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Abstract

Project Code : TRG5680044

Project Title : Elimination of waves pinned to obstacles with different shapes and orientations in

excitable chemical media
Investigator : Assist. Prof. Dr. Chaiya Luengviriya, Kasetsart University

E-mail Address : fscicyl@ku.ac.th
Project Period : 2 years
Abstract:

Spiral waves evolving in various excitable media are governed by similar reaction-diffusion
mechanisms. They also have an important impact on human health conditions. Spiral waves of
electrical excitation in the heart and their instabilities are involved in causing certain types of
cardiac arrhythmia, such as ventricular tachycardia and fibrillations, which can potentially lead to
sudden cardiac death. The Belousov-Zhabotinsky (BZ) reaction is one of the most popular model
systems to study the dynamics of spiral waves experimentally, because of both its easy preparation
and the convenient detection of the wave patterns occurring in this reaction. Our research project
aims to investigate the influence of the obstacle shape and orientation on the dynamics of a spiral
wave and the elimination of such pinned spiral wave using an applied electric field in chemical BZ
media. To confirm experimental results, computer simulations are also performed.

When the applied electric current density reaches the necessary current density Junin, the
spiral tip, pinned to a circular obstacle, is detached and subsequently drifts away from the obstacle.
Junpin 18 found to increase with the obstacle diameter d. The growth rate Adyin/Ad is much higher
for obstacles larger than the free spiral core as compared to that for smaller obstacles. From our
study of the influence of obstacle shape using circular and rectangular obstacles, the propagating
parameters i.e. wavelength, wave period, and velocity of pinned spiral waves increase with the
circumference, regardless of the obstacle area. Despite these common features of the parameters,
the forms of pinned spiral waves depend on the obstacle shapes. The structures of spiral waves
pinned to circles as well as squares are similar to Archimedean spirals. For extremely thin
rectangles, the spiral form can he constructed by employing semicircles with different radii which
relate to the obstacle width and the core diameter of free spirals.

Keywords: excitable media, spiral wave, Belousov-Zhabotinsky reaction, reaction-diffusion
mechanism; pinning



naanssnilsena

ﬂm:;ﬁﬁﬁ'ﬂmamauqm ﬁﬂﬁ'ﬂomﬂm:ﬂsmmimiq@uﬁﬂm ﬁwﬁfmmﬂamuaﬁuagumﬁﬁﬁ'ﬂ
LAY URANYIRULNEHATARAT ﬁm%’m‘ﬁunu%"ﬂ Tulasensh

NEL. 3. THOZ ARSI

(Wanihlasens3an)



1. unitn

L1 anadaguaznanzasiym

Tassms3seildingusaedifadnunaninaasginuasmasssiaesisfiarnsdans
Lﬂﬁauﬁmaoﬂﬁluavl,ﬂsaaLLa:msﬁ’ﬁT@ﬂﬁluﬁgﬂ@%‘m"’oﬂdnﬁ’;ﬂamuVLWleu@T'mmomﬁﬂﬁﬁ‘%mﬁia
saw-muefiuaf namansuasaauludanansiignnszdule (excitable media) Gafenuddnyssu
aduludnaussidiimdasiunamiamauafiwanvialaides (Clean exhaust) [3] Fadunaiu
fauniivilieaamasduomd (Prof. G, Ert) leésumeialuuaaaiad 1ud a.a. 2007 [4]

ludmzasadumuddnu ininmmansinwmsuswaalienusulaathanniiesand
wamsisalasldiftaidowalanngas [17] fmiuauwin adudnglivhluaudanisonineduanes
(scroll wave) \Juaninguaslsevinlawnaniia 1 ventricular tachycardia Gdnalwismaznsiduzes
ﬁ'ﬂﬁ)L%ﬁ%ul,l,@iﬂs:ﬁwﬁmwmsguﬁ@laﬁma@m msﬁﬂﬁ'mﬁsaa;ﬂuﬁﬂﬂﬁmmfm%a’hLﬁ@mﬂmsﬁ
aaugnasslifiugaunwsas (localized defect) ludanans

anumsthzarhounndumnnifadnngnssieaulnamaasiuns (Winfree turbulence)
[18] SaSunvmenademansarsdiuns (Prof. AT. Winfree) gfneaumswuisngmsal &
awladie  dnngmatiifaamduiwniadomlaivun  (wdd) e dnngmisoledu
TnamattiinaliiAanaz ventricular fibrilation swdusmgunanuesidlany wansznulasassde
wgﬁiﬁlﬂuﬂ%ﬁ'mﬁaﬁﬂimjﬂmﬁ@mi’ﬁﬂuﬁwumsmuquwamam%maaﬂﬁluﬂ%sl,uaaaLLaxmwﬁ@
Tamammziuanalnanasasadu atanfreanslutisemanssiuan [20]

duiinsuiuid Twirdedsudoanuin mmesssaauluaaddsudeuunnitmmasas

v
R

aa a v =S A Aa A o A A
RN Iﬂidﬂ’?i’ﬁ]U%ﬁ]dﬂﬂﬂ:ﬂﬂﬂ%l%ﬁﬂd&l@nwﬂiﬁwL@LdﬂuvLmﬂﬁdﬂﬁiﬂ@aadﬂL‘Vi&ﬂ:ﬁ&l NRIN

1 v
A

Tnssmyiseihandweiastinldiummessdlusmaddlulassmidsedegly  lulasemisiilaiden
Anmaduludanaaed Ao UjAsundlasew-anuadiuad (Belosov-Zhabotinsky reaction) [6,7] Tae
Az ildsunedsudsausdsiisunsuzesinlsunanas (pyrogaliol) [28-30] iendnides
dymwasanmadesuniunsiafenfivasadmilerinnmasssdunaiunm
ﬂ’mﬁaﬂﬁﬂmﬁanmoLmuLﬂﬁfuﬁmgmaaams:miﬁa Uszmsusn duiisewsuluwaams

Juh wamaasvesaauludainaefignnazguldriiadns giuiwiaannalnidoiuda  naln
UhAsenuazmsuws (reaction-diffusion mechanism) [1] Gsdrnarsudazrfinanadisnoazidaafidroni

% aq/' q/p.i U = d' L= aR ) Y o d' 2
muummgﬁl,@mﬂmwmmﬂaulumﬂmaLﬂmammmmvl,ﬂﬂszqﬂ@“lﬁﬂumﬂmaau,e]"l,@ Ly
1J5ensNaas NMILATUNAINANILANININNAIN A BULFI TR AN INAaas T N fie)
)G Rtk



1.2 agilszavavaslasensian

L wednwaniwazasgdinuaznisiioidivasiifarnidenisinfaunvasniualsealu
[ o aaa a a a
anantaiuasonilavan-musfined

2. wadnmnihdaeiualdseangnasadisawialnwhludinansadujisodlazen-oue

a =
Auan
1.3 iszlaminanainazlasy

A & o 7 d & Aaa ' & 1 v
Naﬁﬂﬂiﬂidﬂﬁi’]ﬁ]Uﬁﬁ]zﬂﬂlﬂwaﬂﬂﬁ@lg"ﬂi’Nﬂﬁu‘ﬂdiuﬁﬂd&l@Iﬂiz?ﬂ"ld&l’“lﬂ"ll%LLﬂZﬂ"l@]')”l"ﬂva@]Nﬂd']%@l']&l
o &l & v A A ' a a
?@Qﬂi$ﬁdﬂﬂ@ld‘1’] LWE’JLWEILNﬂLLW?I%’]'T?&'T?’J“H'TTT'T?%W%’T“IT’T@l

14 aaumaavaslasenisdde

v
e A v

ImamﬁﬁmuyaLuuﬁﬂmm""mmamﬁéﬁaﬁm’mLﬂT&J“ﬁTumaamm”uﬁulumw‘hsﬁaﬁﬂﬁﬂﬁ

v
A A v 3

glusaaluenasnidoarnslaninin  waznszus WnlTlaniNaisnuaaus lvaadddnana
IRgIMIAaaNTandSusunnluanatsiai

2. N wd)

danasiignnszdulduazaanallsea

Unngmisainauludanansiignnazdule (excitable media) iiaduludnanssiiasig g ud
sansnasusldmenguideans fa nalnUfAsouaznsuws (reaction-diffusion mechanism) [1]
vassnszdu (activator) Seviwmindiiedw waz @aduds (inhibitor) devimehdsaunumaes
NTEdL ﬂﬁ"[ﬂﬂ;jﬁ?ﬂ’]LLa:mSLLWiﬁﬁﬂﬁﬂﬁulu@”qﬂmoﬁgﬂﬂi:ﬁuvlﬁﬁﬁ'ﬂﬂm:mwwm”u nada lu
danansivann (sadid) mﬂ%ﬁmﬁlugﬂﬁﬂﬁmmﬁ@Lﬂuﬁmmﬂ@ Uaniatuazsasaufiodu
aanluson (Spiral wave) [2] wszezifiemduludinansacnslifififugalaslidasnmsundsiuia
adnnmeouan  lunsdifigafivaadanseviaalises (spiral tip) siwshfedonundsiifians
uazainiSuningueiiyznis (Organizing center) vasnamn

satanauglsasludanasdneg (U4 2.1 n-a) 1dun adusandiatusaseniuauuanen
loduuimasdian (clean exhaust) [3,4] adunsrndiuuasmifien [B] mamiaauanudutu
(concentration wave) Tuanansufisendlasan-mueiinad (Belosov-Zhabotinsky reaction) [6,7]
Fuiunfonldlunmsisuunnnhdnaauglusnit rwiseaauslsaaludnansfisoiinu

Aada o

Sfiviasluses (Spiral tip trajectory) eraidugtuvuesnsinefersnan wie JUuuuAFUFaudsun



fewaos (meandering) [8-10] snvsidvsluseamusaminauldlastasumenen u uas

[11,12] w3a awwluvin [13,14]

adnanaauazlsaialounsnia

dmsuaaulumnasmufidSonieduanad (Scroll wave) [15] sansaifisuidsslatuns
shdnasresianiasualusasudaudari lunsdifiguitiysnsiefanund (flament) Sauduw
Lﬁuluaw11ﬁﬁ‘ﬁ'l,%au@iaszmwm"’aavl,ﬂsaaﬁlufuﬁaQ@@ﬁ'u mauafeufivasfaiudizdutauay
anulds (Curvature) uazmsta (Wist) vasfianaud [16] dretegiuunvasanuudatineie (U
7 21 9) fo Wuasiuazaanan aity adusnadndRawudIwia fousundanasss (Scrol
ring) [16]

aduanesidsuanusuladuathann  fesn  dmmaesadlesldiftadewslanndasa
mivawuin eduanadidusmgueslsaialavnesiia [17] nanda lesdndudrnaudndluvihdari
lﬁl,f:al,ﬁa%”'ﬂﬁm@LLa:ﬂJmﬂtﬁaguﬁﬂiaﬁ@ﬁgﬂLmuLﬂumu%ﬁwaaﬂﬁumanau (truncated spherical
wave) LL@imﬂ%”'ﬂﬁJﬁmwﬁmﬂsn@maaﬂﬂaauﬁﬂlﬁﬂﬁuﬁ'ﬂﬂ“LWﬂ'm”aﬂm'aLﬂﬁlﬂugﬂl,l,umﬂuﬂﬁ'uaﬂaa(
wlszidwhHiunmuanuivasndusnaduszyszinirwnsgulalafiaazanas (tachycardia) swon
aduanestuanaaniduaduanestens aduanulnamazasdndlvh (electrical turbulence)
whliilafavinlaudazdaunens sz (fbrilation) uaslaimansagudalafialdiag

aaansfiuns (AT, Winfree) lésoaunaisn [18] Aldunwitaidowalain wums
Lﬂﬁlﬂugﬂmaaﬂﬁluavlﬂsaaﬁﬁatf:mﬁaLﬂuﬂﬁuinaﬁﬁmf‘iaLwiw,f:aLﬁafu%mn'hmﬁﬁﬂ”mmﬁa o
ﬂswngmszﬁfﬁﬁai‘fumwwﬂumﬁﬂmamwﬁ@wﬁfu (ﬁnmuﬂ:ﬂgﬁu ApFunanmalauiaiangiuy
22 IR VLWﬂﬂuLf:aLfia%”ﬂaﬂ"'amagﬂumguw”wm [19]) Twmeanssindselaumawnindsnngnisol
aanlnamavasiuns (Winfree turbulence) ilasshunansznulasassdonuudil sindnmemaas
S ldiunistludunmserquadunsludanasaasuazanaia TIMIIEiUa X
Tnawazasndu lutrssaamessfua [20]

AR UG

o o W

: :&(&(‘

3 2.1 dedndualdses (n) wsnansd fisodlaven-muetinad [2] (v) afusandiatuues

msusuuauanloduuimesdiani [3 (a) adunsmudanusesridien [5] aduanasduySouldmy
o A o "> ) A e s o a o

mahaauslUsesundandanis 1w (1) ednanasdelfanuudiduiduwass [21] uas (3) anasseii

aundinag [22]



nIAILANARRALERIA WA
=2 & ' A & o = o a 6 &
msdnwnavasgwy whdeadunsluainasiadiuazlunisdisesuuunsnanitaasi
wud aww ivhdnaliinslisesiefeunidwduassimuivawn i lasdasisuazauwiazas
&/ L it o ) a $ v
yudunuanuusivasswn v [13,14] wanmsdrsesuuonenenfiuaeidnaduni 23] lduaas
1 4 o v o { U et U J ot v v s
1 dehmualdswnaluviam - dariiuszawievasyuaindiunuanwnazguldrasdinas
o ' A Aan e X o ' 6 ' v av A K
HazasswN inwhdandulusudanuiuiugdivesianaud 1w luunanuvenindsendinm
uazanelaneauwin  wiswudaziafaunaunmInuiaasawy llwhuazamsdsanuuseen
s vhdnalwszumnuaasfisnaunddaisosaalna (reorientation) [24,25] winAsundiduiduass
AawwudaziedannmealdawaWwgwdonunsdivesiasluses [20]
= A a A & v v ¥ e A ) a &
afs mIaReuNvasndusnadmuInAILANldmelaITuMouenany 1w InTAEwILE
(light gradient) [27,28] (\dalddnauaiifilidouss) usz inuidowrigmngd (temperature gradient)
[29,30] Tulassmsisonaneilafanldawalwhnminsuanidinarsedidudasaniouan (49
s ladeaifinenulwineiinus [31]) weldnsfianest meiasal uwaznisagUuans
nanadidullatataiau lusamzinimuguiiousiniagunnldun inndouiazfoumuduni

L v 4 { § R U J
ludnasuazinalimsindannvosnduanassutawanndu [32]
3. s=iigui5I9e

NMIATINAINA AR AN TN

snasaiifaclfusznaudioansasdudsil uwnlsdu (ferroin) nsadaysa (HS0s) Twua
adoulusim (KBrOs) uaz nsmunlaiia (Malonic acid) ilaanuszain ssasduilazgniaseonlily
sumsazazdudu (Stock solution) uialddmiunsnasaslutieszanmaassilons

é'hﬂmoLﬂﬁﬁ]:gﬂm%uﬂué'ﬂwmm:u (agar gel) Watlosnumssunisanwamanszaslng
(hydrodynamic perturbation) dsifedulusanasiadifiduvasivar Tasanaduduiuyszanas 0.5
1% Taowia duneunsiasaneanaadasit

1. ﬁwm'g”uﬂ”uﬁwmﬁa@ Lﬁiaslﬁma:ua:mmm

2. Lﬁwﬁflmuﬁmﬂvl,ﬂLﬁaomnmﬁ:mﬂm:%dwaﬁsﬂﬁﬁﬁmﬁuaaﬁﬂszmm 40°C

3. waua’ﬁ@%ﬁun”uﬁﬁulué’mwa%’mﬁ"l,éfﬁm’sm"l:j”ﬁamﬁ’sLﬁasl%wl,ﬁm’mﬁuiumaoa’]ﬂ

fAnaemufdasns WalgSanuaeuiiug punndvasminansdaszunm 35°C

v c?f v Al & @ A A U o o A né ' 0
mnmom:gﬂlmwuwlumumauﬂ']iaiwaﬂau \heanniuazdudingunnldiniy 30°C



[y a
NMIdgINIAan

masfuaduniludnauresdfuazaddlinanmadoiu o mahliAeniedu
daadaludana ludnasivnsnnielmedefzaaduaiuslises lulassmsfazldinaia
msianansaaatn (IWo-layer strategy) dumaudieil

L Lﬁumsfw,l,sﬂﬂszmmﬂéammg\waamw:msqé’aﬂmoLﬂﬁ (reactor)

2. gumadu (Siver wire) astusnstuusnienszquliiAanduson gaaiiu (3u4 3.1n)
wihaAuazureanaNgaLsudL uasfidiunssssstuusnaziaiuniadudaodads
uqaludinaewasdia (U 3.1a)

3. \dusstuiirasasuuanmuusn wihedulmedannmsduisnizindaufidigamnsud
709 (U0 3.1a) uazazaaiimdundualyses (3u 3.14)

(n) (2) () (%)
Ui 31 nsseduslusealudanansniiaesiia [10] ludnmaadiwiaauidvhsusiusiom
Sudfuas (n) adugnnszdudronain (1) adumadelussmuusn (a) adwadoudidngassud
saauazuaiiu () aduallsen

MBIRLUITIIAINAWLAN

mruzussidnaaad (reactor) fanwmcla inanwaradinnunsa

e

37 3.2 umauzusndinanaad (feactor) dmsunnasessesdid Usinasussdanans (BZ) 4
2 D a
e 4 X 4 q.” 'l 1w, [10]

10



nsdowawianlWiln

lunInasasnazadzmn nwidanawa ldsaatuwazltunasria lwwinszuaasslulrua
nazuaasft (CUrrent constant mode) lapdnwnlwvhvianauanasasludrsdidnlaslad ivadasnu
A P— = PR A o 2 A R
mIatu s13dianlasladasrinanansazansiadl (aﬂwmzmmvluumuwamaa’gu) FINANLT T
ﬂq: U [ = L™ %] dc§ = @ £ o a [23 ‘d' oq: et
°1JaommmumummﬂulumﬂmaLﬂmouaﬂwmnﬂugu TuamerinnInaaasaztiamanad lWwa
FIRINITDIzLLaanMaad e

ﬂﬂiﬂ?ﬂ@&g%ﬂﬁﬁéﬁﬂé’ldﬁ’l')%

' e A

Lﬁaoﬁ]’mqm%nﬂﬁﬁwamaaummamaﬂu@”ﬁﬂmoﬁ W 8ATSY ANULIAT ANND Liludn annd

=

mstawnszuglvvh  (Wesiwswwlnwi)  Tndnawlusnsmsnasasinalvifiaanusouln
AINA lunﬂmimaaﬁaﬁmsmquqm‘muﬁmaa@?"mmﬂmﬂﬁ?’m@T\am"ﬁu:ﬁmﬁ;d’aﬂmoLﬂﬁaﬂu
81931720 qmmgﬁmaam“"mmaazgnﬂ’m@uvl,’?ﬁ 25°C  granviannwamr@nly  anumiiunaag

4

Qﬂmﬂﬁﬁa SHULN A IWILANUREAINUANTURNNNANIINARBINIWNA DI AN AL

BANANDIUAZNIIUWTNHANIINAADI
37 33 uaeezanasasdniinIeseIndusesfid  matufinuanmasediinan
uwnastfiaussrinnuranasangeasisuddasnuuduuiaeh (iKY glass) devinlwanady
° & & a \ ] ¥ o = a o v A
wasRdENedn MnuuLEIIEUNIHRE LAz MTusuITITInaaed (37 3.2) Tudindas?
et syrmannaasidvieiazgnudanduniwddaauaca (gray scale) dewifinaslweTas
CRFUTRIRH

819%7% ﬂ?’ﬁu:ﬂiiﬁ;@b’lﬂa"lx‘i

\ /]\ LWRRINILUALLR

31 3.3 9ganaassdmiunmanssaesiia [10]

1199 Lﬂi’lz‘ﬁlﬂaﬂ’liﬂﬁai)d
LWaIINBNIN Lsu%mﬂauslumﬂmawgnmmqu"lm (W11 N%ﬂﬂﬂ’ﬂ&liﬂdmﬂdﬂ%ﬁﬂa%

v A A ' ¥ o A = A A= :&’ ' ot v

I@]FJLQW']Z%%'TQQ%V]ﬂ%&l,ﬂﬂ%']ﬁvl,ﬂiaﬂ ﬂﬂu‘ﬂﬂﬂﬂau'ﬂLi')"ll%@]']&lizElzﬂ']ﬂ"ﬂqﬂ'ﬂ')ﬁvlﬂiaﬂ (m”mim
o o v A A . > ' = A o & A, Al

a@ao) a’msu%mﬂau‘na%maﬁ]’mma‘ll,ﬂsaa&J’mm’mmmmm’mauam’mmmﬂmi@mhzmm

(eruldsiasuudastosnnn) lunwisoliaziaanuenedsiszaunalwusnmivisanwaaly

Sﬂﬁﬂi:mm%ﬁdﬁoamm’mm’mﬁu LLazﬁ’lmmé’m’n%’mﬁ’]ﬂﬁm’mNawﬁ*’uaammmaﬂﬁmmz

AR

11



ﬂ’liﬁ'l'éli]dttﬂﬂﬂ’ldﬂaﬂﬁ')t(ﬂa{

s lwvihdnadanauluiinasadnlfiiosnnlusnasitsnaudelasauswinann @
navassuainrhaanInsnasuuunenaniaeslaslinalnl jAsuuazmuninwaniuime
inndsniluiaasstrunusmnlim lunsdmidenswmaWdzwe E luitd+x anudutuses
nszdu u (activator) uaz @3 v (inhibitor) wasuuasenanm t di

LAY PP W +QV%—AME§E
o ¢ u+g OX

N v+ D,V - MVEa—V
ot OX

Awndeasnliinnallseaiduwisnauiie laiflawaluvh e £=0.01, q=0.002, f =1.4 @
a a a% ' ' ' 4 { H H h '
sudszninsuws D, =1,D,=0.6 dwmdamwmsiedennveslasan (lonic mobility) &Hen
M, =-1.0 M, =2.0
' o ot = A A a A A [l A A o v = o ¥
saunniasimiiaisnaufesnaiadnlisansandeniiinluld  Gediaeslaslananms

pasutafissrulale (N0 flux boundary) lumsdraesuvurcldiagnsanszuenumadia gin e
a390amTUALINUNITIUNINaaes

12



4, wads

wa o ' a a ' A A A o L o '
AITEWLI NAUBIFINATINGNITLARDUNVIN AW LU Taa eI N1 9NV T BT
' A A o @ a ' A ' A '
TERINRINATININUMIR ISR NIdEITWIINAINN avl,ﬂsamzvl,ugmumu Lo urnIaaas & 14
saaa:gﬂwé"ﬂaaﬂﬁ’m}’mﬁaﬁ@m'}o uae Waszszrlistasunnnina1ingd ﬂﬂsangnﬁogmu
%”mvl,ﬂsaagﬂ@'éoﬂ”uﬁaﬁ@m’m FINATINAINAMNRINAFDFULATaINTINAAUNYsaanTld na1lfe
4 @ 4 a X a '
AMVENMAAK AUIAT LATAATISIVEINAY LANTUANUWIAVBIRINATING  IEIWNITNARDINSI
adualUseauazlanUdssndufignaismenizualurludnavd jasenilasen-onuefinafl {330
VL@T;jaLﬁummﬁ”ﬁmﬁua"[ﬂiaalﬁagﬂﬂﬁﬂ”ﬂﬁ?aﬁ@m'}asﬁoﬁ'}mnwmaaﬂmamzuamﬁumuquﬁnma
04 - 1.5 mm ussvinsaSsadualisealadnsa anuudmasssdaunszuatnvwaswudn mold
N3z IWNWINGFnen ﬂﬁuavl,ﬂsaau"’omgﬂ@?oagﬂ”ﬁaﬁ@m’m LL@imnmzLLaVLWW’]ﬁmgoLﬁum’inqﬁ
A A A Aa a o A ' Y A A
ﬂauavlﬂsaaﬁ):%q@LLazmaauwmw’maoﬂ@m'}ﬂm L AANURWLUUN IR IWAH AN Nada
Junpm, %"’mvl,ﬂsaa%ogn@?oﬁaﬂﬁaﬁmmwafmnangnﬁaaammzLﬁaumaaaﬂmﬂﬁaﬁ@mﬁa Tagen

Aa Aa

a A X v & a a a & o P
@ Jupn Tvnaisduausmaiduiuguinanzasisfianns d Snnadanmadian Adyppin/Ad

)}

' °

v A a Ao ] o A
fehunndmivifavnivwalngniunuuessllses dausaslugn 4.1

LU IR L L R B R LA B R

1 esF | ]

140 - R ) |

o . 0.6 |- | -

glOO -4 = - : -

e { Eoal ' i
I

T2 60 4" i T

g . 02 | : -

~ B I -

20 7 N T TR BT A TR TN R S A

02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
d(s.u.)

A > o ¢ ' ¥ a Aa o a o A = v '
3 41 amadunuszniuswalnhing@smiinamiaaaualusessanainaniiuazidunim
gudnavasdsfiarnslu () mmesssrvdnanaed  waz (1) nsmesuuums

ﬂﬂ&lﬁ’JL@Iﬂg LRBUIZURAI D WA aumuavl,ﬂsaa

A v ¥ 6 ' Aa A A A v A A Aa
anzdapldlfusaaimaaaurunaadnlanu 1 Jafwas ieldidudsfewnendslng
9N daznaudie 19naN ARADNINTE UATAADUHWINNIANNENLAZANUNTIIES 9At e
& ¥ > o 2 4 n'
Aapnaninuadvwmnanun (area) nadsenn do dszanm 6.0 £ 0.2 MM Hasan&sfaanad

sunssndnuiaihlddumaidusauns (circumference) énsin anuugisnlavihnimesasaisaiu

avlﬂsaaslu@”mmoLﬂﬁﬁ'u§aﬁwnmm°’ammvlﬁﬁﬂL%ﬁm”ol,l,amslugﬂﬁ 42

13



(n) (v) (#)

a A a

gﬂﬁ 4.2 éﬁaﬂ'wﬂﬁl'uavl,ﬂsaaﬁgﬂm?ﬂfﬁuéanmmwwmamngﬂmwm6] Ao (n) 29nauWIALE
dugudnans 28 Sadwes (1) Fwdoududiawe 23 Jefwas x 2.6 defwas use ()

nduAusnrnia 0.9 Jafwas X 6.5 Jadiwas

NANNTILATIERNLINENGU0IA AR 108U AU NIWIALEUITOUIIVDIRINAUINY  NAAD
A A { o - ) H 4 [ =
fofanendidusaussndwinlweanuiaan  (period) ewenedn  (Wavelength) wazeasusa

4 4 { A &< A X o A & wmoV ¥
(velocity)  aasedusliseaniusaufsfaunewmdndn  asansuen 4.1 mnuu;pﬁm"l,@ﬂau
m:LLa"LWWﬂﬁfTuﬁ'anmaLﬂﬁtﬁ'au"aﬂ"ulﬁﬂ"waaﬂﬁuavl,ﬂsaamgﬂaaﬂmnﬁaﬁ@mﬂaLLaztﬁauvl,ﬂﬂi‘l
PYIUAINANI u,a:Lﬁa%"waaavlﬂiaamn”waum""mmaﬂﬁua”l,ﬂiaaazgnﬁﬁ@aaﬂmﬂ@ﬁﬂma an

Mt a a A' &’ v A' = ﬂ/ ni

AU NI INg & (Junpin) LD BN UWIALEWIDLIVBIRINAINIaIen197 4.1

2R v Aa

A an 2 A a Ao \ o ' '
13N 41 LLa@\‘]auﬂ@ma@ﬂﬂuavlﬂjaﬂﬂgﬂﬂjd(ﬂ? ﬂaﬂﬂ@"ll')”lﬂ"ﬂ&lgﬂ“ﬂiﬂ@I']\Tﬂullﬂzﬂ']ﬂ?']llﬂu']LLuu

=

Aszus AN adnIumiInaduluainasad

area | circumference | wavelength eriod velocit Juno
obstacle 9 p y unpin

(mm?) (mm) (mm) (min) | (mm/min) | (mAlcm?)
no obstacle - - 147 11.42 0.65 -
circle, & = 2.8 mm 6.2 8.8 12.44 17.33 0.72 60

rectangle, 2.3 mm x 2.6 mm | 6.0 9.8 12.38 16.45 0.75 65
rectangle, 1.3 mm x 4.6mm | 6.0 11.8 15.88 19.67 081 116
rectangle, 1.2 mm x 49mm | 5.9 122 1550 19.06 0.80 123
rectangle, 0.9 mm x 6.5mm | 5.9 148 18.75 22.81 0.83 160

14



10su_4 10s 10

(n) (1) (7)

Aa

A (> ' A A =) v L A ' o a 14
3N 43 dradwadualiseanigneislinuasiasneginisdsg Tuuuudaasmenauiiaimes (n)

nanvaEuuguanans 15 U (1) dmdsuagsauwa 1.3 SU x 1.3 SU uaz () Aundouiud

aua 0.1 su x 17.0 su

ﬂmz;ﬁﬁ)”ﬂvl,ﬁﬁwmsﬂ%'uﬂgﬂﬂsl,l,ﬂsm?m%'umsai'maumumaﬂauﬁ'smaﬁﬁaﬁﬂmwamaagﬂ
n' = 1 d' 4:1 d' d' =S £ £ =S d' (% n' A
maaaﬂ@m'}mamsmaaumaaﬂauavl,ﬂsaawgnmavh Tagldnaaniasinanallsaaaiagsnaag
' @ A A A o A A A v oAAw %
sUnIsdegiu Aa anaw Awdpnegdd wasfuwlpufudfiddunteuazeinasawe
NIBFINATININIRNaTVIaNUAINaAssnw A dszunme 170 + 0.04 su mnﬁ'u;ﬁa”ﬂvl,ﬁ

o = A v A a s 1 o A
V]Wﬂ’ﬁ(ﬂidﬂﬁ%ﬁqﬂiaﬁﬂﬂﬁdﬂ@mﬁﬂdﬂdﬂﬁﬂ’l muamlugﬂw 43

NANITLATISANLINFULAVDIA AU 1 Taa LU RU AN NIWIALEWI DL IFINAUI

1 > > 1 QI { v z o v
LEWLALINUNAIINAIINARDIGINAWNLALT  NaIAE  FINAUININTLERTaUI IR IRA ULIaN
(period) aauenamaw (wavelength) wszaasu3a (velocity) vasedualisaaniusandsfiananein
nal J %] dl 3 vAa v q/y 1 U % =1 nﬂl o o v nﬂ'
WD edenTen 4.2 ﬁnﬂump'«aal"l,mJauﬂszl,l,avl,wwa%numnmaLﬂmwamﬂulwmmmﬂau
avl,ﬂsaam‘@aanmnﬁaﬁm'muanﬁauvlﬂE'limam“"mma LA UOWITaIR MT0aTUNLVALGINA
§ o s st 1 bt a a n' J U n'
ﬂﬁua"l,ﬂsangﬂma@aaﬂmnmnma AnTeua W Ingd (Junpm) LN ND WO ALFUITAUIIVD IR
a o A
Aeu9adenTen 4.2

15



A an A A R o a a Aa ' o ' \
H1INN 42 LLﬁ@\Tﬁ&lU@I“ﬂﬂﬂﬂauﬁqﬂiﬂaﬁgﬂmjﬂﬂflUﬁﬂﬂ@]“]J'J”I\TV]Ngﬂ'ﬂiﬂ@]’]GﬂuLLﬂzﬂqﬂ')qN'ﬂu’uLuu

nszud v IngAdnsuiaanaunlunisinaasuuumenaunaes

area | circumference | wavelength eriod velocit Junoi
obstacle g P J fnan

(su) (su) (su) (tu) (suftu) (au)
no obstacle - - 10.00 1.50 6.67 -
circle, @ = 1.5 su 1.77 4.7 10.70 1.56 6.86 0.62

square, 1.3 su x 1.3 su 1.69 5.2 10.80 1.58 6.86 0.68
rectangle, 1.0 su x 1.7 su 1.70 54 10.90 1.58 6.92 0.70
rectangle, 0.5 su x 3.4 su 1.70 1.8 12.60 1.68 1.50 0.91
rectangle, 0.3 su x 5.4 su 1.62 114 15.40 1.86 8.28 1.24
rectangle, 0.2 su x 8.5 su 1.70 174 20.70 2.16 9.58 1.66
rectangle, 0.1 su x 17.0 su 1.70 34.2 36.70 3.02 1217 | 216
Su; system unit, tu: time unit, au: arbitrary unit

5. LON&13919D9

[1] AM. Turing. The chemical basis of morphogenesis. Phil. Trans. Roy. Soc. Lond. B, 237:37-72, 1952,

[2] A.T. Winfree. Spiral waves of chemical activity. Science, 175:634-636, 1972.

[3] S. Nettesheim, A. von Qertzen, H.H. Rotermund, and G. Ertl. Reaction diffusion patterns in the catalytic CO-
oxidation on Pt(110): Front propagation and spiral waves. J. Chem. Phys., 98:9977-9985, 1993,

[4] Website. http://nobelprize.org/nobel_prizes/chemistry/laureates/2007

[5] F. Siegert and C.J. Weijer. Digital image processing of optical density wave propagation in dictyostelium
discoideum. J. Cell Sci, 93:325-335, 1989,

[6] B.P. Belousov. A periodic reaction and its mechanism, In Sbornik Referatov po Radiatsionni Meditsine.
Moscow: Medgiz, pages 145-147, 1958.

[7] AM. Zhabotinsky. Periodic process of the oxidation of malonic acid in solution (Study of the kinetics of
Belosouv's reaction). Biofizika, 9:306-311, 1964.

[8] T. Plesser, S.C. Miller, and B. Hess. Spiral wave dynamics as a function of proton concentration in the
ferroin-catalyzed Belousov-Zhabotinsky reaction. J. Phys. Chem., 94:7501-7507, 1990,

[9 G. Li, Q. Ouyang, V. Petrov, and H.L. Swinney. Transition from simple rotating chemical spirals to
meandering and traveling spirals. Phys. Rev. Lett., 77:2105-2108, 1996.

[10] C. Luengviriya, U. Storb, M.J.B. Hauser, and S.C. Miiller. An elegant method to study an isolated spiral
wave in a thin layer of a batch Belousov-Zhabotinsky reaction under oxygen-free conditions. Phys. Chem.
Chem. Phys., 8:1425, 2006.

[11] O. Kheowan and S.C. Miller. Control of spiral waves in excitable media. J.Appl. Math. Comp., 164:373-390,
2005.

[12] O. Kheowan, C. Chan, V.S. Zykov, O. Rangsiman, and S.C. Miller. Spiral wave dynamics under feedback
derived from a confined circular domain. Phys. Rev. E, 64:03520, 2001.

16



[13] O. Steinbock, J. Schiitze, and S.C. Miller. Electric-field-induced drift and deformation of spiral waves in an
excitable medium. Phys. Rev. Lett., 68:248-251, 1992,

[14] J. Schiitze, O. Steinbock, and S.C. Miller. Forced vortex interaction and annihilation in an active medium.
Nature, 356:45-46, 1992,

[15] A.T. Winfree. Scroll-shaped waves of chemical activity in three dimensions. Science, 181:937-939, 1973,

[16] J.J. Tyson and S.H. Strogatz. The differential geometry of scroll waves. Int. J. Bif. Chaos, 1:723-744, 1991.

[17] V.I. Krinsky, V.N. Biktashev, and AM. Pertsov. Autowave approachs to the cessation of autowave
arrhythmias. Ann. N. Y. Acad. Sci., 591:232-246, 1990.

[18] A.T. Winfree. Electrical turbulence in three-dimensional heart muscle. Science, 266:1003-1006, 1994,

[19] E.M. Cherry and F.H. Fenton. Visualization of spiral and scroll waves in simulated and experimental cardiac
tissue. New J. Phys., 10:125016, 2008.

[20] A.S. Mikhailov and K. Showalter. Control of waves, patterns and turbulence in chemical systems. Phys.
Rep., 425:79-194, 2006.

[21] U. Storb, C.R. Neto, M. Bér, and S.C. Miller. A tomographic study of desynchronization and complex
dynamics of scroll waves in an excitable chemical reaction with a gradient. Phys. Chem. Chem. Phys.,
5:2344-2353, 2003,

[22] S. Alonso and A.V. Panfilov. Negative filament tension in the Luo-Rudy model of cardiac tissue. Chaos,
17:015102, 2007.

[23] H. Henry. Spiral wave drift in an electric field and scroll wave instabilities. Phys. Rev. E, 70:026204, 2004.

[24] C. Luengviriya, S.C. Miiller, and M.J.B. Hauser. Reorientation of scroll rings in an advective field. Phys. Rev.
E, 77:015201(R), 2008.

[25] C. Luengviriya and M.J.B. Hauser. Stability of scroll ring orientation in an advective field. Phys. Rev. E, 77
056214, 2008.

[26] C. Luengviriya. Dynamics of three-dimensional excitation waves. Otto-von-Guericke-Universitdt Magdeburg,
thesis, page 95, 2008.

[27] T. Amemiya, P. Kettunen, S. Kadar, T. Yamaguchi, and K. Showalter. Formation and evolution of scroll
waves in photosensitive excitable media. Chaos, 8:872-878, 1998.

[28] T. Amemiya, S. Kadar, P. Kettunen, and K. Showalter. Spiral wave formation in three-dimensional excitable
media. Phys. Rev. Lett, 77:3244-3247, 1996.

[29] AM. Pertsov, R.R. Aliev, and V.. Krinsky. Three-dimensional twisted vortices in an excitable chemical
medium. Nature, 345:419-421, 1990.

[30] M. Vinson, S. Mironov, S. Mulvey, and A.M. Pertsov. Control of spatial orientation and lifetime of scroll rings
in excitable media. Nature, 386:477-480, 1997.

[31] C. Luengviriya. Dynamics of three-dimensional excitation waves. Otto-von-Guericke-Universitdt Magdeburg,
thesis, page 91, 2008.

[32] M. Vinson and A.M. Pertsov. Dynamics of scroll rings in a parameter gradient. Phys. Rev. E, 59:2764-2771,
1999.

[33] C. Luengviriya, J. Luengviriya, M. Sutthiopad, P. Porjai, B. Tomapatanaget, S. C. Milller. Excitability of the
Ferroin-Catalyzed Belousov-Zhabotinsky Reaction with Pyrogallol. Chem. Phys. Lett., 561-562:170-174,
2013,

17



6. nananaINIAIINIIIVY

6.1 waswmanawlusEIITIMIHINIZG
nan1339paInlassmsilasunsdnuwlunsasisinswwand Physical Review E iw

F1w 2 a1y luralsag

1. M. Sutthiopad, J. Luengviriya, P. Porjai, B. Tomapatanaget, S. C. Miller , and C. Luengviriya*.
Unpinning of Spiral Waves by Electrical Forcing in Excitable Chemical Media. Phys. Rev. E, 89:
052902, 2014. IF: 2.313.

2. M. Sutthiopad, J. Luengviriya, P. Porjai, M. Phantu, J. Kanchanawarin, S. C. Mller, and C.

Luengviriya*. Propagation of spiral waves pinned to circular and rectangular obstacles. Phys. Rev.
E, 91: 052912, 2015. IF: 2.326.

6.2 nsuaswdve lulxiszTanet

TATINITAU BT IBTIVNAANIN mma@ﬁ'uslmi Tag AN Baa lasunaunun oLl

nfinusazaudiyannuasdSygnensan 2 vinw

18



AMANWIN

HamMsAssNsunslwnsasiTmswiwand Physical Review E suaw 2 asiv lusaisas

1. M. Sutthiopad, J. Luengviriya, P. Porjai, B. Tomapatanaget, S. C. Miller , and C. Luengviriya*.
Unpinning of Spiral Waves by Electrical Forcing in Excitable Chemical Media. Phys. Rev. E, 89:
052902, 2014. IF: 2.313.

2. M. Sutthiopad, J. Luengviriya, P. Porjai, M. Phantu, J. Kanchanawarin, S. C. Mller, and C.

Luengviriya*. Propagation of spiral waves pinned to circular and rectangular obstacles. Phys. Rev.
E, 91: 052912, 2015. IF: 2.326.

19



PHYSICAL REVIEW E 89, 052902 (2014)

Unpinning of spiral waves by electrical forcing in excitable chemical media

Malee Sutthiopad,! Jiraporn Luengviriya,> Porramain Porjai,* Boosayarat Tomapatanaget,*
Stefan C. Miiller,® and Chaiya Luengviriya®”

!Department of Physics, Kasetsart University, 50 Phaholyothin Road, Jatujak, Bangkok 10900, Thailand
2Department of Industrial Physics and Medical Instrumentation, King Mongkut’s University of Technology North Bangkok,
1518 Pibulsongkram Road, Bangkok 10800, Thailand
3Lasers and Optics Research Group, King Mongkut's University of Technology North Bangkok, 1518 Pibulsongkram Road,
Bangkok 10800, Thailand
“Department of Chemistry, Chulalongkorn University, Bangkok 10330, Thailand
SIngtitute of Experimental Physics, Otto-von-Guericke University Magdeburg, Universitatsplatz 2, D-39106 Magdeburg, Germany
(Received 12 February 2014; published 8 May 2014)

We present experimental observations on the electrically forced release of spiral waves pinned to unexcitable
circular obstacles in the Belosov-Zhabotinsky reaction. When the applied electric current density reaches the
necessary current density Jynpin, the spiral tip is detached and subsequently drifts away from the obstacle. Jyngin
is found to increase with the obstacle diameter d. The growth rate A Jynpin/Ad is much higher for obstacles
larger than the free spiral core compared to that for smaller obstacles. The experimental findings are confirmed
by numerical simulations using the Oregonator model. The results imply that it is more difficult to release spiral
waves pinned to larger obstacles, especially when the obstacle size exceeds that of the free spiral core.

DOI: 10.1103/PhysRevE.89.052902

I. INTRODUCTION

Spiral waves evolve in different excitable media, e.g.,
during CO oxidation on a platinum surface [1], cell aggregation
in slime mold colonies [2], electrical wave propagation in
cardiac tissues [3], and concentration waves in the Belousov-
Zhabotinsky (BZ) reaction [4,5]. Such spiral patterns of
electrical excitation in the heart and their instabilities are
involved in causing certain types of cardiac arrhythmia, such
as ventricular tachycardia and fibrillations [6,7], which can
potentially lead to sudden cardiac death.

Annihilation of spiral waves is possible when the waves
drift until they hit the boundary of the medium. Even though
this drift and annihilation can occur naturally, spiral waves
in cardiac tissues are often stabilized by being pinned to local
heterogeneities (e.g., veins or scars), which act as obstacles [3].
Note that obstacles may either attract or repulse spiral waves
depending on the distance between the spiral core centers
and the obstacles [8,9]. Furthermore, it has been predicted
[10,11] that obstacles cause the period of pinned spiral waves
to increase with the obstacle size. A systematic study of
pinned spiral waves in a thin layer of the photosensitive
ruthenium-catalyzed BZ reaction [12] has revealed that wave
period, wavelength, and velocity increase with the size of a
circular unexcitable obstacle created by a laser spot. For three-
dimensional BZ media, spiral structures known as scroll rings
are often observed to contract and eventually self-annihilate
[13,14]. The intrinsic contraction is suppressed, when a scroll
ring is pinned to an obstacle [15,16].

It has been demonstrated that low-energy shocks, produced
by virtual electrode polarization [17], can unpin and terminate
ventricular tachycardia in isolated rabbit ventricles [18] and
cell cultures of neonatal rat ventricular myocytes [19,20].
Other low-energy methods use a high-frequency train of
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electrical stimuli to eliminate spiral waves in cardiac tissue
cultures by inducing unpinning and drift of the waves, until
they collide with the boundary of the medium [21,22]. Such
an external wave train is used to release a spiral wave pinned
to a cluster of small droplets of oil in the BZ reaction [23].

In this article, we present an investigation of the electrically
forced unpinning of spiral waves in BZ media. In the absence of
obstacles, an applied electrical current results in an advective
motion of ionic species and induces a drift of the spiral
tips along a straight path. The drift velocity is found to
increase with the magnitude of applied current [24-26]. Our
experiments are performed in uniform thin layers of the BZ
reaction [27] using chemically inert plastic cylinders with
well-defined diameters as unexcitable obstacles. Thus, the
relation between the strength of forcing and the obstacle
size is precisely specified. We perform simulations using
the Oregonator model [28,29] in close correspondence with
the experimental results.

I1. EXPERIMENTS

A. Methods

The Belousov-Zhabotinsky (BZ) solutions are prepared
from NaBrO3, H,SO,4, malonic acid (MA) and ferroin, all
purchased from Merck. Stock solutions of NaBrOz (1 M)
and MA (1 M) are freshly produced by dissolving powder in
deionized water (conductivity of ~0.056 uS cm™1), whereas
stock solutions of H,SO4 (2.5 M) and ferroin (25 mM)
are commercially available. To prevent any hydrodynamic
perturbation, the reaction is embedded in a 1.0% wt/wt agarose
gel (Sigma). Appropriate volumes of the stock solutions are
mixed and diluted in deionized water to form BZ solutions
with initial concentrations: [H,SO4] = 200 mM, [MA] =
50 mM, [NaBrO3] = 50 mM, and [ferroin] = 0.625 mM.
The temperature is controlled at 24 °C + 1 °C. In the absence
of electrical forcing as well as any obstacle, these BZ media

©2014 American Physical Society
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support rotating spiral waves, the tip of which (measured
location as in Ref. [27]) moves around a circular area (i.e.,
the spiral core) with a diameter of 0.75 mm. The wave period
is about 4 min.

Unpinning of spiral waves by electrical forcing is studied
in a uniform thin layer of the BZ reaction using a flat reactor
constructed from transparent Plexiglas [27]. The volume is
100 x 100 x 1.0 mm?3. An electric field is applied via two
electrodes in electrolytic compartments (size of each 25 x
100 x 2.0 mm?®), which are attached to the left and the right
boundaries of the main volume [14]. Application of the electric
field also results in gas bubbles formed by electrolysis. The
bubbles cause the resistance between the electrodes to fluctuate
in time. To specify precisely the strength of forcing, electricity
driven by a power supply in a constant electrical current mode
is utilized, and the strength of applied electrical forcing in the
experiments is recorded as electrical current density instead
of electric field, which is normally used in simulations. As an
obstacle, a chemically inert plastic cylinder with a diameter of
0.4-1.5 mm and a height of 1.0 mm is attached in the main
volume by using silicone paste before the BZ solution is filled
into the reactor. During the experiments, the reactor is placed
in a transparent thermostating bath to remove Ohmic heat and
to set the temperature at 24 °C + 1 °C. The bath is put between
a white light source and a color CCD camera (Super-HAD,
Sony) to record the images of the medium every second with
a resolution of 0.05 mm pixel 1.

A spiral wave pinned to the obstacle is initiated by the
following procedure: The reactor is oriented vertically, and a
volume of BZ solution is filled into the reactor, forming the
first layer of 2.5 cm height, where the obstacle is located. Then,
we wait until the gel is formed. Wave fronts are initiated by
immersion of a silver wire of 0.5 mm diameter between the
left edge of the reactor and the obstacle. One open end of the
wave front propagates towards the obstacle [Fig. 1(a)], while
the other moves close to the left edge of the reactor. Another
volume of the BZ solution is added to the reactor as the second
layer when the open end reaches the obstacle [Fig. 1(b)]. The
final height of the medium is about 4.5-5.0 cm. Shortly after
filling in the second layer, the open end of the wave front starts
to curl in [Fig. 1(c)] to form a spiral wave with its tip rotating
around the obstacle [Fig. 1(d)].

B. Resultsand discussion

Figure 1 shows the development of a pinned spiral wave
in our experiments. As reported earlier [27,30,31], the at-
mospheric oxygen suppresses the excitability of a thin sheet
below the top surface of the first layer [dark orange (dark
gray) band in Figs. 1(a)-1(c)], so that the wave front does not
reach the atmospheric interface. After the second layer isfilled,
this inhibited layer disappears when the dissolved oxygen is
consumed during the first passage of the excitation front [see
Fig. 1(c)]. We note that filling in the BZ solution to form the
second layer must be done at the proper time, i.e., when the
front reaches the obstacle, as depicted in Fig. 1(b). If this is
done too early or too late (i.e., when the front does not touch
the obstacle), the spiral wave will not be pinned.

For obstacles larger than the free spiral core, the tips of
pinned spiral waves are always attached to the obstacle [as in
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@ " second layer

~ atmospheric interface

FIG. 1. (Color online) Pinning a spiral wave in the BZ reaction.
(@) A wave front is initiated by a silver wire in the first layer. (b)
A portion of the BZ reaction is placed on top as the second layer,
when the blue (light gray) front end reaches the obstacle (black
circle; diameter of 1.05 mm). (c) The inhibited layer [dark orange
(dark gray) band] disappears after the first passage of the wave front.
(d) After three spiral rotations, the front adopts a typical spiral
structure with its tip attached to the obstacle.

Fig. 1(d)]. In contrast, we observe alternations of attachment
[Figs. 2(a) and 2(b)] and detachment [Figs. 2(c) and 2(d)] of
the spiral tip in the vicinity of obstacles smaller than the free
spiral core. The spiral core is an area in the refractory state, thus
no wave can propagate into it. When a small obstacle occupies
some part of the spiral core, the other (unoccupied) part is still
in the refractory state and prohibits any wave propagation. As
in Figs. 2(c) and 2(d), the spiral tip is temporarily detached
from the obstacle, when it reaches such a refractory area.
However, the free tip moves towards the obstacle again.

To investigate unpinning phenomena, we apply a constant
current density J, which is stepwise increased from small
to large values. For each value of the obstacle diameter, the

FIG. 2. (Color online) Motion of a spiral wave around a small
obstacle in the BZ reaction. For each rotation, the spiral tip is
alternately (a) and (b) attached to and (c) and (d) detached from
the obstacle with a diameter of 0.4 mm.
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FIG. 3. (Color online) Unpinning of a spiral wave by electrical
forcing in the BZ reaction. The obstacle diameter is 1.05 mm. The
positive and negative electrodes are placed on the left- and the right-
hand sides, respectively. (a) An electrical current density J = 96 mA
cm~2 induces an anisotropic spiral structure with its tip still attached
to the obstacle. When J reaches a critical value Jynpin = 98 mA cm—2,
(b) the spiral tip is detached and (c) and (d) subsequently moves away
from the obstacle.

experiments are performed twice with different steps AJ =
10 and 2 mA cm~2, respectively. In all experiments, each value
of J is applied for an interval of three to five spiral rotations
before J is increased. The spiral tip leaves the obstacle and
moves away when J reaches a critical value Jynpin, i.€., the
minimal current density for unpinning. For guidance, the first
experiment with the large step AJ = 10 mA cm~2 provides
a rough estimate of electrical current density necessary for
unpinning the spiral wave. The fine-tuning of J is obtained
in the second experiment with AJ = 2 mA cm~2. This
way, one can obtain the finest value of Jynin (AJ = 2 MA
cm~2) available from our equipment within a relatively short
observation time of up to 2 h, while the aging of the BZ
reaction, which potentially affects the dynamics of the spiral
wave in long running experiments, can be minimized.

Figure 3 demonstrates the unpinning phenomenon. With
J < Junpin, the spiral tip still remains attached to the obstacle.
However, the forcing induces an anisotropically distorted
spiral wave [see Fig. 3(a)] because the electrical current
accelerates or decelerates the front propagating towards or
away from the positive electrode [26], while the spiral tip
remains pinned. For J > Junpin, the spiral tip is detached from
the obstacle [see Fig. 3(b)]. When the electrical current is
continuously applied, the unpinned spiral tip moves towards
the positive electrode with an angle. The anisotropic structure
also changes with time [see Figs. 3(b)-3(d)]. As the spiral tip
moves far away from the obstacle [Fig. 3(d)], we observed
the deformed wave structure similar to a drifting spiral wave
under electrical forcing in the absence of obstacles [24].

The necessary current density Junpin for unpinning the spiral
wave increases with the obstacle diameter d, as shown in Fig. 4.
For obstacles smaller than the free spiral core (d < 0.75 mm),
Junpin increases with d, but the increase is slower than that
for larger obstacles (d > 0.75 mm). To investigate the growth
rate A Junpin/ Ad, we apply linear fits for the two ranges of the
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FIG. 4. (Color online) Electrical current density Jympin NeCessary
for releasing a spiral wave pinned to an unexcitable obstacle with
diameter d. The vertical dashed line at 0.75 mm indicates the core
diameter of a free spiral wave.

obstacle diameter and find that A Jynpin/Ad = 0.590 £ 0.052
and 1.389 £ 0.048 Acm—3 ford < 0.75mmand d > 0.75 mm,
respectively. Clearly, Junpin grows at a much higher rate for the
large obstacles in comparison with that for the small ones. The
results show that it is more difficult to release spiral waves
pinned to larger obstacles, especially when the obstacle size
exceeds that of the free spiral core.

I11. SIMULATIONS

A. Methods

In our numerical simulations, we use the two-variable
Oregonator model to describe the dynamics of the activator
u and the inhibitor v (corresponding to the concentrations of
HBrO, and the catalyst, respectively) in the BZ reaction. The
advection terms for both » and v account for the electric field
E applied in the x direction:

ou 1 u— ou
M u—w?— "1 £ DV — M EL,
at £ u-+q ax

D
v 2 av
—=u—-v+D,Vv—ME—.
ot dax

As in Refs. [14,29], the parameters are chosen as ¢ = 0.01,
g = 0.002, f = 1.4, the diffusion coefficients D, =
1.0 and D, = 0.6, and the ionic mobilities M, = —1.0
and M, = 2.0. In the absence of an electric field, the
tip of a free spiral wave rotates around a circular core
[diameter = 0.9 system unit (s.u.)]. The spiral tip is de-
fined as the intersection of the contour = 0.15 and
v = 0.0935 to ensure du/0t = 0 on the position of the tip
[14].

The simulations are performed using an explicit Eu-
ler method with a nine-point approximation of the two-
dimensional Laplacian operator and a centered-space approxi-
mation of the gradient term. The uniform grid space Ax =
Ay = 0.025 s.u. and the time step Ar = 1.9 x 1074
time unit (t.u.) are chosen as required for numerical stability
[At < (3/8)(Ax)? [32]]. The dimensionless size of the system
is 20 x 20 s.u. (corresponding to 800 x 800 grid points).
A completely unexcitable circular area is put as the obstacle.
Therefore, the boundaries of both the medium and the obstacle
have no-flux conditions.
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FIG. 5. (Color online) Motion of a spiral wave around a small
obstacle in the Oregonator model. (a) At the beginning, an obstacle
0.5 s.u. in diameter is put in the middle of the spiral core (the dashed
circle). (b) The tip moves towards and is attached to the obstacle.
(c) Subsequently, it is detached from the obstacle, but (d) it is attached
to the obstacle again.

To create a spiral wave, a planar wave is triggered by setting
a five-grid-point strip at an edge of the medium to an excited
state (e.9., u = 1.0 and v = 0 for 0.0 < x < 0.5). The wave
front is allowed to propagate into the middle of the medium
before half of the medium is reset to an excitable state (e.g.,
u=0and v=0for0.0 <y < 10.0), leading to a free-end
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wave front, which subsequently curls to form a rotating spiral
wave. The circular obstacle (diameter d of 0.2-1.9 s.u.) is put
in the middle of the spiral core after the spiral wave is allowed
to propagate freely for several rotations.

B. Resultsand discussion

The obstacles affect the movement of the spiral tip in the
same ways as found in our experiments. In the case of large
obstacles, the spiral tip is simply attached to the obstacle at all
times. However, alternations of attachment and detachment of
the spiral tip to the obstacle smaller than the free spiral core are
observed. Figure 5 illustrates the dynamics of the spiral tip in
the vicinity of such a small obstacle with d = 0.5 s.u. Shortly
after the obstacle is put into the spiral core [see Fig. 5(a)], the
spiral tip leaves its circular path (the dashed circle) and moves
closer to the obstacle until getting attached to it [Fig. 5(b)].
Subsequently, the spiral tip is detached from the obstacle and
moves away for a short distance [Fig. 5(c)] before moving
back and being attached to the obstacle again [Fig. 5(d)].

As in our experimental results, the pinned spiral wave in
the simulations is forced to drift away from the obstacle only
when the applied electric field E reaches the critical value
Eunpin (the electric field necessary for unpinning). Figure 6
demonstrates the dynamics of a pinned spiral wave under the
applied field. When E = 0.625, which is very close to but
weaker than Eynpin, the spiral tip is alternately detached from
[Figs. 6(a), 6(b), and 6(d)] and attached to [Figs. 6(c) and 6(e)]
the obstacle.

The unpinning is successful at a slightly stronger field E =
0.630. At the beginning, the motion of the spiral tip seems
similar to that at the weaker field [compare Figs. 6(a) and
6(b) with 6(a’) and 6(b)]. On collision with the obstacle in
Figs. 6(b) and 6(b’), a part of the front end (indicated by the
arrows) is separated from the spiral wave. For E = 0.625,
this small segment of the broken front end contracts until it

F) ©

(d) (e)

(@) -
[ ]

(a) g W) (c')
-]

(d) (¢

FIG. 6. Effect of an electrical field on a pinned spiral wave in the Oregonator model. The obstacle diameter is 1.5 s.u. The direction of
the electric field E is pointing to the right of the images. (a)—(e) Forced temporary detachments: The spiral tip is alternately attached to
and detached from the obstacle under E = 0.625. (a")—(¢’) Unpinning: The spiral tip is detached and moves away from the obstacle under

E = 0.630. The arrows indicate the segments of broken front end.
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FIG. 7. (Color online) Necessary forcing to release a spiral wave
pinned to an unexcitable obstacle with diameter d in the Oregonator
model: (a) the electrical field Eyqpin and (b) the corresponding drift
velocity vunpin. The vertical dashed line at 0.9 s.u. indicates the core
diameter of a free spiral wave.

disappears, so that the spiral wave is attached to the obstacle
again [Fig. 6(c)]. In contrast, this segment grows at E = 0.630
and subsequently merges to the spiral structure, so that the
spiral tip does not touch the obstacle [Fig. 6(c’)]. The spiral tip
drifts farther away from the obstacle over the course of time
[see Figs. 6(a’)-6(¢')]; that is, the spiral wave is successfully
unpinned from the obstacle.

The simulations not only reproduce the forced unpinning
in our experiments but also reveal the forced temporary
detachments around large obstacles [e.g., Figs. 6(a)-6(e)],
which are not observed in the BZ reaction. We conjecture that
the finest step of the electrical current density (AJ =2 mA
cm~2) might be insufficiently small to allow these phenomena
to occur in our experiments.

Figure 7(a) depicts the necessary applied field Eypin to
unpin the spiral wave for different obstacle diameters d.
Linear fits provide an approximation of the growth rate
A Eynpin/Ad =0.145 £ 0.011 and 0.501 4 0.016 s.u.~* ford <
0.9 s.u. and d > 0.9 s.u. This increment of Eynpin With a much
higher rate for obstacles larger than the free spiral core agrees
well with the experiments (Fig. 4). To generalize the forcing,
we performed additional simulations by applying the electric
field Eynpin [the same values as in Fig. 7(a)] to a free spiral
wave (without obstacle) and measured the corresponding drift
velocity (vunpin) Of the spiral tip. As shown in Fig. 7(b), the
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dependence of vynpin ON the obstacle size is similar to that
of Eunpin: the growth rate Awvynpin/Ad = 0.227 £ 0.022 and
1.69 & 0.045s.u.7! ford < 0.9s.u.andd > 0.9 s.u.

The systematic studies in both experiments (Fig. 4) and
simulations (Fig. 7) show that unpinning of spiral waves occurs
under relative small forcing, when the obstacles are smaller
than the free spiral core. This may be because the spiral tip
is not tightly attached to those small obstacles: Its temporary
detachments occur when the tip reaches the refractory area
(Figs. 2 and 5) even in the absence of external forcing. In
contrast, the spiral tip always touches larger obstacles.

Our investigation shows that stronger electrical forcing is
needed for unpinning a spiral wave from a larger unexcitable
obstacle in chemical media. This requirement of sufficient
electrical forcing is consistent with earlier studies on unpinning
by an external wave train [11,23,33], where the unpinning
is successful only when the frequency of the wave train is
higher than the critical value, which increases with the obstacle
size. Since the highest frequency of waves is limited by the
refractory time of the excitable medium, such unpinning is
impossible when the obstacle is very large [11,23]. For some
conditions, the pinned spiral wave can be released by the wave
train only when the obstacle is smaller than the free spiral
core [33]. It is demonstrated [33—-35] that the situations can be
improved by reducing the excitability of the medium, which
leads to an enlargement of the spiral core size.

IV. CONCLUSIONS

We have presented an investigation of the release of a
pinned spiral wave in the BZ reaction by electrical forcing.
Under a small electrical current density, the spiral wave still
remains pinned to an unexcitable cylindrical obstacle. When
the electrical current density reaches a critical threshold, the
spiral wave is released. The critical current density increases
linearly stepwise with the diameter of the obstacle: it grows at
a much higher rate for obstacles larger than the free spiral core
in comparison to that of smaller obstacles. The experimental
results are confirmed by simulations using the Oregonator
model. From both parts of this study, we conclude that a
release of a pinned spiral wave by an electric forcing is feasible
for obstacle sizes both smaller and larger than the free spiral
core. However, the study of such electrically forced unpinning
becomes a tough endeavor when the wave is pinned to an
obstacle larger than the free spiral core.
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Propagation of spiral waves pinned to circular and rectangular obstacles
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We present an investigation of spiral waves pinned to circular and rectangular obstacles with different
circumferences in both thin layers of the Belousov-Zhabotinsky reaction and numerical simulations with the
Oregonator model. For circular objects, the area always increases with the circumference. In contrast, we varied
the circumference of rectangles with equal areas by adjusting their width w and height 4. For both obstacle
forms, the propagating parameters (i.e., wavelength, wave period, and velocity of pinned spiral waves) increase
with the circumference, regardless of the obstacle area. Despite these common features of the parameters, the
forms of pinned spiral waves depend on the obstacle shapes. The structures of spiral waves pinned to circles as
well as rectangles with the ratio w/h ~ 1 are similar to Archimedean spirals. When w /A increases, deformations
of the spiral shapes are observed. For extremely thin rectangles with w/h >> 1, these shapes can be constructed by
employing semicircles with different radii which relate to the obstacle width and the core diameter of free spirals.

DOI: 10.1103/PhysRevE.91.052912

I. INTRODUCTION

Propagating spiral waves have been discovered in various
reaction-diffusion systems such as CO oxidation on platinum
surfaces [1], cell aggregation in slime mold colonies [2],
electrical wave propagation in cardiac tissues [3], and concen-
tration waves in the Belousov-Zhabotinsky (BZ) reaction [4,5].
In the heart, electrical spiral waves are connected with cardiac
tachycardia and life-threatening fibrillations [6,7]. Such spiral
waves may cease when their tip hits the boundary of the
medium. However, they will survive much longer if they are
pinned to anatomical inhomogeneities or obstacles, e.g., veins
or scars [3].

Unexcitable disks have been widely taken as model obsta-
cles to study the effects of obstacle size on the properties of
spiral waves pinned to them. Tyson and Keener’s theoretical
work [8] predicted that a spiral wave rotating around a circular
hole has period and velocity that increase when the hole is
enlarged. Tanaka et al. [9] proposed a formula which showed
that the spiral wave velocity at the periphery of the circular
obstacle increases with the obstacle radius. Simulations by
Fu et al. [10] revealed that both unexcitable and partially
excitable circles cause the period of spiral waves to increase
with their radii. Similarly, Cherubini et al. [11] showed that
the wavelength and the period also increase linearly with
the obstacle radius in cardiac model systems, regardless of
whether the elasticity of the medium was included in the
simulations. For spiral waves in cardiomyocytes, their velocity
and wavelength were found to increase linearly with the
circumference of the circular obstacle [12].

Experiments using thin layers of the photosensitive
ruthenium-catalyzed BZ reaction [13] have demonstrated that
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wave period, wavelength, and velocity of a spiral wave
increased from 26 s, 1.3 mm, and 49.6 um s~* to 49 s,
3.4 mm, and 74.3 um s, respectively, after an artificial
circular core was created by a laser spot of 1.2 mm in
diameter. A scroll ring (i.e., a spiral structure in three
dimensions) has been often observed to contract and even-
tually self-annihilate [14,15]. However, the contraction was
suppressed when the scroll ring was pinned to spherical plastic
beads [16,17].

In this article, we present an investigation of the dynamics
of pinned spiral waves in BZ media. We chose two different
simple forms of obstacles: circles and rectangles. Circles
are symmetric objects which were used in many studies of
pinned spiral waves in experiments and simulations, whereas
rectangles have the advantage that their width and height
are adjustable to obtain different circumferences while the
area can be fixed to a constant value. We confirmed our
experimental results by numerical simulations using the
Oregonator model [18,19].

Il. EXPERIMENTS

A. Experimental methods

We prepared the Belousov-Zhabotinsky (BZ) solutions
from NaBrO3, H,SO,4, malonic acid (MA), and ferroin, all
purchased from Merck. Stock solutions of NaBrOz (1 M)
and MA (1 M) were freshly produced by dissolving powder
in deionized water (conductivity ~ 0.056 pScm™!), whereas
stock solutions of H,SO4 (2.5 M) and ferroin (25 mM)
were commercially available. To prevent any hydrodynamic
perturbation, the reaction was embedded in a 1.0% w/w
agarose gel (Sigma). Appropriate volumes of the stock
solutions were mixed and diluted in deionized water to form
BZ solutions with initial concentrations: [H,SO4] = 160 mM,

©2015 American Physical Society
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FIG. 1. (Color online) Spiral waves in the BZ reaction: (a) A free
spiral wave (no obstacle) with a spiral core of 1.0 mm diameter (black
circle), and spiral waves pinned to (b) a circle with diameter 2.8 mm
and to rectangles with dimensions (c) 2.3 mm x 2.6 mm and (d) 6.5
mm x 0.9 mm.

[MA] = 50 mM, [NaBrOz] = 50 mM, and [ferroin] = 0.625
mM. At a temperature of 15 °C, the BZ solutions supported
spiral waves with wavelength, period, and velocity of 7.5 mm,
11.4 min, and 0.66 mm min—1, respectively.

The influence of unexcitable obstacles on the propagation
of spiral waves (shown, e.g., in Fig. 1) was investigated in
a uniform thin layer of the BZ reaction using a flat reactor
(volume 100 x 100 x 1.0 mm?®) constructed from transparent
Plexiglas [20]. Eight circles with different diameters of 1.5,
1.9,2.5,2.8,3.1,3.5,3.9,and 4.5 mm and four rectangles with
width and height of 2.3 x 2.6, 46 x 1.3, 49 x 1.2, and
6.5 x 0.9 mm? were created also from Plexiglas plates
(thickness 1.0 mm, the same as for the BZ layers) using a
computerized laser cutting machine [see Figs. 1(b)-1(d) for
examples of the obstacles]. The area A and the circumference
[ of circular and rectangular obstacles are summarized in
Fig. 2(a). In each experiment, one obstacle was attached in
the reactor before filling in the BZ solution.

A spiral wave pinned to an obstacle was initiated by
a two-layer method as demonstrated earlier (cf. Fig. 1 in
Ref. [21]). During the observations, the reactor was placed
in a transparent thermostatting bath to control the temperature
at 15 + 0.1 °C. The bath was set between a white light source
and a color charge-coupled-device camera (Super-HAD, Sony)
to record the images of the spiral wave every second with a
resolution of 0.10 mm pixel™. The wavelength, the period,
and the velocity of spiral fronts were measured at locations at
least one wavelength away from the tip of free spirals or from
the obstacle edges to which the spirals were pinned to avoid
the curvature effect as described in an earlier work [22].

It is worth noting that a difficulty of this experimental
investigation comes from the long period of pinned spiral
waves and emergences of undesired circular waves and
free spirals that are often generated by some sources, like
dust particles, in the BZ reaction. Due to their shorter
period, these waves, especially the free spirals, interact
and subsequently overcome the pinned spiral waves after
some time, as mentioned earlier by Steinbock and Miiller
in Ref. [13]. If such undesired waves occur, by chance,

PHYSICAL REVIEW E 91, 052912 (2015)

near the obstacles and the structure of pinned spiral wave is
perturbed, the measurement criterion described above cannot
be fulfilled. In this case, the experiments were repeated with
new preparations of the BZ reaction. Therefore, carefully
cleaning of the reactor as well as the obstacles before the
experiments should be done to minimize the undesired waves.

B. Experimental results

Figure 1 illustrates examples of spiral waves with different
wavelengths observed in our experiments. In the absence
of obstacles, the BZ solutions supported spiral waves with
wavelength A = 7.5 mm and the spiral tip (measured location
as in Ref. [20]) traced a circular area of 1.0 mm in diameter, as
in Fig. 1(a). Spiral waves pinned to obstacles having a similar
area of about 6 mm? but differing in shape and circumference /
are shown in Figs. 1(b)-1(d). The wavelength A was enlarged
to 14.3 mm for the case of a circle with diameter 2.8 mm
[/ = 8.8 mm, Fig. 1(b)]. A similar wavelength (A = 14.4 mm)
was observed for the rectangle with dimensions 2.3 mm x
2.6 mm [/ = 9.8 mm, Fig. 1(c)]. The longer rectangle with
dimensions 6.5 mm x 0.9 mm [/ = 14.8 mm, Fig. 1(d)]
resulted in a much larger wavelength of 20.3 mm.

Figure 2 summarizes the properties of pinned spiral waves
as well as obstacles investigated in our experiments. Since
free spiral waves in the BZ solutions rotated around a circular
core with diameter of 1.0 mm, we considered the core as a
circular obstacle and included the properties of the free spirals
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FIG. 2. (Color online) Properties of spiral waves as a function of
the obstacle circumference [ in the BZ reaction: (a) obstacle area
A, (b) wavelength A, (c) wave period T, [(d) and (e)] velocities sobs
and s of waves adjacent to and far from the obstacles, respectively,
and (f) percentage difference As between sqs and s. Filled circles:
no physical obstacles (spiral core diameter 1.0 mm); open circles:
circular obstacles; open rectangles: rectangular obstacles.
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in Fig. 2 (see filled circles) for the purpose of comparison.
Figure 2(a) shows the relation between area and circumference
of the obstacles. As the diameter increases from 1.0 to
4.5 mm, the circumference / and the area A of the circles
increase simultaneously from 3.1 to 14.1 mm and 0.8 to 15.9
mm?, respectively. In contrast, the four rectangles (2.3 x 2.6,
4.6 x 1.3,4.9 x 1.2, and 6.5 x 0.9 mm?) with a circumference
[ ranging between 9.8 and 14.8 mm have almost the same area
size of about 6 mm?,

The spiral waves propagated around the obstacles with
wavelength A [Fig. 2(b)] and wave period T [Fig. 2(c)]
increasing with the obstacle circumference [ in both the cases
of circles and rectangles. Moreover, data points from all
obstacles lay approximately on the same line of each graph.
The growth rate of the wavelength and the period with respect
to the circumference are estimated by linear fitsas A /I = 1.064
+0.043and T/I =0.806 + 0.047 min mm~1. To investigate the
influence of the obstacles on the velocity of the spiral waves,
we calculated the average velocity of the wave ends attached
to the obstacles sqps as the ratio between the circumference and
the period sops = 1/ T as well as that of the spiral fronts far away
from the obstacles s as the ratio between the wavelength and
the period s = A/T. As shown in Figs. 2(d) and 2(e), both sqps
and s increase with I. Even though sqps is always smaller than
s for a given obstacle, its growth rate of sops (sops/! = 0.037 £
0.002 min~1) is larger than that of s (s// = 0.024 + 0.002
min~?t). Therefore, their percentage difference [As(%) =
|sobs — 81/ (sobs + 8)/2 x 100] becomes smaller, while the
circumference increases, as indicated in Fig. 2(f).

The structure of pinned spiral waves is also affected by
the obstacles, as shown in Fig 3. During their evolution
around circles, the spiral shape remains unchanged all the
time and is well fitted by an Archimedean spiral [Fig. 3(a)].
For a rectangle with the width w similar to the height A
(i.e., w/h = 0.9), the pinned spiral wave still looks similar
to an Archimedean spiral [Fig. 3(b)]. When the ratio w/h of
the rectangle is increased (i.e., to a more asymmetric shape),
the spiral deviates farther from an Archimedean one [e.g., in
Fig. 3(c) with w/h = 7.2]. In fact, the observed structures
differ from any other mathematical spiral known to us (i.e.,
Euler’s, Fermat’s, hyperbolic, logarithmic spirals, etc.). These
unusual spiral shapes also change periodically, while the
waves rotate around the obstacles. As shown in Fig. 3(c),
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the wave front near the obstacle has a high curvature when
the wave end turns around the short boundaries on the left
and the right. As the wave end propagates further along the
long edges (the upper and the lower walls), the curvature
of the nearby front continually decreases. A description of
a spiral wave pinned to a rectangle similar to Fig. 3(c), but
with extremely high w/h, is given in the section of simulation
results (see Figs. 7 and 8).

111. SIMULATIONS
A. Simulation methods

Numerical simulations have been performed using the
two-variable Oregonator model, as in Eq. (1), to describe the
dynamics of the activator « and the controller v which account
for the concentrations of HBrO, and the catalyst in the BZ
reaction, respectively,

du 1 u—
— == u—uz—fv 4 —|—DL,V2u,
at & u-+q
)
v 9
— =u—v+ D,V-v.
ot

As in a study by Jahnke and Winfree [19], the parameters were
chosen as ¢ = 0.01, ¢ = 0.002, f = 1.4, and the diffusion
coefficientsas D, = 1.0 and D, = 0.6. For this parameter set,
the system supported spiral waves with a circular spiral core
of 0.9 space units (s.u.) in diameter, wavelength = 10.5 s.u.,
period = 1.55 time units (t.u.), and velocity = 6.76 s.u. t.u.”*.

The variables u and v in Eq. (1) were calculated using
an explicit Euler method with a nine-point approximation
of the two-dimensional Laplacian operator on a discrete
system of a dimensionless size = 160 x 160 s.u. with a
uniform grid space of Ax = Ay = 0.1 s.u. and a time step
At =3.0 x 1072 t.u., as required for numerical stability [Ar <
(3/8)(Ax)]? [23]). A single unexcitable circle or rectangle was
defined as the obstacle in each simulation. The boundaries of
both the medium and the obstacle had no-flux conditions. The
implementation of a circular obstacle with no-flux boundary
was described in a recent publication [24]. We tested totally
10 circles with different diameters of 1.5, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 9.0, and 10.0 s.u. and six rectangles with widths
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FIG. 3. (Color online) Image overlays of counterclockwise rotating spiral waves pinned to (a) a circle with diameter 2.8 mm and to
rectangles with dimensions (b) 2.3 mm x 2.6 mm and (c) 6.5 mm x 0.9 mm in the BZ reaction. Dashed curves in (a) and (b) are Archimedean

spirals with origins located at the obstacle centers.
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FIG. 4. Spiral waves in the Oregonator model: (a) a free spiral
wave (no obstacle, spiral core diameter 0.9 s.u.) and spiral waves
pinned to (b) a circle with diameter of 1.5 s.u., () a rectangle with
dimensions 8.5 s.u. x 0.2 s.u. and (d) a circle with diameter of
5.0s.u.

10 s-uy

and heights of 1.3 x 1.3, 1.7 x 1.0, 3.4 x 0.5, 5.4 x 0.3,
8.5 x 0.2,and 17.0 x 0.1s.u.%.

To create a spiral wave pinned to an obstacle, a planar wave
was triggered by setting a five-grid-point strip at the left edge
of the medium to an excited state (e.g., u = 1.0and v =0
for 0.0 < x < 0.5). When the wave front reached the obstacle
(around the middle of the medium), half of the medium was
reset to an excitable state (e.g.,u =0and v=0for80.0 < y <
160.0), leading to a planar wave with two ends attached to the
edges of the obstacle and the system. Subsequently, the wave
front curled to form a pinned spiral wave rotating around the
obstacle (cf. Fig. 1 in Ref. [21]).

B. Simulation results

Examples of spiral waves with wavelengths depending on
the obstacle circumference in the Oregonator model are shown
in Fig. 4. A free spiral wave, as in Fig. 4(a), has a wavelength
A =10.5s.u. and its tip rotates around a circular core (diameter
0.9 s.u.). Spiral waves pinned to three different obstacles are
shown in Figs. 4(b)-4(d). A small circle with a diameter of
1.5 s.u. (area A = 1.77 s.u.?, circumference I = 4.7 s.u.), in
Fig. 4(b), caused a small expansion of the wavelength to 10.7
s.u., while a rectangle with dimensions 8.5 s.u. x 0.2 s.u. with
asmaller area A = 1.70 s.u.?, but a much longer / = 17.4 s.u.,
in Fig. 4(c), resulted in a spiral wave with a wavelength » =
20.7 s.u. In Fig. 4(d), a pinned spiral wave with a wavelength
A = 20.2 s.u., similar to that in Fig. 4(c), was obtained from
a circular obstacle with a diameter of 5.0 s.u. having a similar
circumference (! = 15.7 s.u.) but much larger area (A =
19.64 s.u.?) in comparison to the rectangle in Fig. 4(c).

The properties of pinned spiral waves and obstacles in our
simulations are presented in Fig. 5. As in the experimental
part, the free spiral waves were taken as if they were pinned to
acircular obstacle with diameter of 0.9 s.u. and their properties

PHYSICAL REVIEW E 91, 052912 (2015)
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FIG. 5. (Color online) Properties of spiral waves as a function of
the obstacle circumference I in the Oregonator model: (a) obstacle
area A, (b) wavelength A, (c) wave period T, [(d) and ()] velocities sqps
and s of waves adjacent to and far from the obstacles, respectively,
and (f) percentage difference As of sops and s. Filled circles: no
physical obstacles (spiral core diameter 0.9 s.u.); open circles: circular
obstacles; open rectangles: rectangular obstacles.

were included in this figure (see the filled circles). The obstacle
areas A with different circumferences / are shown in Fig. 5(a).
For the circular obstacles, the circumference [ and the area
A increase simultaneously from 3.0 to 31.4 s.u. and 0.71 to
78.55s.u.2, respectively, when the diameter increases from 0.9
t0 10.0 s.u. In contrast, the six rectangles with circumferences
[ between 5.2 and 34.2 s.u. have similar area sizes of 1.62—
1.70 s.u.?2. As shown in Figs. 5(b)-5(f), both circular and
rectangular obstacles affected the properties of simulated spiral
waves in the same manner as found in the experiments. The
wavelength A and the period T increase monotonously with
a growth rate of A/l = 0.921 + 0.020 and T/l = 0.052 +
0.001 t.u. s.u.”. For a given obstacle, the waves adjacent to
the obstacle always propagate slower than the waves far from
the obstacle (sops < s) but the rate sqs/l = 0.288 + 0.015
t.u.~! is larger than s/ = 0.195 4 0.006 t.u.~%. Thus, the
percentage difference As of the velocities decreases, while
the circumference increases.

Figure 6 illustrates examples of spiral structures for differ-
ent obstacles. For circles and squares (i.e., the ratio of width
and height w/h = 1.0), the shape of the spiral waves is ap-
proximated by Archimedean spirals, as in Figs. 6(a) and 6(b),
respectively. For other rectangles with w/h > 1, the spiral
waves adapt to unusual shapes, which change periodically as
observed in our experiments. Figure 6(c) depicts a spiral wave
rotating around a rectangle with extremely high w/h of 170.
Shortly after the spiral performs a narrow U turn at the left and
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FIG. 6. (Color online) Image overlays of counterclockwise rotating spiral waves pinned to (a) a circle with diameter 5.0 s.u. mm and to
rectangles with dimensions (b) 1.3 s.u. x 1.3 s.u. and (c) 17.0 s.u. x 0.1 s.u. in the Oregonator model. Dashed curves in (a) and (b) are

Archimedean spirals with origins located at the obstacle centers.

the right ends, the wave front near the obstacle has a very high
curvature. Then its curvature decreases, while the wave front
traces the horizontal upper and lower walls of the obstacle.

In the following, we consider the spiral shapes in Fig. 6(c),
as a first attempt to describe the structures of spiral waves
pinned to rectangular obstacles. The overlaid image in Fig. 6(c)
is separated into two sections: an upper and a lower half as
shown in Figs. 7(a) and 7(b), respectively. Interestingly, they
look like two halves of the well-known target patterns, which
are often observed in excitable media. All wave fronts in both
Figs. 7(a) and 7(b) fit to semicircles, the centers of which are
close to (but do not touch) the right and the left boundary
of the obstacle, respectively. Figures 7(c)-7(e) show a time
series of the segment of a wave front close to the obstacle,
while the spiral turns around the right boundary. When the
segment reaches the lower right corner, it is almost planar
and propagates to the right [Fig. 7(c)]. Shortly afterwards it
passes the corner and an additional semicircular front appears
[Fig. 7(d)]. Subsequently, the semicircular front expands above
the obstacle, as if it is emitted from a point source according
to the Huygens principle. The center of the point source is
located at a distance § ~ 0.5 s.u. away from the obstacle wall
[Fig. 7(e)]. Note that the distance § is approximately half of
the core diameter of a free spiral wave (0.9 s.u.).

Figure 8(a) illustrates a construction of the structure of the
spiral wave with its end moving along the upper boundary
of a very thin rectangle (dimensions = 17.0 s.u. x 0.1 s.u.)
by using the upper and lower semicircles shown in Figs. 7(a)
and 7(b). Starting from the wave end attached to the obstacle,
the wave front fits to the upper half of the smallest circle
Co. Then it continues with the lower half of the next circle
C;. Subsequently, the front alternates to the upper half of the
circle C, and the lower half of the next circle Cg, respectively.
In Fig. 8(b), centers and radii of the circles are drawn. The
centers of Cy and C; are located close to the right boundary
of the obstacle, whereas those of C; and C; are at the
left boundary. The centers are far from the boundary at the
same distance (8§ ~ 0.5 s.u.). This description is valid for a
time interval of about half the rotation period, i.e., during the
time that the wave end needs to trace the upper boundary of

the obstacle from the right to the left end. Then the wave end
turns at the left boundary and a new smallest semicircular wave
(new Co) appears at the lower boundary. This spiral shape can

S>obstacle

FIG. 7. (Color online) Estimation of the structure of a spiral wave
pinned to a very thin rectangle in the Oregonator model. Some wave
fronts in (a) the upper and (b) the lower sections of the overlaid
image in Fig. 6(c) are compared to semicircles (dashed curves), the
centers of which are located close to the right and the left edges of
the obstacle. [(c)-(e)] When the wave front turns by an angle of 180°
at the right boundary, a semicircular front appears, as if it is produced
from a point source [the center of the dashed circle in (€)].
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FIG. 8. (Color online) Graphical description of the structure of
a spiral wave pinned to a very thin rectangle (black bar) using
semicircles. (a) Three consecutive plots of the counterclockwise
rotating spiral with the end tracing the upper boundary of the obstacle.
The spiral structure at some instant of time can be estimated asa curve
that alternately connects upper and lower semicircles of different sizes
(corresponding halves of the dashed circles C, to C3). (b) Estimation
of the radii ro to r3 of the circles Cy to Cs having different centers
(two small filled circles) close to the left and the right boundary of
the obstacle. For the purpose of illustration, the distance § is enlarged
to a scale different from that of the width w and the radii rq to rs.
The vertical dashed lines represent the contact positions of semicircle
pairs as indicated by the labels.

be described in the same manner after a reorganization of the
circles Cy to Cs and their centers.

According to the lifetime of the smallest circle Cgy, which is
limited to about half of the rotation period as described above,
the radius ry of the growing Cy is also limited by the obstacle
width w and the distance § of the circle center: 0 < rg < w +
8. It can be clearly seen in Fig. 8(b) that the radii of the larger
circles are related to o, w, and § as r, = ro + n(w + 26),
where n is an integer.

IV. DISCUSSION AND CONCLUSION

We have presented an investigation of spiral waves pinned
to unexcitable obstacles with different sizes and shapes in thin
layers of the BZ reaction as well as in simulated systems
based on the Oregonator model. Circles with increasing
areas and circumferences and rectangles with equal areas but
different circumferences were chosen as the obstacles. The
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results in Figs. 1, 2, 4, and 5 show the common features
of the influence of these obstacles on the spiral waves: The
pinned spirals propagate with their wavelength, period, and
velocity increasing with the obstacle circumference, regardless
of the obstacle area. This implies that for such pinning
phenomena, the obstacle sizes are more influential due to their
circumferences than by their areas.

The time and space units of the simulations are related
to the experiments as t.u. = 1/ks[MA + BrMA] and s.u. =
/D /ks[MA + BrMA], where the rate of reaction ks and the
diffusion D of HBrO, are 0.4M~'s~* and 1.5 x 10~°cm?s~%,
respectively (cf. Ref. [19]). We used [MA+BrMA] =
0.050 M in the experiments so t.u. = 0.83 min and s.u. =
0.27 mm, which results in the core diameter, wavelength,
period, and velocity of the free spiral waves as 0.25 mm,
2.88 mm, 1.29 min, and 2.22 mm min~1, respectively. These
calculations imply that the excitability in our simulations is
relatively higher than that of the real BZ reaction in our experi-
ments, since the simulated spirals had a smaller core diameter,
shorter wavelength, shorter period, and higher velocity than
for the case of BZ spiral waves. In addition, although our
simulations were performed in the excitable regime of the
local dynamics [19], we conjecture that pinned spiral waves
in oscillatory media would behave in a similar manner. This
would hold at least for cases of long period oscillations,
because the oscillations will be suppressed by rotating spiral
waves with shorter periods, as found in experiments reported
earlier [13] as well as in this study.

Tyson and Keener described in Ref. [8] that in determining
the angular frequency w and the asymptotic normal velocity
¢ (at locations far from the hole) of a spiral wave rotating
around a hole with radius rq in a given medium, the curvature
relation (w as a function of ¢ and () and the dispersion relation
(c as a function of w) must be simultaneously satisfied (see
Eqg. (24) in Ref. [8]). Both relations are nonlinear and can be
solved graphically. Examples for various choices of rq in the
Oregonator model are given in Fig. 18 of Ref. [8] (agraph of the
velocity c versus the period T). It is clear from the intersections
of the curves that both the velocity ¢ and the period T of the
spiral wave increase simultaneously with the hole radius ro.
The results also imply that the wavelength A increases with
rg, since A = ¢ T. Thus, our measurements of both circular
and rectangular obstacles shown in Figs. 2, 5(b), 5(c), and 5(e)
are consistent with the prediction in Ref. [8], even though it
was derived only for the circular case. The necessity of the
adjustment of the angular frequency w due to the presence of
a circular hole in the core region of Archimedean spiral waves
has been confirmed in a theoretical study by M. Tsoi [25].
Starting from the curvature effect and the methods employed
in Ref. [8], Tanaka et al. [9] showed that the velocity of a spiral
wave at the periphery of a circular obstacle increases with the
radius of the obstacle (cf. Eq. (8) in Ref. [9]), which agrees
well with our results in Figs. 2(d) and 5(d).

Our present findings show that the proposed theories in
Refs. [8,9], which predict how the properties of a pinned spiral
wave depend on the radius of a circular obstacle, are also valid
for other forms (at least for rectangles) after introducing a
small modification in the formulas, e.g., replacing the radius »
of the circular obstacle by an equivalent quantity //2s (since
r =1/27 for a circle), where [ is the obstacle circumference.
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PROPAGATION OF SPIRAL WAVES PINNED TO ...

Circular obstacles have been used in many investigations
of the influence of obstacle size on the release of pinned
spiral waves. A train of electrical stimuli with a sufficiently
high frequency funpin Can induce unpinning of spiral waves.
The funpin increases with the obstacle diameter [9,26-28]. An
applied electric field causes reorientation and deformation
of ring-shaped filaments of three-dimensional spiral waves
(so-called scroll rings) that are pinned to a pair of unexcitable
spheres in a BZ solution before the filaments are detached
from these spheres [29]. A recent investigation [21] on the
unpinning of spiral waves by an applied electrical current in
the BZ reaction illustrated that a current with a density higher
than a critical value Jynpin Can release spiral waves pinned to
circular unexcitable objects. Similarly to the frequency funpin,
the Junpin increases with the obstacle diameter. Further studies
on the unpinning of spiral waves from obstacles with other
forms, e.g., rectangles, are suggested to elucidate whether the
critical value of the forcing (for instance, the frequency funpin
of the wave train and the critical current density Junpin) relates
solely to the obstacle circumference, as in the case for the
properties of pinned spiral waves investigated here.

In contrast to the common features of the parameters of
propagation in Figs. 2 and 5, the circular and rectangular
obstacles result in different shapes of the spiral waves pinned
to them. As shown in Figs. 3 and 6, the spirals are similar to
Archimedean ones when pinned to circles or rectangles with
a width w similar to the height 2 (w/h = 1), while the ones
pinned to asymmetric rectangles have unusual forms, which
also change with time. The structure of a spiral wave pinned
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to a rectangle with extremely high w/h can be described by
using semicircles with radii depending on the width w and the
core diameter (25) of free spirals, as illustrated in Figs. 7 and 8.

It has been shown earlier that the shapes of free spiral
waves with circular cores [30] or those pinned to circular
obstacles [31] are comparable to Archimedean spirals.
Actually, meandering spiral waves rotating about noncircular
cores [22 and references therein] have been more often
observed, since they occur in broad ranges of system
parameters of excitable media. The structures of these spirals,
especially for extremely anisotropic cases like Z-shaped and
linear cores [32-35], are complicated and have not yet been
analyzed sufficiently. We assume that the structure of spiral
waves pinned to a very thin rectangular obstacle, as described
in this study, is similar to but simpler than that of free spiral
waves with linear cores. While the thin rectangle remains at
the same location all the time, the orientation of the linear
cores is time dependent (see, e.g., Fig. 6(a) in Ref. [32] and
Fig. 1(f) in Ref. [34]). Therefore, the fixed thin rectangular
obstacle might be taken as a special case of the linear cores
that remain stable or change very slowly in time.

ACKNOWLEDGMENTS

We thank the Department of Physics, the Faculty of Science,
the Research and Development Institute (KURDI), the Center
for Advanced Studies of Industrial Technology, the Graduate
School, Kasetsart University, and the Thailand Research Fund
(Grant No. TRG5680044) for financial support.

[1] S. Nettesheim, A. von Oertzen, H. H. Rotermund, and G. Ertl,
J. Chem. Phys. 98, 9977 (1993).
[2] F. Siegert and C. J. Weijer, J. Cell Sci 93, 325 (1989).
[3] J. M. Davidenko, A. M. Pertsov, R. Salomonz, W. Baxter, and
J. Jalife, Nature 335, 349 (1992).
[4] A. T. Winfree, Science 175, 634 (1972).
[5] J. Ross, S. C. Miiller, and C. Vidal, Science 240, 460 (1988).
[6] A. T. Winfree, Science 266, 1003 (1994).
[7] E. M. Cherry and F. H. Fenton, New J. Phys. 10, 125016 (2008).
[8] J. J. Tyson and J. P. Keener, Physica D 32, 327 (1988).
[9] M. Tanaka, A. Isomura, M. Hérning, H. Kitahata, K. Agladze,
and K.Yoshikawa, Chaos 19, 043114 (2009).
[10] Y. Q. Fu, H. Zhang, Z. Cao, B. Zheng, and G. Hu, Phys. Rev. E
72, 046206 (2005).
[11] C. Cherubini, S. Filippi, and A. Gizzi, Phys. Rev. E 85, 031915
(2012).
[12] Z. Y. Lim, B. Maskara, F. Aguel, R. Emokpae, and L. Tung,
Circulation 114, 2113 (2006).
[13] O. Steinbock and S. C. Milller, Physica A 188, 61 (1992).
[14] K. I. Agladze, R. A. Kocharyan, and V. I. Krinsky, Physica D
49, 1 (1991).
[15] C. Luengviriya, S. C. Miiller, and M. J. B. Hauser, Phys. Rev. E
77, 015201 (2008).
[16] Z. A. Jiménez, B. Marts and O. Steinbock, Phys. Rev. Lett. 102,
244101 (2009).
[17] Z. Jiménez and O. Steinbock, Europhys. Lett. 91, 50002
(2010).

[18] R. J. Field and R. M. Noyes, J. Chem. Phys. 60, 1877
(1974).

[19] W. Jahnke and A. T. Winfree, Int. J. Bif. Chaos 1, 445 (1991).

[20] C. Luengviriya, U. Storb, M. J. B. Hauser, and S. C. Miiller,
Phys. Chem. Chem. Phys. 8, 1425 (2006).

[21] M. Sutthiopad, J. Luengviriya, P. Porjai, B. Tomapatanaget, S.
C. Miiller, and C. Luengviriya, Phys. Rev. E 89, 052902 (2014).

[22] J. Luengviriya, P. Porjai, M. Phantu, M. Sutthiopad,
B. Tomapatanaget, S. C. Miiller, and C. Luengviriya. Chem.
Phys. Lett. 588, 267 (2013).

[23] M. Dowle, R. M. Mantel, and D. Barkley, Int. J. Bif. Chaos 7,
2529 (1997).

[24] J. Luengviriya, M. Sutthiopad, M. Phantu, P. Porjai,
J. Kanchanawarin, S. C. Miiller, and C. Luengviriya. Phys. Rev.
E 90, 052919 (2014).

[25] M. Tsoi, Persistence of planar spiral waves under domain
truncation near the core, Ph.D. thesis, The Ohio State University,
2006.

[26] K. Agladze, M. W. Kay, V. Krinsky, and N. Sarvazyan, Am. J.
Physiol. Heart Circ. Physiol. 293, H503 (2007).

[27] A. Isomura, M. Horning, K. Agladze, and K. Yoshikawa, Phys.
Rev. E 78, 066216 (2008).

[28] A. Pumir, S. Sinha, S. Sridhar, M. Argentina, M. Horning, S.
Filippi, C. Cherubini, S. Luther, and V. Krinsky, Phys. Rev. E
81, 010901(R) (2010).

[29] Z. A. Jiménez, Z. Zhang, and O. Steinbock, Phys. Rev. E 88,
052918 (2013).

052912-7


http://dx.doi.org/10.1063/1.464323
http://dx.doi.org/10.1063/1.464323
http://dx.doi.org/10.1063/1.464323
http://dx.doi.org/10.1063/1.464323
http://dx.doi.org/10.1038/355349a0
http://dx.doi.org/10.1038/355349a0
http://dx.doi.org/10.1038/355349a0
http://dx.doi.org/10.1038/355349a0
http://dx.doi.org/10.1126/science.175.4022.634
http://dx.doi.org/10.1126/science.175.4022.634
http://dx.doi.org/10.1126/science.175.4022.634
http://dx.doi.org/10.1126/science.175.4022.634
http://dx.doi.org/10.1126/science.240.4851.460
http://dx.doi.org/10.1126/science.240.4851.460
http://dx.doi.org/10.1126/science.240.4851.460
http://dx.doi.org/10.1126/science.240.4851.460
http://dx.doi.org/10.1126/science.7973648
http://dx.doi.org/10.1126/science.7973648
http://dx.doi.org/10.1126/science.7973648
http://dx.doi.org/10.1126/science.7973648
http://dx.doi.org/10.1088/1367-2630/10/12/125016
http://dx.doi.org/10.1088/1367-2630/10/12/125016
http://dx.doi.org/10.1088/1367-2630/10/12/125016
http://dx.doi.org/10.1088/1367-2630/10/12/125016
http://dx.doi.org/10.1016/0167-2789(88)90062-0
http://dx.doi.org/10.1016/0167-2789(88)90062-0
http://dx.doi.org/10.1016/0167-2789(88)90062-0
http://dx.doi.org/10.1016/0167-2789(88)90062-0
http://dx.doi.org/10.1063/1.3263167
http://dx.doi.org/10.1063/1.3263167
http://dx.doi.org/10.1063/1.3263167
http://dx.doi.org/10.1063/1.3263167
http://dx.doi.org/10.1103/PhysRevE.72.046206
http://dx.doi.org/10.1103/PhysRevE.72.046206
http://dx.doi.org/10.1103/PhysRevE.72.046206
http://dx.doi.org/10.1103/PhysRevE.72.046206
http://dx.doi.org/10.1103/PhysRevE.85.031915
http://dx.doi.org/10.1103/PhysRevE.85.031915
http://dx.doi.org/10.1103/PhysRevE.85.031915
http://dx.doi.org/10.1103/PhysRevE.85.031915
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.598631
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.598631
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.598631
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.598631
http://dx.doi.org/10.1016/0378-4371(92)90253-M
http://dx.doi.org/10.1016/0378-4371(92)90253-M
http://dx.doi.org/10.1016/0378-4371(92)90253-M
http://dx.doi.org/10.1016/0378-4371(92)90253-M
http://dx.doi.org/10.1016/0167-2789(91)90186-D
http://dx.doi.org/10.1016/0167-2789(91)90186-D
http://dx.doi.org/10.1016/0167-2789(91)90186-D
http://dx.doi.org/10.1016/0167-2789(91)90186-D
http://dx.doi.org/10.1103/PhysRevE.77.015201
http://dx.doi.org/10.1103/PhysRevE.77.015201
http://dx.doi.org/10.1103/PhysRevE.77.015201
http://dx.doi.org/10.1103/PhysRevE.77.015201
http://dx.doi.org/10.1103/PhysRevLett.102.244101
http://dx.doi.org/10.1103/PhysRevLett.102.244101
http://dx.doi.org/10.1103/PhysRevLett.102.244101
http://dx.doi.org/10.1103/PhysRevLett.102.244101
http://dx.doi.org/10.1209/0295-5075/91/50002
http://dx.doi.org/10.1209/0295-5075/91/50002
http://dx.doi.org/10.1209/0295-5075/91/50002
http://dx.doi.org/10.1209/0295-5075/91/50002
http://dx.doi.org/10.1063/1.1681288
http://dx.doi.org/10.1063/1.1681288
http://dx.doi.org/10.1063/1.1681288
http://dx.doi.org/10.1063/1.1681288
http://dx.doi.org/10.1142/S0218127491000348
http://dx.doi.org/10.1142/S0218127491000348
http://dx.doi.org/10.1142/S0218127491000348
http://dx.doi.org/10.1142/S0218127491000348
http://dx.doi.org/10.1039/b517918a
http://dx.doi.org/10.1039/b517918a
http://dx.doi.org/10.1039/b517918a
http://dx.doi.org/10.1039/b517918a
http://dx.doi.org/10.1103/PhysRevE.89.052902
http://dx.doi.org/10.1103/PhysRevE.89.052902
http://dx.doi.org/10.1103/PhysRevE.89.052902
http://dx.doi.org/10.1103/PhysRevE.89.052902
http://dx.doi.org/10.1016/j.cplett.2013.10.025
http://dx.doi.org/10.1016/j.cplett.2013.10.025
http://dx.doi.org/10.1016/j.cplett.2013.10.025
http://dx.doi.org/10.1016/j.cplett.2013.10.025
http://dx.doi.org/10.1142/S0218127497001692
http://dx.doi.org/10.1142/S0218127497001692
http://dx.doi.org/10.1142/S0218127497001692
http://dx.doi.org/10.1142/S0218127497001692
http://dx.doi.org/10.1103/PhysRevE.90.052919
http://dx.doi.org/10.1103/PhysRevE.90.052919
http://dx.doi.org/10.1103/PhysRevE.90.052919
http://dx.doi.org/10.1103/PhysRevE.90.052919
http://dx.doi.org/10.1152/ajpheart.01060.2006
http://dx.doi.org/10.1152/ajpheart.01060.2006
http://dx.doi.org/10.1152/ajpheart.01060.2006
http://dx.doi.org/10.1152/ajpheart.01060.2006
http://dx.doi.org/10.1103/PhysRevE.78.066216
http://dx.doi.org/10.1103/PhysRevE.78.066216
http://dx.doi.org/10.1103/PhysRevE.78.066216
http://dx.doi.org/10.1103/PhysRevE.78.066216
http://dx.doi.org/10.1103/PhysRevE.81.010901
http://dx.doi.org/10.1103/PhysRevE.81.010901
http://dx.doi.org/10.1103/PhysRevE.81.010901
http://dx.doi.org/10.1103/PhysRevE.81.010901
http://dx.doi.org/10.1103/PhysRevE.81.010901
http://dx.doi.org/10.1103/PhysRevE.88.052918
http://dx.doi.org/10.1103/PhysRevE.88.052918
http://dx.doi.org/10.1103/PhysRevE.88.052918
http://dx.doi.org/10.1103/PhysRevE.88.052918

MALEE SUTTHIOPAD et al.

[30] S. C. Miiller, Th. Plesser, and B. Hess, Physica D 24, 87
(1987).

[31] J. P. Keener and J. J.
(1986).

[32] V. I. Krinsky, I. R. Efimov, and J. Jalife, Proc. R. Soc. London
Ser. A 437, 645 (1992).

Tyson, Physica D 21, 307

PHYSICAL REVIEW E 91, 052912 (2015)

[33] M. A. Dahlem and S. C. Miller, Exp. Brain Res. 115, 319
(1997).

[34] F. H. Fenton, E. M. Cherry, H. M. Hastings and S. J. Evans,
Chaos 12, 852 (2002).

[35] N. Manz, B. T. Ginn, and O. Steinbock, J. Phys. Chem. A 107,
11008 (2003).

052912-8


http://dx.doi.org/10.1016/0167-2789(87)90068-6
http://dx.doi.org/10.1016/0167-2789(87)90068-6
http://dx.doi.org/10.1016/0167-2789(87)90068-6
http://dx.doi.org/10.1016/0167-2789(87)90068-6
http://dx.doi.org/10.1016/0167-2789(86)90007-2
http://dx.doi.org/10.1016/0167-2789(86)90007-2
http://dx.doi.org/10.1016/0167-2789(86)90007-2
http://dx.doi.org/10.1016/0167-2789(86)90007-2
http://dx.doi.org/10.1098/rspa.1992.0084
http://dx.doi.org/10.1098/rspa.1992.0084
http://dx.doi.org/10.1098/rspa.1992.0084
http://dx.doi.org/10.1098/rspa.1992.0084
http://dx.doi.org/10.1007/PL00005700
http://dx.doi.org/10.1007/PL00005700
http://dx.doi.org/10.1007/PL00005700
http://dx.doi.org/10.1007/PL00005700
http://dx.doi.org/10.1063/1.1504242
http://dx.doi.org/10.1063/1.1504242
http://dx.doi.org/10.1063/1.1504242
http://dx.doi.org/10.1063/1.1504242
http://dx.doi.org/10.1021/jp036008n
http://dx.doi.org/10.1021/jp036008n
http://dx.doi.org/10.1021/jp036008n
http://dx.doi.org/10.1021/jp036008n

PHYSICAL REVIEW E 89, 052902 (2014)

Unpinning of spiral waves by electrical forcing in excitable chemical media

Malee Sutthiopad,! Jiraporn Luengviriya,> Porramain Porjai,* Boosayarat Tomapatanaget,*
Stefan C. Miiller,® and Chaiya Luengviriya®”

!Department of Physics, Kasetsart University, 50 Phaholyothin Road, Jatujak, Bangkok 10900, Thailand
2Department of Industrial Physics and Medical Instrumentation, King Mongkut’s University of Technology North Bangkok,
1518 Pibulsongkram Road, Bangkok 10800, Thailand
3Lasers and Optics Research Group, King Mongkut’s University of Technology North Bangkok, 1518 Pibulsongkram Road,
Bangkok 10800, Thailand
4Department of Chemistry, Chulalongkorn University, Bangkok 10330, Thailand
SInstitute of Experimental Physics, Otto-von-Guericke University Magdeburg, Universitétsplatz 2, D-39106 Magdeburg, Germany
(Received 12 February 2014; published 8 May 2014)

We present experimental observations on the electrically forced release of spiral waves pinned to unexcitable
circular obstacles in the Belosov-Zhabotinsky reaction. When the applied electric current density reaches the
necessary current density Jynpin, the spiral tip is detached and subsequently drifts away from the obstacle. Jyngin
is found to increase with the obstacle diameter d. The growth rate A Jynpin/Ad is much higher for obstacles
larger than the free spiral core compared to that for smaller obstacles. The experimental findings are confirmed
by numerical simulations using the Oregonator model. The results imply that it is more difficult to release spiral
waves pinned to larger obstacles, especially when the obstacle size exceeds that of the free spiral core.

DOI: 10.1103/PhysRevE.89.052902

I. INTRODUCTION

Spiral waves evolve in different excitable media, e.g.,
during CO oxidation on a platinum surface [1], cell aggregation
in slime mold colonies [2], electrical wave propagation in
cardiac tissues [3], and concentration waves in the Belousov-
Zhabotinsky (BZ) reaction [4,5]. Such spiral patterns of
electrical excitation in the heart and their instabilities are
involved in causing certain types of cardiac arrhythmia, such
as ventricular tachycardia and fibrillations [6,7], which can
potentially lead to sudden cardiac death.

Annihilation of spiral waves is possible when the waves
drift until they hit the boundary of the medium. Even though
this drift and annihilation can occur naturally, spiral waves
in cardiac tissues are often stabilized by being pinned to local
heterogeneities (e.g., veins or scars), which act as obstacles [3].
Note that obstacles may either attract or repulse spiral waves
depending on the distance between the spiral core centers
and the obstacles [8,9]. Furthermore, it has been predicted
[10,11] that obstacles cause the period of pinned spiral waves
to increase with the obstacle size. A systematic study of
pinned spiral waves in a thin layer of the photosensitive
ruthenium-catalyzed BZ reaction [12] has revealed that wave
period, wavelength, and velocity increase with the size of a
circular unexcitable obstacle created by a laser spot. For three-
dimensional BZ media, spiral structures known as scroll rings
are often observed to contract and eventually self-annihilate
[13,14]. The intrinsic contraction is suppressed, when a scroll
ring is pinned to an obstacle [15,16].

It has been demonstrated that low-energy shocks, produced
by virtual electrode polarization [17], can unpin and terminate
ventricular tachycardia in isolated rabbit ventricles [18] and
cell cultures of neonatal rat ventricular myocytes [19,20].
Other low-energy methods use a high-frequency train of
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electrical stimuli to eliminate spiral waves in cardiac tissue
cultures by inducing unpinning and drift of the waves, until
they collide with the boundary of the medium [21,22]. Such
an external wave train is used to release a spiral wave pinned
to a cluster of small droplets of oil in the BZ reaction [23].

In this article, we present an investigation of the electrically
forced unpinning of spiral waves in BZ media. In the absence of
obstacles, an applied electrical current results in an advective
motion of ionic species and induces a drift of the spiral
tips along a straight path. The drift velocity is found to
increase with the magnitude of applied current [24-26]. Our
experiments are performed in uniform thin layers of the BZ
reaction [27] using chemically inert plastic cylinders with
well-defined diameters as unexcitable obstacles. Thus, the
relation between the strength of forcing and the obstacle
size is precisely specified. We perform simulations using
the Oregonator model [28,29] in close correspondence with
the experimental results.

Il. EXPERIMENTS

A. Methods

The Belousov-Zhabotinsky (BZ) solutions are prepared
from NaBrO3, H,SO,4, malonic acid (MA) and ferroin, all
purchased from Merck. Stock solutions of NaBrOz (1 M)
and MA (1 M) are freshly produced by dissolving powder in
deionized water (conductivity of ~0.056 uS cm™1), whereas
stock solutions of H,SO4 (2.5 M) and ferroin (25 mM)
are commercially available. To prevent any hydrodynamic
perturbation, the reaction is embedded in a 1.0% wt/wt agarose
gel (Sigma). Appropriate volumes of the stock solutions are
mixed and diluted in deionized water to form BZ solutions
with initial concentrations: [H,SO4] = 200 mM, [MA] =
50 mM, [NaBrO3] = 50 mM, and [ferroin] = 0.625 mM.
The temperature is controlled at 24 °C + 1 °C. In the absence
of electrical forcing as well as any obstacle, these BZ media

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevE.89.052902

MALEE SUTTHIOPAD et al.

support rotating spiral waves, the tip of which (measured
location as in Ref. [27]) moves around a circular area (i.e.,
the spiral core) with a diameter of 0.75 mm. The wave period
is about 4 min.

Unpinning of spiral waves by electrical forcing is studied
in a uniform thin layer of the BZ reaction using a flat reactor
constructed from transparent Plexiglas [27]. The volume is
100 x 100 x 1.0 mm?3. An electric field is applied via two
electrodes in electrolytic compartments (size of each 25 x
100 x 2.0 mm?®), which are attached to the left and the right
boundaries of the main volume [14]. Application of the electric
field also results in gas bubbles formed by electrolysis. The
bubbles cause the resistance between the electrodes to fluctuate
in time. To specify precisely the strength of forcing, electricity
driven by a power supply in a constant electrical current mode
is utilized, and the strength of applied electrical forcing in the
experiments is recorded as electrical current density instead
of electric field, which is normally used in simulations. As an
obstacle, a chemically inert plastic cylinder with a diameter of
0.4-1.5 mm and a height of 1.0 mm is attached in the main
volume by using silicone paste before the BZ solution is filled
into the reactor. During the experiments, the reactor is placed
in a transparent thermostating bath to remove Ohmic heat and
to set the temperature at 24 °C + 1 °C. The bath is put between
a white light source and a color CCD camera (Super-HAD,
Sony) to record the images of the medium every second with
a resolution of 0.05 mm pixel 1.

A spiral wave pinned to the obstacle is initiated by the
following procedure: The reactor is oriented vertically, and a
volume of BZ solution is filled into the reactor, forming the
first layer of 2.5 cm height, where the obstacle is located. Then,
we wait until the gel is formed. Wave fronts are initiated by
immersion of a silver wire of 0.5 mm diameter between the
left edge of the reactor and the obstacle. One open end of the
wave front propagates towards the obstacle [Fig. 1(a)], while
the other moves close to the left edge of the reactor. Another
volume of the BZ solution is added to the reactor as the second
layer when the open end reaches the obstacle [Fig. 1(b)]. The
final height of the medium is about 4.5-5.0 cm. Shortly after
filling in the second layer, the open end of the wave front starts
to curl in [Fig. 1(c)] to form a spiral wave with its tip rotating
around the obstacle [Fig. 1(d)].

B. Results and discussion

Figure 1 shows the development of a pinned spiral wave
in our experiments. As reported earlier [27,30,31], the at-
mospheric oxygen suppresses the excitability of a thin sheet
below the top surface of the first layer [dark orange (dark
gray) band in Figs. 1(a)-1(c)], so that the wave front does not
reach the atmospheric interface. After the second layer isfilled,
this inhibited layer disappears when the dissolved oxygen is
consumed during the first passage of the excitation front [see
Fig. 1(c)]. We note that filling in the BZ solution to form the
second layer must be done at the proper time, i.e., when the
front reaches the obstacle, as depicted in Fig. 1(b). If this is
done too early or too late (i.e., when the front does not touch
the obstacle), the spiral wave will not be pinned.

For obstacles larger than the free spiral core, the tips of
pinned spiral waves are always attached to the obstacle [as in
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FIG. 1. (Color online) Pinning a spiral wave in the BZ reaction.
(@) A wave front is initiated by a silver wire in the first layer. (b)
A portion of the BZ reaction is placed on top as the second layer,
when the blue (light gray) front end reaches the obstacle (black
circle; diameter of 1.05 mm). (c) The inhibited layer [dark orange
(dark gray) band] disappears after the first passage of the wave front.
(d) After three spiral rotations, the front adopts a typical spiral
structure with its tip attached to the obstacle.

Fig. 1(d)]. In contrast, we observe alternations of attachment
[Figs. 2(a) and 2(b)] and detachment [Figs. 2(c) and 2(d)] of
the spiral tip in the vicinity of obstacles smaller than the free
spiral core. The spiral core is an area in the refractory state, thus
no wave can propagate into it. When a small obstacle occupies
some part of the spiral core, the other (unoccupied) part is still
in the refractory state and prohibits any wave propagation. As
in Figs. 2(c) and 2(d), the spiral tip is temporarily detached
from the obstacle, when it reaches such a refractory area.
However, the free tip moves towards the obstacle again.

To investigate unpinning phenomena, we apply a constant
current density J, which is stepwise increased from small
to large values. For each value of the obstacle diameter, the

FIG. 2. (Color online) Motion of a spiral wave around a small
obstacle in the BZ reaction. For each rotation, the spiral tip is
alternately (a) and (b) attached to and (c) and (d) detached from
the obstacle with a diameter of 0.4 mm.
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FIG. 3. (Color online) Unpinning of a spiral wave by electrical
forcing in the BZ reaction. The obstacle diameter is 1.05 mm. The
positive and negative electrodes are placed on the left- and the right-
hand sides, respectively. (a) An electrical current density J = 96 mA
cm~2 induces an anisotropic spiral structure with its tip still attached
to the obstacle. When J reaches a critical value Jynpin = 98 mA cm—2,
(b) the spiral tip is detached and (c) and (d) subsequently moves away
from the obstacle.

experiments are performed twice with different steps AJ =
10 and 2 mA cm~2, respectively. In all experiments, each value
of J is applied for an interval of three to five spiral rotations
before J is increased. The spiral tip leaves the obstacle and
moves away when J reaches a critical value Jynpin, i.€., the
minimal current density for unpinning. For guidance, the first
experiment with the large step AJ = 10 mA cm~2 provides
a rough estimate of electrical current density necessary for
unpinning the spiral wave. The fine-tuning of J is obtained
in the second experiment with AJ = 2 mA cm~2. This
way, one can obtain the finest value of Jynin (AJ = 2 MA
cm~2) available from our equipment within a relatively short
observation time of up to 2 h, while the aging of the BZ
reaction, which potentially affects the dynamics of the spiral
wave in long running experiments, can be minimized.

Figure 3 demonstrates the unpinning phenomenon. With
J < Junpin, the spiral tip still remains attached to the obstacle.
However, the forcing induces an anisotropically distorted
spiral wave [see Fig. 3(a)] because the electrical current
accelerates or decelerates the front propagating towards or
away from the positive electrode [26], while the spiral tip
remains pinned. For J > Junpin, the spiral tip is detached from
the obstacle [see Fig. 3(b)]. When the electrical current is
continuously applied, the unpinned spiral tip moves towards
the positive electrode with an angle. The anisotropic structure
also changes with time [see Figs. 3(b)-3(d)]. As the spiral tip
moves far away from the obstacle [Fig. 3(d)], we observed
the deformed wave structure similar to a drifting spiral wave
under electrical forcing in the absence of obstacles [24].

The necessary current density Junpin for unpinning the spiral
wave increases with the obstacle diameter d, as shown in Fig. 4.
For obstacles smaller than the free spiral core (d < 0.75 mm),
Junpin increases with d, but the increase is slower than that
for larger obstacles (d > 0.75 mm). To investigate the growth
rate A Junpin/ Ad, we apply linear fits for the two ranges of the
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FIG. 4. (Color online) Electrical current density Jympin NeCessary
for releasing a spiral wave pinned to an unexcitable obstacle with
diameter d. The vertical dashed line at 0.75 mm indicates the core
diameter of a free spiral wave.

obstacle diameter and find that A Jynpin/Ad = 0.590 £ 0.052
and 1.389 £ 0.048 Acm—3 ford < 0.75mmand d > 0.75 mm,
respectively. Clearly, Junpin grows at a much higher rate for the
large obstacles in comparison with that for the small ones. The
results show that it is more difficult to release spiral waves
pinned to larger obstacles, especially when the obstacle size
exceeds that of the free spiral core.

I11. SIMULATIONS

A. Methods

In our numerical simulations, we use the two-variable
Oregonator model to describe the dynamics of the activator
u and the inhibitor v (corresponding to the concentrations of
HBrO, and the catalyst, respectively) in the BZ reaction. The
advection terms for both » and v account for the electric field
E applied in the x direction:

ou 1 u— ou
M u—w?— "1 £ DV — M EL,
at £ u-+q ax

D
v 2 av
—=u—-v+D,Vv—ME—.
ot dax

As in Refs. [14,29], the parameters are chosen as ¢ = 0.01,
g = 0.002, f = 1.4, the diffusion coefficients D, =
1.0 and D, = 0.6, and the ionic mobilities M, = —1.0
and M, = 2.0. In the absence of an electric field, the
tip of a free spiral wave rotates around a circular core
[diameter = 0.9 system unit (s.u.)]. The spiral tip is de-
fined as the intersection of the contour = 0.15 and
v = 0.0935 to ensure du/0t = 0 on the position of the tip
[14].

The simulations are performed using an explicit Eu-
ler method with a nine-point approximation of the two-
dimensional Laplacian operator and a centered-space approxi-
mation of the gradient term. The uniform grid space Ax =
Ay = 0.025 s.u. and the time step Ar = 1.9 x 1074
time unit (t.u.) are chosen as required for numerical stability
[At < (3/8)(Ax)? [32]]. The dimensionless size of the system
is 20 x 20 s.u. (corresponding to 800 x 800 grid points).
A completely unexcitable circular area is put as the obstacle.
Therefore, the boundaries of both the medium and the obstacle
have no-flux conditions.
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FIG. 5. (Color online) Motion of a spiral wave around a small
obstacle in the Oregonator model. (a) At the beginning, an obstacle
0.5 s.u. in diameter is put in the middle of the spiral core (the dashed
circle). (b) The tip moves towards and is attached to the obstacle.
(c) Subsequently, it is detached from the obstacle, but (d) it is attached
to the obstacle again.

To create a spiral wave, a planar wave is triggered by setting
a five-grid-point strip at an edge of the medium to an excited
state (e.9., u = 1.0 and v = 0 for 0.0 < x < 0.5). The wave
front is allowed to propagate into the middle of the medium
before half of the medium is reset to an excitable state (e.g.,
u=0and v=0for0.0 <y < 10.0), leading to a free-end
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wave front, which subsequently curls to form a rotating spiral
wave. The circular obstacle (diameter d of 0.2-1.9 s.u.) is put
in the middle of the spiral core after the spiral wave is allowed
to propagate freely for several rotations.

B. Results and discussion

The obstacles affect the movement of the spiral tip in the
same ways as found in our experiments. In the case of large
obstacles, the spiral tip is simply attached to the obstacle at all
times. However, alternations of attachment and detachment of
the spiral tip to the obstacle smaller than the free spiral core are
observed. Figure 5 illustrates the dynamics of the spiral tip in
the vicinity of such a small obstacle with d = 0.5 s.u. Shortly
after the obstacle is put into the spiral core [see Fig. 5(a)], the
spiral tip leaves its circular path (the dashed circle) and moves
closer to the obstacle until getting attached to it [Fig. 5(b)].
Subsequently, the spiral tip is detached from the obstacle and
moves away for a short distance [Fig. 5(c)] before moving
back and being attached to the obstacle again [Fig. 5(d)].

As in our experimental results, the pinned spiral wave in
the simulations is forced to drift away from the obstacle only
when the applied electric field E reaches the critical value
Eunpin (the electric field necessary for unpinning). Figure 6
demonstrates the dynamics of a pinned spiral wave under the
applied field. When E = 0.625, which is very close to but
weaker than Eynpin, the spiral tip is alternately detached from
[Figs. 6(a), 6(b), and 6(d)] and attached to [Figs. 6(c) and 6(e)]
the obstacle.

The unpinning is successful at a slightly stronger field E =
0.630. At the beginning, the motion of the spiral tip seems
similar to that at the weaker field [compare Figs. 6(a) and
6(b) with 6(a’) and 6(b)]. On collision with the obstacle in
Figs. 6(b) and 6(b’), a part of the front end (indicated by the
arrows) is separated from the spiral wave. For E = 0.625,
this small segment of the broken front end contracts until it

F) ©

(d) (e)

(@) -
[ ]

(a) g W) (c')
-]

(d) (¢

FIG. 6. Effect of an electrical field on a pinned spiral wave in the Oregonator model. The obstacle diameter is 1.5 s.u. The direction of
the electric field E is pointing to the right of the images. (a)—(e) Forced temporary detachments: The spiral tip is alternately attached to
and detached from the obstacle under E = 0.625. (a")—(¢’) Unpinning: The spiral tip is detached and moves away from the obstacle under

E = 0.630. The arrows indicate the segments of broken front end.
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FIG. 7. (Color online) Necessary forcing to release a spiral wave
pinned to an unexcitable obstacle with diameter d in the Oregonator
model: (a) the electrical field Eyqpin and (b) the corresponding drift
velocity vunpin. The vertical dashed line at 0.9 s.u. indicates the core
diameter of a free spiral wave.

disappears, so that the spiral wave is attached to the obstacle
again [Fig. 6(c)]. In contrast, this segment grows at E = 0.630
and subsequently merges to the spiral structure, so that the
spiral tip does not touch the obstacle [Fig. 6(c’)]. The spiral tip
drifts farther away from the obstacle over the course of time
[see Figs. 6(a’)-6(¢')]; that is, the spiral wave is successfully
unpinned from the obstacle.

The simulations not only reproduce the forced unpinning
in our experiments but also reveal the forced temporary
detachments around large obstacles [e.g., Figs. 6(a)-6(e)],
which are not observed in the BZ reaction. We conjecture that
the finest step of the electrical current density (AJ =2 mA
cm~2) might be insufficiently small to allow these phenomena
to occur in our experiments.

Figure 7(a) depicts the necessary applied field Eypin to
unpin the spiral wave for different obstacle diameters d.
Linear fits provide an approximation of the growth rate
A Eynpin/Ad =0.145 £ 0.011 and 0.501 4 0.016 s.u.~* ford <
0.9 s.u. and d > 0.9 s.u. This increment of Eynpin With a much
higher rate for obstacles larger than the free spiral core agrees
well with the experiments (Fig. 4). To generalize the forcing,
we performed additional simulations by applying the electric
field Eynpin [the same values as in Fig. 7(a)] to a free spiral
wave (without obstacle) and measured the corresponding drift
velocity (vunpin) Of the spiral tip. As shown in Fig. 7(b), the
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dependence of vynpin ON the obstacle size is similar to that
of Eunpin: the growth rate Awvynpin/Ad = 0.227 £ 0.022 and
1.69 & 0.045s.u.7! ford < 0.9s.u.andd > 0.9 s.u.

The systematic studies in both experiments (Fig. 4) and
simulations (Fig. 7) show that unpinning of spiral waves occurs
under relative small forcing, when the obstacles are smaller
than the free spiral core. This may be because the spiral tip
is not tightly attached to those small obstacles: Its temporary
detachments occur when the tip reaches the refractory area
(Figs. 2 and 5) even in the absence of external forcing. In
contrast, the spiral tip always touches larger obstacles.

Our investigation shows that stronger electrical forcing is
needed for unpinning a spiral wave from a larger unexcitable
obstacle in chemical media. This requirement of sufficient
electrical forcing is consistent with earlier studies on unpinning
by an external wave train [11,23,33], where the unpinning
is successful only when the frequency of the wave train is
higher than the critical value, which increases with the obstacle
size. Since the highest frequency of waves is limited by the
refractory time of the excitable medium, such unpinning is
impossible when the obstacle is very large [11,23]. For some
conditions, the pinned spiral wave can be released by the wave
train only when the obstacle is smaller than the free spiral
core [33]. It is demonstrated [33—-35] that the situations can be
improved by reducing the excitability of the medium, which
leads to an enlargement of the spiral core size.

IV. CONCLUSIONS

We have presented an investigation of the release of a
pinned spiral wave in the BZ reaction by electrical forcing.
Under a small electrical current density, the spiral wave still
remains pinned to an unexcitable cylindrical obstacle. When
the electrical current density reaches a critical threshold, the
spiral wave is released. The critical current density increases
linearly stepwise with the diameter of the obstacle: it grows at
a much higher rate for obstacles larger than the free spiral core
in comparison to that of smaller obstacles. The experimental
results are confirmed by simulations using the Oregonator
model. From both parts of this study, we conclude that a
release of a pinned spiral wave by an electric forcing is feasible
for obstacle sizes both smaller and larger than the free spiral
core. However, the study of such electrically forced unpinning
becomes a tough endeavor when the wave is pinned to an
obstacle larger than the free spiral core.
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Propagation of spiral waves pinned to circular and rectangular obstacles
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We present an investigation of spiral waves pinned to circular and rectangular obstacles with different
circumferences in both thin layers of the Belousov-Zhabotinsky reaction and numerical simulations with the
Oregonator model. For circular objects, the area always increases with the circumference. In contrast, we varied
the circumference of rectangles with equal areas by adjusting their width w and height 4. For both obstacle
forms, the propagating parameters (i.e., wavelength, wave period, and velocity of pinned spiral waves) increase
with the circumference, regardless of the obstacle area. Despite these common features of the parameters, the
forms of pinned spiral waves depend on the obstacle shapes. The structures of spiral waves pinned to circles as
well as rectangles with the ratio w/h ~ 1 are similar to Archimedean spirals. When w /A increases, deformations
of the spiral shapes are observed. For extremely thin rectangles with w/h >> 1, these shapes can be constructed by
employing semicircles with different radii which relate to the obstacle width and the core diameter of free spirals.

DOI: 10.1103/PhysRevE.91.052912

I. INTRODUCTION

Propagating spiral waves have been discovered in various
reaction-diffusion systems such as CO oxidation on platinum
surfaces [1], cell aggregation in slime mold colonies [2],
electrical wave propagation in cardiac tissues [3], and concen-
tration waves in the Belousov-Zhabotinsky (BZ) reaction [4,5].
In the heart, electrical spiral waves are connected with cardiac
tachycardia and life-threatening fibrillations [6,7]. Such spiral
waves may cease when their tip hits the boundary of the
medium. However, they will survive much longer if they are
pinned to anatomical inhomogeneities or obstacles, e.g., veins
or scars [3].

Unexcitable disks have been widely taken as model obsta-
cles to study the effects of obstacle size on the properties of
spiral waves pinned to them. Tyson and Keener’s theoretical
work [8] predicted that a spiral wave rotating around a circular
hole has period and velocity that increase when the hole is
enlarged. Tanaka et al. [9] proposed a formula which showed
that the spiral wave velocity at the periphery of the circular
obstacle increases with the obstacle radius. Simulations by
Fu et al. [10] revealed that both unexcitable and partially
excitable circles cause the period of spiral waves to increase
with their radii. Similarly, Cherubini et al. [11] showed that
the wavelength and the period also increase linearly with
the obstacle radius in cardiac model systems, regardless of
whether the elasticity of the medium was included in the
simulations. For spiral waves in cardiomyocytes, their velocity
and wavelength were found to increase linearly with the
circumference of the circular obstacle [12].

Experiments using thin layers of the photosensitive
ruthenium-catalyzed BZ reaction [13] have demonstrated that

*Corresponding author: fscicyl@ku.ac.th

1539-3755/2015/91(5)/052912(8)

052912-1

PACS number(s): 05.45.—a, 05.65.4+b, 82.40.Ck, 82.40.Qt

wave period, wavelength, and velocity of a spiral wave
increased from 26 s, 1.3 mm, and 49.6 um s~* to 49 s,
3.4 mm, and 74.3 um s, respectively, after an artificial
circular core was created by a laser spot of 1.2 mm in
diameter. A scroll ring (i.e., a spiral structure in three
dimensions) has been often observed to contract and even-
tually self-annihilate [14,15]. However, the contraction was
suppressed when the scroll ring was pinned to spherical plastic
beads [16,17].

In this article, we present an investigation of the dynamics
of pinned spiral waves in BZ media. We chose two different
simple forms of obstacles: circles and rectangles. Circles
are symmetric objects which were used in many studies of
pinned spiral waves in experiments and simulations, whereas
rectangles have the advantage that their width and height
are adjustable to obtain different circumferences while the
area can be fixed to a constant value. We confirmed our
experimental results by numerical simulations using the
Oregonator model [18,19].

Il. EXPERIMENTS

A. Experimental methods

We prepared the Belousov-Zhabotinsky (BZ) solutions
from NaBrO3, H,SO,4, malonic acid (MA), and ferroin, all
purchased from Merck. Stock solutions of NaBrOz (1 M)
and MA (1 M) were freshly produced by dissolving powder
in deionized water (conductivity ~ 0.056 pScm™!), whereas
stock solutions of H,SO4 (2.5 M) and ferroin (25 mM)
were commercially available. To prevent any hydrodynamic
perturbation, the reaction was embedded in a 1.0% w/w
agarose gel (Sigma). Appropriate volumes of the stock
solutions were mixed and diluted in deionized water to form
BZ solutions with initial concentrations: [H,SO4] = 160 mM,

©2015 American Physical Society
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FIG. 1. (Color online) Spiral waves in the BZ reaction: (a) A free
spiral wave (no obstacle) with a spiral core of 1.0 mm diameter (black
circle), and spiral waves pinned to (b) a circle with diameter 2.8 mm
and to rectangles with dimensions (c) 2.3 mm x 2.6 mm and (d) 6.5
mm x 0.9 mm.

[MA] = 50 mM, [NaBrOz] = 50 mM, and [ferroin] = 0.625
mM. At a temperature of 15 °C, the BZ solutions supported
spiral waves with wavelength, period, and velocity of 7.5 mm,
11.4 min, and 0.66 mm min—1, respectively.

The influence of unexcitable obstacles on the propagation
of spiral waves (shown, e.g., in Fig. 1) was investigated in
a uniform thin layer of the BZ reaction using a flat reactor
(volume 100 x 100 x 1.0 mm?®) constructed from transparent
Plexiglas [20]. Eight circles with different diameters of 1.5,
1.9,2.5,2.8,3.1,3.5,3.9,and 4.5 mm and four rectangles with
width and height of 2.3 x 2.6, 46 x 1.3, 49 x 1.2, and
6.5 x 0.9 mm? were created also from Plexiglas plates
(thickness 1.0 mm, the same as for the BZ layers) using a
computerized laser cutting machine [see Figs. 1(b)-1(d) for
examples of the obstacles]. The area A and the circumference
[ of circular and rectangular obstacles are summarized in
Fig. 2(a). In each experiment, one obstacle was attached in
the reactor before filling in the BZ solution.

A spiral wave pinned to an obstacle was initiated by
a two-layer method as demonstrated earlier (cf. Fig. 1 in
Ref. [21]). During the observations, the reactor was placed
in a transparent thermostatting bath to control the temperature
at 15 + 0.1 °C. The bath was set between a white light source
and a color charge-coupled-device camera (Super-HAD, Sony)
to record the images of the spiral wave every second with a
resolution of 0.10 mm pixel™. The wavelength, the period,
and the velocity of spiral fronts were measured at locations at
least one wavelength away from the tip of free spirals or from
the obstacle edges to which the spirals were pinned to avoid
the curvature effect as described in an earlier work [22].

It is worth noting that a difficulty of this experimental
investigation comes from the long period of pinned spiral
waves and emergences of undesired circular waves and
free spirals that are often generated by some sources, like
dust particles, in the BZ reaction. Due to their shorter
period, these waves, especially the free spirals, interact
and subsequently overcome the pinned spiral waves after
some time, as mentioned earlier by Steinbock and Miiller
in Ref. [13]. If such undesired waves occur, by chance,
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near the obstacles and the structure of pinned spiral wave is
perturbed, the measurement criterion described above cannot
be fulfilled. In this case, the experiments were repeated with
new preparations of the BZ reaction. Therefore, carefully
cleaning of the reactor as well as the obstacles before the
experiments should be done to minimize the undesired waves.

B. Experimental results

Figure 1 illustrates examples of spiral waves with different
wavelengths observed in our experiments. In the absence
of obstacles, the BZ solutions supported spiral waves with
wavelength A = 7.5 mm and the spiral tip (measured location
as in Ref. [20]) traced a circular area of 1.0 mm in diameter, as
in Fig. 1(a). Spiral waves pinned to obstacles having a similar
area of about 6 mm? but differing in shape and circumference /
are shown in Figs. 1(b)-1(d). The wavelength A was enlarged
to 14.3 mm for the case of a circle with diameter 2.8 mm
[/ = 8.8 mm, Fig. 1(b)]. A similar wavelength (A = 14.4 mm)
was observed for the rectangle with dimensions 2.3 mm x
2.6 mm [/ = 9.8 mm, Fig. 1(c)]. The longer rectangle with
dimensions 6.5 mm x 0.9 mm [/ = 14.8 mm, Fig. 1(d)]
resulted in a much larger wavelength of 20.3 mm.

Figure 2 summarizes the properties of pinned spiral waves
as well as obstacles investigated in our experiments. Since
free spiral waves in the BZ solutions rotated around a circular
core with diameter of 1.0 mm, we considered the core as a
circular obstacle and included the properties of the free spirals
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FIG. 2. (Color online) Properties of spiral waves as a function of
the obstacle circumference [ in the BZ reaction: (a) obstacle area
A, (b) wavelength A, (c) wave period T, [(d) and (e)] velocities sobs
and s of waves adjacent to and far from the obstacles, respectively,
and (f) percentage difference As between sqs and s. Filled circles:
no physical obstacles (spiral core diameter 1.0 mm); open circles:
circular obstacles; open rectangles: rectangular obstacles.
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in Fig. 2 (see filled circles) for the purpose of comparison.
Figure 2(a) shows the relation between area and circumference
of the obstacles. As the diameter increases from 1.0 to
4.5 mm, the circumference / and the area A of the circles
increase simultaneously from 3.1 to 14.1 mm and 0.8 to 15.9
mm?, respectively. In contrast, the four rectangles (2.3 x 2.6,
4.6 x 1.3,4.9 x 1.2, and 6.5 x 0.9 mm?) with a circumference
[ ranging between 9.8 and 14.8 mm have almost the same area
size of about 6 mm?,

The spiral waves propagated around the obstacles with
wavelength A [Fig. 2(b)] and wave period T [Fig. 2(c)]
increasing with the obstacle circumference [ in both the cases
of circles and rectangles. Moreover, data points from all
obstacles lay approximately on the same line of each graph.
The growth rate of the wavelength and the period with respect
to the circumference are estimated by linear fitsas A /I = 1.064
+0.043and T/I =0.806 + 0.047 min mm~1. To investigate the
influence of the obstacles on the velocity of the spiral waves,
we calculated the average velocity of the wave ends attached
to the obstacles sqps as the ratio between the circumference and
the period sops = 1/ T as well as that of the spiral fronts far away
from the obstacles s as the ratio between the wavelength and
the period s = A/T. As shown in Figs. 2(d) and 2(e), both sqps
and s increase with I. Even though sqps is always smaller than
s for a given obstacle, its growth rate of sops (sops/! = 0.037 £
0.002 min~1) is larger than that of s (s// = 0.024 + 0.002
min~?t). Therefore, their percentage difference [As(%) =
|sobs — 81/ (sobs + 8)/2 x 100] becomes smaller, while the
circumference increases, as indicated in Fig. 2(f).

The structure of pinned spiral waves is also affected by
the obstacles, as shown in Fig 3. During their evolution
around circles, the spiral shape remains unchanged all the
time and is well fitted by an Archimedean spiral [Fig. 3(a)].
For a rectangle with the width w similar to the height A
(i.e., w/h = 0.9), the pinned spiral wave still looks similar
to an Archimedean spiral [Fig. 3(b)]. When the ratio w/h of
the rectangle is increased (i.e., to a more asymmetric shape),
the spiral deviates farther from an Archimedean one [e.g., in
Fig. 3(c) with w/h = 7.2]. In fact, the observed structures
differ from any other mathematical spiral known to us (i.e.,
Euler’s, Fermat’s, hyperbolic, logarithmic spirals, etc.). These
unusual spiral shapes also change periodically, while the
waves rotate around the obstacles. As shown in Fig. 3(c),
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the wave front near the obstacle has a high curvature when
the wave end turns around the short boundaries on the left
and the right. As the wave end propagates further along the
long edges (the upper and the lower walls), the curvature
of the nearby front continually decreases. A description of
a spiral wave pinned to a rectangle similar to Fig. 3(c), but
with extremely high w/h, is given in the section of simulation
results (see Figs. 7 and 8).

111. SIMULATIONS
A. Simulation methods

Numerical simulations have been performed using the
two-variable Oregonator model, as in Eq. (1), to describe the
dynamics of the activator « and the controller v which account
for the concentrations of HBrO, and the catalyst in the BZ
reaction, respectively,

du 1 u—
— == u—uz—fv 4 —|—DL,V2u,
at & u-+q
)
v 9
— =u—v+ D,V-v.
ot

As in a study by Jahnke and Winfree [19], the parameters were
chosen as ¢ = 0.01, ¢ = 0.002, f = 1.4, and the diffusion
coefficientsas D, = 1.0 and D, = 0.6. For this parameter set,
the system supported spiral waves with a circular spiral core
of 0.9 space units (s.u.) in diameter, wavelength = 10.5 s.u.,
period = 1.55 time units (t.u.), and velocity = 6.76 s.u. t.u.”*.

The variables u and v in Eq. (1) were calculated using
an explicit Euler method with a nine-point approximation
of the two-dimensional Laplacian operator on a discrete
system of a dimensionless size = 160 x 160 s.u. with a
uniform grid space of Ax = Ay = 0.1 s.u. and a time step
At =3.0 x 1072 t.u., as required for numerical stability [Ar <
(3/8)(Ax)]? [23]). A single unexcitable circle or rectangle was
defined as the obstacle in each simulation. The boundaries of
both the medium and the obstacle had no-flux conditions. The
implementation of a circular obstacle with no-flux boundary
was described in a recent publication [24]. We tested totally
10 circles with different diameters of 1.5, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 9.0, and 10.0 s.u. and six rectangles with widths
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FIG. 3. (Color online) Image overlays of counterclockwise rotating spiral waves pinned to (a) a circle with diameter 2.8 mm and to
rectangles with dimensions (b) 2.3 mm x 2.6 mm and (c) 6.5 mm x 0.9 mm in the BZ reaction. Dashed curves in (a) and (b) are Archimedean

spirals with origins located at the obstacle centers.
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FIG. 4. Spiral waves in the Oregonator model: (a) a free spiral
wave (no obstacle, spiral core diameter 0.9 s.u.) and spiral waves
pinned to (b) a circle with diameter of 1.5 s.u., () a rectangle with
dimensions 8.5 s.u. x 0.2 s.u. and (d) a circle with diameter of
5.0s.u.

10 s-uy

and heights of 1.3 x 1.3, 1.7 x 1.0, 3.4 x 0.5, 5.4 x 0.3,
8.5 x 0.2,and 17.0 x 0.1s.u.%.

To create a spiral wave pinned to an obstacle, a planar wave
was triggered by setting a five-grid-point strip at the left edge
of the medium to an excited state (e.g., u = 1.0and v =0
for 0.0 < x < 0.5). When the wave front reached the obstacle
(around the middle of the medium), half of the medium was
reset to an excitable state (e.g.,u =0and v=0for80.0 < y <
160.0), leading to a planar wave with two ends attached to the
edges of the obstacle and the system. Subsequently, the wave
front curled to form a pinned spiral wave rotating around the
obstacle (cf. Fig. 1 in Ref. [21]).

B. Simulation results

Examples of spiral waves with wavelengths depending on
the obstacle circumference in the Oregonator model are shown
in Fig. 4. A free spiral wave, as in Fig. 4(a), has a wavelength
A =10.5s.u. and its tip rotates around a circular core (diameter
0.9 s.u.). Spiral waves pinned to three different obstacles are
shown in Figs. 4(b)-4(d). A small circle with a diameter of
1.5 s.u. (area A = 1.77 s.u.?, circumference I = 4.7 s.u.), in
Fig. 4(b), caused a small expansion of the wavelength to 10.7
s.u., while a rectangle with dimensions 8.5 s.u. x 0.2 s.u. with
asmaller area A = 1.70 s.u.?, but a much longer / = 17.4 s.u.,
in Fig. 4(c), resulted in a spiral wave with a wavelength » =
20.7 s.u. In Fig. 4(d), a pinned spiral wave with a wavelength
A = 20.2 s.u., similar to that in Fig. 4(c), was obtained from
a circular obstacle with a diameter of 5.0 s.u. having a similar
circumference (! = 15.7 s.u.) but much larger area (A =
19.64 s.u.?) in comparison to the rectangle in Fig. 4(c).

The properties of pinned spiral waves and obstacles in our
simulations are presented in Fig. 5. As in the experimental
part, the free spiral waves were taken as if they were pinned to
acircular obstacle with diameter of 0.9 s.u. and their properties
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FIG. 5. (Color online) Properties of spiral waves as a function of
the obstacle circumference I in the Oregonator model: (a) obstacle
area A, (b) wavelength A, (c) wave period T, [(d) and ()] velocities sqps
and s of waves adjacent to and far from the obstacles, respectively,
and (f) percentage difference As of sops and s. Filled circles: no
physical obstacles (spiral core diameter 0.9 s.u.); open circles: circular
obstacles; open rectangles: rectangular obstacles.

were included in this figure (see the filled circles). The obstacle
areas A with different circumferences / are shown in Fig. 5(a).
For the circular obstacles, the circumference [ and the area
A increase simultaneously from 3.0 to 31.4 s.u. and 0.71 to
78.55s.u.2, respectively, when the diameter increases from 0.9
t0 10.0 s.u. In contrast, the six rectangles with circumferences
[ between 5.2 and 34.2 s.u. have similar area sizes of 1.62—
1.70 s.u.?2. As shown in Figs. 5(b)-5(f), both circular and
rectangular obstacles affected the properties of simulated spiral
waves in the same manner as found in the experiments. The
wavelength A and the period T increase monotonously with
a growth rate of A/l = 0.921 + 0.020 and T/l = 0.052 +
0.001 t.u. s.u.”. For a given obstacle, the waves adjacent to
the obstacle always propagate slower than the waves far from
the obstacle (sops < s) but the rate sqs/l = 0.288 + 0.015
t.u.~! is larger than s/ = 0.195 4 0.006 t.u.~%. Thus, the
percentage difference As of the velocities decreases, while
the circumference increases.

Figure 6 illustrates examples of spiral structures for differ-
ent obstacles. For circles and squares (i.e., the ratio of width
and height w/h = 1.0), the shape of the spiral waves is ap-
proximated by Archimedean spirals, as in Figs. 6(a) and 6(b),
respectively. For other rectangles with w/h > 1, the spiral
waves adapt to unusual shapes, which change periodically as
observed in our experiments. Figure 6(c) depicts a spiral wave
rotating around a rectangle with extremely high w/h of 170.
Shortly after the spiral performs a narrow U turn at the left and
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FIG. 6. (Color online) Image overlays of counterclockwise rotating spiral waves pinned to (a) a circle with diameter 5.0 s.u. mm and to
rectangles with dimensions (b) 1.3 s.u. x 1.3 s.u. and (c) 17.0 s.u. x 0.1 s.u. in the Oregonator model. Dashed curves in (a) and (b) are

Archimedean spirals with origins located at the obstacle centers.

the right ends, the wave front near the obstacle has a very high
curvature. Then its curvature decreases, while the wave front
traces the horizontal upper and lower walls of the obstacle.

In the following, we consider the spiral shapes in Fig. 6(c),
as a first attempt to describe the structures of spiral waves
pinned to rectangular obstacles. The overlaid image in Fig. 6(c)
is separated into two sections: an upper and a lower half as
shown in Figs. 7(a) and 7(b), respectively. Interestingly, they
look like two halves of the well-known target patterns, which
are often observed in excitable media. All wave fronts in both
Figs. 7(a) and 7(b) fit to semicircles, the centers of which are
close to (but do not touch) the right and the left boundary
of the obstacle, respectively. Figures 7(c)-7(e) show a time
series of the segment of a wave front close to the obstacle,
while the spiral turns around the right boundary. When the
segment reaches the lower right corner, it is almost planar
and propagates to the right [Fig. 7(c)]. Shortly afterwards it
passes the corner and an additional semicircular front appears
[Fig. 7(d)]. Subsequently, the semicircular front expands above
the obstacle, as if it is emitted from a point source according
to the Huygens principle. The center of the point source is
located at a distance § ~ 0.5 s.u. away from the obstacle wall
[Fig. 7(e)]. Note that the distance § is approximately half of
the core diameter of a free spiral wave (0.9 s.u.).

Figure 8(a) illustrates a construction of the structure of the
spiral wave with its end moving along the upper boundary
of a very thin rectangle (dimensions = 17.0 s.u. x 0.1 s.u.)
by using the upper and lower semicircles shown in Figs. 7(a)
and 7(b). Starting from the wave end attached to the obstacle,
the wave front fits to the upper half of the smallest circle
Co. Then it continues with the lower half of the next circle
C;. Subsequently, the front alternates to the upper half of the
circle C, and the lower half of the next circle Cg, respectively.
In Fig. 8(b), centers and radii of the circles are drawn. The
centers of Cy and C; are located close to the right boundary
of the obstacle, whereas those of C; and C; are at the
left boundary. The centers are far from the boundary at the
same distance (8§ ~ 0.5 s.u.). This description is valid for a
time interval of about half the rotation period, i.e., during the
time that the wave end needs to trace the upper boundary of

the obstacle from the right to the left end. Then the wave end
turns at the left boundary and a new smallest semicircular wave
(new Co) appears at the lower boundary. This spiral shape can

S>obstacle

FIG. 7. (Color online) Estimation of the structure of a spiral wave
pinned to a very thin rectangle in the Oregonator model. Some wave
fronts in (a) the upper and (b) the lower sections of the overlaid
image in Fig. 6(c) are compared to semicircles (dashed curves), the
centers of which are located close to the right and the left edges of
the obstacle. [(c)-(e)] When the wave front turns by an angle of 180°
at the right boundary, a semicircular front appears, as if it is produced
from a point source [the center of the dashed circle in (€)].
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FIG. 8. (Color online) Graphical description of the structure of
a spiral wave pinned to a very thin rectangle (black bar) using
semicircles. (a) Three consecutive plots of the counterclockwise
rotating spiral with the end tracing the upper boundary of the obstacle.
The spiral structure at some instant of time can be estimated asa curve
that alternately connects upper and lower semicircles of different sizes
(corresponding halves of the dashed circles C, to C3). (b) Estimation
of the radii ro to r3 of the circles Cy to Cs having different centers
(two small filled circles) close to the left and the right boundary of
the obstacle. For the purpose of illustration, the distance § is enlarged
to a scale different from that of the width w and the radii rq to rs.
The vertical dashed lines represent the contact positions of semicircle
pairs as indicated by the labels.

be described in the same manner after a reorganization of the
circles Cy to Cs and their centers.

According to the lifetime of the smallest circle Cgy, which is
limited to about half of the rotation period as described above,
the radius ry of the growing Cy is also limited by the obstacle
width w and the distance § of the circle center: 0 < rg < w +
8. It can be clearly seen in Fig. 8(b) that the radii of the larger
circles are related to o, w, and § as r, = ro + n(w + 26),
where n is an integer.

IV. DISCUSSION AND CONCLUSION

We have presented an investigation of spiral waves pinned
to unexcitable obstacles with different sizes and shapes in thin
layers of the BZ reaction as well as in simulated systems
based on the Oregonator model. Circles with increasing
areas and circumferences and rectangles with equal areas but
different circumferences were chosen as the obstacles. The
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results in Figs. 1, 2, 4, and 5 show the common features
of the influence of these obstacles on the spiral waves: The
pinned spirals propagate with their wavelength, period, and
velocity increasing with the obstacle circumference, regardless
of the obstacle area. This implies that for such pinning
phenomena, the obstacle sizes are more influential due to their
circumferences than by their areas.

The time and space units of the simulations are related
to the experiments as t.u. = 1/ks[MA + BrMA] and s.u. =
/D /ks[MA + BrMA], where the rate of reaction ks and the
diffusion D of HBrO, are 0.4M~'s~* and 1.5 x 10~°cm?s~%,
respectively (cf. Ref. [19]). We used [MA+BrMA] =
0.050 M in the experiments so t.u. = 0.83 min and s.u. =
0.27 mm, which results in the core diameter, wavelength,
period, and velocity of the free spiral waves as 0.25 mm,
2.88 mm, 1.29 min, and 2.22 mm min~1, respectively. These
calculations imply that the excitability in our simulations is
relatively higher than that of the real BZ reaction in our experi-
ments, since the simulated spirals had a smaller core diameter,
shorter wavelength, shorter period, and higher velocity than
for the case of BZ spiral waves. In addition, although our
simulations were performed in the excitable regime of the
local dynamics [19], we conjecture that pinned spiral waves
in oscillatory media would behave in a similar manner. This
would hold at least for cases of long period oscillations,
because the oscillations will be suppressed by rotating spiral
waves with shorter periods, as found in experiments reported
earlier [13] as well as in this study.

Tyson and Keener described in Ref. [8] that in determining
the angular frequency w and the asymptotic normal velocity
¢ (at locations far from the hole) of a spiral wave rotating
around a hole with radius rq in a given medium, the curvature
relation (w as a function of ¢ and () and the dispersion relation
(c as a function of w) must be simultaneously satisfied (see
Eqg. (24) in Ref. [8]). Both relations are nonlinear and can be
solved graphically. Examples for various choices of rq in the
Oregonator model are given in Fig. 18 of Ref. [8] (agraph of the
velocity c versus the period T). It is clear from the intersections
of the curves that both the velocity ¢ and the period T of the
spiral wave increase simultaneously with the hole radius ro.
The results also imply that the wavelength A increases with
rg, since A = ¢ T. Thus, our measurements of both circular
and rectangular obstacles shown in Figs. 2, 5(b), 5(c), and 5(e)
are consistent with the prediction in Ref. [8], even though it
was derived only for the circular case. The necessity of the
adjustment of the angular frequency w due to the presence of
a circular hole in the core region of Archimedean spiral waves
has been confirmed in a theoretical study by M. Tsoi [25].
Starting from the curvature effect and the methods employed
in Ref. [8], Tanaka et al. [9] showed that the velocity of a spiral
wave at the periphery of a circular obstacle increases with the
radius of the obstacle (cf. Eq. (8) in Ref. [9]), which agrees
well with our results in Figs. 2(d) and 5(d).

Our present findings show that the proposed theories in
Refs. [8,9], which predict how the properties of a pinned spiral
wave depend on the radius of a circular obstacle, are also valid
for other forms (at least for rectangles) after introducing a
small modification in the formulas, e.g., replacing the radius »
of the circular obstacle by an equivalent quantity //2s (since
r =1/27 for a circle), where [ is the obstacle circumference.
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Circular obstacles have been used in many investigations
of the influence of obstacle size on the release of pinned
spiral waves. A train of electrical stimuli with a sufficiently
high frequency funpin Can induce unpinning of spiral waves.
The funpin increases with the obstacle diameter [9,26-28]. An
applied electric field causes reorientation and deformation
of ring-shaped filaments of three-dimensional spiral waves
(so-called scroll rings) that are pinned to a pair of unexcitable
spheres in a BZ solution before the filaments are detached
from these spheres [29]. A recent investigation [21] on the
unpinning of spiral waves by an applied electrical current in
the BZ reaction illustrated that a current with a density higher
than a critical value Jynpin Can release spiral waves pinned to
circular unexcitable objects. Similarly to the frequency funpin,
the Junpin increases with the obstacle diameter. Further studies
on the unpinning of spiral waves from obstacles with other
forms, e.g., rectangles, are suggested to elucidate whether the
critical value of the forcing (for instance, the frequency funpin
of the wave train and the critical current density Junpin) relates
solely to the obstacle circumference, as in the case for the
properties of pinned spiral waves investigated here.

In contrast to the common features of the parameters of
propagation in Figs. 2 and 5, the circular and rectangular
obstacles result in different shapes of the spiral waves pinned
to them. As shown in Figs. 3 and 6, the spirals are similar to
Archimedean ones when pinned to circles or rectangles with
a width w similar to the height 2 (w/h = 1), while the ones
pinned to asymmetric rectangles have unusual forms, which
also change with time. The structure of a spiral wave pinned
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to a rectangle with extremely high w/h can be described by
using semicircles with radii depending on the width w and the
core diameter (25) of free spirals, as illustrated in Figs. 7 and 8.

It has been shown earlier that the shapes of free spiral
waves with circular cores [30] or those pinned to circular
obstacles [31] are comparable to Archimedean spirals.
Actually, meandering spiral waves rotating about noncircular
cores [22 and references therein] have been more often
observed, since they occur in broad ranges of system
parameters of excitable media. The structures of these spirals,
especially for extremely anisotropic cases like Z-shaped and
linear cores [32-35], are complicated and have not yet been
analyzed sufficiently. We assume that the structure of spiral
waves pinned to a very thin rectangular obstacle, as described
in this study, is similar to but simpler than that of free spiral
waves with linear cores. While the thin rectangle remains at
the same location all the time, the orientation of the linear
cores is time dependent (see, e.g., Fig. 6(a) in Ref. [32] and
Fig. 1(f) in Ref. [34]). Therefore, the fixed thin rectangular
obstacle might be taken as a special case of the linear cores
that remain stable or change very slowly in time.
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