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�4 �1� 

� �S �a �m �p�l �e� �1� �r �e �q �u�i�r �e �d� �s�l�i �g �h�t�l �y� �l �e �s�s� �t�i �m �e� �t �o� �h �e �a�t� �u �p�,� �b �u�t� �t �h �e� �r �e �a�s �o �n� �f �o�r� �t �h �a�t� �m�i �g �h�t� �b �e� �t �h �e� 

�d�i�f�f �e�r �e �n �c �e� �i �n� �t �h �e� �d �e �n�s�i�t �y� �o�f� �t �h �e� �w �e �a �v �e�.� �A� �h�i �g �h �e�r� �d �e �n�s�i�t �y� �o�f� �t �h �e� �w �e �a �v �e� �m �e �a �n�s� �t �h �a�t� �a� �l �o �n �g �e�r� 

�f�r �a �g �m�e �n�t� �o�f� �c �o �n �d �u �c�t�i �v �e� �y �a�r �n� �w �a�s� �u�s �e �d�,� �t �h �e�r �e�f �o�r �e� �r �a�i�s�i �n �g� �i�t �s� �r �e�s�i�s�t �a �n �c �e�.� �T �h �e� �h�i �g �h �e�r� �t �h �e� 

�r �e�s�i�s�t �a �n �c �e� �o�f� �t �h �e� �f�r �a �g �m�e �n�t�,� �t �h �e� �m �o�r �e� �p �o �w �e�r� �i�s� �n �e �e �d �e �d� �t �o� �h �e �a�t� �i�t�.� �D �u �e� �t �o� �t �h �e� �d�i�f�f �e�r �e �n �c �e� �i �n� 

�t �h �e� �t�i �m �e� �r �e �q �u�i�r �e �d� �b �y� �t �h �e� �t �w �o� �s �a �m �p�l �e �s� �b �e�i �n �g� �q �u�i�t �e� �i �n�s�i �g �n�i�f�i �c �a �n�t�,� �I� �d�i�s �m�i�s �s �e �d� �i�t� �a�t� �t �h�i�s� �s�t �a �g �e�.� 

�A �d �d�i�t�i �o �n �a�l�l �y�,� �I� �r �e�l�i �e �d� �o �n� �t �h �e� �t �h �e�r �m�a�l� �i �m �a �g�i �n �g� �c �a �m�e�r �a� �f �o�r� �o �b�t �a�i �n�i �n �g� �t �h �e� �r �e�s �u�l�t� �a�t� �t �h �e� �c �o�r�r�e �c�t� 

�t �e �m �p �e�r �a�t �u�r �e�.� �H �o �w �e �v �e�r�,� �I� �c�o�r�r �e �c�t �e �d� �t �h �a�t� �o �v �e�r �s�i �g �h�t� �w �h �e �n� �p �e�r�f �o�r �m�i �n �g� �t �e�s�t �s� �o �n� �P�r �o�t �o�t �y �p �e� �3�.� 

�I� �p�r �o �c �e �e �d �e �d� �w�i�t �h� �t �e�s�t�i �n �g� �t �h �e� �s �a �m �p�l �e �s� �a �n �d� �u�s �e �d� �t �h �e� �s �a �m�e� �w �e�i �g �h�t �s� �a�s� �d �u�r�i �n �g� �t �h �e� �t �e�s�t�i �n �g� 

�o�f� �s �a �m �p�l �e�s� �1 �A�,� �2 �A�,� �a �n �d� �3 �A� �f�r �o �m� �B �a�t �c �h� �3�,� �b �u�t� �I� �b �e �g �a �n� �w�i�t �h� �a� �l �o �a �d� �o�f� �9 �0� �g�,� �i �n�s�t �e �a �d� �o�f� �5 �0� �g� 

�a �n �d� �a �d �d �e �d� �4 �0� �g� �e �a �c �h� �t�i �m �e� �i �n�s�t �e �a �d� �o�f� �2 �0� �g� �(�T�a �b�l �e� �1 �2�)�.� �I� �a�i �m �e �d� �t �h�i�s� �t �e�s�t� �a�t� �c �o �n�f�i�r �m�i �n �g� �t �h �e� 

�c �o �n�s�i�s�t �e �n �c �y� �o�f� �h �e �a�t� �a �p �p�l�i �c �a�t�i �o �n� �t �h�r �o �u �g �h� �c �o �n �d �u �c�t�i �v �e� �y �a�r �n�,� �n �o�t� �a�t� �o �b�t �a�i �n�i �n �g� �s �p �e �c�i�f�i �c� �r �e�s �u�l�t �s� 

�r �e �g �a�r �d�i �n �g� �t �h �e� �a �m �o �u �n�t� �o�f� �c �o �n�t�r �a �c�t�i �o �n�.� �D �u �e� �t �o� �t �h�i�s�,� �I� �u�s �e �d� �t �h �e� �e �d �g �e�s� �o�f� �t �h �e� �c�l �a �m �p�s� �a�s� 

�m �a�r �k �e�r �s� �i �n�s�t�e �a �d� �o�f� �t �h �e� �e �d �g �e�s� �o�f� �t �h �e� �w �e�f�t�.� 

� 

�B �a�t �c �h�.�S �a �m �p�l �e� �L �o �a �d� �[ �g�]� 

�R �o �o �m� 
�t �e �m �p�.� 
�l �e �n �g�t �h� 
�[ �m �m�]� 

�L �e �n �g�t �h� �a�t� 
�1 �2 �0 �° �C� 
�[ �m �m�]� 

�C �h �a �n �g �e� 
�i �n� �l �e �n �g�t �h� 

�[ �m �m�]� 

�C �o �n�t�r �a �c�t�i �o �n� 
�[ �%�]� 

�4�.�1 �B� 

�9 �0� �1 �6 �3� �1 �3 �8� �2 �5� �1 �5�.�3� 

�1 �3 �0� �1 �6 �3� �1 �3 �9� �2 �6� �1 �6�.�0� 

�1 �7 �0� �1 �7 �0� �1 �4 �2� �2 �8� �1 �6�. �5� 

�2 �1 �0� �1 �7 �5� �1 �4 �3� �3 �2� �1 �8�.�3� 

�4�.�2 �B� 

�9 �0� �1 �9 �8� �1 �5 �8� �4 �0� �2 �0�. �2� 

�1 �3 �0� �2 �0 �3� �1 �6 �3� �4 �0� �1 �9�. �7� 

�1 �7 �0� �1 �9 �9� �1 �6 �5� �3 �4� �1 �7�.�1� 

�2 �1 �0� �2 �0 �3� �1 �6 �8� �3 �5� �1 �7�. �2� 

�T �a �b�l �e� �1 �2�.� �L �o �a �d� �t �e �s�t� �r �e �s �u�l�t �s� �o�f� �S �a �m �p�l �e �s� �4�.�1 �B� �a �n �d� �4�.�2 �B� �f�r �o �m� �B �a�t �c �h� �4� 

�B �o�t �h� �s �a �m �p�l �e �s� �s �h �o �w �e �d� �a� �s�l�i �g �h�t� �d �e �c�r �e �a�s �e� �i �n� �c �o �n�s�i�s�t �e �n �c �y� �o�f� �c �o �n�t�r �a �c�t�i �o �n� �c �o �m �p �a�r �e �d� �t �o� 

�w �h �e �n� �t �h �e �y� �w �e�r �e� �h �e �a�t �e �d� �u�s�i �n �g� �a� �h �e �a�t� �g �u �n�.� �T �h �e� �d�i�f�f �e�r �e �n �c �e� �i �n� �l �e �n �g�t �h� �o�f� �S �a �m �p�l �e� �1�B� �a�t� �1 �2 �0�° �C� 

�b �e�t �w �e �e �n� �l �o �a �d� �o�f� �9 �0� �g� �t �o� �2 �1 �0� �g� �w �a�s� �5� �m �m�.� �C �o �m �p �a�r �a �b�l �y�,� �t �h �e� �d�i�f�f �e�r �e �n �c �e� �i �n� �l �e �n �g�t �h� �o�f� �S �a �m �p�l �e� 

�4�. �2 �B� �u �n �d �e�r� �t �h �o �s �e� �t �w �o� �c �o �n �d�i�t�i �o �n�s� �w �a�s� �1 �0� �m �m�.� �A �d �d�i�t�i �o �n �a�l�l �y�,� �t �h �e� �p �e�r �c �e �n�t �a �g �e� �o�f� �c �o �n�t�r �a �c�t�i �o �n� 

�o�f� �S �a �m �p�l �e� �4�. �1 �B� �i �n �c�r �e �a�s �e �d� �w�i�t �h� �i �n �c�r �e �a�s�i �n �g� �l �o �a �d�,� �w �h�i�l �e� �t �h �e� �p �e�r �c �e �n�t �a �g �e� �o�f� �c �o �n�t�r �a �c�t�i �o �n� �o�f� 

�S �a �m �p�l �e� �4�. �2 �B� �d �e �c�r �e �a�s �e �d�.� 
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D u e t o  t h e sli g htl y b ett er p erf or m a n c e a n d t h e f a ct t h at S a m pl e 4. 1 B w as  m u c h m or e 

c o mf ort a bl e t o w e a v e, I d e ci d e d t o m o v e f or w ar d wit h usi n g t his s a m pl e t o pr o d u c e t h e 

r est of m y t e xtil e s a m pl e s.  

 

4. 3.  Pr ot ot y p e 3  
 

T o b uil d Pr ot ot y p e 3 , I us e d t h e c oils fr o m B at c h 4  t o w e a v e f o ur m or e s a m pl es of t h e 

c o ntr a cti n g t e xtil e , r es ulti n g i n fi v e s a m pl es of t h e a cti v e t e xtil e i n t ot al ( S a m pl es 4.1 C-

4. 5 C) . I cr e at e d fi v e s e p ar at e t e xtil e s a m pl es i nst e a d of o n e a cti v e p a n el b e c a u s e o n e bi g 

p a n el w o ul d r e q uir e a p o w er s o ur c e wit h a v er y hi g h o ut p ut. S e p ar ati n g t h e a cti v e t e xtil e 

i nt o fi v e s a mpl e s all o w e d f or t h e c o n d u cti v e y ar n t o b e i n fi v e s h ort er pi e c es t h a n it 

w o ul d h a v e b e e n  n e c es s ar y f or o n e l ar g e a cti v e p a n el, w hi c h m e a ns t h at t h e r esist a n c e of 

e a c h s a m pl e w as m u c h l o w er t h a n t h e r esist a n c e of o n e l ar g e p a n el w o ul d b e. T his m a d e 

it e asi er t o pr o vi d e el e ctri cit y t o t h e s a m pl es b e c a u s e I c o ul d us e s e p ar at e p o w er s o ur c es 

wit h a l o w er o ut p ut, r at h er t h a n o n e p o w er s o ur c e wit h a v er y hi g h o ut p ut. T h e n, I 

r e p ur p o s e d Pr ot ot y p e 1 b y r e m o vi n g t h e str a ps fr o m t h e ri g ht si d e of t h e w aist ar e a a n d 

se wi n g o n t h e s a m pl es i n t h eir st e a d. I us e d a si z e 8 ( 3 6 i n E ur o p e a n st a n d ar ds) 

m a n n e q ui n t o a dj u st t h e s a m pl e s ’ p o siti o n b ef or e s e wi n g t h e m o n  (Fi g ur e 1 1 ). L at er, I 

us e d t h e s a m e m a n n e q ui n t o p erf or m t h e t est s. T h er e w er e t w o p h as e s i n t h e t esti n g of 

Pr ot ot y p e 3 , w h er e I m e as ur e d it s c o ntr a cti o n a bilit y b y m e a s uri n g t h e l e n gt h of t h e 

s a m pl es a n d t h e dist a n c e b et w e e n t h e t w o e d g es of t h e f a bri c at t h e b ott o m e d g e of t h e 

s a m pl es usi n g a t ail or ’s m e a s uri n g t a p e.  

Fi g ur e 1 0 . Diff er e nt vi e w s of Pr ot ot y p e 3 o n a m a n n e q ui n  
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D uri n g t h e fir st p h as e, I us e d a l a b or at or y p o w er s o ur c e wit h a m a xi m u m o ut p ut of 

3 0 V a n d 5 A (P o w er S o ur c e 1 ) a n d c o n n e ct e d all of t h e s a m pl es t o it at t h e s a m e ti m e.  

E v e n t h o u g h I s et  t h e p ow er s o ur c e t o t h e m a xi m u m o ut p ut, t h e v al u es of p o w er s u p pli e d 

t o e a c h s a m pl e r e a c h e d o nl y 3 V wit h a c urr e nt of 5. 2 2 8 A (Test 1  i n T a bl e 1 3 ). T his 

m a xi m u m o ut p ut w as c a us e d b y t h e f a ct t h at w h e n fi v e s e p ar at e cir c uit s ar e c o n n e ct e d t o 

o n e p o w er s o ur c e, t h e c urr e nt will b e s plit i nt o fi v e, t h er eb y l o w eri n g t h e v olt a g e i n e ac h 

cir c uit. F or t his r e as o n, I d e ci d e d t o m o v e f or w ar d wit h t h e t esti n g b ut t o c o n n e ct t h e 

s a m pl es t o el e ctri cit y o n e b y o n e  ( Te st 2  i n T a bl e 1 3 ). 

 

R o o m t e m p e r at ur e  

B at c h. S a m pl e  T e m p e r at ur e [ ° C] 
L e n gt h of s a m pl e  

[ m m] 

Di st a n c e b et w e e n 

f a bri c e d g e s [ m m] 

4. 1 C  2 0  1 3 0  4 5  

4. 2 C  2 0  1 1 5  4 0  

4. 3 C  2 0  1 2 0  6 0  

4. 4 C  2 0  1 3 5  8 1  

4. 5 C  2 0  1 2 5  7 2  

T e st 1  

4. 1 C  5 2  1 2 0  4 5  

4. 2 C  5 4  1 0 8  4 0  

4. 3 C  5 2  1 1 5  5 7  

4. 4 C  5 2  1 3 5  8 0  

4. 5 C  4 3  1 2 5  7 2  

T e st 2 ( e a c h s a m pl e h e at e d i n di vi d u all y)  

4. 1 C  1 2 0  1 0 0  3 5  

4. 2 C  1 2 0  1 1 8  4 5  

4. 3 C  1 2 0  1 0 0  5 5  

4. 4 C  1 2 0  1 2 7  7 8  

4. 5 C  1 2 0  1 1 3  6 5  

T a bl e 1 3 . Fir st st a g e c o ntr a cti o n t e st r e s ult s of Pr ot ot y p e 3 . 

T o pr e p ar e f or t h e s e c o n d p h as e of t h e t esti n g , I wr a p p e d t h e m a n n e q ui n i n a t o w el 

a n d a n ot h er  l a y er of s oft f a bri c t o r e d u c e it s ri gi dit y, w hi c h  is m u c h hi g h er t h a n t h at of a 

h u m a n b o d y . A d diti o n all y, I s e c ur e d t h e e d g es of t h e f a bri c l o c a te d u n d er n e at h e a c h  

s a m pl e t o t h e s a m pl es wit h t hr e a d t o a v oi d t h e s a m pl e s c o ntr a cti n g wit h o ut m o vi n g t h e 

f a bri c. I o bt ai n e d a n a d diti o n al p o w er s o ur c e  wit h a m a xi m u m o ut p ut of 2 7 . 5V a n d 3 A  

(P o w er S o ur c e 2 ). I p erf or m e d t w o t est s wit h S a m pl e s 4. 1 C , 4. 2 C , a n d 4. 3 C c o n n e ct e d t o 
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P o w er S o ur c e 1  a n d S a m pl es 4. 4 C a n d 4. 5 C c o n n e ct e d t o P o w er S o ur c e 2  (Test 3  i n T a bl e 

1 4 ). T his a m o u nt of el e ctri cit y, h o w e v er, w as still n ot e n o u g h t o h e at all t h e s a m pl es t o 

1 2 0 ° C. D u e t o t his, I o bt ai n e d a n ot h er l a b or at or y p o w er s o ur c e wit h t h e s a m e m a xi m u m 

o ut p ut as t h e fir st o n e: 3 0 V a n d 5 A  ( P o w er S o ur c e 3) . T h e n I c o n n e ct e d S a m pl e 4. 1 C t o 

P o w er S o ur c e 2, S a m pl e s 4. 2 C a n d 4. 3 C t o P o w er S o ur c e 3 , a n d S a m pl es 4. 4 C a n d 4. 5 C 

t o P o w er S o ur c e 1 . B ef or e e x e c uti n g Test 4,  I a dj u st e d t h e o ut p ut of e a c h p o w er s u p pl y s o 

t h at t h e s a m pl es r e a c he d  t h e t e m p er at ur e of 1 2 0 ° C i n a si mil ar ti m e s p a n. H o w e v er, 

S a m pl e  4. 5 C o nl y r e a c h e d t h e t e m p er at ur e of 1 2 0 ° C. Aft er t h at, I r e a dj ust e d t h e 

c o n n e cti o n b et w e e n t h e s a m pl e s a n d t h e p o w er s o ur c es t o h o p ef ull y a c hi e v e a m or e 

u n if or m ti m e of h e ati n g. A d diti o n all y, I c h a n g e d t h e m ar k er s f or m y m e as ur e m e nt s f or 

b ett er c o nsist e n c y a n d n ot e d d o w n t h e n e w v al u e s. I t h e n st art e d t h e pr o c ess of Test 5 . I 

fi n all y m a n a g e d t o a dj u st t h e o ut p ut s of t h e p o w er s o ur c es s o t h at t h e t e m p er at ur e of t h e 

s a m pl es r e a c h e d 1 2 0 ° C aft er a si mil ar ti m e a n d w o ul d n ot  i n cr e as e m u c h f urt h er. T h e n, I 

r e p e at e d t h e t est t w o m or e ti m es (Test s 6 a n d 7 i n T a bl e 1 4 ) t o c o nfir m t h e r es ult s.  

 

R o o m t e m p e r at ur e  

B at c h. S a m pl e  
T e m p e r at ur e 

[ ° C] 

V olt a g e 

[ V] 

C urr e nt 

[ A] 

L e n gt h of 

s a m pl e  

[ m m] 

Di st a n c e 

b et w e e n 

e d g e s of 

t h e f a bri c 

[ m m] 

4. 1 C  2 0  0. 0  0. 0 0 0  1 3 5  6 0  

4. 2 C  2 0  0 .0  0 .0 0 0  1 2 5  5 3  

4. 3 C  2 0  0 .0  0 .0 0 0  1 2 8  7 4  

4. 4 C  2 0  0. 0  0. 0 0 0  1 5 0  1 0 0  

4. 5 C  2 0  0 .0  0 .0 0 0  1 2 5  7 7  

T e st 3  

4. 1 C  1 1 9  

4. 3  5. 2 2 5  

1 1 6  5 5  

4. 2 C  1 0 7  1 0 8  4 7  

4. 3 C  1 0 1  1 2 1  7 0  

4. 4 C  8 9  
3. 7  3. 1 4 0  

1 4 5  9 7  

4. 5 C  8 1  1 2 0  7 5  

T e st 4  

4. 1 C  1 2 0  3. 5  2. 7 0 0  1 1 6  5 5  

4. 2 C  1 2 0  
4 5  3. 2 0 0  

1 0 5  4 8  

4. 3 C  1 2 0  1 2 0  6 6  
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4. 4 C  1 2 0  
5. 3  3. 7 0 0  

1 4 3  9 5  

4. 5 C  1 1 0  1 1 5  7 0  

R o o m t e m p e r at ur e ( aft e r a dj u sti n g t h e m a r k e r s ) 

4. 1 C  1 2 0  0. 0  0. 0 0 0  1 2 8  6 0  

4. 2 C  1 2 0  0 .0  0 .0 0 0  1 2 0  5 5  

4. 3 C  1 2 0  0 .0  0 .0 0 0  1 3 0  7 5  

4. 4 C  1 2 0  0. 0  0 0 0 0  1 5 0  1 0 0  

4. 5 C  1 2 0  0 .0  0 .0 0 0  1 3 8  8 5  

T e st 5  

4. 1 C  1 2 0  3. 9  2. 1 6 0  1 1 5  5 4  

4. 2 C  1 2 0  
4. 8  3. 4 1 0  

1 0 6  4 5  

4. 3 C  1 2 0  1 1 6  6 5  

4. 4 C  1 1 3  
5. 6  3. 8 2 4  

1 3 6  9 2  

4. 5 C  1 2 0  1 1 3  7 5  

T e st 6  

4. 1 C  1 2 0  3. 9  - 1 1 6  5 4  

4. 2 C  1 2 0  4 .5  - 1 0 6  4 5  

4. 3 C  1 2 0  4. 5  - 1 1 6  6 5  

4. 4 C  1 2 0  
5. 5  - 

1 3 6  9 2  

4. 5 C  1 2 0  1 1 3  7 5  

T e st 7  

4. 1 C  1 2 0  3 .9  - 1 1 5  5 5  

4. 2 C  1 2 0  
4. 5  - 

1 0 6  4 7  

4. 3 C  1 2 0  1 1 4  6 5  

4. 4 C  1 2 0  
5. 5  - 

1 3 5  9 2  

4. 5 C  1 2 0  1 1 3  7 0  

T a bl e 1 4 . S e c o n d st a g e c o ntr a cti o n t e st r e s ult s  of Pr ot ot y p e 3  

T h e l a st t hr e e t est s pr o vi d e d si mil ar r es ult s. T h e s a m pl e t h at c a us e d t h e g a p b et w e e n 

t h e t w o p a n els of f a bri c to d e cr e as e t o o nl y u p t o  6 m m w a s S a m pl e 4. 1 C . T h e r e as o n f or 

t his s m all c h a n g e mi g ht b e t hat it w as pl a c e d at t h e b ust li n e of t h e ri gi d m a n n e q ui n  a n d 

t h e f a bri c t h er e w as alr e a d y m or e str ai n e d . S a m pl e 4. 3 C a n d S a m pl e 4. 5 C c a us e d t h e g a p 

t o cl o s e b y o v er 1 0 m m e a c h ti m e, wit h S a m pl e 4. 3 C r e a c hi n g a 1 3 m m cir c u mf er e n c e 

r e d u cti o n d uri n g t h e fir st  t est, a n d S a m pl e 4. 5 C r e a c hi n g a 1 5 m m cir c u mf er e n c e 

r e d u cti o n d uri n g t h e l ast t est. O v er all, t h e s a m pl e s  s u c c es sf ull y m a n a g e d t o c a us e a 

c h a n g e i n t h e g ar m e nt ’s cir c u mf er e n c e  e a c h ti m e . T hr e e o ut of t h e fi v e s a m pl es cl o s e d t h e 

g a p b et w e e n t h e f a bri c p a n e ls b y at l e ast 1 0 m m, t h us f ulfilli n g t h e r e q uir e m e nt of 
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d e cr e asi n g t h e g ar m e nt ’s cir c u mf er e n c e b y b et w e e n 1 0 m m a n d 2 0 m m est a blis h e d 

d uri n g t h e t esti n g of Pr ot ot y p e  1.  
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5.  Fi n di n g s  
 

T h e  k e y fi n di n g s i n t his s e cti o n ar e pr es e nt e d i n t w o s u bs e cti o ns . Fir stl y, t h e fi n di n g s 

t h at v ali d at e  t h e cl ai ms m a d e i n t h e lit er at ur e t h at s er v e d as t h e b a c k gr o u n d f or t h e 

a p pli e d r es e ar c h, n a m el y t h e p a p er s b y H ai n e s et al. ( 2 0 1 4)  a n d M a zi z et al. ( 2 0 1 7) , 

r el at e d t o t h e c o nstr u cti o n of artifi ci al m us cl es fr o m c o m m er ci all y a v ail a bl e n yl o n li n e 

a n d w e a vi n g of t h o s e m us cl e s . S e c o n dl y, t h e fi n di n gs t h at a ns w er t h e d esi g n q u esti o ns of 

t his pr oj e ct. 

 

5. 1.  V ali d ati o n of b a c k gr o u n d r e s e ar c h o n n yl o n li n e artifi ci al 
m u s cl e s  
 

Fir stl y, t h e pr o c e e di n gs of t his pr oj e ct c o nfir m e d t h at i n e x p e nsi v e, c o m m er ci all y 

a v ail a bl e n yl o n li n e c a n b e us e d t o pr o d u c e artifi ci al m u s cl e s t h at ar e a bl e t o c o ntr a ct  a n d 

e x p a n d m ulti pl e ti m es  ( S e cti o ns 4. 2. 1. a n d 4. 2. 2.). T h e c o ntr a cti o n d e p e n ds o n t h e 

t hi c k n e ss of t h e n yl o n li n e u s e d t o cr e at e t h e m us cl e, t h e a m o u nt of t wist i ns ert e d i nt o t he 

li n e, a n d t h e m et h o d of c oili n g.  A d diti o n all y, t h e a m o u nt of c o ntr a cti o n d e p e n d s o n t h e 

l o a d a p pli e d t o t h e m u s cl e (Fi g ur e 1 2 ). W h e n a l o a d is a p pli e d t o t h e m uscl e, b ut b ef or e 

h e ati n g it , t h e c oil will str et c h o ut. D u e t o t his, t h e a m o u nt of c o ntr a cti o n i n cr e a s es  as t h e 

h e a vi er l o a d is a p pli e d, u p t o a p oi nt d e p e n di n g o n t h e str e n gt h of t h e m us cl e.  If t h e l oa d 

is n ot t o o h e a v y f or t h e m us cl e t o c o ntr a ct t o it s mini m u m l e n gt h w h e n h e at e d, t h e 

p er c e nt a g e of c o ntr a cti o n will b e hi g h er t h e gr e at er  t h e l o a d is, d u e t o t h e hi g h er l e n gth of 

t h e m u s cl e b ef or e b ei n g h e at e d (Fi g ur e 1 2 B ). W h e n t h e a p pli e d l o a d is t o o hi g h f or t h e 

m us cl e t o c o ntr a ct t o it s mi ni m u m l e n gt h w h e n h e at e d, t h e p er c e nt a g e of c o ntr a cti o n will  

st art t o d e cr e as e  (Fi g ur e  1 2 C ). 

S e c o n dl y, t h e t est s c o nfir m e d t h at t h e n yl o n m us cl es c a n b e w o v e n i nt o a n a cti v e  

t e xtil e t h at will c o ntr a ct w h e n h e at e d ( S e cti o n 4. 2. 3.). I n c or p or ati n g t h e m u s cl es i nt o a 

t e xtil e usi n g a si m pl e w e a v e wit h t h e m us cl e s s er vi n g as t h e w ar p a n d a p assi v e y ar n a s 

t h e w eft di d n ot pr e v e nt t h e m fr o m c o ntr a cti n g . T h e s a m e eff e ct as wit h i n di vi d u al 

m us cl es c o ul d b e o bs er v e d  – t h e t e xtil e w o ul d str et ch o ut pr o p orti o n all y t o t h e a p pli e d 

l o a d b ef or e b ei n g h e at e d a n d c o ntr a ct b a c k t o it s mi ni m u m l e n gt h w h e n it r e a c h e d t h e 

t e m p er at ur e of 1 2 0 ° C. W h e n t h e l o a d w as t o o h e a v y, t h e t e xtil e w o ul d l o s e it s c o ntr a cti o n 

effi ci e n c y. Of c o ur s e, t h e l o a d t h at t h e t e xt il e w a s a bl e t o c arr y w as hi g h er t h a n i n di vi d u al 

m us cl es.  
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T hir dl y, t h e t est s c o nfir m e d t h at a d di n g c o n d u cti v e y ar n t o t h e w eft of t h e a cti v e 

t e xtil e is a vi a bl e m et h o d of a p pl yi n g h e at t o t h e t e xtil e t o a cti v at e it (S e cti o n 4. 2. 4.) . B ot h 

of t h e t est e d c o n d u cti v e y ar ns s u c c e ssf ull y d istri b ut e d h e at t o t h e t e xtil e s a m pl e, c a usi n g 

it t o c o ntr a ct w h e n att a c h e d t o el e ctri cit y. T his m et h o d of distri b uti n g h e at di d  n ot c a us e 

t h e s a m pl e t o b ur n or m elt a n d c o ul d b e us e d m ulti pl e ti m e s.  T h o u g h m y fir st att e m pt s 

w er e r us h e d, l at er I m a n a g e d t o c ali br at e t h e el e ctri cit y o ut p ut s o t h at t h e s a m pl e s w o ul d 

r e a c h t h e t e m p er at ur e of ar o u n d 1 2 0 ° C a n d m ai nt ai n it. A c hi e vi n g a st e a d y t e m p er at ur e 

w o ul d  b e n e c es s ar y t o cr e at e a u nif or m f e eli n g of c o m pr es si o n f or t h e w e ar er t h at c o ul d 

l a st o v er ti m e, wit h o ut t h e t e xtil e b ei n g d e str o y e d.  

 

5. 2.  K e y fi n di n g s  
 

F ir st l y,  a lt h o u g h c o n d u cti v e y ar n c a n b e us e d as a h e ati n g m e di u m  f or t h e c o ntr a cti n g  

t e xtil e m a d e wit h artifi ci al m u s cl es , I f o u n d t h at t h e c o ntr a cti o n of t his t e xtil e w as sli g htl y 

l e ss c o nsist e nt t h a n t h at of t h e c o ntr a cti n g t e xtil e wit h a p assi v e w eft a cti v at e d  b y u si n g a 

h e at g u n or a n i nfr ar e d h e at er  ( S e cti o n 4. 2. 4.). H o w e v er, t h e d e cr e as e i n c o nsist e n c y w as 

mi ni m al. T h e s a m pl e s c o ntr a ct e d b y a f e w milli m etr es l es s u n d er h e a vi er l o a ds, b ut still 

a c hi e v e d a s atisf a ct or y a m o u nt of c o ntr a cti o n. I nt er esti n gl y, t h e s p e e d of c o ntr a cti o n w as 

sli g htl y i nfl u e n c e d b y t h e d e nsit y of t h e w eft w h e n t h e c o n d u cti v e y ar n w as a d d e d t o t h e 

w eft as t h e h e ati n g a g e nt. A l o o s er w eft r e q uir es a s h ort er pi e c e of c o n d u cti v e y ar n t o b e 

Fi g ur e 1 1 . R el ati vit y of c o ntr a cti o n t o t h e l o a d a p pli e d. A  S a m pl e at r o o m t e m p er at ur e a n d 

1 2 0 ° C wit h n o l o a d a p pli e d. B  S a m pl e wit h n ot t o o h e a v y l o a d a p pli e d. C  S a m pl e wit h a t o o 

h e a v y l o a d a p pli e d.  
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us e d  (Fi g ur e 1 3 ), w hi c h d e cr e a s es t h e r esist a n c e of t h e pi e c e d u e t o r esist a n c e b ei n g 

dir e ctl y pr o p orti o n al t o l e n gt h . A l o w er r esist a n c e tr a nsl at es i nt o l es s e n er g y b ei n g 

r e q uir e d t o h e at t h e s a m pl e, w hi c h i n t ur n m e a ns t h at t h e s a m pl e will h e at  u p q ui c k er t h a n 

a s a m pl e pr o vi d e d wit h t h e s a m e a m o u nt of v olt a g e a n d c urr e nt b ut wit h a d e ns er w eft.  

 

S e c o n dl y , I f o u n d t h at usi n g a c o m p o sit e  c o n d u cti v e y ar n wit h a n yl o n c or e pl at e d 

wit h sil v er t o cr e at e a m us cl e pr o vi d e d i n c o nsist e nt a n d i ns uffi ci e nt r es ult s ( S e cti o ns 

4. 2. 1. a n d 4. 2. 2.) . Si mil arl y t o t h e c oils m a d e o ut of n yl o n li n e, it w as p o ssi bl e t o f or m a 

c oil u si n g t h e c o m p o sit e c o n d u cti v e y ar n a n d  it r et ai n e d it s s h a p e aft er b ei n g s et i n t h e 

o v e n. H o w e v er, d uri n g t esti n g  a n d e v e n w h e n t h e t e m p er at ur e di d n ot c h a n g e, t h e y ar n 

w o ul d b ar el y c o ntr a ct, e x p a n d , or si m pl y m elt. Si mil arl y , I f o u n d t h at cr e ati n g a m us cl e 

b y t wisti n g c o n d u cti v e y ar n a n d n yl o n li n e t o g et h er pr o vi d e d i n c o nsist e nt r es ult s. 

Fi n all y, I f o u n d t h at a t e xtil e cr e at e d b y usi n g n yl o n artifi ci al m u s cl es a s t h e w ar p a n d 

a mi x of c o n d u cti v e y ar n a n d p a ssi v e c ott o n y ar n a s t h e w eft h as t h e p ot e nti al t o b e 

e m b e d d e d i nt o a g ar m e nt t o s er v e as a n a ct u at or f or c o m pr e ssi o n  ( S e cti o n 4. 3.). Of 

c o ur s e, d u e t o t h e a cti v ati o n t e m p er at ur e of 1 2 0 ° C , t h e t e xtil e is n ot s uit a bl e t o b e w or n 

b y a p er s o n, w hi c h will b e dis c us s e d f urt h er i n S e cti o n 6.  T h e  p erf or m a n c e of t h e t e xtil e 

w h e n e m b e d d e d i nt o a g ar m e nt diff er s c o m p ar e d  t o w h e n it is si m pl y h u n g wit h a l o a d 

a d d e d. W h e n t h e t e xtil e is h u n g , it o nl y n e e d s t o pr o d u c e e n o u g h f or c e t o b e a bl e t o lift 

t h e l o a d att a c h e d t o it, w h er e as w h e n t h e t e xtil e is e m b e d d e d i nt o a g ar m e nt a n d p ut o n a 

w e ar er ( or m a n n e q ui n i n t his c a s e) , it n e e ds t o pr o d u c e f or c e t o p ull t h e f a bri c a g ai nst t h e 

Fi g ur e 1 2 . R el ati o n b et w e e n w e ft d e n sit y a n d l e n gt h of t h e w eft y ar n. E x a m pl e 

A , wit h a l o o s er w eft, r e q uir e s a s h ort er pi e c e of c o n d u cti v e y ar n, t h er ef or e h a s 

a l o w er r e si st a n c e, t h a n e x a m pl e  B wit h a d e n s er w eft.  
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r esist a n c e of t h e b o d y, as w ell as t h e fri cti o n b et w e e n t h e f a bri c a n d t h e w e ar er ’s s ki n. 

T his w as a m plifi e d  w h e n usi n g a m a n n e q ui n b e c a u s e it is m u c h m or e ri gi d t h a n t h e 

h u m a n b o d y a n d t h e c a n v as -li ke p a p er -b a s e d f a bri c it is c o v er e d wit h cr e at es m or e 

fri cti o n t h a n h u m a n s ki n. Wr a p pi n g t h e m a n n e q ui n wit h a s oft f a bri c a n d a t o w el di d 

r e d u c e t h e ri gi dit y sli g htl y b ut  di d  n ot  aff e ct t h e fri cti o n f a ct or. N e v ert h el ess, t h e t est s 

h a v e pr o v e d t h at t his s ol u ti o n h a s t h e p ot e nti al t o b e st u di e d f urt h er, as t h e y pr o d u c ed 

p o siti v e r es ult s. T h e t w o f a bri c p a n els g ot cl o s er t o e a c h ot h er b y u p t o 1 5 m m, t h us 

f ulfilli n g t h e r e q uir e m e nt of 10 m m t o 2 0 m m e st a blis h e d d uri n g t h e t est s  o n Pr ot ot y p e 1 . 

T his  i m pli e s t h at t h e cir c u mf er e n c e of t h e g ar m e nt d e cr e as e d, c o m pr essi n g t h e 

m a n n e q ui n.  
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6. Di s c u s si o n

T his  proj e ct  ai m e d t o cre at e  a t e xtil e a ct u at or s uit a bl e t o b e e m b e d d e d i nt o a g a r m e nt 

f or c om pr es si o n  wit h th e m oti v ati o n  of cre at i n g a s ol uti o n  th at  w o ul d  bri n g  i m me di at e  

r eli ef f or an xi e ty . T o  ac hi e v e  thi s ai m, t h e pr oj e ct s et o u t t o d et er mi n e t h e b e st  sm art  

m at eri al  to  ser v e as  th e a ct u at or  a n d  a n a cti v ati o n m et h o d  fo r this  s m art mat eri al  th at  

w o ul d b e s uit a bl e f or a g ar m e nt. T h e t e xtil e a c hi e v e d  as a r es ult  of  thi s  ex pl or ati o n  

n e e d e d  t o b e a bl e t o  b e e m b e d d e d  i nt o a g ar m e nt  a n d  d ecr e as e t h e g ar m e nt ’s 

cir c u mf er e n c e t o cre at e c o m pr essi o n.  

6. 1.  D e si g n p r o bl e m s a n d k e y fi n di n g s 

T hi s s u bs e cti o n dis c u ss es  t h e k e y fi n di n g s t h at p r o vid e d a ns w er s t o t h e d e si g n 

pr o bl e ms p o s e d a t t h e b e gi n ni n g of thi s pr oj e ct . 

D P 1.  W hi c h  sm a rt  mat e ri al i s  th e m o st  suit a bl e  to  be u s e d  a s a n  act u at o r  
i n a te xtil e ?  

As  t h e st u d y b y H a i n e s et a l. (2 0 1 4) s u g g est e d, c o m m er ci all y a v ail a bl e n yl o n li n e, a n 

i n e x p e nsi v e a n d e a sil y  obt ai n a bl e  m at eri al , c a n b e us e d t o p r o d u c e artifi ci a l m us cl e s  th at  

ar e c a p a bl e of  lifti n g r el ati v el y h e a v y lo a ds  m ultipl e  ti m es. T h e r es ult s  a chi e v e d  b y th e 

e x pl or ati o n  i n this  proj e ct  w er e s atisf a ct ory , wit h th e pr o d u c e d  mu s cl es  b ei n g  a ble t o  lift 

t h e l o a ds m ultip l e ti m e s whi l e pro vi di n g  co nsist e nt  res ult s.  D uri n g t his pr o c ess, th e 

m us cl e m a d e o ut  of  a 0 .6 m m n yl o n fis hi n g li n e w it h t wist ins ert e d i n th e Z d ir e cti o n a n d 

t h e n co il e d on a  1 mm  m a n dr el  i n th e Z  dir e cti o n pr o vi d e d  th e  b est an d  m o st  co nsist e nt  

res ult s.  H o w e v er,  t h e pr o p erti es of th e m u s cl e c a n  be i nfl u e n c e d b y m ulti pl e f a ct or s; 

t h er ef or e, t his mi g ht  not  be  t h e onl y  ty p e  o f m us cl e  th at  c a n  pr o d u c e t h e d esir e d eff e ct s. 

As pr es e nt e d i n th e st u d y b y H ai n es et a l. (2 0 1 4) a n d  i n th e  i niti al c oil ex pl or a ti o n of this  

pr oj e ct,  th e p o ssi biliti es  t o b e  furt h er  ex pl or e d  ar e pl e n ty . O n e su c h p o ssi bilit y is t o 

e x pl or e t h e m us cl e s  m a d e b y  ov ert wisti n g  th e c oil.  A c c or di n g t o t h e st u d y b y H a i n es et 

al. (2 0 1 4) a n d  inf or m ati o n  sh ar e d  by  M aij a V a ar a , th e m u s cl e s pr o d u c e d b y o v ert wisti n g 

t h e li n e will b e a bl e t o  c o ntr a ct  u nd er  hig h er  l o a ds c om p ar e d  t o t h e m u s cl e s c oile d  ont o  a 

m a n dr el.  

 A d diti o n all y , th e pr o d u cti o n  of th e m u s cl e s  is a r el ati v el y  si mpl e pr o c ess  t h at ma y 

e v e n  b e  ac hi e v a bl e  at  h om e.  T h e  eq ui p m e nt  for  ins erti n g  twist  i nt o t h e li n e s us e d f or this 
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pr oj e ct w as b uilt b y M aij a Va ar a, b ut t h e s et u p c a n b e r e pli c at e d q uit e e asil y, as it s m ai n 

el e m e nt s w er e a r ail a n d a m ot or att a c h e d t o it. T h e s etti n g t e m p er at ur e of t h e n yl o n c oils 

is a c hi e v a bl e i n a r e g ul ar kit c h e n o v e n. T his, c o m bi n e d wit h h o w e asil y o bt ai n a bl e t h e 

n yl o n li n e is, o p e ns t h e d o or f or f urt h er e x pl or ati o n . 

A n iss u e t h at fir st a p p e ar e d at t h e st a g e of m us cl e e x pl or ati o n is t h at t h e m us cl es 

s o m eti m e s i niti all y r el a x w h e n tr e at e d wit h h e at, es p e ci all y if l o a d is a d d e d. T his iss u e 

h a s b e e n a c o nst a nt t hr o u g h o ut t h e w h ol e pr o c ess of d e v el o pi n g t h e t e xtil e a n d  b e c a m e 

m o st a p p ar e nt d uri n g t h e t est s o n a m a n n e q ui n. D u e t o t his b e h a vi o ur, r at h er t h a n l o o ki n g 

at t h e p e r c e nt a g e of t h e t e nsil e stro k e , a n ot h er m et h o d of d et er mi ni n g t h e m u s cl e’s 

eff e cti v e n e ss w as n e e d e d. I nst e a d, t h e f a ct or t h at d et er mi n e d t h e eff e cti v e n e ss of t h e 

m us cl es ’ c o ntr a cti o n  w a s w h et h er t h e y w o ul d c o ntr a ct t o t h e s a m e mi ni m al l e n gt h e a c h 

ti m e, r e g ar dl es s of t h e l o a d t h e y w er e c arr yi n g.  

T h e att e m pt s  t o pr o d u c e a m us cl e t h at w o ul d n ot  r e q uir e e xt er n al h e ati n g b ut  w o ul d 

i nst e a d  b e a cti v at e d b y pr o vi di n g el e ctri cit y str ai g ht t o t h e m u s cl e u nf ort u n at el y br o u g h t 

n e g ati v e r es ult s. N eit h er t h e m u s cl es m a d e o nl y usi n g t h e c o m p o sit e c o n d u cti v e y ar n n or 

t h e m u s cl e s m a d e usi n g a c o m bi n ati o n of c o n d u cti v e y ar ns a n d n yl o n li n e pr o d u c e d 

r es ult s w arr a nti n g f urt h er e x pl or ati o n. T h e s us p e ct e d r e as o n b e hi n d t h e f ailu r e of t h e 

m us cl e m a d e o ut of a mi x of c o n d u cti v e y ar n a n d n yl o n li n e i s t h at t h e t w o m at eri als h a d 

diff er e nt t hi c k n es s es. B e c a u s e t h e y h a d diff er e nt t hi c k n e ss e s b ut w er e t wist e d at t h e s a m e 

ti m e a n d r at e, o n e of t h e m h a d  eit h er t o o m u c h or n ot e n o u g h t wist i ns ert e d.  T his iss u e 

h a s b e e n r es ol v e d b y pr o d u c i n g a n artifi ci al m us cl e usi n g n yl o n li n e a n d a h e at er  wir e  

( S e m o c h ki n, 2 0 1 6). Fir st, t h e c oil n e e d s t o b e cr e at e d b y t wisti n g t h e n yl o n li n e , a n d o nl y 

t h e n c a n a m et al h e ati n g wir e  b e  wr a p p e d ar o u n d it .  

 

D P 2.  W h at a cti v ati o n m et h o d  i s t h e m o st s uit a bl e f o r a t e xtil e a ct u at o r 
t h at i s t o b e e m b e d d e d i nt o a g a r m e nt ? 

 

B ot h of t h e t est e d c o n d u cti v e y ar ns h a v e s u c c es sf ull y m a n a g e d t o h e at t h e t e xtil e 

a ct u at or s a m pl e s.  W h e n w e a vi n g a t e xtil e,  m ulti pl e f a ct or s c a n b e a dj ust e d, w hi c h will 

r es ult i n pr o d u ci n g t e xtil e s  wit h v ar yi n g pr o p erti e s . F or e x a m pl e, c h a n gi n g t h e  s ett  will 

i nfl u e n c e t h e e as e of c o ntr a cti o n of t he t e xtil e. Si m pl y p ut, t h e s ett  of a w o v e n t e xtil e is 

t h e d e nsit y of t h e w ar p a n d t h e w eft.  
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T h e c oils u s e d f or t h e w ar p w er e si g nifi c a ntl y t hi c k er t h a n t h e y ar n us e d f or t h e w eft, 

c a usi n g t h e w e a v e t o b e u n b al a n c e d , wit h a cl o s e s ett i n t h e w eft, m e a ni n g t h at t h e w eft 

y ar ns w er e p a c k e d ti g htl y c o m p ar e d t o t h e d e nsit y of t h e w ar p ( Fi g ur e 1 4 ). T his s et u p, i n 

t h e or y, s h o ul d pr e v e nt t h e c oils fr o m c o ntr a cti n g as eff e cti v el y. H o w e v er, t h e w eft w as 

i nt e nti o n all y cr e at e d ti g ht e no u g h t o f or m a st a bl e t e xtil e str u ct ur e, b ut still all o w t h e 

m us cl es t o c o ntr a ct. P er h a ps t his is t h e r e as o n b e hi n d t h e s u c c e ssf ul c o ntr a cti o n of t h e 

s a m pl es, e v e n t h o u g h t h e si m pl e w e a v e us e d t o cr e at e t h e m is a p att er n wit h a n at ur all y 

cl o s e s ett.  

T h e i nfl u e n c e of t h e s ett w as e v e n m or e visi bl e w h e n t h e c o n d u cti v e y ar n w as a d d e d 

t o t h e w eft. T h e d e nsit y of t h e w eft h a d a dir e ct c orr el ati o n t o t h e ti m e a n d a m o u nt of 

p o w er r e q uir e d f or t h e s a m pl e t o a c hi e v e t h e t e m p er at ur e of 1 2 0 ° C. T h e d e ns er t h e w eft , 

t h e m or e p o w er a n d ti m e t h e s a m pl e n e e d e d t o h e at u p.  

A d diti o n all y, w hil e t h e c o n d u cti v e y ar n w a s a bl e t o pr o vi d e h e at t o t h e t e xtil e, t h e 

c o ntr a cti o n a c hi e v e d t hr o u g h t his a cti v ati o n m et h o d w as sli g htl y l e ss effi ci e nt t h a n t h e 

c o ntr a cti o n a c hi e v e d b y usi n g a h e at g u n or a n i nfr ar e d h e at er . T h e r e as o n f or t his c o ul d 

b e t h at d uri n g t h e pr o c ess of w e a vi n g, fri cti o n is a p pli e d to t h e c o n d u cti v e y ar n , w hi c h 

c o ul d d e cr e as e t h e c o n d u cti vit y of s o m e s e cti o ns. M or e o v er, si n c e t h e s a m pl e s w er e 

c o nstr u ct e d m a n u all y a n d  t h e w eft i n cl u d e d t w o y ar ns, t h er e c o ul d h a v e b e e n 

irr e g ul ariti es i n t h e p o siti o n of t h e t w o y ar ns  a g ai n st t h e w ar p c oils.  T h e s e irr e g ul ariti e s 

c o ul d b e pr e v e nt e d b y pr o d u ci n g t h e t e xtil e usi n g a m a c hi n e or b y f urt h er pr a cti c e.  

  

Fi g ur e 1 3 . A b al a n c e d o p e n s ett (l eft), a b al a n c e d cl o s e s ett  ( mi d dl e), a n i m b al a n c e d 

s ett wit h a cl o s e w eft u s e d i n t h e s a m pl e s (ri g ht)  
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D P 3.  I s a t e xtil e a ct u at o r a bl e t o a c hi e v e c o m p r e s si o n w h e n e m b e d d e d 
i nt o a g a r m e nt ? 

 

T h e s u c c e ssf ul t est p erf or m e d o n Pr ot ot y p e 3  i n di c ate d  t h at t h e c o nstr u ct e d t e xtil e 

s a m pl es h a v e t h e p ot e nti al t o b e us e d as t e xtil e a ct u at or s i n a g ar m e nt t o a c hi e v e 

c o m pr es si o n. T h er e ar e m ulti pl e o t h er p o ssi biliti e s f or cr e ati n g a t e xtil e a ct u at or b y 

w e a vi n g n yl o n artifi ci al m us cl es a n d c o n d u cti v e y ar n. A p art fr o m usi n g a m at eri al wit h a 

l o w er m elti n g p oi nt or m a ni p ul ati n g t h e p o siti o ni n g of t h e c o n d u cti v e y ar n i n t h e w eft, 

t h e c o ntr a cti o n c o ul d b e i nfl u e n c e d b y t h e str u ct ur e of t h e w e a v e. H o w e v er , it is c ert ai n  

t h at t his s ol uti o n h as t h e p ot e nti al t o b e e m b e d d e d i nt o a g ar m e nt. T h e pr oj e ct a c hi e v e d 

t h e g o al s of cr e ati n g  a m or e s e a ml es s c o n n e cti o n t h a n w h e n usi n g S M A a ct u at or s ( F o o et 

al., 2 0 1 8, 2 0 1 9; F o o, 2 0 1 8)  an d a li g ht er str u ct ur e t h a n w h e n usi n g a p n e u m ati c s ol uti o n 

f or c o m pr es si o n. Pr ot ot y p e 3 h a s al m o st f ulfill e d  t h e r e q uir e d c h a n g e i n t h e g ar m e nt’s 

cir c u mf er e n c e t h at w as est a blis h e d usi n g Pr ot ot y p e 1. All of t h e s a m pl es h a v e c o ntr a ct e d 

b y m or e t h a n 1 0 m m  d uri n g t h e t esti n g o n t h e m a n n e q ui n, b ut o nl y t w o of t h e m h a v e 

r eli a bl y c a us e d t h e g a p b et w e e n t h e e d g es of t h e f a bri c t o r e d u c e b y o v er 1 0 m m. As f or 

t h e f or c e r e q uir e d t o a c hi e v e c o m pr e ssi o n t h at w as est a blis h e d usi n g Pr ot ot y p e 1, it was 

i m p o ssi bl e t o m e as ur e it d uri n g t h e t est s o n t h e m a n n e q ui n. H o w e v er,  r el yi n g o n 

c al c ul ati o ns, o nl y o n e m or e s a m pl e of t h e t e xtil e a ct u at or w o ul d b e n e c es s ar y t o a c hi e v e 

t h e d esir ed f or c e of 13 N.  

 

D P.  H o w s m a rt t e xtil e m at e ri al s c a n b e u s e d a s c o n st ri cti n g el e m e nt s i n a 
c o m p r e s si o n g a r m e nt f o r a n xi et y r eli ef ?  

 

T h e s a m pl es w o v e n usi n g t h e n yl o n artifi ci al m us cl e s as t h e w ar p a n d a mi x of 

p assi v e y ar n a n d c o n d u cti v e y ar n as t h e w eft, w h er e t h e c o n d u cti v e  y ar n s er v e d as a 

h e ati n g m e di u m , h a v e s u c c e ssf ull y p erf or m e d a s t e xtil e a ct u at or s. W h e n c o m bi n e d i nt o a 

t e xtil e, t h e m u s cl e s di d n ot l o s e t h eir a bilit y t o c o ntr a ct,  a n d t h e  effi ci e n c y of t h eir 

c o ntr a cti o n  di d n ot d e cr e as e . T h e t e xtil e w a s a bl e t o lift t h e l o a d a p pli e d t o it m ulti pl e 

ti m es w h e n h u n g. W h e n e m b e d d e d i nt o a g ar m e nt, it w as a bl e t o c h a n g e t h e g ar m e nt ’s 

cir c u mf er e n c e e v e n  o n a ri gi d m a n n e q ui n.  

T h e b e n efit of usi n g c o m pr essi o n as a n a n xi et y -r eli ef m et h o d is t h at t h e m e c h a nis m 

b e hi n d it is n ot r e l at e d t o t h e c a us e of a n xi et y. T his m e a ns t h at a c o m pr es si o n g ar m e nt 

w o ul d bri n g r eli ef r e g ar dl e ss of t h e c a us e of t h e f e eli n gs of a n xi et y. T h e o nl y e x c e pti o n 

t h at c o m es t o mi n d is a n xi et y r el at e d t o cl a ustr o p h o bi a or b ei n g c o nstr ai n e d. H o w e v er, 
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a c hi e vi n g c o m pr es si o n is n ot t h e o nl y f a ct or t h at q u alifi es n yl o n artifi ci al m us cl es as  

s uit a bl e f or us e i n a c o m pr es si o n g ar m e nt f or r eli e vi n g a n xi et y. T h e n yl o n artifi ci al 

m us cl es h a v e t h e p ot e nti al t o b e us e d as a ct u at or s  b e c a us e t h e y c a n b e s e a ml e s sl y 

c o m bi n e d i nt o a t e xtil e w hil e k e e pi n g t h eir c o ntr a cti n g pr o p erti es. T h e t e xtil e cr e at e d 

usi n g t h e m u s cl es c a n b e e m b e d d e d i nt o a g ar m e nt q uit e dis cr e etl y, t h o u g h it w o ul d 

p ot e nti all y b e c o v er e d b y a n i ns ul ati o n l a y er d u e t o t h e h e at r e q uir e d f or a cti v ati o n . As f or 

t h e f or c e r e q uir e d t o a c hi e v e e n o u g h c o m pr es si o n t o i n d u c e a n xi et y-r eli ef eff e ct s, t h e 

a m o u nt of f or c e cr e at e d b y t h e m u s cl e s c a n b e e a sil y m a ni p ul at e d b y i n cr e asi n g or 

d e cr e asi n g t h e n u m b er of m us cl es i n t h e t e xtil e. T h e r es p o nsi v e n es s of t h e  t e xtil e als o 

s e e ms s uit a bl e f or a n xi et y r eli ef. As r e p ort e d b y F o o et al. ( 2 0 1 9), t h e c o m pr es si o n s h o ul d 

n ot b e t o o r a pi d, a n d t h e n yl o n m us cl e s o nl y t a k e a f e w mi n ut es t o r e a c h t h e f ull 

a cti v ati o n t e m p er at ur e . H o w e v er, t o a c hi e v e t his t e m p er at ur e ( 1 2 0 ° C) , a c o nsi d er a bl e 

a m o u nt of p o w er is r e q uir e d. As dis c u ss e d e arli er, t his c a n b e m a ni p ul at e d b y t h e d e nsit y 

of t h e w eft, b ut t h e c urr e nt it er ati o n of t h e t e xtil e w o ul d n e e d t o b e c o n n e ct e d t o a s o ur c e 

m or e p o w erf ul t h a n a r e g ul ar , c o m m er ci all y a v ail a bl e b att er y. F or  e x a m pl e, t h e A A 

b att er y  t y pi c all y h as a p o w er o ut p ut of 1.5 V a n d 2 A, w hil e t h e t e xtil e a ct u at or s us e d i n 

Pr ot ot y p e 3 r e q uir e d ar o u n d 3 V a n d 5 A e a c h t o h e at t o 1 2 0 ° C . A d diti o n all y, t h e  

t e m p er at ur e r e q uir e d t o a c hi e v e t h e c o m pr e ssi o n is t o o hi g h t o b e w or n o n t h e b o d y. As 

r e p ort e d i n t h e st u d y b y F o o et al. (2 0 1 9) , dis c o mf ort d u e t o h e at w as s o m et hi n g t h e 

p arti ci p a nt s p er c ei v e d as a pr o bl e m. If t h e g ar m e nt cr e at es dis c o mf ort r at h er t h a n 

c o mf ort, it c a n n ot b e vi a bl y u s e d f or a n xi et y r eli ef.  

T e xtil e a ct u at or s m a d e usi n g n yl o n artifi ci al m u s cl es a n d c o n d u cti v e y ar n h a v e t h e 

a d v a nt a g e of b ei n g vis u all y u n o btr usi v e  a n d dis cr e e t. T h e y ar e  a bl e t o bl e n d i nt o t h e 

str u ct ur e of a g ar m e nt  m or e s e a ml e ssl y t h a n, f or e x a m pl e, S M A a ct u at or s. D u e t o t h e 

t e xtil e-li k e pr o p erties of t h e a ct u at or s a n d t h e f a ct t h at t h e y d o n ’t s u bst a nti all y i n cr e a s e 

t h eir si z e t o a c hi e v e c o m pr es si o n, t h e y h a v e t h e p ot e nti al t o b e m or e c o mf ort a bl e 

c o m p ar e d t o p n e u m ati c s ol uti o ns. H o w e v er, t h er e ar e still v ari o us t e c h ni c al r e q uir e m e nt s 

t h at w o ul d n e e d t o b e a dr ess e d  b ef or e t h e artifi ci al -m us cl e -b a s e d t e xtil e a ct u at or s c o ul d 

b e us e d i n a c o m pr es si o n g ar m e nt f or a n xi et y r eli ef.  
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6. 2.  Li mit ati o n s a n d f ut u r e w or k  
 

T h e m o st a p p ar e nt li mit ati o n of usi n g n yl o n artifi ci al m u s cl e s is t h eir a cti v ati o n 

t e m per at ur e , w hi c h is 1 2 0 ° C. A n el e m e nt t h at h e at s u p t o s u c h a hi g h t e m p er at ur e c a n n ot 

b e w or n o n t h e b o d y, e v e n if it d o e s n ot  c a us e t h e g ar m e nt t o b ur n. It is c o m m o nl y s ai d 

t h at t h e s ki n st art s t o b ur n,  a n d p ai n c a n b e f elt at 6 0 ° C , b ut a r e c e nt st u d y o n t h e t o pi c 

s u g g est s t h at p ai n c a n b e f elt st arti n g at 4 7 ° C ( M arti n & F al d er, 2 0 1 7). T his m e a ns t h at 

t h e a cti v ati o n t e m p er at ur e of t h e artifi ci al m us cl e w o ul d h a v e t o b e l o w er t h a n t h at t o b e 

w or n dir e ctl y o n t h e s ki n a n d n ot c a us e dis c o mf ort. Pr o vi di n g a n i ns ul ati o n l a y er w o ul d 

als o r e d u c e t h e f e eli n g of h e at t o a n e xt e nt, alt h o u g h wit h t h e a cti v ati o n t e m p er at ur e of 

n yl o n b ei n g 1 2 0 ° C , it mo st li k el y still  w o ul d n ot  b e e n o u g h.  

A n ot h er li mit ati o n of  t h e t e xtil e a ct u at or d e v el o p e d i n t his pr oj e ct is t h e hi g h p o w er 

o ut p ut r e q uir e d f or a cti v ati o n. As dis c us s e d b ef or e, t h e p o w er o ut p ut r e q uir e m e nt s c a n b e 

m o difi e d b y c h a n gi n g t h e d e nsit y of t h e w eft. F urt h er st u d y w o ul d b e r e q uir e d t o 

d et er mi n e h o w s p ar se t h e w eft c a n b e m a d e  w hil e still a p pl yi n g t h e h e at e v e nl y a n d 

k e e pi n g t h e str u ct ur e of t h e t e xtil e.  A w a y t o l o w er t h e p o w er r e q uir e d t o a cti v at e t h e 

t e xtil e b y r e d u ci n g t h e r esist a n c e of t h e c o n d u cti v e y ar n pi e c e is t o us e a t hi c k er p assi v e 

y ar n, w hi c h w o ul d l o w er t h e d e nsit y of t h e c o n d u cti v e y ar n pi e c e. A n ot h er p o ssi bilit y f or 

i nfl u e n ci n g t h e pr o p orti o n a n d l a y o ut of t h e p assi v e v er s us c o n d u cti v e y ar n is t o us e t w o 

s h uttl e s t o cr e at e t w o s e p ar at e w eft s. T his all o ws f or cr e ati n g p att er ns a n d fl e xi bilit y i n 

m a ni p ul ati n g t h e pl a c e m e nt of e a c h y ar n us e d as t h e w eft. T o a v oi d t h e h e ati n g b ei n g t o o 

s p ar s e a n d n ot r e a c hi n g t h e w h ol e l e n gt h of t h e m u s cl es e q u all y, t h e p assi v e y ar n c o ul d b e 

m a d e o ut of a m at eri al wit h hi g h h e at tr a nsf er c a p a bilit y . F or e x a m pl e, a m o n g pl a nt -b as e d 

m at eri als, c ott o n w as f o u n d t o h a v e hi g h er h e at tr a nsf er c a p a biliti es c o m p ar e d t o b a m b o o 

( Pr a k as h & R a m a kris h n a n, 2 0 1 3), w hil e vis c o s e w as f o u n d t o h a v e e v e n hi g h er h e at 

tr a nsf er c a p a biliti e s t h a n c ott o n ( F a y al a et al., 2 0 1 4). M or e o v er, if t h e a cti v ati o n 

t e m p er at ur e of t h e m us cl e s w as l o w er, t h e a m o u nt of p o w er r e q uir e d t o h e at t h e 

c o n d u cti v e y ar n w o ul d als o d e cr e as e.  

A m at eri al t h at c o ul d p ot e nti all y s u bstit ut e n yl o n f or t h e cr e ati o n of l o w -t e m p er at ur e 

a ct u at or s is c urr e nt l y b ei n g d e v el o p e d b y r es e ar c h er s at A alt o U ni v er sit y. I n a r e c e nt 

st u d y, t h e y pr es e nt e d t h e r es ult s of t h eir att e m pt s t o i nt e gr at e st ar c h i nt o bi o p o l y a mi d e 

c o m p o sit es  ( B a ni as a di et al., 2 0 2 3). O n e of t h e  t w o r es ulti n g bi o c o m p o sit es h a d a n  

a cti v ati o n t e m p er at ur e of 7 0 ° C, w hi c h is si g nifi c a ntl y l o w er t h a n t h at of n yl o n. A 

dis c ussi o n wit h t h e a ut h or s r e v e al e d t h at it  is diffi c ult t o pr o d u c e a li n e wit h a n e v e n 
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di a m et er if t h e pr o d u cti o n is n ot i n d u stri alis e d, s o t h e m us cl e s pr o d u c e d at t his s t a g e 

w o ul d b e pr o n e t o br e a k a g e. N e v ert h el ess, t h es e bi o c o m p o sit es c o ul d p ot e nti all y b e us e d 

t o cr e at e t h e t e xtil e a ct u at or f or t h e c o m pr es si o n g ar m e nt i n t h e f ut ur e. A d diti o n all y, 

bi o c o m p o sit es ar e a b ett er c h oi c e fr o m t h e p er s p e cti v e of s u st ai n a bilit y.  Wit h t h e gr o wi n g  

i nt er est i n s m art m at eri als a n d e T e xtil e s , a n iss u e aris e s r e g ar di n g t h e m at eri als us e d, a n d 

t h e ass e m bl y a n d dis p o s al  ( G uri di et al., 2 0 2 4). Usi n g n yl o n li n e , a pl a sti c, t o cr e at e t h e 

t h er m all y a cti v at e d artifi ci al m us cl e s is t h e p erf e ct e x a m pl e  b e c a u s e pl asti cs a n d m et als 

ar e tr a diti o n all y t h e m o st c o m m o nl y us e d m at eri als. O n t h e ot h er h a n d, s ust ai n a bl e 

m at eri al alt er n ati v e s f or e T e xtil e s ar e u n d er e x pl or e d  ( G uri di et al., 2 0 2 4). I n t h eir st u d y, 

B a ni as a di et al. ( 2 0 2 3)  cr e at e d t h e c o m p o sit es b y i n c or p or ati n g st ar c h, a bi o m as s, i nt o 

p ol y a mi d es, w hi c h si g nifi c a ntl y r e d u c e d t h e a m o u nt of C O 2  a n d gr e e n h o us e g as es 

e mitt e d d uri n g t h e pr o c ess , as w ell as t h e us a g e of f o s sil f u els . M or e o v er , as t h e 

r es e ar c h er s r e p ort, s o m e bi o pol y a mi d es ar e d eri v e d fr o m c ast or oil, r e d u ci n g t h e n e e d t o 

us e f o ssil f u els e v e n f urt h er  ( B a ni a s a di et al., 2 0 2 3).  

T his pr oj e ct w as t h e fir st st e p i n cr e ati n g a c o m pr e ssi o n g ar m e nt f or a n xi et y b y usi n g 

t e xtil e a ct u at or s m a d e usi n g artifi ci al m us cl e s. Pl e nt y of w or k r e m ai ns t o b e d o n e t o 

a c hi e v e t his g o al. T o c o nti n u e wit h t h e d e v el o p m e nt of t h e artifi ci al m us cl e t e xtil e 

a ct u at or s, m or e e x pl or ati o n s h o ul d b e d o n e i nt o diff er e nt w e a vi n g p att er ns a n d t h eir 

i nfl u e n c e on m us cl e  c o ntr a cti o n . F urt h er  r es e arc h is als o r e q uir e d i nt o t h e c h a n g e i n t h e 

cir c u mf er e n c e of t h e g ar m e nt as w ell a s t h e f or c e r e q uir e d t o cr e at e t h e f e eli n g of 

c o m pr es si o n. T h e e x p eri m e nt ati o n d o n e f or t his pr oj e ct w as o nl y p erf or m e d o n o n e 

p er s o n a n d s er v e d as a g e n er al g ui d eli n e r at h er t h a n a s p e cifi c r e q uir e m e nt pr o v en t o 

a p pl y t o all p ot e nti al us er s.   
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7.  C o n cl u si o n  
 

T his t h esis ai m e d  t o d e v el o p a t e xtil e a ct u at or s uit a bl e t o b e e m b e d d e d i nt o a g ar m e nt. 

T h e m oti v ati o n w as t o cr e at e a s m art c o m pr es si o n g ar m e nt  t h at c a n b e us e d as a s elf-

s o ot hi n g m et h o d f or a n xi et y t h at off er s i m m e di at e r eli ef. T h e p a p er e x pl or e d t h e 

m e c h a nis m b e hi n d t h e s o ot hi n g eff e ct s of c o m pr es si o n as w ell as v ari o us s m art m at eri als 

t h at c o ul d p ot e nti all y b e us e d i n t h e cr e ati o n of t h e t e xtil e a ct u at or. B as e d o n t h at 

r es e ar c h, artifi ci al m u s cl es w er e c h o s e n as t h e m at eri al t o b e us e d i n t h e a p pli e d p art of  

t h e e x pl or ati o n. T hr e e pr ot ot y p es w er e c o nstr u ct e d, e a c h  s er v i n g diff er e nt p ur p o s es. T h e 

fir st pr ot ot y p e pr o vi d e d g ui d eli n e s f or t h e t e nsil e str o k e a n d f or c e r e q uir e m e nt s of t h e 

t e xtil e a ct u at or. T h e s e c o n d pr ot ot y p e s er v e d t o e x pl or e n yl o n artifi ci al m u s cl es wit h 

diff er e nt pr o p erti e s, h o w t o c o m bi n e t h e m i nt o a t e xtil e a ct u at or, a n d t o fi n d a n a cti v ati o n 

m et h o d t h at c o ul d b e us e d i n a g ar m e nt. T h e t hir d a n d fi n al pr ot ot y p e s er v e d t o t est if t h e 

t e xtil e a ct u at or d e v el o p e d i n t h e s e c o n d pr ot ot y p e h ad t h e p ot e nti al t o b e us e d f or 

c o m pr es si o n i n a g ar m e nt. T h e r es ult s s h o w e d t h at s u c h a n a ct u at or c a n b e us e d i n a 

g ar m e nt a n d f ulfil t h e r e q uir e m e nt s f or a c hi e vi n g c o m pr es si o n . T h e t e xtil e a ct u at or s m a d e 

wit h artifi ci al m u s cl es ar e a s uit a bl e s ol uti o n f or a dis cr e et c o m pr es si o n g ar m e nt f or 

a n xi et y. T h e a ct u ati o n is q ui c k, alt h o u g h n ot t o o r a pi d, a n d t h e vis u all y u n o btr usi v e 

t e xtil e a ct u at or s c a n b e s e a ml es sl y e m b e d d e d i nt o t h e g ar m e nt str u ct ur e. H o w e v er, f urt h er 

e x pl or ati o n is r e q uir e d i nt o ot h er m at eri als t h at ar e s uit a bl e t o b e w or n o n t h e b o d y, d u e t o 

t h e hi g h a cti v ati o n t e m p er at ur e of n yl o n. T h e hi g h a cti v ati o n t e m p er at ur e is ti e d t o t h e 

l ar g e a m o u nt of p o w er r e q uir e d t o cr e at e t h e c o m pr essi o n, li miti n g t h e o pti o ns f or a 

p ort a bl e a n d e a s y -t o-us e p o w er s o ur c e . M or e o v er, t h e dis c o mf ort c a us e d b y t h e hi g h 

t e m p er at ur e of t h e a ct u at or s w o ul d m o st li k el y pr e v e nt t h e g ar m e nt fr o m bri n gi n g r eli ef  

fr o m a n xi et y. N e v ert h el es s, t h e  pr oj e ct , m e a nt as a fir st st e p t o r e a c hi n g t h e o v er all g o al , 

w as s u c c e ssf ul a n d pr o vi d e d u s ef ul i nsi g ht s f or f ut ur e e x pl or ati o n.   
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