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 Bone micromilling is widely used in orthopedic, spine, skull, knee joint replacement, and orthopedic surgeries 
to cut bone and make holes in tissue. The application of tools with a smaller diameter in the bone 
micromilling compared to conventional milling causes a significant reduction in force and also the length of 
the treatment period. In this article, in the form of an experimental study, an intelligent model for predicting 
bone micromilling force has been obtained based on the fuzzy inference system. For this purpose, first, an 
experiment design method has been used to extract a group of practical experiments. Then, based on the 
obtained results and approximation capability of fuzzy systems, an accurate model for predicting the cutting 
force has been established founded on the input values of tool rotation speed, feed rate, tool diameter, cutting 
depth and cutting direction. By examining the obtained results, it can be seen that the fuzzy model has been 
able to accurately approximate the resulting force of the bone micromilling process based on the considered 
inputs; The mean absolute percentage error and coefficient of determination for the data of the test section 
were calculated as 11.22% and 0.93%, respectively. Using the data of this research, surgeons with full 
knowledge can set the best values of the input variables of the micromilling process without worrying about 
causing damage and cracks in the bone tissue with the maximum possible operating speed. 
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�Ê�^�•�Ÿ �Á���Ê�Ÿ�Â�À�•�» �x�‡�Z�a �t�˜�‡ �É�Y�€�] �k�Y�€�z�f�‡�Y �Á�€�Ì�¿ �Á �Z�»�{ �Ã�{�Z�¨�f�‡�Y 
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�É�•�Z�°�À�Ì�‹�Z�» �Y�• �É�Á�• �Z�»�{ �Á �Á�€�Ì�¿ �•�{ �É�•�Z�¯�•�€�§ �½�Y�Â�z�f�‡�Y �½�Z�ˆ�¿�Y ���Ä�]

�d�‡�{ �|�¿�{�•�Á�M �Á �Ä�n�Ì�f�¿ �|�À�f�§�€�³ �Ä�¯ �Z�] �Š�Ë�Y�‚�§�Y �É�Á�€�Œ�Ì�a �Á�€�Ì�¿ �{�Z�Ë�• �Á 
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�Ê�]�€�n�e �i�P�e�Ì�€ �É�Z�Å�€�f�»�Y�•�Z�a �É�•�Z�°�À�Ì�‹�Z�» �Y�• �É�Á�• �É�•�Z�¯�•�€�§ �…�Â�¸�ˆ�À�¯ 

�½�Y�Â�z�f�‡�Y �­�Â�y �Ê�‡�•�€�] �|�¿�{�€�¯ .�€�´�Ë�Y �Á �½�Y�€�´�Ë�{ ]19 [�Ä�m�Â�f�» �|�¿�|�‹ 

�Ä�¯ �•�{ �‰�€�] �|�»�Z� �f�» �½�Y�Â�z�f�‡�Y �É�Á�€�Ì�¿ �‰�€�] �•�{ �d�Æ�m �{�Â�¼�Ÿ �€�] 

�½�Â�X�f�‡�Y �Z�Å �d�^�ˆ�¿ �Ä�] �d�·�Z�u �É�•�Y�Â�» �Z�] �½�Â�X�f�‡�Y �Á�{ �€�]�Y�€�] �d�‡�Y .�½�Â�¸�Ë�{ 

�Á �½�Y�€�´�Ë�{ ]20 [�É�Á�€�Ì�¿ �É�•�Z�¯�•�€�§ �½�Y�Â�z�f�‡�Y �Y�• �Z�] �Ã�{�Z�¨�f�‡�Y �•�Y 

�É�Z�Å�•�Y�‚�]�Y �,�Ê�u�Y�€�m �ª�¼�Ÿ �É�Z�Å �,�‰�€�] �d�Ÿ�€�‡ �É�Z�Å �‰�€�] �Á 

�½�Y�Â�z�f�‡�Y���É�Z�Å �¦�¸�f�z�» �¾�Ì�¼�z�e �|�¿�{�• .�¶�Ì�b�‡�Y�•�|�§ �Á �½�Y�€�´�Ë�{ ]21 [
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���½�Y�€�´�Ë�{���Á]22[ ���µ�Z�°�Ì�e�•�Â�¯���½�Y�Â�z�f�‡�Y���É�•�Z�¯�•�€�§���•�{���Y�•���‰�€�]���É�Á�€�Ì�¿

�‰�Á�•�� �–�‡�Â�e�� �Á�� �|�À�f�§�€�³�� �Ã�•�Y�|�¿�Y �M�� �É�Z�Å���l�Ë�Z�f�¿�� �¶�Ì�¸�v�e�� �Ä�]�� �É�•�Z�»

�� �l�Ë�Z�f�¿�� ���|�À�f�y�Y�{�€�a�Ä�] �d�‡�{ �Ã�|�»�M ���É�Á�€�Œ�Ì�a�� �Á�� �‰�€�]�� �ª�¼�Ÿ�� �{�Y�{�� �½�Z�Œ�¿

�� �¾�Ë�€�f�Œ�Ì�]�i�P�e�Ì�€ �¿�•�Y�{�� �‰�€�]�� �É�Á�€�Ì�¿�� �É�Á�•�� �Y�•�|�½�Y�€�´�Ë�{�� �Á�� �Ê�^�‡�Z�¼�Æ�—�� �� 

]23[ ���É�•�Z�»�M���¶�Ì�¸�v�e���Á���¶�]�Â�‡���d�Ì�‡�Z�ˆ�u���‚�Ì�·�Z�¿�M���‰�Á�•���•�Y���Ã�{�Z�¨�f�‡�Y���Z�]

�� �É�Z�Å�€�f�»�Y�•�Z�a�� �Ê�‡�•�€�]�� �Ä�]�€�i�R�» �� �•�{�� �Á�€�Ì�¿�� �•�Z�f�§�•�� �•�{�w�Y�•�Â�‡ �•�Z�¯�É 

�l�Ë�Z�f�¿�� ���|�À�f�y�Y�{�€�a���½�Y�Â�z�f�‡�Y �Ä�] �d�‡�{ �Ã�|�»�M �{�Y�{�� �½�Z�Œ�¿ �¾�Ë�€�f�¼�¯ �•�Y�|�¬�» 

�•�{�� �Á�€�Ì�¿ �É�Z�Å�€�˜�« �,�€�f�¼�¯ �w�€�¿ �Z�Å�É �É�Á�€�Œ�Ì�a �Z�a�Ì�Ë�¾ �€�e �Á �€�j�¯�Y�|�u 

�d�Ÿ�€�‡ �½�Y�•�Á�{ �•�Y�‚�]�Y �Ê�»�� �{�Z�n�Ë�Y �{�Â�‹. ���� �½�Y�€�´�Ë�{�� �Á�� �É�€�¨�•24���Z�]�� ��

�Ã�€�Æ�] �³�Ì�€�É �Ê�^�•�Ÿ�� �k�Z�f�À�f�‡�Y�� �º�f�ˆ�Ì�‡�� �•�Y–�� �Ê�¬�Ì�^�˜�e�� �É�•�Z�§�Æ�]�Ì�Ä�À �Ã�|�‹ 

�Ä�À�Ì�Æ�]�� �º�f�Ë�•�Â�´�·�Y�� �–�‡�Â�e�c�Y�•�}�� �¹�Z�u�{�•�Y�� �É�•�Z�‡���É�Z�»�{�� �Á�� �Á�€�Ì�¿�� �•�Y�|�¬�»�� �,

�|�À�Ë�Y�€�§ �w�Y�•�Â�‡�Š�Ì�a���Y�•���½�Y�Â�z�f�‡�Y���®�Ì�e�Z�»�Â�e�Y���É�•�Z�¯ �½�M�����|�¿�{�€�¯���Ê�À�Ì�]���Z�Å
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Fig.1 bone and the method of experiment [26] 
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�]���Y�•���Ê�¿�Z�ˆ�¿�Y���Š�¿�Y�{�Ä�Ä�¿�Â�³���Ä�]���Ê�Ë�Z�Æ�¿���º�f�ˆ�Ì�‡���•�Z�f�§�•���Ä�¯���|�À�¯���\�Ì�¯�€�e���É�Y

�Ä�r�¿�M �Ê�»�� �©�Z�¨�e�Y�� �d�Ì� �«�Y�Á�� �•�{�|�f�§�Y�, ���¾�Ì�À�r�¼�Å�� ���|�‹�Z�]�� �®�Ë�{�‚�¿�� �•�Z�Ì�ˆ�]

�Ê�»�� �É�•�Z�§�� �ª�˜�À�»���¶�»�Y�Â�Ÿ�� �•�Z�Ì�f�y�Y�� �•�{�� �Ä�¯�� �Y�•�� �Ê�»�Ô�¯�� �º�Ì�Å�Z�¨�»�� �|�¿�Y�Â�e

�Ê�»���Ê�Ë�Y�€�m�Y�µ�|�»���Ä� �‡�Â�e���É�Y�€�]���Y�•���|�‹�Z�]�Ã�|�Ÿ�Z�«���É�Z�Å���•�{�����|�À�¯���­�•�{���|�À�»

�º�f�ˆ�Ì�‡ �Ä�Ÿ�Â�¼�n�»���É�•�Â�X�e���¥�Ô�y�€�]���,�É�•�Z�§���ª�˜�À�»���É�Z�Å�®�Ì�‡�Ô�¯���É�Z�Å 

�Ê�»���L�Z�”�Ÿ�Y���•�Y���®�Ë���€�Å���,�Ê�“�Z�Ë�•���Ä�Ÿ�Â�¼�n�»���¾�Ë�|�À�q���Ê�f�u���Z�Ë���Á�{���Ä�]���|�¿�Y�Â�e

�]�� �É�•�Z�§�Ä���d�Ë�Â�”�Ÿ�� �ž�]�Y�Â�e�� �–�‡�Â�e�� �Ä�¯�� �d�Ë�Â�”�Ÿ�� �Ä�m�•�{�� �Z�]�� �½�Z�»�‚�¼�Å�� �•�Â�—

�Ê�»���Ž�z�Œ�»���|�À�‹�Z�]���Ä�f�‹�Y�{���ª�¸� �e���,�{�{�€�³  

�É�•�Z�§���µ�Á�Y���¹�Z�³���,�É�•�Z�§���µ�|�»���®�Ë���{�Z�n�Ë�Y���É�Y�€�]�Ê�»�� �É�•�Z�‡���Ä�¯���|�‹�Z�]

���¶�Ë�|�^�e���d�Ë�Â�”�Ÿ���ž�]�Y�Â�e���–�‡�Â�e���É�•�Z�§���€�Ë�{�Z�¬�»���Ä�]���É�{�|�Ÿ���€�Ë�{�Z�¬�»���½�M���•�{

�Ê�» �‹���d�Ë�Â�”�Ÿ�� �ž�]�Y�Â�e�� �,�Ã�€�^�y�� �Š�¿�Y�{�� �Á�� �Ä�¸�X�ˆ�»�� �•�Â�¿�� �Ä�]�� �Ä�f�ˆ�]�� ���|�¿�Â

�Ê�» �¿�Y�Â�e�•�Á�}���,�Ê�j�¸�j�»���|�À�¿�Z�»���Ê�¨�¸�f�z�»���µ�Z�°�‹�Y���|�À�Ä�¬�¿���Ã�€�Ì�£���Á���Ê�‡�Á�Z�³���,�É�Y

�É�{�Á�•�Á�� �¾�Ì�]�� �Ä�˜�]�Y�•�� �,�¹�Á�{�� �¹�Z�³�� �•�{�� �†�b�‡�� ���|�À�‹�Z�]�� �Ä�f�‹�Y�{���Á�� �Z�Å

�Ê�m�Á�€�y �€�³�Y���|�Ÿ�Y�Â�«���–�‡�Â�e���É�•�Z�§���º�f�ˆ�Ì�‡���•�{���Z�Å-���Ž�z�Œ�»���É�•�Z�§���Ã�Z�´�¿�M

�Ê�» �]�� �|�Ÿ�Y�Â�«�� �¾�Ë�Y�� ���{�Â�‹�Ä�|�¬�»�� �Š�z�]�� �Á�{�� �É�Y�•�Y�{�� �Ê�¸�¯�•�Â�—���Ä�n�Ì�f�¿�� �Á�� �Ä�»

�Ê�» �Ê�»���¦�Ë�€� �e���Ê�¿�Z�]�•���É�Z�Å�€�Ì�¤�f�»���–�‡�Â�e���Ä�¯���|�À�‹�Z�]���|�¿�Â�‹  

�� �,�¹�Â�‡�� �¹�Z�³�� �•�{�Ä�] �•�Â�œ�À�» �€�³�Y�� �|�Ÿ�Y�Â�«�� �Ä�n�Ì�f�¿�� �ž�Ì�¼�n�e-���,�É�•�Z�§�� �Ã�Z�´�¿�M

�Ê�»���[�Z�z�f�¿�Y���k�Z�f�À�f�‡�Y���µ�|�»���®�Ë���€�Å���Ê�m�Á�€�y���,�½�M���…�Z�‡�Y���€�]���Ä�¯���{�Â�‹

���|�Ÿ�Y�Â�«���•�Y���®�Ë�Ä�] �d�‡�{ �Ê�»�º�f�ˆ�Ì�‡�����|�Ë�M���€�Ì�œ�¿���Ê�¨�¸�f�z�»���k�Z�f�À�f�‡�Y���É�Z�Å

�Ê�³�Z�¯�Z�e�� �,�Ê�¿�Y�|�¼�» -�� �|�¿�•�Y�{�� �{�Â�m�Á�� �Â�À�³�Â�‡�½�M�� �•�Y�� �¹�Y�|�¯�� �€�Å�� �Ä�¯���•�Y�� �Z�Å

�Ê�»�� �Ã�€�Æ�]�� �|�Ÿ�Y�Â�«�� �Ê�m�Á�€�y�� �Ä�^�‡�Z�v�»�� �É�Y�€�]�� �Ê�¨�¸�f�z�»�� �É�Z�Å�|�f�»�����|�¿�€�]

�]�� �Ê�¿�Y�|�¼�»�� �k�Z�f�À�f�‡�Y�� �‰�Á�•�Ä�Ã�{�€�f�ˆ�³�� �•�Â�—���Z�]�� �¶�»�Z� �e�� �É�Y�€�]�� �É�Y

�º�f�ˆ�Ì�‡ �Ê�»�� �•�Y�€�«�� �Ã�{�Z�¨�f�‡�Y�� �{�•�Â�»�� �Ã�|�Ì�r�Ì�a�� �É�Z�Å���¦�Ë�€� �e�� �Z�]�����{�€�Ì�³x�n ���Á

x�o �Ä�] �½�Y�Â�À�Ÿ �� �,�É�{�Á�•�Á�� �É�Z�Å�€�Ì�¤�f�»A�n
�p�� �,A�o

�p �� �ÁB�p �Ä�] �½�Y�Â�À�Ÿ 

�Ä�Ÿ�Â�¼�n�» �¹�€�e�����É�•�Z�§���É�Z�Å���Á���,���Ê�¿�Z�]�•���É�Z�Åy �Ä�] �½�Y�Â�À�Ÿ ���,�Ê�m�Á�€�y���€�Ì�¤�f�»

�€�³�Y�� �|�Ÿ�Y�Â�« -���€�Ë�•�� �¶�°�‹�� �Ä�]�� �,�Ê�¿�Y�|�¼�»�� �k�Z�f�À�f�‡�Y�� �‰�Á�•�� �•�{�� �É�•�Z�§�� �Ã�Z�´�¿�M

�Ê�»���¦�Ë�€� �e �½�M���•�{���Ä�¯���|�¿�Â�‹���,�Z�ÅR ���|�Ÿ�Y�Â�«���¾�Ë�Y���{�Y�|� �e���Ã�|�À�À�¯���Ž�z�Œ�»

�Ê�» ���|�‹�Z�]  
If��
kx�n��is��A�n

�p
o& …&
kx�o��is��A�o
�p
o��Then��(y��is��B�p),  

r = 1,2,…,R  
)1( 

�\�Ì�¯�€�e�� �½�Z�Ì�»�� �•�Y�� �k�Z�f�À�f�‡�Y�� �•�{�� �{�Â�m�Â�»�� �¦�¸�f�z�»�� �É�Z�Å���•�{�� �,�Ê�¿�Y�|�¼�»

���¾�Ë�€�y�M�����d�‡�Y���Ã�|�‹���Ã�{�Z�¨�f�‡�Y���º�¼�Ë�‚�¯�Z�»�
�º�¼�Ì�À�Ì�»���‰�Á�•���•�Y���ª�Ì�¬�v�e���¾�Ë�Y

�µ�|�»���•�{���Ä�¸�u�€�»�É�•�Z�§�€�Ì�£���Ä�¸�u�€�»���É�•�Z�§���É�•�Z�‡�Ê�»���É�•�Z�‡���•�{���Ä�¯���|�‹�Z�]

�Ê�»�� �¶�Ë�|�^�e�� �t�Ë�€�•�� �€�Ë�{�Z�¬�»�� �Ä�]�� �É�•�Z�§�� �€�Ë�{�Z�¬�»�� �½�M���½�Z�Ì�»�� �•�Y�� ���|�¿�Â�‹



  
  و همکاران وحید طهماسبی  فازي منطق توسط استخوان میکروفرزکاري فرایند در برش نیروي هوشمند سازي��مدل
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�‰�Á�• �É�•�Z�§�€�Ì�£�� �¦�¸�f�z�»�� �É�Z�Å���¾�Ë�€�f�¼�¯�� �®�Ì�À�°�e�� �¶�»�Z�‹�� �Ä�¯�� �É�•�Z�‡

�˜�‡�� �‚�¯�€�»�� �,�º�¼�Ë�‚�¯�Z�»�� �¾�Ì�´�¿�Z�Ì�»�� �,�º�¼�Ë�‚�¯�Z�»�Ê�»�� �Ã�€�Ì�£�� �Á�� �t���•�{�� �,�|�¿�Â�‹

���,�‰�Á�•�� �¾�Ë�Y�� �•�{�� ���d�‡�Y�� �Ã�|�‹�� �Ã�{�Z�¨�f�‡�Y�� �t�˜�‡�� �‚�¯�€�»�� �‰�Á�•�� �•�Y�� �Z�n�À�Ë�Y

���Ä�˜�]�Y�•���•�Y���Ê�m�Á�€�y���É�{�|�Ÿ���€�Ë�{�Z�¬�»2 �Ê�»���Ä�^�‡�Z�v�»���|�¿�Â�‹ 

y �Û=
�ì �w�œ�?(�w)�b�w�o

�ì �œ�?( �w) �b�w�o

  )2( 

���,�½�M���•�{���Ä�¯µ�G ���Á���,�Ã�|�‹���ž�Ì�¼�n�e���d�Ë�Â�”�Ÿ���ž�]�Z�ey �Û ���É�{�|�Ÿ�� �•�Y�|�¬�»

�Ê�»�� �Ê�m�Á�€�y�� ���|�‹�Z�]�‰�Á�•�� �•�Y�Â�¿�Y�� �d�‡�Y�� �€�¯�}�� �Ä�]�� �¹�•�Ó�É�Z�Å �É�€�Ì�³�{�Z�Ë 

�‹�Z�»�¾�Ì �Y�€�]�É �� �d�y�Z�‡�®�Ë �a�� �µ�|�»�Š�Ì�À�Ì�]�Ê �Ã�{�Y�{�� �…�Z�‡�Y�� �€�]�É�Z�Å 

�]�Ä �Z�f�¿���•�Y���Ã�|�»�M���d�‡�{�l�Ë �Z�»�•�M�Ê�Å�Z�´�Œ�Ë �‡�����{�•�Y�{���{�Â�m�Á�º�f�ˆ�Ì�É�Z�Å �•�Z�§�É 

�Z�Å�€�·�€�f�À�¯���•�{���Ã�{�Z�¨�f�‡�Y���d�Æ�m���0�Ó�Â�¼� �»�É ���•�Y�€�«���Ã�{�Z�¨�f�‡�Y���{�•�Â�»���|�À�¼�‹�Â�Å

�»�Ê�{�€�Ì�³�Ã�€�Æ�]���Ä�q�€�³�Y�����³�É�€�Ì �•�Z�§���ª�˜�À�»���•�Y�É �¿���µ�|�»���d�y�Z�‡���d�Æ�m�‚�Ì 

�{�• �ˆ�]�É�•�Z�Ì �¬�v�e�� �•�Y�c�Z�¬�Ì �»�� �Ã�|�Å�Z�Œ�»�Ê�{�Â�‹�‡�� ���º�f�ˆ�Ì �•�Z�§�É ���•�{

�Z�¬�»�Ä�ˆ�Ë �Z�‡���Z�]�€�Ë �‰�Á�•�É�Z�Å �É�€�Ì�³�{�Z�Ë �‹�Z�»�,�¾�Ì �®�Ë �·�Á���Ã�{�Z�‡���µ�|�»�Ê 

�»���Ä�W�Y�•�Y���|�»�M�•�Z�¯�Ê�|�Å�{�À�r�¼�Å�����¾�Ì �•�Y�~�³�•�Z�]���,�¶�¼�Ÿ���•�{�É �•�Z�§���µ�|�»�É ���•�{

�»�Z�Å�€�·�€�f�À�¯�Á�€�°�Ì �»�Ê�|�¿�Y�Â�e �Æ�n�e�É�‚�Ì �]�� �Ä�¯�� �|�À�¯�� �Ä�W�Y�•�Y�Ä���–�y�€�]�� �c�•�Â�•

�m�Á�€�y�� �|�¿�Y�Â�f�]�Ê�É�Z�Å �{�Z�¬�»�� �…�Z�‡�Y�� �€�]�� �Y�•�� �€�œ�¿�� �{�•�Â�»�Ë�{�Á�•�Á�� �€�É 

�a�Š�Ì���Ê�À�Ì�] �Z�¼�¿�|�Ë.  

�Ä�] �•�Â�œ�À�» ���•�Y�� �,�Ã�|�‹�� �{�Z�n�Ë�Y�� �É�•�Z�§�� �µ�|�»�� �\�Ë�€�¬�e�� �d�«�{�� �Š�n�À�‡

�•�~�m�� �É�Z�˜�y�� �É�•�Z�»�M�� �É�Z�Å�•�Z�Ì� �» ���É�Z�˜�y�� �|�•�•�{�� �,�c�Z� �]�€�»�� �¾�Ì�´�¿�Z�Ì�»

�ª�¸�˜�» ���•�~�m�� �É�Z�˜�y�� �•�Y�|�¬�»�� ���d�‡�Y�� �Ã�|�‹�� �Ã�{�Z�¨�f�‡�Y�� �¾�Ì�Ì� �e�� �\�Ë�€�“�� �Á

���Ä�¯���c�Z� �]�€�»���¾�Ì�´�¿�Z�Ì�»�½�Z�Œ�¿ �|�À�Å�{�Ç �Ê�»���\�Ë�€�¬�e���É�Z�˜�y���Ä�]���Ä�q�€�Å���,�|�‹�Z�]

�®�Ë�{�‚�¿�� �€�¨�•�ª�Ì�«�{�� �É�•�Z�§�� �µ�|�»�� �|�‹�Z�]�� �€�e�Ê�»�� �€�e���|�•�•�{�� �•�Z�Ì� �»�� ���|�‹�Z�]

���É�Z�˜�y���Ã�{�Z�¨�f�‡�Y���{�•�Â�»���É�•�Z�§���µ�|�»���d�«�{���Ê�^�ˆ�¿���Ê�]�Z�Ë�•�•�Y���É�Y�€�]���ª�¸�˜�»

�Ê�»�� �•�Y�€�«�Ì�³�� �¾�Ì�Ì� �e�� �\�Ë�€�“�� �¾�Ì�À�r�¼�Å�� ���{�€�½�Z�Œ�¿ �|�À�Å�{�Ç ���Ê�´�f�ˆ�^�¼�Å

�d�ˆ�e�� �•�Y�� �Ä�¯�� �€�›�Z�À�f�»�� �•�Y�|�¬�»�� �Z�]�� �Ã�|�‹�� �Ã�{�•�� �\�Ë�€�¬�e�� �É�Á�€�Ì�¿�� �•�Y�|�¬�»���É�Z�Å

���Ê�Å�Z�´�Œ�Ë�Z�»�•�M�Ä�] �d�‡�{ �Ê�»�Ê�»���,�|�Ë�M���¾�f�‹�Y�{���Z�]�����|�‹�Z�]f�g ���Áf���g ���\�Ì�e�€�e���Ä�]

�Ä�] �½�Y�Â�À�Ÿ �Ã�{�Y�{�{�•�� �\�Ë�€�¬�e�� �Á�� �Ê�Å�Z�´�Œ�Ë�Z�»�•�M�� �É�Z�Å���Á�� �,�Ã�|�‹�� �Ãf�g
�k�c�_�l���,

f���g
�k�c�_�l, �Ä�] �½�Y�Â�À�Ÿ �Ã�{�Y�{�� �¾�Ì�´�¿�Z�Ì�»�� �€�Ë�{�Z�¬�»���É�Z�Å�•�Z�Ì� �»�� �,�•�Â�¯�~�»�� �É�Z�Å

���\�Ë�€�“�� �Á�� �,�ª�¸�˜�»�� �É�Z�˜�y�� �|�•�•�{�� �,�c�Z� �]�€�»�� �¾�Ì�´�¿�Z�Ì�»�� �•�~�m�� �É�Z�˜�y

�Y���¾�Ì�Ì� �e���–�]�Y�Á�•���•3 ���Z�e5 �Ê�»���Ä�^�‡�Z�v�»���|�¿�Â�‹  
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  خصوصیات آزمایش - 2- 2
�•�{ �Ê�‡�•�€�] �•�Z�f�§�• �Á�€�Ì�¿ �•�{ �|�À�Ë�Y�€�§ �É�•�Z�¯�•�€�§�Á�€�°�Ì�» �,�½�Y�Â�z�f�‡�Y 

�É�Z�Å�€�f�»�Y�•�Z�a �d�Ÿ�€�‡ �Ê�¿�Y�•�Á�{ �•�Y�‚�]�Y N �, �w�€�¿ �É�Á�€�Œ�Ì�a f �, �€�˜�« �•�Y�‚�]�Y D�, 

�ª�¼�Ÿ �‰�€�] d  ���‰�€�]���d�Æ�m���Á�Ä�] �½�Y�Â�À�Ÿ �É�Z�Å�€�Ì�¤�f�» �É�{�Á�•�Á �|�À�Ë�Y�€�§ �•�{ 

�€�œ�¿ �Ä�f�§�€�³ �Ã�|�‹ �d�‡�Y .�¾�Ì�À�r�¼�Å �¾�Ë�€�f�Œ�Ì�] �•�Y�|�¬�» �É�Á�€�Ì�¿ �{�Z�n�Ë�Y 

�Ã�|�‹ �•�{ �¾�Ì�u �É�•�Z�¯�•�€�§ �Ä�] �½�Y�Â�À�Ÿ �x�‡�Z�a �|�À�Ë�Y�€�§ F�p �{�•�Â�» �Ê�‡�•�€�] �Á 

�¶�Ì�¸�v�e �•�Y�€�« �Ä�f�§�€�³ �d�‡�Y .�•�Y �½�Y�Â�z�f�‡�Y �Ã�•�Z�e �Á�Z�³ )�¾�‡ �{�Á�|�u 3 �Ê�·�Y 4 

�µ�Z�‡ (�É�Y�€�] �¹�Z�n�¿�Y �Š�Ë�Z�»�•�M �Z�Å �Ã�{�Z�¨�f�‡�Y �Ã�|�‹ �d�‡�Y )�¶�°�‹ 1 .(

�½�Y�Â�z�f�‡�Y �½�Y�• �Á�Z�³ )�Š�z�] �Ê�¿�Z�Ì�» (�É�Y�•�Y�{ �µ�Â�— 90 �Ê�¸�Ì�»�€�f�» �Á 

�d�»�Z�z�“ �{�Á�|�u 8 -10 �Ê�¸�Ì�»�€�f�» �•�{ �¾�Ë�Y �Š�Ë�Z�»�•�M �d�‡�Y .�Ê�³�„�Ë�Á �É�Z�Å 
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Fig. 2 Membership function for Input 1 (cutting speed) 
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Fig. 3 Membership function for Input 2 (tool diameter) 
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Table 1 Experimental values of force in two directions of x and y [26] 
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Input 2, tool diameter
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  ���•�Â�v�»y    ���•�Â�v�»x  �ª�¼�Ÿ �‰�€�] �É�Á�€�Œ�Ì�a �€�˜�« �•�Y�‚�]�Y �d�Ÿ�€�‡ �Ê�‹�€�] �Ã�•�Z�¼�‹ 
Fry(N) Fx(N) Fy(N) Fz(N) Frx(N) Fx(N) Fy(N) Fz(N) 

6/1  16/1  07/1  1/0  3/2  8/1  1 95/0  1 -  1 -  1 -  1 -  1 
1/1  6/0  96/0  03/0  4/1  1/1  6/0  7/0  1 -  1 -  1 -  1 2 

4 16/3  4/2  1/0  4/5  4 3 2 1 -  1 1 -  1 -  3 
2/2  42/1  2/1  1/1  5/2  2 1/1  1/1  1 -  1 1 -  1 4 
6/2  2 6/1  5/0  5/3  9/2  8/1  8/0  1 1 -  -1 1 -  5 
3/1  3/1  1/1  17/0  1/5  4/4  6/2  4/0  1 1 -  1 -  1 6 
3/7  1/6  9/3  1 10 2/8  8/5  9/0  1 1 1 -  1 -  7 

3 5/2  5/1  4/0  9/3  2/3  8/1  3/1  1 1 1 -  1 8 
5/2  1 3/2  4/0  8/2  9/1  2 7/0  1 -  1 -  1 1 -  9 
7/1  3/1  1 3/0  5/3  1 4/3  3/0  1 -  1 -  1 1 10 
8/5  8/4  3/3  5/0  4/6  4/5  5/3  6/0  1 -  1 1 1 -  11 
5/2  05/2  4/1  52/0  6/3  3/2  6/2  1 1 -  1 1 1 12 
1/3  6/2  62/1  47/0  7/3  3 1/2  3/0  1 1 -  1 1 -  13 

2 65/1  1 2/0  2/1  6/1  3/1  3/0  1 1 -  1 1 14 
9 5/6  1/6  2/0  2/9  7/7  5 3/1  1 1 1 1 -  15 
4 48/3  97/1  1/0  5/4  6/3  6/2  5/0  1 1 1 1 16 
1/6  2/4  46/4  4/0  4/4  2/3  3 2/0  0 0 0 1 -  17 
2/3  2/2  9/2  02/0  2/2  8/1  2/1  1/0  0 0 0 1 18 
2/3  1/2  5/2  07/0  6/1  4/1  8/0  3/0  0 1 -  0 0 19 
7/5  2/4  8/3  4/0  1/4  4/3  3/2  15/0  0 1 0 0 20 
3/3  3/2  4/2  3/0  1/2  7/1  2/1  3/0  1 -  0 0 0 21 
3/5  7/3  8/3  4/0  7/3  3 2/2  1/0  1 0 0 0 22 
5/2  1/2  4/1  14/0  1/3  6/2  6/1  7/0  0 0 1 -  0 23 
2/3  85/2  5/1  1/0  1/4  1/3  6/2  7/0  0 0 1 0 24 
2/4  9/2  3 15/0  8/2  4/2  5/1  1/0  0 0 0 0 25 
1/4  1/3  9/2  2/0  7/2  3/2  6/1  12/0  0 0 0 0 26 
3/4  15/3  95/2  2/0  9/2  5/2  4/1  2/0  0 0 0 0 27 
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  ها بررسی و تحلیل داده - 3
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�� �É�Z�Å�€�Ì�¤�f�»�� �,�•�Â�œ�À�»�� �¾�Ë�Y�¿�Y�•�Á�{�� �d�Ÿ�€�‡�Ê �a�� �w�€�¿�� �,�•�Y�‚�]�Y�,�É�Á�€�Œ�Ì ���€�˜�«

�•�Y�‚�]�Y�, �‰�€�]���ª�¼�Ÿ ���‰�€�]���d�Æ�m���Á�Ä�] �½�Y�Â�À�Ÿ ���[�Z�z�f�¿�Y���É�{�Á�•�Á���É�Z�Å�€�Ì�¤�f�»

�Ã�|�‹ ���|�¿�Y  

�Š�Ë�Z�»�•�M�� �¶�»�Z�‹�� �Ã�{�Y�{�� �Ä�Ÿ�Â�¼�n�»�� �®�Ë���€�]�� �Ã�|�‹�� �¹�Z�n�¿�Y�� �Ê�]�€�n�e�� �É�Z�Å

���¾�Ë�Y�� �•�Y�� �|�•�•�{�� �{�Z�f�¨�Å�� �•�Y�� ���d�‡�Y�� �Ã�|�‹�� �Ä�Ì�Æ�e�� �Ã�•�Z�e�� �½�Y�Â�z�f�‡�Y�� �É�Á�•

���É�Y�€�]���Ã�{�Y�{���Ä�Ÿ�Â�¼�n�»�Ä�] �d�‡�{ ���Á���É�•�Z�§���|�Ÿ�Y�Â�«���Á���d�Ë�Â�”�Ÿ���ž�]�Y�Â�e���½�{�•�Á�M

���µ�|�»���d�ˆ�e���d�Æ�m���Ã�|�¿�Z�¼�Ì�«�Z�]���|�•�•�{���Ê�‡���•�Y�Ã�|�‹�{�Z�n�Ë�Y ���Ã�|�‹���Ã�{�Z�¨�f�‡�Y

�� �Ê�‡�Á�Z�³�� �d�Ë�Â�”�Ÿ�� �ž�]�Y�Â�e�� �•�Y�� �ª�Ì�¬�v�e�� �¾�Ë�Y�� �•�{�� ���d�‡�Y�Ä�] �•�Â�œ�À�» 

�É�•�Z�§ �‹�� �Ä�f�§�€�³�� �Ã�€�Æ�]�� �É�•�Z�‡���–�‡�Â�e�� �d�Ë�Â�”�Ÿ�� �Ä�m�•�{�� �Ä�¯�� �d�‡�Y�� �Ã�|
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)6(  g(x; �P,c) = e

�7( �n�7�Y)�.
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Fig. 4 Membership function for Input 3 (feed rate) 
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Fig. 5 Membership function for Input 4 (depth of cut) 
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Fig. 6 Membership function for Input 5 (cutting direction) 
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Fig. 7 Membership function for Output variabe (force) 
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Fig. 8 The resulting force with respect to experimental values 
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Fig. 9 The experimental and predicted resultant force, and the MAPE in both training and testing sections 
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Fig. 10 Mean absolute percentage error for training and testing section 
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Table 2 The calculated evaluation criteria in the two training and test 
stages 

    RMSE MAPE��(%) R�6 

���É�Á�€�Ì�¿�|�À�Ë�M�€�]  
�‰�•�Â�»�M  02/0  12/0  99/0  

�d�ˆ�e  67/0  22/11  93/0  
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