUeTXeQc\ aQd ZaV ORZeU WhaQ VWRUage VWiffQeVV fRU PRVW 

fUeTXeQcieV WeVWed ZhiOe fRU Whe eQd WeVWiQg fUeTXeQc\, Whe VWRUage aQd ORVV VWiffQeVV ZaV fRXQd 

WR be ViPiOaU. The WUeQd Rf ORVV VWiffQeVV caQ be chaUacWeUi]ed b\ a VecRQd RUdeU SRO\QRPiaO fiW 

acURVV aOO fUeTXeQcieV WeVWed (ETXaWiRQ 3.8) Zhich haV Whe VaPe eTXaWiRQ WR Whe VecRQd SaUW Rf 

VWRUage ZiWh diffeUeQW cRQVWaQWV. AOO cRQVWaQWV ZeUe fRXQd WR be VWaWiVWicaOO\ VigQificaQW (p < 

0.05) iQdicaWiQg WheUe iV a QRQ-]eUR cRUUeOaWiRQ beWZeeQ Whe iQdeSeQdeQW YaUiabOe aQd Whe 

deSeQdeQW YaUiabOe. 
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 𝑘ᇱᇱ = 𝐻ሺ𝑓2ሻ + 𝐼ሺ𝑓ሻ + 𝐽   𝑓𝑜𝑟 0.1 ≤ 𝑓 ≤ 35 ETXaWiRQ 3.8 

heUe, k’’ iV Whe ORVV VWiffQeVV, f iV fUeTXeQc\ aQd H, I aQd J aUe ePSiUicaOO\ deUiYed ORVV cRQVWaQWV 

b\ Whe OeaVW-VTXaUeV fiW PeWhRd VXPPaUi]ed iQ TabOe 3-2. 
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FigXUe 3.11 ± VaUiaWiRQ Rf VWiffQeVV ZiWh fUeTXeQc\ fRU WhUee iQdiYidXaO VaPSOeV fURP a ViQgOe 
hePiVSheUe WeVWed XViQg a 16 PP-diaPeWeU iQdeQWeU aQd XQdeU a 20% VSeciPeQ heighW PeaQ 
diVSOacePeQW. (a) VWRUage VWiffQeVV aQd (b) ORVV VWiffQeVV. 

FRU VSeciPeQV WeVWed XQdeU YaUiRXV PeaQ diVSOacePeQWV, WheUe ZaV a VWaWiVWicaOO\ VigQificaQW 

iQcUeaVe iQ VWRUage VWiffQeVV (p < 0.05) Rf 1.6 (35 H]) WR 2.4 (0.1 H]) WiPeV aV Whe PeaQ 

diVSOacePeQW iQcUeaVed fURP 10%h WR 20%h (FigXUe 3.12). The ORVV VWiffQeVV ZiWh 20%h MD 

ZaV VigQificaQWO\ higheU WhaQ ZiWh 10%h MD (p < 0.05) ZhiOe WheUe ZaV QR VigQificaQW 

diffeUeQce (p > 0.05) fRU RWheU WZR SaiUV (i.e. 10%h aQd 15%h MD; 15% aQd 20% MD). FRU Whe 

aYeUage VWRUage aQd ORVV VWiffQeVV, Whe PeaQ diVSOacePeQW Rf 20%h (229.7 N/P aQd 140.3 N/P) 

ZaV gUeaWeVW, fROORZed b\ Whe PeaQ diVSOacePeQW Rf 15%h (171.2 N/P aQd 111.0 N/ P) aQd Whe 

PeaQ diVSOacePeQW Rf 10%h (133.6 N/P aQd 87.4 N/P) had Whe ORZeVW YaOXe. FRU Whe geQeUaWiRQ 

Rf VWaQdaUd deYiaWiRQ, iW iV RQe PeaVXUePeQW RQ each Rf Whe WeQ bUaiQ VaPSOeV WR giYe WeQ 

PeaVXUePeQWV. 
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FigXUe 3.12 ± VaUiaWiRQ Rf VWiffQeVV ZiWh fUeTXeQc\ fRU bUaiQ WiVVXe WeVWed XQdeU WhUee diffeUeQW PeaQ 
diVSOacePeQWV Rf 10%, 15% aQd 20% Rf Whe VSeciPeQ heighW ZiWh Whe 16 PP diaPeWeU iQdeQWeU. (a) 
PeaQ VWRUage aQd (b) PeaQ ORVV VWiffQeVV (N/P). IQ (a), L1 UeSUeVeQWV a ORgaUiWhPic cXUYe fiW (ETXaWiRQ 
3.6) fURP 0.1 WR 18 H] aQd L2 UeSUeVeQWV a VecRQd RUdeU SRO\QRPiaO fiW (ETXaWiRQ 3.7) XS WR Whe eQd 
fUeTXeQc\ VZeeS. IQ (b), a ORgaUiWhPic cXUYe (ETXaWiRQ 3.8) ZaV fiWWed acURVV aOO fUeTXeQcieV WeVWed. 
EUURU baUV UeSUeVeQW VWaQdaUd deYiaWiRQ. 



 

 63 

FRU VSeciPeQV WeVWed XViQg YaU\iQg iQdeQWeU Vi]eV, Whe aYeUage VWiffQeVV (FigXUe 3.13) agaiQVW 

fUeTXeQc\ fROORZV Whe VaPe WUeQd Rf iQdiYidXaO VaPSOeV. The d\QaPic VWRUage aQd ORVV VWiffQeVV 

UeVSRQVe Rf bUaiQ WiVVXe ZaV deSeQdeQW RQ Whe iQdeQWeU Vi]e, iQcUeaViQg ZiWh iQdeQWeU diaPeWeU 

(𝑝 < 0.05). The VWRUage VWiffQeVV iQcUeaVed XS WR 258.4 N/P aW a diaPeWeU Rf 16 PP, 144.2 N/P 

aW a diaPeWeU Rf 12 PP aQd 67.9 N/P aW a diaPeWeU Rf 8 PP aQd WheQ e[SeUieQced a decUeaViQg 

WUeQd aW higheU fUeTXeQcieV. The ORVV VWiffQeVV had aQ iQcUeaViQg WUeQd acURVV aOO WeVWed 

fUeTXeQcieV fURP 39.6 N/P WR 227.7 N/P aW a diaPeWeU Rf 16 PP, 21.5 N/P WR 123.0 N/P aW a 

diaPeWeU Rf 12 PP aQd 10.2 N/P WR 58.7 N/P aW diaPeWeU Rf 8 PP. IQcUeaViQg Whe iQdeQWeU 

diaPeWeU Oed WR aQ iQcUeaVe Rf VWiffQeVV (k’ aQd k¶¶) b\ 1.83 r 0.05 (PeaQ r deYiaWiRQ) fURP D = 

12 PP WR D = 16 PP, 2.12 r 0.04 fURP D = 8 PP WR D = 12 PP aQd 3.88 r 0.12 fURP D = 8 

WR D = 16 PP. 
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FigXUe 3.13 ± VaUiaWiRQ Rf VWiffQeVV ZiWh fUeTXeQc\ Rf bUaiQ WiVVXe WeVWed XQdeU WhUee iQdeQWeU diaPeWeUV 
Rf 16 PP, 12 PP aQd 8 PP ZiWh Whe PeaQ diVSOacePeQW Rf 1.4 PP (20% Rf Whe VSeciPeQ heighW). (a) 
PeaQ VWRUage aQd (b) PeaQ ORVV VWiffQeVV (N/P). IQ (a), L1 UeSUeVeQWV a ORgaUiWhPic cXUYe fiW (ETXaWiRQ 
3.6) fURP 0.1 WR 18 H] aQd L2 UeSUeVeQWV a VecRQd RUdeU SRO\QRPiaO fiW (ETXaWiRQ 3.7) XS WR Whe eQd 
fUeTXeQc\ VZeeS. IQ (b), a ORgaUiWhPic cXUYe (ETXaWiRQ 3.8) ZaV fiWWed acURVV aOO fUeTXeQcieV WeVWed. 
EUURU baUV UeSUeVeQW VWaQdaUd deYiaWiRQ. 
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FigXUe 3.14 VhRZV Whe PeaQ VWRUage aQd ORVV PRdXOi agaiQVW fUeTXeQc\ fRU aOO WeVWed VaPSOeV. 

The VWRUage PRdXOXV iQcUeaVed XS WR 9.14 kPa ZiWh aQ aYeUage YaOXe Rf 8.09 kPa aQd ORVV 

PRdXOXV UaQged beWZeeQ 1.38 kPa aQd 7.91 kPa ZiWh aQ aYeUage YaOXe Rf 4.85 kPa. The 

cRQYeUWed UeVXOWV Rf Whe aYeUage VWiffQeVV fURP bUaiQ VSeciPeQV WeVWed XQdeU WhUee iQdeQWeU 

diaPeWeUV Rf 16 PP, 12 PP aQd 8 PP ZeUe QRW VigQificaQWO\ diffeUeQW (𝑝 > 0.05). 
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FigXUe 3.14 ± VaUiaWiRQ Rf PRdXOXV ZiWh fUeTXeQc\. (a) PeaQ VWRUage aQd (b) PeaQ ORVV PRdXOXV (kPa) 
Rf bUaiQ WiVVXe RbWaiQed fURP WhUee iQdeQWeU Vi]eV ZiWh Whe PeaQ diVSOacePeQW Rf 1.4 PP (20% Rf Whe 
VSeciPeQ heighW). IQ (a), L1 UeSUeVeQWV a ORgaUiWhPic cXUYe fiW (ETXaWiRQ 3.6) fURP 0.1 WR 18 H] aQd L2 
UeSUeVeQWV a VecRQd RUdeU SRO\QRPiaO fiW (ETXaWiRQ 3.7) XS WR Whe eQd fUeTXeQc\ VZeeS. IQ (b), a 
ORgaUiWhPic cXUYe (ETXaWiRQ 3.8) ZaV fiWWed acURVV aOO fUeTXeQcieV WeVWed. EUURU baUV UeSUeVeQW VWaQdaUd 
deYiaWiRQ. 
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FURP Whe VaPSOeV WeVWed, Whe PeaQ tanG (i.e. UaWiR Rf k’’/k’) Rf bUaiQ WiVVXe VhRZed aQ iQcUeaViQg 

WUeQd ZiWh fUeTXeQcieV, UaQgiQg fURP 0.32 WR 0.98 (FigXUe 3.15). NR VigQificaQW diffeUeQceV iQ 

tanG ZeUe fRXQd fRU diffeUeQW diaPeWeUV aQd PeaQ iQdeQWaWiRQV (𝑝 > 0.05). 

 

FigXUe 3.15 ± VaUiaWiRQ Rf tan (G) ZiWh fUeTXeQc\ fRU aOO Whe bUaiQ VaPSOeV WeVWed. EUURU baUV UeSUeVeQW 
VWaQdaUd deYiaWiRQ. 
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TabOe 3-2 ± CXUYe fiW UeVXOWV deUiYed fURP PeaQ VWiffQeVV agaiQVW fUeTXeQc\ SORWV Rf FigXUe 3.12 fRU 
WhUee PeaQ diVSOacePeQWV aQd FigXUe 3.13 fRU WhUee iQdeQWeU diaPeWeUV. CXUYe fiW UeVXOWV aOVR deUiYed 
fURP PeaQ VWRUage aQd ORVV PRdXOXV agaiQVW fUeTXeQc\ SORWV Rf FigXUe 3.14 (𝑝 ≤ 0.05 fRU aOO WUeQdV). 
CRefficieQWV aUe iQ N/P fRU VWiffQeVV ZhiOe Whe\ aUe iQ kPa fRU PRdXOXV. 

h, VSeciPeQ heighW  

  

    SWiffQeVV cRQVWaQWV (N/P)  MRdXOXV 

CRQVWaQWV 

(kPa) 

CRQVWaQW   MeaQ diVSOacePeQW (% Rf h)  IQdeQWeU diaPeWeU (PP)  

  10%h 15%h 20%h  8 12 16  

A SWRUage  20.61 24.15 26.57  7.37 14.57 26.57  0.95 

B SWRUage  94.23 124.79 181.91  45.91 99.36 181.91  6.29 

  R2 0.98 0.98 0.99  0.99 0.99 0.99  0.99 

            
C SWRUage  -0.069 -0.096 -0.092  -0.011 -0.048 -0.092  -0.003 

D SWRUage  2.73 3.82 2.91  0.38 1.83 2.91  0.089 

F SWRUage  129.39 160.79 235.76  64.61 126.85 235.76  8.36 

  R2 0.99 0.99 0.99  0.99 0.99 0.99  0.99 

            

H LRVV  -0.063 -0.08 -0.102  -0.026 -0.052 -0.102  -0.003 

I LRVV  5.66 7.02 8.39  2.16 4.46 8.40  0.30 

J LRVV  26.83 36.38 52.96  13.23 28.39 52.96  1.82 

  R2 0.99 0.99 0.99  0.99 0.99 0.99  0.99 
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3.4 DiVcXVViRQ 

ThiV chaSWeU haV SUeVeQWed ZRUk WhaW XVed d\QaPic PechaQicaO aQaO\ViV XQdeU cRPSUeVViRQ WR 

dePRQVWUaWe WhaW bUaiQ WiVVXe iV YiVcReOaVWic ZiWh bRWh VWRUage aQd ORVV VWiffQeVV, aQd PRdXOi, 

beiQg fUeTXeQc\ deSeQdeQW. FXUWheU, Whe YiVcReOaVWic VWRUage aQd ORVV VWiffQeVV aUe deSeQdeQW RQ 

Whe iQdeQWaWiRQ PeaQ diVSOacePeQW aQd Whe iQdeQWeU Vi]e, iQcUeaViQg ZiWh higheU PeaQ 

diVSOacePeQW aQd OaUgeU iQdeQWeU diaPeWeUV. The YiVcReOaVWic VWRUage aQd ORVV PRdXOi aUe 

iQdeSeQdeQW RQ Whe iQdeQWeU Vi]e. FRU aOO VaPSOeV WeVWed XQdeU diffeUeQW WeVWiQg SURWRcROV, Whe 

WUeQdV fRU VWRUage aQd ORVV VWiffQeVV ZeUe ViPiOaU. MaQ\ RWheU VWXdieV XVed Whe ViPiOaU cXUYe fiW 

PeWhRd WR defiQe YiVcReOaVWic PaWeUiaO SURSeUWieV iQcOXdiQg heaUW chRUdae (WiOcR[ eW aO. 2014) 

aQd PiWUaO YaOYe (Ba[WeU eW aO. 2017). IQ WhiV VWXd\, Whe VWRUage VWiffQeVV, aQd PRdXOi Rf SRUciQe 

bUaiQ VhRZed aQ iQcUeaViQg WUeQd aW iQiWiaO fUeTXeQcieV aQd WheQ a decUeaViQg WUeQd aW higheU 

fUeTXeQcieV. ThiV fiQdiQg iV cRQViVWeQW ZiWh SUeYiRXV UeVXOWV fRU SRUciQe bOaddeU (BaUQeV eW aO. 

2015), PiWUaO YaOYe OeafOeW (Ba[WeU eW aO. 2017), aQd hXPaQ/SRUciQe bUaiQ (WeickeQPeieU eW aO. 

2018), fRU Whe OaWWeU PagQeWic UeVRQaQce eOaVWRgUaSh\ (MRE) ZaV SeUfRUPed WR deVcUibe Whe 

PaWeUiaO SURSeUWieV. LRVV VWiffQeVV Rf SRUciQe bUaiQ e[hibiWed aQ iQcUeaViQg WUeQd ZiWh fUeTXeQc\; 

a ViPiOaU WeQdeQc\ haV beeQ fRXQd iQ bUaiQ WiVVXe b\ d\QaPic WeVWiQg iQ VheaU (HUaSkR eW aO. 

2006) aQd MRE PeWhRdV (GXeUWOeU eW aO. 2018). IQ VSiWe Rf diffeUeQceV iQ WeVWiQg deYiceV aQd 

e[SeUiPeQWaO cRQdiWiRQV, Whe geQeUaO WUeQdV ZeUe cRQViVWeQW ZiWh SUeYiRXV VWXdieV. The d\QaPic 

VWiffQeVV SURSeUWieV (FigXUe 3.11) YaUied ZiWh fUeTXeQcieV fRU Whe WhUee VaPSOeV, diVVecWed fURP 

Whe VaPe ceUebUaO hePiVSheUe Zhich iPSOieV VaPSOe YaUiabiOiW\. 
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The VWRUage aQd ORVV VWiffQeVV Rf SRUciQe bUaiQ WiVVXe decUeaVed ZiWh ORZeU PeaQ diVSOacePeQW 

Rf Whe iQdeQWeU. The Vi]e Rf iQdeQWeU VigQificaQWO\ aOWeUed Whe VWRUage aQd ORVV VWiffQeVV Rf bUaiQ 

WiVVXe, bRWh Rf Zhich decUeaVed ZiWh decUeaViQg iQdeQWeU diaPeWeU Zhich caQ be fRXQd iQ bRYiQe 

bUaiQ XQdeU iQdeQWaWiRQ WeVWiQg (BXdda\ eW aO. 2015). FXUWheUPRUe, Whe chaQge Rf VWiffQeVV 

WhURXghRXW Whe WeVWed fUeTXeQcieV ZaV VigQificaQW. FRU bUaiQ VaPSOeV WeVWed XQdeU Whe WhUee 

iQdeQWeU diaPeWeUV, Whe aYeUage PiQiPXP YaOXeV Rf VWRUage aQd ORVV VWiffQeVV ZeUe 

aSSUR[iPaWeO\ 48% aQd 17% Rf Whe cRUUeVSRQdiQg Pa[iPXP YaOXeV, Zhich ZeUe cRQViVWeQW WR 

WhUee iQdeQWeU diaPeWeUV. FRU bUaiQ VaPSOeV WeVWed XQdeU WhUee PeaQ diVSOacePeQWV, hRZeYeU, 

Whe chaQge Rf VWiffQeVV YaUied fURP 48% WR 34% aQd 17%±11% ZiWh ORZeU PeaQ diVSOacePeQW 

fRU VWRUage aQd ORVV VWiffQeVV, UeVSecWiYeO\. ThiV iQdicaWeV WhaW Whe PeaQ diVSOacePeQW haV a 

gUeaWeU effecW RQ Whe fUeTXeQc\-deSeQdeQW WUeQd Rf VWiffQeVV aV cRPSaUed WR Whe iQdeQWeU Vi]e. 

The VWRUage aQd ORVV PRdXOXV ZeUe deUiYed fURP Whe UeOeYaQW VWiffQeVV. CRPSaUed WR VWiffeU 

biRPaWeUiaOV VXch aV aUWicXOaU caUWiOage (EVSiQR eW aO. 2014) iQ cRPSUeVViRQ, adheViRQ iQ VRfW 

biRORgicaO PaWeUiaOV SOa\V a VigQificaQW UROe iQ cRQWacW PechaQicV affecWiQg Whe iPSacWiQg aUea 

aQd iQdXciQg PechaQicaO eUURUV (CaUUiOOR eW aO. 2005; KRhQ aQd EbeQVWeiQ 2013). TR aYRid WhiV 

iVVXe, a ciUcXOaU fOaW iQdeQWeU ZaV VeOecWed (BaUQeV eW aO. 2016; BXdda\ eW aO. 2015) UaWheU WhaQ 

a hePiVSheUicaO iQdeQWeU (SheSheUd eW aO. 1999). WheQ Whe cXVWRP-deVigQed fOaW iQdeQWeU ZaV 

SeUfRUPed RQ bUaiQ WiVVXe, Whe iPSacWiQg aUea UePaiQV cRQVWaQW RYeU Whe ZhROe ViQXVRidaO 

diVSOacePeQW UaQge (BOXP aQd OYaeUW 2012; CheQg eW aO. 2000). AV Whe WhickQeVV Rf each VaPSOe 

ZaV cRQWUROOed, Whe PRdXOXV Rf Whe VSeciPeQ iV cRQVideUed WR be iQYeUVeO\ SURSRUWiRQaO WR Whe 
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VTXaUe Rf Whe iQdeQWeU diaPeWeU aQd SURSRUWiRQaO WR Whe VSeciPeQ VWiffQeVV. SRPe SUeYiRXV 

VWXdieV (BXdda\ eW aO. 2015; LiX eW aO. 2009a) haYe iQdicaWed WhaW PRdXOXV iV iQdeSeQdeQW Rf Whe 

iQdeQWaWiRQ deSWh ZheUe Whe cRQWacW VWiffQeVV aVVXPed aV Whe UaWiR Rf Whe OiQeaU VWUeVV-VWUaiQ 

cXUYe iV cRQVWaQW. IQ DMA WeVWiQg Whe VWUaiQ-UaWe iV cRQWiQXRXVO\ chaQgiQg dXUiQg RVciOOaWiRQ aW 

a fUeTXeQc\ VR Whe d\QaPic VWiffQeVV PighW YaU\ ZiWh diffeUeQW iQdeQWaWiRQ deSWh. A UaQge Rf 

VhaSe facWRUV aUe aYaiOabOe iQ OiWeUaWXUe fRU iQdeQWaWiRQ VWXdieV (DeOaiQe-SPiWh eW aO. 2016). 

AOWhRXgh diffeUeQW VhaSe facWRUV ZiOO aOWeU Whe SUedicWed YaOXeV acURVV VWXdieV, iW iV ZRUWh QRWiQg 

WhaW aV iW iV a cRQVWaQW aQ\ SUedicWed WUeQdV aUe QRW affecWed ZiWhiQ a VWXd\; iQVWead, SUedicWiRQV 

beWZeeQ VWXdieV Pa\ be RffVeW. 

MaQ\ VWXdieV haYe PeaVXUed PechaQicaO SURSeUWieV fRU SRUciQe bUaiQ WiVVXe. RaVhid fRXQd Whe 

eOaVWic VecaQW PRdXOXV WR be 19±65.2 kPa (RaVhid eW aO. 2012), BXdda\ fRXQd Whe PRdXOXV Rf 

ZhiWe PaWWeU WiVVXe WR be 1.604 kPa (BXdda\ eW aO. 2015), ZhiOe MiOOeU fRXQd Whe iQVWaQWaQeRXV 

YRXQg¶V PRdXOXV ZaV 3.24 kPa (MiOOeU eW aO. 2000). The aYeUage d\QaPic PRdXOXV WhURXgh Whe 

fUeTXeQc\ WeVWed fRU Whe c\OiQdUicaO VaPSOeV iQ WhiV VWXd\ ZaV 9.4 kPa WhaW iV cRPSaUabOe WR Whe 

UaQge VWXdied b\ TaPXUa et al. ZheUe Whe iQiWiaO eOaVWic PRdXOXV ZaV fRXQd WR be beWZeeQ 5.7 

aQd 23.8 kPa (TaPXUa eW aO. 2007). HRZeYeU, aOO Rf WheVe VWXdieV ZeUe SeUfRUPed iQ Whe WiPe 

dRPaiQ (i.e. VWaWic VWUeVV-VWUaiQ e[SeUiPeQWV) Zhich aUe difficXOW WR cRPSaUe Whe UeVXOWV Rf WhiV 

iQYeVWigaWiRQ becaXVe d\QaPic PRdXOXV RbWaiQed iQ Whe fUeTXeQc\ dRPaiQ iV diffeUeQW WR 

YRXQg¶V PRdXOXV.  
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MaQ\ VRfW biRORgicaO WiVVXeV haYe beeQ WeVWed XQdeU RVciOOaWRU\ VheaU PeWhRdV WR aQaO\]e Whe 

YiVcReOaVWic SURSeUWieV (AUbRgaVW aQd MaUgXOieV 1997). IQ cRPSaUiVRQ WR a VWXd\ (FaOOeQVW.GW eW 

aO. 1969), ZheUe hXPaQ bUaiQ WiVVXe ZaV WeVWed iQ YiWUR aW 9±10 H] ZiWh VheaU VWRUage PRdXOXV 

UaQgiQg beWZeeQ 0.6 aQd 1.1 kPa aQd ORVV PRdXOXV UaQgiQg beWZeeQ 0.35 aQd 0.6 kPa, Whe a[iaO 

cRPSUeVViYe PRdXOi UeSRUWed iQ WhiV chaSWeU ZeUe higheU aW cRPSaUabOe fUeTXeQcieV. HRZeYeU, 

aQ\ cRPSaUiVRQ iV OiPiWed b\ Whe SRWeQWiaO diffeUeQceV iQ ORadiQg SURWRcROV beWZeeQ VheaU aQd 

cRPSUeVViRQ WeVWV.  

ThiV VWXd\ ZaV baVed RQ Whe YiVcReOaVWic SURSeUWieV Rf bUaiQ Zhich cRPbiQed ZhiWe aQd gUe\ 

PaWWeU. TheUe iV fXWXUe RSSRUWXQiW\ WR iQYeVWigaWe Whe UegiRQaO YaUiaWiRQ Rf bUaiQ WiVVXe XQdeU 

d\QaPic PechaQicaO aQaO\ViV. IQdeed, VRPe VWXdieV haYe fRXQd YaUiaWiRQ beWZeeQ Whe ZhiWe aQd 

gUe\ PaWWeU (NicROOe eW aO. 2004; PUaQge aQd MaUgXOieV 2002) aQd Whe iQWeUUegiRQaO 

heWeURgeQeiWieV Rf bUaiQ WiVVXe (EOkiQ eW aO. 2011). TheVe aUe deVcUibed iQ deWaiO iQ VecWiRQ 2.2.3. 

HRZeYeU, Whe UeVXOWV SUeVeQWed iQ WhiV chaSWeU SURYide a XVefXO PeaVXUe Rf Whe PechaQicaO 

behaYiRXU Rf bUaiQ WiVVXe. AYeUage PaWeUiaO SURSeUWieV Rf bUaiQ WiVVXe haYe RfWeQ beeQ VWXdied, 

e.g. b\ RaVhid aQd QiaQ WhURXgh cRPSUeVViRQ (RaVhid eW aO. 2012) aQd iQdeQWaWiRQ WeVWV (QiaQ 

eW aO. 2018), UeVSecWiYeO\. GeQeUaOO\, ZhiWe PaWWeU ZiWh aOigQed fibUe WUacWV iV cRQVideUed PRUe 

aQiVRWURSic WhaQ gUe\ PaWWeU. 

ReaOiVWic YiVcReOaVWic SURSeUWieV Rf bUaiQ aUe iPSRUWaQW fRU Whe cRPSXWaWiRQaO PRdeOOiQg Rf Whe 

bUaiQ. FiQiWe eOePeQW (FE) PRdeOV Rf bUaiQ SURYide a QRQ-iQYaViYe Za\ WR aQaO\Ve Whe bUaiQ 
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UeVSRQVe WR head iPSacWV (KRQcaQ eW aO. 2019). The YiVcReOaVWic SaUaPeWeUV aV PaWeUiaO 

cRQVWaQWV iQ ViPXOaWiRQV ZeUe PRVWO\ WakeQ fURP iQdeQWaWiRQ (MacMaQXV eW aO. 2017), VWUeVV-

VWUaiQ aQd VWUeVV UeOa[aWiRQ WeVWV (CheQg aQd BiOVWRQ 2007; FRUWe eW aO. 2017) ZheUe aQ N-WeUP 

PURQ\ VeUieV ZaV XVed WR fiW Whe e[SeUiPeQWaO daWa. The fUeTXeQc\-deSeQdeQW SURSeUWieV Rf bUaiQ 

WiVVXe aUe aOVR iPSRUWaQW iQ FE ViPXOaWiRQV WR aQaO\Ve Whe PechaQicaO UeVSRQVe XQdeU d\QaPic 

ORadiQg. A cRPSaUiVRQ beWZeeQ WiPe aQd fUeTXeQc\ deSeQdeQW SURSeUWieV Rf bUaiQ WiVVXe iQ Whe 

SUeYiRXV OiWeUaWXUe iV OiPiWed dXe WR diffeUeQW e[SeUiPeQWaO SURWRcROV (ChaWeOiQ eW aO. 2010), 

hRZeYeU, a UeceQW VWXd\ fRXQd WhaW iW iV SRVVibOe WR SUedicW Whe fUeTXeQc\-deSeQdeQW SURSeUWieV 

baVed RQ e[SeUiPeQWV iQ Whe WiPe dRPaiQ (ZXSaQþiþ 2018). A OiQeaU YiVcReOaVWic PRdeO ZaV 

adRSWed WR PRdeO biRORgicaO WiVVXeV XQdeU c\cOic ORadiQg, chaUacWeUi]ed b\ Whe VWRUage aQd ORVV 

PRdXOi. FXUWheU, PeWhRdV WR cRQYeUW daWa fURP Whe fUeTXeQc\ dRPaiQ WR WiPe-dRPaiQ aUe 

UeSRUWed iQ OiWeUaWXUe (BaUWROiQi eW aO. 2018); Whe Pa[iPXP VWUaiQ UaWe iQ WhiV VWXd\ UaQgeV 

aSSUR[iPaWeO\ beWZeeQ 7 aQd 14/V. BaVed RQ WhiV aSSURach, Whe fUeTXeQc\ deSeQdeQW YaOXeV 

SUeVeQWed iQ WhiV chaSWeU cRXOd be XVed WR fiW YiVcReOaVWic cRQVWiWXWiYe PRdeOV VXch aV WhURXgh 

PURQ\ VeUieV UeSUeVeQWaWiRQV fROORZiQg adaSWaWiRQ Rf Whe VWRUage aQd ORVV PRdXOi RbWaiQed WR 

UeSUeVeQW Whe PechaQicaO behaYiRXU Rf bUaiQ WiVVXe. 

A OiPiWaWiRQ Rf WhiV VWXd\ iV WhaW a VPaOO aPRXQW Rf geRPeWUic YaUiabiOiW\ RccXUUed ZheQ 

SUeSaUiQg VaPSOeV. The e[WUePeO\ VRfW QaWXUe Rf bUaiQ WiVVXe aOVR OeadV WR VRPe defRUPaWiRQ Rf 

VSeciPeQV XQdeU WheiU RZQ ZeighW dXUiQg Whe SUeSaUaWiRQ (BXdda\ eW aO. 2017). HRZeYeU, Whe 

diaPeWeU Rf VaPSOeV ZaV PeaVXUed XViQg caOOiSeUV SUiRU WR WeVWiQg, WhiV eQVXUed WhaW Whe UeVXOWaQW 
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PRdXOi accRXQWed fRU aQ\ YaUiabiOiW\ iQ VSeciPeQ VhaSe dXUiQg SUeSaUaWiRQ. FXUWheU, Whe iQdeQWeU 

Vi]eV iQ WhiV VWXd\ aUe OaUge eQRXgh WR eQVXUe Whe hRPRgeQRXV behaYiRXU Rf WiVVXe (SaPadi-

DRRki eW aO. 2018). 

IQ WhiV VWXd\, a fUee]e-WhaZ SURWRcRO haV beeQ XVed WR VWRUe VSeciPeQV. AOWhRXgh WheUe aUe VRPe 

OiPiWaWiRQV ZheQ cRPSaUiQg fUR]eQ WR fUeVh VRfW biRORgicaO WiVVXe, Whe daWa fURP Whe UeVXOWV 

VhRZed e[WeQViYe RYeUOaS beWZeeQ Whe fUR]eQ aQd fUeVh VaPSOeV (COaUk 1973). PUeYiRXV VWXdieV 

UeSRUWiQg WeVWV RQ SRUciQe OiYeU (We[ eW aO. 2014), OigaPeQWV (WRR eW aO. 1986) aQd aRUWic 

VSeciPeQV (O¶LeaU\ eW aO. 2014) UeYeaOed OiPiWed chaQgeV iQ PechaQicaO SURSeUWieV Rf biRORgicaO 

PaWeUiaOV. FXUWheU, Whe PeWhRd Rf fUee]iQg SUeVeUYaWiRQ iQcOXdiQg fUee]iQg WePSeUaWXUe Pa\ be 

PRUe cUiWicaO WR PechaQicaO SURSeUWieV (AidXOiV eW aO. 2002; GRh eW aO. 2010). IQ WhiV VWXd\, Whe 

VWRUage SURWRcRO Rf WiVVXe aW - 40 °C, cRQViVWeQW ZiWh eVWabOiVhed SURcedXUeV WR PaiQWaiQ iQiWiaO 

VWUeVV-VWUaiQ UeVSRQVe Rf VRfW WiVVXeV (Ba[WeU eW aO. 2017; ChRZ aQd ZhaQg 2011). 
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3.5 ChaSWeU SXPPaU\ 

IW caQ be cRQcOXded WhaW SRUciQe bUaiQ WiVVXe VhRZV fUeTXeQc\ deSeQdeQW-YiVcReOaVWic SURSeUWieV 

RYeU Whe UaQge Rf fUeTXeQcieV WeVWed, 0.1±35 H]. The e[SeUiPeQWV fRcXV RQ Whe PacURVWUXcWXUaO 

PechaQicaO UeVSRQVe Rf bUaiQ WiVVXe. VaUiaWiRQ Rf YiVcReOaVWic SURSeUWieV ZiWh aQaWRPicaO 

ORcaWiRQ, aQd ZhiWe/gUe\ PaWWeU ZaV QRW Whe fRcXV Rf WhiV chaSWeU. The VWRUage VWiffQeVV e[hibiWed 

a cRPbiQaWiRQ Rf a ORgaUiWhPicaOO\ iQcUeaViQg WUeQd aQd a TXadUaWic decUeaViQg WUeQd agaiQVW 

fUeTXeQc\ ZhiOe Whe ORVV VWiffQeVV e[hibiWed a TXadUaWic iQcUeaViQg WUeQd agaiQVW fUeTXeQc\. The 

cXUYe-fiWWed eTXaWiRQV ZiWh SaUaPeWeUV VhRZed gRRd cRUUeOaWiRQ (p < 0.05 aQd R2 > 0.9) WR Whe 

e[SeUiPeQWaO WUeQdV. The d\QaPic VWiffQeVV SURSeUWieV ZeUe affecWed b\ diffeUeQW iQdeQWeU Vi]eV 

aQd iQdeQWaWiRQ deSWhV. The VWRUage aQd ORVV VWiffQeVV decUeaVed ZiWh ORZeU PeaQ diVSOacePeQW 

Rf Whe iQdeQWeU. The iQdeQWeU ZiWh a OaUgeU diaPeWeU Oed WR higheU VWRUage aQd ORVV VWiffQeVV ZhiOe 

Whe VWRUage aQd ORVV PRdXOi ZeUe cRQVWaQW ZiWh a PeaQ YaOXe Rf 8.09 kPa aQd 4.85 kPa, 

UeVSecWiYeO\. TheVe fiQdiQgV cRXOd be XVed iQ diagQRViV Rf WUaXPaWic bUaiQ iQjXU\ aQd head 

ViPXOaWiRQV iQ fUeTXeQc\ dRPaiQ. 

IQ Whe Qe[W chaSWeU, Whe PechaQicaO behaYiRXU Rf bUaiQ WiVVXe haV beeQ VWXdied WR chaUacWeUi]e 

Whe UegiRQaO aQd diUecWiRQaO UeVSRQVe Rf Whe WiVVXe. IQ addiWiRQ, Whe PaWeUiaO SaUaPeWeUV ZeUe 

RbWaiQed XViQg a OiQeaU YiVcReOaVWic PRdeO, XViQg a PURQ\ VeUieV iQ Whe fUeTXeQc\ dRPaiQ aQd a 

QXPeUicaO PRdeO WR ViPXOaWe Whe cRPSUeVViYe PechaQicaO behaYiRXU Rf bRYiQe bUaiQ WiVVXe 

acURVV a UaQge Rf fUeTXeQcieV.   
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4 D\QaPic PechaQicaO chaUacWeUi]aWiRQ aQd YiVcReOaVWic PRdeOiQg Rf 

bRYiQe bUaiQ WiVVXe 

4.1 IQWURdXcWiRQ 

CRPSXWaWiRQaO PRdeOV caQ SURYide a QRQ-iQYaViYe PeWhRd b\ Zhich WR aQaO\Ve bUaiQ iQjXUieV 

aQd SUedicW Whe PechaQicaO UeVSRQVe Rf Whe WiVVXe. The bUaiQ iQjXUieV aUe e[SecWed WR be iQdXced 

b\ d\QaPic ORadiQg, PRVWO\ iQ cRPSUeVViRQ aQd PeaVXUePeQW Rf d\QaPic YiVcReOaVWic 

SURSeUWieV aUe eVVeQWiaO WR iPSURYe Whe accXUac\ aQd YaUieW\ Rf fiQiWe eOePeQW ViPXOaWiRQV RQ 

bUaiQ WiVVXe. The accXUac\ aQd YaUieW\ Rf WheVe cRPSXWaWiRQaO PRdeOV UeTXiUeV TXaQWiWaWiYe daWa 

fURP e[SeUiPeQWV aQd aUe aOVR deSeQdeQW RQ Whe cRQVWiWXWiYe PRdeOV XVed ZiWhiQ ViPXOaWiRQV. 

PUeYiRXV VWXdieV RQ bUaiQ WiVVXe haYe iQYeVWigaWed eOaVWic PRdXOXV (RaVhid eW aO. 2014) aQd Whe 

PicURVWUXcWXUaO heWeURgeQeiW\ iQcOXdiQg ZhiWe aQd gUe\ PaWWeU (BXdda\ eW aO. 2015) WhURXgh 

VWUeVV-VWUaiQ WeVWV. IW iV iPSRUWaQW WR XQdeUVWaQd Whe cRQQecWiRQ beWZeeQ Whe PacURVcRSic 

PechaQicaO behaYiRXU aQd Whe UegiRQaO PicURVWUXcWXUe fRU accXUaWe SUedicWiRQ Rf iQjXU\ acURVV 

Whe bUaiQ VWUXcWXUe. IQ addiWiRQ, fibUe RUieQWaWiRQ Rf ZhiWe PaWWeU haV beeQ cRQVideUed 

WUaQVYeUVeO\ iVRWURSic becaXVe Rf Whe highO\ aOigQed a[RQaO fibUeV (FeQg eW aO. 2017). WhiOe 

PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe haYe beeQ chaUacWeUi]ed, Whe UegiRQaO aQd diUecWiRQaO 

effecWV RQ fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV haYe QRW beeQ aVVeVVed b\ cRPSUeVViYe 

DMA. 
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IQ WhiV chaSWeU, Whe fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV Rf bRYiQe bUaiQ WiVVXe ZeUe 

chaUacWeUi]ed XViQg D\QaPic MechaQicaO AQaO\ViV. The ZhiWe PaWWeU (cRURQa UadiaWa aQd 

cRUSXV caOORVXP) aQd gUe\ PaWWeU (cRUWe[ aQd baVaO gaQgOia) ZeUe iQYeVWigaWed XQdeU 

cRPSUeVViRQ RYeU a UaQge Rf ORadiQg fUeTXeQcieV WR chaUacWeUi]e Whe UegiRQaO aQd diUecWiRQaO 

SURSeUWieV. The VWRUage aQd ORVV PRdXOi ZeUe aQaO\Ved, aQd a fUeTXeQc\-deSeQdeQW cRQVWiWXWiYe 

PRdeO ZaV caOibUaWed XViQg e[SeUiPeQWaO daWa, WR chaUacWeUi]e Whe PechaQicaO behaYiRXU Rf 

bUaiQV. 

4.2 MaWeUiaOV aQd MeWhRdV 

4.2.1 SSeciPeQ PUeSaUaWiRQ 

EighW bRYiQe bUaiQV XQdeU 12 PRQWhV Rf age, ZeUe RbWaiQed fURP a VXSSOieU (SaPSOeV fRU 

SchRROV hWWSV://ZZZ.VaPSOeV-fRU-VchRROV.cR.Xk/, UK). AfWeU deOiYeU\ WR Whe OabRUaWRU\, Whe 

bUaiQ VaPSOeV ZeUe ZUaSSed iQ WiVVXe SaSeU aQd VRaked iQ RiQgeU¶V VROXWiRQ (O[Rid LWd, 

BaViQgVWRke, UK). SaPSOeV ZeUe WheQ VWRUed aW í40 °C iQ a fUee]eU iQ dRXbOe heaW-VeaOed SOaVWic 

bagV (LaZOeVV eW aO. 2017; Li eW aO. 2020). WheQ Whe bUaiQV ZeUe UeTXiUed fRU WeVWiQg, VaPSOeV 

ZeUe WakeQ RXW fURP Whe fUee]eU aQd OefW iQ RiQgeU¶V VROXWiRQ fRU 12 hRXUV ahead Rf diVVecWiRQ. 

FURP SUeYiRXV VWXdieV, fUee]e-WhaZ WUeaWPeQW dReV QRW chaQge Whe PechaQicaO SURSeUWieV Rf 

biRORgicaO WiVVXe (ChaQ aQd TiW]e 2003; We[ eW aO. 2014). 

AfWeU Whe ceUebeOOXP aQd bUaiQVWeP ZeUe UePRYed, Whe ceUebUXP ZaV cXW iQ Whe cRURQaO SOaQe 

https://www.samples-for-schools.co.uk/
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XViQg a VXUgicaO VcaOSeO (SZaQQ-MRUWRQ LiPiWed, SheffieOd, UK). TR iQYeVWigaWe Whe UegiRQaO 

SURSeUWieV Rf bUaiQ WiVVXe, Whe VSeciPeQV ZeUe cROOecWed fURP Whe fRXU ORcaWiRQV Rf ceUebUXP 

iQcOXdiQg cRURQa UadiaWa aQd cRUSXV caOORVXP, cRUWe[ aQd baVaO gaQgOia (FigXUe 4.1). ThiV 

caWegRUi]aWiRQ iV cRQViVWeQW ZiWh SUeYiRXV VWXdieV (BXdda\ eW aO. 2015; BXdda\ eW aO. 2017). A 

ciUcXOaU WUeShiQe ZiWh Whe diaPeWeU Rf 8 PP ZaV XVed WhURXgh Whe aQWeUiRU-SRVWeUiRU diUecWiRQ 

WR e[WUacW hRPRgeQeRXV VSeciPeQV iQWR c\OiQdUicaOO\ VhaSed VaPSOeV (FigXUe 4.2). SaPSOeV 

fURP Whe UegiRQ Rf cRUSXV caOORVXP ZeUe e[WUacWed iQ Whe WZR RUieQWaWiRQV (i.e. (D1) RUWhRgRQaO 

WR QeUYe fibUe bXQdOeV iQ Whe VagiWWaO SOaQe aQd (D2) aOigQed ZiWh Whe QeUYe fibUe WUacWV iQ Whe 

cRURQaO SOaQe) WR iQYeVWigaWe Whe diUecWiRQaO SURSeUWieV (FigXUe 4.3). The ceUebUaO cRUWe[ iV 

XVXaOO\ fROded, aQd WhiV ciUcXPYROXWiRQ OeadV WR a gUeaWeU VXUface aUea fRU gUe\ PaWWeU. The VRfW 

QaWXUe Rf bUaiQ WiVVXe UeVXOWed iQ VRPe defRUPaWiRQ Rf VSeciPeQV XQdeU WheiU RZQ ZeighW dXUiQg 

Whe SUeSaUaWiRQ, Zhich Pa\ haYe iQcUeaVed Whe YaUiabiOiW\ Rf Whe diPeQViRQ PeaVXUed. BUaiQ 

VaPSOeV ZeUe 5 � 0.5 PP (PeaQ � deYiaWiRQ) iQ WhickQeVV aQd 8 � 0.1 PP iQ diaPeWeU, PeaVXUed 

SUiRU WR WeVWiQg XViQg a VeUQieU caOOiSeU (DUaSeU TRROV LWd, HaPSVhiUe, UK). 
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FigXUe 4.1 ± LRcaWiRQV Rf VSeciPeQ e[WUacWiRQ fURP fRXU bUaiQ UegiRQV, iQcOXdiQg cRURQa UadiaWa aQd 
cRUSXV caOORVXP, cRUWe[ aQd baVaO gaQgOia. 

 

FigXUe 4.2 ± (a) A bRYiQe bUaiQ RbWaiQed fRU PechaQicaO WeVWiQg. (b) ReSUeVeQWaWiYe bUaiQ VSeciPeQ iQ 
c\OiQdUicaO VhaSe Rf 8 � 0.1 PP diaPeWeU. 
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FigXUe 4.3 ± SchePaWic gUaShic Rf ORadiQg diUecWiRQ. SaPSOeV fURP Whe UegiRQ Rf cRUSXV caOORVXP ZeUe 
WeVWed RUWhRgRQaO WR QeUYe fibUe diUecWiRQ D1 aQd aOigQed ZiWh Whe QeUYe fibUe WUacWV D2. VecWRU f 
UeSUeVeQWV Whe QeUYe fibUe diUecWiRQ. 

4.2.2 PUeOiPiQaU\ TeVWiQg 

IQ chaSWeU 3, Whe SRUciQe bUaiQV ZeUe WeVWed WR deWeUPiQe Whe geQeUaO PechaQicaO behaYiRXU iQ 

PacURVcRSe ZheUe Whe bUaiQ VaPSOeV ZeUe Pi[WXUe Rf ZhiWe aQd gUe\ PaWWeU. AV Whe e[SeUiPeQWV 

iQ WhiV chaSWeU ZeUe deVigQed WR iQYeVWigaWe Whe PechaQicaO behaYiRXU Rf bUaiQ WiVVXe UegaUdiQg 

UegiRQaO aQd diUecWiRQaO SURSeUWieV, Whe W\Se Rf VSeciPeQV, ORcaWiRQV aQd RUieQWaWiRQ ZeUe 

deOicaWeO\ cRQVideUed. The bRYiQe bUaiQV ZeUe OaUgeU WhaQ SRUciQe bUaiQV aQd Whe PaVV Rf bRYiQe 

bUaiQV ZaV aSSUR[iPaWeO\ 400 g beiQg aOPRVW WZice WhaW Rf SRUciQe bUaiQV geQeUaWiQg a gUeaWeU 

aUea Zhich cRXOd be VeeQ cOeaUO\ dXUiQg Whe diVVecWiRQ. IW ZaV WheQ VeOecWed aV Whe PaWeUiaO WR 

e[WeQViYeO\ deWeUPiQe Whe bUaiQ PechaQicaO SURSeUWieV. A ciUcXOaU WUeShiQe ZiWh a diaPeWeU Rf 8 
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PP ZaV XVed WR e[WUacW VSeciPeQV. PUeYiRXV VWXdieV SeUfRUPed ViPiOaU cXWWiQg SURWRcROV WR 

RbWaiQ Whe VSecific bUaiQ VaPSOeV RQ SRUciQe (Li eW aO. 2019) aQd hXPaQ bUaiQ (BXdda\ eW aO. 

2017) ZiWh cRPSaUabOe diaPeWeUV. 

UViQg DMA, a ViQXVRidaO defRUPaWiRQ ZaV aSSOied RQ Whe VaPSOeV aQd iQ RUdeU WR accXUaWeO\ 

chaUacWeUi]e d\QaPic PechaQicaO SURSeUWieV, Whe PaWeUiaO VaPSOeV ZeUe UeTXiUed WR be defRUPed 

aW aQ aPSOiWXde Zhich iV ZiWhiQ Whe OiQeaU YiVcReOaVWic UegiRQ. BefRUe a VeTXeQce Rf d\QaPic 

PechaQicaO WeVWV RQ bUaiQ VaPSOeV ZaV XQdeUWakeQ, aPSOiWXde VZeeS WeVWV ZeUe SeUfRUPed WR 

deWeUPiQe Whe OiQeaU UegiRQ. IQ Whe VZeeS WeVW, Whe fUeTXeQc\ Rf Whe WeVW ZaV fi[ed aW 1 H] aQd 

Whe aPSOiWXde iV iQcUePeQWaOO\ iQcUeaVed fURP 10 𝜇𝑚  WR 90 𝜇𝑚  iQ VWeSV Rf 10 𝜇𝑚 . TR 

aQaO\]e Whe OiQeaU YiVcReOaVWic UegiRQ, Whe VWRUage PRdXOXV ZaV SORWWed agaiQVW Whe aPSOiWXde 

(FigXUe 4.4) aQd Whe eQd Rf Whe OiQeaU UegiRQ ZaV fRXQd ZheQ Whe iQiWiaO VWRUage PRdXOXV chaQgeV 

b\ 5 %. The VaPe PeWhRd haV beeQ XVed iQ YaUiRXV RWheU VWXdieV (JiaQg aQd LX 2009; KabRRUaQi 

aQd BOaQcheW 2014) WR deWeUPiQe Whe LVR Rf YiVcReOaVWic PaWeUiaOV.  
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FigXUe 4.4 ± ReSUeVeQWaWiYe VWRUage PRdXOXV Rf bUaiQ WiVVXe WeVWed agaiQVW aPSOiWXde Zhich iV aV Whe 
cRQWURO YaUiabOe. 

FigXUe 4.4 VhRZV Whe W\SicaO UeVXOW Rf VWRUage PRdXOXV YeUVXV aPSOiWXde fRU bUaiQ WiVVXe. WheQ 

Whe aPSOiWXde iQcUeaVed WR 60 𝜇𝑚, Whe cRUUeVSRQdiQg VWRUage PRdXOXV ZaV beORZ Whe 5% OiQe 

fURP Whe iQiWiaO YaOXe. SR, iQ Whe fROORZiQg PechaQicaO WeVWV RQ bUaiQ VaPSOeV, Whe aPSOiWXde 

ZaV chRVeQ aV 50 𝜇𝑚. WiWhiQ Whe OiQeaU YiVcReOaVWic UegiRQ, Whe UeVSRQVe Rf Whe PaWeUiaO ZaV 

cRQVideUed WR be iQdeSeQdeQW Rf Whe PagQiWXde Rf Whe defRUPaWiRQ aQd Whe VWUXcWXUe Rf a PaWeUiaO 

ZaV aVVXPed WR be XQdaPaged. 
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4.2.3 D\QaPic MechaQicaO AQaO\ViV FUeTXeQc\ SZeeS  

The BRVe WeVWiQg PachiQe ZaV eTXiSSed ZiWh a 225 N ORad ceOO ZiWh a UeVROXWiRQ Rf 0.002 N 

aQd a high accXUac\ diVSOacePeQW VeQVRU ZiWh a UeVROXWiRQ Rf 0.001 PP. A FaVW FRXUieU 

TUaQVfRUP (FFT) ZaV XVed WR aQaO\Ve Whe diVSOacePeQW ViQe ZaYe iQSXW aQd ORad ViQe ZaYe 

RXWSXW. The ShaVe aQgOe (δ) ZaV deWeUPiQed aV Whe ShaVe UeOaWiRQVhiS beWZeeQ Whe fRUce aQd 

diVSOacePeQW aQd Whe VRfWZaUe caOcXOaWeV Whe d\QaPic VWiffQeVV (k*). The WiQTeVW DMA 

VRfWZaUe caOcXOaWed VWRUage (E’) aQd ORVV (E’’) PRdXOXV b\ cRQYeUWiQg Whe UeOeYaQW VWiffQeVV aQd 

ShaVe daWa WhURXgh a VhaSe facWRU (S) aV VhRZQ iQ ETXaWiRQ 4.1 aQd ETXaWiRQ 4.2. The VhaSe 

facWRU fRU c\OiQdUicaO VSeciPeQV ZaV caOcXOaWed fURP ETXaWiRQ 4.3. The PeWhRd Whe VRfWZaUe 

XVed iV deVcUibed iQ deWaiO iQ VecWiRQ 2.3.5. TR PeaVXUe hRZ eQeUg\ diVViSaWeV iQ Whe WiVVXe 

VWUXcWXUe, Whe WaQ deOWa (tanδ) aV Whe UaWiR Rf ORVV WR VWRUage PRdXOXV (E’’/E’) ZaV caOcXOaWed fRU 

eYeU\ fUeTXeQc\ aW diffeUeQW bUaiQ UegiRQV. The YiVcRXV UeVSRQVe Rf a PaWeUiaO iQcUeaVeV ZiWh 

gUeaWeU E’’/E’ UaWiR iQ a V\VWeP. 

 𝐸ᇱ =
𝑘∗ cos 𝛿

𝑆
 ETXaWiRQ 4.1 

 𝐸ᇱᇱ =
𝑘∗ sin 𝛿

𝑆
 ETXaWiRQ 4.2 

 𝑆 =
𝜋𝑑2

4ℎ
 ETXaWiRQ 4.3 

ZheUe d iV Whe diaPeWeU aQd h iV Whe WhickQeVV Rf a VSeciPeQ. 
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4.2.4 E[SeUiPeQWaO SeWXS  

The VSeciPeQV ZeUe SOaced iQ Whe VaPSOe hROdeU afWeU diVVecWiRQ aQd SUeSaUaWiRQ (FigXUe 4.5). 

APSOiWXde VZeeS WeVWV ZeUe SeUfRUPed aW 1 H] fRU abRXW 680 c\cOeV WR deWeUPiQe Whe aPSOiWXde 

UaQge ZiWhiQ Whe OiQeaU YiVcReOaVWic UegiRQ Rf Whe PaWeUiaO, fROORZed b\ Whe VXbVeTXeQW 

PechaQicaO WeVWV. AOO VaPSOeV ZeUe cRPSUeVVed ZiWh a PeaQ diVSOacePeQW Rf 1 PP (20% Rf a 

VSeciPeQ heighW) XViQg a ciUcXOaU fOaW iQdeQWeU, fROORZed b\ a ViQXVRidaOO\ YaU\iQg diVSOacePeQW 

ZiWh aQ aPSOiWXde Rf 0.05 PP (i.e. beWZeeQ 0.95 aQd 1.05 PP), acURVV a fUeTXeQc\ VZeeS 

beWZeeQ 0.5 aQd 35 H] iQ 12 VWeSV fRU aSSUR[iPaWe 5000 c\cOeV. The UaQge Rf fUeTXeQcieV iV 

UeOeYaQW WR Whe VWUaiQ UaWeV cRPSaUabOe ZiWh SUeYiRXV VWXdieV RQ bRYiQe (CheQg aQd BiOVWRQ 

2007), SRUciQe (PUaQge aQd MaUgXOieV 2002) aQd hXPaQ bUaiQV (FRUWe eW aO. 2017). PUiRU WR Whe 

daWa cROOecWiRQ SURcedXUe, a SUeORad Rf 10 PN ZaV iQiWiaOO\ aSSOied WR VSeciPeQV WR eQVXUe a 

]eUR cRQfigXUaWiRQ aQd a SUecRQdiWiRQiQg c\cOe Rf 1 H] ZiWh 0.05 PP aPSOiWXde ZaV WheQ 

SeUfRUPed WR VWabiOi]e Whe VaPSOeV (OhPaQ eW aO. 2009). AOO WeVWV ZeUe SeUfRUPed aW URRP 

WePSeUaWXUe ZiWh Whe VaPSOiQg UaWe Rf acTXiViWiRQ aW 5 kH] fRU Whe higheVW fUeTXeQc\ WeVWed. A 

WRWaO Rf 96 bUaiQ VaPSOeV ZeUe WeVWed fURP fRXU ORcaWiRQV cRQWaiQiQg 23 cRURQa UadiaWa VaPSOeV, 

32 cRUSXV caOORVXP VaPSOeV, 20 baVaO gaQgOia VaPSOeV aQd 21 cRUWe[ VaPSOeV (TabOe 4-1). The 

VSeciPeQV ZeUe h\dUaWed ZiWh RiQgeU¶V VROXWiRQ befRUe each WeVW WR PiQiPi]e Whe fUicWiRQ 

beWZeeQ Whe cRPSUeVVed SOaWeQ aQd Whe bUaiQ VaPSOeV. DXUiQg SUeOiPiQaU\ iQYeVWigaWiRQV Whe 

RUdeU Rf Whe WeVWed fUeTXeQcieV did QRW aOWeU Whe PeaVXUed PechaQicaO SURSeUWieV. 
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FigXUe 4.5 ± E[SeUiPeQWaO VeWXS fRU Whe cRPSUeVViYe DMA Rf bRYiQe bUaiQ WiVVXe VSeciPeQV. 

TabOe 4-1 ± TeVW PaWUi[ fRU Whe d\QaPic cRPSUeVViRQ Rf Whe bUaiQ VSeciPeQV. 

LRcaWiRQ DiUecWiRQ NXPbeU Rf WiVVXe VSeciPeQV WeVWed 

WhiWe PaWWeU 

CRURQa UadiaWa D1 23 

CRUSXV caOORVXP 

D1 22 

D2 10 

GUe\ PaWWeU 

BaVaO gaQgOia D1 20 

CRUWe[ D1 21 
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4.2.5 DaWa AQaO\ViV 

TR deWeUPiQe Whe effecW Rf Whe UegiRQaOO\ aQd diUecWiRQaOO\ fUeTXeQc\-deSeQdeQW behaYiRXU Rf 

bUaiQ WiVVXe, SigPaSORW VeUViRQ 14.0 (S\VWaW SRfWZaUe IQc., LRQdRQ, UK) ZaV XVed WR SeUfRUP 

Whe VWaWiVWicaO cRPSaUiVRQV. FRU Whe geQeUaWiRQ Rf eUURU baUV, iW iV RQe PeaVXUePeQW RQ each 

VaPSOe. FRU each PeaVXUePeQW, a fUeTXeQc\ VZeeS ZaV SeUfRUPed iQ 12 VWeSV fRU aSSUR[iPaWe 

5000 c\cOeV SURYidiQg Whe YaOXeV Rf VWRUage aQd ORVV PRdXOXV aW each WeVWed fUeTXeQc\. SWRUage 

aQd ORVV PRdXOXV aQd ShaVe aQgOe ZeUe cRPSaUed aW each fUeTXeQc\. A RQe-Za\ aQaO\ViV Rf 

YaUiaQce (ANOVA) ZaV SeUfRUPed WR iQYeVWigaWe VigQificaQW diffeUeQceV. WheQ ANOVA 

VhRZed a VWaWiVWicaOO\ VigQificaQW diffeUeQce (p < 0.05), a TXke\ HSD SRVW-hRc aQaO\ViV ZaV 

XVed fRU aOO SaiUZiVe cRPSaUiVRQV beWZeeQ YaUiRXV bUaiQ UegiRQV aQd diUecWiRQV iQ cRPSUeVViYe 

DMA WeVWiQg. The UeVXOWV fRU aOO aQaO\ViV ZeUe cRQVideUed VWaWiVWicaOO\ VigQificaQW ZiWh a 

SURbabiOiW\ YaOXe Rf OeVV WhaQ 0.05. 

4.2.6 CRQVWiWXWiYe MRdeOiQg 

FRU YiVcReOaVWic PaWeUiaOV, Whe deYiaWRUic VWUeVV iV QRW OiQeaUO\ UeOaWed WR Whe deYiaWRUic VWUaiQ. TR 

chaUacWeUi]e Whe YiVcReOaVWic behaYiRXU Rf bUaiQ WiVVXe, OiQeaU YiVcReOaVWic (LV) WheRU\ ZaV 

aSSOied WR PRdeO Whe VWUaiQ UaWeV Rf bUaiQ iQjXU\ (QiaQ eW aO. 2018) RU cRPbiQed ZiWh RWheU 

cRQVWiWXWiYe OaZV (FRUWe eW aO. 2018; WaQg aQd SaUQWiQRUaQRQW 2019). The OiQeaU YiVcReOaVWic 

PRdeO caQ be effecWiYeO\ cRQdXcWed iQ cRPPeUciaO FiQiWe EOePeQW VRfWZaUe ZiWh Whe 

e[SeUiPeQWaO SaUaPeWeUV. IQ a UaQge Rf VPaOO defRUPaWiRQV, Whe VWUeVV iQ WhiV PRdeO ZaV RbWaiQed 
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b\ Whe fROORZiQg cRQVWiWXWiYe fRUPXOaWiRQ baVed RQ Whe BROW]PaQQ¶V VXSeUSRViWiRQ iQWegUaO 

(BROW]PaQQ 1878). 

 
𝜎ሺ𝑡ሻ = න 𝑢ሺ𝑡 − 𝜏ሻ

𝑑𝜀
𝑑𝜏

𝑑𝜏
𝑡

−∞

 ETXaWiRQ 4.4 

ZheUe ı iV Whe deYiaWRUic VWUeVV WeQVRU, İ iV Whe deYiaWRUic VWUaiQ WeQVRU aQd u(t) iV Whe OiQeaU 

UeOa[aWiRQ PRdXOXV. IQ WhiV eTXaWiRQ, Whe VWUaiQ İ(t) iV cRQVideUed WR be ]eUR fRU W ≤ 0, aQd iW 

cRXOd be WUaQVfeUUed iQ Whe LaSOace fRUP b\ aVVXPiQg Whe iPagiQaU\ YaUiabOe s WR jȦ aV: 

 𝑢∗ሺ𝑗𝜔ሻ = 𝑠𝑢ොሺ𝑠ሻ =
𝜎ොሺ𝑠ሻ
𝛿መሺ𝑠ሻ

=
𝜎ොሺ𝑗𝜔ሻ
𝛿መሺ𝑗𝜔ሻ

 ETXaWiRQ 4.5 

ZheUe 𝑢ො  , 𝜎ො  aQd 𝛿መ  aUe UeOa[aWiRQ PRdXOXV, VWUeVV aQd VWUaiQ WeQVRU iQ Whe LaSOace dRPaiQ, 

UeVSecWiYeO\. 𝜔 iV a ViQgOe aQgXOaU fUeTXeQc\, Whe UeaO SaUW UeOeYaQW WR Whe acWXaO fRUce aQd 𝑗 =

√−1 VWaQdiQg fRU Whe iPagiQaU\ QXPbeU. 𝑢∗ሺ𝑗𝜔ሻ iV Whe cRPSOe[ PRdXOXV Zhich caQ be giYeQ 

b\ Whe d\QaPic VWRUage 𝑢ᇱ aQd ORVV 𝑢ᇱᇱ PRdXOXV aV: 

 𝑢∗ = 𝑢ᇱ + 𝑗𝑢ᇱᇱ ETXaWiRQ 4.6 

IQ Whe Sh\VicaO PRdeOV, a diVcUeWe UeOa[aWiRQ fXQcWiRQ iV cRQVideUed ZiWh Whe e[SUeVViRQ aV a 

diVcUeWe VeW Rf e[SRQeQWiaO deca\V defiQed iQ ETXaWiRQ 4.7. UViQg WhiV diVcUeWe fXQcWiRQ ZiWh 

ETXaWiRQ 4.4 WR ETXaWiRQ 4.6, Whe cRPSOe[ PRdXOXV caQ be defiQed fURP ETXaWiRQ 4.8. FXUWheU, 

Whe d\QaPic VWRUage aQd ORVV PRdXOXV Rf Whe geQeUaOi]ed Ma[ZeOO PRdeO caQ be RbWaiQed aV 

giYeQ b\ ETXaWiRQ 4.9 aQd ETXaWiRQ 4.10 iQ Whe PURQ\ VeUieV fRUP. 
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𝑢ሺ𝑡ሻ = 𝑢𝑒 + ෍ 𝑔𝑖exp ሺ−𝑡/𝜏𝑖ሻ

ே

𝑖=1

 ETXaWiRQ 4.7 

 
𝑢∗ሺ𝑗𝜔ሻ = 𝑢𝑒 + ෍ 𝑔𝑖

𝜏𝑖𝑗𝜔
1 + 𝜏𝑖𝑗𝜔

ே

𝑖=1

 ETXaWiRQ 4.8 

 
𝑢ᇱሺ𝜔ሻ = 𝑢𝑒 + ෍ 𝑔𝑖

ሺ𝜔𝜏𝑖ሻ2

1 + ሺ𝜔𝜏𝑖ሻ2

ே

𝑖=1

 ETXaWiRQ 4.9 

 
𝑢ᇱᇱሺ𝜔ሻ = ෍ 𝑔𝑖

𝜔𝜏𝑖

1 + ሺ𝜔𝜏𝑖ሻ2

ே

𝑖=1

 ETXaWiRQ 4.10 

ZheUe Whe N UeOa[aWiRQ PRdeV aUe deWeUPiQed b\ Whe cRUUeVSRQdiQg PURQ\ cRQVWaQWV 𝑔𝑖 aQd 

UeWaUdaWiRQ WiPeV cRQVWaQWV 𝜏𝑖. 𝑢𝑒 iV Whe eTXiOibUiXP PRdXOXV. 

The QRQOiQeaU OeaVW VTXaUe PeWhRd iV aQ RSWiPi]aWiRQ WechQiTXe WhaW caQ be XVed WR bXiOd 

UegUeVViRQ PRdeOV ZiWh QRQOiQeaU feaWXUeV, aQd iW haV beeQ SUeYiRXVO\ caUUied RXW ZheQ 

aQaO\ViQg bUaiQ PechaQicaO behaYiRXU (BXdda\ eW aO. 2017; CheQg aQd BiOVWRQ 2007). 

CRPSaUed WR OiQeaU OeaVW VTXaUeV PeWhRd, QRQOiQeaU UegUeVViRQ iV PXch PRUe fOe[ibOe iQ Whe 

VhaSeV Rf Whe cXUYeV fiWWed. TR eVWiPaWe Whe SaUaPeWeUV Rf a fUeTXeQc\ deSeQdeQW diVcUeWe 

UeOa[aWiRQ fXQcWiRQ VhRZiQg QRQOiQeaU feaWXUeV, a QRQ-OiQeaU OeaVW VTXaUeV aOgRUiWhP ZaV 

cRQdXcWed, aQd Whe RSWiPi]aWiRQ cRQVWUaiQW ZeUe iWeUaWiYeO\ XSdaWed XQWiO Whe cRefficieQWV Rf Whe 

PURQ\ cRefficieQWV 𝑔𝑖 aQd UeWaUdaWiRQ WiPeV 𝜏𝑖 cRQYeUged ZiWh RSWiPaOiW\ WROeUaQce Rf WhUee 

deciPaO accXUac\. The aYeUage e[SeUiPeQWaO UeVXOWV fRU YaUiRXV UegiRQV RU diUecWiRQV ZeUe XVed 

WR caOibUaWe Whe cRQVWiWXWiYe PRdeOV baVed RQ Whe aYeUage VTXaUe Rf deYiaWiRQ beWZeeQ Whe 
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SUedicWed d\QaPic PRdXOXV aQd Whe PeaVXUed d\QaPic PRdXOXV fURP e[SeUiPeQW WhURXgh 

ETXaWiRQ 4.11. The ORQg-WeUP PRdXOXV ZaV RbWaiQed fURP Whe SUeOiPiQaU\ VWXdieV ZiWh ORZ 

fUeTXeQc\ WeVWiQg cRQdiWiRQV. The PURQ\ cRefficieQWV 𝑔𝑖  aQd UeWaUdaWiRQ WiPeV 𝜏𝑖  ZeUe 

iQiWiaOO\ aVVXPed, baVed RQ Whe e[SRQeQWiaOO\ aVceQdiQg RUdeU Rf Whe cRQWURO YaUiabOeV. A 

PiQiPXP Rf WhUee SaiUV Rf PURQ\ cRQVWaQWV ZeUe UeTXiUed WR UeSUeVeQW Whe YiVcReOaVWic behaYiRU 

Rf Whe bUaiQ WiVVXe (CheQg aQd BiOVWRQ 2007) aQd fURP Whe SUeOiPiQaU\ VWXdieV, a fRXU WeUP PURQ\ 

VeUieV ZaV Qeeded fRU WheVe fUeTXeQc\-deSeQdeQW OiQeaU YiVcReOaVWic PRdeOV (MiOOeU 1999): 

 
minሺ𝑔, 𝜏ሻ = ෍ ൝ቆ

𝑢ᇱሺ𝜔𝑘ሻ
𝑢෤𝑘

ᇱ − 1ቇ
2

+ ቆ
𝑢ᇱᇱሺ𝜔𝑘ሻ

𝑢෤𝑘
ᇱᇱ − 1ቇ

2

ൡ
ெ

𝑘=1

 ETXaWiRQ 4.11 

ZheUe 𝑢ᇱሺ𝜔𝑘ሻ, 𝑢ᇱᇱሺ𝜔𝑘ሻ aUe Whe caOcXOaWed YaOXeV fURP ETXaWiRQ 4.9 aQd ETXaWiRQ 4.10, aQd 

𝑢෤𝑘
ᇱ , 𝑢෤𝑘

ᇱᇱ aUe Whe PeaVXUed daWa aW M fUeTXeQcieV 𝜔𝑘. The gRRdQeVV Rf fiW Rf daWa WR Whe giYeQ 

PRdeO ZaV aVVeVVed XViQg Whe cRefficieQW Rf deWeUPiQaWiRQ R2.  

The PeaQ fUeTXeQc\-deSeQdeQW behaYiRXU Rf bUaiQ WiVVXe fRU diffeUeQW UegiRQV aQd RUieQWaWiRQV 

ZaV each ViPXOaWed iQ COMSOL MXOWiSh\VicV 5.5 (COMSOL, SWRckhROP, SZedeQ). The FE 

a[iV\PPeWUic PRdeOV ZeUe cUeaWed XViQg a c\OiQdUicaO geRPeWU\ ZiWh Whe aYeUage diaPeWeU aQd 

heighW Rf WeVWed VaPSOeV (8 PP iQ diaPeWeU, 5 PP iQ heighW), aV VhRZQ iQ FigXUe 4.6. A PeVh 

cRQYeUgeQce aQaO\ViV ZaV cRQdXcWed WR YaOidaWe Whe PeVh deQViW\ ZiWh Whe fiQaO PeVh Vi]e Rf 

0.2 PP. The WRS aQd bRWWRP SOaWeQV ZeUe PRdeOOed aV Uigid VXUfaceV. The cRQWacW aQaO\ViV 

beWZeeQ Whe SOaWeQV aQd bUaiQ WiVVXe VSeciPeQV ZaV SeUfRUPed iQ Whe ViPXOaWiRQ aQd Whe 
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UeOeYaQW fUicWiRQ cRefficieQW Rf 0.1 iQ Whe OaWeUaO diUecWiRQ ZaV adRSWed, Zhich iV ZiWhiQ Whe UaQge 

eVWiPaWed fRU Whe VRfW WiVVXe (RaVhid eW aO. 2012). A PRiVVRQ¶V UaWiR Rf 0.49 fRU aQ iQcRPSUeVVibOe 

PaWeUiaO ZaV VeOecWed WR aYRid aQ\ ViQgXOaUiW\ cRQdiWiRQV dXUiQg Whe FE iPSOePeQWaWiRQ 

(MaikRV eW aO. 2008). The bUaiQ VSeciPeQV ZeUe cRPSUeVVed b\ Whe WRS SOaWeQ, VXbVeTXeQWO\ 

fROORZed b\ a haUPRQic SeUWXUbaWiRQ Rf 0.05 PP RYeU a UaQge Rf fUeTXeQcieV, 0.5±35 H], ZhiOe 

Whe bRWWRP SOaWeQ ZaV VeW aV a fi[ed cRQVWUaiQW. 

 

FigXUe 4.6 ± NXPeUicaO ViPXOaWiRQ Rf Whe bUaiQ VSeciPeQV XQdeU d\QaPic cRPSUeVViYe WeVWiQg iQ (a) FE 
a[iV\PPeWUic aQd (b) SaUWiaO UeYROXWiRQ 2D cRQfigXUaWiRQV WR eaViO\ ideQWif\ Whe cURVV-VecWiRQ. 
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4.3 ReVXOWV 

4.3.1 RegiRQaO DeSeQdeQc\ Rf ViVcReOaVWiciW\  

The PeaQ VWRUage aQd ORVV PRdXOXV Rf bUaiQ VSeciPeQV VhRZed aQ iQcUeaViQg WUeQd ZiWh 

iQcUeaViQg fUeTXeQc\ (FigXUe 4.7 (a) aQd (b)) fRU Whe diffeUeQW UegiRQV; Whe aYeUage ORVV PRdXOXV 

ZaV ORZeU WhaQ VWRUage PRdXOXV fRU each WeVWed fUeTXeQc\. TR deWeUPiQe Whe UegiRQaO SURSeUWieV 

Rf bUaiQ WiVVXe, Whe daWa OiQeV fRU cRUSXV caOORVXP UegiRQ ZeUe deUiYed fURP bRWh D1 aQd D2 

RUieQWaWiRQV ZhiOe fRU RWheU UegiRQV, Whe daWa OiQeV ZeUe deUiYed fURP D1 RUieQWaWiRQ. The WeVWed 

VSeciPeQV fURP Whe cRUSXV caOORVXP VhRZed Whe gUeaWeVW PeaQ VWRUage aQd ORVV PRdXOXV (18.19 

kPa aQd 7.82 kPa, UeVSecWiYeO\) RYeU fUeTXeQcieV, fROORZed b\ Whe VSeciPeQV fURP Whe cRURQa 

UadiaWa (12.28 kPa aQd 6.08 kPa, UeVSecWiYeO\). The VSeciPeQV WeVWed fURP Whe cRUWe[ had 

PaUgiQaOO\ higheU PeaQ VWRUage aQd ORVV PRdXOXV (8.86 kPa aQd 3.85 kPa, UeVSecWiYeO\) WhaQ 

fURP Whe baVaO gaQgOia ZiWh a ORZeVW YaOXe Rf 7.05 kPa aQd 3.02 kPa, UeVSecWiYeO\.  
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FigXUe 4.7 ± FUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV fRU bUaiQ WiVVXe WeVWed fURP Whe diffeUeQW 
UegiRQV Rf cRURQa UadiaWa, cRUSXV caOORVXP, baVaO gaQgOia aQd cRUWe[. MeaQ (a) VWRUage aQd (b) ORVV 
PRdXOXV, agaiQVW fUeTXeQc\ fURP e[SeUiPeQWV ZiWh UeOeYaQW OiQeaU YiVcReOaVWic PRdeO SUedicWiRQV aQd 
Whe WUeQdOiQeV aUe daWa SUedicWed fROORZiQg ViPXOaWiRQV Zhich ZeUe VROYed aW ORadiQg fUeTXeQcieV fURP 
0.5 H] XS WR 35 H] iQ iQcUePeQWaO VWeSV Rf 0.1 H]; (c) PeaQ WaQ deOWa agaiQVW fUeTXeQc\. EUURU baUV 
UeSUeVeQW 95% cRQfideQce iQWeUYaOV. 

The VWRUage aQd ORVV PRdXOXV iQ Whe cRUSXV caOORVXP ZeUe VigQificaQWO\ gUeaWeU (𝑝 < 0.05) WhaQ 

iQ Whe baVaO gaQgOia aQd Whe cRUWe[ acURVV aOO fUeTXeQcieV WeVWed; Whe PRdXOi iQ Whe baVaO gaQgOia 

aQd Whe cRUWe[ ZeUe QRW VigQificaQWO\ diffeUeQW fURP each RWheU. TheUe ZaV aOVR QR VigQificaQW 

diffeUeQce beWZeeQ Whe VWRUage aQd ORVV PRdXOXV iQ Whe cRURQa UadiaWa aQd Whe cRUSXV caOORVXP 

(𝑝 > 0.05); hRZeYeU, fURP Whe fUeTXeQc\ Rf 7 H] a VigQificaQW diffeUeQce Rf VWRUage PRdXOXV 

ZaV cRQVideUed beWZeeQ WheP (FigXUe 4.8 (a) aQd (b)). FRU aOO iQcUePeQWV Rf fUeTXeQcieV, Whe 

VWRUage PRdXOXV iQ Whe cRURQa UadiaWa, Whe cRUWe[ aQd Whe baVaO gaQgOia ZaV QRW VigQificaQWO\ 

diffeUeQW, ZhiOe Whe ORVV PRdXOXV iQ Whe cRURQa UadiaWa ZaV VigQificaQWO\ OaUgeU WhaQ iQ Whe baVaO 

gaQgOia. 
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FigXUe 4.8 ± GURXSed YeUWicaO baUV Rf fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV (PeaQ � 95% 
cRQfideQce iQWeUYaOV) fRU bUaiQ WiVVXe WeVWed fURP Whe diffeUeQW UegiRQV Rf cRURQa UadiaWa, cRUSXV 
caOORVXP, baVaO gaQgOia aQd cRUWe[. The VWaWiVWicaO UeVXOWV (a) Whe VWRUage PRdXOXV VhRZed Whe WZR 
W\SeV Rf VigQificaQW diffeUeQceV i.e. fURP 0.5 WR 7 H] aQd XS WR Whe eQd fUeTXeQc\ VZeeS, (b) Whe ORVV 
PRdXOXV VhRZed Whe VaPe VigQificaQW diffeUeQceV Rf UegiRQV RYeU aOO fUeTXeQcieV WeVWed; (c) Whe WaQ 
deOWa iQdicaWed VigQificaQW diffeUeQceV ZeUe RQO\ fRXQd aW 3 aQd 7 H]; hRZeYeU, aW Whe RWheU fUeTXeQc\ 
iQcUePeQWV fURP 10 H] WheUe ZeUe Whe VaPe VigQificaQW diffeUeQceV Rf UegiRQV. IQ each UegiRQaO gURXS, 
YiVcReOaVWic SURSeUWieV QRW VhaUiQg a OeWWeU aUe cRQVideUed WR be VigQificaQWO\ diffeUeQW (TXke\ HSD). 

FURP Whe VSeciPeQV WeVWed, Whe aYeUage WaQ deOWa (i.e. UaWiR Rf E’’/E’) Rf bUaiQ WiVVXe fRU each 

UegiRQ VhRZed aQ iQcUeaViQg WUeQd ZiWh iQcUeaViQg fUeTXeQc\ (FigXUe 4.7 (c)). The cRURQa 

UadiaWa e[hibiWed Whe gUeaWeU YiVcRXV behaYiRXU ZiWh Whe tanG UaQgiQg fURP 0.29 � 0.03 (PeaQ 

� 95 % cRQfideQce iQWeUYaOV) WR 0.67 � 0.04; RWheU UegiRQV VhRZed a ViPiOaU abiOiW\ WR diVViSaWe 

eQeUg\ ZiWh a PeaQ YaOXe Rf aURXQd 0.41 acURVV aOO fUeTXeQcieV. FRU Whe bUaiQ VSeciPeQV WeVWed 

beORZ 10 H], Whe VigQificaQW diffeUeQceV ZeUe RQO\ fRXQd beWZeeQ Whe WaQ deOWa iQ Whe cRURQa 

UadiaWa aQd Whe cRUSXV caOORVXP (𝑝 < 0.05) aW 3 aQd 7 H], UeVSecWiYeO\. FURP Whe fUeTXeQc\ Rf 
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10 H], Whe WaQ deOWa iQ Whe cRURQa UadiaWa ZaV VigQificaQWO\ gUeaWeU WhaQ iQ RWheU UegiRQV (FigXUe 

4.8 (c)). 

4.3.2 DiUecWiRQaO DeSeQdeQc\ Rf ViVcReOaVWiciW\ 

The effecW Rf Whe QeUYe fibUe diUecWiRQ RQ fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV ZaV 

iQYeVWigaWed. The YiVcReOaVWic VWRUage aQd ORVV PRdXOi e[hibiWed aQ iQcUeaViQg WUeQd ZiWh 

fUeTXeQcieV fRU diffeUeQW diUecWiRQV. The bUaiQ VSeciPeQV fURP cRUSXV caOORVXP WeVWed 

RUWhRgRQaO WR Whe fibUeV (D1) VhRZed a VOighWO\ ORZeU PeaQ VWRUage aQd ORVV PRdXOXV (FigXUe 

4.9 (a) aQd (b)). FRU Whe d\QaPic YiVcReOaVWic behaYiRXU Rf bUaiQ VSeciPeQV, QR VigQificaQW 

diUecWiRQaO deSeQdeQc\ RQ Whe VWRUage PRdXOXV ZaV UeYeaOed RYeU aOO fUeTXeQcieV WeVWed ZhiOe 

Whe ORVV PRdXOXV ZaV fRXQd VigQificaQWO\ OaUgeU aW 1.8 WR 1.6 WiPeV (FigXUe 4.10 (a) aQd (b)) fRU 

VSeciPeQV WeVWed aOigQed WR Whe fibUe WUacWV (D2) beORZ Whe fUeTXeQc\ Rf 7 H] (𝑝 < 0.05). The 

WUeQd Rf WaQ deOWa ZaV cRQViVWeQW ZiWh Whe VSeciPeQV WeVWed iQ diffeUeQW QeUYe fibUe RUieQWaWiRQV 

(FigXUe 4.9 (c)) aQd QR VigQificaQW diffeUeQceV (𝑝 > 0.05) ZeUe fRXQd RYeU Whe fUeTXeQc\ UaQge 

WeVWed (FigXUe 4.10 (c)). 
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FigXUe 4.9 ± FUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV fRU bUaiQ WiVVXe WeVWed fURP Whe diffeUeQW 
diUecWiRQV: RUWhRgRQaO WR QeUYe fibUe bXQdOeV (D1) aQd aOigQed ZiWh Whe QeUYe fibUe WUacWV (D2). MeaQ 
(a) VWRUage aQd (b) ORVV PRdXOXV, agaiQVW fUeTXeQc\ fURP e[SeUiPeQWV ZiWh UeOeYaQW OiQeaU YiVcReOaVWic 
PRdeO SUedicWiRQV aQd Whe WUeQdOiQeV aUe daWa SUedicWed fROORZiQg ViPXOaWiRQV Zhich ZeUe VROYed aW 
ORadiQg fUeTXeQcieV fURP 0.5 H] XS WR 35 H] iQ iQcUePeQWaO VWeSV Rf 0.1 H]; (c) PeaQ WaQ deOWa agaiQVW 
fUeTXeQc\. EUURU baUV UeSUeVeQW 95% cRQfideQce iQWeUYaOV. 
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FigXUe 4.10 ± GURXSed YeUWicaO baUV Rf fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV (PeaQ � 95% 
cRQfideQce iQWeUYaOV) fRU bUaiQ WiVVXe WeVWed fURP Whe diffeUeQW diUecWiRQV: RUWhRgRQaO WR QeUYe fibUe 
bXQdOeV (D1) aQd aOigQed ZiWh Whe QeUYe fibUe WUacWV (D2). The VWaWiVWicaO UeVXOWV (a) Whe VWRUage 
PRdXOXV VhRZed QR VigQificaQW diffeUeQceV Rf diUecWiRQV RYeU aOO fUeTXeQcieV WeVWed; (b) Whe ORVV 
PRdXOXV VhRZed a VigQificaQW diffeUeQce RQO\ fURP 0.5 WR 7 H]; (c) Whe WaQ deOWa VhRZed QR VigQificaQW 
diffeUeQceV ZeUe fRXQd acURVV fUeTXeQcieV. IQ each diUecWiRQaO gURXS, YiVcReOaVWic SURSeUWieV QRW 
VhaUiQg a OeWWeU aUe cRQVideUed WR be VigQificaQWO\ diffeUeQW (TXke\ HSD). 
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4.3.3 FUeTXeQc\-DeSeQdeQW ChaUacWeUi]aWiRQ 

The PeaQ d\QaPic YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe agaiQVW fUeTXeQc\ aUe VhRZQ iQ FigXUe 

4.11 fRU aOO 96 WeVWed VaPSOeV. The VWRUage PRdXOXV iQcUeaVed fURP 7.39 kPa WR 16.19 kPa ZiWh 

a PeaQ YaOXe Rf 12.41 kPa aQd Whe ORVV PRdXOXV UaQged beWZeeQ 1.87 kPa aQd 9.70 kPa ZiWh a 

PeaQ YaOXe Rf 5.54 kPa. The aYeUage WaQ deOWa Rf bUaiQ WiVVXe e[hibiWed aQ iQcUeaViQg WUeQd ZiWh 

fUeTXeQcieV UaQgiQg fURP 0.26 WR 0.60, ZiWh aQ aYeUage YaOXe Rf 0.43. 
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FigXUe 4.11 ± FUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV fRU bUaiQ WiVVXe fRU aOO VSeciPeQV WeVWed. 
MeaQ (a) VWRUage aQd (b) ORVV PRdXOXV, agaiQVW fUeTXeQc\ fURP e[SeUiPeQWV ZiWh UeOeYaQW OiQeaU 
YiVcReOaVWic PRdeO SUedicWiRQV aQd Whe WUeQdOiQeV aUe daWa SUedicWed fROORZiQg ViPXOaWiRQV Zhich 
ZeUe VROYed aW ORadiQg fUeTXeQcieV fURP 0.5 H] XS WR 35 H] iQ iQcUePeQWaO VWeSV Rf 0.1 H]; (c) PeaQ 
WaQ deOWa agaiQVW fUeTXeQc\. EUURU baUV UeSUeVeQW 95% cRQfideQce iQWeUYaOV. 
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4.3.4 ViVcReOaVWic MRdeO FiWWiQg 

The PeaQ UeVXOWV Rf Whe e[SeUiPeQWaO VWRUage aQd ORVV PRdXOi Rf Whe bUaiQ WiVVXe WeVWed fURP 

YaUiRXV UegiRQV, diUecWiRQV aQd aOO bUaiQ VSeciPeQV ZeUe XVed WR RbWaiQ Whe RSWiPi]ed 

SaUaPeWeUV Rf a fRXU WeUP PURQ\ VeUieV iQ Whe fUeTXeQc\-deSeQdeQW OiQeaU YiVcReOaVWic PRdeO 

(TabOe 4-2) ZiWh Whe cRUUeVSRQdiQg cRefficieQWV Rf deWeUPiQaWiRQ. The ORQg-WeUP PRdXOXV 𝑢𝑒 

ZaV fRXQd WR be 83.9 Pa. The QXPbeU Rf fRXU SaiUV Rf PURQ\ cRQVWaQWV ZeUe adeTXaWe WR keeS 

Whe ViPXOaWiRQ accXUac\ iQ Whe PRdeOV. FRU Whe OiQeaU YiVcReOaVWic PRdeO iQ Whe fUeTXeQc\ 

dRPaiQ, Whe FE ViPXOaWiRQV ZeUe abOe WR UeSUeVeQW Whe PechaQicaO behaYiRXU Rf bUaiQ WiVVXe 

adeTXaWeO\ fURP Whe PeaQ VWRUage aQd ORVV PRdXOXV (Whe WUeQdOiQeV fURP FigXUe 4.7, FigXUe 4.9 

aQd FigXUe 4.11). 
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TabOe 4-2 ± CRQVWiWXWiYe SaUaPeWeUV Rf fUeTXeQc\-deSeQdeQW OiQeaU YiVcReOaVWic PRdeO deUiYed fURP Whe 
PeaQ d\QaPic YiVcReOaVWic SURSeUWieV RYeU aOO fUeTXeQcieV fRU YaUiRXV UegiRQV, diUecWiRQV aQd geQeUaO 
PaWeUiaO chaUacWeUi]aWiRQ. 

  LiQeaU YiVcReOaVWic PRdeO SaUaPeWeU  

 PURQ\ cRQVWaQW (kPa)  ReOa[aWiRQ WiPe cRQVWaQW (V)  

 𝑔1 𝑔2 𝑔3 𝑔4  𝜏1 𝜏2 𝜏3 𝜏4 R2 

CRURQa UadiaWa 5.80 3.54 4.93 58.75  6.59î101 2.57î10-1 1.87î10-2 7.58î10-4 0.994 

CRUSXV caOORVXP 9.60 4.56 6.08 40.70  2.34î101 1.74î10-1 1.89î10-2 1.51î10-3 0.998 

BaVaO gaQgOia 3.59 1.76 2.14 15.44  5.00î104 2.09î10-1 2.38î10-2 1.63î10-3 0.998 

CRUWe[ 4.57 1.88 3.05 18.85  5.00î104 2.15î10-1 2.36î10-2 1.71î10-3 0.996 

D1 8.53 3.77 4.91 29.36  1.12î101 1.60î10-1 2.02î10-2 1.98î10-3 0.994 

D2 11.94 6.42 8.60 97.49  1.12î101 1.95î10-1 1.71î10-2 7.21î10-4 0.997 

GeQeUaO 6.38 3.11 4.29 31.57  1.17î101 2.00î10-1 2.01î10-2 1.37î10-3 0.998 
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4.4 DiVcXVViRQ 

The UeVeaUch SUeVeQWed iQ WhiV chaSWeU haV dePRQVWUaWed Whe effecW Rf UegiRQV aQd diUecWiRQV RQ 

Whe fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe XViQg D\QaPic MechaQicaO 

AQaO\ViV. AV Whe cRPSUeVViYe ORadiQg SOa\V a VigQificaQW UROe iQ head WUaXPa (BaU-KRchba eW aO. 

2016; YRXQg eW aO. 2015) aQd Whe bUaiQ cRXOd be e[SRVed WR cRPSUeVViYe ZaYeV dXUiQg Whe 

cRXUVe Rf head iPSacW (MRUVe eW aO. 2014), iW iV eVVeQWiaO WR deWeUPiQe Whe cRPSUeVViYe behaYiRXU 

Rf Whe bUaiQ WiVVXe RYeU a UaQge Rf fUeTXeQcieV. The d\QaPic VWRUage PRdXOXV aQd WaQ deOWa fURP 

fRXU UegiRQV VhRZed diffeUeQW W\SeV Rf VigQificaQW diffeUeQceV WR YaUiRXV fUeTXeQc\ UaQgeV ZhiOe 

Whe cRUUeVSRQdiQg d\QaPic ORVV PRdXOXV e[hibiWed Whe VaPe VigQificaQW diffeUeQce Rf UegiRQV 

RYeU aOO fUeTXeQcieV WeVWed. NR VigQificaQW PechaQicaO diUecWiRQaO deSeQdeQc\ ZaV fRXQd iQ 

fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV e[ceSW iQ ORVV PRdXOXV. FRU aOO VSeciPeQV WeVWed 

XQdeU Whe fUeTXeQc\ VZeeS, Whe WUeQdV Rf d\QaPic SURSeUWieV ZeUe ViPiOaU, ZiWh SURSeUWieV 

iQcUeaViQg ZiWh fUeTXeQc\. PUecRQdiWiRQiQg WeVWV ZeUe SeUfRUPed iQ WhiV VWXd\ Zhich iV a ZeOO-

eVWabOiVhed SURceVV fRU Whe PechaQicaO WeVWiQg Rf biRORgicaO WiVVXe. SiPiOaU SUecRQdiWiRQiQg 

behaYiRXU ZaV cRQdXcWed RQ hXPaQ bUaiQ (BXdda\ eW aO. 2017) aQd bRYiQe bUaiQ (CheQg aQd 

BiOVWRQ 2007) WR eQVXUe a UeSeaWabOe PechaQicaO UeVSRQVe. The e[SeUiPeQWaO UeVXOWV ZeUe XVed 

WR eVWabOiVh YiVcReOaVWic cRQVWiWXWiYe PRdeOV fROORZiQg Whe adaSWaWiRQ Rf VWRUage aQd ORVV 

PRdXOXV agaiQVW fUeTXeQc\ WR caSWXUe Whe cRPSUeVViYe PechaQicaO UeVSRQVe Rf bUaiQ WiVVXe. 

The d\QaPic PechaQicaO SURSeUWieV Rf bRYiQe bUaiQ WiVVXe VhRZed UegiRQaO deSeQdeQc\. 
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SSeciPeQV WeVWed fURP Whe cRUSXV caOORVXP e[hibiWed a cRQViVWeQWO\ VigQificaQW diffeUeQce ZiWh 

OaUgeU VWRUage aQd ORVV PRdXOXV aQd WaQ deOWa WhaQ VSeciPeQV WeVWed fURP Whe baVaO gaQgOia, RYeU 

aOO fUeTXeQcieV. IQ geQeUaO, Whe d\QaPic VWRUage aQd ORVV PRdXOi Rf ZhiWe PaWWeU (15.72 kPa aQd 

7.09 kPa) iQ WhiV VWXd\ ZeUe gUeaWeU WhaQ WhaW Rf gUe\ PaWWeU (7.97 kPa aQd 3.45 kPa). A ViPiOaU 

WUeQd fRU ZhiWe aQd gUe\ PaWWeU ZaV fRXQd b\ VRPe VWXdieV RQ hXPaQ (FiQaQ eW aO. 2017) aQd 

bRYiQe bUaiQV (BXdda\ eW aO. 2015) XViQg iQdeQWaWiRQ WeVWV, bXW RWheU VWXdieV UeSRUWed Whe 

RSSRViWe WUeQd RQ UaW (ChUiVW eW aO. 2010) aQd SRUciQe bUaiQ WiVVXe (PUaQge aQd MaUgXOieV 2002); 

aOO Rf WheVe e[SeUiPeQWV ZeUe SeUfRUPed iQ Whe WiPe dRPaiQ ZiWh VWUeVV-VWUaiQ WeVWiQg. TheVe 

diVcUeSaQcieV Pa\ be iQdXced b\ Whe SRWeQWiaO diffeUeQceV iQ ORadiQg SURWRcROV aQd Whe 

e[WUePeO\ VeQViWiYe SURSeUWieV Rf bUaiQ WiVVXe. FXUWheU, UeceQW iQYeVWigaWiRQV RQ PagQeWic 

UeVRQaQce eOaVWRgUaSh\ (MRE) (Ba\O\ eW aO. 2012; COa\WRQ eW aO. 2012) iQ Whe fUeTXeQc\ dRPaiQ 

VhRZed Whe PRdXOXV Rf ZhiWe PaWWeU ZaV aSSUR[iPaWeO\ 2 WiPeV gUeaWeU WhaQ WhaW Rf gUe\ PaWWeU, 

Zhich iV cRPSaUabOe WR Whe UeVXOWV SUeVeQWed iQ WhiV chaSWeU. AOWhRXgh MRE haV beeQ XVed WR 

chaUacWeUi]e bUaiQ WiVVXe in vivo (WeickeQPeieU eW aO. 2018), cXUUeQW aSSOicaWiRQV aUe OiPiWed WR 

accXUaWeO\ TXaQWif\ UegiRQaO deSeQdeQW SURSeUWieV ZiWhiQ Whe VPaOO VWUXcWXUe Rf Whe WiVVXe 

VSeciPeQV. 

SigQificaQW diUecWiRQaO deSeQdeQc\ Rf Whe d\QaPic YiVcReOaVWic SURSeUWieV ZaV RQO\ RbVeUYed 

fRU Whe ORVV PRdXOXV fURP 0.5 WR 7 H] iQ Whe cRUSXV caOORVXP, cRQVideUed aV a highO\ aQiVRWURSic 

bUaiQ UegiRQ, ZiWh OaUgeU YaOXeV aOigQed WR Whe QeUYe fibUe WUacWV. SRPe VWXdieV UeSRUWed a ViPiOaU 

WUeQd RQ OaPb bUaiQ ZhiWe PaWWeU WhURXgh d\QaPic VheaU WeVWV (FeQg eW aO. 2013) aQd SRUciQe 
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bUaiQ WiVVXe WhURXgh WeQViOe WeVWV (VeOaUdi eW aO. 2006). HRZeYeU, fRU Whe VWRUage PRdXOXV aQd 

tanG, QR VigQificaQW diffeUeQceV ZeUe fRXQd RYeU aOO WeVWed fUeTXeQcieV aQd Whe bRYiQe bUaiQ 

WiVVXe iV PRUe OikeO\ WR be iVRWURSic, Zhich iV cRQViVWeQW WR Whe SUeYiRXV VWXdieV RQ PRXVe bUaiQ 

WiVVXe WhURXgh iQdeQWaWiRQ WeVWV (MacMaQXV eW aO. 2017) aQd bRYiQe bUaiQ WhURXgh cRPSUeVViRQ 

(PeUYiQ aQd CheQ 2009). 

The PeaQ d\QaPic YiVcReOaVWic SURSeUWieV Rf bRYiQe bUaiQ WiVVXe aUe fUeTXeQc\-deSeQdeQc\ aQd 

Whe VWRUage PRdXOXV ZaV cRQVWaQWO\ higheU WhaQ Whe ORVV PRdXOXV fRU eYeU\ fUeTXeQc\. IQ 

cRPSaUiVRQ WR Whe ZRUk SUeVeQWed iQ chaSWeU 3 RQ Whe geQeUaO YiVcReOaVWic SURSeUWieV Rf SRUciQe 

bUaiQ WiVVXe ZheUe Whe PeaQ VWRUage aQd ORVV PRdXOi ZeUe 8.09 kPa aQd 4.85 kPa, UeVSecWiYeO\, 

Whe bRYiQe bUaiQ UeVXOWV iQ WhiV chaSWeU had higheU d\QaPic PRdXOi aW cRPSaUabOe fUeTXeQcieV. 

HRZeYeU, Whe aYeUage WaQ deOWa Rf SRUciQe bUaiQ VhRZed higheU UaQge (0.34 WR 0.98) WhaQ WhaW Rf 

bRYiQe bUaiQ SUeVeQWed iQ WhiV chaSWeU, Zhich iQdicaWed a gUeaWeU SURSRUWiRQ Rf YiVcRXV 

behaYiRXU iQ SRUciQe bUaiQ WiVVXe. IQ addiWiRQ, aQiPaO bUaiQ WiVVXeV ZeUe WeVWed XViQg d\QaPic 

VheaU (BRXdjePa eW aO. 2017) aQd WeQViOe PeWhRdV (BaUQeV eW aO. 2015) WR aQaO\Ve Whe RVciOOaWRU\ 

chaUacWeUi]aWiRQ. DeVSiWe cRPSaUiVRQV beiQg OiPiWed b\ Whe SRWeQWiaO diVcUeSaQcieV iQ Whe W\SeV 

Rf ORadiQg aQd WeVWed VSeciPeQ VSecieV, Whe geQeUaO WUeQdV Rf Whe d\QaPic VWRUage aQd ORVV 

PRdXOi agaiQVW fUeTXeQc\ ZeUe fRXQd WR be ViPiOaU. 

DXe WR Whe eWhicaO UeVWUicWiRQV aQd difficXOWieV iQ RbWaiQiQg hXPaQ bUaiQ VSeciPeQV, aQiPaO 

bUaiQV aUe RfWeQ adRSWed fRU PaQ\ PechaQicaO e[SeUiPeQWV (BUaQdV eW aO. 1999; MiOOeU eW aO. 
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2000; PaQ eW aO. 2018). The diVcUeSaQcieV fRU Whe PechaQicaO SURSeUWieV beWZeeQ hXPaQ aQd 

aQiPaO bUaiQ WiVVXe haV beeQ cRQWURYeUViaO. HXPaQ bUaiQ WiVVXe ZaV SUeYiRXVO\ UeSRUWed ZiWh 

VWiffeU PechaQicaO SURSeUWieV WhaQ SRUciQe bUaiQ WiVVXe (PUaQge eW aO. 2000), ZhiOe Whe ViPiOaU 

d\QaPic PRdXOi Rf hXPaQ aQd SRUciQe bUaiQ WiVVXe ZeUe fRXQd WhURXgh d\QaPic VheaU WeVWV 

(NicROOe eW aO. 2004) aQd Whe d\QaPic PechaQicaO behaYiRXU iQ diffeUeQW aQiPaO bUaiQ WiVVXeV 

ZeUe PeaVXUed WR be cORVe (PeUYiQ aQd CheQ 2011). FURP Whe OiWeUaWXUe, Whe fUeVh hXPaQ WiVVXe 

e[hibiWed UeOaWiYeO\ VRfWeU PechaQicaO SURSeUWieV WhaQ VaPSOeV RbWaiQed fROORZiQg hXPaQ 

aXWRSV\ (HRhPaQQ eW aO. 2019) Zhich iPSOied Whe aQiPaO bUaiQ WiVVXe Pa\ geQeUaWe PRUe 

SUeVeQWaWiYe daWa. FXUWheU, Whe aQaWRPicaO VWUXcWXUe beWZeeQ aQiPaO aQd hXPaQ bUaiQV iV 

aQaORgRXV. BaVed RQ WhiV ViPiOaUiW\, Whe d\QaPic PechaQicaO SURSeUWieV Rf bRYiQe bUaiQV WeVWed 

iQ WhiV VWXd\ Pa\ be XVed iQ Whe PechaQicaO aQaO\ViV aQd cRPSXWaWiRQaO PRdeOV Rf hXPaQ bUaiQV. 

TR deYeORS Whe bUaiQ FE PRdeOV, d\QaPic YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe aUe eVVeQWiaO. 

RegaUdiQg head iQjXUieV, Whe bUaiQ cRXOd e[SeUieQce d\QaPic ORadiQg cRQdiWiRQV VXch aV VhakeQ 

bab\ V\QdURPe (SBS) ZheUe Whe YiROeQW VhakiQg RccXUV ZiWh Whe head PRYiQg backZaUdV aQd 

fRUZaUdV (EOiQdeU eW aO. 2018). HRZeYeU, dXe WR Whe Oack Rf e[SeUiPeQWaO daWa fRU cRPSUeVViYe 

fUeTXeQc\-deSeQdeQW SURSeUWieV Rf bUaiQ WiVVXe, PRVW ViPXOaWiRQV ZeUe aSSOied ZiWh Whe 

YiVcReOaVWic PRdeOV WR caSWXUe bUaiQ PechaQicaO behaYiRXU iQ Whe WiPe dRPaiQ (i.e. VWUeVV-VWUaiQ 

cXUYeV) (Li eW aO. 2019; SaPadi-DRRki eW aO. 2018). The VWUeVV YeUVXV WiPe behaYiRXU ZaV VWXdied 

SUeYiRXVO\ fURP VheaU, cRPSUeVViRQ aQd WeQViOe WeVWV (RaVhid eW aO. 2012; RaVhid eW aO. 2013, 

2014) ZheUe Whe WiPe deSeQdeQW PURQ\ SaUaPeWeUV ZeUe eVWiPaWed fURP Whe cRUUeVSRQdiQg 
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UeOa[aWiRQ fXQcWiRQV. The DMA WeVWV iQ WhiV VWXd\ SURYide cUiWicaO iQfRUPaWiRQ RQ Whe fUeTXeQc\-

deSeQdeQW YiVcReOaVWic behaYiRXUV Rf bUaiQ WiVVXe fRU diffeUeQW UegiRQV aQd diUecWiRQV, Zhich haV 

beeQ PaQifeVWed iQ Whe diVcUeWe UeOa[aWiRQ PRde Rf a PURQ\ VeUieV ZiWh Whe e[SRQeQWiaOO\ 

aVceQdiQg RUdeU Rf UeOa[aWiRQ WiPeV. The OiQeaU YiVcReOaVWic PRdeO ZaV SUeYiRXVO\ adRSWed WR 

UeSOicaWe Whe PechaQicaO UeVSRQVe Rf biRORgicaO PaWeUiaO (QiaQ eW aO. 2018) ZiWh WiPe dRPaiQ 

e[SeUiPeQWaO daWa aQd caQ aOVR be aSSOied WR UeSURdXce Whe d\QaPic UeVSRQVe Rf a YiVcReOaVWic 

PaWeUiaO ZiWh adaSWaWiRQ Rf Whe VWRUage aQd ORVV PRdXOi. ThiV cRQVWiWXWiYe PRdeO cRXOd iPSURYe 

Whe YaUieW\ aQd accXUac\ iQ Whe bUaiQ cRPSXWaWiRQaO PRdeOV WR deYeORS Whe SUedicWiRQ Rf 

d\QaPic iPSacW Rf bUaiQ iQjXUieV. AOWhRXgh Whe VPaOO d\QaPic defRUPaWiRQ UeVSRQVeV Rf bUaiQ 

WiVVXe ZeUe Whe fRcXV Rf WhiV VWXd\, WheUe iV fXWXUe RSSRUWXQiW\ WR iQYeVWigaWe OaUge VWUaiQ 

behaYiRXU baVed RQ Whe PaWeUiaO SaUaPeWeUV deUiYed fURP d\QaPic e[SeUiPeQWaO daWa; WhiV 

ZRXOd UeTXiUe fXUWheU e[SeUiPeQWaO ZRUk WR iQYeVWigaWe Whe OaUge VWUaiQ behaYiRXU Rf Whe WiVVXe. 

A UeceQW VWXd\ VhRZed a QXPeUicaO aSSURach WR VXSSRUW Whe OiQeaU YiVcReOaVWic iQWeUcRQYeUViRQ 

beWZeeQ Whe WiPe aQd fUeTXeQc\ deSeQdeQW PaWeUiaO SURSeUWieV Rf SRUciQe bUaiQ WiVVXe, baVed RQ 

Whe VWUeVV UeOa[aWiRQ e[SeUiPeQWaO daWa (ZXSaQþiþ 2018), eYeQ WhRXgh Whe cRQYeUViRQ Rf Whe 

fUeTXeQc\ WR Whe VWUaiQ UaWe iV iQheUeQWO\ OiPiWed dXe WR Whe cRQWiQXRXVO\ chaQgiQg YeORciW\ 

dXUiQg Whe RVciOOaWiRQ. AQ RSWRPechaQicaO iQdeQWaWiRQ PeWhRd ZaV SeUfRUPed ZiWh Whe VaPe 

WeVWiQg cRQdiWiRQV WhURXgh bRWh Whe VWUaiQ UaWe aQd fUeTXeQc\ deSeQdeQW aSSURacheV WR iQdicaWe 

WheUe iV Whe gUeaW cRUUeOaWiRQ beWZeeQ WheVe daWa Rf diffeUeQW W\SeV (BaUWROiQi eW aO. 2018). IQ 

addiWiRQ, iQYeUVe FFT iV abOe WR cRQYeUW Whe fUeTXeQc\ fXQcWiRQ WR Whe WiPe fXQcWiRQ aQd a 
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cRPSaUiVRQ beWZeeQ Whe fUeTXeQc\ aQd WiPe deSeQdeQW PRdeOV becRPeV aYaiOabOe. 

A OiPiWaWiRQ Rf WhiV VWXd\ iV WhaW a fUee]e-WhaZed WUeaWPeQW ZaV aSSOied WR SUeSaUed VSeciPeQV. 

The YaUiaWiRQ beWZeeQ fUR]eQ aQd fUeVh WiVVXe ZaV SUeYiRXVO\ VWXdied aQd Whe UeVXOWV VhRZed 

e[WeQViYe RYeUOaS (COaUk 1973). IQ addiWiRQ, OiPiWed chaQgeV ZeUe VhRZQ fRU PechaQicaO 

SURSeUWieV RQ SRUciQe OiYeU (We[ eW aO. 2014), aRUWic WiVVXe (O¶LeaU\ eW aO. 2014), aQd OigaPeQWV 

(WRR eW aO. 1986).  

For sample preparation, the presence of the convolutions within the cerebral cortex, and the pia 

mater present limitations during the extraction of specimens from the continuum of tissue from 

the cerebral cortex, additionally it is close to the sulci (i.e. the grooves which give a folded 

appearance to the brain). Although these factors may have an impact, much cortex tissue was 

also collected in the circumvoluted area mainly contributing to the testing results, with the 

magnitude of data measured and trends in this data being broadly in agreement across both 

these datasets. 
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4.5 ChaSWeU SXPPaU\ 

IQ cRQcOXViRQ, bRYiQe bUaiQ WiVVXe iV YiVcReOaVWic ZiWh fUeTXeQc\-deSeQdeQW VWRUage aQd ORVV 

PRdXOXV. The d\QaPic PechaQicaO WeVWV ZeUe cRQdXcWed WR chaUacWeUi]e Whe UegiRQaO aQd 

diUecWiRQaO SURSeUWieV Rf Whe bRYiQe WiVVXe WhURXghRXW Whe UaQge Rf fUeTXeQcieV WeVWed. The 

YiVcReOaVWic VWRUage aQd ORVV PRdXOXV VhRZed aQ iQcUeaViQg WUeQd agaiQVW fUeTXeQc\ ZiWh a 

PeaQ YaOXe Rf 12.41 kPa aQd 5.54 kPa, UeVSecWiYeO\. IQ WhiV chaSWeU, Whe cRQVWiWXWiYe SURSeUWieV 

Rf bRYiQe bUaiQ WiVVXe fRU diffeUeQW UegiRQV Rf cRURQa UadiaWa, cRUSXV caOORVXP, baVaO gaQgOia 

aQd cRUWe[ ZeUe deWeUPiQed, aQd Whe fUeTXeQc\-deSeQdeQW cRPSUeVViYe behaYiRXU caQ be 

caSWXUed adeTXaWeO\ WhURXgh a OiQeaU YiVcReOaVWic PRdeO. ASSOicaWiRQV Rf Whe bUaiQ YiVcReOaVWic 

SURSeUWieV iQcOXde Whe diagQRViV Rf bUaiQ iQjXU\, cRPSOe[ head cRPSXWaWiRQaO ViPXOaWiRQV aQd 

Whe deYeORSPeQW Rf SURWecWiRQ eTXiSPeQW. 

IQ Whe Qe[W chaSWeU, Whe cRPSUeVViYe YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe haYe beeQ 

iQYeVWigaWed XQdeU WiPe aQd fUeTXeQc\ dRPaiQV. The VaPe Sh\VicaO cRQdiWiRQV aQd WheRU\ Rf 

YiVcReOaVWiciW\ iV aSSOied WR eVWiPaWe Whe SUedicWiRQ Rf YiVcReOaVWic UeVSRQVe iQ Whe WiPe dRPaiQ 

baVed RQ fUeTXeQc\-deSeQdeQW PechaQicaO PRdXOi. SWRUage aQd ORVV PRdXOXV ZeUe RbWaiQed 

fURP ZhiWe aQd gUe\ PaWWeU, Rf bRYiQe bUaiQV, XViQg d\QaPic PechaQicaO aQaO\ViV aQd WiPe 

dRPaiQ PaWeUiaO fXQcWiRQV ZeUe deUiYed baVed RQ a PURQ\ VeUieV UeSUeVeQWaWiRQ. 
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5 IQYeVWigaWiRQ Rf Whe cRPSUeVViYe YiVcReOaVWic SURSeUWieV Rf bUaiQ 

WiVVXe XQdeU WiPe aQd fUeTXeQc\ deSeQdeQW ORadiQg cRQdiWiRQV 

5.1 IQWURdXcWiRQ 

The PechaQicaO chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe haV beeQ aQaO\Ved iQ Whe fUeTXeQc\ aQd WiPe 

dRPaiQ. ViVcReOaVWic SURSeUWieV Rf biRORgicaO WiVVXe caQ be effecWiYeO\ RbWaiQed iQ Whe fUeTXeQc\ 

dRPaiQ RYeU a Zide UaQge Rf fUeTXeQcieV aQd XViQg WhiV PeWhRd ZiWh Whe VaPe WeVWiQg cRQdiWiRQV 

Whe PechaQicaO SURSeUWieV caQ be cRPSUeheQViYeO\ cRPSaUed (BaUWOeWW eW aO. 2020). HRZeYeU, 

VRPe QXPeUic PRdeOV Rf bUaiQ biRPechaQicV haYe UeTXiUed Whe WiPe-deSeQdeQW UeOa[aWiRQ 

VSecWUXP iQVWead Rf Whe aYaiOabOe d\QaPic PRdXOi WR aQaO\Ve Whe PechaQicV Rf bUaiQ iQjXU\ 

(FRUWe eW aO. 2018; SahRR eW aO. 2016). TheUefRUe, iW iV cUXciaO WR XQdeUVWaQd Whe PechaQicV Rf Whe 

bUaiQ XQdeU UeaOiVWic, d\QaPic cRQdiWiRQV aQd cRQYeUW iW WR eQabOe PaWhePaWicaO PRdeOOiQg iQ a 

WiPe dRPaiQ. FUeTXeQc\ deSeQdeQW SURSeUWieV aQd cRUUeVSRQdiQg YiVcReOaVWic PRdeOV Rf bUaiQ 

WiVVXe haYe beeQ VWXdied iQ chaSWeU 3 aQd chaSWeU 4, bXW iW UePaiQV XQcOeaU ZheWheU VXch daWa 

caQ be XVed iQ cRPSXWaWiRQaO PRdeOV WR SUedicW PechaQicaO behaYiRXU XQdeU YaUiRXV ORadiQg 

cRQdiWiRQV VXch aV XQdeU WiPe-deSeQdeQW ORadiQg. 

CRPSaUiVRQ Rf Whe PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe iQ Whe OiWeUaWXUe VhRZV WhaW WheUe iV a 

Oack Rf VWaQdaUd WeVWiQg SURWRcROV (ChaWeOiQ eW aO. 2010). SRPe VWXdieV iQYeVWigaWed bUaiQ WiVVXe 

iQ Whe WiPe dRPaiQ (VeOaUdi eW aO. 2006) ZhiOe d\QaPic VZeeS WeVWV RQ bUaiQ WiVVXe iQ Whe 

fUeTXeQc\ dRPaiQ haYe aOVR beeQ SeUfRUPed (DaUYiVh aQd CUaQdaOO 2001). AOWhRXgh a UaQge Rf 
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d\QaPic PechaQicaO daWa aUe aYaiOabOe fRU YaUiRXV PaWeUiaOV iQ Whe OiWeUaWXUe, iW haV UaUeO\ beeQ 

aSSOied iQ PRdeOOiQg WR aQaO\Ve aQd deVigQ VWUXcWXUeV, PaiQO\ becaXVe Whe\ aUe QRW diUecWO\ 

aSSOicabOe WR PRVW Rf eQgiQeeUiQg iVVXeV aQd PRdeOV aUe RfWeQ VROYed iQ Whe WiPe dRPaiQ. 

TheUefRUe, iW iV Rf gUeaW SUacWicaO XVe WR deWeUPiQe WiPe-deSeQdeQW PaWeUiaO SURSeUWieV fURP 

fUeTXeQc\-deSeQdeQW daWa RbWaiQed fURP PechaQicaO WeVWiQg. 

DMA haV beeQ cRQVideUed aV aQ effecWiYe WechQiTXe fRU PeaVXUiQg Whe bXOk PechaQicaO 

SURSeUWieV Rf YiVcReOaVWic PaWeUiaOV (BaUWOeWW eW aO. 2020). ThiV PeWhRd iV fOe[ibOe aQd SRZeUfXO 

WR PaS fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV Rf biRORgicaO WiVVXe RYeU a UaQge Rf 

fUeTXeQcieV cRYeUiQg Sh\ViRORgicaO aQd iQjXU\ ORadiQg cRQdiWiRQV. The UeOa[aWiRQ PRdXOXV 

Zhich haV beeQ ZideO\ XVed iQ ViPXOaWiRQV WR deVcUibe YiVcRXV UeVSRQVe (QiaQ eW aO. 2018) caQ 

be deWeUPiQed iQ Whe WiPe dRPaiQ, hRZeYeU, iW iV OiPiWed WR Whe VWUaiQ UaWe UaQge XVed iQ 

e[SeUiPeQWV aQd iW caQ be WiPe cRQVXPiQg OeadiQg WR ORQg PeaVXUePeQW WUiaOV (ZeOWPaQQ eW aO. 

2016). ThXV, iW iV Rf YaOXe WR chaUacWeUi]e YiVcReOaVWic SURSeUWieV, VXch aV Whe PURQ\ VeUieV, fURP 

d\QaPic PRdXOi Zhich caQ be XVed WR SUedicW WiPe-dRPaiQ SheQRPeQa VXch aV VWUeVV UeOa[aWiRQ 

ZheQ aSSOied WR FE PRdeOV. 

WiWh DMA, Whe WeVWiQg PaWeUiaO VhRXOd be defRUPed aW aQ aPSOiWXde ZiWhiQ Whe OiQeaU VWUeVV-

VWUaiQ UegiPe fRU chaUacWeUiViQg Whe bXOk PechaQicaO SURSeUWieV. TheUefRUe, WR chaUacWeUi]e Whe 

PechaQicaO behaYiRXU Rf bUaiQ WiVVXe RYeU OaUge VWUaiQ cRQdiWiRQV, XViQg XQia[iaO cRPSUeVViRQ, 

iV QeceVVaU\ WR cRPSOePeQW Whe XQdeUVWaQdiQg Rf cRPSUeVViYe SURSeUWieV RQ YaUiRXV 
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defRUPaWiRQ cRQdiWiRQV. AOVR, diffeUeQW PaWeUiaO PRdeOV aUe UeTXiUed WR caSWXUe iWV PechaQicaO 

behaYiRXU VXch aV h\SeUeOaVWic PaWeUiaO PRdeOV. The PURQ\ VeUieV caQ be cRPbiQed ZiWh 

h\SeUeOaVWiciW\ WR chaUacWeUi]e Whe cRPSUeVViYe YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe iQ OaUge 

VWUaiQ (FRUWe eW aO. 2018). 

The SXUSRVe Rf WhiV VWXd\ ZaV WR iQYeVWigaWe cRPSUeVViYe PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe 

XQdeU YaUiRXV ORadiQg cRQdiWiRQV cRYeUiQg OiQeaU aQd QRQOiQeaU UaQgeV. FRU OiQeaU YiVcReOaVWic 

behaYiRXU, Whe YiVcReOaVWic SURSeUWieV RbWaiQed e[SeUiPeQWaOO\ Yia d\QaPic PechaQicaO aQaO\ViV 

ZeUe WUaQVfRUPed WR a PURQ\ VeUieV, fRU ZhiWe aQd gUe\ bUaiQ PaWWeU WR VWXd\ Whe UeOaWiRQVhiS 

beWZeeQ WiPe aQd fUeTXeQc\ dRPaiQV. PURQ\ VeUieV SaUaPeWeUV ZeUe deWeUPiQed XViQg a 

cRQVWiWXWiYe PRdeO aQd iPSOePeQWed iQ FE aQaO\ViV. The FE PRdeO ZaV eYaOXaWed iQ bRWh WiPe 

aQd fUeTXeQc\ dRPaiQV agaiQVW UeOeYaQW e[SeUiPeQWaO daWa. FRU QRQOiQeaU YiVcReOaVWic behaYiRXU, 

Whe PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe ZeUe VWXdied XQdeU OaUge VWUaiQ, aQd h\SeUeOaVWic aQd 

TXaVi-OiQeaU YiVcReOaVWic PRdeOV ZeUe aSSOied WR deVcUibe Whe UeVSRQVeV.  
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5.2 MaWeUiaOV aQd MeWhRdV 

5.2.1 SaPSOe PUeSaUaWiRQ  

EighW ZhROe bRYiQe bUaiQV ZeUe RbWaiQed fURP aQiPaOV XQdeU 12 PRQWhV Rf age cROOecWed fURP 

a VXSSOieU (SaPSOeV fRU SchRROV, PRUWVPRXWh, UK), aQd aOO Rf Whe VSeciPeQV ZeUe fUee fURP 

iPSeUfecWiRQV. OQ aUUiYaO iQ Whe OabRUaWRU\, Whe bUaiQV ZeUe VWRUed aW -40�C ZUaSSed iQ WiVVXe 

SaSeU VRaked iQ RiQgeU¶ VROXWiRQ (O[Rid LWd, BaViQgVWRke, UK) fROORZiQg Whe VWaQdaUd 

SURcedXUe (Li eW aO. 2021; WiOcR[ eW aO. 2014). PUiRU WR Whe PechaQicaO WeVWV, bUaiQ VaPSOeV ZeUe 

WhaZed iQ RiQgeU¶ VROXWiRQ fRU 12 hRXUV befRUe diVVecWiRQ. The fUee]e-WhaZ SURceVV haV QRW beeQ 

fRXQd WR adYeUVeO\ affecW Whe PechaQicaO SURSeUWieV Rf biRORgicaO WiVVXe (ChaQ aQd TiW]e 2003; 

S]aUkR eW aO. 2010). SOiceV Rf ceUebUXP ZeUe cROOecWed fURP bUaiQ WiVVXe XViQg a VXUgicaO VcaOSeO 

(SZaQQ-MRUWRQ LiPiWed, SheffieOd, UK). DXUiQg Whe diVVecWiRQ, VSeciPeQV ZeUe iPPeUVed iQ 

RiQgeU¶V VROXWiRQ aQd a ciUcXOaU WUeShiQe Rf 8 PP diaPeWeU ZaV aSSOied WR e[WUacW ZhiWe aQd 

gUe\ PaWWeU VaPSOeV (FigXUe 5.1). The VSeciPeQV Rf ZhiWe PaWWeU ZeUe cROOecWed fURP UegiRQV 

Rf ƚhe cRURQa UadiaWa aQd cRUSXV caOORVXP, aQd Whe VSeciPeQV Rf gUe\ PaWWeU ZeUe cROOecWed 

fURP UegiRQV Rf Whe cRUWe[ aQd baVaO gaQgOia, Zhich iV iQ agUeePeQW ZiWh SUeYiRXV VWXdieV 

(BXdda\ eW aO. 2017; Li eW aO. 2019). The YaUiabiOiW\ Rf PeaVXUed diPeQViRQV Pa\ be iQcUeaVed 

dXe WR Whe VRfW QaWXUe Rf bUaiQ WiVVXe Zhich caQ caXVe defRUPaWiRQ XQdeU iWV RZQ ZeighW iQ 

SUeSaUaWiRQ. PUiRU WR Whe PechaQicaO WeVWV, geRPeWUic diPeQViRQV ZeUe deWeUPiQed XViQg a 

VeUQieU caOOiSeU (DUaSeU TRROV LWd, HaPSVhiUe, UK). The bUaiQ VaPSOeV RbWaiQed ZeUe 8 � 0.1 
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PP iQ diaPeWeU aQd 5 � 0.5 PP (PeaQ � VWaQdaUd deYiaWiRQ) iQ WhickQeVV.  

 

FigXUe 5.1 ± (a) A bRYiQe bUaiQ ZaV RbWaiQed fRU diVVecWiRQ aQd c\OiQdUicaO VSeciPeQV ZeUe cROOecWed 
fURP (b) a VOice Rf ceUebUXP. (c) ReSUeVeQWaWiYe bUaiQ VSeciPeQ fRU cRPSUeVViYe PechaQicaO WeVWiQg. 
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5.2.2 E[SeUiPeQWaO SeWXS iQ LiQeaU ViVcReOaVWic RaQge 

MechaQicaO WeVWiQg ZaV cRQdXcWed XViQg a BRVe EOecWURFRUce 3200 (BRVe CRUSRUaWiRQ, 

EOecWURFRUce S\VWePV GURXS, MiQQeVRWa, USA) WeVWiQg PachiQe. ThiV aSSURach haV beeQ 

SUeYiRXVO\ XVed WR WeVW PaQ\ biRORgicaO aQd V\QWheWicaO PaWeUiaOV (BaUQeV eW aO. 2016; BaUWOeWW 

eW aO. 2020; JaQQeVaU eW aO. 2018). The bUaiQ VSeciPeQV ZeUe SOaced iQ Whe VaPSOe cRQWaiQeU; 

fRUce aQd diVSOacePeQW YaOXeV ZeUe adjXVWed WR be a ]eUR. PUiRU WR Whe daWa cROOecWiRQ SURcedXUe, 

aQ XSSeU fOaW iQdeQWeU ZaV ORZeUed RQWR Whe VSeciPeQ XQWiO a SUeORad Rf 10 PN ZaV RbVeUYed, 

XViQg Whe WiQTeVW DMA VRfWZaUe (BRVe CRUSRUaWiRQ, EOecWURFRUce S\VWePV GURXS, MiQQeVRWa, 

USA).  

The YiVcReOaVWic chaUacWeUi]aWiRQ ZaV iQYeVWigaWed bRWh iQ Whe WiPe (XViQg VWUeVV-UeOa[aWiRQ) aQd 

Whe fUeTXeQc\ dRPaiQ (XViQg DMA). TR XQdeUVWaQd Whe effecW Rf Whe WeVWiQg dRPaiQV RQ bUaiQ 

WiVVXe, iW ZaV eVVeQWiaO WR keeS Whe VaPSOeV XQdeU Whe VaPe Sh\VicaO cRQdiWiRQV. FRU DMA, 

aPSOiWXde VZeeS WeVWV ZeUe cRQdXcWed aW 1 H] WR deWeUPiQe Whe aPSOiWXde UaQge ZiWhiQ Whe 

OiQeaU YiVcReOaVWic UegiRQ Rf Whe PaWeUiaO. SaPSOeV ZeUe VXbjecWed WR a SUe-VWUaiQ ZiWh a PeaQ 

diVSOacePeQW Rf 1 PP (20% Rf a VSeciPeQ heighW) aQd a 1 H] SUe-cRQdiWiRQiQg c\cOe (CheQg 

eW aO. 2009; OhPaQ eW aO. 2009). A ViQXVRidaOO\ YaU\iQg diVSOacePeQW ZaV WheQ SeUfRUPed ZiWh 

1% d\QaPic aPSOiWXde beWZeeQ 0.95 aQd 1.05 PP (i.e. fURP Seak WR WURXgh) acURVV a fUeTXeQc\ 

VZeeS Rf 0.5-35 H]. ThiV fUeTXeQc\ UaQge iV UeOeYaQW WR Whe VWUaiQ UaWeV cRPSaUabOe ZiWh 

SUeYiRXV VWXdieV RQ SRUciQe (PUaQge aQd MaUgXOieV 2002) aQd hXPaQ bUaiQ WiVVXe (FRUWe eW aO. 
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2017), aQd WR Zhich Whe bUaiQ PighW be e[SRVed dXUiQg Sh\ViRORgicaO aQd WUaXPaWic ORadiQg 

cRQdiWiRQV (LakVaUi eW aO. 2015). FRU each fUeTXeQc\, Whe ViQXVRidaO fRUce aQd diVSOacePeQW daWa 

ZeUe UecRUded aQd aQaO\Ved XViQg a FaVW FRXUieU TUaQVfRUP (FFT). The daWa-VeW OeQgWh fRU fRUce 

(F*) aQd diVSOacePeQW (d*) aW Whe fXQdaPeQWaO fUeTXeQc\ ZeUe TXaQWified aQd XVed WR caOcXOaWe 

Whe d\QaPic VWiffQeVV (k*). The PeWhRd Whe VRfWZaUe XVed iV deVcUibed iQ deWaiO iQ VecWiRQ 2.3.5. 

TheQ, Whe VWRUage (E’) aQd ORVV (E’’) PRdXOi ZeUe caOcXOaWed b\ cRQYeUWiQg fURP Whe UeOeYaQW 

VWiffQeVV WhURXgh a VhaSe facWRU fURP: 

 𝑘∗ =
𝐹∗

𝑑∗ ETXaWiRQ 5.1 

 𝐸ᇱ =
𝑘∗𝑐𝑜𝑠𝛿

𝑆
 ETXaWiRQ 5.2 

 𝐸ᇱᇱ =
𝑘∗𝑠𝑖𝑛𝛿

𝑆
 ETXaWiRQ 5.3 

 𝑆 =
𝜋𝑑2

4ℎ
 ETXaWiRQ 5.4 

ZheUe h aQd d aUe Whe WhickQeVV aQd diaPeWeU Rf a VSeciPeQ. The ShaVe aQgOe 𝛿 iV Whe ShaVe 

Oag beWZeeQ Whe aSSOied cRPSUeVViYe fRUce aQd diVSOacePeQW. S iV Whe VhaSe facWRU fRU 

c\OiQdUicaO VaPSOeV. FXUWheU deWaiOV RQ Whe chaUacWeUi]aWiRQ aUe SURYided eOVeZheUe (WiOcR[ eW 

aO. 2014).  

FRU Whe VWUeVV UeOa[aWiRQ WeVWV, VSeciPeQV ZeUe VXbjecWed WR a cRPSUeVViYe VWUaiQ Rf 0.1 aQd a 

UeOa[aWiRQ VWeS Rf 150 V ZaV fROORZed aW WhiV cRPSUeVViRQ OeYeO. The SURceVV Rf VWUeVV UeOa[aWiRQ 
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VhRZV hRZ Whe VWUeVV iQdXced iQ Whe PaWeUiaO UedXceV fROORZiQg VXddeQ defRUPaWiRQ, fURP Whe 

cRUUeVSRQdiQg VWUeVV-VWUaiQ daWa aQd Whe PaWeUiaO¶V YiVcReOaVWic UeVSRQVe caQ be eYaOXaWed. The 

YeORciW\ Rf 180 PP/PiQ ZaV VeW fRU Whe cRPSUeVViRQ VWeS Zhich ZaV cRQViVWeQW ZiWh Whe SUe-

VWUaiQ VWeS iQ DMA. The VWUeVV ZaV caOcXOaWed fURP Whe UaWiR Rf PeaVXUed fRUce aQd VaPSOe 

RUigiQaO cURVV-VecWiRQaO aUea. 

FXUWheU, VaPSOeV ZeUe VXbjecWed WR a ViQXVRidaO cRPSUeVViRQ ZiWh c\cOic ORadiQg aW a fUeTXeQc\ 

Rf 35 H] ZiWh 0.05 PP d\QaPic aPSOiWXde fRU abRXW 2 V WR cROOecW h\VWeUeViV ORRSV. A Oag 

beWZeeQ Whe XQORadiQg aQd ORadiQg SRUWiRQV Rf Whe cXUYe e[iVWV fRU a YiVcReOaVWic PaWeUiaO. A 

WRWaO Rf 55 ZhiWe PaWWeU aQd 41 gUe\ PaWWeU VaPSOeV ZeUe WeVWed iQ Whe fUeTXeQc\ dRPaiQ WhURXgh 

DMA, aQd 8 ZhiWe PaWWeU aQd 10 gUe\ PaWWeU VaPSOeV ZeUe WeVWed WhURXgh VWUeVV UeOa[aWiRQ aQd 

c\cOic ORadiQg PeaVXUePeQWV. AOO VaPSOeV ZeUe WeVWed aW URRP WePSeUaWXUe aQd h\dUaWed ZiWh 

RiQgeU¶V VROXWiRQ dXUiQg Whe WeVWiQg. The cROOecWed e[SeUiPeQWaO daWa ZeUe iQiWiaOO\ XVed WR 

deWeUPiQe Whe YiVcReOaVWic SaUaPeWeUV (fURP fUeTXeQc\ dRPaiQ WeVWV) aQd cRPSaUed ZiWh FE 

PRdeOV XQdeU bRWh WeVWiQg dRPaiQV fRU YaOidaWiRQ. FRU cOaUiW\, a VchePaWic VhRZiQg Whe 

e[SeUiPeQWaO deVigQ iV RXWOiQed iQ FigXUe 5.2. 
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FigXUe 5.2 ± OXWOiQe Rf Whe e[SeUiPeQWaO deVigQ fRU WhiV chaSWeU iQ Whe OiQeaU UaQge. BOXe bR[eV deQRWe 
ZRUkfORZ OiQked WR fUeTXeQc\ dRPaiQ aQd ZhiWe bR[eV deQRWe Whe ZRUkfORZ OiQked WR WiPe dRPaiQ. 
The QXPbeU Rf VSeciPeQV WeVWed iQ DMA ZaV 55 ZhiWe PaWWeU aQd 41 gUe\ PaWWeU. FRU VWUeVV UeOa[aWiRQ 
aQd c\cOic ORadiQg PeaVXUePeQWV, 8 ZhiWe PaWWeU aQd 10 gUe\ PaWWeU VaPSOeV ZeUe WeVWed. 

SigPaSORW YeUViRQ 14.5 (S\VWaW SRfWZaUe IQc., LRQdRQ, UK) ZaV XVed fRU VWaWiVWicaO aQaO\ViV. A 

WZR-Za\ aQaO\ViV Rf YaUiaQce (ANOVA) ZaV SeUfRUPed accRXQWiQg fRU aQaWRPicaO UegiRQ aQd 

fUeTXeQc\ ZiWh TXke\ SRVW-hRc aQaO\ViV. SWaWiVWicaO WeVWV ZeUe aVVXPed WR be VigQificaQW aW Whe 

5% OeYeO. The VWaWiVWicaO aSSURach ZaV XVed WR deWeUPiQe ZheWheU WheUe ZeUe VigQificaQW 

diffeUeQceV beWZeeQ UegiRQV Rf bUaiQ ZhiWe aQd gUe\ PaWWeU RYeU WeVWed fUeTXeQcieV Zhich iV 

cRQViVWeQW WR a SUeYiRXV VWXd\ (BaUWOeWW eW aO. 2020) aQd QR iQWeUacWiRQV ZeUe fRXQd fRU Whe facWRUV 

Rf UegiRQ aQd fUeTXeQc\.  
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5.2.3 E[SeUiPeQWaO SeWXS iQ NRQOiQeaU RaQge 

TR iQYeVWigaWe Whe cRPSUeVViYe SURSeUWieV Rf bUaiQ WiVVXe iQ OaUge VWUaiQ, Whe XSSeU SOaWe 

cRPSUeVVed Whe VSeciPeQ WR Whe diVSOacePeQW Rf 30% Rf Whe heighW Rf Whe VaPSOe (i.e. 0.3 VWUaiQ) 

fRU SUe-VeW defRUPaWiRQ YeORciW\ Rf 50 PP/PiQ. AfWeUZaUdV, a UeOa[aWiRQ VWeS Rf 150 VecRQdV 

ZaV aSSOied b\ hROdiQg Whe XSSeU SOaWe. EQgiQeeUiQg VWUeVV (fRUce RYeU Whe XQdefRUPed aUea) 

aQd VWUaiQ (defRUPaWiRQ RYeU Whe VaPSOe iQiWiaO heighW) ZeUe caOcXOaWed fRU each WeVW. The 

UeOa[aWiRQ WiPe iQdicaWeV hRZ faVW Whe bUaiQ VSeciPeQV diVViSaWe VWUeVV afWeU a VXddeQ 

defRUPaWiRQ aQd iW ZaV XVed WR deVcUibe Whe YiVcRXV SaUWV Rf a PaWeUiaO. FRU Whe OaUge VWUaiQ WeVWV, 

VaPSOeV ZeUe RQO\ RbWaiQed fURP ZhiWe PaWWeU, Zhich caQ SURYide eQRXgh WeVWiQg VSeciPeQV 

ZiWh a OaUgeU aUea. A WRWaO Rf 8 bUaiQ WiVVXe VaPSOeV ZeUe WeVWed iQ WhiV PeWhRd. AOO Whe VWUeVV-

VWUaiQ cXUYeV ZiWh Whe VaPe WeVWiQg cRQdiWiRQV ZeUe aYeUaged WR VhRZ Whe fiQaO WUeQd.  

5.2.4 CRQVWiWXWiYe MRdeOOiQg 

5.2.4.1 LiQeaU ViVcReOaVWic MRdeO 

LiQeaU YiVcReOaVWic WheRU\ haV beeQ XVed iQ cRPSXWaWiRQaO VWXdieV WR aQaO\Ve Whe SaWWeUQV Rf 

bUaiQ iQjXUieV aQd Whe UeOaWiRQVhiS beWZeeQ VWUaiQ aQd VWUeVV (BXdda\ eW aO. 2017; CheQg aQd 

BiOVWRQ 2007). IQ addiWiRQ, WhiV PRdeO caQ be effecWiYeO\ aSSOied iQ cRPPeUciaO FE VRfWZaUe. 

The WiPe deSeQdeQW UeVSRQVe Rf Whe PaWeUiaO iV aSSOied iQ Whe PRdeO deWeUPiQiQg Whe VWUeVV 

UeOa[aWiRQ (𝜏ሺ𝑡ሻ) fRU a YiVcReOaVWic PRdeO: 
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 𝜏ሺ𝑡ሻ = න 𝜇ሺ𝑡 − 𝑡ᇱሻ𝛾ሶሺ𝑡ᇱሻ𝑑𝑡ᇱ
𝑡

0
 ETXaWiRQ 5.5 

ZheUe 𝛾ሶ   iV Whe VWUaiQ UaWe WeQVRU aQd 𝜇ሺ𝑡ሻ  iV Whe WiPe-deSeQdeQW UeOa[aWiRQ PRdXOXV. The 

geQeUaOi]ed Ma[ZeOO PRdeO iV ZideO\ XVed WR chaUacWeUi]e Whe PRdXOXV fXQcWiRQ fRU OiQeaU 

YiVcReOaVWic PaWeUiaOV ZiWh a PaiQ eOaVWic bUaQch aQd N VSUiQg-daVhSRW SaiU bUaQch VhRZQ iQ 

FigXUe 5.3. UViQg Whe PURQ\ VeUieV, Whe cRQVWiWXWiYe UeOaWiRQ Rf Whe YiVcReOaVWic UeVSRQVe iQ Whe 

WiPe dRPaiQ iV aV fROORZV: 

 
𝜇ሺ𝑡ሻ = 𝐺∞ + ෍ 𝑔𝑖 exp ቆ−

𝑡
𝑡𝑖

ᇱቇ
ே

𝑖=1

 ETXaWiRQ 5.6 

ZheUe 𝐺∞ iV Whe eTXiOibUiXP PRdXOXV, 𝑔𝑖 aQd 𝑡𝑖
ᇱ aUe Whe UeOaWiYe PRdXOi aQd Whe UeOa[aWiRQ 

WiPe Rf Whe PURQ\ VeUieV fRU N UeOa[aWiRQ PRdeV ZheUe 𝑡𝑖
ᇱ = 𝜂𝑖/𝑔𝑖; 𝜂𝑖 iV Whe cRUUeVSRQdiQg 

YiVcRViW\. The iQiWiaO VWUeVV PRdXOXV caQ be RbWaiQed fURP Whe VXP Rf 𝐺∞ aQd 𝑔𝑖.  

 
FigXUe 5.3 ± A VchePaWic iQWeUSUeWaWiRQ Rf Whe geQeUaOi]ed Ma[ZeOO PRdeO. 𝐺∞ iV Whe VWiffQeVV Rf Whe 
PaiQ eOaVWic bUaQch, 𝑔𝑖 aQd 𝜂𝑖 UeSUeVeQWV Whe VWiffQeVV Rf Whe VSUiQg aQd YiVcRViW\ iQ bUaQch i. 𝑡𝑖

ᇱ iV 
Whe UeOa[aWiRQ WiPe cRQVWaQW Rf Whe VSUiQg-daVhSRW SaiU iQ bUaQch i. 
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IQ Whe fUeTXeQc\ dRPaiQ, ETXaWiRQ 5.5 caQ be WUaQVfeUUed WR Whe LaSOace fRUP b\ cRQVideUiQg a 

SXUe iPagiQaU\ YaUiabOe s WR 𝑗𝜔 aV: 

 
𝑢∗ሺ𝑗𝜔ሻ = 𝑠𝑢෤ሺ𝑠ሻ =

𝜏̃ሺ𝑠ሻ
𝛾෤ሺ𝑠ሻ =

𝜏̃ሺ𝑗𝜔ሻ
𝛾෤ሺ𝑗𝜔ሻ 

ETXaWiRQ 5.7 

ZheUe 𝑢෤   iV Whe UeOa[aWiRQ PRdXOXV, 𝜏̃  iV Whe VWUeVV WeQVRU aQd 𝛾෤  iV Whe VWUaiQ WeQVRU iQ Whe 

LaSOace fRUP. 𝜔 iV aQ aQgXOaU fUeTXeQc\ aQd 𝑗 =  √−1. The cRPSOe[ PRdXOXV 𝑢∗ caQ be 

e[SUeVVed fURP Whe d\QaPic VWRUage PRdXOXV 𝑢ᇱ aQd ORVV PRdXOXV 𝑢ᇱᇱ aV: 

 𝑢∗ = 𝑢ᇱ + 𝑗𝑢ᇱᇱ ETXaWiRQ 5.8 

A diVcUeWe UeOa[aWiRQ VSecWUXP iV cRQVideUed iQ Sh\VicaO PRdeOV. The UeOa[aWiRQ PRdXOXV 𝜇ሺ𝑡ሻ 

e[SUeVVed abRYe iV iQ Whe fRUP Rf a diVcUeWe VeW Rf e[SRQeQWiaO deca\V. UViQg WhiV diVcUeWe 

fXQcWiRQ, Whe cRPSOe[ PRdXOXV 𝑢∗ caQ WheQ be defiQed aV: 

 
𝑢∗ሺ𝑗𝜔ሻ = 𝐺∞ + ෍ 𝑔𝑖

𝑡𝑖
ᇱ𝑗𝜔

1 + 𝑡𝑖
ᇱ𝑗𝜔

ே

𝑖=1

 
ETXaWiRQ 5.9 

ThXV, Whe PURQ\ VeUieV UeSUeVeQWaWiRQV Rf d\QaPic VWRUage aQd ORVV PRdXOXV iQ Whe geQeUaOi]ed 

Ma[ZeOO PRdeO caQ be RbWaiQed aV fXQcWiRQV Rf fUeTXeQc\: 

 
𝑢ᇱሺ𝑗𝜔ሻ = 𝐺∞ + ෍ 𝑔𝑖

ሺ𝑡𝑖
ᇱ𝜔ሻ2

1 + ሺ𝑡𝑖
ᇱ𝜔ሻ2

ே

𝑖=1

 ETXaWiRQ 5.10 

 
𝑢ᇱᇱሺ𝑗𝜔ሻ = ෍ 𝑔𝑖

𝑡𝑖
ᇱ𝜔

1 + ሺ𝑡𝑖
ᇱ𝜔ሻ2

ே

𝑖=1

 ETXaWiRQ 5.11 

The d\QaPic PRdXOXV aQd UeOa[aWiRQ PRdXOXV VhaUed Whe cRefficieQWV. The SaUaPeWeUV Rf 
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diVcUeWe fUeTXeQc\ deSeQdeQW UeOa[aWiRQ PRdXOXV aUe eVWiPaWed XViQg Whe QRQ-OiQeaU OeaVW 

VTXaUeV fiW aOgRUiWhP b\ caOibUaWiQg Whe cRQVWiWXWiYe PRdeOV ZiWh Whe aYeUage e[SeUiPeQWaO daWa 

baVed RQ Whe aYeUage VTXaUe Rf deYiaWiRQ beWZeeQ Whe PeaVXUed d\QaPic PRdXOXV fURP Whe 

PechaQicaO WeVWV aQd Whe SUedicWed YaOXeV Yia ETXaWiRQ 5.12. 

 
෍ ൭ቆ

𝑢ᇱ൫𝜔𝑗൯
𝑢ത𝑗

ᇱ − 1ቇ
2

+ ቆ
𝑢ᇱᇱ൫𝜔𝑗൯

𝑢ത𝑗
ᇱᇱ − 1ቇ

2

൱
𝑚

𝑗=1

= minimized 
ETXaWiRQ 5.12 

ZheUe 𝑢ത𝑗
ᇱ , 𝑢ത𝑗

ᇱᇱ  aUe Whe PeaVXUed d\QaPic PRdXOXV aW m fUeTXeQcieV 𝜔𝑗  ZiWh 𝑢ᇱ൫𝜔𝑗൯  aQd 

 𝑢ᇱᇱ൫𝜔𝑗൯ Whe SUedicWed YaOXeV caOcXOaWed fURP ETXaWiRQ 5.10 aQd ETXaWiRQ 5.11, UeVSecWiYeO\. 

FURP heUe, Whe UeOa[aWiRQ WiPeV 𝑡𝑖
ᇱ aUe e[SecWed WR be SUeVcUibed aQd Whe cRefficieQWV 𝑔𝑖 aUe 

VXbVeTXeQWO\ caOcXOaWed. The UeVXOWiQg cRQVWaQWV aUe cRQVideUed aOO SRViWiYe. The VSaciQg Rf 

UeOa[aWiRQ WiPeV haV beeQ VXggeVWed aURXQd 1 ORgaUiWhPic WiPe (i.e. ORg10 Rf UeOa[aWiRQ WiPe) 

(PaUk aQd SchaSeU\ 1999) aQd QegaWiYe cRefficieQWV Pa\ aSSeaU ZheQ Whe iQWeUYaO iV WRR VPaOO 

(FUiedUich aQd HRfPaQQ 1983). IQ addiWiRQ, Whe QXPbeU N Rf Ma[ZeOO eOePeQWV iV aQ iPSRUWaQW 

iVVXe fRU Whe VXcceVV Rf Whe QRQOiQeaU PeWhRd. A OaUge QXPbeU Rf UeOa[aWiRQ PRdeV geQeUaOO\ 

OeadV WR higheU accXUac\, bXW PRUe cRPSOe[iW\ iV geQeUaWed aQd QegaWiYe cRQVWaQWV VWaUW WR RccXU 

ZiWh iOO-SRVed iVVXeV (TiaQ eW aO. 2015). IQ WhiV VWXd\, Whe iQiWiaO QXPbeU Rf UeOa[aWiRQ eOePeQWV 

ZaV ePSiUicaOO\ chRVeQ aW aURXQd WeQ fRU WUaQVPiVViRQ aQd UedXQdaQW eOePeQWV caQ be PeUged 

RU eOiPiQaWed. FURP Whe SUeOiPiQaU\ VWXdieV, aQ eighW WeUP PURQ\ VeUieV ZaV chRVeQ fRU WheVe 

OiQeaU YiVcReOaVWic PRdeOV. The gRRdQeVV Rf fiW Rf daWa WR Whe giYeQ PRdeO ZaV aVVeVVed XViQg 

Whe cRefficieQW Rf deWeUPiQaWiRQ R2. 
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5.2.4.2 QXaVi-OiQeaU ViVcReOaVWic MRdeO 

A TXaVi-OiQeaU YiVcReOaVWic (QLV) PRdeO caQ deVcUibe Whe high VWUaiQ e[SeUiPeQWaO daWa fRU bUaiQ 

WiVVXe. The QLV aOORZV Whe PaWeUiaO behaYiRXU WR be diYided iQWR WZR UeVSRQVeV: a WiPe-

iQdeSeQdeQW eOaVWic UeVSRQVe aQd a OiQeaU YiVcReOaVWic UeVSRQVe. The SaUaPeWeUV Rf WheVe PRdeOV 

caQ be RbWaiQed VeSaUaWeO\ fURP Whe PechaQicaO e[SeUiPeQWV. 

FRU Whe WiPe-iQdeSeQdeQW behaYiRXU, a h\SeUeOaVWic PRdeO ZaV aSSOied WR deVcUibe Whe bUaiQ 

WiVVXe cRPSUeVViYe UeVSRQVe fRU OaUge defRUPaWiRQ. The bUaiQ WiVVXe ZaV cRQVideUed aV aQ 

iVRWURSic aQd iQcRPSUeVVibOe PaWeUiaO, Zhich iV geQeUaOO\ chaUacWeUi]ed b\ a VWUaiQ-eQeUg\ 

fXQcWiRQ W. The VWUaiQ eQeUg\ deQViW\ aQd VWUeVVeV aUe e[SUeVVed iQ WeUPV Rf Whe VWUeWch UaWiR 𝜆. 

The VWUeWch UaWiR iQ a XQia[iaO e[SeUiPeQW iV defiQed aV Whe UaWiR beWZeeQ Whe defRUPed OeQgWh 

Rf Whe VSeciPeQ (L) aQd iWV RUigiQaO OeQgWh (L0). 

 𝜆 =
𝐿
𝐿0

 ETXaWiRQ 5.13 

ThUee cRPPRQO\ eVWabOiVhed iQcRPSUeVVibOe iVRWURSic h\SeUeOaVWic PRdeOV (TabOe 5-1) ZeUe 

fiWWed WR aYeUage VWUeVV-VWUaiQ e[SeUiPeQWaO daWa UeVSecWiYeO\ WR RbWaiQ Whe PaWeUiaO SaUaPeWeUV 

XVed iQ Whe ViPXOaWiRQV. The cRQVWiWXWiYe PRdeOV Rf h\SeUeOaVWic PRdeOV aSSOied aUe deVcUibed 

iQ deWaiO iQ VecWiRQ 2.3.4.  
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TabOe 5-1 ± IQcRPSUeVVibOe VWUaiQ eQeUg\ fXQcWiRQV aQd Whe XQia[iaO VWUeVV UeVSRQVe fRU each 
h\SeUeOaVWic PRdeO. 𝜇0, 𝐽𝑚 aQd 𝛼 aUe Whe PaWeUiaO SaUaPeWeUV. 

H\SeUeOaVWic PRdeO SWUaiQ eQeUg\ fXQcWiRQ UQia[iaO VWUeVV UeVSRQVe 

NeR-HRRkeaQ 𝑊 =
𝜇0

2
ሺ𝐼1 − 3ሻ 𝑆11 = 𝜇0ሺ𝜆 − 𝜆−2ሻ 

GeQW 𝑊 = −
𝜇0

2
𝐽𝑚 ln ൬1 −

𝐼1 − 3
𝐽𝑚

൰ 𝑆11 =
𝜇0𝐽𝑚

𝐽𝑚 − 𝜆2 − 2𝜆−1 + 3
ሺ𝜆 − 𝜆−2ሻ 

OgdeQ 𝑊 =
2𝜇0

𝛼2 ሺ𝜆1
𝛼 + 𝜆2

𝛼 + 𝜆3
𝛼 − 3ሻ 𝑆11 =

2𝜇0

𝛼 ൜𝜆𝛼−1 − 𝜆−ቀ𝛼
2+1ቁൠ 

The SaUaPeWeUV fURP WheVe WhUee PaWeUiaO PRdeOV caQ be deWeUPiQed b\ fiWWiQg Whe cRPSUeVViYe 

VWUeVV-VWUaiQ daWa XViQg Whe OeaVW-VTXaUe PeWhRd. 

FRU Whe YiVcReOaVWic behaYiRXU, Whe PURQ\ VeUieV e[SaQViRQ Rf Whe diPeQViRQOeVV UeOa[aWiRQ 

PRdXOXV ZaV cRPbiQed ZiWh Whe VWUaiQ eQeUg\ fXQcWiRQ (MiOOeU aQd ChiQ]ei 1997): 

 𝜓ሺ𝑡ሻ = න ൜𝑔𝑑ሺ𝑡 − 𝜏ሻ
𝑑𝑤
𝑑𝜏

ൠ
𝑡

0
 ETXaWiRQ 5.14 

ZheUe 𝜓 iV WiPe deSeQdeQW VWUaiQ eQeUg\, W iV Whe h\SeUeOaVWic VWUaiQ eQeUg\ fURP TabOe 5-1 

aQd 𝑔𝑑ሺ𝑡ሻ iV Whe diPeQViRQOeVV UeOa[aWiRQ PRdXOXV fXQcWiRQ: 

 𝑔𝑑ሺ𝑡ሻ = 1 − ෍ 𝑔𝑝

ே

𝑝=1

ሺ1 − 𝑒−𝑡/𝜏𝑝ሻ ETXaWiRQ 5.15 

ZheUe 𝑔𝑝  aQd 𝜏𝑝  aUe PaWeUiaO SaUaPeWeUV Rf pWh WeUP iQ Whe QXPbeU N PURQ\ VeUieV aQd 

deWeUPiQed b\ fiWWiQg 𝑔𝑑ሺ𝑡ሻ  ZiWh e[SeUiPeQWaO YaOXeV RbWaiQed fURP Whe UeOa[aWiRQ WeVW. IQ 
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RUdeU WR deVcUibe Whe YiVcReOaVWic UeVSRQVe adeTXaWeO\, a PiQiPXP Rf 3 WeUPV (𝑔𝑝) ZeUe Qeeded. 

5.2.5 FE AQaO\ViV 

The aYeUage PechaQicaO behaYiRXU Rf bUaiQ WiVVXe fRU ZhiWe aQd gUe\ PaWWeU ZaV ViPXOaWed, 

VeSaUaWeO\, bRWh iQ Whe fUeTXeQc\ aQd WiPe dRPaiQ XViQg COMSOL MXOWiSh\VicV 5.5 (COMSOL, 

SWRckhROP, SZedeQ). FRU ViPXOaWiRQV iQ bRWh dRPaiQV, aQ a[iV\PPeWUic PRdeO ZaV XVed ZiWh 

a c\OiQdUicaO geRPeWU\ UeSUeVeQWiQg Whe aYeUage WeVWed bUaiQ VSeciPeQ Rf 4 PP iQ UadiXV aQd 5 

PP iQ WhickQeVV. The bRWWRP VXUface ZaV UeVWUaiQed YeUWicaOO\ ZhiOe iW ZaV fUee WR PRYe aQd 

e[SaQd hRUi]RQWaOO\. A OiQeaU YiVcReOaVWic PRdeO ZaV aSSOied XQdeU Whe COMSOL VROid 

PechaQicV PRdXOe. TR aYRid iOO-cRQdiWiRQiQg fRU iQcRPSUeVVibOe PaWeUiaOV iQ Whe FE ViPXOaWiRQ, 

a PRiVVRQ¶V UaWiR Rf 0.49 ZaV chRVeQ (MaikRV eW aO. 2008). The YiVcReOaVWic SaUaPeWeUV RbWaiQed 

fURP d\QaPic PRdXOXV Rf ZhiWe aQd gUe\ bUaiQ WiVVXe (deUiYed fURP VecWiRQ 5.2.2) ZeUe iQSXWWed 

iQWR Whe geQeUaO Ma[ZeOO PaWeUiaO cRQVWiWXWiYe PRdeO ZiWh eighW YiVcReOaVWic bUaQcheV, XQdeU 

Whe PaWeUiaO VeWWiQg WR UeSUeVeQW Whe PechaQicaO behaYiRXU fRU WiPe aQd fUeTXeQc\ WeVWiQg 

PeWhRdV iQ OiQeaU YiVcReOaVWic UegiRQ. A PaSSed 4 QRde ZaV ePSOR\ed fRU bUaiQ WiVVXe WR cUeaWe 

aQ a[iV\PPeWUic TXadUiOaWeUaO PeVh RQ bRXQdaUieV aQd aQ eOePeQW UaWiR QRde ZaV aSSOied WR 

VSecif\ Whe eOePeQW Vi]e iQ Whe diVWUibXWiRQ (FigXUe 5.4). The aSSOied PeVh deQViW\ ZaV YaOidaWed 

b\ a PeVh cRQYeUgeQce aQaO\ViV.  
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FigXUe 5.4 ± FiQiWe eOePeQW ViPXOaWiRQ XVed fRU Whe XQia[iaO cRPSUeVViRQ Rf bUaiQ WiVVXe iQ (a) 
a[iV\PPeWUic aQd (b) defRUPed 2D UeYROXWiRQ cRQfigXUaWiRQV. 

IQ Whe fUeTXeQc\ dRPaiQ aQaO\ViV, Whe WRS VXUface Rf bUaiQ WiVVXe ZaV diVSOaced b\ 1 PP iQ Whe 

YeUWicaO diUecWiRQ, fROORZed b\ a haUPRQic SeUWXUbaWiRQ Rf 0.05 PP RYeU a UaQge Rf fUeTXeQcieV 

fURP 0.5-35 H]. TheVe PRdeOV ZeUe VROYed XQdeU cRQdiWiRQV Zhich PiPicked Whe e[SeUiPeQWaO 

cRQdiWiRQV Rf DMA WeVWV.  

IQ Whe WiPe dRPaiQ aQaO\ViV, Whe bUaiQ WiVVXe ZaV cRPSUeVVed WR 0.1 VWUaiQ aQd heOd fRU a 
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UeOa[aWiRQ VWeS cRQViVWeQW WR Whe e[SeUiPeQWaO cRQdiWiRQV WR RbWaiQ ViPXOaWed VWUeVV UeOa[aWiRQ 

UeVXOWV. IQ addiWiRQ, a ViQXVRidaO SUeVcUibed diVSOacePeQW ZaV VeW XQdeU Whe WiPe deSeQdeQW 

VROYeU aW 35 H] fRU 2 V iQ Whe fRUP sinሺ2𝜋𝑓𝑡ሻ, ZheUe f iV Whe WeVWiQg fUeTXeQc\ aQd t iV Whe WiPe, 

WR RbWaiQ Whe fRUce diVSOacePeQW YiVcReOaVWic h\VWeUeViV ORRSV. The cRPSaUiVRQ beWZeeQ Whe FE 

PRdeOV aQd Sh\VicaO WeVWV ZeUe XVed fRU YaOidaWiRQ.  

FRU Whe ViPXOaWiRQ Rf bUaiQ WiVVXe e[SeUieQciQg Whe OaUge VWUaiQ ORadiQg cRQdiWiRQ, aQ 

h\SeUeOaVWic PaWeUiaO PRdeO ZaV aSSOied iQVWead Rf a OiQeaU eOaVWic PaWeUiaO PRdeO ZheUe NeR-

HRRkeaQ, GeQW aQd OgdeQ PRdeOV ZeUe VeOecWed WR deVcUibe Whe eOaVWic UeVSRQVe XQdeU Whe 

aVVXPSWiRQ Rf iQcRPSUeVVibiOiW\ fRU bUaiQ WiVVXe. The YiVcReOaVWic PRdeO ZaV WheQ VeOecWed 

XQdeU Whe h\SeUeOaVWic PaWeUiaO PRde WR deVcUibe Whe WiPe-deSeQdeQW UeOa[aWiRQ UeVSRQVe. The 

FE PRdeOV ZeUe aQaO\Ved iQ Whe WiPe dRPaiQ aQd Whe bUaiQ VaPSOe ZaV cRPSUeVVed WR 0.3 VWUaiQ 

ZiWh defRUPaWiRQ YeORciW\ Rf 50 PP/PiQ, fROORZed b\ a UeOa[aWiRQ VWeS Rf 150 V b\ hROdiQg Whe 

XSSeU SOaWe. The bRXQdaU\ cRQdiWiRQV iQ Whe ViPXOaWiRQV ZeUe cRQViVWeQW ZiWh Whe e[SeUiPeQWV. 

The ViPXOaQW UeVXOWV fURP Whe TXaVi-OiQeaU YiVcReOaVWic PRdeO fRU bUaiQ WiVVXe, ZheUe NeR-

HRRkeaQ, GeQW aQd OgdeQ h\SeUeOaVWic PRdeOV ZeUe aSSOied UeVSecWiYeO\ aV iWV eOaVWic SaUW ZeUe 

cRPSaUed WR Whe e[SeUiPeQWaO daWa.   
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5.3 ReVXOWV 

5.3.1 FUeTXeQc\ DeSeQdeQc\ Rf ViVcReOaVWiciW\ 

The fUeTXeQc\ deSeQdeQW PechaQicaO behaYiRXUV Rf bUaiQ ZhiWe aQd gUe\ PaWWeU ZeUe 

chaUacWeUi]ed XViQg d\QaPic PechaQicaO WeVWiQg, aQd Whe UeVXOWV VhRZ WhaW Whe VWRUage PRdXOXV 

iV gUeaWeU WhaQ Whe ORVV PRdXOXV RYeU aOO WeVWed fUeTXeQcieV. FigXUe 5.5(a) iOOXVWUaWeV aQ 

iQcUeaViQg WUeQd ZiWh fUeTXeQc\ fRU ZhiWe PaWWeU VWRUage aQd ORVV PRdXOXV ZiWh aYeUage YaOXeV 

Rf 15.72 kPa aQd 7.97 kPa, UeVSecWiYeO\. FigXUe 5.5(b) iOOXVWUaWeV Whe VigQificaQWO\ ORZeU VWRUage 

aQd ORVV PRdXOXV (p < 0.05) fRU gUe\ PaWWeU b\ SeUfRUPiQg VWaWiVWicaO aQaO\ViV ZiWh aYeUage 

YaOXeV Rf 7.97 kPa aQd 3.45 kPa, UeVSecWiYeO\. The PeaQ UeVXOWV Rf Whe e[SeUiPeQWaO d\QaPic 

PRdXOi Rf bUaiQ WiVVXe WeVWed fURP YaUiRXV UegiRQV ZeUe XVed WR deWeUPiQe Whe RSWiPi]ed 

SaUaPeWeUV Rf Whe diVcUeWe UeOa[aWiRQ VSecWUXP ZiWh aQ eighW WeUP PURQ\ VeUieV (TabOe 5-2) aQd 

Whe eTXiOibUiXP PRdXOXV ZaV 0.48 kPa. The QXPbeU Rf eighW SaiUV Rf UeOa[aWiRQ PRdeV ZaV 

adeTXaWe WR ViPXOaWe Whe PechaQicaO behaYiRXU cRQYeUWed fURP Whe fUeTXeQc\-dRPaiQ aQd 

UedXQdaQW PRdeV ZeUe PeUged. The FE PRdeOV iQ Whe fUeTXeQc\ dRPaiQ ZeUe caSabOe Rf 

caSWXUiQg Whe WUeQd fRU bRWh VWRUage aQd ORVV PRdXOi acURVV Whe fUeTXeQcieV iQYeVWigaWed (OiQeV 

iQ FigXUe 5.5).  
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FigXUe 5.5 ± VaUiaWiRQ Rf PeaQ VWRUage (ciUcOe) aQd ORVV (VTXaUeV) PRdXOi agaiQVW fUeTXeQc\ fRU (a) ZhiWe 
aQd (b) gUe\ PaWWeU WiVVXe RbWaiQed XViQg DMA. EUURU baUV UeSUeVeQW 95% cRQfideQce iQWeUYaOV. 
PUedicWiRQV Rf d\QaPic SURSeUWieV fURP FE ViPXOaWiRQV, iQ Whe fUeTXeQc\ dRPaiQ, aUe VhRZQ aV Whe OiQeV 
fRU d\QaPic VWRUage (fXOO bOack OiQe) aQd ORVV (daVhed gUe\ OiQe) PRdXOXV. 
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5.3.2 TiPe DeSeQdeQc\ Rf ViVcReOaVWiciW\ 

The PeaQ VWUeVV UeOa[aWiRQ behaYiRXUV ZeUe RbWaiQed aQd Whe PaWeUiaO UeOa[aWiRQ fRU bRWh ZhiWe 

aQd gUe\ PaWWeU (FigXUe 5.6) VhRZed iPPediaWeO\ a dURS afWeU Whe cRPSUeVViRQ SOaWeQ ZaV heOd. 

The VWUeVV dURS fRU ZhiWe PaWWeU iV higheU WhaQ WhaW Rf gUe\ PaWWeU. The YiVcReOaVWic SaUaPeWeUV 

cRQYeUWed fURP d\QaPic PRdXOXV ZeUe aSSOied iQ Whe WiPe deSeQdeQW ViPXOaWiRQV aQd Whe 

PRdeOV ZeUe abOe WR aSSUR[iPaWe Whe WUeQd Rf VWUeVV UeOa[aWiRQ UeVSRQVeV. FRU Whe ZhiWe PaWWeU, 

Whe SUedicWiRQ Rf Whe VWUeVV UeOa[ed VORZeU aW Whe begiQQiQg cRPSaUed WR Whe e[SeUiPeQWaO UeVXOWV. 

ThiV ZaV fROORZed b\ a faVWeU UeOa[aWiRQ aQd ZiWh a ORQgeU UeOa[aWiRQ SURceVV, Whe YiVcReOaVWic 

UeVSRQVe ZaV PRUe cORVeO\ aSSUR[iPaWed ZiWh a diffeUeQce Rf OeVV WhaQ 19% beWZeeQ PRdeO aQd 

e[SeUiPeQWaO daWa. FRU Whe gUe\ PaWWeU, Whe SUedicWed UeVXOWV aSSeaUed WR UeOa[ faVWeU aW fiUVW aQd 

WheQ e[hibiWed ViPiOaU UeOa[aWiRQ behaYiRXU ZiWh a diffeUeQce Rf XS WR 13%. The YiVcReOaVWic 

UeVSRQVe iQ SUedicWiRQ Rf PRdeOV ZaV PRVWO\ aSSUR[iPaWed ZiWhiQ Whe 95% cRQfideQce iQWeUYaOV 

WhURXgh Whe PeaVXUed UeOa[aWiRQ SURceVV. 
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FigXUe 5.6 ± ReOa[aWiRQ UeVSRQVe Rf (a) ZhiWe aQd (b) gUe\ PaWWeU WiVVXe RbWaiQed fURP Whe VWUeVV 
UeOa[aWiRQ WeVWV (fXOO OiQe) ZiWh 95% cRQfideQce iQWeUYaOV VhRZQ aV eUURU baUV, aQd Whe SUedicWiRQ Rf VWUeVV 
UeOa[aWiRQ (daVh OiQe) baVed RQ fUeTXeQc\ dRPaiQ deUiYed SaUaPeWeUV fURP FE ViPXOaWiRQV iQ Whe WiPe 
dRPaiQ. 
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The h\VWeUeViV ORRSV fRU ZhiWe aQd gUe\ PaWWeU WiVVXe aUe VhRZQ iQ FigXUe 5.7 aV a PeaVXUe Rf 

RbVeUYiQg Whe diVViSaWed eQeUg\ Rf Whe PaWeUiaO. UQdeU Whe VaPe WeVWiQg SURWRcROV, VaPSOeV fURP 

ZhiWe PaWWeU e[hibiWed a OaUgeU h\VWeUeViV aUea WhaQ VaPSOeV fURP gUe\ PaWWeU, PeaQiQg Whe 

gUeaWeU aPRXQW Rf eQeUg\ diVViSaWed fRU ZhiWe PaWWeU WiVVXe. The cXUYeV fRU bRWh ZhiWe aQd gUe\ 

PaWWeU ZeUe aSSUR[iPaWeO\ eOOiSWicaO. ThiV iQdicaWed Whe WeVWed VSeciPeQV VhRZed OiQeaU 

YiVcReOaVWic PechaQicaO behaYiRXU. IQ ViPXOaWiRQV, Whe YiVcReOaVWic SaUaPeWeUV cRQYeUWed fURP 

d\QaPic PRdXOXV ZeUe aSSOied iQ Whe WiPe deSeQdeQW PRdeOV aQd XVed WR SUedicW Whe VWUeVV 

VWUaiQ UeOaWiRQVhiS; Whe UaQgeV Rf VWUeVV (fURP PiQiPXP WR Pa[iPXP VWUeVV) iQ Whe ViPXOaWiRQV 

ZeUe eVWiPaWed ZeOO fRU bRWh ZhiWe aQd gUe\ PaWWeU Zhich ZeUe ViPiOaU WR e[SeUiPeQWaO UeVXOWV. 

The h\VWeUeViV behaYiRXU fRU ZhiWe PaWWeU ZaV cORVeO\ aSSUR[iPaWed b\ PRdeO SUedicWiRQ ZiWh 

a diffeUeQce iQ Whe aUea eQcORVed b\ h\VWeUeViV ORRSV Rf XS WR 18%. FRU gUe\ PaWWeU Whe SUedicWed 

aUea ZaV OaUgeU WhaQ Whe e[SeUiPeQWaO UeVXOWV, ZiWh XS WR a 34% aUea diffeUeQce. 
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FigXUe 5.7 ± ReSUeVeQWaWiYe h\VWeUeViV ORRSV Rf VWUeVV agaiQVW VWUaiQ fRU (a) ZhiWe PaWWeU aQd (b) gUe\ 
PaWWeU WiVVXe RbWaiQed fURP c\cOic ORadiQg WeVWV ZiWh PRdeO SUedicWiRQ UeVXOWV (bOack OiQe) baVed RQ 
fUeTXeQc\ dRPaiQ deUiYed SaUaPeWeUV fROORZiQg FE ViPXOaWiRQV iQ Whe WiPe aQaO\ViV.  
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TabOe 5-2 ± MaWeUiaO SaUaPeWeUV Rf UeOa[aWiRQ PRdXOi RbWaiQed fURP Whe PeaQ d\QaPic YiVcReOaVWic 
SURSeUWieV fRU ZhiWe aQd gUe\ bUaiQ PaWWeU. 

 

LiQeaU YiVcReOaVWic PRdeO SaUaPeWeU 

WhiWe PaWWeU GUe\ PaWWeU 

𝑖 𝑔𝑖ሺ𝑘𝑃𝑎ሻ 𝑡𝑖
ᇱሺ𝑠ሻ 𝑔𝑖ሺ𝑘𝑃𝑎ሻ 𝑡𝑖

ᇱሺ𝑠ሻ 

1 24.33 7.36 î 10-4 7.30 1.00 î 10-4 

2 19.37 2.23 î 10-3 17.88 1.45 î 10-3 

3 4.87 2.51 î 10-2 2.43 1.55 î 10-2 

4 4.46 2.73 î 10-1 2.43 1.45 î 10-1 

5 2.43 1.00 î 101 1.46 1.00 î 101 

6 2.43 1.00 î 102 1.46 1.00 î 102 

7 1.46 1.00 î 103 0.49 1.00 î 103 

8 0.49 1.00 î 104 0.29 1.00 î 104 
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5.3.3 LaUge SWUaiQ BehaYiRXU Rf ViVcReOaVWiciW\  

The PeaQ cRPSUeVViYe VWUeVV-VWUaiQ behaYiRXU fRU bUaiQ WiVVXe cRPSUeVVed WR 30% VWUaiQ 

VhRZed a QRQOiQeaU WUeQd (FigXUe 5.8), WhiV PechaQicaO behaYiRXU cRXOd be RbVeUYed ZheQ Whe 

VWUaiQ e[ceeded 0.1 aQd Whe PeaQ VWUeVV iQcUeaVed WR aSSUR[iPaWeO\ 1.5 kPa. FRU Whe ORadiQg 

cRQdiWiRQ ZiWh OaUge VWUaiQ, Whe OiQeaU eOaVWic PRdeO ZaV QRW abOe WR SUedicW Whe bUaiQ WiVVXe¶V 

QRQOiQeaU UeVSRQVe. ThiV eOaVWic UeVSRQVe ZaV UeSUeVeQWed PRUe effecWiYeO\ XViQg h\SeUeOaVWic 

PRdeOV. FRU Whe WiPe-deSeQdeQW UeOa[aWiRQ UeVSRQVe (FigXUe 5.9), Whe YiVcReOaVWic behaYiRXU 

ZaV UeSUeVeQWed b\ Whe PURQ\ VeUieV Rf Whe UeOa[aWiRQ PRdXOXV, deVcUibed iQ VecWiRQ 5.2.4.2 aQd 

Whe YiVcReOaVWic SaUaPeWeUV ZeUe RbWaiQed b\ fiWWiQg Whe PaWeUiaO PRdeOV (TabOe 5-3) ZiWh PeaQ 

e[SeUiPeQWaO daWa.  
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FigXUe 5.8 ±MeaQ eQgiQeeUiQg VWUeVV-VWUaiQ cXUYeV fRU eighW ZhiWe PaWWeU WiVVXe XQdeU 0.3 VWUaiQ OeYeO 
ZiWh 95% cRQfideQce iQWeUYaOV VhRZQ aV eUURU baUV. 

 

FigXUe 5.9 ± MeaQ UeOa[aWiRQ UeVSRQVe Rf eighW ZhiWe PaWWeU WiVVXe RbWaiQed fURP Whe VWUeVV UeOa[aWiRQ 
WeVWV afWeU 0.3 VWUaiQ cRPSUeVViRQ ZiWh 95% cRQfideQce iQWeUYaOV VhRZQ aV eUURU baUV. 
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A TXaVi-OiQeaU YiVcReOaVWic PRdeO ZaV UeSUeVeQWed ZiWh h\SeUeOaVWic PRdeOV aV aQ eOaVWic 

UeVSRQVe WR caSWXUe bUaiQ WiVVXe behaYiRXU XQdeU OaUge VWUaiQ. NeR-HRRkeaQ, GeQW aQd OgdeQ 

PRdeOV ZeUe defiQed, aV QRWed iQ TabOe 5-1, aV aQ iQVWaQWaQeRXV effecW aQd Whe eOaVWic UeVSRQVe 

ZaV fiWWed ZiWh PeaQ e[SeUiPeQWaO daWa WR RbWaiQ UeOeYaQW SaUaPeWeUV (TabOe 5-4). FigXUe 5.10 

VhRZed Whe UeVSRQVe Rf TXaVi-OiQeaU YiVcReOaVWic PRdeOV ZiWh diffeUeQW h\SeUeOaVWic cRPSRQeQWV 

aQd cRPSaUed Whe UeVXOWV WR e[SeUiPeQWaO daWa. IW caQ be RbVeUYed WhaW Whe NeR-HRRkeaQ PRdeO 

RQO\ SUedicWed aQ iQcUeaViQg WUeQd, ZiWhRXW Whe accXUac\ Rf Whe RWheU WZR PRdeOV Zhich iQVWead 

SUedicWed a ViPiOaU UeVSRQVe. The OgdeQ PRdeO fiWWed Whe e[SeUiPeQWaO behaYiRXU PRUe 

accXUaWeO\ WhaQ Whe GeQW PRdeO ZheUe Whe ORadiQg UeVSRQVe fiWWed ZiWhiQ Whe 95% cRQfideQce 

iQWeUYaOV. AQd Whe PRdeOV fiWWed ZeOO Whe e[SeUiPeQWaO daWa fRU VWUaiQ XS WR 0.2 aQd Whe VWUeVV iQ 

Whe ViPXOaWiRQ fRU GeQW PRdeO ZaV higheU WhaQ iQ Whe WeVW aV Whe VWUaiQ ZaV cORVe WR 0.3, Zhich 

iQdicaWed iW RYeUeVWiPaWed Whe acWXaO e[SeUiPeQWaO UeVXOW aW WhiV VWUaiQ OeYeO. 
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FigXUe 5.10 ± QXaVi-OiQeaU YiVcReOaVWic SUedicWiRQV Rf ViPXOaWiRQ ZeUe SeUfRUPed iQ Whe WiPe dRPaiQ 
aQaO\ViV ZheUe h\SeUeOaVWiciW\ iV accRXQWed fRU XViQg NeR-HRRkeaQ, GeQW aQd OgdeQ PRdeOV, fRU Whe 
eOaVWic UeVSRQVe aW 0.3 VWUaiQ. A PURQ\ VeUieV haV beeQ deUiYed fURP VWUeVV-UeOa[aWiRQ behaYiRXU aQd 
accRXQWV fRU WiPe-deSeQdeQW YiVcRXV UeVSRQVe. The PeaQ e[SeUiPeQWaO VWUeVV-VWUaiQ UeVSRQVe (bOack 
daVh OiQe) fRU eighW ZhiWe PaWWeU iV VhRZQ ZiWh 95% cRQfideQce iQWeUYaOV VhRZQ aV eUURU baUV. 
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TabOe 5-3 ± MaWeUiaO cRefficieQWV Rf PURQ\ VeUieV UeSUeVeQWiQg WiPe-deSeQdeQW YiVcReOaVWic UeVSRQVe. 

𝑖 𝜏𝑝𝑖 (V) 𝑔𝑝𝑖 

1 0.421 0.389 

2 10.26 0.217 

3 163.7 0.154 

 

TabOe 5-4 ± MaWeUiaO cRefficieQWV Rf h\SeUeOaVWic PRdeOV UeSUeVeQWiQg eOaVWic UeVSRQVe. 

OgdeQ GeQW NeR-HRRkeaQ 

𝜇0 = 646.8 𝑃𝑎 

𝛼 = 14.7 

𝜇0 = 418.2 𝑃𝑎 

𝐽𝑚 = 0.5 

𝜇0 = 994.7 𝑃𝑎 
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5.4 DiVcXVViRQ  

ThiV chaSWeU haV iQYeVWigaWed Whe YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe XQdeU WiPe aQd 

fUeTXeQc\ WeVWiQg dRPaiQV aQd cRPSXWaWiRQaO PRdeOV ZeUe deYeORSed WR SUedicW Whe PechaQicaO 

behaYiRXU baVed RQ Whe SaUaPeWeUV Rf a diVcUeWe UeOa[aWiRQ VSecWUXP fURP d\QaPic PRdXOi. IQ 

addiWiRQ, h\SeUeOaVWic PRdeOV ZeUe aSSOied iQ ViPXOaWiRQ cRPbiQed ZiWh YiVcReOaVWic PaWeUiaO 

PRdeO WR deVcUibe bUaiQ WiVVXe XQdeU OaUge VWUaiQ ORadiQg cRQdiWiRQV. D\QaPic PechaQicaO 

e[SeUiPeQWV aUe effecWiYe fRU PeaVXUiQg Whe YiVcReOaVWic SURSeUWieV Rf biRORgicaO WiVVXe RYeU a 

UaQge Rf fUeTXeQc\ aQd Whe d\QaPic SURSeUWieV Rf bUaiQ WiVVXe PeaVXUed caQ be cRQYeUWed iQ Whe 

WiPe dRPaiQ daWa Zhich aUe aSSOicabOe iQ eQgiQeeUiQg aQaO\ViV. FUeTXeQc\-deSeQdeQW VWRUage 

aQd ORVV PRdXOi ZeUe cROOecWed fURP bUaiQ ZhiWe aQd gUe\ PaWWeU WiVVXe iQ cRPSUeVViRQ. SWUeVV 

UeOa[aWiRQ WeVWV ZeUe SeUfRUPed WR RbWaiQ Whe WiPe-deSeQdeQW YiVcReOaVWic behaYiRXU aQd bUaiQ 

VaPSOeV ZeUe VXbjecWed WR a ViQXVRidaO cRPSUeVViYe diVSOacePeQW iQ Whe WiPe dRPaiQ WR RbWaiQ 

Whe h\VWeUeViV ORRSV. FRU diffeUeQW WeVWiQg SURWRcROV, Whe bUaiQ VaPSOeV ZeUe keSW XQdeU Whe VaPe 

Sh\VicaO cRQdiWiRQV. The WiPe-deSeQdeQW e[SeUiPeQWaO UeVXOWV ZeUe cRPSaUed WR Whe SUedicWiRQV 

fURP ViPXOaWiRQV baVed RQ Whe cRQVWiWXWiYe OiQeaU YiVcReOaVWic, cRQYeUWiQg fUeTXeQc\ WR WiPe-

dRPaiQ daWa. ThiV YaOidaWed Whe XVe Rf YiVcReOaVWic daWa Rf bUaiQ WiVVXe, deUiYed fURP Whe 

fUeTXeQc\-dRPaiQ, fRU XVe iQ FE PRdeOV iQ Whe WiPe-dRPaiQ. The bUaiQ WiVVXe ZeUe PRdeOOed 

fXUWheU XQdeU OaUge VWUaiQ ORadiQg cRQdiWiRQV, XViQg a TXaVi-OiQeaU YiVcReOaVWic PRdeO ZiWh 

OgdeQ, GeQW aQd NeR-HRRkeaQ h\SeUeOaVWic PRdeOV. 
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The d\QaPic PechaQicaO SURSeUWieV Rf bUaiQ WiVVXe VhRZed aQ iQcUeaViQg WUeQd RYeU WeVWed 

fUeTXeQcieV fURP DMA PeaVXUePeQWV, Zhich iV iQ agUeePeQW ZiWh SUeYiRXV VWXdieV RQ SRUciQe 

bUaiQV (HUaSkR eW aO. 2008) aV ZeOO aV RWheU biRORgicaO PaWeUiaOV, iQcOXdiQg hXPaQ bOaddeU 

WXPRXUV (BaUQeV eW aO. 2016). FUeTXeQc\-deSeQdeQW d\QaPic PRdXOi VhRZed bUaiQ ZhiWe PaWWeU 

iV VWiffeU. A ViPiOaU WUeQd fRU Whe UegiRQaO diffeUeQce ZaV fRXQd RQ hXPaQ bUaiQ WiVVXe (JiQ eW aO. 

2013). A Zide UaQge Rf ORadiQg cRQdiWiRQV haV beeQ aSSOied WR deWeUPiQe Whe fUeTXeQc\-

deSeQdeQW YiVcReOaVWic SURSeUWieV. HXPaQ bUaiQ WiVVXe haV beeQ VWXdied iQ VheaU (FaOOeQVWeiQ eW 

aO. 1969) aQd Whe fUeTXeQc\-deSeQdeQW behaYiRXU Rf SRUciQe bOaddeU ZaV chaUacWeUi]ed iQ WeQViOe 

(BaUQeV eW aO. 2015). FXUWheU, bUaiQ WiVVXe haV beeQ iQYeVWigaWed iQ Whe fUeTXeQc\ dRPaiQ WhURXgh 

PagQeWic UeVRQaQce eOaVWRgUaSh\ (MRE) (COa\WRQ eW aO. 2012). HRZeYeU, Whe d\QaPic 

cRPSUeVViYe SURSeUWieV Rf bUaiQ WiVVXe aUe VWiOO QRW fXOO\ XQdeUVWRRd (ChaWeOiQ eW aO. 2010). The 

cRPSUeVViYe fRUce iV iPSRUWaQW iQ Whe aQaO\ViV Rf bUaiQ iQjXUieV ZheUe Whe bUaiQ cRXOd be e[SRVed 

WR cRPSUeVViYe ZaYeV dXUiQg Whe cRXUVe Rf head iPSacW (MRUVe eW aO. 2014). EYeQ WhRXgh 

SRWeQWiaO diffeUeQceV e[iVW iQ Whe YaUiRXV WeVWiQg PeWhRdV cRPSaUed, Whe geQeUaO WUeQdV fRU Whe 

d\QaPic VWRUage aQd ORVV PRdXOXV YeUVXV fUeTXeQc\ RQ WheVe biRORgicaO WiVVXeV ZeUe cRQViVWeQW 

acURVV WheVe.  

The VWaQdaUd PechaQicaO PRdeOV haYe beeQ aSSOied iQ WhiV VWXd\ WR caSWXUe Whe OiQeaU 

YiVcReOaVWic PaWeUiaO fXQcWiRQV Rf bUaiQ WiVVXe ZiWh PURQ\ VeUieV UeSUeVeQWaWiRQV, aQd Whe fiWWiQg 

Rf d\QaPic PRdXOi fURP e[SeUiPeQWV aQd Whe WiPe dRPaiQ PaWeUiaO fXQcWiRQV aUe VXbVeTXeQWO\ 

RbWaiQed. TheUe aUe RWheU PaWhePaWicaO PRdeOV aYaiOabOe WR deVcUibe Whe OiQeaU YiVcReOaVWic 
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UeVSRQVe Rf a PaWeUiaO (TVchRegO 2012). The fUacWiRQaO deUiYaWiYe PRdeOV ZiWh a fUacWiRQaO RUdeU 

µVSUiQg-daVhSRW¶ eOePeQW ZeUe XVed WR deWeUPiQe Whe YiVcReOaVWic behaYiRXU iQ UeOa[aWiRQ WeVWV 

RQ bUaiQ WiVVXe (ZhaQg eW aO. 2019). The PRdified SRZeU OaZ, deUiYed fURP Whe SheQRPeQRORg\ 

Rf SRO\PeUV, ZaV aSSOied RQ VRfW aQd biRORgicaO PaWeUiaOV WR deVcUibe WheiU SRZeU OaZ 

YiVcReOaVWic UeVSRQVe fURP a Zide UaQge Rf WeVW cRQdiWiRQV (BRQfaQWi eW aO. 2020). TheVe PRdeOV 

aUe abOe WR chaUacWeUi]e YiVcReOaVWic SURSeUWieV XViQg PRdeO cRefficieQWV, Whe deWeUPiQaWiRQ Rf 

Whe cRQVWaQWV fURP e[SeUiPeQWaO UeVXOWV geQeUaOO\ iV OeVV efficieQW dXe WR Whe cRPSOicaWed 

PaWhePaWicaO e[SUeVViRQV aQd iW iV OiPiWed fRU Whe cRQYeUViRQ Rf SaUaPeWeUV acURVV PaWeUiaO 

fXQcWiRQV (PaUk 2001).  

The SaUaPeWeUV iQ Whe ViPXOaWiRQV fRU OiQeaU YiVcReOaVWic PRdeOV ZeUe deWeUPiQed b\ fiWWiQg Whe 

d\QaPic VWRUage aQd ORVV PRdXOXV fURP e[SeUiPeQWV. TheUe aUe YaUiRXV WechQiTXeV fRU Whe 

fiWWiQg deVcUibed iQ Whe OiWeUaWXUe. A ViPSOe cROORcaWiRQ PeWhRd haV beeQ aSSOied RQ 

SRO\PeWh\OPeWhacU\OaWe WR fiW Whe YiVcReOaVWic behaYiRXU fURP d\QaPic VheaU aQd WeQViOe 

UeOa[aWiRQ WeVWV (SchaSeU\ 1962). A OeaVW VTXaUeV PeWhRd ZaV ZideO\ XVed WR RbWaiQ PRdeO 

cRefficieQWV RQ bUaiQ WiVVXe YiVcReOaVWic SURSeUWieV aQd haV Whe beQefiWV Rf beiQg eaViO\ 

iPSOePeQWed iQ cRPPeUciaO VRfWZaUe (BXdda\ eW aO. 2017; CheQg aQd BiOVWRQ 2007). IQ WhiV 

VWXd\, Whe fUeTXeQc\ deSeQdeQW UeVSRQVeV Rf bUaiQ ZhiWe aQd gUe\ PaWWeU WiVVXe ZeUe eYideQW 

fURP Whe diVcUeWe UeOa[aWiRQ PRde ZiWh Whe e[SRQeQWiaOO\ aVceQdiQg RUdeU Rf UeOa[aWiRQ WiPeV 

aQd SRViWiYe cRQVWUaiQWV, Zhich iV cRQViVWeQW WR a SUeYiRXV VWXd\ Zhich aQaO\Ved d\QaPic 

PechaQicaO daWa (BaXPgaeUWeO aQd WiQWeU 1989). The WechQiTXe SUeVeQWed iQ WhiV chaSWeU caQ 
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haYe ZideU aSSOicaWiRQV fRU RWheU biRORgicaO WiVVXeV VXch aV cRURQaU\ aUWeUieV (BXUWRQ eW aO. 2017) 

aQd PiWUaO YaOYe (WiOcR[ eW aO. 2014), ZheUe Whe fUeTXeQc\ deSeQdeQW SURSeUWieV haYe beeQ 

iQYeVWigaWed aQd deVcUibed XViQg ViPSOe fiWWiQg eTXaWiRQV RbWaiQed WhURXgh UegUeVViRQ aQaO\ViV. 

IW eQabOeV Whe YiVcReOaVWic SURSeUWieV Rf Whe bUaiQ WR be PeaVXUed XQdeU UeaOiVWic, d\QaPic 

cRQdiWiRQV aQd PakeV WhiV iQfRUPaWiRQ aYaiOabOe fRU bUaiQ PRdeOV Zhich SUedicW WUaXPa 

(MadRXh aQd RaPeVh 2019; TRZQVeQd eW aO. 2019; WX eW aO. 2019). 

The YiVcReOaVWic chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe iQ Whe WiPe dRPaiQ ZaV VWXdied WhURXgh VWUeVV 

UeOa[aWiRQ WeVWV aQd Whe h\VWeUeViV ORRSV ZeUe RbWaiQed WR chaUacWeUi]e Whe diVViSaWed eQeUg\. 

The e[SeUiPeQWaO UeVXOWV VhRZ WhaW Whe behaYiRXU Rf bUaiQ WiVVXe iV QRW RQO\ fUeTXeQc\-

deSeQdeQW, bXW aOVR WiPe-deSeQdeQW. FXUWheU, Whe YiVcRXV UeOa[aWiRQ fRU ZhiWe aQd gUe\ PaWWeU 

ZaV ViPiOaU ZiWh a VWUeVV UeOa[aWiRQ Rf aURXQd 85% Zhich iV iQ agUeePeQW ZiWh a SUeYiRXV VWXd\ 

RQ hXPaQ bUaiQ WiVVXe (BXdda\ eW aO. 2017). H\VWeUeViV ORRSV fRU ZhiWe PaWWeU VhRZed a OaUgeU 

aUea WhaQ WhaW fRU gUe\ PaWWeU. A ViPiOaU WUeQd ZaV fRXQd fRU bRYiQe bUaiQ WiVVXe iQdicaWiQg WhaW 

Whe ZhiWe PaWWeU ZiWh OaUgeU diVViSaWed eQeUg\ VhRZV PRUe YiVcRXV WhaQ gUe\ PaWWeU (VaQ eW aO. 

2010). 

IQ FE ViPXOaWiRQV, Whe PRdeOV ZiWh OiQeaU YiVcReOaVWiciW\ ZeUe abOe WR ZeOO caSWXUe Whe d\QaPic 

VWRUage aQd ORVV PRdXOXV fRU bRWh bUaiQ ZhiWe aQd gUe\ PaWWeU iQ Whe fUeTXeQc\ dRPaiQ ZiWh 

Whe FE UeVSRQVeV ZiWhiQ Whe 95% cRQfideQce iQWeUYaOV. The PRdeO YiVcReOaVWic SaUaPeWeUV ZeUe 

cROOecWed fURP d\QaPic PechaQicaO WeVWV aQd WiPe dRPaiQ PaWeUiaO fXQcWiRQV ZeUe deUiYed 
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baVed RQ Whe PURQ\ VeUieV UeSUeVeQWaWiRQ. AOWhRXgh PiOd bUaiQ WUaXPaWic ORadiQg cRQdiWiRQV 

ZeUe Whe fRcXV Rf WhiV VWXd\, WheUe iV fXWXUe RSSRUWXQiW\ WR iQYeVWigaWe Whe aSSOicabiOiW\ Rf Whe 

PRdeO aW higheU ORadiQg UaWeV, VXch aV bOaVW bUaiQ iPSacWV (SiQgh aQd CURQiQ 2019; 

UQQikUiVhQaQ eW aO. 2019; VRgeO eW aO. 2020). A SUeYiRXV VWXd\ iQYeVWigaWed Whe diffeUeQceV Rf 

cRQYeUWiQg d\QaPic PRdXOXV WR UeOa[aWiRQ PRdXOXV, hRZeYeU, WheUe ZaV QR diUecW e[SeUiPeQWaO 

daWa fRU YaOidaWiRQ (ZhaQg eW aO. 2018). The ViPXOaWed UeVXOWV Rf Whe WiPe dRPaiQ iQ WhiV VWXd\ 

VhRZed Whe geQeUaO WUeQdV fRU VWUeVV UeOa[aWiRQ behaYiRXU RQ bUaiQ WiVVXe Zhich iV cRPSaUabOe 

WR Whe e[SeUiPeQWaO daWa. DeVSiWe Whe iQiWiaO diffeUeQce beWZeeQ Whe SUedicWed aQd PeaVXUed 

UeVXOWV, Whe YiVcReOaVWic UeVSRQVe iQ SUedicWiRQ Rf PRdeOV ZaV PRVWO\ aSSUR[iPaWed ZiWhiQ Whe 

95% cRQfideQce iQWeUYaOV Zhich iQdicaWed Whe SUedicWiRQ Rf PRdeOV ZaV cRQVideUed UeOiabOe. 

The h\VWeUeViV aUea fRU bRWh bUaiQ ZhiWe aQd gUe\ PaWWeU ZaV SUedicWed WR be OaUgeU iQ 

ViPXOaWiRQV aQd Whe ViPXOaWed h\VWeUeViV aUea fRU ZhiWe PaWWeU ZaV OaUgeU WhaQ WhaW Rf gUe\ 

PaWWeU Zhich iV cRQViVWeQW WR Whe e[SeUiPeQWaO WUeQdV. The aSSURach SUeVeQWed iQ WhiV VWXd\ Rf 

cRQYeUWiQg PaWeUiaO SURSeUWieV beWZeeQ fUeTXeQc\ aQd WiPe dRPaiQV eQabOeV bUaiQ PRdeOOiQg iQ 

Whe WiPe dRPaiQ baVed RQ Whe PechaQicV Rf bUaiQ WiVVXe PeaVXUed XQdeU d\QaPic ORadiQg 

cRQdiWiRQV. 

BUaiQ WiVVXe ZaV PRdeOOed ZiWh Whe FE PeWhRd XViQg a TXaVi-OiQeaU YiVcReOaVWic PRdeO, Zhich 

caQ UeSUeVeQW accXUaWeO\ Whe WiVVXe behaYiRXU fRU OaUge VWUaiQ ORadiQg cRQdiWiRQV. The OgdeQ 

PRdeO aV Whe eOaVWic SaUW Rf a QLV ZaV cRQVideUed WR PRUe accXUaWeO\ caSWXUe Whe PechaQicaO 

behaYiRXU Rf bUaiQ WiVVXe aV cRPSaUed WR Whe GeQW RU Whe NeR-HRRkeaQ. ThiV ZaV becaXVe aOO 
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SUedicWiRQV feOO ZiWhiQ Whe 95% cRQfideQce iQWeUYaOV Rf Whe e[SeUiPeQWaO daWa RbWaiQed. IQ 

SUeYiRXV VWXdieV RQ VRfW biRORgicaO WiVVXe, iW haV beeQ VXggeVWed WhaW a QLV PRdeO ZaV 

iQVXfficieQW WR deVcUibe Whe YiVcReOaVWic behaYiRXU Rf a PaWeUiaO aQd WhaW SXUeO\ QRQOiQeaU PRdeOV 

VhRXOd be aSSOied (PURYeQ]aQR eW aO. 2001; SheW\e eW aO. 2014). HRZeYeU, Whe PaWeUiaO behaYiRXU 

iQ WheVe VWXdieV ZaV RQO\ iQYeVWigaWed aW ORZ VWUaiQ OeYeOV Rf OeVV WhaQ 0.1 aQd QRW aQaO\Ved XQdeU 

OaUge VWUaiQ ORadiQg cRQdiWiRQV. FRU Whe VPaOO VWUaiQ behaYiRXU Rf YiVcReOaVWic PaWeUiaOV, OiQeaU 

YiVcReOaVWic PRdeO iV PRUe VXiWabOe aV diVcXVVed abRYe iQ WhiV chaSWeU. TR aYRid Whe iQVWabiOiWieV 

Rf fiWWiQg h\SeUeOaVWic SURSeUWieV, Whe PeaQ e[SeUiPeQWaO daWa ZaV fiWWed iQVWead Rf XViQg Whe 

iQdiYidXaO WeVW UeVXOWV. The SURSRVed QLV PRdeO SUeVeQWed iQ WhiV chaSWeU iV aYaiOabOe iQ 

cRPPeUciaO FE VRfWZaUe (e.g. COMSOL) aQd, WheUefRUe, fXUWheU UeOaWed FE aQaO\ViV caQ be 

eaViO\ iPSOePeQWed. FXUWheU, YaUiRXV PechaQicaO WeVWiQg RQ bUaiQ WiVVXe ZiWh YaUiRXV Seak 

VWUaiQV UeSUeVeQWaWiYe Rf Sh\ViRORgicaO aQd iQjXUiRXV ORadiQg cRQdiWiRQV aV ZeOO aV cUeeS aQd 

VWUeVV UeOa[aWiRQ ZiOO be SeUfRUPed WR deWeUPiQe if a PRUe adYaQced PaWeUiaO PRdeO iV Qeeded 

WR caSWXUe Whe VRfW WiVVXe XQdeU PRUe geQeUaO ORadiQg cRQdiWiRQV. HRZeYeU, Whe TXaVi-OiQeaU 

YiVcReOaVWic PRdeO ZaV abOe WR ViPXOaWe Whe OaUge VWUaiQ PechaQicaO SURSeUWieV. 
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5.5 ChaSWeU SXPPaU\ 

TR cRQcOXde, Whe YiVcReOaVWic behaYiRXU Rf bUaiQ WiVVXe ZaV iQYeVWigaWed XQdeU bRWh WiPe aQd 

fUeTXeQc\ dRPaiQV. FUeTXeQc\-deSeQdeQW VWRUage aQd ORVV PRdXOi ZeUe cROOecWed fRU bRWh 

ZhiWe aQd gUe\ PaWWeU WhURXgh d\QaPic PechaQicaO WeVWV Zhich caQ be UeSUeVeQWed accXUaWeO\ 

b\ Whe OiQeaU YiVcReOaVWic PRdeOV. The WiPe-dRPaiQ PaWeUiaO fXQcWiRQV ZeUe RbWaiQed WhURXgh 

Whe cRUUeVSRQdiQg fUeTXeQc\-dRPaiQ PaWeUiaO fXQcWiRQV baVed RQ a PURQ\ VeUieV UeSUeVeQWaWiRQ. 

The VWUeVV UeOa[aWiRQ aQd h\VWeUeViV chaUacWeUi]aWiRQV ZeUe VWXdied aQd cRPSaUed WR Whe 

SUedicWiRQV fURP PRdeO ViPXOaWiRQV. The RXWcRPeV SURYide a beWWeU XQdeUVWaQdiQg Rf Whe 

PaWeUiaO YiVcReOaVWic behaYiRXU aQd Whe OiQeaU YiVcReOaVWiciW\ beWZeeQ Whe WiPe aQd fUeTXeQc\ 

deSeQdeQW PaWeUiaO fXQcWiRQV Rf biRORgicaO WiVVXeV. The TXaVi-OiQeaU YiVcReOaVWic PRdeO ZaV 

aSSOied iQ ViPXOaWiRQ ZiWh YaUiRXV h\SeUeOaVWic SaUWV WR deVcUibe Whe OaUge VWUaiQ UeVSRQVe Rf 

bUaiQ WiVVXe RbWaiQed fURP e[SeUiPeQWV. ThiV aQaO\ViV iV Rf iPSRUWaQce fRU a QXPbeU Rf 

aSSOicaWiRQV, fRU bUaiQ WiVVXe iW eQabOeV YaUiRXV ORadiQg cRQdiWiRQV WR be ViPXOaWed, iQcOXdiQg 

WUaXPaWic ORadiQg. 
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6 DiVcXVViRQ aQd CRQcOXViRQV 

6.1 DiVcXVViRQ 

ThiV WheViV haV SUeVeQWed Whe iQYeVWigaWiRQ Rf Whe YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe XQdeU 

YaUiRXV ORadiQg cRQdiWiRQV. The cRPSUeVViYe fUeTXeQc\-deSeQdeQW behaYiRXU Rf bUaiQ WiVVXe 

ZaV, fRU Whe fiUVW WiPe, TXaQWiWaWiYeO\ PeaVXUed aQd Whe YiVcReOaVWic PaWeUiaO PRdeO ZaV aSSOied 

iQ Whe QXPeUicaO ViPXOaWiRQV WR deVcUibe iWV behaYiRXU aQd eQabOe Whe feaVibiOiW\ Rf deUiYiQg 

WiPe-dRPaiQ YiVcReOaVWic SURSeUWieV fURP fUeTXeQc\-dRPaiQ baVed e[SeUiPeQWV.  

ChaSWeU 3 Rf WhiV WheViV XVed cRPSUeVViYe d\QaPic PechaQicaO aQaO\ViV WR TXaQWif\ geQeUaO 

YiVcReOaVWic SURSeUWieV Rf SRUciQe bUaiQ WiVVXe XQdeU diffeUeQW WeVWiQg cRQdiWiRQV. The YiVcReOaVWic 

VWRUage aQd ORVV VWiffQeVV aUe deSeQdeQW RQ Whe iQdeQWaWiRQ PeaQ diVSOacePeQW aQd Whe iQdeQWeU 

Vi]e, iQcUeaViQg ZiWh higheU PeaQ diVSOacePeQW aQd OaUgeU iQdeQWeU diaPeWeUV. The PeaQ 

diVSOacePeQW ZaV cRQVideUed haYiQg a gUeaWeU effecW RQ Whe fUeTXeQc\-deSeQdeQW WUeQd Rf 

VWiffQeVV aV cRPSaUed WR Whe iQdeQWeU Vi]e. The YiVcReOaVWic SURSeUWieV ZiWh UegaUdV WR diffeUeQW 

iQdeQWaWiRQ deSWh aQd iQdeQWeU Vi]e ZeUe iQYeVWigaWed SUeYiRXVO\ iQ TXaVi-VWaWic ORadiQg 

cRQdiWiRQV (BXdda\ eW aO. 2015; LiX eW aO. 2009b). HRZeYeU, Whe XQdeUVWaQdiQg Rf PechaQicaO 

behaYiRXU fRU YaUiRXV WeVWiQg cRQdiWiRQV RQ bUaiQ WiVVXe iV QRW cOeaU iQ Whe fUeTXeQc\ dRPaiQ. 

TheVe fUeTXeQc\-deSeQdeQW YiVcReOaVWic SURSeUWieV aUe aOVR iPSRUWaQW fRU bUaiQ iQjXU\ aQaO\ViV. 

CRQfiQed cRPSUeVViRQ ZaV VeOecWed iQ WhiV ZRUk becaXVe Whe geQeUaO PechaQicaO 

chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe ZaV iQYeVWigaWed iQ Whe PacURVcRSe ZheUe Whe bUaiQ iV 
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cRQVideUed aV Whe VRfW WiVVXe cRQVWUaiQed b\ Whe VkXOO. The cRQfiQed WeVWiQg iV WhXV Whe QaWXUe Rf 

Whe bRXQdaU\ cRQdiWiRQV aW VkXOO/bUaiQ iQWeUface. The bUaiQ WiVVXe ZaV WeVWed aW fUeTXeQcieV Rf 

0.1 WR 35 H] iQ 14 VWeSV. FRU PiOd WUaXPaWic bUaiQ iQjXUieV (PTBI), RVciOOaWRU\ fRUce aW aURXQd 

20 H] ZiWh ORZ acceOeUaWiRQ cRXOd be a SRVVibOe caXVe (LakVaUi eW aO. 2015). The cRQYeUViRQ Rf 

a fUeTXeQc\ WR a cRQVWaQW VWUaiQ iV iQheUeQWO\ OiPiWed, becaXVe Whe VWUaiQ-UaWe iV cRQWiQXRXVO\ 

chaQgiQg dXUiQg Whe RVciOOaWiRQ. FURP Whe UeceQW OiWeUaWXUe, Whe cRQYeUViRQ ZaV caOcXOaWed fURP 

Whe TXaVi-OiQeaU SRUWiRQ Rf Whe RVciOOaWiRQ (BaUWROiQi eW aO. 2018). BaVed RQ WhiV, Whe VWUaiQ UaWe iV 

eVWiPaWed fURP fUeTXeQc\, VWUaiQ aPSOiWXde aQd Whe WiS diaPeWeU aQd iQ chaSWeU 3, Whe Pa[iPXP 

VWUaiQ UaWe iV eVWiPaWed beWZeeQ 7 aQd 14 V-1, Zhich iV cRPSaUabOe WR TBI (RaVhid eW aO. 2013). 

The d\QaPic VWiffQeVV ZaV deSeQdeQW RQ Whe iQdeQWeU Vi]e ZhiOe Whe VWRUage aQd ORVV PRdXOi 

fURP WhUee iQdeQWeUV ZeUe cRQVWaQW ZiWh a PeaQ YaOXe Rf 8.09 kPa aQd 4.85 kPa, UeVSecWiYeO\. 

ChaSWeU 4 Rf WhiV WheViV iQYeVWigaWed Whe cRPSUeVViYe fUeTXeQc\-deSeQdeQW YiVcReOaVWic 

SURSeUWieV Rf bRYiQe bUaiQ e[WeQViYeO\ aQd SUeVeQWed a PaWhePaWicaO PRdeO iQ Whe fUeTXeQc\ 

dRPaiQ WR caSWXUe Whe WiVVXe behaYiRXU baVed RQ Whe e[SeUiPeQWaO UeVXOWV. The bUaiQ VaPSOeV 

ZeUe geQeUaOO\ RbWaiQed fURP ZhiWe aQd gUe\ PaWWeU WR deWeUPiQe Whe UegiRQaO SURSeUWieV. BUaiQ 

VaPSOeV fURP cRUSXV caOORVXP UegiRQ ZeUe e[WUacWed iQ Whe WZR RUieQWaWiRQV WR deWeUPiQe Whe 

diUecWiRQaO SURSeUWieV. The YiVcReOaVWic chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe caQ iPSURYe Whe fideOiW\ 

Rf Whe cRPSXWaWiRQaO PRdeOV Rf Whe head aQd SURYide eVVeQWiaO iQfRUPaWiRQ WR Whe SUedicWiRQ aQd 

aQaO\ViV Rf bUaiQ iQjXUieV iQ cOiQicaO WUeaWPeQW. EYeQ WhRXgh Whe cRPSUeVViYe ORadiQg SOa\V a 

VigQificaQW UROe iQ head WUaXPa (BaU-KRchba eW aO. 2016; YRXQg eW aO. 2015), Whe d\QaPic 
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cRPSUeVViYe chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe haV QRW beeQ XQdeUVWRRd cRPSOeWeO\ (ChaWeOiQ eW 

aO. 2010). The effecW Rf bUaiQ UegiRQV aQd WeVWiQg diUecWiRQV RQ Whe fUeTXeQc\-deSeQdeQW 

YiVcReOaVWic SURSeUWieV ZaV VWXdied iQ cRPSUeVViRQ XViQg DMA. The cRPSUeVViYe d\QaPic 

SURSeUWieV Rf bRYiQe bUaiQ WiVVXe ZeUe heWeURgeQRXV fRU UegiRQV Rf cRURQa UadiaWa, cRUSXV 

caOORVXP, baVaO gaQgOia aQd cRUWe[ bXW QRW VeQViWiYe WR RUieQWaWiRQ VhRZiQg fUeTXeQc\ deSeQdeQW 

VWaWiVWicaO UeVXOWV, ZiWh YiVcReOaVWic SURSeUWieV iQcUeaViQg ZiWh fUeTXeQc\. DXe WR Whe Oack Rf 

e[SeUiPeQWaO daWa fRU cRPSUeVViYe fUeTXeQc\-deSeQdeQW SURSeUWieV Rf bUaiQ WiVVXe, PRVW 

ViPXOaWiRQV ZeUe aSSOied iQ Whe WiPe dRPaiQ ZiWh YiVcReOaVWic PRdeOV WR deVcUibe bUaiQ 

PechaQicaO behaYiRXU (Li eW aO. 2019; SaPadi-DRRki eW aO. 2018). ThiV chaSWeU haV RXWOiQed a 

OiQeaU YiVcReOaVWic PRdeO Zhich caQ be aSSOied iQ ViPXOaWiRQV WR UeSURdXce Whe cRPSUeVViYe 

d\QaPic UeVSRQVe Rf bUaiQ WiVVXe ZiWh adaSWiRQ Rf e[SeUiPeQWaO PRdXOi fRU diffeUeQW UegiRQV 

aQd diUecWiRQV.  

ChaSWeU 5 Rf WhiV WheViV iQYeVWigaWed Whe YiVcReOaVWic SURSeUWieV Rf bUaiQ WiVVXe XQdeU WiPe aQd 

fUeTXeQc\ WeVWiQg dRPaiQV. ThiV chaSWeU SUeVeQWed a WechQiTXe, fRU deUiYiQg WiPe-dRPaiQ 

YiVcReOaVWic SaUaPeWeUV fURP fUeTXeQc\-deSeQdeQW cRPSUeVViYe daWa Rf bUaiQ WiVVXe, aV 

YaOidaWed b\ cRPSaUiQg e[SeUiPeQWaO WeVWV ZiWh cRPSXWaWiRQaO ViPXOaWiRQV. AOWhRXgh d\QaPic 

PechaQicaO e[SeUiPeQWV aUe effecWiYe fRU PeaVXUiQg Whe YiVcReOaVWic SURSeUWieV Rf biRORgicaO 

WiVVXe RYeU a UaQge Rf fUeTXeQc\ (BaUWOeWW eW aO. 2020; KRhaQdeO eW aO. 2005; PaWWiVRQ eW aO. 2015), 

Whe d\QaPic SURSeUWieV aUe QRW aOZa\V aSSOicabOe iQ eQgiQeeUiQg, ZheUe aQaO\ViV iV SeUfRUPed 

XViQg a WiPe-deSeQdeQW dRPaiQ. ThiV iV Whe fiUVW VWXd\ WR YaOidaWe Whe XVe Rf YiVcReOaVWic daWa Rf 
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bUaiQ WiVVXe, deUiYed fURP Whe fUeTXeQc\-dRPaiQ, fRU XVe iQ FE PRdeOV iQ Whe WiPe-dRPaiQ. IW 

caQ SURYide ZideU aSSOicaWiRQV fRU RWheU biRORgicaO WiVVXeV (BXUWRQ eW aO. 2017; WiOcR[ eW aO. 

2014), ZheUe Whe fUeTXeQc\ deSeQdeQW SURSeUWieV haYe beeQ iQYeVWigaWed aQd deVcUibed XViQg 

ViPSOe fiWWiQg eTXaWiRQV RbWaiQed WhURXgh UegUeVViRQ aQaO\ViV. IQ WhiV chaSWeU, bUaiQ ZhiWe aQd 

gUe\ PaWWeU VaPSOeV ZeUe WeVWed WhURXgh DMA, VWUeVV UeOa[aWiRQ aQd c\cOic ORadiQg WeVWV ZiWh 

Whe VaPe Sh\VicaO cRQdiWiRQV aQd Whe WheRU\ Rf YiVcReOaVWiciW\ ZaV aSSOied WR eVWiPaWe Whe 

SUedicWiRQ Rf YiVcReOaVWic UeVSRQVe iQ Whe WiPe dRPaiQ baVed RQ fUeTXeQc\-deSeQdeQW 

PechaQicaO PRdXOi WhURXgh FiQiWe EOePeQW PRdeOV. IQ addiWiRQ, OaUge VWUaiQ behaYiRXU Rf bUaiQ 

WiVVXe ZaV aOVR VWXdied e[SeUiPeQWaOO\ aQd aQaO\Ved iQ ViPXOaWiRQV XViQg a TXaVi-OiQeaU 

YiVcReOaVWic PRdeO ZiWh OgdeQ, GeQW aQd NeR-HRRkeaQ h\SeUeOaVWic PRdeOV. The QLV PRdeO 

ZiWh OgdeQ PRdeO beiQg Whe eOaVWic UeVSRQVe caQ beVW deVcUibe Whe bUaiQ WiVVXe ZheQ Whe OaUge 

defRUPaWiRQ iV cRQVideUed. 
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6.2 CRQcOXViRQV 

The RYeUaOO cRQcOXViRQV fURP WhiV WheViV aUe RXWOiQed beORZ: 

1) BUaiQ WiVVXe VhRZV fUeTXeQc\ deSeQdeQW-YiVcReOaVWic SURSeUWieV. AV Whe iQdeQWeU Vi]e 

iQcUeaVed, Whe VWRUage aQd ORVV VWiffQeVV Rf SRUciQe bUaiQ WiVVXe VigQificaQWO\ iQcUeaVed (p < 

0.05). The VWRUage VWiffQeVV decUeaVed VigQificaQWO\ aV Whe PeaQ diVSOacePeQW decUeaVed (p 

< 0.05). The aYeUage VWRUage PRdXOXV Rf SRUciQe bUaiQ WiVVXe ZaV fRXQd WR be 8.09 kPa aQd 

Whe aYeUage ORVV PRdXOXV ZaV fRXQd beiQg 4.85 kPa.  

2) The d\QaPic SURSeUWieV Rf bRYiQe bUaiQ WiVVXe ZeUe heWeURgeQRXV fRU UegiRQV iQcOXdiQg 

ZhiWe PaWWeU (cRURQa UadiaWa aQd cRUSXV caOORVXP) aQd gUe\ PaWWeU (cRUWe[ aQd baVaO 

gaQgOia). GeQeUaOO\, Whe d\QaPic VWRUage aQd ORVV PRdXOi Rf ZhiWe PaWWeU (15.72 kPa aQd 

7.09 kPa) ZeUe gUeaWeU WhaQ WhaW Rf gUe\ PaWWeU (7.97 kPa aQd 3.45 kPa). The bUaiQ WiVVXe 

fURP Whe cRUSXV caOORVXP VhRZed Whe gUeaWeVW PeaQ VWRUage aQd ORVV PRdXOXV (18.19 kPa 

aQd 7.82 kPa) RYeU fUeTXeQcieV, fROORZed b\ Whe cRURQa UadiaWa (12.28 kPa aQd 6.08 kPa). 

The bRYiQe bUaiQ WiVVXe fURP Whe cRUWe[ had PaUgiQaOO\ higheU PeaQ VWRUage aQd ORVV 

PRdXOXV (8.86 kPa aQd 3.85 kPa) WhaQ fURP Whe baVaO gaQgOia ZiWh a ORZeVW YaOXe Rf 7.05 

kPa aQd 3.02 kPa. 

3) FRU Whe d\QaPic YiVcReOaVWic behaYiRXU Rf bRYiQe bUaiQ WiVVXe, QR VigQificaQW diUecWiRQaO 

deSeQdeQc\ RQ Whe VWRUage PRdXOXV ZaV UeYeaOed RYeU aOO fUeTXeQcieV WeVWed ZhiOe Whe ORVV 
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PRdXOXV ZaV fRXQd VigQificaQWO\ OaUgeU aW 1.8 WR 1.6 WiPeV fRU bUaiQ VSeciPeQV WeVWed 

aOigQed WR Whe fibUe WUacWV beORZ Whe fUeTXeQc\ Rf 7 H] (p < 0.05). 

4) The OiQeaU YiVcReOaVWic PRdeO iQ Whe fUeTXeQc\ dRPaiQ caQ be XVed WR chaUacWeUi]e Whe 

cRPSUeVViYe PechaQicaO behaYiRXU Rf bRYiQe bUaiQ WiVVXe iQ QXPeUicaO PRdeOV acURVV a 

UaQge Rf fUeTXeQcieV. The TXaVi-OiQeaU YiVcReOaVWic PRdeO XVed ZiWh a h\SeUeOaVWic 

cRPSRQeQW caQ deVcUibe Whe OaUge VWUaiQ UeVSRQVe Rf bUaiQ WiVVXe. 

5) The WiPe-dRPaiQ PaWeUiaO fXQcWiRQV caQ be RbWaiQed WhURXgh Whe cRUUeVSRQdiQg fUeTXeQc\-

dRPaiQ PaWeUiaO fXQcWiRQV baVed RQ a PURQ\ VeUieV UeSUeVeQWaWiRQ. The aSSURach Rf 

cRQYeUWiQg PaWeUiaO SURSeUWieV beWZeeQ fUeTXeQc\ aQd WiPe dRPaiQV eQabOeV bUaiQ 

PRdeOOiQg iQ Whe WiPe dRPaiQ baVed RQ Whe PechaQicV Rf bUaiQ WiVVXe PeaVXUed XQdeU 

d\QaPic ORadiQg cRQdiWiRQV. 
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6.3 LiPiWaWiRQV aQd FXWXUe WRUk 

The RYeUaOO OiPiWaWiRQV fURP WhiV WheViV aUe RXWOiQed beORZ: 

1) The XVe Rf aQiPaO bUaiQ WiVVXe (i.e. SRUciQe aQd bRYiQe bUaiQV) iQ SOace Rf hXPaQ bUaiQ WiVVXe 

fRU aOO e[SeUiPeQWV SUeVeQWed iQ WhiV WheViV aV Whe OiPiWaWiRQ. AOWhRXgh WheUe aUe ViPiOaUiWieV 

RQ PechaQicaO UeVSRQVe Rf bUaiQ WiVVXe beWZeeQ hXPaQ aQd SRUciQe, hXPaQ bUaiQ WiVVXe 

ZRXOd VWiOO be ideaO dXe WR Whe diffeUeQceV iQ Vi]e aQd PRUShRORg\. 

2) FRU aOO PechaQicaO WeVWiQg iQ WhiV WheViV, Whe bUaiQ WiVVXe ZaV WeVWed in vitro. DiUecWO\ 

PeaVXUiQg bUaiQ WiVVXe SURSeUWieV iQ Whe bRd\ ZRXOd be ideaO, hRZeYeU, cXUUeQW WechQRORgieV 

aUe iQVXfficieQW fRU iVROaWiQg bUaiQ WiVVXe SURSeUWieV aW YaUiRXV ORadiQg cRQdiWiRQV. The 

YaUiaWiRQ iQ PechaQicaO chaUacWeUi]aWiRQ Pa\ be dXe WR Whe diffeUeQce beWZeeQ in vivo aQd 

in vitro SURSeUWieV Rf WiVVXe. 

3) AOO WeVWV ZeUe cRQdXcWed aW URRP WePSeUaWXUe. AOWhRXgh a VOighW iQfOXeQce Rf WePSeUaWXUe 

RQ Whe PechaQicaO SURSeUWieV Rf Whe WiVVXe, Whe PaiQ SXUSRVe Rf WhiV WheViV ZaV WR XQdeUVWaQd 

Whe d\QaPic PechaQicaO chaUacWeUi]aWiRQ Rf bUaiQ WiVVXe XQdeU YaUiRXV ORadiQg cRQdiWiRQV. 

4) AOWhRXgh aOO WeVWed bUaiQ VSeciPeQV ZeUe h\dUaWed ZiWh RiQgeU¶V VROXWiRQ dXUiQg Whe WeVWiQg 

SURceVV WR Pake Whe cRQWacW VXUface UeOaWiYeO\ VPRRWh, Whe effecW Rf Whe fUicWiRQ RQ 

cRPSUeVViYe PechaQicaO SURSeUWieV acWV aV a fXUWheU OiPiWaWiRQ. 
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5) The VcaOSeO XVed iQ ChaSWeU 3 WR RbWaiQ bUaiQ VSeciPeQV Pa\ cRQWUibXWe WR a VPaOO aPRXQW 

Rf YaUiabiOiW\ iQ Whe VaPSOe Vi]e aQd VhaSe. HRZeYeU, Whe diaPeWeU Rf VaPSOeV ZaV PeaVXUed 

XViQg caOOiSeUV iQ diffeUeQW diUecWiRQV aQd Whe PRdXOi accRXQW fRU Whe YaUiabiOiW\. 

6) The PaWeUiaO cRQVWiWXWiYe PRdeO SUeVeQWed iQ ChaSWeU 4 aQd 5 ZaV chaUacWeUi]ed baVed RQ 

Whe cRPSUeVViYe UeVSRQVe Rf Whe bUaiQ WiVVXe. TheUefRUe, Whe accXUac\ Rf Whe SUeVeQWed 

cRQVWiWXWiYe PRdeO iV OiPiWed WR cRPSUeVViYe ORadiQg cRQdiWiRQV. 

FRU aOO e[SeUiPeQWaO chaSWeUV SUeVeQWed iQ WhiV WheViV, iW ZRXOd be Rf YaOXe WR WeVW hXPaQ bUaiQ 

WiVVXe XQdeU Whe VaPe WeVWiQg PeWhRdV. The iPSOePeQWaWiRQ Rf hXPaQ bUaiQ WiVVXe ZRXOd aVVeVV 

Whe feaVibiOiW\ Rf aQiPaO bUaiQ WiVVXe aV a PRdeO fRU hXPaQ bUaiQ WiVVXe. IQ addiWiRQ, Whe XVe Rf 

hXPaQ bUaiQ WiVVXe caQ SURYide YaOXabOe cOiQicaO iQfRUPaWiRQ aQd acW diUecWO\ aV a beQchPaUk 

fRU PaWchiQg a SRWeQWiaO cOiQicaO-gUade biRPaWeUiaO VXiWabOe fRU UegeQeUaWiYe PediciQe. AOO 

PechaQicaO WeVWV iQ WhiV WheViV ZeUe cRQdXcWed aW URRP WePSeUaWXUe. A fXWXUe deYeORSPeQW 

cRQVideUV Whe iQfOXeQce Rf WePSeUaWXUe RQ Whe PechaQicaO SURSeUWieV Rf Whe bUaiQ WiVVXe. 

FXUWheU WeQViOe RU VheaU e[SeUiPeQWaO WeVWV cRXOd be aSSOied RQ bUaiQ WiVVXe iQ Whe fXWXUe XQdeU 

Whe VaPe WeVWiQg cRQdiWiRQV (e.g. Whe fUeTXeQc\ UaQge) WR deYeORS a geQeUaO cRQVWiWXWiYe PRdeO 

Zhich iV abOe WR caSWXUe WiVVXe d\QaPic PechaQicaO behaYiRU XQdeU cRPbiQed VheaU, WeQViRQ 

aQd cRPSUeVViRQ ORadiQg caVeV. The PaWeUiaO cRQVWiWXWiYe PRdeO cRXOd be fXUWheU deYeORSed 

ZheQ cRQVideUiQg Whe biShaVic WheRU\ ZheUe Whe bUaiQ WiVVXe iV cRQVideUed WR be VaWXUaWed ZiWh 

ceUebURVSiQaO fOXid, eQabOiQg WR caSWXUe Whe behaYiRXU caXVed b\ Whe PRYePeQW Rf Whe fOXid iQ 
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Whe VROid PaWUi[. 

The WeVWiQg cRQdiWiRQV aSSOied RQ bUaiQ VaPSOeV ZeUe aVVRciaWed ZiWh bUaiQ iQjXUieV VXch aV PiOd 

bUaiQ WUaXPa aQd diffXVe a[RQaO iQjXU\. The d\QaPic PechaQicaO SURSeUWieV aQd YiVcReOaVWic 

PRdeOOiQg Rf bUaiQ WiVVXe SUeVeQWed iQ WhiV WheViV cRXOd be fXUWheU aSSOied iQ Whe aQaO\ViV Rf 

accideQW-UeOaWed VceQaUiRV ZiWh Whe head VXbjecWed WR faOOV aQd aXWRPRWiYe accideQWV. IQ addiWiRQ, 

Whe ORadiQg cRQdiWiRQV RQ bUaiQ WiVVXe cRXOd be e[WeQded iQ Whe fXWXUe ZiWh OaUgeU fUeTXeQc\ 

UaQge RU VWUaiQ OeYeO WR iQYeVWigaWe d\QaPic PechaQicaO behaYiRXU Rf bUaiQ WiVVXe XQdeU QRQ-

SeQeWUaWiQg baOOiVWic aQd WUaffic URad iPSacWV. 

WiWh UegaUdV WR ChaSWeU 5, Whe WiPe-deSeQdeQW PechaQicaO SURSeUWieV RQ bUaiQ WiVVXe cRXOd be 

fXUWheU iQYeVWigaWed aW a UaQge Rf Seak VWUaiQV aQd VWUaiQ UaWeV UeSUeVeQWaWiYe Rf Sh\ViRORgicaO 

aQd iQjXUiRXV ORadiQg cRQdiWiRQV. IW cRXOd SURYide iPSRUWaQW iQfRUPaWiRQ if a PRUe cRPSOicaWed 

PaWeUiaO PRdeO iV UeTXiUed WR deVcUibe Whe WiVVXe behaYiRU XQdeU aUbiWUaU\ ORadiQg caVeV. FXUWheU, 

iW ZRXOd be Rf YaOXe WR XVe Whe iQYeUVe FE PRdeOOiQg fRU RSWiPi]aWiRQ WR RbWaiQ Whe PaWeUiaO 

SaUaPeWeUV. The adYaQced RSWiPi]aWiRQ PeWhRd cRXOd diUecWO\ iQcRUSRUaWe FE PRdeOV iQ Whe 

SaUaPeWeU RSWiPi]aWiRQ aQd SURYide aQ accXUaWe FE-adRSWabOe PRdeO fRU Whe PaWeUiaO. 
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