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 คลืÉนสไปรอลในตวักลางกระตุน้ไดซ้ึÉงเกดิขึÊนในตวักลางชนิดต่างๆ กนั สามารถอธบิายไดด้ว้ยกลไก

ปฏกิริยิาและการแพร่ทีÉคลา้ยคลงึกนั คลืÉนประเภทนีÊมผีลกระทบต่อสุขภาพของมนุษย ์ กล่าวคอื คลืÉน

ศกัยไ์ฟฟาในรปูแบบสไปรอล้ เป็นสาเหตุของโรคหวัใจบางชนิด เช่น ventricular tachycardia และ 

ventricular fibrillation อนัเป็นสาเหตุหลกัของหวัใจวาย ในส่วนของงานวจิยัดา้นการทดลองนิยมใชต้วักลาง

เคมปีฏกิริยิาบโิลซอฟ-ซาบอทนิสก ี เนืÉองดว้ย ความสะดวกในการเตรยีมตวักลางตลอดจนการบนัทกึผลการ

ทดลอง  โครงการวจิยันีÊมวีตัถุประสงคเ์พืÉอศกึษาอทิธพิลของรปูร่างและการเรยีงตวัของสิÉงกดีขวางต่อการ

เคลืÉอนทีÉของคลืÉนสไปรอลและการกาํจดัคลืÉนทีÉถูกตรงึดงักล่าวดว้ยสนามไฟฟาในตวักลางเคม ี  โดยผลการ้

ทดลองไดร้บัการยนืยนัจากการจาํลองแบบทางคอมพวิเตอร ์

 เมืÉอความหนาแน่นกระแสไฟฟามค่ีามากพอคอื ้ Junpin, หวัสไปรอลซึÉงถูกตรงึดว้ยสิÉงกดีขวางวงกลมจะ

ถูกดงึออกและเลืÉอนห่างออกจากสิÉงกดีขวาง โดยค่าวกิฤต ิJunpin มขีนาดเพิÉมขึÊนตามขนาดเสน้ผ่านศนูยก์ลาง

ของสิÉงกดีขวาง d อกีทั ÊงอตัราการเพิÉม ∆Junpin/∆d มค่ีามากสาํหรบัสิÉงกดีขวางทีÉมขีนาดใหญ่กวา่แกนของส

ไปรอล จากผลการทดลองดา้นอทิธพิลของรปูร่างของสิÉงกดีขวางโดยใชส้ิÉงกดีขวางวงกลมและสีÉเหลีÉยมผนืผา้

พบวา่ สไปรอลทีÉถูกตรงึมคีวายาวคลืÉน คาบเวลาและความเรว็เพิÉมขึÊนตามเสน้รอบวงของสิÉงกดีขวางโดยไม่

ขึÊนกบัพืÊนทีÉของสิÉงกดีขวาง รปูทรงของคลืÉนสไปรอลขึÊนกบัรปูร่างของสิÉงกดีขวาง คลืÉนสไปรอลทีÉถูกตรงึกบั

วงกลมหรอืสีÉเหลยีมจตุรสัมรีปูทรงใกลเ้คยีงกบัสไปรอลอารค์มีเีดยีน แต่สาํหรบักรณสีีÉเหลยีมผนืผา้ทีÉยาว

เรยีว รปูทรงของคลืÉนสไปรอลสามารถสรา้งโดยการต่อครึÉงวงกลมทีÉมขีนาดสมัพนัธก์บัความยาวของสิÉงกดี

ขวาง 

 

คาํหลกั:  ตวักลางทีÉถูกกระตุน้ได,้ คลืÉนสไปรอล, ปฏกิริยิาบโิลซอฟ-ซาบอทนิสก,ี กลไกปฏกิริยิาและการ
แพร,่ การตรงึ  
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Abstract 
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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 Junpin, the 

spiral tip, pinned to a circular obstacle, is detached and subsequently drifts away from the obstacle. 

Junpin is found to increase with the obstacle diameter d. The growth rate ∆Junpin/∆d 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 be 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 
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1. บทนํา 
 

1.1 ความสาํคญัและทีÉมาของปัญหา 

 

โครงการวจิยันีÊมวีตัถุประสงคเ์พืÉอศกึษาอทิธพิลของรปูรา่งและการเรยีงตวัของสิÉงกดีขวางต่อการ

เคลืÉอนทีÉของคลืÉนสไปรอลและการกาํจดัคลืÉนทีÉถูกตรงึดงักล่าวดว้ยสนามไฟฟาในตวักลางเคมี้ ปฏกิริยิาบโิล

ซอฟ-ซาบอทนิสก ีพลศาสตรข์องคลืÉนในตวักลางทีÉถูกกระตุน้ได ้(excitable media) ซึÉงมคีวามสาํคญัดงัเช่น 

คลืÉนในตวักลางสองมติเิกีÉยวขอ้งกบัการกาํจดัก๊าซมลพษิจากท่อไอเสยี (clean exhaust) [3] ซึÉงเป็นผลงาน

ส่วนหนึÉงทีÉทาํใหศ้าสตราจารยแ์อรทล ์(Prof. G. Ertl) ไดร้บัรางวลัโนเบลสาขาเคม ีในปี ค.ศ. 2007 [4]   

ในส่วนของคลืÉนสามมตินิั Êน นกัวทิยาศาสตรจ์ากหลายแขนงสาขาใหค้วามสนใจอยา่งมากเนืÉองจากมี

ผลการวจิยัโดยใชเ้นืÊอเยืÉอหวัใจจากสตัว ์ [17] ทีÉสนบัสนุนวา่ คลืÉนศกัยไ์ฟฟา้ ในสามมติทิีÉเรยีกวา่คลืÉนสกอล ์

(scroll wave) เป็นสาเหตุของโรคหวัใจบางชนิด เชน่ ventricular tachycardia ซึÉงมผีลใหจ้งัหวะการเตน้ของ

หวัใจเรว็ขึÊนแต่ประสทิธภิาพการสบูฉีดโลหติลดลง การทีÉคลืÉนดาํรงอยูใ่นหวัใจไดน้านนั ÊนเชืÉอวา่เกดิจากการทีÉ

คลืÉนถูกตรงึไวก้บัจุดบกพร่อง (localized defect) ในตวักลาง  

สถานการณ์จะเลวรา้ยมากขึÊนหากเกดิปรากฏการณ์คลืÉนโกลาหลของวนิฟร ี (Winfree turbulence) 

[18]  ซึÉงเรยีกขานตามชืÉอศาสตราจารยว์นิฟร ี (Prof. A.T. Winfree) ผูร้ายงานการพบปรากฏการณ์ สิÉงทีÉ

น่าสนใจคอื ปรากฏการณ์นีÊเกดิเฉพาะในแผ่นเนืÊอเยืÉอหวัใจทีÉหนา (สามมติ)ิ เท่านั Êน ปรากฏการณ์คลืÉน

โกลาหลนีÊมผีลใหเ้กดิภาวะ ventricular fibrillation อนัเป็นสาเหตุหลกัของหวัใจวาย  ผลกระทบโดยตรงต่อ

มนุษยน์ีÊเป็นปจจยัหนึÉงทีÉกระตุน้ใหเ้กดิการวจิยัในดา้นการควบคุมพลศาสตรข์องคลืÉนทั Êงในสองและั สามมติ ิ

รวมทั ÊงการระงบัความโกลาหลของคลืÉน อยา่งกวา้งขวางในช่วงสองทศวรรษทีÉผ่านมา [20] 

เป็นทีÉทราบกนัดวีา่ ในหวัขอ้วจิยัเดยีวกนันั Êน การทดลองคลืÉนในสามมติซิบัซอ้นมากกวา่การทดลอง

สองมติ ิ โครงการวจิยันีÊจงึศกึษาคลืÉนในสองมติเิพืÉอใหไ้ดเ้งืÉอนไขทางการทดลองทีÉเหมาะสม ผลจาก

โครงการวจิยันีÊจะเป็นเครืÉองชีÊนําใหก้บัการทดลองในสามมติใินโครงการวจิยัต่อๆไป ในโครงการนีÊไดเ้ลอืก

ศกึษาคลืÉนในตวักลางเคม ีคอื ปฏกิริยิาบโิลซอฟ-ซาบอทนิสก ี (Belosov-Zhabotinsky reaction) [6,7] โดย

จะใชป้ฏกิริยิาทีÉไดร้บัการปรบัปรุงแลว้ซึÉงมสี่วนผสมของไพโรแกลลอล (pyrogallol) [28-30] เพืÉอหลกีเลีÉยง

ปญหาฟองอากาศซึÉงรบกวนการเคลืÉอนทีÉของคลืÉนเมืÉอทาํการทดลองเป็นเวลานานั  

 การเลอืกศกึษาตวักลางแบบเคมนีั Êนมเีหตุผลสองประการคอื ประการแรก เป็นทีÉยอมรบัในวงการ

วจิยัวา่ พลศาสตรข์องคลืÉนในตวักลางทีÉถูกกระตุน้ไดช้นิดต่างๆกนันั Êนเกดิจากกลไกเดยีวกนัคอื กลไก

ปฏกิริยิาและการแพร่ (reaction-diffusion mechanism) [1] ซึÉงตวักลางแต่ละชนิดอาจมรีายละเอยีดทีÉต่างกนั 

ดงันั Êนความรูท้ ีÉไดจ้ากการศกึษาคลืÉนในตวักลางเคมจีงึสามารถนําไปประยกุตใ์ชก้บัตวักลางอืÉนๆได ้ และ 

ประการทีÉสอง การเตรยีมตวักลางเคมงี่ายกวา่ตวักลางแบบสิÉงมชีวีติและยอ่มทาํการทดลองซํÊาเพืÉอยนืย ั

ผลไดง้่ายกวา่ 
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1.2 วตัถปุระสงคข์องโครงการวจยัิ  

 
1. เพืÉอศกึษาอทิธพิลของรปูร่างและการเรยีงตวัของสิÉงกดีขวางต่อการเคลืÉอนทีÉของคลืÉนสไปรอลใน

ตวักลางเคมปีฏกิริยิาบโิลซอฟ-ซาบอทนิสก ี

2. เพืÉอศกึษาการกาํจดัคลืÉนสไปรอลทีÉถูกตรงึดว้ยสนามไฟฟาในตวักลางเคมี้ ปฏกิริยิาบโิลซอฟ-ซาบอ

ทนิสก ี

 
1.3 ประโยชน์ทีÉคาดว่าจะได้รบั  

 

ผลจากโครงการวจิยันีÊจะทาํใหพ้ลศาสตรข์องคลืÉนทั Êงในสองมติกิระจ่างมากขึÊนและคาดวา่จะไดผ้ลงานตาม

วตัถุประสงคท์ีÉตั Êงไว ้เพืÉอเพืÉอเผยแพรใ่นวารสารวชิาการนานาชาต ิ 

 

1.4 ขอบเขตของโครงการวจยัิ  

 

โครงการวจิยันีÊมุง่เน้นศกึษาตวักลางเคมซีึÉงมคีวามเขม้ขน้ของสารตั Êนตน้ในช่วงตํÉาซึÉงทาํใหค้ลืÉ

สไปรอลในตวักลางนีÊมอีตัราเรว็ไม่มากนกั และกระแสไฟฟาทีÉใชป้อนเพืÉอบงัคบัคลืÉนสไปรอลมค่ีาตํÉาเพืÉอหลี้ ้

เลืÉยงการเกดิความรอ้นปรมิาณมากในตวักลางเคม ี

 

2. ทฤษฎี 

 

ตวักลางทีÉถกูกระตุ้นได้และคลืÉนสไปรอล 

ปรากฏการณ์คลืÉนในตวักลางทีÉถูกกระตุน้ได ้(excitable media) เกดิขึÊนในตวักลางชนิดต่างๆกนั แต่

สามารถอธบิายไดด้ว้ยทฤษฎเีดยีวกนั คอื กลไกปฏกิริยิาและการแพร่ (reaction-diffusion mechanism) [1] 

ของตวักระตุน้ (activator) ซึÉงทาํหน้าทีÉนําคลืÉน และ ตวัยบัย ั Êง (inhibitor) ซึÉงทาํหน้าทีÉลดบทบาทของ

ตวักระตุน้ กลไกปฏกิริยิาและการแพร่นีÊทาํใหค้ลืÉนในตวักลางทีÉถูกกระตุน้ไดม้ลีกัษณะเฉพาะตวั กล่าวคอื ใน

ตวักลางทีÉบางมาก (สองมติ)ิ หากหน้าคลืÉนถูกทาํใหข้าดเกดิเป็นปลายเปิด ปลายเปิดนั Êนจะขดมว้นเกดิเป็น

คลืÉนสไปรอล (spiral wave) [2] และจะเกดิคลืÉนในตวักลางอยา่งไม่มทีีÉส ิÊนสุดโดยไม่ตอ้งการแหลง่กาํเนิด

คลืÉนจากภายนอก  ในกรณีนีÊจุดทีÉปลายเปิดหรอืหวัสไปรอล (spiral tip) ทาํหน้าทีÉเสมอืนแหลง่กาํเนิดคลืÉน

และมกัเรยีกวา่ศนูยบ์ญัชาการ (organizing center) ของคลืÉน 

ตวัอยา่งคลืÉนสไปรอลในตวักลางต่างๆ (รปูทีÉ 2.1 ก-ค) ไดแ้ก่ คลืÉนออกซเิดชนัของคารบ์อนมอนอก 

ไซดบ์นผวิทองคาํขาว (clean exhaust) [3,4] คลืÉนการรวมตวักนัของราเมอืก [5] รวมทั ÊงคลืÉนความเขม้ขน้ 

(concentration wave) ในตวักลางปฏกิริยิาบโิลซอฟ-ซาบอทนิสก ี (Belosov-Zhabotinsky reaction) [6,7] 

ซึÉงเป็นทีÉนิยมใชใ้นการวจิยัมากกวา่ตวักลางอืÉนๆในสาขานีÊ งานวจิยัคลืÉนสไปรอลในตวักลางปฏกิริยิานีÊพบวา่ 

วถิหีวัสไปรอล (spiral tip trajectory) อาจเป็นรปูแบบอยา่งง่ายคอืวงกลม หรอื รปูแบบทีÉซบัซอ้นซึÉงเรยีกวา่
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มอีนัเดอริÉง (meandering) [8-10] อกีทั Êงวถิหีวัสไปรอลสามารถควบคุมไดโ้ดยปจจยัภายนอก เช่น แสง ั

[11,12] หรอื สนามไฟฟา้  [13,14] 

 

คลืÉนสกอลแ์ละโรคหวัใจบางชนดิ  

สาํหรบัคลืÉนในตวักลางสามมติเิรยีกวา่คลืÉนสกอล ์ (scroll wave) [15] สามารถเทยีบเคยีงไดก้บัการ

นําตวักลางสองมติทิีÉมคีลืÉนสไปรอลมาซอ้นต่อกนั ในกรณีนีÊศนูยบ์ญัชาการคอืฟิลาเมนต ์ (filament) ซึÉงเป็น

เสน้ในสามมติทิีÉเชืÉอมต่อระหวา่งหวัสไปรอลในชั ÊนทีÉอยูต่ดิกนั การเคลืÉอนทีÉของฟิลาเมนตจ์ะซบัซอ้นตาม

ความโคง้ (curvature) และการบดิ (twist) ของฟิลาเมนต ์ [16] ตวัอย่างรปูแบบของฟิลาเมนตอ์ยา่งง่าย (รปู

ทีÉ 2.1 ง-จ) คอื เสน้ตรงและวงกลม อนึÉง คลืÉนสกอลท์ีÉมฟิีลาเมนตเ์ป็นวงนั Êน นิยมเรยีกวา่สกอลร์งิ (scroll 

ring) [16] 

คลืÉนสกอลไ์ดร้บัความสนใจเป็นอยา่งมาก เนืÉองจาก มกีารทดลองโดยใชเ้นืÊอเยืÉอหวัใจจากสตัวท์ีÉ

สนบัสนุนวา่ คลืÉนสกอลเ์ป็นสาเหตุของโรคหวัใจบางชนดิ [17] กล่าวคอื โดยปกตแิลว้คลืÉนศกัยไ์ฟฟาซึÉงทาํ้

ใหเ้นืÊอเยืÉอหวัใจหดและขยายเพืÉอสบูฉีดโลหติมรีปูแบบเป็นส่วนหนึÉงของคลืÉนทรงกลม (truncated spherical  

wave) แต่หากหวัใจมคีวามผดิปรกตบิางอยา่งจนทาํใหค้ลืÉนศกัยไ์ฟฟาดงักล่าวเปลีÉ้ ยนรปูแบบเป็นคลืÉนสกอล ์

หวัใจจะเตน้เรว็ขึÊนตามความถีÉของคลืÉนสกอลแ์ละประสทิธภิาพการสบูฉีดโลหติจะลดลง (tachycardia) หาก

คลืÉนสกอลน์ั Êนแตกออกเป็นคลืÉนสกอลย์อ่ยๆ เกดิเป็นความโกลาหลของศกัยไ์ฟฟา้  (electrical turbulence) 

จะทาํใหเ้นืÊอเยืÉอหวัใจแต่ละส่วนหดขยายไม่ประสานกนั (fibrillation) และไมส่ามารถสบูฉีดโลหติไดเ้ลย 

ศาสตราจารยว์นิฟร ี (A.T. Winfree) ไดร้ายงานผลวจิยั [18] ทีÉใชแ้ผ่นเนืÊอเยืÉอหวัใจวา่ พบการ

เปลีÉยนรปูของคลืÉนสไปรอลทีÉผวิเนืÊอเยืÉอเป็นคลืÉนโกลาหลเมืÉอแผ่นเนืÊอเยืÉอนั Êนหนากวา่ค่าจาํกดัค่าหนึÉง ดงันั Êน 

ปรากฏการณ์นีÊเกดิขึÊนเฉพาะในตวักลางสามมติเิท่านั Êน (จวบจนปจจุบนั วธิสีงัเกตการณ์สามมติเิตม็รปูแบบั

ของคลืÉน ไฟฟาในเนืÊอเยืÉอหวัใจยงัคงอยูใ่นข ั Êนพฒันา้  [19]) ในภายหลงันกัวจิยัไดข้นามนามวา่ปรากฏการณ์

คลืÉนโกลาหลของวนิฟร ี (Winfree turbulence) เนืÉองดว้ยผลกระทบโดยตรงต่อมนุษยน์ีÊ นกัวทิยาศาสตร์

จาํนวนมากไดทุ้่มเทวจิยัในดา้นการควบคุมคลืÉนทั Êงในตวักลางสองและสามมติ ิ รวมทั Êงการระงบัความ

โกลาหลของคลืÉน ในช่วงสองทศวรรษทีÉผ่านมา [20]  

 

 

 

 

 
 

 

รปูทีÉ 2.1 ตวัอยา่งคลืÉนสไปรอล (ก) ในตวักลางปฏกิริยิาบโิลซอฟ-ซาบอทนิสก ี[2] (ข) คลืÉนออกซเิดชนัของ

คารบ์อนมอนอกไซดบ์นผวิทองคาํขาว [3] (ค) คลืÉนการรวมตวักนัของราเมอืก [5] คลืÉนสกอลซ์ึÉงเปรยีบไดก้บั

การนําคลืÉนสไปรอลมาซอ้นต่อกนั เช่น (ง) คลืÉนสกอลซ์ึÉงมฟิีลาเมนตเ์ป็นเสน้ตรง [21] และ (จ) สกอลร์งิมฟิี

ลาเมนตเ์ป็นวง [22] 

(ก) (ข) (ค) (ง) (จ) 

ฟิลาเมนต ์
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การควบคมุคลืÉนด้วยสนามไฟฟ้า 

การศกึษาผลของสนามไฟฟาต่อคลืÉนทั Êงในตวักลางเคมแีละในการจาํลองแบบทางคอมพวิเตอรน์ั Êน้

พบวา่ สนามไฟฟามผีลใหห้วัสไปรอลเคลืÉอนทีÉเป็นเสน้ตรงทาํมุมกบัสนามไฟฟา โดยอตัราเรว็และขนาดของ้ ้

มุมขึÊนกบัความแรงของสนามไฟฟา้  [13,14] ผลการจาํลองแบบทางคอมพวิเตอรอ์กีฉบบัหนึÉง [23] ไดแ้สดง

วา่ เมืÉอกาํหนดใหส้นามไฟฟาคงทีÉ อตัราเรว็และขนาดของมุมดงักล่าวขึÊนกบัสภาพกระตุน้ไดข้องตวักลาง ้

ผลของสนามไฟฟาต่อคลืÉนในสามมตินิั ÊนขึÊนกบัรปูร่างของฟิลาเมนต ์ เช่น ในบทความของนกัวจิยัทีÉปรกึษา้

และคณะไดร้ายงานวา่ วงฟิลาเมนตจ์ะเคลืÉอนทีÉสวนทางกบัทศิของสนามไฟฟาและขณะเดยีวกนัแรงจาก้

สนามไฟฟามผีลใหร้ะนาบของฟิลาเมนตจ์ดัเรยีงตวัใหม่ ้ (reorientation) [24,25] หากฟิลาเมนตเ์ป็นเสน้ตรง 

ฟิลาเมนตจ์ะเคลืÉอนทีÉภายใตส้นามไฟฟาเช่นเดยีวกบักรณีของหวัสไปรอล ้ [26] 

อนึÉง การเคลืÉอนทีÉของคลืÉนสกอลส์ามารถควบคุมไดด้ว้ยปจจยัภายนอั กอืÉนๆ เช่น เกรเดยีนทแ์สง 

(light gradient) [27,28] (เมืÉอใชต้วักลางเคมทีีÉไวต่อแสง) และ เกรเดยีนทอุ์ณหภมู ิ(temperature gradient) 

[29,30] ในโครงการวจิยัทีÉเสนอนีÊไดเ้ลอืกใชส้นามไฟฟาทีÉส้ มํÉาเสมอทัÊงตวักลางเคมเีป็นปจจยัภายนอก ั (ซึÉง

สามารถทาํไดง้่ายดงัทีÉรายงานในวทิยานิพนธ ์ [31]) เพืÉอใหก้ารวเิคราะห ์ การวจิารณ์ และการสรุปผลการ

ทดลองเป็นไปอยา่งชดัเจน ในขณะทีÉการควบคุมดว้ยแสงหรอือุณหภมูนิั Êน เกรเดยีนทจ์ะเปลีÉยนตามตาํแหน่ง

ในตวักลางและมผีลใหก้ารเคลืÉอนทีÉของคลืÉนสกอลซ์บัซอ้นมากขึÊน [32] 

 

3. ระเบียบวธีวจยัิ ิ  

 

การเตรียมตวักลางเคมีในลกัษณะวุ้น  

ตวักลางเคมทีีÉจะใชป้ระกอบดว้ยสารตั Êงตน้ดงันีÊ แฟโรอนี (ferroin) กรดซลัฟูรคิ (H2SO4) โปแต

สเซยีมโบรเมท (KBrO3) และ กรดมาโลนิค (Malonic acid) เพืÉอความสะดวก สารตั Êงตน้นีÊจะถูกเตรยีมไวใ้น

รปูสารละลายเขม้ขน้ (stock solution) เพืÉอใชส้าํหรบัการทดลองในช่วงประมาณสองสปัดาห ์

ตวักลางเคมจีะถูกเตรยีมในลกัษณะวุน้ (agar gel) เพืÉอปองกนัการรบกวนจากพลศาสตรข์องไหล ้

(hydrodynamic perturbation) ซึÉงเกดิขึÊนในตวักลางเคมทีีÉเป็นของเหลว โดยความเขม้ขน้วุน้ประมาณ 0.5-

1% โดยมวล  ขั ÊนตอนการเตรยีมตวักลางมดีงันีÊ 

1. ตม้ผงวุน้กบันํÊาจนเดอืด  เพืÉอใหผ้งวุน้ละลายหมด  

2. เตมินํÊาส่วนทีÉหายไปเนืÉองจากการระเหยในระหว่างทีÉรอใหนํ้Êาวุน้เยน็ลงทีÉประมาณ 40°C 

3. ผสมสารตั Êงตน้กบันํÊาวุน้ในอตัราส่วนทีÉไดค้าํนวณไวก่้อนแลว้เพืÉอใหไ้ดค้วามเขม้ขน้ของสารใ

ตวักลางตามทีÉตอ้งการ เมืÉอเสรจ็ข ั ÊนตอนนีÊแลว้ อุณหภมูขิองตวักลางมค่ีาประมาณ 35°C  

ตวักลางนีÊจะถูกใชท้นัทใีนขั Êนตอนการสรา้งคลืÉน เนืÉองจากวุน้จะจบัตวัทีÉอุณหภมูติํÉากวา่ 30°C  
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การสร้างคลืÉน 
  

การสรา้งคลืÉนทั Êงในตวักลางสองมติแิละสามมติใิชห้ลกัการเดยีวกนั คอื การทาํใหเ้กดิหน้าคลืÉน

ปลายเปิดในตวักลาง ในตวักลางทีÉบางมากจุดปลายเปิดนีÊจะขดเป็นคลืÉนสไปรอล  ในโครงการนีÊจะใชเ้ทคนิค

การเตมิสารสองชั Êน (two-layer strategy) ขั ÊนตอนมดีงันีÊ 

1. เตมิสารชั ÊนแรกประมาณครึÉงความสงูของภาชนะบรรจุตวักลางเคม ี(reactor)  

2. จุ่มลวดเงนิ (silver wire) ลงในสารชั ÊนแรกเพืÉอกระตุน้ใหเ้กดิคลืÉนรอบๆลวดเงนิ (รปูทีÉ 3.1ก) 

หน้าคลืÉนจะแผ่ออกจากจุดเริÉมตน้ และทีÉผวิบนของสารชั Êนแรกจะเกดิเป็นหน้าคลืÉนปลายเปิดซึÉง

เป็นจุดในตวักลางสองมติ ิ(รปูทีÉ 3.1ข)  

3. เตมิสารชั ÊนทีÉสองลงบนสารชั Êนแรก หน้าคลืÉนปลายเปิดจากสารชั ÊนแรกจะเคลืÉอนทีÉเขา้สู่สารชั ÊนทีÉ

สอง (รปูทีÉ 3.1ค) และจะขดเกดิเป็นคลืÉนสไปรอล (รปูทีÉ 3.1ง)  

 

 

 

 
 

รปูทีÉ 3.1 การสรา้งคลืÉนสไปรอลในตวักลางเคมสีองมติ ิ [10] ในตวักลางเคมนีีÊหน้าคลืÉนมสีฟีาขณะทีÉบรเิวณ้

อืÉนมสีแีดง (ก) คลืÉนถูกกระตุน้ดว้ยลวดเงนิ (ข) คลืÉนปลายเปิดในสารชั Êนแรก (ค) คลืÉนเคลืÉอนทีÉเขา้สู่สารชั ÊนทีÉ

สองและขดเป็น (ง) คลืÉนสไปรอล  
 

ภาชนะบรรจตุวักลางเคมี 
 

ภาชนะบรรจุตวักลางเคม ี(reactor) มลีกัษณะใส ทาํจากพลาสตกิทนกรด  

 

 

 

 

 
 

รปูทีÉ 3.2 ร่างภาชนะบรรจุตวักลางเคม ี(reactor) สาํหรบัการทดลองสองมติ ิปรมิาตรบรรจุตวักลาง (BZ) มี

ขนาด 4 × 4 ซม.2 หนาไม่เกนิ 1 มม. [10]  
 

(ก) (ข) (ค) (ง) 

B
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การป้อนสนามไฟฟ้า 
 

ในการทดลองผลของสนามไฟฟาต่อคลืÉนสไปรอลนั Êนจะใชแ้หล่งกาํเนิดไฟฟากระแสตรงในโหมด้ ้

กระแสคงทีÉ (current constant mode) โดยจุ่มข ั Êวไฟฟาทาํจากสแตนเลสลงในอ่างอเิลก็โตรไลต ์ เพืÉอปองกนั้ ้

การเจอืปน สารอเิลก็โตรไลตจ์งึทาํจากสารละลายเคม ี(ลกัษณะเหลวไมม่สี่วนผสมของวุน้) ซึÉงมคีวามเขม้ขน้

ของสารตั Êงตน้เช่นเดยีวกบัในตวักลางเคมซีึÉงมลีกัษณะเป็นวุน้ ในขณะทาํการทดลองจะเกดิก๊าซทีÉข ั Êวไฟฟา้

ซึÉงสามารถระบายออกทางปล่องได ้ 
 

การควบคมุอณุหภมูด้วยอ่างนํÊาวนิ  
 

 เนืÉองจากอุณหภมูมิผีลต่อสมบตัขิองคลืÉนในตวักลางนีÊ เชน่ อตัราเรว็ คาบเวลา ความถีÉ เป็นตน้ อกีทั Êง

การปอนกระแสไฟฟา ้ ้ (เพืÉอสรา้งสนามไฟฟา้ ) ใหก้บัตวักลางในบางการทดลองมผีลใหเ้กดิความรอ้นใน

ตวักลาง ในทุกการทดลองจงึมกีารควบคุมอุณหภมูขิองตวักลางโดยจดัตั ÊงภาชนะทีÉบรรจุตวักลางเคมลีงใน

อ่างนํÊาวน  อุณหภูมขิองตวักลางจะถูกควบคุมไวท้ีÉ 25°C อ่างนีÊทาํจากพลาสตกิใส ลกัษณะเป็นกล่อง

ลกูบาศกผ์วิเรยีบเพืÉออาํนวยความสะดวกแก่การบนัทกึผลการทดลองผ่านกลอ้งวดีทีศัน์ 
 

ชุดทดลองและการบนัทึกผลการทดลอง 

รปูทีÉ 3.3 แสดงร่างชุดทดลองสาํหรบัการทดลองคลืÉนสองมติ ิ การบนัทกึผลการทดลองเริÉมจาก

แหล่งกาํเนิดแสงขาวจากแผงหลอดฟลอูอเรสเซนตส์่องผา่นแผ่นแกว้ฝา ้ (milky glass) ซึÉงทาํใหค้วามเขม้

แสงสมํÉาเสมอขึÊน จากนัÊนแสงจะเดนิทางผ่านอ่างนํÊาวนและภาชนะบรรจุตวักลางเคม ี(รปูทีÉ 3.2) ไปยงักลอ้งวี

ดทีศัน์ สญัญาณจากกลอ้งวดีทีศัน์จะถูกแปลงเป็นภาพดจิติลัขาวดาํ (gray scale) ก่อนบนัทกึลงในเครืÉอง

คอมพวิเตอร ์ 

 

 

 

 

 

 

รปูทีÉ 3.3 ร่างชุดทดลองสาํหรบัการทดลองสองมติ ิ[10] 

 

การวเคราะหผ์ลการทดลองิ  
เนืÉองจากอตัราเรว็หน้าคลืÉนในตวักลางทีÉถูกกระตุน้ไดแ้ปรผกผนักบัความโคง้ของหน้าคลืÉน

โดยเฉพาะหน้าคลืÉนทีÉอยูใ่กลห้วัสไปรอล คลืÉนจงึเคลืÉอนทีÉเรว็ขึÊนตามระยะห่างจากหวัสไปรอล (ความโคง้

ลดลง) สาํหรบัหน้าคลืÉนทีÉอยูห่่างจากหวัสไปรอลมากกวา่หนึÉงความยาวคลืÉนอตัราเรว็มค่ีาคงทีÉโดยประมาณ 

(ความโคง้เปลีÉยนแปลงน้อยมาก)  ในงานวจิยันีÊจะวดัความยาวคลืÉนและคาบเวลาในบรเิวณทีÉห่างจากหวัสไป

รอลประมาณหนึÉงถงึสองความยาวคลืÉน และคาํนวณอตัราเรว็หน้าคลืÉนจากผลหารของความยาวคลืÉนและ

คาบเวลา 

อ่างนํÊาวน 
แหล่งกาํเนิดแสง 

กลอ้งวดีทีศัน์ 

ภาชนะบรรจุตวักลาง 
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การจาํลองแบบทางคอมพวเตอร์ิ  

 

 สนามไฟฟามผีลต่อคลืÉนในตวักลางเคมทีีÉใชเ้นืÉองจากในตวักลางนีÊประกอบดว้ยไอออนจาํนวนมาก ซึÉง้

ผลของสนามไฟฟาสามารถจาํลองแบบทางคอมพวิเตอรโ์ดยใชก้ลไกปฏกิริยิาและการแพร่ผนวกกบัเทอม้

เกรเดยีนทใ์นทศิตรงขา้มกบัสนามไฟฟ้า ในกรณีการปอนสนามไฟฟาขนาด ้ ้ E  ในทศิ x  ความเขม้ขน้ของ

ตวักระตุน้ u  (activator) และ ตวัยบัย ั Êง v  (inhibitor) เปลีÉยนแปลงตามเวลา t  ดงันีÊ  

 

  
x
uEMuD

qu
qufvuu

t
u

uu 















 221


 

 

  
x
vEMvDvu

t
v

vv 




 2  

 

ค่าพารามเิตอรท์ีÉใหว้ถิหีวัสไปรอลเป็นวงกลมเมืÉอไม่มสีนามไฟฟา คอื้  01.0 , 002.0q , 4.1f  ค่า

สมัประสทิธิ Íการแพร ่ 1uD , 6.0vD  ส่วนค่าสภาพการเคลืÉอนทีÉของไอออน (ionic mobility) มค่ีา 

0.1uM 0.2vM  

 จุดบกพร่องสาํหรบัตรงึคลืÉนคอืบรเิวณทีÉคลืÉนไม่สามารถเคลืÉอนทีÉเขา้ไปได ้ ซึÉงจาํลองโดยใชห้ลกัการ

ของผนงัทีÉสารผ่านไมไ่ด ้ (no flux boundary) ในการจาํลองแบบจะใชว้ตัถุทรงกระบอกขนาดต่างๆกนั เพืÉอ

ตรงึคลืÉนเช่นเดยีวกบัทีÉใชใ้นการทดลอง  
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4. ผลวจยัิ  

 

 ผูว้จิยัพบวา่ ผลของสิÉงกดีขวางต่อการเคลืÉอนทีÉของคลืÉนสไปรอลในตวักลางขึÊนกบัระยะห่าง

ระหวา่งสิÉงกดีขวางกบัหวัสไปรอล กรณีระยะห่างมค่ีามาก สไปรอลจะไม่ถูกรบกวน เมืÉอระยะห่างลดลง สไป

รอลจะถูกผลกัออกห่างจากสิÉงกดีขวาง และ เมืÉอระยะห่างมค่ีาน้อยมากกวา่ค่าวกิฤต ิสไปรอลจะถูกดงึดดูจน

หวัสไปรอลถูกตรงึกบัสิÉงกดีขวาง  สิÉงกดีขวางดงักล่าวส่งผลต่อสมบตัขิองหน้าคลืÉนทีÉห่างออกไป กล่าวคอื 

ความยาวคลืÉน คาบเวลา และอตัราเรว็ของคลืÉน เพิÉมขึÊนตามขนาดของสิÉงกดีขวาง ในส่วนการทดลองตรงึ

คลืÉนสไปรอลและปลดปล่อยคลืÉนทีÉถูกตรงึดว้ยกระแสไฟฟาใน้ ตวักลางปฏกิริยิาบโิลซอฟ-ซาบอทนิสก ี ผูว้จิยั

ไดมุ้่งเน้นการสรา้งคลืÉนสไปรอลใหอ้ยูใ่กลก้บัสิÉงกดีขวางซึÉงทาํจากพลาสตกิทรงกระบอกเสน้ผ่านศนูยก์ลาง 

0.4 - 1.5 mm และทาํการตรงึคลืÉนสไปรอลไดส้าํเรจ็ จากนั Êนจงึทดลองปอนกระแสไฟฟาและพบวา่ ภายใต้้ ้

กระแสไฟฟาทีÉมค่ีาตํÉา้  คลืÉนสไปรอลยงัคงถูกตรงึอยูก่บัสิÉงกดีขวาง แต่หากกระแสไฟฟามค่ีาสงูเกนิค่าวกิฤต ิ้

คลืÉนสไปรอลจะหลุดและเคลืÉอนทีÉห่างจากสิÉงกดีขวางได ้  เมืÉอความหนาแน่นกระแสไฟฟามค่ีามากพอ้ คอื 

Junpin, หวัสไปรอลซึÉงถูกตรงึดว้ยสิÉงกดีขวางวงกลมจะถกูดงึออกและเลืÉอนห่างออกจากสิÉงกดีขวาง โดยค่า

วกิฤต ิJunpin มขีนาดเพิÉมขึÊนตามขนาดเสน้ผ่านศนูยก์ลางของสิÉงกดีขวาง d อกีทั ÊงอตัราการเพิÉม ∆Junpin/∆d 

มค่ีามากสาํหรบัสิÉงกดีขวางทีÉมขีนาดใหญ่กวา่แกนของสไปรอล ดงัแสดงในรปูทีÉ 4.1  

 

 

 

 

 

 

 

 

รปูทีÉ 4.1  ความสมัพนัธร์ะหวา่งสนามไฟฟาวกิฤตสิาํหรบัการกาํจดัคลืÉนสไปรอลออกจากจุดตรงึและเสน้ผ่าน้

ศนูยก์ลางของสิÉงกดีขวางใน (ก) การทดลองกบัตวักลางเคม ี และ (ข) การจาํลองแบบทาง

คอมพวิเตอร ์เสน้ประแสดงขนาดของแกนสไปรอล 

 

คณะผูว้จิยัไดใ้ชแ้สงเลเซอรต์ดัแผ่นพลาสตกิใสหนา 1 มลิลเิมตร เพืÉอใชเ้ป็นสิÉงกดีขวางทีÉมรีปูทรง

ต่างกนั ประกอบดว้ย วงกลม สีÉเหลีÉยมจตุรสั และสีÉเหลีÉยมผนืผา้ทีÉมคีวามยาวและความกวา้งต่างๆกนั แต่สิÉง

กดีขวางทั ÊงหมดมขีนาดพืÊนทีÉ (area) ใกลเ้คยีงกนั คอื ประมาณ 6.0 ± 0.2 mm2 เนืÉองจากสิÉงกดีขวางมี

รปูทรงทีÉต่างกนัจงึทาํใหม้ขีนาดเสน้รอบวง (circumference) ต่างกนั จากนั Êนผูว้จิยัไดท้าํการทดลองตรงึคลืÉน

สไปรอลในตวักลางเคมกีบัสิÉงกดีขวางดงักล่าวไดส้าํเรจ็ดงัแสดงในรปูทีÉ 4.2  

(ก) 

 

(ข) 
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รปูทีÉ 4.2  ตวัอยา่งคลืÉนสไปรอลทีÉถูกตรงึไวก้บัสิÉงกดีขวางพลาสตกิรปูทรงต่างๆ คอื (ก) วงกลมขนาดเสน้

ผ่านศนูยก์ลาง 2.8 มลิลเิมตร (ข) สีÉเหลีÉยมผนืผา้ขนาด 2.3 มลิลเิมตร  2.6 มลิลเิมตร และ (ค) 

สีÉเหลีÉยมผนืผา้ขนาด 0.9 มลิลเิมตร  6.5 มลิลเิมตร  

 

ผลการวเิคราะหพ์บวา่สมบตัขิองคลืÉนสไปรอลเปลีÉยนตามขนาดเสน้รอบวงของสิÉงกดีขวาง กล่าวคอื 

สิÉงกดีขวางทีÉมเีสน้รอบวงยาวขึÊนทาํใหค้าบเวลา (period) ความยาวคลืÉน (wavelength) และอตัราเรว็ 

(velocity) ของคลืÉนสไปรอลทีÉวนรอบสิÉงกดีขวางนั ÊนเพิÉมขึÊน ดงัตารางทีÉ 4.1 จากนั Êนผูว้จิยัไดป้อน้

กระแสไฟฟาใหก้บัตวักลางเคมเีพืÉอบงัคบัใหห้วัขอ้ งคลืÉนสไปรอลหลุดออกจากสิÉงกดีขวางและเลืÉอนไปยงั

ขอบตวักลาง และเมืÉอหวัของสไปรอลชนกบัขอบตวักลางคลืÉนสไปรอลจะถูกกาํจดัออกจากตวักลาง ค่า

กระแสไฟฟาวกิฤติ้  (Junpin) เพิÉมขึÊนตามขนาดเสน้รอบวงของสิÉงกดีขวางดงัตารางทีÉ 4.1 

 

ตารางทีÉ 4.1  แสดงสมบตัขิองคลืÉนสไปรอลทีÉถกูตรงึดว้ยสิÉงกดีขวางทีÉมรีปูทรงต่างกนัและค่าความหนาแน่น

กระแสไฟฟาวกิฤตสิาํหรบักาํจดัคลืÉนในตวักลางเคมี้  

 

obstacle  
area 

(mm2) 

circumference 

(mm) 

wavelength 

(mm) 

period 

(min) 

velocity 

(mm/min) 

Junpin 

(mA/cm2) 

no obstacle - - 7.47 11.42 0.65 - 

circle,  = 2.8 mm 6.2 8.8 12.44 17.33 0.72 60 

rectangle, 2.3 mm  2.6 mm 6.0 9.8 12.38 16.45 0.75 65 

rectangle, 1.3 mm  4.6 mm 6.0 11.8 15.88 19.67 0.81 116 

rectangle, 1.2 mm  4.9 mm 5.9 12.2 15.50 19.06 0.80 123 

rectangle, 0.9 mm  6.5 mm 5.9 14.8 18.75 22.81 0.83 160 

 

5 mm 5 mm 5 mm 

(ก) (ข) (ค) 



 15 

 

 

 

 

 

 

 

 

 

รปูทีÉ 4.3  ตวัอยา่งคลืÉนสไปรอลทีÉถูกตรงึไวก้บัสิÉงกดีขวางรปูทรงต่างๆ ในแบบจาํลองทางคอมพวิเตอร ์ (ก) 

วงกลมขนาดเสน้ผ่านศนูยก์ลาง 1.5 su (ข) สีÉเหลีÉยมจตุรสัขนาด 1.3 su  1.3 su และ (ค) สีÉเหลีÉยมผนืผา้

ขนาด 0.1 su  17.0 su  

 

คณะผูว้จิยัไดท้าํการปรบัปรุงโปรแกรมสาํหรบัการจาํลองแบบทางคอมพวิเตอรเ์พืÉอศกึษาผลของรปู

ทรงสิÉงกดีขวางต่อการเคลืÉอนทีÉของคลืÉนสไปรอลทีÉถูกตรงึไว ้ โดยไดท้ดลองตรงึคลืÉนสไปรอลดว้ยสิÉงกดีขวาง 

รปูทรงต่างๆกนั คอื วงกลม สีÉเหลีÉยมจตุรสั และสีÉเหลีÉยมผนืผา้ทีÉมดีา้นกวา้งและยาวหลายขนาด 

ทั ÊงนีÊสิÉงกดีขวางทั ÊงหมดมขีนาดพืÊนทีÉใกลเ้คยีงกนั คอื ประมาณ 1.70 ± 0.04 su จากนั Êนผูว้จิยัได้

ทาํการตรงึคลืÉนสไปรอลกบัสิÉงกดีขวางดงักล่าว ดงัแสดงในรปูทีÉ 4.3  

 

ผลการวเิคราะหพ์บวา่สมบตัขิองคลืÉนสไปรอลเปลีÉยนตามขนาดเสน้รอบวงของสิÉงกดีขวาง 

เช่นเดยีวกบัผลจากการทดลองตวักลางเคม ี กล่าวคอื สิÉงกดีขวางทีÉมเีสน้รอบวงยาวขึÊนทาํใหค้าบเวลา 

(period) ความยาวคลืÉน (wavelength) และอตัราเรว็ (velocity) ของคลืÉนสไปรอลทีÉวนรอบสิÉงกดีขวางนั Êน

เพิÉมขึÊน ดงัตารางทีÉ 4.2 จากนั Êนผูว้จิยัไดป้อนกระแสไฟฟาใหก้บัตวักลางเคมเีพืÉอบงัคบั้ ้ ใหห้วัของคลืÉน

สไปรอลหลุดออกจากสิÉงกดีขวางและเลืÉอนไปยงัขอบตวักลาง และเมืÉอหวัของสไปรอลชนกบัขอบตวักลาง

คลืÉนสไปรอลจะถูกกาํจดัออกจากตวักลาง ค่ากระแสไฟฟาวกิฤติ้  (Junpin) เพิÉมขึÊนตามขนาดเสน้รอบวงของสิÉง

กดีขวางดงัตารางทีÉ 4.2 

10 su 

(ก) (ข) (ค) 
10 su 10 su 
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ตารางทีÉ 4.2  แสดงสมบตัขิองคลืÉนสไปรอลทีÉถูกตรงึดว้ยสิÉงกดีขวางทีÉมรีปูทรงต่างกนัและค่าความหนาแน่น

กระแสไฟฟาวกิฤตสิาํหรบักาํจดัคลืÉนใน้ การจาํลองแบบทางคอมพวิเตอร ์
 

obstacle  
area 

(su2) 

circumference 

(su) 

wavelength 

(su) 

period 

(tu) 

velocity 

(su/tu) 

Junpin 

(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  1.3 su 1.69 5.2 10.80 1.58 6.86 0.68 

rectangle, 1.0 su  1.7 su 1.70 5.4 10.90 1.58 6.92 0.70 

rectangle, 0.5 su  3.4 su 1.70 7.8 12.60 1.68 7.50 0.91 

rectangle, 0.3 su  5.4 su 1.62 11.4 15.40 1.86 8.28 1.24 

rectangle, 0.2 su  8.5 su 1.70 17.4 20.70 2.16 9.58 1.66 

rectangle, 0.1 su  17.0 su 1.70 34.2 36.70 3.02 12.17 2.16 

su: system unit, tu: time unit, au: arbitrary unit 
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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 Junpin, the spiral tip is detached and subsequently drifts away from the obstacle. Junpin

is found to increase with the obstacle diameter d. The growth rate �Junpin/�d 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.
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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

*Corresponding author: fscicyl@ku.ac.th

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.

II. EXPERIMENTS

A. Methods

The Belousov-Zhabotinsky (BZ) solutions are prepared
from NaBrO3, H2SO4, malonic acid (MA) and ferroin, all
purchased from Merck. Stock solutions of NaBrO3 (1 M)
and MA (1 M) are freshly produced by dissolving powder in
deionized water (conductivity of �0.056 μS cm−1), whereas
stock solutions of H2SO4 (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: [H2SO4] = 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
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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 × 100 × 1.0 mm3. An electric field is applied via two
electrodes in electrolytic compartments (size of each 25 ×
100 × 2.0 mm3), 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 is filled,
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

FIG. 1. (Color online) Pinning a spiral wave in the BZ reaction.
(a) 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 Junpin = 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 �J =
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 Junpin, i.e., the
minimal current density for unpinning. For guidance, the first
experiment with the large step �J = 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 �J = 2 mA cm−2. This
way, one can obtain the finest value of Junpin (�J = 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 �Junpin/�d, we apply linear fits for the two ranges of the

FIG. 4. (Color online) Electrical current density Junpin 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 �Junpin/�d = 0.590 ± 0.052
and 1.389 ± 0.048 A cm−3 for d < 0.75 mm and 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.

III. 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
HBrO2 and the catalyst, respectively) in the BZ reaction. The
advection terms for both u and v account for the electric field
E applied in the x direction:

∂u

∂t
= 1

ε

(
u − u2 − f v

u − q

u + q

)
+ Du∇2u − MuE

∂u

∂x
,

(1)
∂v

∂t
= u − v + Dv∇2v − MvE

∂v

∂x
.

As in Refs. [14,29], the parameters are chosen as ε = 0.01,
q = 0.002, f = 1.4, the diffusion coefficients Du =
1.0 and Dv = 0.6, and the ionic mobilities Mu = −1.0
and Mv = 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 u = 0.15 and
v = 0.0935 to ensure �u/�t = 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 �x =
�y = 0.025 s.u. and the time step �t = 1.9 × 10−4

time unit (t.u.) are chosen as required for numerical stability
[�t � (3/8)(�x)2 [32]]. The dimensionless size of the system
is 20 × 20 s.u. (corresponding to 800 × 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.g., 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 = 0 and v = 0 for 0.0 � y � 10.0), leading to a free-end

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 Eunpin, 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

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′)–(e′) 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 Eunpin 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(e′)]; 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 (�J = 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 Eunpin to
unpin the spiral wave for different obstacle diameters d.
Linear fits provide an approximation of the growth rate
�Eunpin/�d = 0.145 ± 0.011 and 0.501 ± 0.016 s.u.−1 for d <

0.9 s.u. and d > 0.9 s.u. This increment of Eunpin 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 Eunpin [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

dependence of vunpin on the obstacle size is similar to that
of Eunpin: the growth rate �vunpin/�d = 0.227 ± 0.022 and
1.69 ± 0.045 s.u.−1 for d < 0.9 s.u. and d > 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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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 h. 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/h 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 PACS number(s): 05.45.−a, 05.65.+b, 82.40.Ck, 82.40.Qt

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

wave period, wavelength, and velocity of a spiral wave
increased from 26 s, 1.3 mm, and 49.6 µm s−1 to 49 s,
3.4 mm, and 74.3 µm s−1, 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].

II. EXPERIMENTS

A. Experimental methods

We prepared the Belousov-Zhabotinsky (BZ) solutions
from NaBrO3, H2SO4, malonic acid (MA), and ferroin, all
purchased from Merck. Stock solutions of NaBrO3 (1 M)
and MA (1 M) were freshly produced by dissolving powder
in deionized water (conductivity ∼ 0.056 µS cm−1), whereas
stock solutions of H2SO4 (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: [H2SO4] = 160 mM,

1539-3755/2015/91(5)/052912(8) 052912-1 ©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 × 2.6 mm and (d) 6.5
mm × 0.9 mm.

[MA] = 50 mM, [NaBrO3] = 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 × 100 × 1.0 mm3) 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 × 2.6, 4.6 × 1.3, 4.9 × 1.2, and
6.5 × 0.9 mm2 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
l 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−1. 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 Müller
in Ref. [13]. If such undesired waves occur, by chance,

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 λ = 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 mm2 but differing in shape and circumference l

are shown in Figs. 1(b)–1(d). The wavelength λ was enlarged
to 14.3 mm for the case of a circle with diameter 2.8 mm
[l = 8.8 mm, Fig. 1(b)]. A similar wavelength (λ = 14.4 mm)
was observed for the rectangle with dimensions 2.3 mm ×
2.6 mm [l = 9.8 mm, Fig. 1(c)]. The longer rectangle with
dimensions 6.5 mm × 0.9 mm [l = 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

FIG. 2. (Color online) Properties of spiral waves as a function of
the obstacle circumference l in the BZ reaction: (a) obstacle area
A, (b) wavelength λ, (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 �s between sobs 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 l and the area A of the circles
increase simultaneously from 3.1 to 14.1 mm and 0.8 to 15.9
mm2, respectively. In contrast, the four rectangles (2.3 × 2.6,
4.6 × 1.3, 4.9 × 1.2, and 6.5 × 0.9 mm2) with a circumference
l ranging between 9.8 and 14.8 mm have almost the same area
size of about 6 mm2.

The spiral waves propagated around the obstacles with
wavelength λ [Fig. 2(b)] and wave period T [Fig. 2(c)]
increasing with the obstacle circumference l 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 fits as λ/l = 1.064
± 0.043 and T/l = 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 sobs as the ratio between the circumference and
the period sobs = l/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 = λ/T. As shown in Figs. 2(d) and 2(e), both sobs

and s increase with l. Even though sobs is always smaller than
s for a given obstacle, its growth rate of sobs (sobs/l = 0.037 ±
0.002 min−1) is larger than that of s (s/l = 0.024 ± 0.002
min−1). Therefore, their percentage difference [�s(%) =
|sobs − s|/(sobs + s)/2 × 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 h

(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),

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).

III. 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 u and the controller v which account
for the concentrations of HBrO2 and the catalyst in the BZ
reaction, respectively,

∂u

∂t
= 1

ε

(
u − u2 − f v

u − q

u + q

)
+ Du∇2u,

(1)
∂v

∂t
= u − v + Dv∇2v.

As in a study by Jahnke and Winfree [19], the parameters were
chosen as ε = 0.01, q = 0.002, f = 1.4, and the diffusion
coefficients as Du = 1.0 and Dv = 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.−1.

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 × 160 s.u. with a
uniform grid space of �x = �y = 0.1 s.u. and a time step
�t = 3.0 × 10−3 t.u., as required for numerical stability [�t <

(3/8)(�x)]2 [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

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 × 2.6 mm and (c) 6.5 mm × 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., (c) a rectangle with
dimensions 8.5 s.u. × 0.2 s.u. and (d) a circle with diameter of
5.0 s.u.

and heights of 1.3 × 1.3, 1.7 × 1.0, 3.4 × 0.5, 5.4 × 0.3,
8.5 × 0.2, and 17.0 × 0.1 s.u.2.

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 = 1.0 and 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 = 0 and v = 0 for 80.0 � 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
λ = 10.5 s.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.2, circumference l = 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. × 0.2 s.u. with
a smaller area A = 1.70 s.u.2, but a much longer l = 17.4 s.u.,
in Fig. 4(c), resulted in a spiral wave with a wavelength λ =
20.7 s.u. In Fig. 4(d), a pinned spiral wave with a wavelength
λ = 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 (l = 15.7 s.u.) but much larger area (A =
19.64 s.u.2) 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
a circular obstacle with diameter of 0.9 s.u. and their properties

FIG. 5. (Color online) Properties of spiral waves as a function of
the obstacle circumference l in the Oregonator model: (a) obstacle
area A, (b) wavelength λ, (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 �s of sobs 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 l are shown in Fig. 5(a).
For the circular obstacles, the circumference l and the area
A increase simultaneously from 3.0 to 31.4 s.u. and 0.71 to
78.55 s.u.2, respectively, when the diameter increases from 0.9
to 10.0 s.u. In contrast, the six rectangles with circumferences
l 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 λ and the period T increase monotonously with
a growth rate of λ/l = 0.921 ± 0.020 and T/l = 0.052 ±
0.001 t.u. s.u.−1. For a given obstacle, the waves adjacent to
the obstacle always propagate slower than the waves far from
the obstacle (sobs < s) but the rate sobs/l = 0.288 ± 0.015
t.u.−1 is larger than s/l = 0.195 ± 0.006 t.u.−1. Thus, the
percentage difference �s 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. × 1.3 s.u. and (c) 17.0 s.u. × 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 δ ∼ 0.5 s.u. away from the obstacle wall
[Fig. 7(e)]. Note that the distance δ 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. × 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
C0. Then it continues with the lower half of the next circle
C1. Subsequently, the front alternates to the upper half of the
circle C2 and the lower half of the next circle C3, respectively.
In Fig. 8(b), centers and radii of the circles are drawn. The
centers of C0 and C2 are located close to the right boundary
of the obstacle, whereas those of C1 and C3 are at the
left boundary. The centers are far from the boundary at the
same distance (δ ∼ 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 C0) appears at the lower boundary. This spiral shape can

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 (e)].
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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 as a curve
that alternately connects upper and lower semicircles of different sizes
(corresponding halves of the dashed circles C0 to C3). (b) Estimation
of the radii r0 to r3 of the circles C0 to C3 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 δ is enlarged
to a scale different from that of the width w and the radii r0 to r3.
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 C0 to C3 and their centers.

According to the lifetime of the smallest circle C0, which is
limited to about half of the rotation period as described above,
the radius r0 of the growing C0 is also limited by the obstacle
width w and the distance δ of the circle center: 0 < r0 � w +
δ. It can be clearly seen in Fig. 8(b) that the radii of the larger
circles are related to r0, w, and δ as rn = r0 + n(w + 2δ),
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

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/k5[MA + BrMA] and s.u. =√

D/k5[MA + BrMA], where the rate of reaction k5 and the
diffusion D of HBrO2 are 0.4 M−1s−1 and 1.5 × 10−5cm2s−1,
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 ω and the asymptotic normal velocity
c (at locations far from the hole) of a spiral wave rotating
around a hole with radius r0 in a given medium, the curvature
relation (ω as a function of c and r0) and the dispersion relation
(c as a function of ω) must be simultaneously satisfied (see
Eq. (24) in Ref. [8]). Both relations are nonlinear and can be
solved graphically. Examples for various choices of r0 in the
Oregonator model are given in Fig. 18 of Ref. [8] (a graph of the
velocity c versus the period T). It is clear from the intersections
of the curves that both the velocity c and the period T of the
spiral wave increase simultaneously with the hole radius r0.
The results also imply that the wavelength λ increases with
r0, since λ = c 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 ω 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 r

of the circular obstacle by an equivalent quantity l/2π (since
r = l/2π for a circle), where l 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 Junpin 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 h (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

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 (2δ) 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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[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. PHYSICAL REVIEW E 91, 052912 (2015)

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

[31] J. P. Keener and J. J. Tyson, Physica D 21, 307
(1986).

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

[33] M. A. Dahlem and S. C. Müller, 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
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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 Junpin, the spiral tip is detached and subsequently drifts away from the obstacle. Junpin

is found to increase with the obstacle diameter d. The growth rate �Junpin/�d 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 PACS number(s): 05.45.−a, 05.65.+b, 82.40.Ck, 82.40.Qt

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

*Corresponding author: fscicyl@ku.ac.th

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.

II. EXPERIMENTS

A. Methods

The Belousov-Zhabotinsky (BZ) solutions are prepared
from NaBrO3, H2SO4, malonic acid (MA) and ferroin, all
purchased from Merck. Stock solutions of NaBrO3 (1 M)
and MA (1 M) are freshly produced by dissolving powder in
deionized water (conductivity of �0.056 μS cm−1), whereas
stock solutions of H2SO4 (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: [H2SO4] = 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
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http://dx.doi.org/10.1103/PhysRevE.89.052902


MALEE SUTTHIOPAD et al. PHYSICAL REVIEW E 89, 052902 (2014)

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 × 100 × 1.0 mm3. An electric field is applied via two
electrodes in electrolytic compartments (size of each 25 ×
100 × 2.0 mm3), 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 is filled,
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

FIG. 1. (Color online) Pinning a spiral wave in the BZ reaction.
(a) 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 Junpin = 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 �J =
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 Junpin, i.e., the
minimal current density for unpinning. For guidance, the first
experiment with the large step �J = 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 �J = 2 mA cm−2. This
way, one can obtain the finest value of Junpin (�J = 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 �Junpin/�d, we apply linear fits for the two ranges of the

FIG. 4. (Color online) Electrical current density Junpin 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 �Junpin/�d = 0.590 ± 0.052
and 1.389 ± 0.048 A cm−3 for d < 0.75 mm and 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.

III. 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
HBrO2 and the catalyst, respectively) in the BZ reaction. The
advection terms for both u and v account for the electric field
E applied in the x direction:

∂u

∂t
= 1

ε

(
u − u2 − f v

u − q

u + q

)
+ Du∇2u − MuE

∂u

∂x
,

(1)
∂v

∂t
= u − v + Dv∇2v − MvE

∂v

∂x
.

As in Refs. [14,29], the parameters are chosen as ε = 0.01,
q = 0.002, f = 1.4, the diffusion coefficients Du =
1.0 and Dv = 0.6, and the ionic mobilities Mu = −1.0
and Mv = 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 u = 0.15 and
v = 0.0935 to ensure �u/�t = 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 �x =
�y = 0.025 s.u. and the time step �t = 1.9 × 10−4

time unit (t.u.) are chosen as required for numerical stability
[�t � (3/8)(�x)2 [32]]. The dimensionless size of the system
is 20 × 20 s.u. (corresponding to 800 × 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.g., 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 = 0 and v = 0 for 0.0 � y � 10.0), leading to a free-end

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 Eunpin, 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

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′)–(e′) 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 Eunpin 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(e′)]; 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 (�J = 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 Eunpin to
unpin the spiral wave for different obstacle diameters d.
Linear fits provide an approximation of the growth rate
�Eunpin/�d = 0.145 ± 0.011 and 0.501 ± 0.016 s.u.−1 for d <

0.9 s.u. and d > 0.9 s.u. This increment of Eunpin 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 Eunpin [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

dependence of vunpin on the obstacle size is similar to that
of Eunpin: the growth rate �vunpin/�d = 0.227 ± 0.022 and
1.69 ± 0.045 s.u.−1 for d < 0.9 s.u. and d > 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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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 h. 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/h 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.
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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

wave period, wavelength, and velocity of a spiral wave
increased from 26 s, 1.3 mm, and 49.6 µm s−1 to 49 s,
3.4 mm, and 74.3 µm s−1, 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].

II. EXPERIMENTS

A. Experimental methods

We prepared the Belousov-Zhabotinsky (BZ) solutions
from NaBrO3, H2SO4, malonic acid (MA), and ferroin, all
purchased from Merck. Stock solutions of NaBrO3 (1 M)
and MA (1 M) were freshly produced by dissolving powder
in deionized water (conductivity ∼ 0.056 µS cm−1), whereas
stock solutions of H2SO4 (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: [H2SO4] = 160 mM,

1539-3755/2015/91(5)/052912(8) 052912-1 ©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 × 2.6 mm and (d) 6.5
mm × 0.9 mm.

[MA] = 50 mM, [NaBrO3] = 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 × 100 × 1.0 mm3) 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 × 2.6, 4.6 × 1.3, 4.9 × 1.2, and
6.5 × 0.9 mm2 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
l 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−1. 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 Müller
in Ref. [13]. If such undesired waves occur, by chance,

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 λ = 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 mm2 but differing in shape and circumference l

are shown in Figs. 1(b)–1(d). The wavelength λ was enlarged
to 14.3 mm for the case of a circle with diameter 2.8 mm
[l = 8.8 mm, Fig. 1(b)]. A similar wavelength (λ = 14.4 mm)
was observed for the rectangle with dimensions 2.3 mm ×
2.6 mm [l = 9.8 mm, Fig. 1(c)]. The longer rectangle with
dimensions 6.5 mm × 0.9 mm [l = 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

FIG. 2. (Color online) Properties of spiral waves as a function of
the obstacle circumference l in the BZ reaction: (a) obstacle area
A, (b) wavelength λ, (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 �s between sobs 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 l and the area A of the circles
increase simultaneously from 3.1 to 14.1 mm and 0.8 to 15.9
mm2, respectively. In contrast, the four rectangles (2.3 × 2.6,
4.6 × 1.3, 4.9 × 1.2, and 6.5 × 0.9 mm2) with a circumference
l ranging between 9.8 and 14.8 mm have almost the same area
size of about 6 mm2.

The spiral waves propagated around the obstacles with
wavelength λ [Fig. 2(b)] and wave period T [Fig. 2(c)]
increasing with the obstacle circumference l 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 fits as λ/l = 1.064
± 0.043 and T/l = 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 sobs as the ratio between the circumference and
the period sobs = l/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 = λ/T. As shown in Figs. 2(d) and 2(e), both sobs

and s increase with l. Even though sobs is always smaller than
s for a given obstacle, its growth rate of sobs (sobs/l = 0.037 ±
0.002 min−1) is larger than that of s (s/l = 0.024 ± 0.002
min−1). Therefore, their percentage difference [�s(%) =
|sobs − s|/(sobs + s)/2 × 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 h

(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),

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).

III. 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 u and the controller v which account
for the concentrations of HBrO2 and the catalyst in the BZ
reaction, respectively,

∂u

∂t
= 1

ε

(
u − u2 − f v

u − q

u + q

)
+ Du∇2u,

(1)
∂v

∂t
= u − v + Dv∇2v.

As in a study by Jahnke and Winfree [19], the parameters were
chosen as ε = 0.01, q = 0.002, f = 1.4, and the diffusion
coefficients as Du = 1.0 and Dv = 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.−1.

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 × 160 s.u. with a
uniform grid space of �x = �y = 0.1 s.u. and a time step
�t = 3.0 × 10−3 t.u., as required for numerical stability [�t <

(3/8)(�x)]2 [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

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 × 2.6 mm and (c) 6.5 mm × 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., (c) a rectangle with
dimensions 8.5 s.u. × 0.2 s.u. and (d) a circle with diameter of
5.0 s.u.

and heights of 1.3 × 1.3, 1.7 × 1.0, 3.4 × 0.5, 5.4 × 0.3,
8.5 × 0.2, and 17.0 × 0.1 s.u.2.

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 = 1.0 and 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 = 0 and v = 0 for 80.0 � 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
λ = 10.5 s.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.2, circumference l = 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. × 0.2 s.u. with
a smaller area A = 1.70 s.u.2, but a much longer l = 17.4 s.u.,
in Fig. 4(c), resulted in a spiral wave with a wavelength λ =
20.7 s.u. In Fig. 4(d), a pinned spiral wave with a wavelength
λ = 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 (l = 15.7 s.u.) but much larger area (A =
19.64 s.u.2) 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
a circular obstacle with diameter of 0.9 s.u. and their properties

FIG. 5. (Color online) Properties of spiral waves as a function of
the obstacle circumference l in the Oregonator model: (a) obstacle
area A, (b) wavelength λ, (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 �s of sobs 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 l are shown in Fig. 5(a).
For the circular obstacles, the circumference l and the area
A increase simultaneously from 3.0 to 31.4 s.u. and 0.71 to
78.55 s.u.2, respectively, when the diameter increases from 0.9
to 10.0 s.u. In contrast, the six rectangles with circumferences
l 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 λ and the period T increase monotonously with
a growth rate of λ/l = 0.921 ± 0.020 and T/l = 0.052 ±
0.001 t.u. s.u.−1. For a given obstacle, the waves adjacent to
the obstacle always propagate slower than the waves far from
the obstacle (sobs < s) but the rate sobs/l = 0.288 ± 0.015
t.u.−1 is larger than s/l = 0.195 ± 0.006 t.u.−1. Thus, the
percentage difference �s 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. × 1.3 s.u. and (c) 17.0 s.u. × 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 δ ∼ 0.5 s.u. away from the obstacle wall
[Fig. 7(e)]. Note that the distance δ 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. × 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
C0. Then it continues with the lower half of the next circle
C1. Subsequently, the front alternates to the upper half of the
circle C2 and the lower half of the next circle C3, respectively.
In Fig. 8(b), centers and radii of the circles are drawn. The
centers of C0 and C2 are located close to the right boundary
of the obstacle, whereas those of C1 and C3 are at the
left boundary. The centers are far from the boundary at the
same distance (δ ∼ 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 C0) appears at the lower boundary. This spiral shape can

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 (e)].
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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 as a curve
that alternately connects upper and lower semicircles of different sizes
(corresponding halves of the dashed circles C0 to C3). (b) Estimation
of the radii r0 to r3 of the circles C0 to C3 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 δ is enlarged
to a scale different from that of the width w and the radii r0 to r3.
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 C0 to C3 and their centers.

According to the lifetime of the smallest circle C0, which is
limited to about half of the rotation period as described above,
the radius r0 of the growing C0 is also limited by the obstacle
width w and the distance δ of the circle center: 0 < r0 � w +
δ. It can be clearly seen in Fig. 8(b) that the radii of the larger
circles are related to r0, w, and δ as rn = r0 + n(w + 2δ),
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

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/k5[MA + BrMA] and s.u. =√

D/k5[MA + BrMA], where the rate of reaction k5 and the
diffusion D of HBrO2 are 0.4 M−1s−1 and 1.5 × 10−5cm2s−1,
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 ω and the asymptotic normal velocity
c (at locations far from the hole) of a spiral wave rotating
around a hole with radius r0 in a given medium, the curvature
relation (ω as a function of c and r0) and the dispersion relation
(c as a function of ω) must be simultaneously satisfied (see
Eq. (24) in Ref. [8]). Both relations are nonlinear and can be
solved graphically. Examples for various choices of r0 in the
Oregonator model are given in Fig. 18 of Ref. [8] (a graph of the
velocity c versus the period T). It is clear from the intersections
of the curves that both the velocity c and the period T of the
spiral wave increase simultaneously with the hole radius r0.
The results also imply that the wavelength λ increases with
r0, since λ = c 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 ω 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 r

of the circular obstacle by an equivalent quantity l/2π (since
r = l/2π for a circle), where l is the obstacle circumference.

052912-6



PROPAGATION OF SPIRAL WAVES PINNED TO . . . PHYSICAL REVIEW E 91, 052912 (2015)

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 Junpin 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 h (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

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 (2δ) 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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[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. PHYSICAL REVIEW E 91, 052912 (2015)

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

[31] J. P. Keener and J. J. Tyson, Physica D 21, 307
(1986).

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

[33] M. A. Dahlem and S. C. Müller, 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

	1
	TRG5680044-FinalReport-ChaiyaLuengviriya
	Sutthiopad-PhysRevE2014--unpinningBZ-obstacleSize
	Sutthiopad-PRE2015-circumference

	2
	3



