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Abstract 

The main scope of this research is to propose an efficient model to simulate the flapping robot performance 
employing bond graph approach. For this purpose, complete constitutive elements of the system under 
investigation including main body and accessories, flapping mechanism, flexible wings and propulsion system 
consisting of battery, DC motors, and gear boxes are considered. The complete model of the system was 
developed appending bond graph model of the subsystems together utilizing appropriate junctions. A computer 
model was developed employing the block oriented structure of Simulink in MATLAB software for simulation 
studies. The very good agreements between the simulation and experimental results of the studied system, 
illustrates the validity and accuracy of the proposed bond graph model in this investigation. As a result, the 
offered approach presents a comprehensive and efficient model to get clear insight into the dynamic behavior of 
the flapping robot and provide helpful information designing such systems. 
 
Keywords: Flapping Robot, Bond Graph, Dynamic Modeling, Simulation, MATLAB Software. 
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�� ��  . 9(	/�� 9��" ����-�	� ��%& ~B  :� ��^�� !�� 9��"

�� ��(" �	:B � �'���� � ���@ �:��	� ��@ !�� �� .�	��8

9(	/�� 9��" ��@ 93������ ;���� 
" ��Q"H  � �'����

�� [��S� �	:B  �" T�@ ���%& K"��� !� �	 " .�	��8

��8  T���' �" T�@ ������� 4G�+� 5����� 0� � �C, 93

 .��/	 M��E�'� ��@ 912 4G�+� $�2�� ����"�"�! ��C�'� :� 
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7��8�	" �� 9:���� 
	�' 3 9������ �./�)� �" 

9(/���' *%�E� �Q�� 
" Z3� 63
�� � 9v�	� � 6�	 ���(' 

M��E�'� 4G�+� ������� ���-��  .  

      9��" 
\��� >�� .�� �0 T���' ���X�� G�/+� 5� �� 
" 

x�6H� .��)� ���3� T��P� ���/	 � #� :� M��E�'� >�� �3 

x6H � >R�� (	� T(" >�� .�� T���' 
\��� �� ���8 .�� ;%f� 

����� +���! ���P� 9��& ���3��� 9�3 x6H " ��C�'� :� 

9( �� ��'�  
" 4��, "�Q� �
" 8�' �5��� ��I� �'� .

9��" �8�' ��� 7��8�	" .�� 
	�' ���� 
+�<� " �� �^	 

!�2�8 :�� 
	�' 3 ����^	 
	�" %,� �� 4P%+�� �	H�� 

3����� 95��H �T�P��� 	���$6 56�" � >" 3 90��'G� 

."D �"��' ��3��B ��" .�� ��! ZE" 7��8�	" �3 :�� 
	�' 


" 1C��. ���� wS" � '��" ����D �3��B �2�8.  

  

  
)*��(  

  
)[(  

 ���1-  '�� ��� 8(�0��� (X) 6���� ���0��� *�0�; (Z)�)]18[  

3 -1- �)2��? C.-�. 0 �.D  ��)D  ,�9�E�� 
��%. ����  


	�" %,� �
" /3��� 4P%+�� ����� 5��� � T���' ����� �

	���$6 56�" �� �	��� 
" 4��, �0 
	�" ;%, 
� ���� 9���@ 

�)B�J � �P�	� ��� 12 93 �+" 9� ��� " >�� ���8 .9��" 

!�B' 7��8�	" �|��� �3 :��
	�'� :� 0� ��S� 4R�E� 

�"U 
� ���� 5� 9�� 6��� $�H 
	�" %,� ����D ���� � 

�3��S 95� �" 3��S� 9%,� �
	�" r�<�� ��'� ��C�'� 

�� ��  .3������ 9'��/��� ���:�
 � 9� <B �
	�" � ���	��� 

�� 9�'�� ��S� 4R�E� ���� �^	 6Q��
 �	�  ." ��C�'� :� 

5�	D $�� 	��!�� K"��� y�"�� 
" ���@ )B�J �� �P�	� �
" 

4��, :�� ."D M��E�'� �� �� ":  

)1(  p
t

p
F

rel

×+
∂
∂= ω  

  

)2(  h
t

h

rel

×+
∂
∂= ωτ  


� p � h �F � τ � ω 
" ����; T����� <B�� T����� 

��:�
 �9� 	���� ���)8 � �&�' ��:�
 � 9
	�" �� �� " ." 

��C�'� :� ?��	 .,@ :� 
��+� )1 (� )2 (�� (	�� 4G�+� 

���@ �����% .,@ �� �	��8 
� ��" 9(	� .@ �%�%S� ��H� 


� ��	 � KP2 �� 1+" ������ }B � ���	��� 
" 4��, %S��% �

.@ �	�  .7��8�	" 
	�" %,� �� 4P%+�� 5� " 
 w%n� �� 4��,

�� �6Q��� 9:��  ���D 0� 93 ��8 (	� ��\� �� 
� ���8

 �-	�" �-�� w%n� � �<B ���@ �-	�" w%n� 0� .���-��


���: ���@  93 ��8 � �'� 9� 7�+� ;���� 
" (	� ��\� 0�

�&�' 
���: 93 �&�' � $�H 6��� �<B 93  
	�" 9�

��  .�� " .R�� T(" �� ��Q� 0� ��8 �� 
� (n%n� LYO�

�� �� !�6-�H ��  
���� ������H 0� K'�� ���/	  
� ���8


���: ���@ �:��	� � �<B ���@ �:��	� (	� >�v�   .�'� 9�

��Y& �" 5� 	�3�� � 3���)8 9H�B ��� ��	��� K'�� �0 

�	" �6Q� 
" ��8 
A�"�� 
2O� �	�  .�X/3�! 9(	/�� ���'�� 

�|��� " $�H 3 � 5/� ��'�� �3 9��H �" ,B�� ���-�	� �


" ��8 0� �|��� ��B .R�� ��3��B �  ..�  2 7��8�	" 

.�� 
	�" %,� �" ���@ %� ��� 12 9
' �+" 9�� 5)	 

�� �3� .3������ 99��& 
	�" %,� ����� ��C�'� �� 

� �
 :' 9�O@ �� >��H 1 ���� �'� .  

F0�� 1- 3������ 99��& 93������ 
	�" %,� ���	�� 56�"  

3������  ���P� 9��& 

5:� 
	�" )g( 90 

)( 2mkgJ x 4 -10 ×09/2  

)( 2mkgJ y 4 -10 ×43/4 

)( 2mkgJ z 4 -10 ×84/3 

�+"� 
	�" )cm(  2×70×110 

3 -2- �4�D D� '��+2� G�9���  

      ����� 5��H T�P��� 0� T���' �	��������� ��'� .

�����X ����� 9���� ���P� � #	����	� ���" � v�	� 9������� �

�� 
" v�	� 9	���� �����. �� ��� . 0� �" ./�)� ����� >��

�� �+' h��� �� .R�� ������H � 0� ��8 
" 
� � "  .���8

 
" y�"�� 93�	" � ���" �X���� �"U 5��H 7�+� 0� ��8

� � #	����	��� .R�� 5� 
" ���P  .,� �� ������H .�	��8

 ��8 
" � ���/	 ./& ���	�� 
" �������� 9v�	� >��� 5���& 
"

�� .,� �'� ����� �C  9� 
���: �&�' 7�+� 
� 0�  .���8
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 9(-����%" �)�%f ��<,� 6�	 � �" � ����� �'���� !��X/3

8 .R�� ��8 !�� 
" �6Q� �	" �� K'�� ��" �����.�	�� �	" 

7��8 .�� ����� 5��H P����T �� .�  2 5)	 ���� ��  

�'� .�X/3�! �P��� ��& 9�|��� " 3����� 9�H�5 

P����T ���� ��C�'� �� � �
 :' 9�O@ �� >��H 2 
\��� 

��  �'�.   

F0�� 2- 4RE)� 9��& 93������ 3����� 95��H T�P���   

3������ ���P� 9��& 

���v )v( 2/7  

���P� )Ω(  821/0 

#	����	� )H( 001/0 

5��H )A(  7/1 

5��� )w(  12 

�&�' ��	 )rpm(  25000 

�"U ����� )N.m/A( 3 -10 ×13/8 

3 -3- F�� '�4 1�HE�. 2+I�  

     �:' 3 ����^	 ���3� ��
% �3 ."� 3 � 
SC, 3 �� ��	��� 

'�"�
% 3������ 9
���8 $�H � ��2 >�� �	�  � 
" 4��, 


	�' 3 9��J 
H�� ��:� 9���� 6Q��
 � %S��. ���D 8��	� .

�� �J�! ��� ��D� $:G �� 9��" .�%S� �n�� .\�� 9���� �D� 

�2� ���	 .���Y+" �'G����
� � $�H �� 9(/���' 
�'��� 

."D 0��C� ����	 � ��" " 
4��, 3������ 9��
�'� � :���h 

��  �� 	�^ 
�2�8 �	� ]20[. �� ��! ZE" >" 3 " 
4��, 

7<+	� I��� �� �^	 
�2�8 �� �	�  .�� >�� 
\��� ���  

�'G����
� � $�H 
" 4��, 3������ 9��
�'� � :���h ��  

�� �^	 
�2�8 ��  � >�� ��� �%���-���	�"  ���W�� h<P� "9��" 

9:���� >" 3 " �� �K :�� 9��:� - ��! ��  �^	�� ���D 


�2�8 �'� .:� Q	� ��
� �� ��! >�� ��'�� �)B�J �� W���� 

.�   �" ���� �� �^	 
�2�8 /	 ��	�  ��"�"�! ��! >�� (�� 

W���� .�  )/B ����� 
� ���	��� ���@ ��/& 956�" �� 

�'�� 9T\D �� Z3� �3� .
��+� T�@ �" ���@ >" 

7<+	� I��� ���� 9b+��� O�& � 	 �:� 	��� 9H�B �
" 

4��, :�� �� � ":  

)3(  )( 12

2

4

4

xxF
t

w
A

x

w
EI −=

∂
∂+

∂
∂ δρ  


� EI�ρ�A � w  � F
" ;���� $�S�'� )/B�� �-J�� 

z<' h<P� O�&�� 6�B >" � 	��� 9H�B �� ��� "  .9��" 

.@ 
��+� )3 (:� b�� ��H9:' W���3� " 
4��, ��: ��C�'� 

�� �� .  

)4(  )()(),( tfxYtxw =  

  

   


� )(xY � )(tf 
" ����; .�  ��� � �'� 	�: �

�� �� " ." H���I- 9.@ ���(�) 9��2 �� +�
�� )3 ([��H 

%� ���" 96�B >" 
" 4��, :�� ."D "�5 �'�:  

)5(  

1

2

3

4

( ) (cos cosh )

(cos cosh )

(sin sinh )

(sin sinh )

y x C x x

C x x

C x x

C x x

λ λ
λ λ
λ λ
λ λ

= +
+ −
+ +
+ −

 


� ��O�; 1C � 4C " >/&� �� �K :�� 9."D +���! 

����3 .6�B � 5/� )/B ��|��� �� (�	� 9��! ��  �C, 

� �� " .
" ��A �
")� 5/� )/B �� 	��� 9 �" ��|��� " 

(�	� 9��:� 	�6 �"��" �C, � ��� " .
��+� #	��2 � .�  ��� 

��" 9�� �K :�� 9��:�- ��! ��  
" 4��, :�� ."D "�5 �'�  :  

)6(  0tantanh =− LL nn ββ  

  

)7(  
( )( )
( )( )

( ) sinh sin cosh cos

cosh cos sinh sin

n n n n n

n n n n

y x L L x x

L L x x

β β β β
β β β β

= + +

− + +
 


� Lnβ3 
" 4��, :�� � ��� ":  

)8(  
1 2

3 4

3.926602, 7.066858

10.21018, 13.35177

0

L L

L L

L for rigid body

β β
β β
β

= =
= =
=

 

7��8�	" �|��� >�� >" 7<+	� I��� " �0 ��� ;%, ��(J 

��� 7<+	� I��� �� .�  2 5)	 ���� ��  �'� . >" 7��8 �	"

 93�	" � ��  .R�� �C, ��8 
" 0� ��8 K'�� ��I� 7<+	�

(���� K'�� ;%, ��� � ��I� 7<+	� 93��� 
" y�"�� 
� ��

) 
��+� " (	� >���7�� 5�" ( ��8 r��A :� ��   
" 0� 93

 5/�� 
" y�"�� �'���� � �	:B 9(��2�| 
" y�"�� 93�	"

�� .R�� �^	 ����  ���H �'���� 5/� ����& 
" .�	��8

 " >" 9(	/�� !�" 9��I� 7<+	� 6�	 � �'���� " >" 9(	/��

�� 9:���� �	:B ��2�|  .�	�  }�RB �� ��)�" 4�\6H

 hH�� �� ��I� 7<+	� 9(	/�� 9:����]19[  ��F .�RC� 
"

 .�'� �� 3������ 9	���� ��|��� " >�� >" 7<+	� ��I� 

�(H 
+�<� 
��  9:' �O@ �� >��H 3 ���� ��  �'� .  

3 -4 - J-���� �-)��  

      �� 
	�' ���� '��"�� :� 	���$6 {�� ��"9 ���Q ���@ 

>" 5�: ��C�'� �� ��  .��! 	���$6 :� �� ��
% .R�� T(" 

�)��. ��  �'� 
� �� �:� 3�:" " ��:�
 T\D 
" �0 ��S� �� 

>@ ZB�J .R�� ��  �'� 
� � ��	��� ���@ �2� � 

�)8�" ��� 
" ���@ )B�J� � #�+�" ����. /	�� .7��8�	" 

�|��� 	���$6 56�" �� .�  2 5)	 ���� ��  �'� .  
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 K	2- 	�� �
	�" �" ./�)� 56�" ��	�� 7��8�	" >���$6 �H ����� �� �56�"�5 P�����T (�" �9 I� 7<+	���  
  

�� �	" 7��8 �O@ �&�' ��:�
 � 9� �&�' <B �6��� $�H 


%�� �|��� �� �'�� 9x � y  K'�� ��8 93 �0 � ���@ 

)B�J �
%�� .R�� "
 5� " ��C�'� :� �0 >��� 
���� ��  � 

��8 �0 ."D "�5 �'� .���Y+" $�H � 5/� ��'�� ����H 

x�6H� K'�� 0� �	" 
" ��8 �0 �|��� .R�� �� ��  .�(��" 

�'� >��� >��� 3 :� %S��. '��/��� �	���$6 " 
�'� 

����.   

  

F0�� 3 4RE)� 9��& 93������ >�� >" 7<+	� I���  

#�H >" $�������  

3������ ���P� 9��& 

>�A >" )cm( 50 

���	 >�A 
" g�& >"  6  

�@ 9G" 
���: >" )deg( 30 

�@ !��� 
���: >" )deg(  20 

5:� >" )kg(  675/0 

5/� �'���� ���H )kg m2(  014/0 

��-J >" )kg/m3(  2712 

���> 
�����'G� )Gpa(  69 

>��� � �" )Gpa(  5/25 

4 - L.2A��. ,M*�E� *+����� �-)�� ,��� 2� G?�N   

      �� ��! ZE" 4G�+� T�@ �" T���' ���� 
+�<� " 

��C�'� :� >�� 7��8�	" 
\��� ��  M��E�'� �� ���8 .9��" 

8�'�� 3�	" �� >�� 7��8�	" 
" 4��, ����� ���/  ��I8 9

�� �	��8 � ,B�� ���%& 
" 3�	" ���	 ���� �� ��  � 

����9 3 � W���3� 9��@ :� T3 ."D E)��~ �� " .�:��	� 

���@ � Q"H ��3�	" 9y�"�� 
" ��'�� �� 5:B " ,B�� 

���-�	� �W���3� 9��@ �� �� " �:��	� 93������ r�)� .

�� 5��H � �+' " �"��" ;���� 
" ��Q"H � ���@  " .�� "

 !�� 
" T%& 93�	" �� 5��H � �+' ;���� 
" 
� ��+D��

�� �"��" T3 " 0� � �C, ��8 
" .R��  9��H h/H 6�	 � �� "

 �+' 5��H � 0� ��8 
" .R�� 93�	" �� � ��8�C, �"��" 

� ��� �C, " !� �	 
<"�� �|��� ��" 9��8 3��  y�"�� �	" 
�

�� .R�� 5� 
" ��@ ���W�� 
" 5����� � " 4G�+� ������� 

T�@ �" T���'  �� ��@ 912 $�2 
".��/	 M��E�'� $:G 
" 

��F �'� 
� �� !�� b�� e� f� p� q� I �C� R� T� G  � S 
" 

;���� ��+' �H��5 �:��	� ����@ Q"H��� ��'���� 2�|�� 

��	:B ����P� �>��� ������H � h��� �� �� " .7��8�	" 

.�� ��	�� 56�" :� >R�� 7��8�	" :�
	�'� 3 '�"�
% ��8 93 
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;'�� �C, � �0 
�B' ��  � �� .�  2 5)	 ���� ��  

�'� . 

W���3� 9��@ :� 9�� >�� 7��8�	" .�  2 
" 4��, p2�   

p6� p9� p12  � p15� p18  �p21  �p24�   p28� p31�  p35 �p41    �p44� 
p47�    p50�   p53� q32 ,p56   � q36 M��E�'� ��  � 4G�+� 

T�@ �" ���@ �|��� " W���3� 9��@ " 
4��, ��: ."D 

5�" �'�:  

)9(  
6

6
1

2

2
32 I

p
G

I

p
RSp e −−=ɺ  

)10(  

47 442
6 1 1 10 11 3 4

2 47 44

7 6 5 1 2
1 8 28 7 1

8 6 2

2 2
6 5 1 32 28 7 32

28 7 8
6 32 31 8 32

28 7 36

35 9 36

[ ( )

2

]

p pp
p CG CT T T G G

I I I

T T T T p
CT T B I T AG

T I I

T T T q I T q
AI T T

I c I T c

I T q

I T c

 
= − − 




− 



+ +


+ 



ɺ

  


�   

)11(  
r

C
1=  

)12(  

2 2
9 1 12 1 2

1
6 6

2 2 2 2 2 2
15 1 3 18 1 4 15 1 5

6 6 6

2 2 2 2 2 2 2 2
24 1 5 6 41 24 1 5 6 11 10

6 24 6

1
I T I T T

r T
I I

I T T I T T I T T

I I I

I T T T I I T T T T T

I I I

 
= + + 

 

+ + +

+ −

 

)13(  6
6

19
9 p

I

TI
p ɺɺ =  

)14(  6
6

2112
12 p

I

TTI
p ɺɺ =  

)15(  6
6

3115
15 p

I

TTI
p ɺɺ =  

  

)16(  6
6

4118
18 p

I

TTI
p ɺɺ =  

)17(  6
6

5121
21 p

I

TTI
p ɺɺ =  

)18(  6
6

65124
24 p

I

TTTI
p ɺɺ =  

)19(  

6 5 1 2
28 28 7 1

6 2

2 2
6 5 1 32

28 7 8
6 32

28 7 32 28 7 36

31 8 32 35 9 36

( )

2

T T T p
p BI T AG

I I

T T T q
ABI T T

I c

BI T q BI T q

I T c I T c

=

+

+ +

ɺ

 

)20(  
m

B
1=  

)21(  
35

2
9

28
2

7

31
2

8

28
2

7
1

2
5

2
6

2
7

6

281
IT

IT

IT

IT
ATTTT

I

I
m ++−=  

)22(  
32

32
28

8

7
31 c

q
p

T

T
p −= ɺɺ  
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