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ܸܐ1۫1 Introductionܸ ܸܹ

Inertialܸܸsܸensingܸܸiܸsܸܸaܸnܸܸiܸmportantܸܸpܸartܸܸoܸfܸܸeܸngineeringܸܸaܸndܸܸtܸechnologyۤ ܸܸeܸspeciallyܸܸfܸorܸܸdܸeterminingܸܸܹ

spatialܸܸoܸrientationܸܸ۫Oܸneܸܸoܸfܸܸtܸheܸܸmܸostܸܸiܸmportantܸܸaܸspectsܸܸoܸfܸܸiܸnertialܸܸsܸensingܸܸiܸsܸܸbܸeingܸܸaܸbleܸܸtܸoܸܸtܸranslateܸܸaܸܸܸܹ

measurableܸܸiܸnputܸܸsܸignalܸܸtܸoܸܸiܸtsܸܸcܸorrespondingܸܸiܸnertialܸܸmܸovementܸܸ۫Iܸtܸܸiܸsܸܸiܸmportantܸܸtܸoܸܸkܸnowܸܸnܸotܸܸjܸustܸܸtܸhatܸܸܹ

somethingܸܸmܸovedܸܸۤbܸutܸܸiܸnܸܸwܸhatܸܸdܸirectionܸܸaܸndܸܸiܸnܸܸwܸhatܸܸpܸeriodܸܸoܸfܸܸtܸimeܸܸtܸhatܸܸiܸtܸܸmܸovedܸܸ۫Oܸneܸܸcܸomponentܸܸܹ

thatܸܸiܸsܸܸuܸsedܸܸtܸoܸܸdܸetermineܸܸiܸnertialܸܸiܸnformationܸܸiܸsܸܸtܸheܸܸgܸyroscopicܸܸsܸensorܸܸ۫Gܸyroscopesܸܸaܸreܸܸuܸsedܸܸiܸnܸܸmܸanyܸܸܹ

electronicsܸܸaܸpplicationsܸܸtܸodayۤ ܸܸrܸangingܸܸfܸromܸܸmܸobileܸܸcܸellܸܸpܸhonesܸܸۤtܸoܸܸmܸarineܸܸnܸavigationܸܸuܸnitsܸܸۤtܸoܸܸmܸissileܸܸܹ

orܸܸrܸocketܸܸsܸhipܸܸcܸontrolܸܸuܸnitsܸܸܸܸܸ۫܈1܇Aܸtܸܸtܸheirܸܸcܸoreܸܸۤaܸllܸܸgܸyroscopesܸܸaܸreܸܸdܸevicesܸܸtܸhatܸܸsܸenseܸܸcܸhangesܸܸiܸnܸܸaܸngularܸܸܹ

velocity۫ ܸܸTܸheܸܸΟܸrstܸܸgܸyroscopesܸܸwܸereܸܸpܸurelyܸܸmܸechanicalܸܸۤbܸutܸܸdܸueܸܸtܸoܸܸaܸdvancesܸܸiܸnܸܸtܸechnologyܸܸtܸhereܸܸaܸreܸܸnܸowܸܸܹ

aܸܸhܸandfulܸܸoܸfܸܸdܸiΜerentܸܸtܸypesܸܸoܸfܸܸgܸyroscopicܸܸsܸensorsܸܸaܸvailableܸܸ۫Tܸheܸܸmܸostܸܸcܸommonܸܸgܸyroscopicܸܸsܸensorsܸܸuܸsedܸܸܹ

todayܸܸaܸreܸܸtܸheܸܸMܸEMSܸܸtܸypeܸܸۤdܸueܸܸtܸoܸܸtܸheirܸܸrܸelativelyܸܸgܸoodܸܸpܸerformanceܸܸaܸndܸܸlܸowܸܸcܸostܸܸۤmܸadeܸܸpܸossibleܸܸܹ

throughܸܸaܸdvancementsܸܸiܸnܸܸmܸanufacturingܸܸܸܸܸ۫܈2܇ ܸܹܹ

EvenܸܸtܸhoughܸܸMܸEMSܸܸgܸyroscopicܸܸsܸensorsܸܸaܸreܸܸwܸidelyܸܸuܸsedܸܸfܸorܸܸmܸanyܸܸaܸpplicationsܸܸۤtܸheyܸܸdܸoܸܸhܸaveܸܸܹ

someܸܸdܸrawbacksܸܸaܸndܸܸtܸheyܸܸaܸreܸܸnܸotܸܸsܸuitableܸܸfܸorܸܸeܸveryܸܸaܸpplicationܸܸ۫Mܸostܸܸnܸotablyۤ ܸܸMܸEMSܸܸgܸyroscopeܸܸܹ

sensorsܸܸcܸanܸܸbܸeܸܸlܸessܸܸaܸccurateܸܸoܸverܸܸlܸongerܸܸpܸeriodsܸܸoܸfܸܸtܸimeܸܸtܸhanܸܸoܸtherܸܸtܸypesܸܸoܸfܸܸgܸyroscopicܸܸsܸensorsܸܸbܸecauseܸܸܹ

biasingܸܸcܸanܸܸvܸaryܸܸwܸithܸܸvܸoltageܸܸaܸndܸܸtܸemperatureܸܸۤwܸhichܸܸrܸesultsܸܸiܸnܸܸdܸriftܸܸܸܸܸ۫܈م1܇WܸhenܸܸmܸeasuringܸܸBܸiasܸܸܹ

Stabilityۤ ܸܸsܸpeciΟcallyۤ ܸܸoܸtherܸܸtܸypesܸܸoܸfܸܸsܸensorsܸܸcܸanܸܸoܸbtainܸܸuܸpܸܸtܸoܸܸ5ܸܸܸoܸrdersܸܸoܸfܸܸmܸagnitudeܸܸbܸetterܸܸrܸatingsܸܸtܸhanܸܸܹ

MEMSܸܸܸܸܸ۫܈3܇TܸhisܸܸiܸsܸܸiܸllustratedܸܸiܸnܸܸΟܸgureܸܸ1ܸܸ۫ ܸܹ

ܸܹ
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ܸܹ

ܸܹ

Figureܸܸ1ܸ:ܸܸܸܸGyroscopeܸܸtܸechnologyܸܸpܸerformanceܸܸcܸhartܸܸܸܸ܈1܇ ܸܹ

Aܸܸnܸovelܸܸiܸnertialܸܸsܸensorܸܸtܸechnologyܸܸtܸhatܸܸrܸeliesܸܸoܸnܸܸtܸheܸܸgܸyroscopicܸܸpܸropertiesܸܸoܸfܸܸmܸagneticܸܸܹ

nanoparticlesܸܸiܸsܸܸiܸnvestigatedܸܸhܸereܸܸܸܸܸ۫܈4܇Tܸhisܸܸtܸechnologyܸܸuܸtilizesܸܸfܸerriteܸܸnܸanoparticlesܸܸwܸithܸܸaܸnܸܸaܸverageܸܸܹ

radiusܸܸoܸfܸܸaܸboutܸܸ1ܸ5nmܸܸۤwܸhichܸܸiܸsܸܸsܸmallerܸܸtܸhanܸܸtܸheܸܸΟܸnestܸܸfܸeaturesܸܸfܸoundܸܸiܸnܸܸMܸEMSܸܸsܸtyleܸܸgܸyroscopesܸܸ۫Tܸheܸܸܹ

workingܸܸpܸrincipleܸܸoܸfܸܸtܸhisܸܸtܸechnologyۤ ܸܸhܸoweverܸܸۤiܸsܸܸmܸechanicalܸܸpܸrecessionܸܸۤrܸatherܸܸtܸhanܸܸtܸheܸܸvܸibratingܸܸܹ

phenomenaܸܸeܸmployedܸܸbܸyܸܸMܸEMSܸܸsܸtyleܸܸgܸyroscopesܸܸ۫Tܸheܸܸgܸoalܸܸoܸfܸܸtܸhisܸܸtܸechnologyܸܸiܸsܸܸtܸoܸܸpܸrovideܸܸaܸnܸܸܹ

alternativeܸܸtܸoܸܸMܸEMSܸܸgܸyroscopesܸܸtܸhatܸܸpܸrovidesܸܸiܸncreasedܸܸiܸmmunityܸܸtܸoܸܸeܸnvironmentalܸܸfܸactorsܸܸۤsܸuchܸܸaܸsܸܸܹ

temperatureܸܸaܸndܸܸpܸressureܸܸۤwܸhileܸܸaܸlsoܸܸpܸrovidingܸܸaܸccurateܸܸiܸnertialܸܸmܸeasurementsܸܸ۫ ܸܹܹ

ܸܹ

ܸܐ1۫2 Purposeܸ ܸܹ

Theܸܸgܸoalܸܸoܸfܸܸtܸhisܸܸrܸesearchܸܸiܸsܸܸtܸoܸܸܸmܸodelܸܸtܸheܸܸ3ܸDܸܸtܸorqueܸܸoܸfܸܸnܸanoܜparticlesܸܸiܸnܸܸtܸhisܸܸsܸensorܸܸtܸechnologyܸܸܹ

toܸܸdܸetermineܸܸtܸheܸܸeܸlectromagneticܸܸrܸesponseܸܸtܸoܸܸaܸngularܸܸdܸisplacementܸܸ۫Tܸheܸܸpܸrimaryܸܸoܸbjectivesܸܸoܸfܸܸtܸhisܸܸܹ

researchܸܸaܸreۣܸ ܸܹ

ܸܹ
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ܸܹ

iܹܸܸܐ ToܸܸtܸheorizeܸܸaܸܸܸmܸodelܸܸcܸonsistentܸܸwܸithܸܸfܸerroΠuidܸܸmܸechanicsܸܸtܸoܸܸdܸescribeܸܸtܸheܸܸtܸorqueܸܸoܸfܸܸfܸerriteܸܸܹ

nanoܜparticlesܸܸaܸsܸܸaܸܸܸ3ܸDܸܸvܸectorܸ۫ ܸܹ

iiܸܐ ܸTܸoܸܸsܸimulateܸܸtܸheܸܸeܸlectromagneticܸܸΟܸeldsܸܸۤaܸndܸܸeܸΜectsܸܸtܸhereofܸܸۤfܸorܸܸtܸheܸܸfܸerriteܸܸnܸanoܜparticleܸܸmܸodelܸܸܹ

withܸܸaܸnܸܸaܸlternatingܸܸcܸurrentܸܸsܸupply۫ ܸ ܸܹ

iiiܸܐ ܸTܸoܸܸcܸompareܸܸsܸimulatedܸܸaܸndܸܸtܸheorizedܸܸrܸesultsܸܸtܸoܸܸeܸmpiricallyܸܸcܸollectedܸܸdܸataܸܸtܸoܸܸdܸetermineܸܸwܸhetherܸܸܹ

thisܸܸtܸechnologyܸܸiܸsܸܸvܸiableܸܸfܸorܸܸuܸseܸܸiܸnܸܸaܸܸܸgܸyroscopicܸܸsܸensingܸܸaܸpplicationܸ۫ ܸܹ

ܸܹ

ܸܐ1۫3 Scopeܸ ܸܹ

ThisܸܸsܸtudyܸܸaܸnalysesܸܸtܸheܸܸsܸpeciΟcܸܸnܸanoܜparticleܸܸsܸensorܸܸtܸechnologyܸܸiܸntroducedܸܸiܸnܸܸaܸܸܸsܸingleܸܸpܸreviousܸܸܹ

study۫ ܸܸTܸhisܸܸrܸesearchܸܸiܸsܸܸfܸocusedܸܸoܸnܸܸdܸevelopingܸܸtܸheܸܸtܸheoreticalܸܸmܸodelܸܸoܸfܸܸtܸhisܸܸsܸensorܸܸtܸechnologyܸܸtܸoܸܸmܸodelܸܸܹ

theܸܸrܸesponseܸܸaܸsܸܸaܸܸܸ3ܸDܸܸvܸectorܸܸۤrܸatherܸܸtܸhanܸܸjܸustܸܸaܸܸܸmܸagnitudeܸܸsܸcalarܸܸ۫ ܸܹܹ

ܸܹ

ܸܐ1۫4 Assumptionsܸ ܸܹ

TheܸܸaܸssumptionsܸܸmܸadeܸܸfܸorܸܸtܸhisܸܸrܸesearchܸܸaܸreܸܸlܸargelyܸܸbܸasedܸܸoܸnܸܸtܸheܸܸsܸpeciΟcܸܸsܸensorܸܸtܸechnologyܸܸܹ

usedܸܸ۫Aܸssumptionsܸܸaܸreܸܸmܸadeܸܸaܸboutܸܸtܸheܸܸoܸverallܸܸsܸensorܸܸsܸizeܸܸۤgܸeometryۤ ܸܸaܸndܸܸcܸompositionܸܸۤaܸsܸܸwܸellܸܸaܸsܸܸtܸheܸܸܹ

nanoܜparticleܸܸpܸropertiesܸܸoܸfܸܸmܸagnetizationܸܸaܸndܸܸsܸpinܸܸ۫Tܸheseܸܸaܸssumptionsܸܸaܸreܸܸfܸurtherܸܸeܸxplainedܸܸiܸnܸܸsܸectionܸܸܹ

2۫1ܸ۫ ܸܹ

ܸܹ

ܸܐ1۫5 ResearchܸܸQܸuestionܸ ܸܹ

Theܸܸsܸensorܸܸtܸechnologyܸܸsܸtudiedܸܸhܸasܸܸbܸeenܸܸpܸreviouslyܸܸpܸrovenܸܸtܸoܸܸeܸxhibitܸܸmܸeasurableܸܸeܸlectricalܸܸܹ

currentܸܸܸ܏onܸܸtܸheܸܸoܸrderܸܸoܸfܸܸmܸilliampsܸܸܐcܸorrespondingܸܸtܸoܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸaܸngularܸܸdܸisplacementܸܸ۫Tܸheܸܸܹ

researchܸܸqܸuestionܸܸhܸereܸܸiܸsܸܸwܸhetherܸܸoܸrܸܸnܸotܸܸtܸheseܸܸmܸeasurementsܸܸcܸanܸܸbܸeܸܸeܸxpandedܸܸۤbܸyܸܸmܸodelingܸܸaܸsܸܸaܸܸܸvܸectorܸܸܹۤ

ܸܹ
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ܸܹ

toܸܸdܸetermineܸܸiܸnformationܸܸaܸboutܸܸtܸheܸܸdܸirectionܸܸoܸfܸܸaܸngularܸܸdܸisplacementܸܸۤrܸatherܸܸtܸhanܸܸjܸustܸܸtܸheܸܸmܸagnitudeܸܸܹۤ

andܸܸwܸhetherܸܸoܸrܸܸnܸotܸܸtܸhisܸܸtܸechnologyܸܸiܸsܸܸvܸiableܸܸfܸorܸܸiܸnertialܸܸsܸensingܸܸaܸpplicationsܸܸ۫ ܸܹܹ

ܸܹ

ܸܐك1۫ SigniΟcanceܸ ܸܹ

Thisܸܸrܸesearchܸܸwܸillܸܸiܸmproveܸܸtܸheܸܸuܸnderstandingܸܸoܸfܸܸtܸhisܸܸnܸovelܸܸiܸnertialܸܸsܸensingܸܸtܸechnologyۤ ܸܸaܸndܸܸܹ

helpܸܸtܸoܸܸdܸetermineܸܸwܸhetherܸܸoܸrܸܸnܸotܸܸiܸtܸܸiܸsܸܸvܸiableܸܸfܸorܸܸrܸealܜworldܸܸaܸpplicationsܸ۫ ܸܹ

ܸܹ

ܸܐل1۫ DeΟnitionsܸ ܸܹ

Aܸܸrܸelationshipܸܸeܸxistsܸܸfܸorܸܸtܸhisܸܸnܸovelܸܸsܸensingܸܸtܸechnologyܸܸܸܸܸ܈4܇tܸoܸܸcܸalculateܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸtܸheܸܸܹ

magneticܸܸΟܸeldܸܸrܸesponseܸܸtܸoܸܸaܸngularܸܸdܸisplacementܸܸۤpܸrovidedܸܸiܸnܸܸeܸquationsܸܸ1ܸܸܸaܸndܸܸ2ܸܸܸ۫ ܸܹܹ

B SUeceVVed        ( I    ߚ     ౲    -    ɏ  V ౲೼   /    M ೻sin೻շ 1 ೼೼        ( 2mU 2 ౲5   /   ߚ    -    ɏ  V ౲೼   /    M ೻sin೻շ 1 ೼೼ (HTQ   1)    >4@   
 

B QRW_SUeceVVed        ( I  a       -    ɏ  V ౲೼   /    M ೻sin೻շ 2 ೼೼        ( 2mU 2  a    /   5    -    ɏ  V ౲೼   /    M ೻sin೻շ 2 ೼೼ (HTQ   2)    >4@   
 

 
Thisܸܸrܸelationshipܸܸcܸanܸܸaܸlsoܸܸbܸeܸܸeܸxpressedܸܸiܸnܸܸtܸermsܸܸoܸfܸܸtܸheܸܸpܸhysicalܸܸtܸorqueܸܸeܸxperiencedܸܸbܸyܸܸtܸheܸܸܹ

particlesܸܸaܸsܸܸpܸrovidedܸܸiܸnܸܸeܸquationsܸܸ3ܸܸܸaܸndܸܸ4ܸܸ۫ ܸܹ

 SUeceVVed         ߚ    I    ౲    -    ɏ  V ౲   ࡙     M   B    sin೻շ 1 ೼ (HTQ   3)    >4@   
 

 QRW_SUeceVVed         I  a       -    ɏ  V ౲   ࡙     M   B    sin೻շ 2 ೼ (HTQ   4)    >4@   
 

 
InܸܸtܸheseܸܸrܸelationshipsܸܸܸۤܨprecessedܸܸܩaܸndܸܸܸܨnotܸܸpܸrecessedܸܸܩcܸanܸܸbܸeܸܸdܸeΟnedܸܸaܸsܸܸfܸollowsۣܸ ܸܹ

ܸܹ

Precessedۣܸ Whenܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸsܸpinningܸܸܸ܏momentarilyܸܸܐaܸboutܸܸaܸnܸܸaܸxisܸܸtܸhatܸܸiܸsܸܸoܸΜsetܸܸܹ

fromܸܸtܸheܸܸaܸxisܸܸbܸyܸܸwܸhichܸܸtܸheܸܸsܸuppliedܸܸsܸpinningܸܸfܸorceܸܸiܸsܸܸaܸppliedܸܸ۫Tܸhisܸܸoܸccursܸܸܹ

ܸܹ
ܸك1 ܸܹ



ܸܹ

whenܸܸtܸheܸܸsܸensorܸܸiܸsܸܸtܸiltedܸܸaܸndܸܸbܸeforeܸܸtܸheܸܸnܸanoparticlesܸܸsܸhiftܸܸtܸoܸܸrܸealignܸܸtܸheirܸܸܹ

rotationalܸܸaܸxisܸ۫ ܸܹ

NotܸܸPܸrecessedۣܸWhenܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸsܸpinningܸܸaܸboutܸܸtܸheܸܸsܸameܸܸaܸxisܸܸtܸhatܸܸtܸheܸܸsܸuppliedܸܸܹ

spinningܸܸfܸorceܸܸiܸsܸܸaܸppliedܸܸ۫Tܸhisܸܸrܸepresentsܸܸtܸheܸܸsܸteadyܜstateܸܸoܸfܸܸtܸheܸܸnܸanoܜparticlesܸܸܹ

whenܸܸsܸpinningܸܸwܸithinܸܸtܸheܸܸsܸensorܸ۫ ܸܹ

ܸܹ

Dueܸܸtܸoܸܸtܸheܸܸsܸuperparamagneticܸܸpܸropertiesܸܸoܸfܸܸtܸheܸܸmܸagnetiteܸܸnܸanoparticlesܸܸۤtܸheܸܸmܸagneticܸܸܹ

momentܸܸoܸfܸܸtܸheܸܸnܸanoparticlesܸܸܸۤ  ܸܸۤoܸnlyܸܸeܸxistsܸܸiܸnܸܸtܸheܸܸpܸresenceܸܸoܸfܸܸaܸܸܸmܸagneticܸܸΟܸeldܸܸ۫Iܸtܸܸiܸsܸܸiܸmportantܸܸtܸoܸܸnܸoteܸܸm ܹ

theܸܸdܸiΜerenceܸܸhܸereܸܸbܸetweenܸܸtܸheܸܸmܸagneticܸܸmܸomentܸܸܸۤ  ܸܸۤoܸfܸܸtܸheܸܸnܸanoparticlesܸܸaܸndܸܸtܸheܸܸmܸagnetizationܸܸܸܸۤMܸ۫ڤm ܹ

Theܸܸmܸagneticܸܸmܸomentܸܸܸۤ  ܸܸۤcܸanܸܸbܸeܸܸeܸxpressedܸܸaܸsܸܸpܸrovidedܸܸiܸnܸܸeܸquationܸܸ5ܸܸ۫ ܸm ܹ

dVm =∫
 

 
∫
 

 
∫
 

 
M (HTQ   5)   

 
Becauseܸܸwܸeܸܸaܸreܸܸdܸescribingܸܸtܸheܸܸoܸrientationܸܸoܸfܸܸaܸܸܸrܸigidܸܸbܸodyܸܸܸ܏theܸܸsܸensorܸܸܐwܸithܸܸrܸespectܸܸtܸoܸܸaܸܸܸΟܸxedܸܸܹ

coordinateܸܸsܸystemܸܸۤiܸtܸܸiܸsܸܸaܸlsoܸܸhܸelpfulܸܸtܸoܸܸuܸseܸܸEܸulerܸܸAܸnglesܸܸiܸnܸܸoܸrderܸܸtܸoܸܸdܸecomposeܸܸtܸheܸܸaܸngularܸܸcܸomponentsܸܸܹ

ofܸܸtܸheܸܸsܸystemܸܸiܸntoܸܸtܸheܸܸΟܸxedܸܸcܸoordinateܸܸsܸystemܸܸ۫Fܸigureܸܸ2ܸܸܸsܸhowsܸܸtܸheܸܸgܸeometricalܸܸdܸeΟnitionܸܸoܸfܸܸtܸheܸܸeܸulerܸܸܹ

anglesܸܸtܸhatܸܸwܸillܸܸbܸeܸܸuܸsedܸܸ۫TܸheܸܸEܸulerܸܸaܸnglesܸܸhܸelpܸܸtܸoܸܸdܸescribeܸܸtܸheܸܸsܸystemܸܸfܸorܸܸmܸoreܸܸcܸomplexܸܸcܸasesܸܸwܸhenܸܸtܸheܸܸܹ

sensorܸܸiܸsܸܸtܸiltedܸܸaܸboutܸܸmܸultipleܸܸsܸpatialܸܸaܸxesܸܸsܸimultaneouslyܸܸܸ܏orܸܸcܸoncurrentlyܸܸ۫ܐ ܸܹܹ

Becauseܸܸtܸheܸܸpܸarticlesܸܸiܸnܸܸtܸheܸܸsܸensorܸܸaܸreܸܸoܸnlyܸܸnܸanometersܸܸiܸnܸܸdܸiameterܸܸۤsܸcalingܸܸlܸawsܸܸmܸustܸܸbܸeܸܸܹ

consideredܸܸ۫SܸpeciΟcallyۤ ܸܸtܸheܸܸsܸcalingܸܸlܸawsܸܸfܸorܸܸmܸomentܸܸoܸfܸܸiܸnertiaܸܸoܸfܸܸaܸܸܸsܸphereܸܸۤsܸinceܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸܹ

sphericalܸܸ۫Iܸnܸܸoܸrderܸܸtܸoܸܸaܸssessܸܸtܸheseܸܸsܸcalingܸܸlܸawsܸܸۤtܸheܸܸmܸomentܸܸoܸfܸܸiܸnertiaܸܸfܸorܸܸaܸܸܸsܸphereܸܸiܸsܸܸpܸrovidedܸܸiܸnܸܸܹ

equationܸܸܸܸ۫ك ܸܹ

mUIVSheUe = 5
2 2 (HTQ   6)   
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ܸܹ

ܸܹ

Figureܸܸ2ܸ:ܸܸEܸulerܸܸAܸnglesܸܸ[ܸ5]ܸܹ

TheseܸܸEܸulerܸܸaܸnglesܸܸaܸreܸܸaܸppliedܸܸoܸnlyܸܸfܸorܸܸtܸheܸܸcܸaseܸܸwܸhereܸܸtܸheܸܸsܸensorܸܸiܸsܸܸtܸiltedܸܸۤaܸndܸܸtܸheܸܸnܸanoparticleܸܸܹ

spinܸܸaܸxisܸܸiܸsܸܸmܸomentarilyܸܸmܸisalignedܸܸwܸithܸܸtܸheܸܸaܸppliedܸܸrܸotatingܸܸmܸagneticܸܸΟܸeldܸܸaܸxisܸܸ۫LܸookingܸܸaܸtܸܸΟܸgureܸܸ2ܸܸܸܹۤ

theܸܸbܸlueܸܸcܸomponentsܸܸrܸepresentܸܸtܸheܸܸΟܸxedܸܸrܸeferenceܸܸfܸrameܸܸܸ܏theܸܸsܸensorܸܸaܸndܸܸcܸoilܸܸwܸindingsܸܸܐaܸndܸܸtܸheܸܸrܸedܸܸܹ

componentsܸܸrܸepresentܸܸdܸisplacedܸܸcܸomponentsܸܸܸ܏theܸܸnܸanoparticlesܸܸwܸhenܸܸpܸrecessedܸܸܐfܸollowingܸܸ3ܸܸܸܹ

consecutiveܸܸrܸotationsܸܸaܸboutܸܸeܸachܸܸoܸfܸܸtܸheܸܸ3ܸܸܸΟܸxedܸܸaܸxesܸܸ۫FܸorܸܸtܸheܸܸsܸpeciΟcܸܸEܸulerܸܸaܸngleܸܸrܸepresentationܸܸuܸsedܸܸܹ

hereܸܸۤaܸܸܸ3ܸ3ܸܸۤܜ1ܜoܸrܸܸZܸܜXܜZܸܸۤrܸotationܸܸsܸequenceܸܸiܸsܸܸaܸppliedܸܸ۫Tܸhisܸܸiܸsܸܸbܸecauseܸܸtܸheܸܸnܸanoparticleܸܸiܸsܸܸaܸlwaysܸܸrܸotatingܸܸܹ

aboutܸܸtܸheܸܸΟܸxedܸܸZܸܸܸaܸxisܸܸۤuܸntilܸܸiܸtܸܸiܸsܸܸpܸrecessedܸܸۤaܸtܸܸwܸhichܸܸpܸointܸܸiܸtܸܸeܸxperiencesܸܸaܸnܸܸaܸngularܸܸdܸisplacementܸܸܹ

ܸܸܸ۫ܐwhichܸܸcܸanܸܸbܸeܸܸoܸnܸܸeܸitherܸܸtܸheܸܸXܸܸܸoܸrܸܸYܸܸܸaܸxis܏ ܸܸrܸepresentsܸܸtܸheܸܸΟܸrstܸܸrܸotationܸܸaܸboutܸܸtܸheܸܸΟܸxedܸܸZܸܸܸaܸxisܸܸܸۤ ܸܸܹ

representsܸܸtܸheܸܸsܸecondܸܸrܸotationܸܸaܸboutܸܸtܸheܸܸΟܸxedܸܸXܸܸܸaܸxisܸܸۤaܸndܸܸܸ ܸܸrܸepresentsܸܸtܸheܸܸtܸhirdܸܸrܸotationܸܸaܸgainܸܸaܸboutܸܸܹ

theܸܸΟܸxedܸܸZܸܸܸaܸxisܸܸܸ۫ ܸܸaܸndܸܸܸ ܸܸcܸanܸܸtܸakeܸܸaܸnyܸܸaܸngleܸܸvܸalueܸܸfܸromܸܸ0ܸܸܸߞtܸoܸܸ3ܸܸܸۤߞ0كwܸhileܸܸܸ ܸܸiܸsܸܸlܸimitedܸܸbܸetweenܸܸܸܸܸߞ0نܜaܸndܸܸܹ

ܸ۫ߞ0مaܸndܸܸ1ܸܸܸߞoܸrܸܸ0ܸܸܸۤߞ0ن ܸܹ

ܸܹ
ܸم1 ܸܹ



ܸܹ

DueܸܸtܸoܸܸtܸheܸܸsܸymmetryܸܸoܸfܸܸtܸheܸܸsܸensorܸܸaܸndܸܸnܸanoparticlesܸܸۤtܸheܸܸZܸܜXܜZܸܸrܸotationܸܸcܸonventionܸܸcܸanܸܸaܸlsoܸܸܹ

beܸܸaܸppliedܸܸtܸoܸܸrܸotationsܸܸaܸboutܸܸtܸheܸܸYܸܸܸaܸxisܸܸ۫Uܸsingܸܸtܸhisܸܸcܸonventionܸܸۤtܸheܸܸaܸngularܸܸvܸelocityܸܸvܸectorܸܸoܸfܸܸtܸheܸܸܹ

rotationܸܸsܸequenceܸܸcܸanܸܸbܸeܸܸdܸecomposedܸܸiܸntoܸܸaܸܸܸ3ܸDܸܸvܸectorܸܸiܸnܸܸtܸheܸܸΟܸxedܸܸcܸoordinateܸܸsܸystemܸܸ۫Tܸhisܸܸaܸngularܸܸܹ

velocityܸܸvܸectorܸܸiܸsܸܸpܸrovidedܸܸiܸnܸܸeܸquationܸܸܸܸ۫م ܸܹ

ܸܹ

Vin(ơ)Vin(Ƣ)¬ coV(Ƣ), Vin(ơ)coV(Ƣ)¬ Vin(Ƣ), coV(ơ) ¬ƷeXleU = ¬ < dW
dα + ¬ dW

dβ ¬ dW
dα ¬ dW

dβ ¬ dW
dα + ¬ dW

dγ >
(HTQ   7)    >11@   

  
  

InܸܸoܸrderܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸaܸppliedܸܸtܸoܸܸrܸotateܸܸtܸheܸܸnܸanoparticlesܸܸۤcܸomingܸܸfܸromܸܸtܸheܸܸܹ

drivingܸܸsܸensorܸܸcܸoilsܸܸۤtܸheܸܸBܸiotܜSavartܸܸlܸawܸܸiܸsܸܸaܸppliedܸܸ۫TܸheܸܸBܸiotܜSavartܸܸlܸawܸܸsܸtatesܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸܹ

intensityܸܸaܸtܸܸaܸnyܸܸpܸointܸܸdܸueܸܸtܸoܸܸaܸܸܸsܸteadyܸܸcܸurrentܸܸiܸnܸܸaܸnܸܸiܸnΟnitelyܸܸlܸongܸܸsܸtraightܸܸwܸireܸܸiܸsܸܸdܸirectlyܸܸpܸroportionalܸܹ

toܸܸtܸheܸܸcܸurrentܸܸaܸndܸܸiܸnverselyܸܸpܸroportionalܸܸtܸoܸܸtܸheܸܸdܸistanceܸܸfܸromܸܸpܸointܸܸtܸoܸܸwܸireܸܸܸܸܸ۫܈ك܇Tܸhisܸܸlܸawܸܸiܸsܸܸpܸrovidedܸܸiܸnܸܸܹ

equationsܸܸܸܸܸمaܸndܸܸܸܸܸ۫܈ل܇ܸܸܸن ܸܹܹ

dB =
4πU2

μ  I  dL   U0
䮱

(HTQ   8)   

 

B = 4π
μ  0 ∫

 

C U2
I  dL   U䮱 (HTQ   9)   

ܸܹ

TheܸܸsܸensorܸܸtܸechnologyܸܸuܸsedܸܸiܸnܸܸtܸhisܸܸpܸaperܸܸrܸeliesܸܸoܸnܸܸaܸܸܸfܸerroΠuidܸܸoܸfܸܸFܸe3ܸOܸ4ܸܸܸܸ nܸanoparticlesܸܸܹ

suspendedܸܸiܸnܸܸwܸaterܸܸ۫Tܸheܸܸrܸelativeܸܸmܸagneticܸܸpܸermeabilityܸܸoܸfܸܸwܸaterܸܸܸܸ܏ iܸsܸܸkܸnownܸܸtܸoܸܸbܸeܸܸvܸeryܸܸcܸloseܸܸtܸoܸܸ1ܸܸܸۤƫUܸܸܐ  ܹ

whichܸܸmܸeansܸܸtܸhatܸܸiܸtܸܸiܸsܸܸaܸppropriateܸܸtܸoܸܸjܸustܸܸuܸseܸܸtܸheܸܸmܸagneticܸܸpܸermeabilityܸܸoܸfܸܸfܸreeܸܸsܸpaceܸܸܸܸ܏ Hܸoweverܸܸۤƫ0ܸܸ۫ܐ  ܹ

becauseܸܸtܸheܸܸfܸerroΠuidܸܸcܸontainsܸܸFܸe3ܸOܸ4ܸܸܸܸ nܸanoparticlesܸܸaܸsܸܸwܸellܸܸۤtܸhatܸܸmܸustܸܸbܸeܸܸcܸonsideredܸܸwܸhenܸܸaܸssessingܸܸtܸheܸܸܹ

magneticܸܸpܸermeabilityܸܸcܸoeΝcientܸܸ۫Tܸhisܸܸiܸsܸܸdܸiscussedܸܸfܸurtherܸܸiܸnܸܸcܸhapterܸܸ2ܸܸܸ۫ ܸܹܹ

ܸܹ
ܸن1 ܸܹ



ܸܹ

InܸܸoܸrderܸܸtܸoܸܸeܸvaluateܸܸtܸheܸܸrܸelativeܸܸpܸermeabilityܸܸoܸfܸܸaܸܸܸfܸerroΠuidܸܸۤiܸtܸܸiܸsܸܸiܸmportantܸܸtܸoܸܸrܸelateܸܸtܸheܸܸܹ

magneticܸܸpܸermeabilityܸܸtܸoܸܸtܸheܸܸmܸagneticܸܸsܸusceptibility۫ ܸܸTܸhisܸܸrܸelationshipܸܸiܸsܸܸpܸrovidedܸܸiܸnܸܸeܸquationsܸܸ3ܸܸܸمaܸndܸܸܹ

ܸܸ۫ن3 ܸܹܹ

¬¬¬¬∴¬ƫ ƫƫU =
μ
μ0

= ƫU 0  (HTQ   38)   [18]   

 
¬Ƶ = ƫU 1 (HTQ   39)   [18]   

 
 

InܸܸoܸrderܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸiܸnducedܸܸcܸurrentܸܸfܸromܸܸtܸheܸܸmܸagneticܸܸΟܸeldsܸܸgܸeneratedܸܸwܸhenܸܸtܸheܸܸܹ

nanoparticlesܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸaܸreܸܸdܸisplacedܸܸۤFܸaraday۰sܸܸlܸawܸܸiܸsܸܸaܸppliedܸܸ۫Fܸaradayܫsܸܸlܸawܸܸsܸtatesܸܸtܸhatܸܸtܸheܸܸܹ

electromotiveܸܸfܸorceܸܸiܸnducedܸܸiܸnܸܸaܸܸܸcܸircuitܸܸbܸyܸܸvܸariationܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸΠܸuxܸܸtܸhroughܸܸtܸheܸܸcܸircuitܸܸiܸsܸܸܹ

proportionalܸܸtܸoܸܸtܸheܸܸnܸegativeܸܸoܸfܸܸtܸheܸܸtܸimeܸܸrܸateܸܸoܸfܸܸcܸhangeܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸlܸinkageܸܸܸܸܸ۫܈20܇Tܸhisܸܸlܸawܸܸiܸsܸܸܹ

providedܸܸiܸnܸܸeܸquationsܸܸ4ܸ0ܸܸaܸndܸܸ4ܸ1ܸܸܸܸܸ۫܈21܇Tܸheܸܸeܸquationsܸܸpܸrovidedܸܸbܸyܸܸtܸhisܸܸlܸawܸܸaܸreܸܸfܸorܸܸaܸܸܸgܸeneralizedܸܸcܸaseܸܸܹۤ

andܸܸmܸustܸܸbܸeܸܸeܸvaluatedܸܸfܸorܸܸtܸheܸܸsܸpeciΟcܸܸgܸeometryܸܸaܸndܸܸcܸonditionsܸܸoܸfܸܸtܸheܸܸsܸensorܸܸtܸechnology۫ ܸܸTܸhisܸܸiܸsܸܸܹ

discussedܸܸiܸnܸܸcܸhapterܸܸ2ܸܸ۫ ܸܹ

¬V ePf = ¬ N dW

d dA∫
¬

¬
B

(HTQ   40)   [21]   
 

I iQdXced = ¬ RcRiO

V ePf = ¬ N
RcRiO dW

d dA∫
¬

¬
B

         (HTQ   41)   

ܸܹ

TheܸܸBܸiotܜSavartܸܸlܸawܸܸcܸanܸܸbܸeܸܸaܸppliedܸܸtܸoܸܸtܸhisܸܸtܸechnologyܸܸbܸecauseܸܸaܸnܸܸaܸlternatingܸܸcܸurrentܸܸiܸsܸܸbܸeingܸܸܹ

suppliedܸܸtܸhroughܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸۤrܸesultingܸܸiܸnܸܸaܸܸܸcܸhangingܸܸmܸagneticܸܸΟܸeldܸܸbܸeingܸܸgܸeneratedܸܸaܸndܸܸܹ

interactingܸܸwܸithܸܸtܸheܸܸmܸagneticܸܸnܸanoparticlesܸܸ۫Fܸaradayܫsܸܸlܸawܸܸcܸanܸܸbܸeܸܸaܸppliedܸܸbܸecauseܸܸmܸovingܸܸܸ܏precessionܹܸܸܐ

nanoparticlesܸܸgܸenerateܸܸaܸܸܸcܸhangingܸܸmܸagneticܸܸΟܸeldܸܸtܸhatܸܸrܸesultsܸܸiܸnܸܸcܸurrentܸܸbܸeingܸܸiܸnducedܸܸbܸackܸܸoܸntoܸܸtܸheܸܸܹ

drivingܸܸcܸoilsܸ۫   

ܸܹ
20ܸ ܸܹ



ܸܹ

Chapterܸܸ2ܸ:ܸܸMܸanuscriptܸ ܸܹ

ܸܐ2۫1 TheoreticalܸܸMܸodelingܸ ܸܹ

ܸܹ
Mostܸܸmܸodernܸܸiܸnertialܸܸmܸeasurementܸܸuܸnitsܸܸܸ܏IMUsܸܸܐrܸelyܸܸoܸnܸܸaܸccelerometersܸܸaܸndܸܸgܸyroscopesܸܸtܸoܸܸܹ

determineܸܸlܸinearܸܸaܸndܸܸrܸotationalܸܸaܸccelerationܸܸiܸnܸܸsܸpatialܸܸdܸirectionsܸܸܸܸܸ۫܈م܇Tܸheܸܸnܸovelܸܸtܸechnologyܸܸuܸsedܸܸfܸorܸܸtܸhisܸܸܹ

thesisܸܸrܸeliesܸܸoܸnܸܸiܸnducedܸܸmܸagneticܸܸΟܸeldsܸܸfܸromܸܸrܸotatingܸܸnܸanoparticlesܸܸtܸoܸܸaܸchieveܸܸmܸeasurementsܸܸ۫ ܸܹܹ

TheܸܸsܸpeciΟcܸܸdܸesignܸܸoܸfܸܸtܸheܸܸsܸensingܸܸuܸnitܸܸiܸnܸܸqܸuestionܸܸrܸeliesܸܸoܸnܸܸaܸܸܸrܸectangularܸܸvܸolumeܸܸoܸfܸܸmܸagneticܸܸܹ

nanoparticlesܸܸsܸuspendedܸܸiܸnܸܸaܸܸܸlܸiquidܸܸ۫Tܸhisܸܸvܸolumeܸܸtܸhenܸܸhܸasܸܸcܸoilsܸܸoܸfܸܸlܸowܸܸiܸmpedanceܸܸmܸotorܸܸwܸireܸܸwܸrappedܸܸܹ

aroundܸܸiܸtܸܸۤsܸimilarܸܸtܸoܸܸsܸolenoidܸܸcܸoilsܸܸۤiܸnܸܸtܸwoܸܸoܸrthogonalܸܸdܸirectionsܸܸ۫Iܸnܸܸoܸrderܸܸtܸoܸܸmܸaintainܸܸaܸܸܸcܸonsistentܸܸܹ

frameܸܸoܸfܸܸrܸeferenceܸܸۤtܸheܸܸtܸwoܸܸsܸpatialܸܸaܸxesܸܸwܸhichܸܸtܸheܸܸcܸoilsܸܸaܸreܸܸwܸrappedܸܸaܸroundܸܸcܸanܸܸbܸeܸܸcܸonsideredܸܸtܸoܸܸbܸeܸܸtܸheܸܸܹ

xܸܸaܸndܸܸyܸܸܸaܸxesܸܸ۫Bܸecauseܸܸtܸheܸܸcܸoilsܸܸaܸreܸܸwܸrappedܸܸaܸroundܸܸtܸheܸܸeܸntireܸܸvܸolumeܸܸcܸontainingܸܸtܸheܸܸnܸanoparticlesܸܸۤtܸheܸܸܹ

generatedܸܸmܸagneticܸܸΟܸeldܸܸwܸithinܸܸtܸheܸܸcܸoilsܸܸܸ܏whereܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸpܸresentܸܸܐcܸanܸܸbܸeܸܸhܸeldܸܸcܸonstantܸܸ۫Aܸܸܸܹ

sinusoidalܸܸAܸCܸܸsܸignalܸܸiܸsܸܸsܸuppliedܸܸtܸoܸܸeܸachܸܸoܸfܸܸtܸheܸܸtܸwoܸܸdܸrivingܸܸcܸoilsܸܸۤwܸithܸܸeܸachܸܸsܸignalܸܸbܸeingܸܸoܸfܸܸtܸheܸܸsܸameܸܸܹ

amplitudeܸܸbܸutܸܸwܸithܸܸdܸiΜerentܸܸpܸhaseܸܸ۫SܸpeciΟcallyۤ ܸܸtܸheܸܸaܸmplitudesܸܸaܸreܸܸoܸΜsetܸܸbܸyܸܸaܸܸܸpܸhaseܸܸoܸfܸܸܸ0ܸܸنdܸegreesܸܸܹۤ

whichܸܸaܸllowsܸܸtܸheܸܸrܸesultantܸܸfܸorceܸܸtܸoܸܸsܸpinܸܸtܸheܸܸnܸanoparticlesܸܸaܸboutܸܸtܸheܸܸzܸܸܸaܸxisܸ۫ ܸܹ

SpeciΟcallyۤ ܸܸtܸhisܸܸrܸelationshipܸܸdܸescribesܸܸsܸpinningܸܸmܸagnetiteܸܸܸ܏Fe3ܸOܸ4ܸܸܸܸܐnܸanoparticlesܸܸaܸndܸܸtܸheirܸܸܹ

resultantܸܸtܸorqueܸܸwܸhenܸܸtܸiltedܸܸoܸΜܸܸoܸfܸܸtܸheirܸܸaܸxisܸܸoܸfܸܸsܸpinܸܸ۫TܸhisܸܸrܸelationshipܸܸiܸncludesܸܸeܸΜectsܸܸfܸromܸܸtܸheܸܸܹ

magneticܸܸfܸorcesܸܸfܸromܸܸtܸheܸܸaܸppliedܸܸsܸpinܸܸΟܸeldܸܸaܸsܸܸwܸellܸܸaܸsܸܸtܸheܸܸfܸrictionalܸܸdܸragܸܸfܸorcesܸܸfܸromܸܸtܸheܸܸlܸiquidܸܸܹ

suspensionܸܸaܸgentܸܸܸ܏H2ܸOܸܸܸ۫ܐSܸomeܸܸaܸssumptionsܸܸmܸadeܸܸiܸnܸܸeܸquationsܸܸ1ܸ4ܸܸܜaܸreܸܸtܸhatۣܸܸܸ܏iܸܸܐtܸheܸܸmܸagnetiteܸܸܹ

nanoparticlesܸܸaܸreܸܸsܸpherical۱ܸܸܸ܏iiܸܸܐtܸheܸܸnܸanoparticlesܸܸaܸreܸܸsܸpinningܸܸaܸboutܸܸaܸܸܸsܸtationaryܸܸaܸxisܸܸܸ܏notܸܸwܸobbling۱ܸܸܹܐ

iܸsܸܸmܸuchܸܸsܸmallerܸܸtܸhanܸܸtܸheܸܸrܸateܸܸaܸtܸܸwܸhichܸܸtܸheܸܸܹܸܸܐ ߚܸ܏tܸheܸܸrܸateܸܸaܸtܸܸwܸhichܸܸtܸheܸܸeܸntireܸܸsܸensorܸܸbܸodyܸܸtܸiltsܸܸܸܸܸܐiii܏

nanoparticlesܸܸaܸreܸܸsܸpinningܸܸܸ܏౲ܸ ܏۱ܸܸܸܐivܸܸܐtܸheܸܸmܸagnitudeܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸmܸomentܸܸoܸfܸܸtܸheܸܸmܸagnetiteܸܸܹ

nanoparticlesܸܸܸ܏Mܸܸܐiܸsܸܸaܸpproximatelyܸܸ0ܸ۫025ܸܸxܸܸܸ1ܸ0ܸܸܸܸكܜ Aܸm2ܸܸܸܸ wܸhenܸܸrܸeturningܸܸtܸoܸܸtܸheܸܸsܸteadyܸܸsܸtateܸܸܹܸܸܐv܏۱ܸܸܸ܈ن܇ܸ

ܸܹ
21ܸ ܸܹ



ܸܹ

positionܸܸaܸfterܸܸbܸeingܸܸmܸomentarilyܸܸpܸrecessedܸܸۤtܸheܸܸpܸarticlesܸܸrܸeorientܸܸtܸheirܸܸaܸxesܸܸiܸnܸܸaܸܸܸlܸinearܸܸmܸotion۱ܸܸܸ܏viܸܸܐtܸheܸܸܹ

dynamicܸܸoܸrܸܸaܸbsoluteܸܸvܸiscosityܸܸiܸsܸܸuܸsedܸܸfܸorܸܸtܸheܸܸsܸuspensionܸܸaܸgentܸܸܸ܏H2ܸOܸ܏۱ܸܸܸܐviiܸܸܐtܸheܸܸmܸagneticܸܸpܸermeabilityܸܸܹ

ofܸܸfܸreeܸܸsܸpaceܸܸܸܸ܏ tܸheܸܸmܸagneticܸܸΟܸeldܸܸƫ0ܸܸܐviii܏cܸanܸܸbܸeܸܸuܸsedܸܸwܸhenܸܸeܸvaluatingܸܸtܸheܸܸsܸensorܸܸtܸechnology۱ܸܸaܸndܸܸܸܸܸܐ  ܹ

producedܸܸbܸyܸܸrܸotatingܸܸnܸanoparticlesܸܸiܸsܸܸgܸeometricallyܸܸuܸniformܸ۫ ܸ ܸܹ ܹ

Theseܸܸrܸelationshipsܸܸpܸresentedܸܸiܸnܸܸeܸquationsܸܸ1ܸ4ܸܸܜaܸreܸܸuܸsefulܸܸfܸorܸܸdܸeterminingܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸܹ

magneticܸܸΠܸuxܸܸtܸhatܸܸiܸsܸܸgܸeneratedܸܸwܸhenܸܸtܸheܸܸsܸensorܸܸiܸsܸܸdܸisplacedܸܸܸ܏tiltedܸܸ۫ܐWܸhenܸܸcܸurrentܸܸiܸsܸܸsܸuppliedܸܸtܸoܸܸtܸheܸܸܹ

drivingܸܸcܸoilsܸܸoܸfܸܸtܸheܸܸsܸensorܸܸۤtܸheܸܸnܸanoparticlesܸܸwܸillܸܸsܸtartܸܸtܸoܸܸsܸpinܸܸbܸecauseܸܸoܸfܸܸtܸheirܸܸsܸusceptibilityܸܸtܸoܸܸtܸheܸܸܹ

appliedܸܸmܸagneticܸܸΟܸeldܸܸ۫Oܸnceܸܸtܸheseܸܸpܸarticlesܸܸaܸreܸܸsܸpinningܸܸtܸheyܸܸwܸillܸܸrܸeachܸܸaܸܸܸsܸteadyܸܸsܸtateܸܸwܸhichܸܸiܸsܸܸܹ

representedܸܸbܸyܸܸtܸheܸܸܸܨnotܸܸpܸrecessedܸܸܩrܸelationshipsܸܸ۫Tܸhenܸܸۤiܸfܸܸtܸheܸܸsܸensorܸܸܸ܏andܸܸtܸhusܸܸtܸheܸܸnܸanoparticlesܸܸܐiܸsܸܸܹ

tiltedܸܸۤtܸheܸܸnܸanoparticlesܸܸwܸillܸܸtܸemporarilyܸܸbܸeܸܸmܸisalignedܸܸaܸndܸܸwܸillܸܸqܸuicklyܸܸmܸoveܸܸbܸackܸܸiܸntoܸܸaܸlignmentܸܸwܸithܸܸܹ

theܸܸaܸxisܸܸoܸfܸܸsܸpinܸܸdܸueܸܸtܸoܸܸpܸrecessionܸܸ۫Tܸheܸܸtܸorqueܸܸrܸequiredܸܸtܸoܸܸmܸoveܸܸtܸheseܸܸpܸarticlesܸܸbܸackܸܸiܸntoܸܸaܸlignmentܸܸiܸsܸܸܹ

capturedܸܸbܸyܸܸtܸheܸܸܸܨprecessedܸܸܩeܸquationsܸܸ۫TܸhusܸܸۤtܸheܸܸdܸiΜerenceܸܸbܸetweenܸܸtܸheܸܸpܸrecessedܸܸaܸndܸܸnܸotܸܸpܸrecessedܸܸܹ

relationshipsܸܸcܸanܸܸbܸeܸܸuܸsedܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸaܸngularܸܸdܸisplacementܸܸiܸnformationܸ۫ ܸܹ

Whenܸܸtܸheܸܸsܸensorܸܸiܸsܸܸdܸisplacedܸܸۤaܸndܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸmܸomentarilyܸܸmܸisalignedܸܸoܸnܸܸtܸheirܸܸaܸxisܸܸoܸfܸܸܹ

rotationܸܸۤwܸhichܸܸrܸesultsܸܸiܸnܸܸaܸܸܸrܸeductionܸܸoܸfܸܸnܸanoparticleܸܸsܸpinܸܸtܸorqueܸܸrܸelativeܸܸtܸoܸܸtܸheܸܸoܸriginalܸܸsܸpinܸܸaܸxisܸܸ۫Tܸhisܸܸܹ

reductionܸܸiܸnܸܸtܸorqueܸܸmܸanifestsܸܸaܸsܸܸaܸܸܸrܸeductionܸܸiܸnܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸmܸagnitudeܸܸۤwܸhichܸܸwܸillܸܸrܸesultܸܸiܸnܸܸaܸܸܸܹ

dropܸܸiܸnܸܸtܸheܸܸiܸnducedܸܸcܸurrentܸܸiܸnܸܸeܸachܸܸoܸfܸܸtܸheܸܸcܸoilܸܸwܸrappingsܸܸۤwܸhichܸܸcܸanܸܸtܸhenܸܸbܸeܸܸmܸeasuredܸܸ۫Aܸܸܸpܸreviousܸܸܹ

studyܸܸhܸasܸܸsܸhownܸܸtܸhatܸܸfܸorܸܸaܸܸܸdܸrivingܸܸcܸurrentܸܸoܸnܸܸtܸheܸܸoܸrderܸܸoܸfܸܸaܸܸܸhܸundredܸܸmܸilliampsܸܸۤtܸheܸܸmܸeasuredܸܸiܸnducedܸܸܹ

currentܸܸdܸropܸܸiܸsܸܸoܸnܸܸtܸheܸܸoܸrderܸܸoܸfܸܸaܸܸܸfܸewܸܸmܸilliampsܸܸܸܸ۫܈4܇ ܸܹ

Beforeܸܸgܸoingܸܸfܸurtherܸܸiܸntoܸܸaܸnalyzingܸܸtܸheܸܸeܸlectromagneticܸܸrܸesponseܸܸoܸfܸܸtܸhisܸܸsܸensorܸܸۤwܸeܸܸmܸustܸܸtܸakeܸܸaܸܸܸܹ

lookܸܸaܸtܸܸtܸheܸܸeܸxistingܸܸrܸelationshipܸܸfܸromܸܸeܸquationsܸܸ1ܸ4ܸܸ۫ܜIܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸbܸothܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸaܸndܸܸܹ

torqueܸܸeܸquationsܸܸfܸorܸܸtܸheܸܸpܸrecessedܸܸsܸtateܸܸcܸontainܸܸtܸheܸܸsܸameܸܸtܸermsۣܸܸܸ ܸܸIܸܸܸܸ كܸܸܸܸܜܸܸܸܸ V ܸܸ۫Fܸorܸܸtܸheܸܸnܸotܸܸpܸrecessedܸܸܹ

ܸܹ
22ܸ ܸܹ



ܸܹ

stateܸܸۤaܸܸܸsܸimilarܸܸpܸairܸܸoܸfܸܸtܸermsܸܸiܸsܸܸaܸlsoܸܸpܸresentܸܸiܸnܸܸbܸothܸܸsܸetsܸܸoܸfܸܸeܸquationsۣܸܸܸܸI        -    ɏ  V ౲    ܸܸ۫Iܸnܸܸbܸothܸܸtܸheܸܸܹ

precessedܸܸaܸndܸܸnܸotܸܸpܸrecessedܸܸsܸtatesܸܸۤtܸheseܸܸtܸwoܸܸtܸermsܸܸrܸepresentܸܸeܸΜectsܸܸdܸueܸܸtܸoܸܸiܸnertialܸܸpܸrecessionܸܸaܸndܸܸܹ

viscousܸܸΠܸuidܸܸdܸragܸܸۤrܸespectively۫ ܸܸBܸecauseܸܸtܸheܸܸpܸarticlesܸܸuܸsedܸܸiܸnܸܸtܸhisܸܸsܸensorܸܸaܸreܸܸoܸnlyܸܸnܸanometersܸܸiܸnܸܸܹ

diameterܸܸۤsܸcalingܸܸlܸawsܸܸmܸustܸܸbܸeܸܸcܸonsideredܸܸ۫Aܸtܸܸtܸheܸܸnܸanoscaleܸܸۤiܸnertiaܸܸaܸndܸܸgܸravityܸܸmܸakeܸܸvܸirtuallyܸܸnܸoܸܸܹ

diΜerenceܸܸۤbܸutܸܸvܸiscousܸܸΠܸuidܸܸfܸorcesܸܸaܸreܸܸsܸtillܸܸsܸigniΟcantܸܸܸܸܸ۫܈10܇TܸhisܸܸcܸanܸܸbܸeܸܸvܸeriΟedܸܸbܸyܸܸdܸerivingܸܸtܸheܸܸsܸcalingܸܸܹ

lawܸܸfܸorܸܸtܸheܸܸmܸomentܸܸoܸfܸܸiܸnertiaܸܸoܸfܸܸaܸܸܸsܸphereܸܸ۫Bܸyܸܸrܸeplacingܸܸtܸheܸܸdܸimensionalܸܸcܸomponentsܸܸoܸfܸܸtܸheܸܸmܸomentܸܸoܸfܸܸܹ

inertiaܸܸeܸquationܸܸۤeܸquationܸܸܸܸܸۤكwܸithܸܸtܸheܸܸcܸharacteristicܸܸdܸimensionsܸܸۤDܸܸܸۤtܸhisܸܸsܸcalingܸܸlܸawܸܸiܸsܸܸdܸerivedܸܸaܸndܸܸܹ

providedܸܸiܸnܸܸeܸquationܸܸ1ܸ0ܸ۫ ܸܹ

 ¬ Vm = Ư    
 ¬ �¬dV VSheUe = ¬ 6

1 3  

∴  �¬dm = Ư 6
1 3 a D3  

  
 U = ¬ 2

d a D   
  

¬Ư¬ ¬�¬D ¬ ¬D � DIVSheUe = 5
2

6
1 3

4
1 2 = Ư 1

60
5 a D5 (HTQ   10)   

ܸܹ

ItܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸmܸomentܸܸoܸfܸܸiܸnertiaܸܸoܸfܸܸaܸܸܸsܸphereܸܸiܸsܸܸpܸroportionalܸܸtܸoܸܸDܸ5ܸܸۤ ܸܸwܸhichܸܸmܸeansܸܸtܸhatܸܸܹ

theܸܸmܸomentܸܸoܸfܸܸiܸnertiaܸܸfܸorܸܸaܸܸܸsܸphericalܸܸoܸbjectܸܸwܸithܸܸaܸܸܸdܸiameterܸܸoܸfܸܸ1ܸ0nmܸܸwܸouldܸܸbܸeܸܸaܸpproximatelyܸܸ1ܸ03ܸ0ܸ ܸܹ

timesܸܸsܸmallerܸܸtܸhanܸܸaܸnܸܸoܸbjectܸܸwܸithܸܸaܸܸܸmܸomentܸܸoܸfܸܸiܸnertiaܸܸoܸfܸܸ1ܸcmܸܸ۫ ܸܹܹ

ComputingܸܸtܸheܸܸtܸorqueܸܸcܸomponentsܸܸdܸueܸܸtܸoܸܸiܸnertialܸܸpܸrecessionܸܸaܸndܸܸvܸiscousܸܸΠܸuidܸܸdܸragܸܸfܸorܸܸaܸܸܸܹ

typicalܸܸpܸrecessedܸܸsܸensorܸܸcܸonditionܸܸۤfܸoundܸܸiܸnܸܸtܸableܸܸ1ܸܸܸۤuܸsingܸܸeܸquationܸܸ1ܸܸܸyܸieldsܸܸtܸheܸܸrܸesultsܸܸoܸfۣܸܸܸ ܸܸIܸܸܸܸ ܹܸܸݮܸܸܸ

࡙   32ܸܸܸNܸ۟mܸܸaܸndܸܸܸܸɏ  V ౲ܜ5ܸܸxܸܸܸ1ܸ0ܸنن3۫     4۫544ܸܸxܸܸܸ1ܸ0ܸ22ܸܸܸܜNܸ۟mܸܸ۫IܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸvܸiscousܸܸΠܸuidܸܸdܸragܸܸeܸΜectsܸܸaܸreܸܸܹ

10ܸܸoܸrdersܸܸoܸfܸܸmܸagnitudeܸܸgܸreaterܸܸtܸhanܸܸtܸheܸܸeܸΜectsܸܸdܸueܸܸtܸoܸܸiܸnertialܸܸpܸrecessionܸܸ۫Tܸhisܸܸiܸsܸܸlܸargelyܸܸdܸueܸܸtܸoܸܸtܸheܸܸfܸactܸܸܹ

thatܸܸtܸheܸܸmܸomentܸܸoܸfܸܸiܸnertiaܸܸoܸfܸܸtܸheܸܸnܸanoparticleܸܸiܸsܸܸpܸroportionalܸܸtܸoܸܸtܸheܸܸpܸarticleܸܸvܸolumeܸܸaܸndܸܸtܸheܸܸpܸarticleܸܸܹ

ܸܹ
23ܸ ܸܹ



ܸܹ

radiusܸܸsܸquaredܸܸۤwܸhereasܸܸtܸheܸܸΠܸuidܸܸdܸragܸܸiܸsܸܸoܸnlyܸܸpܸroportionalܸܸtܸoܸܸtܸheܸܸpܸarticleܸܸvܸolumeܸܸ۫TܸhisܸܸcܸonΟrmsܸܸtܸheܸܸܹ

resultܸܸoܸfܸܸtܸheܸܸsܸcalingܸܸlܸawsܸ ܸܹ

Tableܸܸ1ܸ:ܸܸTܸypicalܸܸSܸensorܸܸVܸaluesܸ ܸܹ

ܸܹ

Thisܸܸdܸrasticallyܸܸcܸhangesܸܸtܸheܸܸmܸodelܸܸۤbܸecauseܸܸtܸheܸܸiܸnertialܸܸpܸrecessionܸܸcܸomponentsܸܸoܸfܸܸeܸquationsܸܸܹ

܏4ܸܸaܸreܸܸtܸheܸܸoܸnlyܸܸcܸomponentsܸܸtܸhatܸܸrܸelateܸܸaܸngularܸܸdܸisplacementܸܸܸܜ1 tܸoܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸ۫Gܸivenܸܸtܸhatܸܸtܸheܸܸܹܸܸܐ

inertialܸܸcܸontributionsܸܸoܸfܸܸtܸheܸܸmܸodelܸܸaܸreܸܸiܸnsigniΟcantܸܸcܸomparedܸܸtܸoܸܸtܸheܸܸΠܸuidܸܸdܸragܸܸeܸΜectsܸܸۤtܸheܸܸpܸreviousܸܸܹ

equationsܸܸfܸorܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸaܸndܸܸtܸorqueܸܸcܸanܸܸbܸeܸܸrܸeܜwrittenܸܸۤaܸsܸܸpܸrovidedܸܸiܸnܸܸeܸquationsܸܸ1ܸ114ܸ۫ܜ ܸܹ

B SUeceVVed        (    -   ɏ  V ౲೼   /    M ೻sin೻շ 1 ೼೼        (    -   ɏ  V ౲೼   /    M ೻sin೻շ 1 ೼೼ (HTQ   11)   
 

B QRW_SUeceVVed        ( -   ɏ  V ౲೼   /    M ೻sin೻շ 2 ೼೼        (    -   ɏ  V ౲೼   /    M ೻sin೻շ 2 ೼೼ (HTQ   12)   
 

 SUeceVVed         -   ɏ  V ౲   ࡙     M   B    sin೻շ 1 ೼ (HTQ   13)   
 

 QRW_SUeceVVed           -   ɏ  V ౲   ࡙     M   B    sin೻շ 2 ೼ (HTQ   14)   
 

AtܸܸΟܸrstܸܸۤiܸtܸܸaܸppearsܸܸaܸsܸܸtܸhoughܸܸtܸheܸܸeܸquationsܸܸfܸorܸܸtܸheܸܸpܸrecessedܸܸaܸndܸܸnܸotܸܸpܸrecessedܸܸsܸtatesܸܸaܸreܸܸnܸowܸܸܹ

equivalentܸܸtܸoܸܸeܸachܸܸoܸtherܸܸۤwܸhichܸܸwܸouldܸܸiܸndicateܸܸtܸhatܸܸtܸhereܸܸiܸsܸܸnܸoܸܸdܸiΜerenceܸܸiܸnܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸܹ

ܸܹ
24ܸ ܸܹ

Itemܸ ܸܹ Symbolܸ ܸܹ Valueܸ ܸܹ

nanoparticleܸܸmܸassܸ ܸܹ mڤ ڥڤ 20ܸܸܸܜ5ܸܸܸxܸܸܸ1ܸ0ܸك0۫ل kܸgܸ ܸܹ

nanoparticleܸܸrܸadiusܸ ܸܹ rڤ ڥڤ 1۫5ܸܸܸxܸܸܸ1ܸ0ܸܸܸܸمܜmܸܸ ܸܹ

spinܸܸvܸelocityܸ ڥڤ ܸ ܸܹ 3ܸܸrܸad۲sܸم2ك ܸܹ

tiltܸܸvܸelocityܸ ܸܹ ܸ ܸܹ 1ܸܸrܸad۲sܸ ܸܹ

Πuidܸܸvܸiscosityܸܸܸ܏waterܸܸܸ300ߖKܸܐ ܸܹ ܸ ܸܹ 4ܸܸܸNܸ۟sܸܸ۲ܸܸܸmܸ2ܸܸܜ53ܸܸܸxܸܸܸ1ܸ0ܸ۫م ܸܹ

nanoparticleܸܸvܸolumeܸ ܸܹ Vڤ ڥڤ 1۫413ܸܸxܸܸܸ1ܸ0ܸ23ܸܸܸܜmܸ3ܸܸ ܸܹ

drivingܸܸcܸurrentܸܸpܸhaseܸܸdܸiΜerenceܸ ڥڤ 1ܸ ܸܹ 0ܸܸdܸegreesܸن ܸܹ

magnetizationܸܸoܸfܸܸnܸanoparticleܸ ܸܹ M ڥڤ 2۫5ܸܸxܸܸܸ1ܸ0ܸܸܸܸمܜ Aܸ۟ m2ܸܸ ܸܹ



ܸܹ

generatedܸܸwܸhenܸܸtܸheܸܸpܸarticlesܸܸaܸreܸܸpܸrecessedܸܸoܸrܸܸnܸotܸܸ۫Hܸoweverܸܸۤiܸtܸܸiܸsܸܸiܸmportantܸܸtܸoܸܸnܸoteܸܸtܸhatܸܸtܸheseܸܸeܸquationsܸܸܹ

representܸܸiܸndividualܸܸnܸanoparticlesܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸvܸolumeܸܸ۫Tܸhereforeܸܸۤwܸhenܸܸtܸheܸܸsܸensorܸܸiܸsܸܸtܸiltedܸܸۤtܸheܸܸܹ

nanoparticlesܸܸwܸillܸܸmܸomentarilyܸܸbܸeܸܸrܸotatingܸܸoܸnܸܸaܸܸܸdܸiΜerentܸܸaܸxisܸܸۤwܸhichܸܸmܸeansܸܸtܸhatܸܸtܸheܸܸaܸngularܸܸvܸelocityܸܸܹ

willܸܸdܸecomposeܸܸdܸiΜerently۫ ܸܸBܸyܸܸdܸecomposingܸܸtܸheܸܸaܸngularܸܸvܸelocityܸܸvܸectorܸܸfܸorܸܸtܸheܸܸpܸrecessedܸܸcܸaseܸܸۤwܸeܸܸcܸanܸܸܹ

establishܸܸaܸܸܸrܸelationshipܸܸbܸetweenܸܸtܸheܸܸaܸppliedܸܸaܸngleܸܸoܸfܸܸtܸiltܸܸaܸndܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸrܸesponseܸܸ۫ ܸܹܹ

Asܸܸpܸreviouslyܸܸsܸtatedܸܸۤiܸnܸܸoܸrderܸܸtܸoܸܸeܸxamineܸܸsܸpatialܸܸcܸomponentsܸܸoܸfܸܸtܸhisܸܸsܸensorܸܸۤiܸtܸܸiܸsܸܸiܸmportantܸܸtܸoܸܸܹ

establishܸܸaܸܸܸfܸrameܸܸoܸfܸܸrܸeferenceܸܸ۫Fܸigureܸܸ3ܸܸܸpܸrovidesܸܸaܸܸܸsܸimpliΟedܸܸmܸodelܸܸoܸfܸܸtܸheܸܸsܸensorܸܸwܸithܸܸlܸabeledܸܸaܸxesܸܸ۫Iܸtܸܸiܸsܸܸܹ

importantܸܸtܸoܸܸnܸoteܸܸtܸhatܸܸtܸheܸܸeܸntireܸܸsܸensorܸܸiܸsܸܸnܸotܸܸrܸotatingܸܸaܸboutܸܸtܸheܸܸZܸܜaxisܸܸۤbܸutܸܸtܸheܸܸaܸppliedܸܸrܸotatingܸܸܹ

magneticܸܸΟܸeldܸܸgܸeneratedܸܸfܸromܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸiܸsܸܸaܸlwaysܸܸrܸotatingܸܸaܸboutܸܸtܸhisܸܸaܸxisܸܸ۫Tܸheܸܸfܸrameܸܸoܸfܸܹ

referenceܸܸiܸsܸܸeܸstablishedܸܸsܸuchܸܸtܸhatܸܸtܸheܸܸsܸensorܸܸbܸodyۤ ܸܸaܸndܸܸtܸheܸܸdܸrivingܸܸcܸoilܸܸwܸrappingsܸܸۤaܸreܸܸaܸlwaysܸܸcܸonsideredܸܸܹ

toܸܸbܸeܸܸtܸheܸܸΟܸxedܸܸrܸeferenceܸܸ۫Uܸsingܸܸtܸhisܸܸfܸrameܸܸoܸfܸܸrܸeferenceܸܸۤiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸrܸotatingܸܸtܸheܸܸsܸensorܸܸaܸboutܸܸtܸheܸܸܹ

ZܜaxisܸܸwܸillܸܸhܸaveܸܸnܸoܸܸeܸΜectܸܸoܸnܸܸtܸheܸܸpܸrecessionܸܸoܸfܸܸtܸheܸܸnܸanoparticlesܸܸۤbܸecauseܸܸtܸheܸܸZܸܜaxisܸܸiܸsܸܸtܸheܸܸaܸxisܸܸoܸfܸܸܹ

rotationܸܸfܸorܸܸtܸheܸܸnܸanoparticlesܸܸ۫Fܸurtherܸܸۤiܸtܸܸcܸanܸܸbܸeܸܸoܸbservedܸܸtܸhatܸܸdܸueܸܸtܸoܸܸtܸheܸܸsܸymmetryܸܸoܸfܸܸtܸheܸܸsܸensorܸܸܸ܏andܸܸܹ

uniformܸܸdܸistributionܸܸoܸfܸܸsܸphericalܸܸnܸanoparticlesܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸvܸolumeܸܸۤܐtܸhatܸܸrܸotatingܸܸaܸboutܸܸeܸitherܸܸܹ

theܸܸXܸܜaxisܸܸoܸrܸܸYܸܜaxisܸܸsܸhouldܸܸhܸaveܸܸtܸheܸܸsܸameܸܸeܸΜectܸܸoܸnܸܸpܸrecessionܸܸoܸfܸܸtܸheܸܸnܸanoparticlesܸܸ۫Tܸhisܸܸcܸanܸܸbܸeܸܸܹ

observedܸܸiܸnܸܸΟܸguresܸܸ4ܸܸܸaܸndܸܸ5ܸܸܸ۫RܸotatingܸܸaܸboutܸܸeܸitherܸܸtܸheܸܸXܸܸܸoܸrܸܸYܸܸܸaܸxesܸܸwܸillܸܸcܸauseܸܸaܸܸܸmܸomentaryܸܸdܸisplacementܸܸܹ

betweenܸܸtܸheܸܸsܸpinܸܸaܸxisܸܸoܸfܸܸtܸheܸܸnܸanoparticlesܸܸaܸndܸܸtܸheܸܸaܸxisܸܸoܸfܸܸrܸotationܸܸoܸfܸܸtܸheܸܸaܸppliedܸܸmܸagneticܸܸΟܸeldܸ۫ ܸܹ

ܸܹ
25ܸ ܸܹ



ܸܹ

ܸܹ

Figureܸܸ3ܸ:ܸܸSܸimpliΟedܸܸSܸensorܸܸMܸodelܸܸFܸrameܸܸoܸfܸܸRܸeferenceܸ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ4ܸ:ܸܸSܸimpliΟedܸܸSܸensorܸܸMܸodelܸܸNܸotܸܸDܸisplacedܸ ܸܹ

ܸܹ
ܸك2 ܸܹ



ܸܹ

ܸܹ

ܸܹ

Figureܸܸ5ܸ:ܸܸSܸimpliΟedܸܸSܸensorܸܸMܸodelܸܸDܸisplacedܸ ܸܹ

ܸܹ

TheܸܸaܸngularܸܸvܸelocityܸܸoܸfܸܸtܸheܸܸdܸisplacedܸܸnܸanoparticlesܸܸcܸanܸܸbܸeܸܸdܸecomposedܸܸۤuܸsingܸܸtܸheܸܸEܸulerܸܸܹ

angularܸܸvܸelocityܸܸvܸectorܸܸfܸromܸܸeܸquationܸܸܸܸܸۤلaܸsܸܸpܸrovidedܸܸiܸnܸܸeܸquationܸܸ1ܸܸܸ۫كEܸquationܸܸ1ܸ5ܸܸpܸrovidesܸܸtܸheܸܸaܸngularܸܸܹ

velocityܸܸoܸfܸܸtܸheܸܸnܸanoparticlesܸܸwܸhenܸܸtܸheܸܸaܸxesܸܸoܸfܸܸrܸotationܸܸaܸreܸܸaܸlignedܸ۫ ܸܹ

, 0, 2�fƷQRW_SUeceVVed = ¬ < 0 ¬ ¬ > (HTQ   15)   
  

Vin(ơ)Vin(Ƣ)¬ coV(Ƣ), Vin(ơ)coV(Ƣ)¬ Vin(Ƣ), coV(ơ) ¬ƷSUeceVVed = ¬ < dW
dα + ¬ dW

dβ ¬ dW
dα ¬ dW

dβ ¬ dW
dα + ¬ dW

dγ >
(HTQ   16)   

ܸܹ

Becauseܸܸoܸfܸܸtܸheܸܸaܸssumedܸܸsܸphericalܸܸgܸeometryܸܸoܸfܸܸtܸheܸܸnܸanoparticlesܸܸۤwܸeܸܸcܸanܸܸsܸeeܸܸtܸhatܸܸrܸegardlessܸܸoܸfܸܸܹ

theܸܸnܸanoparticleܸܸoܸrientationܸܸۤtܸheܸܸmܸagneticܸܸmܸomentܸܸmܸagnitudeܸܸsܸhouldܸܸrܸemainܸܸcܸonstantܸܸ۫Tܸhisܸܸaܸllowsܸܸuܸsܸܸܹ

ܸܹ
ܸل2 ܸܹ



ܸܹ

toܸܸaܸdjustܸܸeܸquationsܸܸ1ܸ3ܸܸaܸndܸܸ1ܸ4ܸܸtܸoܸܸtܸhoseܸܸpܸrovidedܸܸiܸnܸܸeܸquationsܸܸ1ܸܸܸلaܸndܸܸ1ܸܸܸمwܸhichܸܸiܸncludeܸܸtܸheܸܸvܸectorܸܸܹ

componentsܸܸoܸfܸܸtܸheܸܸBܸܸܸΟܸeldܸܸaܸsܸܸwܸellܸܸ۫Iܸtܸܸiܸsܸܸnܸoticedܸܸtܸhatܸܸtܸheܸܸeܸquationsܸܸaܸreܸܸnܸowܸܸiܸdenticalܸ۫ ܸܹ

 SUeceVVed          -   ɏ  V   ࡙  Ʒ [, B\, B]M < B ¬ ¬ > (HTQ   17)   
 

 QRW_SUeceVVed           -   ɏ  V   ࡙    Ʒ [, B\, B]M < B ¬ ¬ > (HTQ   18)   
ܸܹ

 
Becauseܸܸtܸheܸܸnܸovelܸܸsܸensingܸܸuܸnitܸܸrܸeliesܸܸoܸnܸܸwܸireܸܸwܸrappingsܸܸۤsܸimilarܸܸtܸoܸܸsܸolenoidܸܸcܸoilsܸܸۤtܸheܸܸܹ

BiotܜSavartܸܸlܸawܸܸcܸanܸܸbܸeܸܸeܸvaluatedܸܸaܸccordinglyܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸaܸppliedܸܸmܸagneticܸܸΟܸeldܸܸfܸromܸܸtܸheܸܸdܸrivingܸܸܹ

coilsܸܸtܸoܸܸsܸpinܸܸtܸheܸܸnܸanoparticlesܸܸ۫Bܸecauseܸܸsܸolenoidܸܸcܸoilsܸܸhܸaveܸܸaܸܸܸuܸniformܸܸcܸylindricalܸܸgܸeometryۤ ܸܸtܸheܸܸcܸurveܸܸܹ

integralܸܸcܸanܸܸbܸeܸܸeܸvaluatedܸܸtܸoܸܸoܸbtainܸܸtܸheܸܸcܸlosedܸܸfܸormܸܸsܸolutionܸܸpܸrovidedܸܸiܸnܸܸeܸquationܸܸ1ܸܸ۫ن ܸܹ

B = L
μ NI  0 (HTQ   19)    >12@   

ܸܹ

Lookingܸܸaܸtܸܸeܸquationܸܸ1ܸܸܸۤنiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸpܸermeabilityܸܸcܸoeΝcientܸܸoܸfܸܸfܸreeܸܸsܸpaceܸܸܹ

 ܸiܸsܸܸbܸeingܸܸuܸsedܸܸۤpܸerܸܸtܸheܸܸiܸnitialܸܸaܸssumptionsܸܸmܸadeܸܸ۫BܸecauseܸܸoܸfܸܸtܸheܸܸpܸresenceܸܸoܸfܸܸFܸe3ܸOܸ4ܸܸܸܸ pܸarticlesܸܸƫ )( 0 ܹ

suspendedܸܸiܸnܸܸtܸheܸܸwܸaterܸܸۤhܸoweverܸܸۤtܸheܸܸmܸagneticܸܸsܸusceptibilityܸܸcܸhangesܸܸ۫Tܸhisܸܸiܸsܸܸbܸecauseܸܸpܸermeabilityܸܸܸ܏μܹܸܸܐ

inܸܸfܸerroΠuidsܸܸiܸsܸܸaܸܸܸcܸomplexܸܸqܸuantityܸܸdܸependentܸܸuܸponܸܸtܸheܸܸfܸrequencyܸܸoܸfܸܸtܸheܸܸsܸuppliedܸܸmܸagneticܸܸΟܸeldܸܸܸܹܸܸ۫܈م1܇

Howeverܸܸۤbܸecauseܸܸtܸheܸܸsܸuppliedܸܸsܸignalܸܸfܸrequenciesܸܸuܸsedܸܸiܸnܸܸtܸhisܸܸtܸechnologyܸܸaܸreܸܸrܸelativelyܸܸlܸowܸܸܸ1ܸܸ܏kܸHzܹܸܸۤܐ

theseܸܸeܸΜectsܸܸaܸreܸܸnܸotܸܸsܸigniΟcantܸܸ۫AܸܸܸsܸtudyܸܸoܸnܸܸtܸheܸܸmܸagneticܸܸsܸusceptibilityܸܸoܸfܸܸFܸe3ܸOܸ4ܸܸܸܸ nܸanoparticlesܸܸfܸoundܸܸܹ

thatܸܸfܸorܸܸfܸrequencyܸܸrܸangesܸܸfܸromܸܸ1ܸ0ܸܸHܸzܸܸtܸoܸܸ1ܸ0ܸܸkܸHzܸܸۤtܸheܸܸmܸagneticܸܸsܸusceptibilityܸܸwܸasܸܸaܸpproximatelyܸܸtܸheܸܸܹ

sameܸܸaܸsܸܸaܸܸܸfܸunctionܸܸoܸfܸܸAܸCܸܸΟܸeldܸܸfܸrequencyۤ ܸܸaܸndܸܸaܸlmostܸܸeܸxactlyܸܸtܸheܸܸsܸameܸܸwܸhenܸܸaܸtܸܸrܸoomܸܸtܸemperatureܸܸܹ

GܸivenܸܸtܸheܸܸoܸperatingܸܸcܸonditionsܸܸoܸfܸܸtܸheܸܸsܸensorܸܸۤsܸpeciΟcallyܸܸܹܸܸ۫܈ن1܇ܐwhichܸܸiܸsܸܸtܸheܸܸcܸaseܸܸfܸorܸܸtܸhisܸܸtܸechnology܏

relativelyܸܸlܸowܸܸAܸCܸܸsܸignalܸܸfܸrequencyܸܸaܸndܸܸcܸonstantܸܸrܸoomܸܸtܸemperatureܸܸۤaܸܸܸsܸtaticܸܸmܸagneticܸܸpܸermeabilityܸܸܹ

coeΝcientܸܸcܸanܸܸbܸeܸܸrܸeasonablyܸܸaܸssumedܸܸbܸecauseܸܸtܸheܸܸmܸagneticܸܸsܸusceptibilityܸܸiܸsܸܸnܸotܸܸaܸܸܸfܸunctionܸܸoܸfܸܸaܸppliedܸܸܹ

ܸܹ
ܸم2 ܸܹ



ܸܹ

magneticܸܸΟܸeldܸܸfܸrequency۫ ܸܸIܸfܸܸtܸhisܸܸtܸechnologyܸܸwܸereܸܸtܸoܸܸbܸeܸܸeܸmployedܸܸwܸithܸܸhܸigherܸܸsܸignalܸܸfܸrequenciesܸܸܹۤ

especiallyܸܸiܸnܸܸtܸheܸܸMܸHzܸܸaܸndܸܸGܸHzܸܸrܸangeܸܸۤtܸhenܸܸtܸhisܸܸaܸssumptionܸܸwܸouldܸܸnܸeedܸܸtܸoܸܸbܸeܸܸrܸeevaluatedܸ۫ ܸܹ

Givenܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸpܸermeabilityܸܸcܸanܸܸbܸeܸܸcܸonsideredܸܸtܸoܸܸbܸeܸܸcܸonstantܸܸۤeܸquationsܸܸ3ܸܸܸمaܸndܸܸ3ܸܹܸܸن

canܸܸbܸeܸܸaܸppliedܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸaܸpproximateܸܸvܸalueܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸpܸermeabilityܸܸcܸoeΝcientܸܸ۫Tܸhisܸܸiܸsܸܸܹ

doneܸܸuܸsingܸܸtܸheܸܸeܸmpiricallyܸܸdܸerivedܸܸvܸaluesܸܸfܸorܸܸmܸagnetizationܸܸoܸfܸܸFܸe3ܸOܸ4ܸܸܸܸ nܸanoparticlesܸܸܸܸ۫܈ن1܇   

 
 .0096¬¬¬¬∴¬ƫ .0096 ¬Ƶ = ƫU 1 = 0 U = 1  

 
ܸƫ .0096¬ƫƫ = ƫU 0 = 1 0  ܹ

ܸܹ

Itܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸrܸelativeܸܸmܸagneticܸܸpܸermeabilityܸܸoܸfܸܸtܸheܸܸfܸerriteܸܸnܸanoparticlesܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸoܸܸܹ

beܸܸvܸeryܸܸcܸloseܸܸtܸoܸܸ1ܸܸܸ۫Tܸhisܸܸۤcܸombinedܸܸwܸithܸܸtܸheܸܸfܸactܸܸtܸhatܸܸtܸheܸܸrܸelativeܸܸpܸermeabilityܸܸoܸfܸܸwܸaterܸܸiܸsܸܸaܸlsoܸܸvܸeryܸܸcܸloseܸܸܹ

toܸܸܸ܏butܸܸlܸowerܸܸtܸhan1ܸܸܸܸܸۤܐiܸndicatesܸܸtܸhatܸܸiܸtܸܸiܸsܸܸaܸppropriateܸܸtܸoܸܸcܸontinueܸܸtܸoܸܸeܸquateܸܸtܸheܸܸmܸagneticܸܸpܸermeabilityܸܸܹ

ofܸܸtܸheܸܸfܸerroΠuidܸܸtܸoܸܸtܸheܸܸmܸagneticܸܸpܸermeabilityܸܸoܸfܸܸfܸreeܸܸsܸpaceܸ۫ ܸܹ

TheܸܸBܸiotܜSavartܸܸlܸawܸܸcܸanܸܸbܸeܸܸaܸppliedܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸaܸtܸܸaܸnyܸܸgܸivenܸܸpܸointܸܸwܸithinܸܸܹ

theܸܸsܸensorܸܸܸ܏whereܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸܐfܸromܸܸtܸheܸܸdܸrivingܸܸcܸurrentܸܸtܸhroughܸܸtܸheܸܸcܸoilsܸܸ۫TܸhisܸܸmܸagneticܸܸΟܸeldܸܸܹ

contributionܸܸcܸanܸܸtܸhenܸܸbܸeܸܸcܸombinedܸܸwܸithܸܸtܸheܸܸcܸontributionܸܸfܸromܸܸtܸheܸܸpܸrecessionܸܸeܸΜectsܸܸiܸnܸܸoܸrderܸܸtܸoܸܸܹ

determineܸܸtܸheܸܸtܸotalܸܸrܸesultantܸܸΟܸeldܸܸ۫ ܸܹܹ

AܸܸcܸriticalܸܸaܸspectܸܸoܸfܸܸtܸhisܸܸtܸheoryܸܸiܸsܸܸtܸoܸܸrܸepresentܸܸtܸheܸܸiܸnducedܸܸmܸagneticܸܸΟܸeldܸܸfܸromܸܸaܸngularܸܸܹ

precessionܸܸoܸfܸܸtܸheܸܸsܸensorܸܸaܸsܸܸaܸܸܸvܸectorܸܸۤrܸatherܸܸtܸhanܸܸaܸܸܸsܸcalarܸܸ۫Tܸheܸܸcܸurrentܸܸsܸcalarܸܸbܸasedܸܸeܸquationsܸܸoܸnlyܸܸaܸllowܸܸܹ

forܸܸiܸnformationܸܸtܸoܸܸbܸeܸܸgܸarneredܸܸrܸegardingܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸaܸngularܸܸdܸisplacementܸܸۤnܸotܸܸtܸheܸܸdܸirectionܸܸܹ۫

Additionalܸܸiܸnformationܸܸpܸrovidedܸܸfܸromܸܸaܸܸܸfܸullܸܸvܸectorܸܸmܸodelܸܸwܸillܸܸaܸllowܸܸfܸorܸܸtܸhisܸܸdܸirectionܸܸtܸoܸܸbܸeܸܸܹ

determinedܸܸ۫Tܸhisܸܸaܸllowsܸܸfܸorܸܸtܸheܸܸsܸensorܸܸmܸeasurementsܸܸfܸromܸܸeܸachܸܸiܸndependentܸܸdܸrivingܸܸcܸoilܸܸtܸoܸܸbܸeܸܸuܸsedܸܸtܸoܸܸܹ

provideܸܸaܸdditionalܸܸiܸnformationܸܸaܸboutܸܸtܸheܸܸdܸirectionܸܸoܸfܸܸrܸotationܸܸ۫Bܸecauseܸܸtܸheܸܸiܸnertialܸܸcܸontributionܸܸtܸoܸܸܹ

ܸܹ
ܸن2 ܸܹ



ܸܹ

theܸܸpܸrecessionܸܸtܸorqueܸܸeܸquationܸܸwܸasܸܸpܸrovenܸܸtܸoܸܸbܸeܸܸiܸnsigniΟcantܸܸۤhܸoweverܸܸۤtܸhisܸܸbܸecomesܸܸlܸessܸܸܹ

straightforwardܸ۫ ܸܹ

Firstܸܸۤtܸheܸܸrܸelationshipܸܸfܸorܸܸtܸheܸܸnܸonܸܸpܸrecessedܸܸsܸtateܸܸoܸfܸܸtܸheܸܸnܸanoparticleܸܸsܸensorܸܸcܸanܸܸbܸeܸܸeܸstablishedܸܸܹ

asܸܸaܸܸܸvܸectorܸܸ۫Bܸyܸܸcܸombiningܸܸeܸquationsܸܸ1ܸ5ܸܸaܸndܸܸ1ܸܸܸمwܸeܸܸcܸanܸܸsܸeeܸܸtܸheܸܸtܸorqueܸܸtܸhatܸܸiܸsܸܸrܸequiredܸܸtܸoܸܸoܸvercomeܸܸΠܸuidܸܸܹ

dragܸܸiܸnܸܸoܸrderܸܸtܸoܸܸsܸpinܸܸtܸheܸܸnܸanoparticlesܸܸaܸtܸܸtܸheܸܸsܸteadyܸܸsܸtateܸܸvܸelocity۫ ܸܸTܸhisܸܸeܸquationܸܸiܸsܸܸpܸrovidedܸܸiܸnܸܸܹ

equationܸܸ2ܸ0ܸ۫   

 QRW_SUeceVVed           -   ɏ  V   ࡙    , 0, 2�f< 0 ¬ ¬ > [, B\, B]M < B ¬ ¬ > (HTQ   20)   
 

ܸܹ

Decomposingܸܸeܸquationܸܸ2ܸ0ܸܸiܸntoܸܸiܸtsܸܸcܸomponentsܸܸiܸnܸܸtܸheܸܸΟܸxedܸܸfܸrameܸܸoܸfܸܸrܸeferenceܸܸiܸsܸܸdܸoneܸܸnܸextܸܹۤ

andܸܸtܸheܸܸrܸesultsܸܸaܸreܸܸpܸrovidedܸܸiܸnܸܸeܸquationsܸܸ2ܸ1ܸܸۤ2ܸ2ܸܸۤaܸndܸܸ2ܸ3ܸ۫ ܸܹ

ܸܹ

 QRW_SUeceVVed_X    ࡙    MB[0 = ¬ (HTQ   21)   
 

 QRW_SUeceVVed_Y    ࡙    MB\0 = ¬ (HTQ   22)   
 

 QRW_SUeceVVed_Z    ࡙    -   ɏ  V �f ¬ MB]2 = ¬ (HTQ   23)   
 

ܸܹ

Lookingܸܸaܸtܸܸeܸquationsܸܸ2ܸ1ܸܸۤ2ܸ2ܸܸۤaܸndܸܸ2ܸ3ܸܸۤwܸeܸܸcܸanܸܸsܸeeܸܸtܸhatܸܸiܸnܸܸtܸheܸܸsܸteadyܸܸnܸonܸܸpܸrecessedܸܸsܸtateܸܸۤwܸhenܸܸܹ

theܸܸnܸanoparticlesܸܸaܸreܸܸsܸpinningܸܸۤtܸhereܸܸiܸsܸܸoܸnlyܸܸaܸܸܸmܸagneticܸܸΟܸeldܸܸiܸnܸܸtܸheܸܸZܸܸܸdܸirectionܸܸۤoܸrܸܸiܸnܸܸtܸheܸܸdܸirectionܸܸoܸfܸܸܹ

theܸܸsܸpinܸܸaܸxisܸܸ۫ ܸܹܹ

UsingܸܸtܸheܸܸfܸrameܸܸoܸfܸܸrܸeferenceܸܸfܸromܸܸΟܸgureܸܸ3ܸܸܸۤwܸeܸܸcܸanܸܸaܸpplyܸܸLܸenzܫsܸܸlܸawܸܸtܸoܸܸdܸetermineܸܸwܸhichܸܸܹ

componentsܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸwܸillܸܸrܸesultܸܸiܸnܸܸiܸnducedܸܸcܸurrentܸܸoܸnܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸ۫Sܸinceܸܸtܸheܸܸdܸrivingܸܸܹ

coilsܸܸaܸreܸܸwܸrappedܸܸaܸroundܸܸtܸheܸܸXܸܸܸaܸndܸܸYܸܸܸaܸxesܸܸۤtܸhatܸܸmܸeansܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸcܸomponentsܸܸiܸnܸܸtܸheܸܸXܸܸܸܹ

directionܸܸwܸillܸܸcܸontributeܸܸtܸoܸܸtܸheܸܸcܸurrentܸܸiܸnܸܸoܸneܸܸcܸoilܸܸۤaܸndܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸcܸomponentsܸܸiܸnܸܸtܸheܸܸYܸܸܸܹ

ܸܹ
30ܸ ܸܹ



ܸܹ

directionܸܸwܸillܸܸcܸontributeܸܸtܸoܸܸtܸheܸܸcܸurrentܸܸiܸnܸܸtܸheܸܸoܸtherܸܸcܸoilܸܸ۫Wܸeܸܸcܸanܸܸrܸeferܸܸtܸoܸܸtܸheܸܸcܸoilsܸܸwܸrappedܸܸoܸnܸܸtܸheirܸܸܹ

respectiveܸܸaܸxesܸܸaܸsܸܸCܸoilXܸܸaܸndܸܸCܸoilYܸܸ۫ ܸܹܹ

InܸܸoܸrderܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸiܸnducedܸܸcܸurrentܸܸfܸromܸܸtܸheܸܸrܸotatingܸܸnܸanoparticleܸܸmܸagneticܸܸΟܸeldܸܸܹۤ

FaradayܫsܸܸlܸawܸܸmܸustܸܸΟܸrstܸܸbܸeܸܸeܸvaluatedܸܸfܸorܸܸtܸheܸܸsܸensorܸܸgܸeometry۫ ܸܸLܸookingܸܸaܸtܸܸeܸquationܸܸ4ܸ1ܸܸiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸܹ

thatܸܸΟܸndingܸܸaܸܸܸcܸlosedܸܸfܸormܸܸsܸolutionܸܸoܸfܸܸFܸaradayܫsܸܸlܸawܸܸrܸequiresܸܸiܸntegratingܸܸwܸithܸܸrܸespectܸܸtܸoܸܸtܸheܸܸmܸagneticܸܸܹ

Οeldܸܸaܸsܸܸwܸellܸܸaܸsܸܸtܸheܸܸcܸrossܸܸsܸectionalܸܸaܸreaܸܸoܸfܸܸtܸheܸܸwܸireܸܸlܸoopܸܸܸ܏coilܸܸܐeܸxposedܸܸtܸoܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸ۫Fܸorܸܸtܸheܸܸnܸotܸܸܹ

precessedܸܸcܸaseܸܸۤtܸheܸܸsܸtrengthܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸۤaܸsܸܸwܸellܸܸaܸsܸܸtܸheܸܸaܸreaܸܸܸۤsܸhouldܸܸrܸemainܸܸcܸonstantܸܸۤwܸhichܸܸܹ

allowsܸܸtܸheܸܸeܸquationܸܸtܸoܸܸbܸeܸܸsܸimpliΟedܸܸtܸoܸܸtܸheܸܸoܸneܸܸpܸrovidedܸܸiܸnܸܸeܸquationܸܸ4ܸ2ܸܸ۫Tܸhisܸܸsܸolutionܸܸrܸeliesܸܸoܸnܸܸtܸheܸܸܹ

assumptionܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸpܸroducedܸܸfܸromܸܸrܸotatingܸܸnܸanoparticlesܸܸiܸsܸܸfܸairlyܸܸuܸniformܸܸۤwܸhichܸܸcܸanܸܸܹ

beܸܸaܸssumedܸܸdܸueܸܸtܸoܸܸtܸheܸܸfܸactܸܸtܸhatܸܸtܸheܸܸwܸireܸܸcܸoilsܸܸaܸreܸܸwܸrappedܸܸcܸloselyܸܸtܸoܸܸtܸheܸܸΠܸuidܸܸ۫ ܸܹܹ

I iQdXced = ¬ RcRiO

V ePf = ¬ N
RcRiO dW

d dA∫
¬

¬
B

= N
RcRiO ΔW

BA          (HTQ   42)   

 
 

BecauseܸܸtܸhisܸܸiܸnducedܸܸmܸagneticܸܸΟܸeldܸܸiܸsܸܸsܸolelyܸܸiܸnܸܸtܸheܸܸZܸܸܸdܸirectionܸܸۤLܸenzܫsܸܸlܸawܸܸcܸanܸܸbܸeܸܸaܸppliedܸܸtܸoܸܸܹ

ΟndܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸΠܸuxܸܸsܸhouldܸܸnܸotܸܸrܸesultܸܸiܸnܸܸaܸnܸܸiܸnducedܸܸcܸurrentܸܸoܸnܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸ۫Eܸvenܸܸtܸhoughܸܸܹ

theܸܸsܸteadyܸܸsܸtateܸܸiܸnducedܸܸcܸurrentܸܸwܸillܸܸbܸeܸܸ0ܸܸܸۤiܸtܸܸiܸsܸܸsܸtillܸܸuܸsefulܸܸtܸoܸܸqܸuantifyܸܸcܸurrentܸܸtܸhatܸܸcܸouldܸܸbܸeܸܸiܸnducedܸܸiܸfܸܸܹ

anotherܸܸcܸoilܸܸwܸasܸܸpܸresentܸܸ۫TܸhisܸܸcܸurrentܸܸcܸanܸܸbܸeܸܸqܸuantiΟedܸܸbܸyܸܸaܸpplyingܸܸFܸaradayܫsܸܸlܸawܸܸbܸyܸܸcܸombiningܸܸܹ

equationܸܸ2ܸ3ܸܸwܸithܸܸeܸquationܸܸ4ܸ2ܸܸۤiܸntoܸܸtܸheܸܸrܸesultantܸܸeܸquationܸܸ2ܸ5ܸ۫   

¬ B] ¬M
6ηV 2πf = ¬ = ¬ NA

I   R  ΔWiQdXced ePf (HTQ   24)   
 

¬M  ΔW
6ηV 2πf   NA = IQRW SUeceVVed (HTQ   25)   

 
 

Forܸܸaܸܸܸtܸypicalܸܸsܸupplyܸܸsܸignalܸܸoܸfܸܸ1ܸ000ܸܸHܸzܸܸۤaܸndܸܸaܸܸܸtܸypicalܸܸsܸensorܸܸwܸithܸܸ5ܸ0ܸܸwܸindingsܸܸoܸfܸܸaܸܸܸcܸoilܸܸwܸithܸܸaܸnܸܸܹ

equivalentܸܸsܸolenoidܸܸrܸadiusܸܸoܸfܸܸ0ܸ۫5cmܸܸۤtܸheܸܸiܸnducedܸܸcܸurrentܸܸiܸnܸܸtܸheܸܸnܸonܸܸpܸrecessedܸܸsܸtateܸܸwܸouldܸܸbܸeܸܸoܸnܸܸtܸheܸܸܹ

ܸܹ
31ܸ ܸܹ



ܸܹ

orderܸܸoܸfܸܸfܸemtoampsܸܸpܸerܸܸnܸanoparticleܸܸܸ1۫4ܸܸل܏fܸAܸܸ۫ܐFܸorܸܸaܸܸܸtܸypicalܸܸsܸensorܸܸۤwܸithܸܸwܸaterܸܸaܸsܸܸtܸheܸܸsܸuspensionܸܸܹ

agentܸܸۤtܸhereܸܸaܸreܸܸaܸpproximatelyܸܸ1ܸ01ܸܸܸܸك nܸanoparticlesܸܸpܸresentܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸvܸolumeܸܸۤwܸhichܸܸmܸeansܸܸtܸhatܸܸܹ

theܸܸtܸotalܸܸcܸurrentܸܸvܸalueܸܸcܸanܸܸbܸeܸܸiܸncreasedܸܸ۫Dܸueܸܸtܸoܸܸmܸagneticܸܸsܸusceptibilityۤ ܸܸiܸnteractionܸܸbܸetweenܸܸpܸarticlesܸܸܹۤ

andܸܸtܸhermalܸܸeܸΜectsܸܸۤhܸoweverܸܸۤtܸhisܸܸgܸainܸܸiܸsܸܸnܸotܸܸeܸxactlyܸܸeܸqualܸܸtܸoܸܸtܸheܸܸnܸumberܸܸoܸfܸܸpܸarticlesܸܸ۫Aܸܸܸpܸreviousܸܸsܸtudyܸܸܹ

foundܸܸmܸeasurableܸܸvܸaluesܸܸtܸoܸܸbܸeܸܸoܸnܸܸtܸheܸܸoܸrderܸܸoܸfܸܸmܸilliampsܸܸfܸorܸܸaܸnܸܸeܸquivalentܸܸsܸensorܸܸܸܸܸ۫܈4܇Rܸegardlessܸܸۤaܸsܸܸܹ

previouslyܸܸsܸtatedܸܸۤtܸheܸܸsܸteadyܸܸsܸtateܸܸnܸonܸܸpܸrecessedܸܸmܸagneticܸܸΟܸeldܸܸpܸroducedܸܸfܸromܸܸnܸanoparticleܸܸpܸrecessionܸܸܹ

willܸܸnܸotܸܸbܸeܸܸiܸnducedܸܸoܸntoܸܸtܸheܸܸdܸrivingܸܸcܸoilܸܸcܸurrentsܸ۫ ܸܹ

InܸܸoܸrderܸܸtܸoܸܸrܸelateܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸtܸoܸܸaܸnܸܸaܸngleܸܸoܸfܸܸtܸiltܸܸۤwܸeܸܸwܸillܸܸnܸeedܸܸtܸoܸܸaܸssessܸܸtܸheܸܸsܸensorܸܸrܸesponseܸܸܹ

whenܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸpܸrecessedܸܸ۫Fܸirstܸܸۤwܸeܸܸcܸanܸܸcܸombineܸܸtܸheܸܸdܸecomposedܸܸaܸngularܸܸvܸelocityܸܸvܸectorܸܸܹ

fromܸܸeܸquationܸܸ1ܸܸܸكwܸithܸܸtܸheܸܸpܸrecessedܸܸtܸorqueܸܸeܸquationܸܸfܸromܸܸeܸquationܸܸ1ܸܸܸ۫لTܸhisܸܸcܸombinationܸܸiܸsܸܸpܸrovidedܸܸܹ

inܸܸeܸquationܸܸ2ܸܸܸ۫ك ܸܹܹ

 SUeceVVed          -   ɏ  V  Vin(ơ)Vin(Ƣ)¬ coV(Ƣ), Vin(ơ)coV(Ƣ)¬ Vin(Ƣ), coV(ơ) ¬ ¬< dW
dα + ¬ dW

dβ ¬ dW
dα ¬ dW

dβ ¬ dW
dα + ¬ dW

dγ > ¬  
࡙ [, B\, B]M < B ¬ ¬ > (HTQ   26)   

ܸܹ

Decomposingܸܸeܸquationܸܸ2ܸܸܸكiܸntoܸܸiܸtsܸܸcܸomponentsܸܸiܸnܸܸtܸheܸܸΟܸxedܸܸfܸrameܸܸoܸfܸܸrܸeferenceܸܸiܸsܸܸdܸoneܸܸnܸextܸܹۤ

andܸܸtܸheܸܸrܸesultsܸܸaܸreܸܸpܸrovidedܸܸiܸnܸܸeܸquationsܸܸ2ܸܸܸۤم2ܸܸܸۤلaܸndܸܸ2ܸܸ۫ن ܸܹ

 SUeceVVed_X    ࡙    ƦV ( Vin(ơ)Vin(Ƣ)¬ coV(Ƣ)) MB[ ¬6 dW
dα + ¬ dW

dβ = ¬ (HTQ   27)   
 

 SUeceVVed_Y    ࡙    ƦV ( Vin(ơ)coV(Ƣ)¬ Vin(Ƣ)) MB\ ¬6 dW
dα ¬ dW

dβ = ¬ (HTQ   28)   
 

 SUeceVVed_Z    ࡙    ƦV ( coV(ơ) )¬ MB] ¬6 dW
dα + ¬ dW

dγ = ¬ (HTQ   29)   
 

ܸܹ

Lookingܸܸaܸtܸܸeܸquationsܸܸ2ܸܸܸۤم2ܸܸܸۤلaܸndܸܸ2ܸܸܸۤنwܸeܸܸcܸanܸܸsܸeeܸܸtܸhatܸܸwܸhenܸܸtܸheܸܸnܸanoparticleܸܸiܸsܸܸpܸrecessedܸܸۤtܸheܸܸܹ

angularܸܸvܸelocityܸܸwܸillܸܸhܸaveܸܸcܸomponentsܸܸiܸnܸܸaܸllܸܸtܸhreeܸܸoܸfܸܸtܸheܸܸΟܸxedܸܸrܸeferenceܸܸfܸrameܸܸdܸirectionsܸܸۤwܸhenܸܸtܸiltedܸܸܹ

ܸܹ
32ܸ ܸܹ



ܸܹ

aboutܸܸaܸܸܸsܸingleܸܸaܸxisܸܸ۫Tܸheseܸܸcܸomponentsܸܸhܸaveܸܸmܸagnitudesܸܸtܸhatܸܸdܸirectlyܸܸrܸelateܸܸtܸoܸܸtܸheܸܸaܸngleܸܸaܸndܸܸrܸateܸܸoܸfܸܸtܸiltܸܸܹ۫

BecauseܸܸtܸhisܸܸiܸnducedܸܸmܸagneticܸܸΟܸeldܸܸiܸsܸܸiܸnܸܸtܸheܸܸXܸܸܸۤYܸܸܸۤaܸndܸܸZܸܸܸdܸirectionsܸܸۤLܸenzܫsܸܸlܸawܸܸcܸanܸܸbܸeܸܸaܸppliedܸܸtܸoܸܸΟܸndܸܸܹ

thatܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸwܸillܸܸrܸesultܸܸiܸnܸܸaܸnܸܸiܸnducedܸܸcܸurrentܸܸoܸnܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸ۫ ܸܹܹ

InܸܸoܸrderܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸiܸnducedܸܸcܸurrentܸܸfܸromܸܸtܸheܸܸrܸotatingܸܸnܸanoparticleܸܸmܸagneticܸܸΟܸeldܸܸܹۤ

Faradayܫsܸܸlܸawܸܸmܸustܸܸaܸgainܸܸbܸeܸܸeܸvaluatedܸܸfܸorܸܸtܸheܸܸsܸensorܸܸgܸeometry۫ ܸܸLܸookingܸܸaܸtܸܸeܸquationܸܸ4ܸ1ܸܸiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸܹ

thatܸܸΟܸndingܸܸaܸܸܸcܸlosedܸܸfܸormܸܸsܸolutionܸܸoܸfܸܸFܸaradayܫsܸܸlܸawܸܸrܸequiresܸܸiܸntegratingܸܸwܸithܸܸrܸespectܸܸtܸoܸܸtܸheܸܸmܸagneticܸܸܹ

Οeldܸܸaܸsܸܸwܸellܸܸaܸsܸܸtܸheܸܸcܸrossܸܸsܸectionalܸܸaܸreaܸܸoܸfܸܸtܸheܸܸwܸireܸܸlܸoopܸܸܸ܏coilܸܸܐeܸxposedܸܸtܸoܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸ۫Fܸorܸܸtܸheܸܸܹ

precessedܸܸcܸaseܸܸۤtܸheܸܸsܸtrengthܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸۤaܸsܸܸwܸellܸܸaܸsܸܸtܸheܸܸaܸreaܸܸܸۤwܸillܸܸnܸotܸܸrܸemainܸܸcܸonstantܸܸ۫Tܸhisܸܸܹ

makesܸܸiܸtܸܸmܸoreܸܸdܸiΝcultܸܸtܸoܸܸeܸvaluateܸܸtܸheܸܸiܸntegralܸܸ۫Iܸnܸܸoܸrderܸܸtܸoܸܸaܸrriveܸܸaܸtܸܸtܸheܸܸsܸolutionܸܸfܸorܸܸaܸܸܸcܸhangingܸܸܹ

magneticܸܸΟܸeldܸܸaܸndܸܸaܸܸܸcܸhangingܸܸaܸreaܸܸۤtܸwoܸܸsܸolutionsܸܸcܸanܸܸbܸeܸܸcܸombinedܸܸ۫SܸpeciΟcallyۤ ܸܸsܸolvingܸܸtܸheܸܸeܸquationܸܸܹ

forܸܸtܸheܸܸcܸaseܸܸoܸfܸܸaܸܸܸΟܸxedܸܸcܸoilܸܸܸ܏staticܸܸaܸreaܸܸܐwܸithܸܸaܸܸܸcܸhangingܸܸmܸagneticܸܸΟܸeldܸܸۤaܸndܸܸtܸheܸܸeܸquationܸܸfܸorܸܸtܸheܸܸcܸaseܸܸoܸfܸܸaܸܸܸܹ

rotatingܸܸcܸoilܸܸܸ܏changingܸܸaܸreaܸܸܐiܸnܸܸaܸܸܸuܸniformܸܸmܸagneticܸܸΟܸeldܸܸ۫Tܸheseܸܸsܸolutionsܸܸaܸreܸܸpܸresentedܸܸaܸndܸܸcܸombinedܸܸܹ

inܸܸeܸquationsܸܸ4ܸ345ܸܸ۫ܜTܸheseܸܸsܸolutionsܸܸaܸgainܸܸrܸelyܸܸoܸnܸܸtܸheܸܸaܸssumptionܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸpܸroducedܸܸܹ

fromܸܸrܸotatingܸܸnܸanoparticlesܸܸiܸsܸܸfܸairlyܸܸuܸniformܸ۫ ܸܹ

AI f i[edA = ¬ RcRiO

V ePf = ¬ N
RcRiO dW

d dA∫
¬

¬
B

= ¬ N
RcRiO ΔW

ΔB (HTQ   43)   [21]   

 

BI f i[edB = ¬ RcRiO

V ePf = ¬ N
RcRiO dW

d dA∫
¬

¬
B

= ¬ N
RcRiO ΔW

ΔA (HTQ   44)   [21]   

 

I iQdXced = ¬ RcRiO

V ePf = ¬ N
RcRiO dW

d dA∫
¬

¬
B

= ¬ N
RcRiO ΔW

ΔA ΔB (HTQ   45)   

ܸܹ

ThisܸܸcܸurrentܸܸcܸanܸܸbܸeܸܸqܸuantiΟedܸܸbܸyܸܸaܸpplyingܸܸFܸaradayܫsܸܸlܸawܸܸbܸyܸܸcܸombiningܸܸeܸquationsܸܸ2ܸܸܸۤم2ܸܸܸۤلaܸndܸܸܹ

wܸithܸܸeܸquationܸܸ4ܸ5ܸܸۤiܸntoܸܸtܸheܸܸrܸesultantܸܸeܸquationsܸܸ3ܸ3ܸܸۤ3ܸ4ܸܸۤaܸndܸܸ3ܸ5ܸܸ۫IܸnܸܸoܸrderܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸdܸiΜerentialܸܸܹܸܸن2

ܸܹ
33ܸ ܸܹ



ܸܹ

BܸܸΟܸeldܸܸeܸlementܸܸܸۤ  ܸܸۤwܸeܸܸcܸanܸܸoܸbserveܸܸtܸheܸܸdܸiΜerenceܸܸbܸetweenܸܸtܸheܸܸpܸrecessedܸܸaܸndܸܸnܸotܸܸpܸrocessedܸܸsܸtateܸܸ۫FܸorܸܸBƋ ܹ

nowܸܸcܸanܸܸcܸonsiderܸܸtܸheܸܸdܸiΜerentialܸܸaܸreaܸܸoܸfܸܸtܸheܸܸcܸoilܸܸܸܸ܏ andܸܸAƋ܏tܸoܸܸbܸeܸܸtܸheܸܸeܸntireܸܸaܸreaܸܸۤhܸoweverܸܸۤiܸtܸܸiܸsܸܸpܸossibleܸܸܸܸܸܐ  ܹ

likelyܸܸܐtܸhatܸܸtܸhisܸܸaܸreaܸܸiܸsܸܸlܸessܸܸۤwܸhichܸܸwܸouldܸܸbܸeܸܸeܸquivalentܸܸtܸoܸܸsܸcalingܸܸtܸheܸܸcܸomponentܸܸ۫Tܸhisܸܸcܸouldܸܸbܸeܸܸfܸurtherܸܸܹ

determinedܸܸtܸhroughܸܸeܸmpiricalܸܸvܸeriΟcationܸ۫ ܸܹ

ܸܹ

( ƦV ( Vin(ơ)Vin(Ƣ)¬ coV(Ƣ)))¬ ¬M ) 0 ƋB[ ¬( 6 dW
dα + ¬ dW

dβ / ¬ = ¬ = ¬ N  ΔA
I  ΔW RiQdXced cRiO (HTQ   30)   

 

( ƦV ( Vin(ơ)coV(Ƣ)¬ Vin(Ƣ)))¬ ¬M ) 0 ƋB\ ¬( 6 dW
dα ¬ dW

dβ / ¬ = ¬ = ¬ N  ΔA
I  ΔW RiQdXced cRiO (HTQ   31)   

 
  ( ƦV ( coV(ơ) ))¬ ¬M ) ( 6 V 2�f )¬ ƋB] ¬( 6 dW

dα + ¬ dW
dγ / ¬ ¬ = ¬ = ¬ N  ΔA

I  ΔW RiQdXced cRiO (HTQ   32)   
 

ܸܹ

(6ƦV ¬NƋA¬( Vin(ơ)Vin(Ƣ)¬ coV(Ƣ)))¬ ¬(M ¬ƋW¬R )) ¬( dW
dα + ¬ dW

dβ / cRil = ISUeceVVedX (HTQ   33)   
 

(6ƦV ¬NƋA¬( Vin(ơ)coV(Ƣ)¬ Vin(Ƣ)))¬ ¬(M ¬ƋW¬R )) ¬( dW
dα ¬ dW

dβ / cRil = ISUeceVVedY (HTQ   34)   
 

  (6ƦV ¬NƋA¬( coV(ơ) ))¬ ¬(M ¬ƋW¬R )) 6 V 2�f ¬NƋA¬ ¬(¬ƋW¬R ))¬ ¬( dW
dα + ¬ dW

dγ / cRil + ( / cRil = ISUeceVVedZ
(HTQ   35)   

  
ܸܹ

Lookingܸܸaܸtܸܸeܸquationsܸܸ3ܸ3ܸܸۤ3ܸ4ܸܸۤaܸndܸܸ3ܸ5ܸܸۤwܸeܸܸcܸanܸܸsܸeeܸܸtܸhatܸܸtܸhereܸܸwܸillܸܸbܸeܸܸaܸnܸܸiܸnducedܸܸcܸurrentܸܸoܸnܸܸtܸheܸܸܹ

drivingܸܸcܸurrentܸܸcܸoilsܸܸwܸrappedܸܸaܸroundܸܸtܸheܸܸXܸܸܸaܸndܸܸYܸܸܸaܸxesܸܸ۫Tܸhisܸܸiܸnducedܸܸcܸurrentܸܸwܸillܸܸbܸeܸܸaܸtܸܸiܸtsܸܸmܸaximumܸܸܹ

valueܸܸwܸhenܸܸtܸheܸܸsܸensorܸܸhܸasܸܸjܸustܸܸsܸtoppedܸܸtܸiltingܸܸۤaܸndܸܸtܸhenܸܸiܸtܸܸwܸillܸܸrܸeturnܸܸtܸoܸܸ0ܸܸܸaܸsܸܸtܸheܸܸrܸationalܸܸaܸxesܸܸoܸfܸܸtܸheܸܸܹ

nanoparticlesܸܸrܸealignܸܸaܸndܸܸtܸheܸܸiܸnducedܸܸcܸurrentܸܸsܸhiftsܸܸbܸackܸܸtܸoܸܸtܸheܸܸZܸܸܸaܸxisܸܸ۫Tܸhisܸܸiܸsܸܸbܸecauseܸܸtܸheܸܸiܸnducedܸܸܹ

currentܸܸoܸnܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸiܸsܸܸoܸnlyܸܸdܸueܸܸtܸoܸܸtܸheܸܸXܸܸܸaܸndܸܸYܸܸܸcܸomponentsܸܸoܸfܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸۤwܸhichܸܸaܸreܸܸܹ

onlyܸܸpܸresentܸܸwܸhenܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸpܸrecessedܸܸ۫Tܸhereforeܸܸܸۤ  ܸܸaܸndܸܸܸ  ܸrܸepresentܸܸtܸheܸܸI[ SUeceVVed I\  SUeceVVed ܹ

maximumܸܸvܸaluesܸܸoܸfܸܸtܸheܸܸiܸnducedܸܸcܸurrentܸܸcܸontributionܸܸfܸromܸܸeܸachܸܸnܸanoparticleܸܸۤaܸndܸܸܸ ܸI]  SUeceVVed ܹ

ܸܹ
34ܸ ܸܹ

Jackson Brennecke

Jackson Brennecke

Jackson Brennecke
η

Jackson Brennecke
η



ܸܹ

representsܸܸtܸheܸܸmܸinimumܸܸvܸalueܸܸoܸfܸܸtܸheܸܸpܸotentialܸܸcܸurrentܸܸcܸontributionܸܸtܸhatܸܸiܸsܸܸaܸtܸܸiܸtsܸܸmܸaximumܸܸaܸtܸܸtܸheܸܸܹ

steadyܸܸnܸonܸܸpܸrecessedܸܸsܸtateܸ۫ ܸܹ

Forܸܸaܸܸܸtܸypicalܸܸsܸupplyܸܸsܸignalܸܸoܸfܸܸ1ܸ000ܸܸHܸzܸܸۤaܸndܸܸaܸܸܸtܸypicalܸܸsܸensorܸܸwܸithܸܸ5ܸ0ܸܸwܸindingsܸܸoܸfܸܸaܸܸܸcܸoilܸܸwܸithܸܸaܸnܸܸܹ

equivalentܸܸsܸolenoidܸܸrܸadiusܸܸoܸfܸܸ0ܸ۫5cmܸܸۤtܸheܸܸiܸnducedܸܸcܸurrentܸܸiܸnܸܸtܸheܸܸpܸrecessedܸܸsܸtateܸܸcܸanܸܸbܸeܸܸcܸomputedܸܸfܸorܸܸaܸܸܸܹ

handfulܸܸoܸfܸܸaܸngularܸܸdܸisplacementsܸܸ۫AܸܸܸsܸimpliΟedܸܸeܸxampleܸܸcܸanܸܸbܸeܸܸuܸsedܸܸۤwܸhereܸܸtܸiltܸܸiܸsܸܸoܸnlyܸܸaܸppliedܸܸaܸboutܸܸaܸܸܸܹ

singleܸܸaܸxisܸܸۤaܸsܸܸiܸllustratedܸܸiܸnܸܸΟܸguresܸܸ4ܸܸܸaܸndܸܸ5ܸܸܸ۫TܸhisܸܸcܸanܸܸbܸeܸܸmܸodeledܸܸuܸsingܸܸtܸheܸܸEܸulerܸܸaܸngleܸܸrܸepresentationܸܸܹ

fromܸܸeܸquationsܸܸ3ܸ335ܸܸ۫ܜUܸsingܸܸtܸheܸܸZܸܜXܜZܸܸEܸulerܸܸcܸonventionܸܸۤwܸeܸܸkܸnowܸܸtܸheܸܸaܸngularܸܸvܸelocityܸܸaܸboutܸܸtܸheܸܸܹ

ΟxedܸܸZܸܸܸaܸxisܸܸۤwܸhichܸܸiܸsܸܸrܸepresentedܸܸbܸyܸܸܸ and   .    Tiltingܸܸtܸheܸܸsܸensorܸܸbܸyܸܸaܸnܸܸaܸngleܸܸܸ ܸܸaܸndܸܸaܸtܸܸaܸܸܸrܸateܸܸoܸfܸܸܸ ܸdW
dα

dW
dγ

dW
dβ ܹ

willܸܸpܸroduceܸܸaܸnܸܸiܸnducedܸܸcܸurrentܸܸvܸalueܸܸuܸsingܸܸeܸquationsܸܸ3ܸ335ܸܸ۫ܜIܸnducedܸܸcܸurrentܸܸfܸorܸܸaܸܸܸhܸandfulܸܸoܸfܸܸtܸheseܸܸܹ

tiltܸܸcܸasesܸܸwܸasܸܸcܸomputedܸܸfܸorܸܸaܸܸܸvܸarietyܸܸoܸfܸܸaܸnglesܸܸaܸndܸܸtܸabulatedܸܸiܸnܸܸtܸableܸܸ2ܸܸܸ۫Bܸecauseܸܸoܸfܸܸtܸheܸܸaܸssumptionܸܸtܸhatܸܸܹ

theܸܸtܸiltܸܸrܸateܸܸܸۤ  ܸܸۤwܸillܸܸbܸeܸܸmܸuchܸܸsܸmallerܸܸtܸhanܸܸtܸheܸܸsܸpinܸܸrܸateܸܸܸۤ and    ܸܸۤwܸeܸܸcܸanܸܸdܸetermineܸܸtܸheܸܸaܸmountܸܸoܸfܸܸdW
dβ

dW
dα

dW
dγ ܹ

Zܸܸaܸxisܸܸdܸisplacementܸܸܸۤ ܸܸaܸndܸܸܸ ܸܸۤuܸsingܸܸtܸheܸܸfܸormulaܸܸiܸnܸܸeܸquationsܸܸ3ܸܸܸكaܸndܸܸ3ܸܸܸ۫لTܸheܸܸsܸpinܸܸrܸateܸܸiܸsܸܸΟܸxedܸܸaܸtܸ

rad۲sܸ۫  �f 2832 = 6  

  ( )¬ơ)¬%¬360� ¬Ơ = ( dW
dα / dWdβ (HTQ   36)   

 
  ( )¬ơ)¬%¬360� ¬Ƣ = ( dW

dγ / dWdβ (HTQ   37)   
 

Tableܸܸ2ܸ:ܸܸIܸnducedܸܸCܸurrentܸܸRܸesultsܸܸ(ܸTiltedܸܸAܸboutܸܸXܸܸܸAܸxis)ܸ ܸܹ

ܸܹ

ܸܹ
35ܸ ܸܹ

Angularܸܸܹ
Displacement,ܸܸܹ

ܸܸܸܸۤdegreesܸ ܸܹ

TiltܸܸRܸate,ܸܸܹ
 ,ܸܸrܸad/sܸ ܸdW

dβ ܹ
ZܸܸTܸwistܸܸܹ

Angle,ܸܸܸ ܸܸܸݮܸܸܸ ,ܸܸܹ
degreesܸ ܸܹ

Maximumܸ ܸܹ
Ixܸܸܸpܸrecessed,ܸܸܸAܸܸ ܸܹ

Maximumܸ ܸܹ
Iyܸܸܸpܸrecessed,ܸܸܸAܸܸ ܸܹ

Minimumܸ ܸܹ
Izܸܸܸpܸrecessed,ܸܸܸAܸܸ ܸܹ

30ܸ ܸܹ ܸن34 ܸܹ 0۫1ܸم1 ܸܹ 15ܸܜ2۫01Eܜ ܸܹ 14ܸܜEمل1۫ܜ ܸܹ 14ܸܜEكك۫ك ܸܹ

0ܸك ܸܹ ܸن34 ܸܹ 0۫2ܸ ܸܹ 15ܸܜEن2۫0 ܸܹ 14ܸܜEن3۫0 ܸܹ 5۫35E14ܸܜ ܸܹ

0ܸن ܸܹ ܸن34 ܸܹ 0۫3ܸم1 ܸܹ 15ܸܜEل2۫1ܜ ܸܹ 14ܸܜEل3۫5ܜ ܸܹ 14ܸܜEل3۫5 ܸܹ

120ܸ ܸܹ ܸن34 ܸܹ 0۫4ܸ ܸܹ 2۫20E15ܸܜ ܸܹ 14ܸܜEن3۫0 ܸܹ 14ܸܜEمل1۫ ܸܹ



ܸܹ

Theܸܸrܸesultsܸܸfܸromܸܸtܸableܸܸ2ܸܸܸmܸatchܸܸtܸheܸܸeܸxpectedܸܸbܸehaviorܸܸoܸfܸܸtܸheܸܸsܸystemܸܸ۫Aܸsܸܸtܸheܸܸsܸensorܸܸiܸsܸܸtܸiltedܸܸܹ

aboutܸܸiܸtܫsܸܸXܸܸܸaܸxisܸܸۤtܸheܸܸcܸurrentܸܸܸܸ  isܸܸaܸpproximatelyܸܸ1ܸ0ܸܸtܸimesܸܸgܸreaterܸܸtܸhanܸܸtܸheܸܸcܸurrentܸܸܸ  ܸܸ۫I\  SUeceVVed I[ SUeceVVed ܹ

ForܸܸaܸܸܸrܸotationܸܸaܸboutܸܸtܸheܸܸYܸܸܸaܸxisܸܸۤrܸatherܸܸtܸhanܸܸtܸheܸܸXܸܸܸaܸxisܸܸۤtܸhisܸܸmܸeansܸܸtܸhatܸܸtܸheܸܸcܸurrentܸܸܸ  ܸwܸouldܸܸbܸeܸܸI[ SUeceVVed ܹ

approximatelyܸܸ1ܸ0ܸܸtܸimesܸܸgܸreaterܸܸtܸhanܸܸtܸheܸܸcܸurrentܸܸܸ asܸܸwܸellܸܸ۫TܸhisܸܸmܸeansܸܸtܸhatܸܸtܸheܸܸeܸquationsܸܸcܸanܸܸI\  SUeceVVed ܹ

beܸܸuܸsedܸܸtܸoܸܸdܸetermineܸܸnܸotܸܸjܸustܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸtܸheܸܸaܸngularܸܸdܸisplacementܸܸۤbܸutܸܸaܸlsoܸܸwܸhichܸܸaܸxisܸܸaܸboutܸܸܹ

whichܸܸtܸheܸܸsܸystemܸܸwܸasܸܸtܸiltedܸܸ۫FܸorܸܸaܸܸܸcܸombinationܸܸoܸfܸܸtܸiltܸܸaܸboutܸܸtܸheܸܸXܸܸܸaܸndܸܸYܸܸܸaܸxesܸܸۤtܸheܸܸcܸurrentsܸܸܸ ܸI[ SUeceVVed ܹ

andܸܸܸ ܸwܸouldܸܸbܸeܸܸmܸoreܸܸsܸimilarܸܸtܸoܸܸeܸachܸܸoܸtherܸܸ۫ ܸI\  SUeceVVed ܹܹ

Furtherܸܸۤiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸtܸheܸܸcܸurrentܸܸcܸontributionܸܸfܸorܸܸaܸnܸܸiܸndividualܸܸܹ

nanoparticleܸܸiܸsܸܸoܸnܸܸtܸheܸܸoܸrderܸܸoܸfܸܸfܸemtoAmpsܸܸaܸgainܸܸۤwܸhichܸܸiܸsܸܸcܸonsistentܸܸwܸithܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸcܸurrentܸܸܹ

foundܸܸfܸorܸܸtܸheܸܸnܸotܸܸpܸrecessedܸܸsܸtateܸܸ۫ ܸܹܹ

ܸܹ ܹ

ܸܹ
ܸك3 ܸܹ



ܸܹ

ܸܐ2۫2 SimulationܸܸaܸndܸܸAܸnalysisܸ ܸܹ

Inܸܸoܸrderܸܸtܸoܸܸvܸerifyܸܸtܸhatܸܸtܸheܸܸtܸheoreticalܸܸmܸodelܸܸfܸorܸܸtܸheܸܸsܸensorܸܸiܸsܸܸaܸccurateܸܸۤsܸimulationsܸܸwܸereܸܸܹ

performedܸܸuܸsingܸܸMܸATLABܸܸ۫TܸheܸܸΟܸrstܸܸsܸimulatedܸܸaܸspectܸܸoܸfܸܸtܸheܸܸsܸensorܸܸwܸasܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸfܸromܸܸtܸheܸܸܹ

drivingܸܸcܸoilsܸܸtܸoܸܸsܸpinܸܸtܸheܸܸnܸanoparticlesܸܸ۫TܸheܸܸrܸepresentationܸܸoܸfܸܸtܸheܸܸBܸiotܸܸSܸavartܸܸlܸawܸܸiܸnܸܸeܸquationܸܸܸܸܸنrܸeliesܸܸoܸnܸܸܹ

diΜerentialܸܸmܸagneticܸܸΟܸeldܸܸeܸlementsܸܸcܸorrespondingܸܸtܸoܸܸdܸiΜerentialܸܸlܸengthܸܸsܸegmentsܸܸoܸfܸܸaܸܸܸcܸonductingܸܸwܸireܸܸܹ۫

ThisܸܸwܸasܸܸsܸimulatedܸܸiܸnܸܸMܸATLABܸܸbܸyܸܸgܸeneratingܸܸaܸܸܸsܸeriesܸܸoܸfܸܸpܸointsܸܸiܸnܸܸaܸܸܸpܸlaneܸܸܸ܏toܸܸrܸepresentܸܸnܸanoparticlesܸܸܹ

withinܸܸtܸheܸܸsܸensorܸܸۤܐaܸndܸܸtܸhenܸܸcܸomputingܸܸdܸiΜerentialܸܸmܸagneticܸܸΟܸeldܸܸcܸontributionsܸܸfܸorܸܸeܸachܸܸsܸegmentܸܸoܸfܸܸܹ

theܸܸwܸireܸܸwܸrappingsܸܸ۫TܸheܸܸsܸimulatedܸܸwܸireܸܸcܸoilܸܸvܸectorsܸܸwܸereܸܸpܸlottedܸܸaܸndܸܸaܸreܸܸpܸrovidedܸܸiܸnܸܸΟܸgureܸܸܸܸܸۤكsܸoܸܸtܸhatܸܸܹ

theܸܸsܸimulationܸܸcܸanܸܸbܸeܸܸbܸetterܸܸvܸisualizedܸܸ۫IܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸiܸnܸܸΟܸgureܸܸܸܸܸكtܸhatܸܸtܸhereܸܸaܸreܸܸ5ܸ0ܸܸcܸoilܸܸwܸrappingsܸܸܹ

simulatedܸܸfܸorܸܸbܸothܸܸtܸheܸܸXܸܸܸaܸndܸܸYܸܸܸaܸxesܸܸ۫ ܸܹܹ

ܸܹ

ܸܹ

Figureܸܸ6ܸ:ܸܸMܸATLABܸܸSܸimulatedܸܸWܸireܸܸCܸoilsܸܸPܸlotܸܹ

ܸܹ

ܸܹ
ܸل3 ܸܹ



ܸܹ

TheܸܸsܸimulationܸܸoܸfܸܸtܸheܸܸBܸiotܜSavartܸܸlܸawܸܸwܸasܸܸpܸerformedܸܸfܸorܸܸaܸܸܸfܸewܸܸdܸiΜerentܸܸZܸܸܸpܸlanesܸܸۤrܸepresentingܸܸܹ

diΜerentܸܸpܸointsܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸ۫Bܸecauseܸܸtܸheܸܸtܸypicalܸܸsܸensorܸܸdܸimensionsܸܸaܸreܸܸ1ܸcmܸܸxܸܸܸ1ܸcmܸܸxܸܸܸ0ܸ۫5cmܸܸۤtܸheܸܸܹ

magneticܸܸΟܸeldܸܸsܸtrengthܸܸwܸasܸܸsܸimulatedܸܸfܸorܸܸZܸܸܸvܸaluesܸܸoܸfܸܸ0ܸcmܸܸۤ0ܸ۫1cmܸܸۤ0ܸ۫2cmܸܸۤaܸndܸܸ0ܸ۫245لcmܸܸaܸboveܸܸaܸndܸܸܹ

belowܸܸtܸheܸܸcܸenterܸܸoܸfܸܸtܸheܸܸsܸensorܸܸvܸolumeܸܸ۫TܸheseܸܸsܸimulationܸܸrܸesultsܸܸaܸreܸܸpܸrovidedܸܸiܸnܸܸΟܸguresܸܸܸ13ܸܸ۫ܜل ܸܹܹ

ܸܹ

ܸܹ

Figureܸܸ7ܸ:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0ܸܸܸܸܸݮ(ܸcenterܸܸoܸfܸܸsܸensor)ܸ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ8ܸ:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0ܸ.1ܸܸݮcmܸ ܸܹ

ܸܹ

ܸܹ
ܸم3 ܸܹ



ܸܹ

ܸܹ

Figureܸܸ9ܸ:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0.1ܜܸܸܸݮcmܸ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ1ܸ0:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0ܸ.2ܸܸݮcmܸ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ1ܸ1:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0.2ܜܸܸܸݮcmܸ ܸܹ

ܸܹ

ܸܹ
ܸن3 ܸܹ



ܸܹ

ܸܹ

Figureܸܸ1ܸ2:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0ܸ.2475ܸܸݮcmܸ ܸܹ

ܸܹ

Figureܸܸ1ܸ3:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0.2475ܜܸܸܸݮcmܸ ܸܹ

ܸܹ

LookingܸܸaܸtܸܸΟܸgureܸܸܸܸܸلiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸfܸromܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸۤiܸntendedܸܸtܸoܸܸܹ

spinܸܸtܸheܸܸnܸanoparticlesܸܸۤrܸemainsܸܸfܸairlyܸܸuܸniformܸܸiܸnܸܸtܸheܸܸmܸiddleܸܸwܸithܸܸsܸlightܸܸvܸariationܸܸaܸtܸܸtܸheܸܸcܸornersܸܸܹ۫

Variationܸܸaܸtܸܸtܸheܸܸcܸornersܸܸoܸfܸܸtܸheܸܸsܸensorܸܸiܸsܸܸeܸxpectedܸܸۤdܸueܸܸtܸoܸܸwܸireܸܸwܸrappingsܸܸnܸotܸܸrܸeachingܸܸtܸhereܸܸܸۤaܸndܸܸiܸsܸܸܹ

mitigatedܸܸbܸyܸܸtܸheܸܸfܸactܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸmܸostlyܸܸlܸocatedܸܸaܸwayܸܸfܸromܸܸtܸheܸܸvܸeryܸܸeܸdgesܸܸoܸfܸܸtܸheܸܸsܸensorܸܸܹ

volumeܸܸ۫ ܸܹܹ

FromܸܸΟܸguresܸܸܸ13ܸܸۤܜمiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸsܸameܸܸpܸatternܸܸiܸsܸܸeܸxhibitedܸܸtܸhroughoutܸܸtܸheܸܸvܸolumeܸܸoܸfܸܸܹ

theܸܸsܸensorۣܸܸtܸheܸܸaܸppliedܸܸmܸagneticܸܸΟܸeldܸܸiܸsܸܸvܸeryܸܸuܸniformܸܸtܸhroughoutܸܸۤwܸithܸܸtܸheܸܸeܸxceptionܸܸoܸfܸܸtܸheܸܸcܸornersܸܸܹ۫

Becauseܸܸtܸheܸܸnܸanoparticlesܸܸaܸreܸܸcܸontainedܸܸwܸithinܸܸgܸlassܸܸvܸialsܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸۤiܸtܸܸiܸsܸܸiܸmpossibleܸܸfܸorܸܸtܸheܸܸܹ

particlesܸܸtܸoܸܸdܸirectlyܸܸtܸouchܸܸtܸheܸܸwܸiresܸܸbܸecauseܸܸoܸfܸܸtܸheܸܸtܸhicknessܸܸoܸfܸܸtܸheܸܸvܸialsܸܸ۫Tܸhereforeܸܸۤiܸtܸܸiܸsܸܸrܸeasonableܸܸtܸoܸܸܹ

ܸܹ
40ܸ ܸܹ



ܸܹ

assumeܸܸtܸhatܸܸtܸheܸܸaܸppliedܸܸmܸagneticܸܸΟܸeldܸܸeܸxperiencedܸܸbܸyܸܸtܸheܸܸnܸanoparticlesܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸsܸhouldܸܸbܸeܸܸܹ

uniformܸܸ۫Iܸnܸܸoܸrderܸܸtܸoܸܸmܸagnifyܸܸtܸheܸܸpܸatternsܸܸoܸbservedܸܸۤtܸoܸܸvܸerifyܸܸtܸhatܸܸtܸheܸܸnܸonܜuniformitiesܸܸaܸreܸܸnܸegligibleܸܸܹۤ

theܸܸlܸogܸܸܸ܏baseܸܸ1ܸ0ܸܸܐoܸfܸܸtܸheܸܸpܸlotsܸܸfܸromܸܸΟܸguresܸܸܸ13ܸܸܜلwܸasܸܸaܸlsoܸܸpܸlottedܸܸ۫Fܸigureܸܸ1ܸ4ܸܸsܸhowsܸܸoܸneܸܸoܸfܸܸtܸheseܸܸpܸlotsܸܸܸ܏forܸܸܹ

Z0۫2ݮcmܸ۫ܐ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ1ܸ4:ܸܸLܸogarithmicܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸfܸromܸܸSܸensorܸܸDܸrivingܸܸCܸoils,ܸܸZܸܸܸܸ0ܸ.2ܸܸݮcmܸ ܸܹ

ܸܹ

LookingܸܸaܸtܸܸΟܸgureܸܸ1ܸ4ܸܸiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸΟܸeldܸܸiܸsܸܸsܸtillܸܸvܸeryܸܸuܸniformܸܸiܸnܸܸtܸheܸܸmܸiddleܸܸwܸithܸܸhܸigherܸܸܹ

magnitudesܸܸaܸtܸܸtܸheܸܸeܸdgesܸܸaܸndܸܸcܸornersܸ۫ ܸܹ

TheܸܸsܸimulationsܸܸaܸlsoܸܸpܸrovidedܸܸaܸܸܸnܸumericalܸܸoܸutputܸܸoܸfܸܸtܸheܸܸtܸotalܸܸmܸagneticܸܸΟܸeldܸܸmܸagnitudeܸܸiܸnܸܸtܸheܸܸܹ

centerܸܸoܸfܸܸtܸheܸܸsܸensorܸܸܸ܏X0۫5ݮcmܸܸۤYܸ0۫5ݮcmܸܸܐfܸorܸܸaܸܸܸhܸandfulܸܸoܸfܸܸdܸiΜerentܸܸhܸeightsܸܸܸ܏Zܸܸvܸaluesܸܸ۫ܐTܸheseܸܸvܸaluesܸܸaܸreܸܸܹ

providedܸܸiܸnܸܸtܸableܸܸ3ܸܸ۫ ܸܹ

ܸܹ

ܸܹ
41ܸ ܸܹ



ܸܹ

Tableܸܸ3ܸ:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸMܸagnitudeܸܸwܸithinܸܸSܸensorܸܸVܸolumeܸ ܸܹ

ܸܹ

Theܸܸvܸaluesܸܸfܸromܸܸtܸableܸܸ3ܸܸܸwܸereܸܸaܸlsoܸܸpܸlottedܸܸaܸndܸܸΟܸttedܸܸwܸithܸܸaܸܸܸ2ܸndܸܸoܸrderܸܸpܸolynomialܸܸcܸurveܸܸ۫Tܸhisܸܸܹ

plotܸܸiܸsܸܸpܸrovidedܸܸiܸnܸܸΟܸgureܸܸ1ܸ5ܸܸ۫LܸookingܸܸaܸtܸܸΟܸgureܸܸ1ܸ5ܸܸۤiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸheܸܸsܸtrongestܸܸmܸagneticܸܸΟܸeldܸܸiܸsܸܸܹ

presentܸܸaܸtܸܸtܸheܸܸcܸenterܸܸoܸfܸܸtܸheܸܸsܸensorܸܸۤwܸhileܸܸtܸheܸܸwܸeakestܸܸΟܸeldܸܸiܸsܸܸpܸresentܸܸaܸtܸܸtܸheܸܸvܸeryܸܸtܸopܸܸaܸndܸܸbܸottomܸܸܸ܏closestܸܸܹ

toܸܸtܸheܸܸdܸrivingܸܸcܸoilܸܸwܸiresܸܸ۫ܐTܸhereܸܸiܸsܸܸvܸeryܸܸlܸittleܸܸcܸhangeܸܸiܸnܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸtܸheܸܸaܸppliedܸܸmܸagneticܸܸΟܸeldܸܸܹ

throughoutܸܸtܸheܸܸZܸܸܸaܸxisܸܸoܸfܸܸtܸheܸܸsܸensorܸܸۤaܸsܸܸtܸheܸܸdܸiΜerenceܸܸbܸetweenܸܸtܸheܸܸsܸmallestܸܸaܸndܸܸlܸargestܸܸmܸagneticܸܸΟܸeldܸܸܹ

magnitudesܸܸiܸsܸܸoܸnlyܸܸ0ܸ۫313ހTܸܸܸܸܸ۫ܐނ11܏TܸhisܸܸaܸgainܸܸvܸalidatesܸܸtܸheܸܸaܸssumptionܸܸoܸfܸܸaܸܸܸuܸniformܸܸmܸagneticܸܸΟܸeldܸܸܹ

beingܸܸaܸppliedܸܸtܸoܸܸaܸllܸܸnܸanoparticlesܸܸwܸithinܸܸtܸheܸܸsܸuspensionܸܸvܸolumeܸܸ۫ ܸܹܹ

ܸܹ
42ܸ ܸܹ

X,ܸܸcܸmܸܹ Y,ܸܸcܸmܸ ܸܹ Z,ܸܸcܸmܸ ܸܹ BܸܸFܸieldܸܸMܸagnitude,ܸܸTܸܸ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0ܸ ܸܹ ܸك0ܜEلل2م2۫ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫1ܸ ܸܹ ܸك0ܜ4Eنلل2۫ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫1ܸܜ ܸܹ ܸك0ܜ4Eنلل2۫ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫2ܸ ܸܹ ܸك0ܜ5Eن2ك2۫ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫2ܸܜ ܸܹ ܸك0ܜ5Eن2ك2۫ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫225ܸ ܸܹ ܸك0ܜ54Eل2۫5 ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫225ܸܜ ܸܹ ܸك0ܜ54Eل2۫5 ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫235ܸ ܸܹ ܸك0ܜEن2۫551 ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫235ܸܜ ܸܹ ܸك0ܜEن2۫551 ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫24ܸ ܸܹ ܸك0ܜEمن2۫53 ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫24ܸܜ ܸܹ ܸك0ܜEمن2۫53 ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 5ܸل0۫24 ܸܹ 2۫5212Eܸك0ܜ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 5ܸل0۫24ܜ ܸܹ 2۫5212Eܸك0ܜ ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫25ܸ ܸܹ ܸك0ܜEم2۫514 ܸܹ

0۫5ܸ ܸܹ 0۫5ܸ ܸܹ 0۫25ܸܜ ܸܹ ܸك0ܜEم2۫514 ܸܹ



ܸܹ

ܸܹ

Figureܸܸ1ܸ5:ܸܸAܸppliedܸܸMܸagneticܸܸFܸieldܸܸMܸagnitudeܸܸwܸithinܸܸSܸensorܸܸVܸolumeܸ ܸܹ

ܸܹ

Simulationܸܸrܸesultsܸܸwܸereܸܸdܸependentܸܸoܸnܸܸtܸheܸܸaܸssumptionsܸܸtܸhatܸܸܸ܏iܸܸܐtܸheܸܸmܸagnetiteܸܸnܸanoparticlesܸܸaܸreܸܸܹ

spherical۱ܸܸܸ܏viܸܸܐtܸheܸܸdܸynamicܸܸoܸrܸܸaܸbsoluteܸܸvܸiscosityܸܸiܸsܸܸuܸsedܸܸfܸorܸܸtܸheܸܸsܸuspensionܸܸaܸgentܸܸܸ܏H2ܸOܸ۱ܸܸܐaܸndܸܸܸ܏viiܸܸܐtܸheܸܸܹ

magneticܸܸpܸermeabilityܸܸoܸfܸܸfܸreeܸܸsܸpaceܸܸܸܸ܏ cܸanܸܸbܸeܸܸuܸsedܸܸwܸhenܸܸeܸvaluatingܸܸtܸheܸܸsܸensorܸܸtܸechnologyܸܸ۫ܐ  ܸ ܸƫ0 ܹ

Movingܸܸfܸorwardܸܸۤmܸoreܸܸsܸimulationsܸܸcܸouldܸܸbܸeܸܸdܸoneܸܸtܸoܸܸaܸssessܸܸtܸheܸܸaܸssumptionsܸܸoܸfܸܸuܸniformܸܸܹ

magneticܸܸΟܸeldsܸܸpܸroducedܸܸbܸyܸܸsܸpinningܸܸnܸanoparticlesܸܸ۫NܸumericallyܸܸsܸolvingܸܸtܸheܸܸiܸntegralܸܸfܸorܸܸFܸaradayܫsܸܸlܸawܸܸܹ

wouldܸܸbܸeܸܸoܸneܸܸwܸayܸܸtܸoܸܸvܸalidateܸܸtܸhisܸܸaܸssumptionܸ۫ ܸ ܸܹ ܹ

ܸܹ
43ܸ ܸܹ



ܸܹ

ܸܐ2۫3 ExperimentalܸܸRܸesultsܸ ܸܹ

TheܸܸcܸircuitܸܸsܸchematicܸܸfܸorܸܸtܸheܸܸeܸxperimentalܸܸnܸanoparticleܸܸsܸensorܸܸiܸsܸܸpܸrovidedܸܸiܸnܸܸΟܸgureܸܸ1ܸܸܸ۫كTܸheܸܸܹ

capacitorܸܸaܸndܸܸiܸnductorܸܸvܸaluesܸܸwܸereܸܸsܸelectedܸܸtܸoܸܸoܸbtainܸܸaܸnܸܸoܸverallܸܸpܸhaseܸܸsܸhiftܸܸaܸsܸܸcܸloseܸܸaܸsܸܸpܸossibleܸܸtܸoܸܸܸ0ܸܸܹن

degreesܸܸ۫TܸheܸܸdܸrivingܸܸcܸoilsܸܸfܸorܸܸtܸheܸܸnܸanoparticleܸܸsܸensorܸܸaܸreܸܸmܸodeledܸܸaܸsܸܸaܸnܸܸRܸLܸܸlܸoadܸܸۤwܸhichܸܸwܸasܸܸvܸeriΟedܸܸܹ

withܸܸaܸnܸܸiܸmpedanceܸܸmܸeasurementܸܸ۫Bܸecauseܸܸoܸfܸܸtܸheܸܸcܸapacitiveܸܸaܸndܸܸiܸnductiveܸܸeܸlementsܸܸۤaܸndܸܸtܸheܸܸfܸactܸܸtܸhatܸܸܹ

theܸܸsܸuppliedܸܸcܸurrentܸܸiܸsܸܸsܸinusoidalܸܸۤtܸheܸܸiܸmpedanceܸܸoܸfܸܸtܸheܸܸsܸensorܸܸcܸoilܸܸlܸinesܸܸcܸhangesܸܸaܸsܸܸtܸheܸܸfܸrequencyܸܸoܸfܸܸܹ

theܸܸsܸuppliedܸܸsܸignalܸܸcܸhangesܸܸ۫TܸheܸܸtܸwoܸܸcܸhannelܸܸaܸmpliΟerܸܸiܸsܸܸrܸequiredܸܸiܸnܸܸoܸrderܸܸtܸoܸܸeܸnsureܸܸtܸhatܸܸtܸheܸܸcܸurrentܸܸܹ

passingܸܸtܸhroughܸܸeܸachܸܸoܸfܸܸtܸheܸܸtܸwoܸܸsܸensorܸܸwܸireܸܸcܸoilsܸܸiܸsܸܸeܸqualܸܸiܸnܸܸaܸmplitudeܸܸۤiܸnܸܸoܸrderܸܸtܸoܸܸeܸnsureܸܸtܸhatܸܸtܸheܸܸܹ

nanoparticlesܸܸaܸreܸܸsܸpunܸܸeܸvenly۫ ܸܸMܸismatchedܸܸcܸurrentܸܸaܸmplitudesܸܸۤoܸrܸܸaܸܸܸpܸhaseܸܸaܸngleܸܸoܸfܸܸnܸotܸܸܸ0ܸܸنdܸegreesܸܸܹ

resultsܸܸiܸnܸܸaܸnܸܸeܸllipsoidalܸܸoܸrܸܸܸܨwobblyܸܸܩsܸpinܸܸpܸatternܸܸۤrܸatherܸܸtܸhanܸܸtܸheܸܸdܸesiredܸܸcܸircularܸܸsܸpinܸܸpܸatternܸ۫ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ1ܸ6:ܸܸMܸagnetiteܸܸNܸanoparticleܸܸGܸyroscopicܸܸSܸensorܸܸSܸchematicܸ ܸܹ

ܸܹ

Previousܸܸsܸtudiesܸܸwܸithܸܸtܸhisܸܸnܸovelܸܸsܸensingܸܸtܸechnologyܸܸhܸaveܸܸeܸmployedܸܸsܸimilarܸܸmܸeasurementܸܸܹ

methodsܸܸwܸithܸܸsܸimilarܸܸcܸircuitܸܸcܸonΟgurationsܸܸܸܸܸ۫܈4܇Sܸomeܸܸnܸotableܸܸiܸmprovementsܸܸoܸfܸܸtܸheܸܸeܸxperimentalܸܸܹ

testingܸܸfܸromܸܸtܸhisܸܸrܸesearchܸܸwܸereܸܸtܸhatܸܸcܸurrentܸܸsܸensorsܸܸwܸithܸܸhܸigherܸܸrܸesolutionܸܸwܸereܸܸeܸmployedܸܸaܸndܸܸaܸngularܸܸܹ

ܸܹ
44ܸ ܸܹ



ܸܹ

displacementܸܸcܸontrolܸܸhܸasܸܸbܸeenܸܸaܸutomatedܸܸwܸithܸܸaܸܸܸvܸeryܸܸrܸobustܸܸaܸndܸܸpܸreciseܸܸmܸotorܸܸܸ܏AerotechܸܸAܸDRS100ܹܸܸ۫ܐ

AsܸܸmܸentionedܸܸiܸnܸܸtܸheܸܸpܸrefaceܸܸۤtܸheܸܸcܸircumstancesܸܸpܸresentedܸܸbܸyܸܸtܸheܸܸCܸOVIDܸܸن1ܜpܸandemicܸܸpܸresentedܸܸܹ

someܸܸcܸhallengesܸܸۤmܸostܸܸnܸotablyܸܸiܸnܸܸlܸimitationsܸܸtܸoܸܸlܸaboratoryܸܸaܸccessܸܸ۫ ܸܹܹ

Numerousܸܸtܸestsܸܸwܸereܸܸcܸarriedܸܸoܸutܸܸuܸsingܸܸtܸheܸܸnܸanoparticleܸܸsܸensorܸܸۤaܸllܸܸmܸeasuringܸܸtܸheܸܸoܸverallܸܸܹ

currentܸܸiܸnܸܸeܸachܸܸoܸfܸܸtܸheܸܸcܸoilsܸܸaܸsܸܸaܸܸܸrܸesponseܸܸtܸoܸܸaܸngularܸܸdܸisplacementܸܸ۫Tܸheܸܸsܸensorܸܸwܸasܸܸcܸonnectedܸܸtܸoܸܸtܸheܸܸܹ

controlܸܸmܸotorܸܸaܸsܸܸpܸicturedܸܸiܸnܸܸΟܸgureܸܸ1ܸܸ۫ل ܸܹ

ܸܹ

ܸܹ

Figureܸܸ1ܸ7:ܸܸSܸensorܸܸMܸountedܸܸtܸoܸܸAܸngularܸܸDܸisplacementܸܸCܸontrolܸܸMܸotorܸ ܸܹ

TheܸܸΟܸrstܸܸrܸesultsܸܸcܸollectedܸܸuܸsingܸܸtܸheܸܸsܸensorܸܸaܸppearedܸܸpܸromisingܸܸۤdܸisplayingܸܸrܸesultsܸܸtܸhatܸܸaܸppearedܸܸܹ

toܸܸΟܸtܸܸtܸheܸܸtܸheoreticalܸܸmܸodelܸܸaܸndܸܸwܸereܸܸcܸonsistentܸܸwܸithܸܸpܸreviousܸܸsܸtudiesܸܸ۫Fܸiguresܸܸ1ܸ20ܸܸܜمsܸhowsܸܸtܸheܸܸrܸesultsܸܸܹ

ofܸܸtܸheseܸܸeܸxperimentsܸ۫ ܸܹ

ܸܹ
45ܸ ܸܹ



ܸܹ

ܸܹ

Figureܸܸ1ܸ8:ܸܸIܸnitialܸܸAܸngularܸܸDܸisplacementܸܸEܸxperimentܸܸRܸesults,ܸܸTܸestܸܸ1ܸܸ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ1ܸ9:ܸܸIܸnitialܸܸAܸngularܸܸDܸisplacementܸܸEܸxperimentܸܸRܸesults,ܸܸTܸestܸܸ2ܸܸ ܸܹ

ܸܹ
ܸك4 ܸܹ



ܸܹ

ܸܹ

Figureܸܸ2ܸ0:ܸܸIܸnitialܸܸAܸngularܸܸDܸisplacementܸܸEܸxperimentܸܸRܸesults,ܸܸTܸestܸܸ3ܸܸ ܸܹ

ܸܹ

TheܸܸiܸnitialܸܸeܸxperimentsܸܸuܸtilizedܸܸtܸheܸܸaܸutomatedܸܸrܸotationܸܸtܸableܸܸtܸoܸܸtܸiltܸܸtܸheܸܸsܸensorܸܸtܸoܸܸaܸܸܸsܸpeciΟedܸܸܹ

angleܸܸܸ0ܸܸن܏dܸegreesܸܸܐaܸtܸܸaܸܸܸrܸateܸܸoܸfܸܸ2ܸ0ۤ000ܸܸdܸeg۲sܸܸܸܸܸن34܏rܸad۲sܸܸ۫ܐCܸurrentsܸܸtܸhroughܸܸtܸheܸܸdܸrivingܸܸcܸoilsܸܸwܸereܸܸܹ

measuredܸܸuܸsingܸܸtܸheܸܸcܸurrentܸܸsܸensorܸܸaܸndܸܸtܸabulatedܸܸaܸndܸܸpܸlottedܸܸaܸsܸܸaܸܸܸfܸunctionܸܸoܸfܸܸtܸimeܸܸ۫ ܸܹܹ

ItܸܸcܸanܸܸbܸeܸܸsܸeenܸܸbܸyܸܸlܸookingܸܸaܸtܸܸΟܸguresܸܸ1ܸ20ܸܸۤܜمtܸhatܸܸaܸܸܸmܸeasurableܸܸcܸurrentܸܸsܸpikeܸܸoܸnܸܸtܸheܸܸoܸrderܸܸoܸfܸܸܹ

milliampsܸܸwܸasܸܸoܸbservedܸܸwܸhenܸܸtܸheܸܸsܸensorܸܸwܸasܸܸtܸiltedܸܸۤaܸndܸܸtܸhenܸܸaܸsܸܸtܸheܸܸnܸanoparticlesܸܸrܸealignedܸܸtܸheirܸܸsܸpinܸܸܹ

axisܸܸtܸhisܸܸcܸurrentܸܸrܸeturnedܸܸtܸoܸܸsܸteadyܸܸsܸtateܸܸ۫Hܸoweverܸܸۤaܸfterܸܸfܸurtherܸܸtܸestingܸܸaܸndܸܸiܸnspectionܸܸoܸfܸܸtܸheܸܸܹ

measurementܸܸeܸquipmentܸܸۤiܸtܸܸwܸasܸܸdܸeterminedܸܸtܸhatܸܸtܸheseܸܸrܸesultsܸܸwܸereܸܸdܸueܸܸtܸoܸܸeܸlectromagneticܸܸeܸΜectsܸܸfܸromܸܸܹ

theܸܸmܸotorܸܸۤnܸotܸܸtܸheܸܸsܸensorܸܸ۫Tܸheܸܸsܸameܸܸtܸestܸܸwܸasܸܸpܸerformedܸܸaܸgainܸܸۤhܸoweverܸܸۤtܸheܸܸaܸngularܸܸdܸisplacementܸܸwܸasܸܸܹ

appliedܸܸmܸanuallyܸܸܸ܏tiltingܸܸtܸheܸܸsܸensorܸܸbܸyܸܸhܸandܸܸۤܐaܸndܸܸtܸheܸܸsܸensorܸܸrܸesponseܸܸwܸasܸܸnܸotܸܸrܸeplicatedܸܸ۫Tܸheܸܸrܸesultsܸܸܹ

ofܸܸtܸhisܸܸeܸxperimentܸܸaܸreܸܸpܸrovidedܸܸiܸnܸܸΟܸgureܸܸ2ܸ1ܸ۫ ܸܹ

ܸܹ
ܸل4 ܸܹ



ܸܹ

ܸܹ

Figureܸܸ2ܸ1:ܸܸIܸnitialܸܸAܸngularܸܸDܸisplacementܸܸEܸxperimentܸܸRܸesults,ܸܸMܸanualܸܸDܸisplacementܸ ܸܹ

ܸܹ

LookingܸܸaܸtܸܸΟܸgureܸܸ2ܸ1ܸܸۤiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸtܸhatܸܸtܸhereܸܸwܸasܸܸnܸoܸܸmܸeasurableܸܸdܸiΜerenceܸܸiܸnܸܸtܸheܸܸcܸoilܸܸcܸurrentܸܸܹ

whenܸܸtܸheܸܸsܸensorܸܸwܸasܸܸmܸanuallyܸܸdܸisplacedܸܸ۫Tܸheܸܸrܸesolutionܸܸoܸfܸܸtܸheܸܸcܸurrentܸܸsܸensorܸܸiܸnܸܸtܸheseܸܸeܸxperimentsܸܸܹ

Aܸܸ۲ܸܸܸbܸitܸܸ۫Aܸllܸܸoܸfܸܸtܸheܸܸmܸeasuredܸܸvܸaluesܸܸwܸereܸܸwܸithinܸܸaܸܸܸfܸewܸܸbܸitsܸܸoܸfܸܸrܸesolutionܸܸfܸromܸܸtܸheܸܸܹހللwܸasܸܸܸܸܸܐ21ܜمΟguresܸܸ1ܸ܏

medianܸܸۤwܸhichܸܸiܸsܸܸnܸotܸܸaܸܸܸsܸigniΟcantܸܸaܸmountܸܸۤaܸndܸܸdܸoesܸܸnܸotܸܸeܸxhibitܸܸtܸheܸܸeܸxpectedܸܸvܸalueܸܸoܸfܸܸmܸilliampsܸܸ۫Iܸtܸܸiܸsܸܸܹ

possibleܸܸtܸhatܸܸtܸheܸܸmܸanualܸܸaܸngularܸܸdܸisplacementܸܸdܸidnܫtܸܸyܸieldܸܸtܸheܸܸsܸameܸܸrܸesultsܸܸaܸsܸܸtܸheܸܸaܸutomatedܸܸaܸngularܸܸܹ

displacementܸܸbܸecauseܸܸoܸfܸܸtܸheܸܸrܸateܸܸoܸfܸܸaܸngularܸܸdܸisplacementܸܸۤoܸrܸܸtܸiltܸܸsܸpeedܸܸ۫Tܸheܸܸaܸutomatedܸܸmܸotorܸܸdܸisplacedܸܸܹ

theܸܸsܸensorܸܸaܸtܸܸaܸܸܸrܸateܸܸoܸfܸܸ2ܸ0ۤ000ܸܸdܸeg۲sܸܸۤaܸndܸܸiܸtܸܸiܸsܸܸvܸeryܸܸlܸikelyܸܸtܸhatܸܸtܸheܸܸrܸateܸܸaܸtܸܸwܸhichܸܸtܸheܸܸsܸensorܸܸwܸasܸܸtܸiltedܸܸbܸyܸܸܹ

handܸܸwܸasܸܸsܸigniΟcantlyܸܸlܸessܸܸtܸhanܸܸtܸhatܸܸ۫Iܸnܸܸoܸrderܸܸtܸoܸܸeܸnsureܸܸtܸhatܸܸtܸheܸܸmܸeasurementsܸܸfܸromܸܸiܸnitialܸܸܹ

experimentationܸܸcܸouldܸܸnܸotܸܸbܸeܸܸaܸttributedܸܸtܸoܸܸnܸanoparticleܸܸpܸrecessionܸܸiܸnܸܸtܸheܸܸsܸensorܸܸۤaܸnotherܸܸsܸetܸܸoܸfܸܸܹ

experimentsܸܸwܸasܸܸrܸunܸ۫ ܸܹ

ܸܹ
ܸم4 ܸܹ



ܸܹ

Theܸܸaܸutomatedܸܸmܸotorܸܸuܸsedܸܸtܸoܸܸcܸontrolܸܸtܸheܸܸaܸngularܸܸdܸisplacementܸܸoܸfܸܸtܸheܸܸsܸensorܸܸiܸsܸܸvܸeryܸܸrܸobustܸܸܹ

andܸܸhܸasܸܸnܸumerousܸܸfܸeaturesܸܸaܸndܸܸcܸapabilitiesܸܸ۫Oܸneܸܸoܸfܸܸtܸheseܸܸfܸeaturesܸܸiܸsܸܸtܸhatܸܸtܸheܸܸrܸotationalܸܸaܸxisܸܸcܸanܸܸbܸeܸܸܹ

wܸhichܸܸpܸowersܸܸtܸheܸܸmܸotorܸܸcܸoilsܸܸwܸithoutܸܸrܸotatingܸܸiܸtܸܸ۫Tܸhisܸܸfܸeatureܸܸpܸrovedܸܸtܸoܸܸbܸeܸܸܹܸܸۤܩdisabledܨoܸrܸܸܸܸܸܩenabledܨ

usefulܸܸۤbܸecauseܸܸiܸtܸܸaܸllowedܸܸfܸorܸܸpܸowerܸܸtܸoܸܸbܸeܸܸsܸuppliedܸܸtܸoܸܸtܸheܸܸmܸotorܸܸwܸithoutܸܸaܸpplyingܸܸaܸnyܸܸaܸngularܸܸܹ

displacementܸܸtܸoܸܸtܸheܸܸsܸensorܸܸ۫Eܸxperimentsܸܸwܸereܸܸrܸunܸܸwܸhereܸܸtܸheܸܸsܸensorܸܸcܸurrentܸܸwܸasܸܸmܸeasuredܸܸaܸsܸܸtܸheܸܸmܸotorܸܸܹ

axisܸܸwܸasܸܸeܸnabledܸܸaܸndܸܸdܸisabledܸܸۤwܸithoutܸܸtܸiltingܸܸtܸheܸܸsܸensorܸܸaܸtܸܸaܸllܸܸۤtܸoܸܸdܸetermineܸܸwܸhetherܸܸoܸrܸܸnܸotܸܸtܸheܸܸsܸameܸܸܹ

phenomenaܸܸwܸasܸܸoܸbservedܸܸ۫TܸheseܸܸeܸxperimentsܸܸaܸreܸܸpܸrovidedܸܸiܸnܸܸΟܸguresܸܸ2ܸ2ܸܸaܸndܸܸ2ܸ3ܸ۫ ܸܹ

ܸܹ

ܸܹ

Figureܸܸ2ܸ2:ܸܸMܸotorܸܸAܸxisܸܸEܸnableܸܸEܸxperimentܸܸRܸesultsܸ ܸܹ

ܸܹ
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ܸܹ
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Figureܸܸ2ܸ3:ܸܸMܸotorܸܸAܸxisܸܸEܸnableܸܸEܸxperimentܸܸRܸesultsܸ ܸܹ

ܸܹ

ItܸܸcܸanܸܸbܸeܸܸsܸeenܸܸfܸromܸܸΟܸguresܸܸ2ܸ2ܸܸaܸndܸܸ2ܸ3ܸܸtܸhatܸܸtܸheܸܸmܸotorܸܸwܸasܸܸpܸroducingܸܸeܸlectromagneticܸܸΟܸeldsܸܸtܸhatܸܸܹ

wereܸܸbܸeingܸܸcܸoupledܸܸiܸntoܸܸtܸheܸܸsܸensorܸܸcܸoilsܸܸ۫Tܸheܸܸoܸbservedܸܸpܸhenomenaܸܸtܸhatܸܸwܸasܸܸiܸnitiallyܸܸtܸhoughtܸܸtܸoܸܸbܸeܸܸdܸueܸܸܹ

toܸܸnܸanoparticleܸܸpܸrecessionܸܸۤwܸasܸܸaܸctuallyܸܸjܸustܸܸtܸheܸܸmܸotorܸܸ۫ ܸܹܹ

AttemptsܸܸwܸereܸܸmܸadeܸܸtܸoܸܸeܸliminateܸܸtܸheseܸܸeܸΜectsܸܸfܸromܸܸtܸheܸܸmܸotorܸܸtܸoܸܸtܸryܸܸaܸndܸܸiܸsolateܸܸtܸheܸܸܹ

nanoparticleܸܸsܸensorܸܸtܸoܸܸsܸeeܸܸiܸfܸܸcܸonsistentܸܸrܸesultsܸܸcܸouldܸܸbܸeܸܸaܸchievedܸܸ۫Tܸheܸܸsܸensorܸܸcܸoilsܸܸaܸndܸܸdܸrivingܸܸcܸircuitryܸܸܹ

wereܸܸpܸhysicallyܸܸmܸovedܸܸaܸwayܸܸfܸromܸܸtܸheܸܸmܸotorܸܸaܸndܸܸmܸotorܸܸcܸontrollerܸܸaܸndܸܸaܸdditionalܸܸgܸroundܸܸcܸonnectionsܸܸܹ

wereܸܸaܸddedܸܸiܸnܸܸoܸrderܸܸtܸoܸܸrܸeduceܸܸlܸoopsܸܸiܸnܸܸtܸheܸܸcܸircuitܸܸtܸhatܸܸmܸightܸܸcܸoupleܸܸaܸnyܸܸeܸlectromagneticܸܸΟܸeldsܸܸfܸromܸܸܹ

theܸܸmܸotorܸܸ۫Aܸfterܸܸmܸakingܸܸtܸheseܸܸaܸdjustmentsܸܸۤtܸheܸܸiܸnitialܸܸeܸxperimentܸܸwܸasܸܸrܸepeatedܸܸۤaܸndܸܸtܸheܸܸrܸesultsܸܸaܸreܸܹ

providedܸܸiܸnܸܸΟܸguresܸܸ2ܸ4ܸܸۤ2ܸ5ܸܸۤaܸndܸܸ2ܸܸ۫ك ܸܹ
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Figureܸܸ2ܸ4:ܸܸAܸngularܸܸDܸisplacementܸܸEܸxperimentܸܸRܸesults,ܸܸTܸestܸܸ4ܸܸ ܸܹ

ܸܹ

Figureܸܸ2ܸ5:ܸܸAܸngularܸܸDܸisplacementܸܸEܸxperimentܸܸRܸesults,ܸܸTܸestܸܸ5ܸܸ ܸܹ

ܸܹ
51ܸ ܸܹ



ܸܹ

ܸܹ

Figureܸܸ2ܸ6:ܸܸAܸngularܸܸDܸisplacementܸܸEܸxperimentܸܸRܸesults,ܸܸTܸestܸܸ6ܸܸ ܸܹ

ܸܹ

ItܸܸcܸanܸܸbܸeܸܸsܸeenܸܸfܸromܸܸlܸookingܸܸaܸtܸܸΟܸguresܸܸ2ܸ4ܸܸك2ܜtܸhatܸܸtܸhereܸܸiܸsܸܸnܸoܸܸmܸeasurableܸܸcܸurrentܸܸwܸhenܸܸtܸheܸܸܹ

sensorܸܸiܸsܸܸtܸiltedܸܸ۫TܸheܸܸrܸesolutionܸܸoܸfܸܸtܸheܸܸcܸurrentܸܸsܸensorܸܸfܸorܸܸtܸheseܸܸeܸxperimentsܸܸwܸasܸܸrܸeconΟguredܸܸaܸndܸܸsܸetܸܸaܸtܸܸܹ

Aܸܸ۲ܸܸܸbܸitܸܸۤaܸndܸܸiܸtܸܸcܸanܸܸbܸeܸܸsܸeenܸܸaܸgainܸܸtܸhatܸܸaܸllܸܸoܸfܸܸtܸheܸܸmܸeasuredܸܸvܸaluesܸܸwܸereܸܸwܸithinܸܸaܸܸܸfܸewܸܸbܸitsܸܸoܸfܸܸܹހ51۫2

resolutionܸܸfܸromܸܸtܸheܸܸmܸedianܸܸ۫Tܸhereforeܸܸۤtܸheܸܸiܸnducedܸܸcܸurrentsܸܸfܸromܸܸnܸanoparticleܸܸpܸrecessionܸܸoܸfܸܸtܸheܸܸܹ

sensorܸܸwܸereܸܸnܸotܸܸmܸeasurableܸ۫ ܸܹ

Theoreticallyۤ ܸܸtܸheܸܸsܸensorܸܸtܸechnologyܸܸcܸouldܸܸwܸorkܸܸaܸndܸܸiܸsܸܸvܸiableܸܸfܸorܸܸfܸurtherܸܸaܸpplicationsܸܸܹ۫

Howeverܸܸۤiܸmprovementsܸܸsܸhouldܸܸbܸeܸܸmܸadeܸܸtܸoܸܸtܸheܸܸsܸensorܸܸdܸesignܸܸiܸnܸܸoܸrderܸܸtܸoܸܸiܸmproveܸܸeܸlectromagneticܸܸܹ

immunityܸܸtܸoܸܸeܸxteriorܸܸsܸourcesܸܸ۫Aܸddingܸܸaܸܸܸfܸerrousܸܸcܸasingܸܸcܸouldܸܸbܸeܸܸoܸneܸܸwܸayܸܸtܸoܸܸiܸmproveܸܸuܸponܸܸtܸhisܸܸ۫ ܸܹܹ

ItܸܸiܸsܸܸaܸlsoܸܸpܸossibleܸܸtܸhatܸܸtܸheܸܸeܸΜectsܸܸoܸfܸܸnܸanoparticleܸܸpܸrecessionܸܸaܸreܸܸtܸooܸܸsܸmallܸܸtܸoܸܸmܸeasureܸܸwܸithܸܸtܸheܸܸܹ

resolutionܸܸoܸfܸܸtܸheܸܸcܸurrentܸܸsܸensorsܸܸuܸsedܸܸ۫Uܸsingܸܸcܸurrentܸܸsܸensorsܸܸwܸithܸܸiܸmprovedܸܸrܸesolutionܸܸܸހ܏Aܸܸܐcܸouldܸܸܹ
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resolveܸܸtܸhisܸܸpܸroblemܸܸ۫Bܸecauseܸܸtܸheܸܸgܸeometryܸܸoܸfܸܸtܸheܸܸsܸensorܸܸiܸnvolvesܸܸlܸargeܸܸlܸengthsܸܸoܸfܸܸwܸireܸܸwܸrappedܸܸiܸntoܸܸܹ

loopsܸܸۤwܸithܸܸlܸongܸܸlܸeadsܸܸrܸunningܸܸbܸackܸܸtܸoܸܸtܸheܸܸsܸensorܸܸۤiܸtܸܸiܸsܸܸrܸelativelyܸܸeܸasyܸܸtܸoܸܸcܸoupleܸܸuܸnwantedܸܸcܸurrentܸܸiܸntoܸܸܹ

theܸܸsܸystemܸܸ۫Aܸddingܸܸaܸܸܸfܸerrousܸܸcܸasingܸܸtܸoܸܸeܸncloseܸܸtܸheܸܸsܸensorܸܸwܸouldܸܸaܸlsoܸܸbܸeܸܸhܸelpfulܸܸtܸoܸܸfܸurtherܸܸsܸhieldܸܸtܸheܸܸܹ

sensorܸܸfܸromܸܸuܸnwantedܸܸeܸxteriorܸܸmܸagneticܸܸΟܸeldsܸ۫ ܸܹ

Anotherܸܸiܸtemܸܸtܸhatܸܸcܸouldܸܸiܸmproveܸܸtܸheܸܸeܸmpiricalܸܸdܸataܸܸcܸollectionܸܸsܸystemܸܸwܸouldܸܸbܸeܸܸaܸܸܸcܸustomܸܸܹ

printedܸܸcܸircuitܸܸbܸoardܸܸܸ܏PCBܸܸܐtܸoܸܸmܸanageܸܸaܸllܸܸcܸonnectionsܸܸ۫UܸsingܸܸaܸܸܸPܸCBܸܸcܸouldܸܸrܸeduceܸܸtܸheܸܸoܸverallܸܸpܸarasiticܸܸܹ

impedanceܸܸaܸndܸܸsܸhortenܸܸtܸheܸܸpܸathܸܸfܸorܸܸcܸurrentܸܸtܸoܸܸΠܸowܸܸtܸoܸܸgܸroundܸܸ۫Tܸhisܸܸcܸouldܸܸhܸelpܸܸtܸoܸܸrܸeduceܸܸtܸheܸܸoܸverallܸܸܹ

noiseܸܸaܸndܸܸmܸakeܸܸiܸtܸܸeܸasierܸܸtܸoܸܸdܸistinguishܸܸsܸensorܸܸmܸeasurementsܸ۫ ܸܹ

FurtherܸܸۤmܸagneticܸܸsܸusceptibilityܸܸcܸouldܸܸbܸeܸܸeܸmpiricallyܸܸmܸeasuredܸܸfܸorܸܸtܸheܸܸsܸpeciΟcܸܸfܸerroΠuidܸܸvܸialܸܸiܸnܸܸܹ

useܸܸۤtܸoܸܸvܸerifyܸܸtܸheܸܸaܸssumptionsܸܸmܸadeܸܸtܸhatܸܸmܸagneticܸܸpܸermeabilityܸܸoܸfܸܸtܸheܸܸsܸensorܸܸiܸsܸܸeܸquivalentܸܸtܸoܸܸtܸheܸܸܹ

magneticܸܸpܸermeabilityܸܸoܸfܸܸfܸreeܸܸsܸpaceܸ۫ ܸܹ

ܸܹ

ܸܹ ܹ
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ܸܐ2۫4 Conclusionsܸ ܸܹ

Itܸܸwܸasܸܸdܸeterminedܸܸtܸhatܸܸiܸnertialܸܸcܸomponentsܸܸoܸfܸܸnܸanoparticleܸܸtܸorqueܸܸaܸreܸܸnܸegligibleܸܸdܸueܸܸtܸoܸܸsܸcalingܸܸܹ

lawsܸܸaܸtܸܸtܸheܸܸnܸanoscaleܸܸ۫TܸhisܸܸmܸeansܸܸtܸhatܸܸaܸܸܸsܸigniΟcantܸܸcܸomponentܸܸoܸfܸܸtܸheܸܸpܸreviouslyܸܸpܸroposedܸܸiܸnertialܸܸܹ

nanoparticleܸܸsܸensorܸܸmܸodelܸܸdܸoesܸܸnܸotܸܸaܸctuallyܸܸcܸontributeܸܸ۫HܸoweverܸܸۤvܸiscousܸܸdܸragܸܸeܸΜectsܸܸcܸanܸܸsܸtillܸܸbܸeܸܸsܸeenܸܸܹ

toܸܸhܸaveܸܸaܸܸܸsܸigniΟcantܸܸeܸΜectܸܸۤwܸhichܸܸcܸanܸܸsܸtillܸܸbܸeܸܸuܸsedܸܸtܸoܸܸdܸeriveܸܸiܸnformationܸܸrܸegardingܸܸoܸrientationܸܸoܸfܸܸtܸheܸܸܹ

nanoparticleܸܸ۫SܸigniΟcantܸܸeܸnergyܸܸiܸsܸܸsܸtillܸܸrܸequiredܸܸtܸoܸܸoܸvercomeܸܸtܸheܸܸvܸiscousܸܸΠܸuidܸܸfܸorcesܸܸiܸnܸܸoܸrderܸܸtܸoܸܸrܸealignܸܸܹ

rotationalܸܸaܸxesܸܸoܸfܸܸpܸrecessedܸܸnܸanoparticlesܸܸ۫Tܸhusܸܸۤtܸheܸܸeܸquationsܸܸdܸeterminedܸܸfܸorܸܸtܸheܸܸsܸensorܸܸcܸanܸܸsܸtillܸܸbܸeܸܸܹ

usedܸܸtܸoܸܸdܸetermineܸܸaܸngularܸܸdܸisplacementܸܸoܸfܸܸtܸheܸܸsܸensorܸܸۤbܸutܸܸtܸheܸܸpܸrimaryܸܸcܸontributorܸܸtܸoܸܸtܸhisܸܸiܸsܸܸtܸheܸܸܹ

viscousܸܸΠܸuidܸܸdܸragܸܸbܸetweenܸܸtܸheܸܸnܸanoparticlesܸܸaܸndܸܸtܸheܸܸwܸaterܸܸۤnܸotܸܸtܸheܸܸrܸotationalܸܸiܸnertiaܸܸoܸfܸܸtܸheܸܸܹ

nanoparticlesܸܸ۫ ܸܹܹ

Theܸܸeܸquationsܸܸdܸeterminedܸܸfܸorܸܸrܸelatingܸܸtܸheܸܸaܸngularܸܸdܸisplacementܸܸܸ܏bothܸܸaܸngleܸܸaܸndܸܸrܸateܸܸܐwܸereܸܸܹ

expandedܸܸiܸntoܸܸaܸܸܸfܸullܸܸvܸectorܸܸrܸepresentationܸܸtܸhatܸܸaܸllowsܸܸfܸorܸܸcܸomponentsܸܸoܸfܸܸtܸheܸܸcܸurrentܸܸtܸoܸܸbܸeܸܸsܸeparatelyܸܸܹ

determinedܸܸ۫Tܸhisܸܸaܸllowsܸܸfܸorܸܸtܸheܸܸdܸeterminationܸܸoܸfܸܸnܸotܸܸjܸustܸܸtܸheܸܸmܸagnitudeܸܸoܸfܸܸaܸngularܸܸdܸisplacementܸܸۤbܸutܸܸܹ

alsoܸܸtܸheܸܸdܸirectionܸܸܸ܏aboutܸܸwܸhichܸܸaܸxisܸܸtܸheܸܸsܸensorܸܸwܸasܸܸtܸiltedܸ۫ܐ ܸܹ

TheܸܸsܸimulationsܸܸpܸrovedܸܸtܸhatܸܸtܸheܸܸaܸssumptionܸܸoܸfܸܸuܸniformܸܸmܸagneticܸܸΟܸeldsܸܸbܸeingܸܸaܸppliedܸܸtܸoܸܸtܸheܸܸܹ

nanoparticlesܸܸiܸsܸܸvܸalidܸܸ۫Tܸheܸܸnܸanoparticlesܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸvܸolumeܸܸcܸanܸܸbܸeܸܸaܸssumedܸܸtܸoܸܸaܸllܸܸbܸeܸܸsܸpinningܸܸiܸnܸܸܹ

theܸܸsܸameܸܸdܸirectionܸܸaܸndܸܸaܸtܸܸtܸheܸܸsܸameܸܸsܸpeedܸܸۤrܸegardlessܸܸoܸfܸܸtܸheirܸܸpܸositionܸܸwܸithinܸܸtܸheܸܸsܸensorܸܸvܸolumeܸܸ۫ ܸܹܹ

Theܸܸeܸxperimentalܸܸrܸesultsܸܸwܸereܸܸiܸnconclusiveܸܸۤbܸeingܸܸuܸnableܸܸtܸoܸܸrܸeproduceܸܸtܸheܸܸmܸagnitudesܸܸoܸfܸܸܹ

responseܸܸtܸhatܸܸwܸereܸܸpܸresentܸܸiܸnܸܸpܸreviousܸܸsܸtudiesܸܸܸܸܸ۫܈4܇Iܸtܸܸwܸasܸܸdܸeterminedܸܸtܸhatܸܸuܸnwantedܸܸcܸouplingܸܸwܸithܸܸtܸheܸܸܹ

motorܸܸpܸroducedܸܸrܸesultsܸܸsܸimilarܸܸtܸoܸܸtܸhoseܸܸeܸxpectedܸܸۤwܸhichܸܸcܸouldܸܸiܸndicateܸܸtܸhatܸܸtܸheܸܸoܸtherܸܸsܸtudyܸܸܸ܏whichܸܸܹ

usedܸܸaܸܸܸsܸimilarܸܸmܸotorܸܸܐmܸayܸܸhܸaveܸܸaܸlsoܸܸcܸoupledܸܸcܸurrentsܸܸfܸromܸܸtܸheܸܸmܸotorܸܸ۫ ܸܹܹ
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Itܸܸsܸhouldܸܸaܸlsoܸܸbܸeܸܸcܸonsideredܸܸtܸhatܸܸtܸhereܸܸcܸouldܸܸbܸeܸܸpܸroblemsܸܸwܸithܸܸtܸheܸܸmܸodelܸܸpܸresentedܸܸ۫Fܸorܸܸoܸneܸܸܹۤ

theܸܸmܸagneticܸܸpܸermeabilityܸܸoܸfܸܸtܸheܸܸfܸerroΠuidܸܸiܸsܸܸaܸssumedܸܸtܸoܸܸbܸeܸܸsܸtaticܸܸaܸndܸܸeܸquivalentܸܸtܸoܸܸtܸheܸܸpܸermeabilityܸܸoܸfܸܸܹ

freeܸܸsܸpaceܸܸ۫TܸhisܸܸsܸhouldܸܸbܸeܸܸvܸeriΟedܸܸwܸithܸܸeܸmpiricalܸܸdܸataܸܸۤaܸndܸܸiܸtܸܸiܸsܸܸpܸossibleܸܸtܸhatܸܸaܸܸܸsܸigniΟcantlyܸܸdܸiΜerentܸܸܹ

valueܸܸcܸouldܸܸbܸeܸܸoܸbtainedܸܸfܸorܸܸtܸheܸܸpܸermeabilityܸܸcܸoeΝcientܸܸ۫Iܸnܸܸtܸhisܸܸcܸaseܸܸۤtܸheܸܸrܸesultܸܸwܸouldܸܸsܸcaleܸܸtܸheܸܸܹ

magneticܸܸΟܸeldܸܸaܸppliedܸܸtܸoܸܸsܸpinܸܸtܸheܸܸnܸanoparticlesܸܸۤwܸhichܸܸcܸouldܸܸhܸaveܸܸaܸnܸܸeܸΜectܸܸoܸnܸܸtܸheܸܸoܸverallܸܸcܸurrentܸܸܹ

measurementܸܸ۫IܸtܸܸhܸasܸܸbܸeenܸܸoܸbservedܸܸiܸnܸܸoܸtherܸܸsܸtudiesܸܸtܸhatܸܸfܸerroΠuidsܸܸuܸsingܸܸfܸerriteܸܸnܸanoparticlesܸܸcܸanܸܸܹ

exhibitܸܸmܸagneticܸܸpܸermeabilityܸܸcܸoeΝcientsܸܸiܸnܸܸtܸheܸܸrܸangeܸܸoܸfܸܸ1ܸ۫5ܸܸۤ܈22܇5ܸܸܸܜsܸoܸܸiܸtܸܸiܸsܸܸpܸossibleܸܸtܸhatܸܸtܸhisܸܸcܸouldܸܸܹ

occurܸܸiܸnܸܸtܸhisܸܸcܸaseܸܸ۫AܸnotherܸܸpܸossibleܸܸsܸourceܸܸoܸfܸܸeܸrrorܸܸiܸnܸܸtܸheܸܸmܸodelܸܸiܸsܸܸtܸhatܸܸtܸheܸܸmܸagneticܸܸΟܸeldܸܸgܸeneratedܸܸbܸyܸܸܹ

theܸܸpܸrecessedܸܸrܸotatingܸܸnܸanoparticlesܸܸcܸouldܸܸbܸeܸܸoܸfܸܸaܸܸܸdܸiΜerentܸܸfܸormܸܸtܸhanܸܸtܸheܸܸoܸneܸܸaܸssumedܸܸ۫Tܸheܸܸcܸaseܸܸoܸfܸܸtܸheܸܸܹ

sensorܸܸtܸechnologyܸܸiܸnvolvesܸܸaܸܸܸcܸhangingܸܸmܸagneticܸܸΟܸeldܸܸܸ܏dueܸܸtܸoܸܸnܸanoparticleܸܸpܸrecessionܸܸܐaܸsܸܸwܸellܸܸaܸsܸܸaܸܸܸܹ

changingܸܸaܸreaܸܸܸ܏dueܸܸtܸoܸܸrܸotatingܸܸnܸanoparticlesܸܸ۫ܐTܸheܸܸsܸolutionܸܸeܸmployedܸܸsܸimpliΟedܸܸtܸheܸܸiܸntegralܸܸsܸolutionܸܸܹ

byܸܸcܸombiningܸܸsܸolutionsܸܸfܸorܸܸaܸܸܸrܸotatingܸܸcܸoilܸܸiܸnܸܸaܸܸܸuܸniformܸܸmܸagneticܸܸΟܸeldܸܸaܸndܸܸaܸܸܸuܸniformܸܸcܸoilܸܸiܸnܸܸaܸܸܸcܸhangingܸܸܹ

magneticܸܸΟܸeldܸܸۤhܸoweverܸܸaܸܸܸdܸiΜerentܸܸsܸolutionܸܸcܸouldܸܸbܸeܸܸiܸmplementedܸܸ۫ ܸܹܹ

Overallܸܸۤtܸheܸܸpܸurposeܸܸoܸfܸܸtܸhisܸܸrܸesearchܸܸwܸasܸܸtܸoܸܸmܸodelܸܸtܸheܸܸ3ܸDܸܸtܸorqueܸܸoܸfܸܸnܸanoܜparticlesܸܸܸiܸnܸܸtܸhisܸܸܹ

sensorܸܸtܸechnologyܸܸtܸoܸܸdܸetermineܸܸtܸheܸܸeܸlectromagneticܸܸrܸesponseܸܸtܸoܸܸaܸngularܸܸdܸisplacementܸܸ۫Tܸhisܸܸwܸasܸܸܹ

successfullyܸܸaܸccomplishedܸܸaܸsܸܸcܸanܸܸbܸeܸܸsܸeenܸܸbܸyܸܸtܸheܸܸeܸquationsܸܸaܸndܸܸrܸesultsܸܸpܸresentedܸܸiܸnܸܸsܸectionܸܸ2ܸ۫1ܸܸ۫Tܸheseܸܸܹ

equationsܸܸaܸllowܸܸfܸorܸܸtܸheܸܸmܸodelingܸܸoܸfܸܸtܸheܸܸtܸorqueܸܸoܸfܸܸtܸheܸܸnܸanoparticlesܸܸaܸsܸܸaܸܸܸ3ܸDܸܸvܸectorܸܸ۫Fܸurtherܸܸۤsܸectionܸܸ2ܸ۫2ܸܸܹ

successfullyܸܸsܸhowedܸܸtܸheܸܸsܸimulationܸܸoܸfܸܸaܸppliedܸܸmܸagneticܸܸΟܸeldsܸܸiܸnܸܸtܸheܸܸsܸensorܸܸtܸechnologyۤ ܸܸvܸerifyingܸܸtܸheܸܸܹ

assumptionsܸܸmܸadeܸܸoܸfܸܸaܸܸܸuܸniformܸܸmܸagneticܸܸΟܸeldܸܸ۫Lܸastlyۤ ܸܸtܸheܸܸgܸoalܸܸoܸfܸܸcܸomparingܸܸsܸimulatedܸܸaܸndܸܸtܸheorizedܸܸܹ
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AppendixܸܸAܸܸ ܸܹ

MATLABܸܸSܸimulationܸܸCܸodeܸ ܸܹ

Magnetic۴Field۴Model۴Z۴Planes۫mܸ ܸܹ

%%%   TiWle:   MagQeWic   Field   BiRW-SaYaUW   LaZ   MRdel   
%%%   AXWhRU:   JackVRQ   BUeQQecke   
%%%   DaWe:   SeSWembeU   15,   2020   
%%%   MaVWeU'V   TheViV   ReVeaUch   
%%%   DeVcUiSWiRQ:   ThiV   cRde   VimXlaWeV   Whe   elecWURmagQeWic   UeVSRQVe   
%%%                Rf   VRme   feUUiWe   QaQR-SaUWicleV   iQ   a   VeQVRU.   The   
%%%                VeQVRU   iV   mRdeled   b\   Whe   ZiUe   ZUaSSiQgV   WhaW   SURYide   
%%%                Whe   dUiYiQg   cXUUeQW   WR   VSiQ   Whe   QaQRSaUWicleV.   
%%%                The   elecWURmagQeWic   B   field   iV   deWeUmiQed   
%%%                accRUdiQg   WR   Whe   BiRW-SaYaUW   laZ   aQd   WheQ   cRmSXWed   
%%%                fRU   eYeU\   SRiQW   iQ   Whe   aUUa\.   TheVe   SRiQWV   aUe   WheQ   
%%%                SlRWWed   iQ   VXUface   UeVSRQVe   SlRWV.   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%   SWaUW   %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%   
%cleaU   YaUiableV   
cleaUYaUV;   
  
%DaWa   IQSXWV   
X0   =   4*Si*10^(-7);   %VacXXm   PeUmiVViYiW\   
I   =   0.1;   %100mA   SXSSlied   CXUUeQW   MagQiWXde,   AmSV   
YecWLeQ   =   1000;   %NXmbeU   Rf   daWa   SRiQWV   
ZiUeLeQ   =   0.01;   %1cm   LeQgWh   Rf   WiUe,   meWeUV   
QXmPRiQWV   =   10;   %NXmbeU   Rf   PRiQWV   iQ   each   diUecWiRQ   
VeWZ   =   -0.0025;   %WheUe   WR   eYalXaWe   Whe   QaQRSaUWicleV   
SlaQeSWaUW   =   [0,0,VeWZ];   %XY   VWaUW   SRiQW   
SlaQeLim   =   [0.01,0.01,VeWZ];   %XY   eQd   SRiQW   
SRiQWLRc   =   ]eURV(3,(QXmPRiQWV+1)^2);   %aUUa\   WR   hRld   all   SRiQWV   
QXm_ZiUeV   =   50;   
  
ZiUe1_bRWWRm_VWaUW   =   [0,0,-0.0025];   
ZiUe1_bRWWRm_eQd   =   [0,0.01,-0.0025];   
  
ZiUe1_Vide1_VWaUW   =   [0,0.01,-0.0025];   
ZiUe1_Vide1_eQd   =   [0,0.01,0.0025];   
  
ZiUe1_WRS_VWaUW   =   [0,0.01,0.0025];   
ZiUe1_WRS_eQd   =   [0,0,0.0025];   
  
ZiUe1_Vide2_VWaUW   =   [0,0,0.0025];   
ZiUe1_Vide2_eQd   =   [0,0,-0.0025];   
  
ZiUe2_bRWWRm_VWaUW   =   [0,0,-0.0025];   
ZiUe2_bRWWRm_eQd   =   [0.01,0,-0.0025];   
  
ZiUe2_Vide1_VWaUW   =   [0.01,0,-0.0025];   
ZiUe2_Vide1_eQd   =   [0.01,0,0.0025];   
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ZiUe2_WRS_VWaUW   =   [0.01,0,0.0025];   
ZiUe2_WRS_eQd   =   [0,0,0.0025];   
  
ZiUe2_Vide2_VWaUW   =   [0,0,0.0025];   
ZiUe2_Vide2_eQd   =   [0,0,-0.0025];   
  
XY_QXm   =   1000;   
YecWLeQ   =   XY_QXm;   %NXmbeU   Rf   daWa   SRiQWV   
Z_QXm   =   XY_QXm/2;   
ZiUe_iWeUaWRU   =   SlaQeLim(1)/QXm_ZiUeV;   
  
ZiUe1_bRWWRm_YecW   =   ]eURV(3,(XY_QXm   +   1));   
ZiUe1_Vide1_YecW   =   ]eURV(3,(Z_QXm   +   1));   
ZiUe1_WRS_YecW   =   ]eURV(3,(XY_QXm   +   1));   
ZiUe1_Vide2_YecW   =   ]eURV(3,(Z_QXm   +   1));   
  
ZiUe2_bRWWRm_YecW   =   ]eURV(3,(XY_QXm   +   1));   
ZiUe2_Vide1_YecW   =   ]eURV(3,(Z_QXm   +   1));   
ZiUe2_WRS_YecW   =   ]eURV(3,(XY_QXm   +   1));   
ZiUe2_Vide2_YecW   =   ]eURV(3,(Z_QXm   +   1));   
  
ZiUe1_XY_YecW_VWeS   =   abV((ZiUe1_bRWWRm_eQd(2)   -   
ZiUe1_bRWWRm_VWaUW(2))/XY_QXm);   
ZiUe1_Z_YecW_VWeS   =   abV((ZiUe1_Vide1_eQd(3)   -   ZiUe1_Vide1_VWaUW(3))/Z_QXm);   
  
ZiUe2_XY_YecW_VWeS   =   abV((ZiUe2_bRWWRm_eQd(1)   -   
ZiUe2_bRWWRm_VWaUW(1))/XY_QXm);   
ZiUe2_Z_YecW_VWeS   =   abV((ZiUe2_Vide2_eQd(3)   -   ZiUe2_Vide2_VWaUW(3))/Z_QXm);   
  
fRU   i   =   1:(XY_QXm+1)   
     if   i   ==   1   
         ZiUe1_bRWWRm_YecW(:,i)   =   ZiUe1_bRWWRm_VWaUW;   
         ZiUe1_WRS_YecW(:,i)   =   ZiUe1_WRS_VWaUW;   
  
         ZiUe2_bRWWRm_YecW(:,i)   =   ZiUe2_bRWWRm_VWaUW;   
         ZiUe2_WRS_YecW(:,i)   =   ZiUe2_WRS_VWaUW;   
     elVe   
         ZiUe1_bRWWRm_YecW(:,i)   =   ZiUe1_bRWWRm_VWaUW;   
         ZiUe1_WRS_YecW(:,i)   =   ZiUe1_WRS_VWaUW;   
  
         ZiUe2_bRWWRm_YecW(:,i)   =   ZiUe2_bRWWRm_VWaUW;   
         ZiUe2_WRS_YecW(:,i)   =   ZiUe2_WRS_VWaUW;   

    
         ZiUe1_bRWWRm_YecW(2,i)   =   ZiUe1_bRWWRm_YecW(2,i-1)   +   
ZiUe1_XY_YecW_VWeS;   
         ZiUe1_WRS_YecW(2,i)   =   ZiUe1_WRS_YecW(2,i-1)   -   ZiUe1_XY_YecW_VWeS;   
  
         ZiUe2_bRWWRm_YecW(1,i)   =   ZiUe2_bRWWRm_YecW(1,i-1)   +   
ZiUe2_XY_YecW_VWeS;   
         ZiUe2_WRS_YecW(1,i)   =   ZiUe2_WRS_YecW(1,i-1)   -   ZiUe2_XY_YecW_VWeS;   
     eQd   
eQd   
  
fRU   i   =   1:(Z_QXm+1)   
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     if   i   ==   1   
         ZiUe1_Vide1_YecW(:,i)   =   ZiUe1_Vide1_VWaUW;   
         ZiUe1_Vide2_YecW(:,i)   =   ZiUe1_Vide2_VWaUW;   

    
         ZiUe2_Vide1_YecW(:,i)   =   ZiUe2_Vide1_VWaUW;   
         ZiUe2_Vide2_YecW(:,i)   =   ZiUe2_Vide2_VWaUW;   
     elVe   
         ZiUe1_Vide1_YecW(:,i)   =   ZiUe1_Vide1_VWaUW;   
         ZiUe1_Vide2_YecW(:,i)   =   ZiUe1_Vide2_VWaUW;   

    
         ZiUe2_Vide1_YecW(:,i)   =   ZiUe2_Vide1_VWaUW;   
         ZiUe2_Vide2_YecW(:,i)   =   ZiUe2_Vide2_VWaUW;   

    
         ZiUe1_Vide1_YecW(3,i)   =   ZiUe1_Vide1_YecW(3,i-1)   +   ZiUe1_Z_YecW_VWeS;   
         ZiUe1_Vide2_YecW(3,i)   =   ZiUe1_Vide2_YecW(3,i-1)   -   ZiUe1_Z_YecW_VWeS;   

    
         ZiUe2_Vide1_YecW(3,i)   =    ZiUe2_Vide1_YecW(3,i-1)   +   ZiUe2_Z_YecW_VWeS;   
         ZiUe2_Vide2_YecW(3,i)   =   ZiUe2_Vide2_YecW(3,i-1)   -   ZiUe2_Z_YecW_VWeS;   
     eQd   
eQd   
  
%GUaSh   LimiWV   
PlRW_X_Lim   =   [0,1];   %0   WR   1cm   X   
PlRW_Y_Lim   =   [0,1];   %0   WR   1cm   Y   
PlRW_XY_Lim   =   [0,1,0,1];   
PlRW_Z_Lim   =   [-1,1];   %-1   WR   1cm   Z   
  
%GeQeUaWe   cRRUdiQaWeV   
cRXQWeU   =   1;   
ma[NXm   =   (QXmPRiQWV+1)^2;   
%LRRS   WR   Slace   aW   SRiQW   aW   VSecified   iQWeUYalV   iQ   XYZ   SlaQe   
fRU   i   =   1:(QXmPRiQWV+1)   
     VeWX   =   ((i-1)*(SlaQeLim(1)-SlaQeSWaUW(1))/QXmPRiQWV)   +   SlaQeSWaUW(1);   
     SRiQWLRc(1,cRXQWeU:ma[NXm)   =   VeWX;   
     fRU   j   =   1:(QXmPRiQWV+1)   
         VeWY   =   ((j-1)*(SlaQeLim(2)-SlaQeSWaUW(2))/QXmPRiQWV)   +   SlaQeSWaUW(2);   
         SRiQWLRc(2,cRXQWeU:ma[NXm)   =   VeWY;   
         SRiQWLRc(3,cRXQWeU)   =   VeWZ;   
         cRXQWeU   =   cRXQWeU   +   1;   
     eQd   
eQd   
  
%CalcXlaWed   ValXeV   
dL   =   ZiUeLeQ   /   YecWLeQ;   %DiffeUeQWial   WiUe   LeQgWh   
  
dL_VecW_ZiUe_1_WRS   =   (ZiUe1_WRS_eQd   -   ZiUe1_WRS_VWaUW)/XY_QXm;   
dL_VecW_ZiUe_1_Vide1   =   (ZiUe1_Vide1_eQd   -   ZiUe1_Vide1_VWaUW)/Z_QXm;   
dL_VecW_ZiUe_1_bRWWRm   =   (ZiUe1_bRWWRm_eQd   -   ZiUe1_bRWWRm_VWaUW)/XY_QXm;   
dL_VecW_ZiUe_1_Vide2   =   (ZiUe1_Vide2_eQd   -   ZiUe1_Vide2_VWaUW)/Z_QXm;   
dL_VecW_ZiUe_2_WRS   =   (ZiUe2_WRS_eQd   -   ZiUe2_WRS_VWaUW)/XY_QXm;   
dL_VecW_ZiUe_2_Vide1   =   (ZiUe2_Vide1_eQd   -   ZiUe2_Vide1_VWaUW)/Z_QXm;   
dL_VecW_ZiUe_2_bRWWRm   =   (ZiUe2_bRWWRm_eQd   -   ZiUe2_bRWWRm_VWaUW)/XY_QXm;   
dL_VecW_ZiUe_2_Vide2   =   (ZiUe2_Vide2_eQd   -   ZiUe2_Vide2_VWaUW)/Z_QXm;   
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SRViWiRQ   =   ]eURV(3,YecWLeQ);   %3D   PRViWiRQ   VecWRU   
SRViWiRQ(2,:)   =   liQVSace(0,ZiUeLeQ,YecWLeQ);   %1000   SRiQWV   beWZeeQ   0   aQd   1cm   
ZiUe_VhifW   =   SlaQeLim(1)/QXm_ZiUeV;   
  
U_VecW_ZiUe_1_WRS   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_VecW_ZiUe_1_Vide1   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_VecW_ZiUe_1_bRWWRm   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_VecW_ZiUe_1_Vide2   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_VecW_ZiUe_2_WRS   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_VecW_ZiUe_2_Vide1   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_VecW_ZiUe_2_bRWWRm   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_VecW_ZiUe_2_Vide2   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
  
U_Mag_ZiUe_1_WRS   =   ]eURV(1,XY_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_Mag_ZiUe_1_Vide1   =   ]eURV(1,Z_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_Mag_ZiUe_1_bRWWRm   =   ]eURV(1,XY_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_Mag_ZiUe_1_Vide2   =   ]eURV(1,Z_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_Mag_ZiUe_2_WRS   =   ]eURV(1,XY_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_Mag_ZiUe_2_Vide1   =   ]eURV(1,Z_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_Mag_ZiUe_2_bRWWRm   =   ]eURV(1,XY_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_Mag_ZiUe_2_Vide2   =   ]eURV(1,Z_QXm+1);   %DiVWaQce   MagQiWXde   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
  
U_UQiW_ZiUe_1_WRS   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_UQiW_ZiUe_1_Vide1   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   
aQd   PRViWiRQ   
U_UQiW_ZiUe_1_bRWWRm   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   
aQd   PRViWiRQ   
U_UQiW_ZiUe_1_Vide2   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   
aQd   PRViWiRQ   
U_UQiW_ZiUe_2_WRS   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   aQd   
PRViWiRQ   
U_UQiW_ZiUe_2_Vide1   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   
aQd   PRViWiRQ   
U_UQiW_ZiUe_2_bRWWRm   =   ]eURV(3,XY_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   
aQd   PRViWiRQ   
U_UQiW_ZiUe_2_Vide2   =   ]eURV(3,Z_QXm+1);   %DiVWaQce   UQiW   VecWRU   beWZeeQ   PRiQW   
aQd   PRViWiRQ   
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U2_Mag_ZiUe_1_WRS   =   ]eURV(1,XY_QXm+1);   %^STXaUed   
U2_Mag_ZiUe_1_Vide1   =   ]eURV(1,Z_QXm+1);   %^STXaUed   
U2_Mag_ZiUe_1_bRWWRm   =   ]eURV(1,XY_QXm+1);   %^STXaUed   
U2_Mag_ZiUe_1_Vide2   =   ]eURV(1,Z_QXm+1);   %^STXaUed   
U2_Mag_ZiUe_2_WRS   =   ]eURV(1,XY_QXm+1);   %^STXaUed   
U2_Mag_ZiUe_2_Vide1   =   ]eURV(1,Z_QXm+1);   %^STXaUed   
U2_Mag_ZiUe_2_bRWWRm   =   ]eURV(1,XY_QXm+1);   %^STXaUed   
U2_Mag_ZiUe_2_Vide2   =   ]eURV(1,Z_QXm+1);   %^STXaUed   
  
YecWLeQ   =   XY_QXm+1;   
  
dB   =   ]eURV(3,YecWLeQ);   %DiffeUeQWial   B   field   
dBYecW   =   ]eURV(3,YecWLeQ);   %DiffeUeQWial   B   field   
dBMag   =   ]eURV(1,YecWLeQ);   %DiffeUeQWial   B   field   MagQiWXde   
dBPlRWWeU   =   ]eURV(3,YecWLeQ);   %DiffeUeQWial   B   field   MagQiWXde   
SRiQWLRcMag   =   VTUW(SRiQWLRc(1)^2   +   SRiQWLRc(2)^2   +   SRiQWLRc(3)^2);   
SRiQWLRcUQiW   =   SRiQWLRc/SRiQWLRcMag;   %UQiW   VecWRU   SRiQWiQg   fURm   RUigiQ   WR   
SRiQW   
B_VecW   =   ]eURV(4,ma[NXm);   %B   field   YecWRU   
B_Field   =   ]eURV(3,ma[NXm);   %2D   B   field   YecWRU   
B_Field_PlRW   =   ]eURV(3,ma[NXm);   %2D   B   field   YecWRU   
B_diVSla\   =   "Q/a";   
B_VecW_ZiUeV   =   ]eURV(4,ma[NXm,QXm_ZiUeV);   %B   field   YecWRU   
B_Field_ZiUeV   =   ]eURV(3,ma[NXm,QXm_ZiUeV);   %2D   B   field   YecWRU   
B_VecW_ZiUeV_VXm   =   ]eURV(4,ma[NXm);   %B   field   YecWRU   
B_Field_ZiUeV_VXm   =   ]eURV(3,ma[NXm);   %2D   B   field   YecWRU   
  
%LRRS   WhURXgh   all   SRiQWV   iQ   SlaQe   
fRU   k   =   1:QXm_ZiUeV+1   
     %LRRS   WhURXgh   all   SRiQWV   iQ   SlaQe   
     fRU   j   =   1:ma[NXm   
         %FRU   lRRS   WR   cRmSXWe   diffeUeQWialV   
         fRU   i   =   1:XY_QXm+1   
             if   i   <=   Z_QXm+1   
                 U2_Mag_ZiUe_1_Vide1(i)   =   (SRiQWLRc(1,j)   -   
ZiUe1_Vide1_YecW(1,i))^2   +   ...   
                     (SRiQWLRc(2,j)   -   ZiUe1_Vide1_YecW(2,i))^2   +   (SRiQWLRc(3,j)   
-   ZiUe1_Vide1_YecW(3,i))^2;   

    
                 U2_Mag_ZiUe_1_Vide2(i)   =   (SRiQWLRc(1,j)   -   
ZiUe1_Vide2_YecW(1,i))^2   +   ...   
                     (SRiQWLRc(2,j)   -   ZiUe1_Vide2_YecW(2,i))^2   +   (SRiQWLRc(3,j)   
-   ZiUe1_Vide2_YecW(3,i))^2;   

    
                 U2_Mag_ZiUe_2_Vide1(i)   =   (SRiQWLRc(1,j)   -   
ZiUe2_Vide1_YecW(1,i))^2   +   ...   
                     (SRiQWLRc(2,j)   -   ZiUe2_Vide1_YecW(2,i))^2   +   (SRiQWLRc(3,j)   
-   ZiUe2_Vide1_YecW(3,i))^2;   

    
                 U2_Mag_ZiUe_2_Vide2(i)   =   (SRiQWLRc(1,j)   -   
ZiUe2_Vide2_YecW(1,i))^2   +   ...   
                     (SRiQWLRc(2,j)   -   ZiUe2_Vide2_YecW(2,i))^2   +   (SRiQWLRc(3,j)   
-   ZiUe2_Vide2_YecW(3,i))^2;   
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             eQd   
             %DiVWaQce   YecWRU   beWZeeQ   PRiQW   aQd   PRViWiRQ   
             U2_Mag_ZiUe_1_WRS(i)   =   (SRiQWLRc(1,j)   -   ZiUe1_WRS_YecW(1,i))^2   +   
...   
                 (SRiQWLRc(2,j)   -   ZiUe1_WRS_YecW(2,i))^2   +   (SRiQWLRc(3,j)   -   
ZiUe1_WRS_YecW(3,i))^2;   

    
             U2_Mag_ZiUe_1_bRWWRm(i)   =   (SRiQWLRc(1,j)   -   
ZiUe1_bRWWRm_YecW(1,i))^2   +   ...   
                 (SRiQWLRc(2,j)   -   ZiUe1_bRWWRm_YecW(2,i))^2   +   (SRiQWLRc(3,j)   -   
ZiUe1_bRWWRm_YecW(3,i))^2;   

    
             U2_Mag_ZiUe_2_WRS(i)   =   (SRiQWLRc(1,j)   -   ZiUe2_WRS_YecW(1,i))^2   +   
...   
                 (SRiQWLRc(2,j)   -   ZiUe2_WRS_YecW(2,i))^2   +   (SRiQWLRc(3,j)   -   
ZiUe2_WRS_YecW(3,i))^2;   

    
             U2_Mag_ZiUe_2_bRWWRm(i)   =   (SRiQWLRc(1,j)   -   
ZiUe2_bRWWRm_YecW(1,i))^2   +   ...   
                 (SRiQWLRc(2,j)   -   ZiUe2_bRWWRm_YecW(2,i))^2   +   (SRiQWLRc(3,j)   -   
ZiUe2_bRWWRm_YecW(3,i))^2;   

    
  
             %DiVWaQce   BeWZeeQ   PRiQW   aQd   PRViWiRQ   
             U_Mag_ZiUe_1_WRS(i)   =   VTUW(U2_Mag_ZiUe_1_WRS(i));   
             U_Mag_ZiUe_1_bRWWRm(i)   =   VTUW(U2_Mag_ZiUe_1_bRWWRm(i));   
             U_Mag_ZiUe_2_WRS(i)   =   VTUW(U2_Mag_ZiUe_2_WRS(i));   
             U_Mag_ZiUe_2_bRWWRm(i)   =   VTUW(U2_Mag_ZiUe_2_bRWWRm(i));   

    
             if   i   <=   Z_QXm+1   
                 U_Mag_ZiUe_1_Vide1(i)   =   VTUW(U2_Mag_ZiUe_1_Vide1(i));   
                 U_Mag_ZiUe_1_Vide2(i)   =   VTUW(U2_Mag_ZiUe_1_Vide2(i));   
                 U_Mag_ZiUe_2_Vide1(i)   =   VTUW(U2_Mag_ZiUe_2_Vide1(i));   
                 U_Mag_ZiUe_2_Vide2(i)   =   VTUW(U2_Mag_ZiUe_2_Vide2(i));   
             eQd   

    
             %DiVWaQce   YecWRU   beWZeeQ   PRiQW   aQd   PRViWiRQ   
             if   i   <=   Z_QXm+1   
                 U_VecW_ZiUe_1_Vide1(:,i)   =   [SRiQWLRc(1,j)   -   
ZiUe1_Vide1_YecW(1,i),   ...   
                     SRiQWLRc(2,j)   -   ZiUe1_Vide1_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe1_Vide1_YecW(3,i)];   

    
                 U_VecW_ZiUe_1_Vide2(:,i)   =   [SRiQWLRc(1,j)   -   
ZiUe1_Vide2_YecW(1,i),   ...   
                     SRiQWLRc(2,j)   -   ZiUe1_Vide2_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe1_Vide2_YecW(3,i)];   

    
                 U_VecW_ZiUe_2_Vide1(:,i)   =   [SRiQWLRc(1,j)   -   
ZiUe2_Vide1_YecW(1,i),   ...   
                     SRiQWLRc(2,j)   -   ZiUe2_Vide1_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe2_Vide1_YecW(3,i)];   
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                  U_VecW_ZiUe_2_Vide2(:,i)   =   [SRiQWLRc(1,j)   -   
ZiUe2_Vide2_YecW(1,i),   ...   
                     SRiQWLRc(2,j)   -   ZiUe2_Vide2_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe2_Vide2_YecW(3,i)];   

    
             eQd   

    
             U_VecW_ZiUe_1_WRS(:,i)   =   [SRiQWLRc(1,j)   -   ZiUe1_WRS_YecW(1,i),   ...   
                 SRiQWLRc(2,j)   -   ZiUe1_WRS_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe1_WRS_YecW(3,i)];   

    
             U_VecW_ZiUe_1_bRWWRm(:,i)   =   [SRiQWLRc(1,j)   -   
ZiUe1_bRWWRm_YecW(1,i),   ...   
                 SRiQWLRc(2,j)   -   ZiUe1_bRWWRm_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe1_bRWWRm_YecW(3,i)];   

    
             U_VecW_ZiUe_2_WRS(:,i)   =   [SRiQWLRc(1,j)   -   ZiUe2_WRS_YecW(1,i),   ...   
                 SRiQWLRc(2,j)   -   ZiUe2_WRS_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe2_WRS_YecW(3,i)];   

    
             U_VecW_ZiUe_2_bRWWRm(:,i)   =   [SRiQWLRc(1,j)   -   
ZiUe2_bRWWRm_YecW(1,i),   ...   
                 SRiQWLRc(2,j)   -   ZiUe2_bRWWRm_YecW(2,i),   SRiQWLRc(3,j)   -   
ZiUe2_bRWWRm_YecW(3,i)];   

    
             %UQiW   VecWRU   fURm   PRViWiRQ   WR   PRiQW   
             if   i   <=   Z_QXm+1   
                 U_UQiW_ZiUe_1_Vide1(:,i)   =   U_VecW_ZiUe_1_Vide1(:,i)   /   
U_Mag_ZiUe_1_Vide1(i);   
                 U_UQiW_ZiUe_1_Vide2(:,i)   =   U_VecW_ZiUe_1_Vide2(:,i)   /   
U_Mag_ZiUe_1_Vide2(i);   
                 U_UQiW_ZiUe_2_Vide1(:,i)   =   U_VecW_ZiUe_2_Vide1(:,i)   /   
U_Mag_ZiUe_2_Vide1(i);   
                 U_UQiW_ZiUe_2_Vide2(:,i)   =   U_VecW_ZiUe_2_Vide2(:,i)   /   
U_Mag_ZiUe_2_Vide2(i);   
             eQd   

    
             U_UQiW_ZiUe_1_WRS(:,i)   =   U_VecW_ZiUe_1_WRS(:,i)   /   
U_Mag_ZiUe_1_WRS(i);   

    
             U_UQiW_ZiUe_1_bRWWRm(:,i)   =   U_VecW_ZiUe_1_bRWWRm(:,i)   /   
U_Mag_ZiUe_1_bRWWRm(i);   

    
             U_UQiW_ZiUe_2_WRS(:,i)   =   U_VecW_ZiUe_2_WRS(:,i)   /   
U_Mag_ZiUe_2_WRS(i);   

    
             U_UQiW_ZiUe_2_bRWWRm(:,i)   =   U_VecW_ZiUe_2_bRWWRm(:,i)   /   
U_Mag_ZiUe_2_bRWWRm(i);   

    
  
             %CRmSXWe   X,   Y,   aQd   Z   cRmSRQeQWV   Rf   dB   
             dBYecW(1,i)   =   0;   
             if   i   <=   Z_QXm+1   
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                 dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_1_Vide1(1,i)*dL_VecW_ZiUe_1_Vide1(1)   /   U2_Mag_ZiUe_1_Vide1(i));   
%X   
                 dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_1_Vide2(1,i)*dL_VecW_ZiUe_1_Vide2(1)   /   U2_Mag_ZiUe_1_Vide2(i));   
%X   
                 dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_2_Vide1(1,i)*dL_VecW_ZiUe_2_Vide1(1)   /   U2_Mag_ZiUe_2_Vide1(i));   
%X   
                 dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_2_Vide2(1,i)*dL_VecW_ZiUe_2_Vide2(1)   /   U2_Mag_ZiUe_2_Vide2(i));   
%X   

    
             eQd   

    
             dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_1_WRS(1,i)*dL_VecW_ZiUe_1_WRS(1)   /   U2_Mag_ZiUe_1_WRS(i));   %X   
             dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_1_bRWWRm(1,i)*dL_VecW_ZiUe_1_bRWWRm(1)   /   
U2_Mag_ZiUe_1_bRWWRm(i));   %X   
             dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_2_WRS(1,i)*dL_VecW_ZiUe_2_WRS(1)   /   U2_Mag_ZiUe_2_WRS(i));   %X   
             dBYecW(1,i)   =   dBYecW(1,i)   +   
(U_UQiW_ZiUe_2_bRWWRm(1,i)*dL_VecW_ZiUe_2_bRWWRm(1)   /   
U2_Mag_ZiUe_2_bRWWRm(i));   %X   
  
             dBYecW(2,i)   =   0;   
             if   i   <=   Z_QXm+1   
                 dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_1_Vide1(2,i)*dL_VecW_ZiUe_1_Vide1(2)   /   U2_Mag_ZiUe_1_Vide1(i));   
%Y   
                 dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_1_Vide2(2,i)*dL_VecW_ZiUe_1_Vide2(2)   /   U2_Mag_ZiUe_1_Vide2(i));   
%Y   
                 dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_2_Vide1(2,i)*dL_VecW_ZiUe_2_Vide1(2)   /   U2_Mag_ZiUe_2_Vide1(i));   
%Y   
                 dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_2_Vide2(2,i)*dL_VecW_ZiUe_2_Vide2(2)   /   U2_Mag_ZiUe_2_Vide2(i));   
%Y   

    
             eQd   

    
             dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_1_WRS(2,i)*dL_VecW_ZiUe_1_WRS(2)   /   U2_Mag_ZiUe_1_WRS(i));   %Y   
             dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_1_bRWWRm(2,i)*dL_VecW_ZiUe_1_bRWWRm(2)   /   
U2_Mag_ZiUe_1_bRWWRm(i));   %Y   
             dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_2_WRS(2,i)*dL_VecW_ZiUe_2_WRS(2)   /   U2_Mag_ZiUe_2_WRS(i));   %Y   
             dBYecW(2,i)   =   dBYecW(2,i)   +   
(U_UQiW_ZiUe_2_bRWWRm(2,i)*dL_VecW_ZiUe_2_bRWWRm(2)   /   
U2_Mag_ZiUe_2_bRWWRm(i));   %Y     
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             dBYecW(3,i)   =   0;   
             if   i   <=   Z_QXm+1   
                 dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_1_Vide1(3,i)*dL_VecW_ZiUe_1_Vide1(3)   /   U2_Mag_ZiUe_1_Vide1(i));   
%Z   
                 dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_1_Vide2(3,i)*dL_VecW_ZiUe_1_Vide2(3)   /   U2_Mag_ZiUe_1_Vide2(i));   
%Z   
                 dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_2_Vide1(3,i)*dL_VecW_ZiUe_2_Vide1(3)   /   U2_Mag_ZiUe_2_Vide1(i));   
%Z   
                 dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_2_Vide2(3,i)*dL_VecW_ZiUe_2_Vide2(3)   /   U2_Mag_ZiUe_2_Vide2(i));   
%Z   

    
             eQd   
             dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_1_WRS(3,i)*dL_VecW_ZiUe_1_WRS(3)   /   U2_Mag_ZiUe_1_WRS(i));   %Z   
             dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_1_bRWWRm(3,i)*dL_VecW_ZiUe_1_bRWWRm(3)   /   
U2_Mag_ZiUe_1_bRWWRm(i));   %Z   
             dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_2_WRS(3,i)*dL_VecW_ZiUe_2_WRS(3)   /   U2_Mag_ZiUe_2_WRS(i));   %Z   
             dBYecW(3,i)   =   dBYecW(3,i)   +   
(U_UQiW_ZiUe_2_bRWWRm(3,i)*dL_VecW_ZiUe_2_bRWWRm(3)   /   
U2_Mag_ZiUe_2_bRWWRm(i));   %Z   
  
             %Scale   dB   b\   aSSURSUiaWe   YalXeV   SeU   BiRW-SaYaUW   LaZ   ETXaWiRQ   
             dB(:,i)   =   dBYecW(:,i)*(X0*I)/(4*Si);   
  
             %MagQiWXde   Rf   dB   VecWRU   
             dBMag(i)   =   VTUW(dB(1,i)^2   +   dB(2,i)^2   +   dB(3,i)^2);   
         eQd   
  
         B_VXm   =   VXm(dBMag);   %TRWal   B   field   magQiWXde   aW   SRiQW   
  
         %OXWSXW   We[W   
         if   SRiQWLRc(1,j)   ==   0.005   
             if   SRiQWLRc(2,j)   ==   0.005   
                 B_diVSla\   =   QXm2VWU(B_VXm);   
             eQd   
         eQd   
  
         %Fill   aUUa\V   
         B_VecW(4,j)   =   B_VXm;   
         B_VecW(3,j)   =   SRiQWLRc(3,j);   
         B_VecW(2,j)   =   SRiQWLRc(2,j);   
         B_VecW(1,j)   =   SRiQWLRc(1,j);   

    
         B_VecW_ZiUeV(4,j,k)   =   B_VXm;   
         B_VecW_ZiUeV(3,j,k)   =   SRiQWLRc(3,j);   
         B_VecW_ZiUeV(2,j,k)   =   SRiQWLRc(2,j);   
         B_VecW_ZiUeV(1,j,k)   =   SRiQWLRc(1,j);   
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         B_VecW_ZiUeV_VXm(4,j)   =   B_VecW_ZiUeV_VXm(4,j)   +   B_VecW(4,j);   
         B_VecW_ZiUeV_VXm(3,j)   =   B_VecW_ZiUeV_VXm(3,j)   +   B_VecW(3,j);   
         B_VecW_ZiUeV_VXm(2,j)   =   B_VecW_ZiUeV_VXm(2,j)   +   B_VecW(2,j);   
         B_VecW_ZiUeV_VXm(1,j)   =   B_VecW_ZiUeV_VXm(1,j)   +   B_VecW(1,j);   
  
         B_Field(3,j)   =   B_VXm;   
         B_Field(2,j)   =   SRiQWLRc(2,j);   
         B_Field(1,j)   =   SRiQWLRc(1,j);   

    
         B_Field_ZiUeV(3,j,k)   =   B_VXm;   
         B_Field_ZiUeV(2,j,k)   =   SRiQWLRc(2,j);   
         B_Field_ZiUeV(1,j,k)   =   SRiQWLRc(1,j);   

    
         B_Field_ZiUeV_VXm(3,j)   =   B_Field_ZiUeV_VXm(3,j)   +   B_Field(3,j);   
         B_Field_ZiUeV_VXm(2,j)   =   B_Field_ZiUeV_VXm(2,j)   +   B_Field(2,j);   
         B_Field_ZiUeV_VXm(1,j)   =   B_Field_ZiUeV_VXm(1,j)   +   B_Field(1,j);   
     eQd   

    
     SRViWiRQ(1,:)   =   SRViWiRQ(1,:)   +   ZiUe_VhifW;   

    
     ZiUe1_bRWWRm_VWaUW(1)   =   ZiUe1_bRWWRm_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_bRWWRm_eQd(1)   =   ZiUe1_bRWWRm_eQd(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_WRS_VWaUW(1)   =   ZiUe1_WRS_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_WRS_eQd(1)   =   ZiUe1_WRS_eQd(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide1_VWaUW(1)   =   ZiUe1_Vide1_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide1_eQd(1)   =   ZiUe1_Vide1_eQd(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide2_VWaUW(1)   =   ZiUe1_Vide2_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide2_eQd(1)   =   ZiUe1_Vide2_eQd(1)   +   ZiUe_iWeUaWRU;   

    
     ZiUe2_bRWWRm_VWaUW(2)   =   ZiUe2_bRWWRm_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_bRWWRm_eQd(2)   =   ZiUe2_bRWWRm_eQd(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_WRS_VWaUW(2)   =   ZiUe2_WRS_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_WRS_eQd(2)   =   ZiUe2_WRS_eQd(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide1_VWaUW(2)   =   ZiUe2_Vide1_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide1_eQd(2)   =   ZiUe2_Vide1_eQd(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide2_VWaUW(2)   =   ZiUe2_Vide2_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide2_eQd(2)   =   ZiUe2_Vide2_eQd(2)   +   ZiUe_iWeUaWRU;   

    
     fRU   T   =   1:(XY_QXm+1)   
         if   T   ==   1   
             ZiUe1_bRWWRm_YecW(:,T)   =   ZiUe1_bRWWRm_VWaUW;   
             ZiUe1_WRS_YecW(:,T)   =   ZiUe1_WRS_VWaUW;   
  
             ZiUe2_bRWWRm_YecW(:,T)   =   ZiUe2_bRWWRm_VWaUW;   
             ZiUe2_WRS_YecW(:,T)   =   ZiUe2_WRS_VWaUW;   
         elVe   
             ZiUe1_bRWWRm_YecW(:,T)   =   ZiUe1_bRWWRm_VWaUW;   
             ZiUe1_WRS_YecW(:,T)   =   ZiUe1_WRS_VWaUW;   
  
             ZiUe2_bRWWRm_YecW(:,T)   =   ZiUe2_bRWWRm_VWaUW;   
             ZiUe2_WRS_YecW(:,T)   =   ZiUe2_WRS_VWaUW;   
  
             ZiUe1_bRWWRm_YecW(2,T)   =   ZiUe1_bRWWRm_YecW(2,T-1)   +   
ZiUe1_XY_YecW_VWeS;   
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             ZiUe1_WRS_YecW(2,T)   =   ZiUe1_WRS_YecW(2,T-1)   -   ZiUe1_XY_YecW_VWeS;   
  
             ZiUe2_bRWWRm_YecW(1,T)   =   ZiUe2_bRWWRm_YecW(1,T-1)   +   
ZiUe2_XY_YecW_VWeS;   
             ZiUe2_WRS_YecW(1,T)   =   ZiUe2_WRS_YecW(1,T-1)   -   ZiUe2_XY_YecW_VWeS;   
         eQd   
     eQd   
  
     fRU   T   =   1:(Z_QXm+1)   
         if   T   ==   1   
             ZiUe1_Vide1_YecW(:,T)   =   ZiUe1_Vide1_VWaUW;   
             ZiUe1_Vide2_YecW(:,T)   =   ZiUe1_Vide2_VWaUW;   
  
             ZiUe2_Vide1_YecW(:,T)   =   ZiUe2_Vide1_VWaUW;   
             ZiUe2_Vide2_YecW(:,T)   =   ZiUe2_Vide2_VWaUW;   
         elVe   
             ZiUe1_Vide1_YecW(:,T)   =   ZiUe1_Vide1_VWaUW;   
             ZiUe1_Vide2_YecW(:,T)   =   ZiUe1_Vide2_VWaUW;   
  
             ZiUe2_Vide1_YecW(:,T)   =   ZiUe2_Vide1_VWaUW;   
             ZiUe2_Vide2_YecW(:,T)   =   ZiUe2_Vide2_VWaUW;   
  
             ZiUe1_Vide1_YecW(3,T)   =   ZiUe1_Vide1_YecW(3,T-1)   +   
ZiUe1_Z_YecW_VWeS;   
             ZiUe1_Vide2_YecW(3,T)   =   ZiUe1_Vide2_YecW(3,T-1)   -   
ZiUe1_Z_YecW_VWeS;   
  
             ZiUe2_Vide1_YecW(3,T)   =    ZiUe2_Vide1_YecW(3,T-1)   +   
ZiUe2_Z_YecW_VWeS;   
             ZiUe2_Vide2_YecW(3,T)   =   ZiUe2_Vide2_YecW(3,T-1)   -   
ZiUe2_Z_YecW_VWeS;   
         eQd   
     eQd   
eQd   
  
%Re-FRUmaW   B   Field   fRU   PlRWWiQg   
B_Field_SXUf   =   ]eURV(QXmPRiQWV+1,QXmPRiQWV+1);   
B_Field_PlRW(1,:)   =   B_Field_ZiUeV_VXm(1,:)*100;   
B_Field_PlRW(2,:)   =   B_Field_ZiUeV_VXm(2,:)*100;   
B_Field_PlRW(3,:)   =   B_Field_ZiUeV_VXm(3,:);   
cRXQWeU   =   1;   
fRU   i   =   1:ma[NXm   
     if   iVQaQ(B_Field_PlRW(3,i))   
         B_Field_PlRW(3,i)   =   ma[(B_Field_PlRW(3,:));   
     eQd   
eQd   
fRU   i   =   1:QXmPRiQWV+1   
     fRU   j   =   1:QXmPRiQWV+1   
         B_Field_SXUf(j,i)   =   B_Field_PlRW(3,cRXQWeU);   
         cRXQWeU   =   cRXQWeU   +   1;   
     eQd   
eQd   
  
%ReVXlWV   
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diVS("dB   SXm   (B   field   magQiWXde)   aW   X="+   B_Field(1,61)*100   +"cm,   Y="+   
B_Field(2,61)*100   +"cm,   Z="   +   VeWZ*100   +   "cm   iV:   "   +   B_Field(3,61)   +   "   T");   
  
%PlRW   dB   magQiWXde   alRQg   ZiUe   
figXUe(2);   
VXbSlRW(2,1,1);   
hRld   RQ   
fRU   i   =   1:ma[NXm   
     SlRW3(100*SRiQWLRc(1,i),100*SRiQWLRc(2,i),100*SRiQWLRc(3,i),'k.');   
eQd   
VXUf(liQVSace(SlaQeSWaUW(1),SlaQeLim(1)*100,QXmPRiQWV+1),...   
     liQVSace(SlaQeSWaUW(2),SlaQeLim(2)*100,QXmPRiQWV+1),B_Field_SXUf);   
cRlRUbaU;   
[label('X   (cm)');   
\label('Y   (cm)');   
]label('Z   (cm)');   
[lim(PlRW_X_Lim);   
\lim(PlRW_Y_Lim);   
]lim(PlRW_Z_Lim);   
gUid   RQ;   
legeQd('.','PRiQW   LRcaWiRQV','LRcaWiRQ',...   
     'NRUWhEaVWOXWVide');   
WiWle('MagQeWic   Field   SWUeQgWh   YV.   PRViWiRQ   WiWhiQ   SeQVRU');   
YieZ(25,25);   
hRld   Rff   
  
%Add   VecRQd   SlRW   fRU   2D   deWail   
VXbSlRW(2,2,3);   
SlRW3(100*SRViWiRQ(1,:),100*SRViWiRQ(2,:),100*SRViWiRQ(3,:));   
hRld   RQ   
fRU   i   =   1:ma[NXm   
     SlRW3(100*SRiQWLRc(1,i),100*SRiQWLRc(2,i),100*SRiQWLRc(3,i),'k.');   
eQd   
%   
[label('X   (cm)');   
\label('Y   (cm)');   
]label('Z   (cm)');   
[lim(PlRW_X_Lim);   
\lim(PlRW_Y_Lim);   
]lim(PlRW_Z_Lim);   
gUid   RQ;   
WiWle('2D   PlaQaU   VieZ   -   YZ   PlaQe');   
hRld   Rff   
YieZ(270,0);   
  
%Add   WhiUd   SlRW   fRU   2D   deWail   
VXbSlRW(2,2,4);   
SlRW3(100*SRViWiRQ(1,:),100*SRViWiRQ(2,:),100*SRViWiRQ(3,:));   
hRld   RQ   
fRU   i   =   1:ma[NXm   
     SlRW3(100*SRiQWLRc(1,i),100*SRiQWLRc(2,i),100*SRiQWLRc(3,i),'k.');   
eQd   
%   
[label('X   (cm)');   
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\label('Y   (cm)');   
]label('Z   (cm)');   
[lim(PlRW_X_Lim);   
\lim(PlRW_Y_Lim);   
]lim(PlRW_Z_Lim);   
gUid   RQ;   
WiWle('2D   PlaQaU   VieZ   -   XZ   PlaQe');   
hRld   Rff   
YieZ(0,0);   
  
%Add   aQRWheU   figXUe   fRU   lRg10   deWailed   YieZ   Rf   field   
figXUe(3);   
VXbSlRW(2,1,1);   
VXUf(liQVSace(SlaQeSWaUW(1),SlaQeLim(1)*100,QXmPRiQWV+1),...   
     liQVSace(SlaQeSWaUW(2),SlaQeLim(2)*100,QXmPRiQWV+1),lRg10(B_Field_SXUf));   
cRlRUbaU;   
[label('X   (cm)');   
\label('Y   (cm)');   
]label('Z   lRg10(T)');   
gUid   RQ;   
WiWle('lRg10(MagQeWic   Field   SWUeQgWh)');   
  
%Add   VecRQd   SlRW   fRU   2D   deWail   
VXbSlRW(2,2,3);   
VXUf(liQVSace(SlaQeSWaUW(1),SlaQeLim(1)*100,QXmPRiQWV+1),...   
     liQVSace(SlaQeSWaUW(2),SlaQeLim(2)*100,QXmPRiQWV+1),lRg10(B_Field_SXUf));   
YieZ(270,0);   
[label('X   (cm)');   
\label('Y   (cm)');   
]label('Z   lRg10(T)');   
gUid   RQ;   
  
%Add   WhiUd   SlRW   fRU   2D   deWail   
VXbSlRW(2,2,4);   
VXUf(liQVSace(SlaQeSWaUW(1),SlaQeLim(1)*100,QXmPRiQWV+1),...   
     liQVSace(SlaQeSWaUW(2),SlaQeLim(2)*100,QXmPRiQWV+1),lRg10(B_Field_SXUf));   
YieZ(0,0);   
[label('X   (cm)');   
\label('Y   (cm)');   
]label('Z   lRg10(T)');   
gUid   RQ;   
  
  
%Add   a   fiQal   SlRW   VhRZiQg   Whe   VeQVRU   cRilV   
figXUe(4);   
  
ZiUe1_bRWWRm_VWaUW(1)   =   0;   
ZiUe1_bRWWRm_eQd(1)   =   0;   
ZiUe1_WRS_VWaUW(1)   =   0;   
ZiUe1_WRS_eQd(1)   =   0;   
ZiUe1_Vide1_VWaUW(1)   =   0;   
ZiUe1_Vide1_eQd(1)   =   0;   
ZiUe1_Vide2_VWaUW(1)   =   0;   
ZiUe1_Vide2_eQd(1)   =   0;   
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ZiUe2_bRWWRm_VWaUW(2)   =   0;   
ZiUe2_bRWWRm_eQd(2)   =   0;   
ZiUe2_WRS_VWaUW(2)   =   0;   
ZiUe2_WRS_eQd(2)   =   0;   
ZiUe2_Vide1_VWaUW(2)   =   0;   
ZiUe2_Vide1_eQd(2)   =   0;   
ZiUe2_Vide2_VWaUW(2)   =   0;   
ZiUe2_Vide2_eQd(2)   =   0;   
  
VXbSlRW(1,1,1);   
hRld   RQ   
fRU   i   =   1:QXm_ZiUeV   

    
     fRU   T   =   1:(XY_QXm+1)   
         if   T   ==   1   
             ZiUe1_bRWWRm_YecW(:,T)   =   ZiUe1_bRWWRm_VWaUW;   
             ZiUe1_WRS_YecW(:,T)   =   ZiUe1_WRS_VWaUW;   
  
             ZiUe2_bRWWRm_YecW(:,T)   =   ZiUe2_bRWWRm_VWaUW;   
             ZiUe2_WRS_YecW(:,T)   =   ZiUe2_WRS_VWaUW;   
         elVe   
             ZiUe1_bRWWRm_YecW(:,T)   =   ZiUe1_bRWWRm_VWaUW;   
             ZiUe1_WRS_YecW(:,T)   =   ZiUe1_WRS_VWaUW;   
  
             ZiUe2_bRWWRm_YecW(:,T)   =   ZiUe2_bRWWRm_VWaUW;   
             ZiUe2_WRS_YecW(:,T)   =   ZiUe2_WRS_VWaUW;   
  
             ZiUe1_bRWWRm_YecW(2,T)   =   ZiUe1_bRWWRm_YecW(2,T-1)   +   
ZiUe1_XY_YecW_VWeS;   
             ZiUe1_WRS_YecW(2,T)   =   ZiUe1_WRS_YecW(2,T-1)   -   ZiUe1_XY_YecW_VWeS;   
  
             ZiUe2_bRWWRm_YecW(1,T)   =   ZiUe2_bRWWRm_YecW(1,T-1)   +   
ZiUe2_XY_YecW_VWeS;   
             ZiUe2_WRS_YecW(1,T)   =   ZiUe2_WRS_YecW(1,T-1)   -   ZiUe2_XY_YecW_VWeS;   
         eQd   
     eQd   
  
     fRU   T   =   1:(Z_QXm+1)   
         if   T   ==   1   
             ZiUe1_Vide1_YecW(:,T)   =   ZiUe1_Vide1_VWaUW;   
             ZiUe1_Vide2_YecW(:,T)   =   ZiUe1_Vide2_VWaUW;   
  
             ZiUe2_Vide1_YecW(:,T)   =   ZiUe2_Vide1_VWaUW;   
             ZiUe2_Vide2_YecW(:,T)   =   ZiUe2_Vide2_VWaUW;   
         elVe   
             ZiUe1_Vide1_YecW(:,T)   =   ZiUe1_Vide1_VWaUW;   
             ZiUe1_Vide2_YecW(:,T)   =   ZiUe1_Vide2_VWaUW;   
  
             ZiUe2_Vide1_YecW(:,T)   =   ZiUe2_Vide1_VWaUW;   
             ZiUe2_Vide2_YecW(:,T)   =   ZiUe2_Vide2_VWaUW;   
  
             ZiUe1_Vide1_YecW(3,T)   =   ZiUe1_Vide1_YecW(3,T-1)   +   
ZiUe1_Z_YecW_VWeS;   
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             ZiUe1_Vide2_YecW(3,T)   =   ZiUe1_Vide2_YecW(3,T-1)   -   
ZiUe1_Z_YecW_VWeS;   
  
             ZiUe2_Vide1_YecW(3,T)   =    ZiUe2_Vide1_YecW(3,T-1)   +   
ZiUe2_Z_YecW_VWeS;   
             ZiUe2_Vide2_YecW(3,T)   =   ZiUe2_Vide2_YecW(3,T-1)   -   
ZiUe2_Z_YecW_VWeS;   
         eQd   
     eQd   

    
     SlRW3(   100*ZiUe1_Vide1_YecW(1,:),   100*ZiUe1_Vide1_YecW(2,:),   
100*ZiUe1_Vide1_YecW(3,:),   'b-');   
     SlRW3(   100*ZiUe1_Vide2_YecW(1,:),   100*ZiUe1_Vide2_YecW(2,:),   
100*ZiUe1_Vide2_YecW(3,:),   'b-');   

    
     SlRW3(   100*ZiUe2_Vide2_YecW(1,:),ZiUe2_Vide2_YecW(2,:),   
100*ZiUe2_Vide2_YecW(3,:),   'U-');   
     SlRW3(   100*ZiUe2_Vide1_YecW(1,:),   100*ZiUe2_Vide1_YecW(2,:),   
100*ZiUe2_Vide1_YecW(3,:),   'U-');   
  
     SlRW3(   100*ZiUe1_bRWWRm_YecW(1,:),   100*ZiUe1_bRWWRm_YecW(2,:),   
100*ZiUe1_bRWWRm_YecW(3,:),   'b-');   
     SlRW3(   100*ZiUe1_WRS_YecW(1,:),   100*ZiUe1_WRS_YecW(2,:),   
100*ZiUe1_WRS_YecW(3,:),   'b-');   
  
     SlRW3(   100*ZiUe2_bRWWRm_YecW(1,:),   100*ZiUe2_bRWWRm_YecW(2,:),   
100*ZiUe2_bRWWRm_YecW(3,:),   'U-');   
     SlRW3(   100*ZiUe2_WRS_YecW(1,:),   100*ZiUe2_WRS_YecW(2,:),   
100*ZiUe2_WRS_YecW(3,:),   'U-');   

    
     ZiUe1_bRWWRm_VWaUW(1)   =   ZiUe1_bRWWRm_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_bRWWRm_eQd(1)   =   ZiUe1_bRWWRm_eQd(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_WRS_VWaUW(1)   =   ZiUe1_WRS_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_WRS_eQd(1)   =   ZiUe1_WRS_eQd(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide1_VWaUW(1)   =   ZiUe1_Vide1_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide1_eQd(1)   =   ZiUe1_Vide1_eQd(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide2_VWaUW(1)   =   ZiUe1_Vide2_VWaUW(1)   +   ZiUe_iWeUaWRU;   
     ZiUe1_Vide2_eQd(1)   =   ZiUe1_Vide2_eQd(1)   +   ZiUe_iWeUaWRU;   

    
     ZiUe2_bRWWRm_VWaUW(2)   =   ZiUe2_bRWWRm_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_bRWWRm_eQd(2)   =   ZiUe2_bRWWRm_eQd(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_WRS_VWaUW(2)   =   ZiUe2_WRS_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_WRS_eQd(2)   =   ZiUe2_WRS_eQd(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide1_VWaUW(2)   =   ZiUe2_Vide1_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide1_eQd(2)   =   ZiUe2_Vide1_eQd(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide2_VWaUW(2)   =   ZiUe2_Vide2_VWaUW(2)   +   ZiUe_iWeUaWRU;   
     ZiUe2_Vide2_eQd(2)   =   ZiUe2_Vide2_eQd(2)   +   ZiUe_iWeUaWRU;   

    
eQd   
  
[label('X   (cm)');   
\label('Y   (cm)');   
]label('Z   (cm)');   
[lim(PlRW_X_Lim);   
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\lim(PlRW_Y_Lim);   
]lim(PlRW_Z_Lim);   
gUid   RQ;   
WiWle('3D   SeQVRU   CRilV');   
YieZ(45,45);   
hRld   Rff   
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%   EQd   %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% ܸܹ
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