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Figure 2. (a) INSTRON 8802 servohydraulic fatigue testing system and (b) A permanent neodymium magnet 

(N42) used in the tension-compression dynamic test  
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Figure 3. The force-displacement loop used in Roger Brown's method [40]  

                                                             
1 Smooth 
2 Interp1 
3 Roger Brown 

A
C
C
E
P
T
E
D
 M

A
N

U
S
C
R
IP

T



9 

 

�� ���� 9�����! �! �!	�! U��E�/ 0��A	 :�6
 #! �E��;/ 9�	 *
 .���!#� �� #! 4�! ��W+� E��'#J8( #�8' ���,�� K�"��+�� #! 
f* � �e@��r � ��+� ��+� *��? &W+� #! ��+� �E�' ,	*	
 o�� ,����! ��,5��	 � ���! ,����! 	* ���@h U�� ���' . "	

�! ����	 w�� ������ :��'�% ����H *��?* 0���,�� ���@h � wV%	 * . #! *��? ��+� ,	�! #��2	�$ U�� #W��I� �����	 �% &6�( 
�e@��r ���H ���! 0�� 
 � .�* >� 9��� #! 0��� #W��I� ,	�!,�� ) Q!	�* "	 	
�G� �,*��? wV%	 � ���@h1) � (2 �
�-��	 (

�&6�( 9�	 ,	�! #' f��-% 9�	 �! {�� ��	 @  ,�����	*�/1� �2�  �0x #! ,���� o�%�% �v��� �! 9�����! #!�$�*��? &6�( *
 ���$ 
,���� �.��� �! #!�$���$ 9�����! � *��? &6�( *
 �-� #!�$���$ *
 *��? ��+�  .
 ! ��	 @0��� #W��I� "	 K/,��  � ���@h

 ,�* "	 ,*��? � ���' &6�( *
 wV%	#J8(���� ,��-#!�$�$�� #! * >� #! �9������ &�
 �
*�H *��?* E% -�� ��4	 E��' � ��
 *
 *��?* 9�	 ��*�!K��'�? ��+�.�M� *�� �6��L "	 �-8�C� ��
�J� #J8( 9�	 ���! �E��' ��*
 � ���I% �� #!#J8(E% ,�� -

 E��'.�� � :��W% 9������ ,	�! �
	
 :��W%,�� ���� #! �E% ���H ���! 	* �! xe� �)eJ ) #� ��52/660 � ()!�� ����8�� ,	�! 
�
	
 :��W%,�� #!�$���$ #! �E��' ���H ���! 	* �! &��CD ) #� ��5/12 <�+J% (����8�� .
�'  

4-2- &0	!���  

* e���� #' ����/ �*��	 ��� *��?* ,5 6 7* �� ��4	 #! 0���5 6 7* ��� *�� �6��L ��+�.�M� K��'�? � E��' ,
�*� #�+!	� 
&�	 .��VA �! 
*	 � �'h ���� E�/E��' U�� ���%���	 ��� "	 :�	 A ��N�% *	R2 �! *��?* 9�	 
	 � �����! .*
 9�	 �E��;/  * >� #!

E�/ �N	 �
�' P�I6E�/ *
 ���%���	 E��'0�� �� �0���5 6 7* ��� ,���� ��4	 ����4	 �+�� *��?* ��! )��$ � ���$  *
 �!
 9�	 9�?�2 �>� �N	#7	*	 
�2��&�	 � .#! * >� �	G
� �0�� "	 0�� ����4	 �+�� 9.�&��
 � �	*���� ]37[ ) :�� s!�e�4 (#! 

A �	 0�� #��/ �
�-��	 ��� &�	 � *
 �#�	
	 &!�N E�/ ���%���	 E��'#! 0�� #?�D	 ���
�2 &�	.  

 
C�H 4 :��� ?�������!�� 9X�$��� �  *��	�"#]37[ 

Figure 4. Viscoelastic model presented by Vatandoost et al. [37]  
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Table 2. Physical characteristics of the constants in the proposed model  
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Figure 5. Stress-strain diagrams of MRE at a strain of 4%, frequency of 5 Hz, and various magnetic flux 

densities. (a) With 21% static pre-strain and (b) Without static pre-strain  
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Figure 6. Variations in (a) Tensile storage modulus, (b) Compressive storage modulus, (c) Tensile loss modulus, 

and (d) Compressive loss modulus of the MRE relative to magnetic flux density at a frequency of 5 Hz, various 

strains, and different levels of static pre-strain  
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Figure 7. Variations in the relative MR effect of the MRE relative to (a) Strain at different frequencies and (b) 

Frequency at different strains, under different levels of static pre-strain  

2 -3- +%
�C ��� ���	
�� ���
	��� ��� ����&	# ����	��� ��
 �	��� �-��� ������� ����� ��	������ �� I	���&	# ?��%
 >�	R��  

*
  �� n%8� ,��*	
 �� E%-E��' �� ��4	 0���5 6 7* ��� E�/ 0��A	 ���! � �! &6�( �
 *
E��' *
 ����%���	 E��' 4%� 
�6��L *��  �+�.�M�200 �8�� V+% K��'�? � B8�C� ,��1 �3 �5  �7 <���% U%�� �����	. s!�e� �! 9�	 ��� n% �! E�	U?	 *	�J� 

K��'�? ���I%� o�� #J8(,�� K�"��+�� E�/ 0��A	 ���! � �! &6�( �
 �� *
E��' E�	U?	 ����%���	 �� �!��#' �����! E�	U?	 
-��� 0
��� �� ��4	 � *	�J� 0��� ���@h �H �K��'�? E�	U?	 �N	 *
  &6�( �
 �� *
�����!. #J8( o�� �	U�� �9�	 �! ��VA ��) ��
�� ��-��� 0
��� K��'�? "	 �� �� *
 (�� ��4	E�/ �! &6�( ,��E��' ���%���	 ) �� n%8(B6	)(#J8( o�� "	 ����! � ,��

E�/ ���! &6�( *
 �v���E��' ���%���	 ) �� n%8(g)( .&�	 E% #J8( o�� �	U�� �0��� �	 A #!- ��� �
	
 E���� E��'

A
C
C
E
P
T
E
D
 M

A
N

U
S
C
R
IP

T



15 

 

 K��'�? ,	�!7  *
 U%�� �� n%8B6	) (E�/ �! &6�()E��' E% #J8( o�� �	U�� "	 ����! �(���%���	 -� E��'���  ,	�! ��� �
	

 K��'�?7  *
 U%�� �� n%8)g &6�() ( ���!E�/E��' (���%���	  .&�	#' &�	 9�	 ����/ 9�	 :�6
 �! E�/ 0��A	�E��' �	U�� 
�2
��? �� ��4	 ����! ��� � 9�	 ���	 TA�! E��' #8��? 9�! f	*h K�.�M���� � � E�	U?	 ,���� �+�.�M� 9�! ���H ��

�2 

#' 9�	 �|�-%	 E�	U?	 ��-� �� ���� 0��� ���� ��4	 ���@h 	* #! �	��� &�	
 ��	 @. �� �9�	�!�! #' &?�2 #G��� �	 %*
 �� 
�	U�� E��' � �6��L *�� �+�.�M� �9��� �! 0��A	 E�/E��' ����%���	 o�� #J8(,�� +��K�"�� E%-E��' *
 #�8' 

K��'�?�� E�	U?	 ���!��.  

                                                                                                  (K��)                                          (M)  

 C�H8&	#����" : ��
-��� 	#������� �� ��� 4%/ �	 =� �	H  �!�X	�]�200 � e!
 �+�� I	���&	# K+�`� .K�� (�� $�	: 	� ���

���  ���
	���21% � M (�� $�	: *��� ������ ���
	��� 

Figure 8. Stress-strain diagrams of MRE at a strain of 4%, magnetic flux density of 200 mT, and various 

frequencies. (a) With 21% static pre-strain and (b) Without static pre-strain  
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Figure 9. Variations in (a) Tensile storage modulus, (b) Compressive storage modulus, (c) Tensile loss modulus, 

and (d) Compressive loss modulus of the MRE relative to frequency at a strain of 4%, various magnetic flux 

densities, and different levels of static pre-strain  
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Figure 10. Stress-strain diagrams of MRE at a frequency of 1 Hz, magnetic flux density of 200 mT, and various 

strains. (a) With 21% static pre-strain and (b) Without static pre-strain  

*
  �� n%11� 0��� f	���M% ���@h 0��� ����' ���@h 0��� �,*��? wV%	 ���' � 0��� wV%	 ,*��? �� ��4	 
0���5 6 7* ��� &W+� #! E��' *
 K��'�? 1 U%�� � �6��L *��,��  �+�.�M�f��-�� *
 &6�( �! � ���! E�/ 0��A	E��' 

���%���	 E���� �
	
 ��� &�	 .�! #$ % #! 9�	 ��� n% 0��� ���@h E�/ #' ��6�( *
 ���'�� 0��A	 ���%���	 E��' �
 ��! 
E�	U?	 E��'� *
 ����% �6��L ,��*�� �� E��' �+�.�M� �!��� E�/ 0��A	 ���! &6�( *
�	 E��' ����%��0��� ���@h 

 ���'�! E�	U?	 �E��' *
 �6��L *�� �+�.�M� V+% �8�� �-� �6��L ���
 *
 � E�	U?	 ,��*��  &!�N �W��J% ��+�.�M�������. 
 0������@h �� ��4	 ,*��? U�� *
 E�/ 0��A	 �! &6�(�! ����%���	 E��' E�	U?	 �E��' *
 ����% �6��L ,��*��  �+�.�M�
E�	U?	 ��E�/ #' ��6�( *
 � �!����� 0��A	 ���%���	 E��'0��� �
 � ���@h �! ,*��? E�	U?	 �E��' *
 #�8' �6��L ,��*�� 

 �+�.�M��� &!�N �W��J%.���� �! �9���� #+��J�  �� n% *
 (g) � (B6	) ,��*	
 ��11�� ��	 % #G��� &?�2 #' *	�J� 0��� 
���@h ' ��6�( *
 �,*��? � ���'E�/ #�� 0��A	 ���%���	 E��'E�/ 0��A	 ���! &6�( "	 ����! �
 �&�	 E��'  9�	 :�6
 �

-� �	U�� E�	U?	 ���	E�/ 0��A	 �N	 *
 �� ��4	 ���� E��'&6�( �
 �� *
 �9�	 �! ��VA .���! �! E�/ 0��A	 ���! �E��' 
����%���	 *	�J� 0��� ���@h ,*��? "	 0��� ���@h ���' ����! �����!.   

0��� f	���M% �! #e!	* *
 #! #$ % �! �U�� ,
�*� E��' #! &W+� ,*��? � ���' wV%	  :�� (
) � (�) ,��*	
 ��11 ������ �
��0��� #' 
 � wV%	 E�/ #' ��6�( *
 ,*��? � ���'�� 0��A	 ���%���	 E��'�! �
 � E�	U?	 �E��' *
 ����% �6��L 

,��*�� � E��' �+�.�M��E�/ 0��A	 ���! &6�( *
 � �!��0��� ����%���	 E��' wV%	 �! ,*��? � ���' E�	U?	 �E��' *
 
�6��L ,��*�� �+�.�M� 200  �300 �6��L *
 � E��' V+% �8��  � �-� ,��*��100 �� &!�N �W��J% �V+% �8�� 9���� .����

�� ������*	�J� #' 
 � 0��� wV%	 ( *
 �,*��? � ���'E�/ #' ��6��� 0��A	 ���%���	 E��' ���! &6�( "	 ����! �
 �

A
C
C
E
P
T
E
D
 M

A
N

U
S
C
R
IP

T



18 

 

E�/ 0��A	� &�	 E��' &6�( �
 �� *
 �! E�/ 0��A	 ���! �E��' ����%���	 *	�J� 0��� wV%	 ,*��? "	 0��� wV%	 ���' 
����! �����!.  

    
                                                         (K��)                                                                                 (M)  

    
                                                                                                  (a)                                         (�)  

 C�H11>����]
 : �� (K���� <��Ec ���� (M /�))� <��Ec ���� (a /&�	)� de
� ���� (� � �))� de
� ������� &�	)� $4! B� 

 ����� I	��� 1 8
�# � ��	 = �	H&	# �!�X	�]� >�	R�� �� $�	: 	�  ���� �	",� *������ ���
	��� 

Figure 11. Variations in (a) Tensile storage modulus, (b) Compressive storage modulus, (c) Tensile loss modulus, 

and (d) Compressive loss modulus of the MRE relative to strain at a frequency of 1 Hz, various magnetic flux 

densities, and different levels of static pre-strain 

4-3- B4�	%� f���h ��� &�	Z�)��  
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f* � )!	 % #8�$�L,	 #$*
 �
 � #� )!	 % � �	�C��	 ����� �����	.  #' &�	 �'h #! F"4"	 �:�A 9�	 F�G�	 ,	�! #W�$ *	U!	 
1"	�! �I� F��*	U?	 o8�� �
�-��	 ��� &�	 .  

 ���F3 :���	;� $�	�&	# ��� �	Z�)��&  

Table 3. The values of the constants in the proposed model  

 �+�.�M� *�� �6��L)mT(  

o��D 

  

0 

  

100 

  

200 

  

300 

(kPa) E(B)a 8235/19 8553/16  8552/16  8551/16  

E(B)b   0840/0 -  0182/0  0333/0  0413/0  

E(B)c 2556/0 -  2554/0 -  2504/0 -  2496/0 -  

E(B)d 2252/0 - 2203/0 - 2202/0 - 2201/0 - 

(kPa.s) η(B)a 3958/0  4006/0  4924/0  6137/0  

η(B)b 9708/0 -  9315/0 -  9089/0 -  9087/0 -  

η(B)c 2648/0 -  2422/0 -  1742/0 -  1740/0 -  

η(B)d 5021/0 - 2889/0 - 2047/0 - 2027/0 - 

(kPa) α(B)a 0704/3 -  2412/1 -  2411/1 -  2409/1 -  

α(B)b 4158/0 -  0525/0  0527/0  0843/0  

(B)αc 5756/0 -  4640/0 -  3674/0 -  3459/0 -  

α(B)d 7037/0 - 4359/0 - 3571/0 - 3361/0 - 

(kPa) β(B)a 0773/1  2645/0  2644/0  2643/0  

β(B)b 7288/0 -  0054/0 -  1171/0  2231/0  

β(B)c 2361/1 -  9864/0 -  9188/0 -  8565/0 -  

β(B)d 5429/0 - 4272/0 - 2107/0 - 2029/0 - 

*
 0��$ 4� ��
�J� ,
�A N&!�,��  *
 
 $ �f4
��� )1 -B6	 (�6	 )16 -B6	( .&�	 ��� #7	*	  
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 ���F4���	;� : $�	� �� ��F�� f���h&	# ��� &�	Z�)��  

Table 4. The values of the coefficients of the constants in the proposed model  

B�
*  o��D ��� *	�J� B�
*  o��D ��� *	�J� B�
*  o��D ��� *	�J� 

1 E1e 3-kPa.mT  7 -10×479/4 -  23 η3f 1-mT  0004575/0  45 α1h 3-mT  8 -10×187/2  

2 E2e 2-kPa.mT  0002968/0  24 η4f 1 9708/0 -  46 α2h 2-mT  5 -10×601/1 -  

3 E3e 1-kPa.mT  05442/0 -  25 η1g 3-mT  8 -10×788/1 -  47 α3h 1-mT  00406/0  

4 E4e kPa 82/19  26 η2g 2-mT  6 -10×93/7  48 α4h 1 7037/0 - 

5 E1f 3-mT  8 -10×333/1  27 η3g 1-mT  0003783/0 -  49 β1e 3-kPa.mT  7 -10×355/1 -  

6 E2f 2-mT  6 -10×355/8 -  28 η4g 1 2648/0 -  50 β2e 2-kPa.mT  5 -10×127/8  

7 E3f 1-mT  001724/0  29 η1h 3-mT  9 -10×8/7  51 β3e 1-kPa.mT  0149/0 -  

8 E4f 1 084/0 -  30 η2h 2-mT  6 -10×79/8 -  52 β4e kPa 077/1  

9 E1g 3-mT  9 -10×5/1 -  31 η3h 1-mT  002933/0  53 β1f 1 03837/0  

10 E2g 2-mT  7 -10×9/6  32 η4h 1 5021/0 - 54 β2f 1-mT  005878/0  

11 E3g 1-mT  5 -10×2/5 -  33 α1e kPa  829/1 -  55 β3f 1 7672/0 -  

12 E4g 1 2556/0 -  34 α2e 1-mT  1181/0 -  56 β4f 1-mT  02332/0 -  

13 1Eh 3-mT  10-10×8  35 α3e kPa  241/1 -  57 β1g 3-mT  8 -10×947/2  

14 E2h 2-mT  7 -10×8/4 -  36 α4e 1-mT  6 -10×612/1-  58 β2g 2-mT  5 -10×794/1 -  

15 E3h 1-mT  5 -10×9/8  37 α1f 3-mT  8 -10×325/8  59 β3g 1-mT  003997/0  

16 E4h 1 2252/0 - 38 α2f 2-mT  5 -10×883/4 -  60 β4g 1 236/1 -  

17 η1e 3-kPa.s.mT  9 -10×583/9 -  39 α3f 1-mT  008688/0  61 β1h 3-mT  8 -10×158/5 -  

18 η2e 2-kPa.s.mT  6 -10×225/7  40 α4f 1 4158/0-  62 β2h 2-mT  5 -10×051/2  

19 η3e 1-kPa.s.mT  0005787/0 -  41 α1g 3-mT  8 -10×002/1 -  63 β3h 1-mT  0003787/0 -  

20 η4e kPa.s 3958/0  42 α2g 2-mT  6 -10×525/2  64 β4h 1 5429/0 - 

21 η1f 3-mT  10-10×5/9 -  43 α3g 1-mT  0009907/0    

22 η2f 2-mT  7 -10×5/5 -  44 α4g 1 5756/0-  
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5-3- �5���	4�,�1 ��� &�	Z�)��  
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)a(  

    
)�(  

 C�H12 :&	#����" I�0��!�# ��
-��� �� i	�� ��� &�	Z�)�� � <���	#& �� �#	 )�	�0D �� $�	: 	� � *��� �	",� ������ 

K�� .���
	���( �� ��� 4%/ I	��� 5 8
�# � ��	 = �!�X	�]� �	H 100 /e!
 �+�� M (�� ��� 4%/ I	��� 3 8
�# � ��	 =  �	H

�!�X	�]� 200 a /e!
 �+�� (�� ��� 12%/ I	��� 1 8
�# � ��	 = �!�X	�]� �	H 200 /e!
 �+�� � (�� ��� 16%/ I	��� 1 8
�# � 

��	 = �!�X	�]� �	H 200 e!
 �+�� 

Figure 12. Comparisons of the stress-strain hysteresis traits estimated by the proposed model with the 

experimental records subject to different levels of pre-strain and excitation conditions. (a) At a strain of 4%, 

frequency of 5 Hz, and magnetic flux density of 100 mT, (b) At a strain of 4%, frequency of 3 Hz, and magnetic 

flux density of 200 mT, (c) At a strain of 12%, frequency of 1 Hz, and magnetic flux density of 200 mT, and (d) 

At a strain of 16%, frequency of 1 Hz, and magnetic flux density of 200 mT 
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�4�! #e!	* *
 norm () )!�% 9������ 0����1� Modelτ � ,
����/ 0�� "	 ���H &��! E% Expτ  "	 ���H &��! E% f�����"H
.��+�  0��$ *
5�	U�� � s!�e% ��*
 O��/,�� :��( "	 0�� ,
����/ �! �
	
��, ��������"H  �
	
 E���� ���*
 ,��*	
 �� 
 �� n%12 H�
*� .&�	 ��� 

 ���F5 :*�8�� �j�� k�	2
 l�	� 0� Cj	: &	#��� &�	Z�)�� 	� <���&	# �#	 )�	�0D  

Table 5. The values of the compatibility of the stress-strain hysteresis traits estimated by the proposed model 

with the experimental records  

,*	R2*�! Q�	��  s!�e% ��*
 �	U�� (%)  

  

E��' 4%� K��'�? 5 U%�� � �6��L *�� �+�.�M� 100 �8�� V+%  

E�/ ���%���	 E��'21%  2850/95  

E�/ ���%���	 E��'0%  3551/94  

  

E��' 4%� K��'�? 3 U%�� � �6��L *�� �+�.�M� 200 �8�� V+%  

E�/	 E��' ���%���21%  0520/94  

E�/ ���%���	 E��'0%  6680/94  

  

E��' 12%� K��'�? 1 U%�� � �6��L *�� �+�.�M� 200 �8�� V+%  

E�/ ���%���	 E��'21%  0591/94  

E�/ ���%���	 E��'0%  8470/94  

  

E��' 16%� K��'�? 1 U%�� � �6��L *�� �+�.�M� 200 �8�� V+%  

E�/ ���%���	 E��'21%  3706/91  

E�/ ���%���	 E��'0%  5523/94  

�	U�� s!�e% O��/"	 :��( ,�� 0�� ,
����/ �! �
	
,�� ��������"H Q� %  s!�e% ��*
 }@��#! f* � 	UG� ,	�! �� 
E���"H #W��I�  &�	 ���
�2� ,*	R2*�! Q�	�� "	 �� �� *
 �H *	�J�! �
��( *
 9������ * . # 90  ��*
&�	 ���H &��!. 9�	 

�	U�� "	 �s!�e% ���� "	 o��� �
 ! 9�	 0�� *
 E�/��! *��?* 0���5 6 7* ��� ,���� ��4	 ,*	R2*�! B8�C� Q�	�� *
 
*	
.  

4 - B5��&��( 
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 ) E��'4%  �%16%�( �6��L *�� ) �+�.�M�0  �%300 (V+% �8�� � �! 0��A	 E�/E��') B8�C� ,*��? ,��21%  �
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�' P�I6 * >� #! *
 ���%���	 E��'

E�/0�� �� �0���5 6 7* ��� ,���� ��4	 ����4	 �+�� *��?* ��! )��$ � ���$ #7	*	 �N	 9�	 9�?�2 �>� *
 �! ��
�2 .S���� 
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 � 
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�	�� @�e,   

α 0��� F�A �*�J% E�' &6�( *
 �e@��r K�"��+�� -*��? �kPa  

β 0��� E��' -&C��e@��r �2�� � �kPa  

εp E�/�%���	 E��' ���% 

ε0 ���I% E��' �% 

ε ,
�*� E��' ���" �(	� *
 �% 

̇ε  k�����" �(	� *
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�*� E��' �1/s 

η #��" �+�� ������
  �N ��
��� kPa.s  

σ �$��@ E% ���" �(	� *
 �kPa  

τ �$��@ E% �kPa  

I����0  

Bmax 9�����! �6��L *��  �+�.�M�)300 �8�� V+%(  

Bmin 9����' �6��L *��  �+�.�M�)�8�� �-� V+%(  

Damping wV%	  

Exp E���"H  

Hysteresis K�"��+��  

Model 0��  

MRE 0���5 6 7* ��� �� ��4	  
Stress-Strain 
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#J8( K�"��+�� E% -E��'  

Viscoelastic ����4	 �+��  
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ABSTRACT  
Magnetorheological elastomers are a class of smart materials and possess two unique features, i.e. adjustable 

hardness and damping capabilities. These characteristics make them widely used in various industrial 

applications. Hence, understanding their behavior in different systems is necessary. The focus of this work is to 

study the dynamic behavior of magnetorheological elastomers under different static pre-strains in tension-

compression mode. In this study, three isotropic samples were fabricated and the force-deflection features of 

them were acquired under harmonic excitation with various strain amplitudes, static pre-strains, frequencies, 

and magnetic flux densities. Assess the effect of static pre-strain on the dynamic response of the 

magnetorheological elastomers, studying the effects of other parameters like strains, frequencies, and magnetic 

flux densities on the dynamic modulus of magnetorheological elastomers, and proposing a novel 

phenomenological-based model to predict the viscoelastic behavior of magnetorheological elastomers are the 

innovative aspects of this study. The results showed that the dynamic modulus of magnetorheological elastomers 

will increase by superimposing the static pre-strain. Furthermore, the relative MR effect decreases when the 

static pre-strain is applied. The maximum relative MR effect of 288.32% has been achieved at a strain of 4%, a 

frequency of 7 Hz, and without the application of static pre-strain. 
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