
 

 دانشکده مهندسی مکانیک

 

 پروژه درس ریاضیات پیشرفته

 دکتر سید حسین ساداتی

 

 درجه آزادی جراح 6محاسبه سینماتیک مستقیم و معادله حرکت ربات 

 نیا یسینا نعمت علی نصر

(4347929) (4347929) 
 

 

 

 

  2931دی 



1 

 

 فهرست

 1 ........................................................................................................................... فهرست

 9 ............................................................................................................................ مقدمه 

 4 ..................................................................................................................... همگن لیتبد

 5 ................................................................................................................. ربات کینماتیس

 5 .................................................................................................. بازوان جرم مرکز تیموقع

 6 ................................................................................................... بازوان جرم مرکز سرعت

 7 ...................................................................................................................... لاگرانژ روش

 7 ................................................................................................................... یجنبش یانرژ

 21 ................................................................................................................. لیپتانس یانرژ

 22 .................................................................................................. یدکارت حالت یفضا معادله

 92 ......................................................................................................... یکینامید یساز هیشب

 91 .......................................................................................................................... وستیپ

 

  



9 

 

 مقدمه 

 استتااد   زایمان و زنان جراحی و قلبی ی دریچه تعمیر,پروستات برداشتن برای رباتیک کمک به جراحی سیستم

 هتای  توسعه ازشرایط رباتیک کمک به جراحی نیز و کامپیوتر کمک به جراحی(:ماشینی)رباتیک جراحی .میشود

 بترای  رباتیتک  جراحتی .میکنند استااد  جراحی عمل به کمک برای رباتیک های سیستم از که هستند تکنولوژی

 جراحتی  های عمل انجام برای جراحان قابلیت افزایش ونیز تهاجم حداقل با جراحی عمل های محدودیت بر غلبه

 Equation Chapter 1 Section 1 .شد داد  توسعه باز

 کنتتر   روش 5 از یکتی  از ابتزار  مستقیم حرکت جای به جراح تهاجم حداقل با رباتیک جراحی عمل ی درزمینه

 .میکند استااد  کامپیوتر طریق از یا و دور را  از ورزی دست دستگا  هدایت لهجم از ابزار

 بتا  مترتبط  معمتو   حرکات تا میدهد اجاز  جراح به که دوریست را  از کنتر  دور را  از ورزی دست دستگا  یک

 را  از ورزی دستت  دستتگا   و نهایی های مجری از استااد  با را حرکات مکانیکی بازوهای که حالی در را جراحی

 از جتراح  کامپیوتری کنتر  سیستم در.کند کنتر  میرسانند انجام به بیمار روی بر واقعی جراحی انجام برای دور

 از میتواند سیستم این که چند هر میکند استااد  آن نهایی های مجری و مکانیکی بازوهای کنتر  برای کامپیوتر

 کامپیوتری های روش از استااد  مزایای از یکی.کند استااد  خود ورودی برای نیز دور را  از ورزی دست دستگا 

 نیازی وی حضور به و دهد انجام دور را  از باشد که جهان جای هر در را جراحی عمل میتواند جراح که است این

 .نیست

 

 بازویی 9: ربات جراح 1شکل 
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 اعمتا   و,انتد  شتد   قتدیمی  فتولادی  ابتزار  جتایگزین ( آشتنا  متات تنظی در)مستتقل  ابتزار ,پیشرفته باز جراحی در

 انجتام  بته  گتردد  محقتق  بشتر  دستت  بته  میتوانستت  آنچته  از بیشتتر  ملایمتی با(ها دند  کردن باز مانند)خاصی

 بتدون  بتاز  جراحی با سنتی روش به بافتی آسیب بردن بین از یا کاهش هوشمند ابزار این از اصلی هدف.میرسند

 خصتو   بته  باز جراحی بهبود دنبا  به رویکرد این.است جراحان به مربوط ی دقیقه چند از بیش آموزش به نیاز

 .دباش می اند نشد  مند بهر  تهاجم حداقل های تکنیک از تاکنون که سینه ی قاسه و قلب

 تبدیل همگن

ابتزاری   منزله به ،را در خود دارد گیری جهتاست و اطلاعات مربوط به مکان و  4*4تبدیل همگن را که ماتریسی 

 معرفی کردیم.  ها چهارچوبعمومی برای نمایش 

 :کردیم ارائهتغییر برای تبدیل همگن سه نوع 

A.توصیف یک چهارچوب است،این تبدیل .2
BT { چهارچوبB{ را نسبت به}A توصیف}ویتژ   به. کند یم 

Aستون هتای  
B R       { بردارهتای یکته هستتند کته راستتای محورهتای اصتلیB  را معرفتی} وکننتد  یمت ،

BORG

A p  انم بدامکنیز { دستگا  مختصاتB را نشان }دهد یم. 

A این تبدیل یک نگاشت است. .1
BT  تصویرBP روی  راAP دهد یم دست به. 

روی  Tیک عملگر تبدیل است. ،این تبدیل .9
1

AP  عمل می کندو
2

AP  دهد یم دست بهرا. 

(1) 0

1

cos(theta1) sin(theta1) 0 0

sin(theta1) cos(theta1) 0 0

0 0 1 0

0 0 0 1

T

 
 
 
 
 
 

  

(2) 1

2

cos(theta2)  -sin(theta2) 0 L1

sin(theta2)  cos(theta2) 0 0

0 0 1 0

0 0 0 1

T

 
 
 
 
 
 

  

(3) 2

3

 cos(theta3) -cos(theta4)*sin(theta3) sin(theta3)*sin(theta4) L2

0 -sin(theta4)  -cos(theta4) 0

sin(theta3) cos(theta3)*cos(theta4) -cos(theta3)*sin(theta4) 0

0 0 0 1

T
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(4) 3

4

 cos(theta5) -cos(theta6)*sin(theta5) sin(theta5)*sin(theta6) L3

sin(theta5) cos(theta5)*cos(theta6)  -cos(theta4)-cos(theta5)*sin(theta6) 0

0 sin(theta6)  cos(theta6) 0

0 0 0 1

T

 
 
 
 
 
 

  

 سینماتیک ربات

در محدود   .کند یمآن مطالعه  ایجادکنند سینماتیک علم حرکت است که حرکت را بدون در نظر گرفتن نیروی 

بالاتر از متغیرهای مکان )نسبت به زمان یا هتر   مرتبهمشتق های  ی همهسرعت، شتاب و  ،علم سینماتیک، مکان

ویژگتی هتای    ی همته سینماتیک بازوهای مکانیکی ماهر  ،. بدین ترتیبشود یم ی( بررسمتغیر یا متغیرهای دیگر

 .گیرد یمهندسی و وابسته به زمان حرکت را در بر 

 موقعیت مرکز جرم بازوان

 (5) 0

1

(L1*cos(theta1))/2

(L1*sin(theta1))/2

0

r




 



  

(6) 0

2

(L2*cos(theta1 + theta2))/2 + L1*cos(theta1)

(L2*sin(theta1 + theta2))/2 + L1*sin(theta1)

0

r




 



  

 

 

(7) 0

3

L2*cos(theta1 + theta2) + L1*cos(theta1) + (L3*cos(theta1 + theta2)*cos(theta3))/2

L2*sin(theta1 + theta2) + L1*sin(theta1) + (L3*sin(theta1 + theta2)*cos(theta3))/2

(L3*sin(theta3))/2

r
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(8) 

0

4

(L4*(sin(theta5)*(sin(theta4)*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1)) 

- cos(theta4)*sin(theta3)*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2))) + 

cos(theta3)*cos(theta5)*

(cos(thet

r 

a1)*cos(theta2) - sin(theta1)*sin(theta2))))/2 + L2*(cos(theta1)*cos(theta2)

 - sin(theta1)*sin(theta2)) + L1*cos(theta1) + L3*cos(theta3)*(cos(theta1)*cos(theta2)

 - sin(theta1)*sin(theta2))

L2*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1)) - (L4*(sin(theta5)*(sin(theta4)

*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2)) + cos(theta4)*sin(theta3)*(cos(theta1)

*sin(theta2) + cos(theta2)

*sin(theta1))) - cos(theta3)*cos(theta5)*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1))))

/2 + L1*sin(theta1)+ L3*cos(theta3)*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1))

(L4*(cos(theta5)*sin(theta3) + cos(theta3)*cos(theta4)*sin(theta5)))/2 + L3*sin(theta3)



























  

 سرعت مرکز جرم بازوان

(9) 0

1

-(L1*dtheta1*sin(theta1))/2

(L1*dtheta1*cos(theta1))/2

0

v




 



  

(11) 0

2

- dtheta1*((L2*sin(theta1 + theta2))/2 + L1*sin(theta1)) - (L2*dtheta2*sin(theta1 + theta2))/2

dtheta1*((L2*cos(theta1 + theta2))/2 + L1*cos(theta1)) + (L2*dtheta2*cos(theta1 + theta2))/2

0

v




 



 

(11) 0

3

L2*cos(theta1 + theta2) + L1*cos(theta1) + (L3*cos(theta1 + theta2)*cos(theta3))/2

L2*sin(theta1 + theta2) + L1*sin(theta1) + (L3*sin(theta1 + theta2)*cos(theta3))/2

(L3*sin(theta3))/2

v
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(12) 

04

(L4*(sin(theta5)*(sin(theta4)*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1))

 - cos(theta4)*sin(theta3)*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2))) 

+ cos(theta3)*cos(theta5)*(cos(thet

v 

a1)*cos(theta2) - sin(theta1)*sin(theta2))))/2 

+ L2*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2)) + L1*cos(theta1) + L3*

cos(theta3)*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2))

L2*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1)) - (L4*(sin(theta5)*(sin(theta4)

*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2)) + cos(theta4)*sin(theta3)*(cos(theta1)

*sin(theta2) + cos(theta2)*sin(theta1))) - cos(theta3)*cos(theta5)*(cos(theta1)*sin(theta2) 

+ cos(theta2)*sin(theta1))))/2 + L1*sin(theta1) + L3*cos(theta3)*(cos(theta1)*sin(theta2)

 + cos(theta2)*sin(theta1))

(L4*(cos(theta5)*sin(theta3) + cos(theta3)*cos(theta4)*sin(theta5)))/2 + L3*sin(theta3)























  

 روش لاگرانژ

 ،روش لاگرانتژ  کته  درصورتی ،گرفت در نظر« تعاد  نیرو» از نوع توان یماویلر با دینامیک را -نیوتن روش رهیافت

هتر دو روش بته یتک نتیجته خواهنتد       ،دارد. البته برای بازوهای مکانیکی ماهر یکستان « انرژی»رهیافتی بر پایه 

ربوط به حالت خا  یک بازوی مکانیکی ماهر زنجیری با رابط رسید. بررسی ما از دینامیک لاگرانژی مختصر و م

 .های صلب خواهد بود

 انرژی جنبشی

، را (ik) ،ام i. انترژی جنبشتی رابتط    آوریتم  یمت  دستت  بته ابتدا عبارتی برای انرژی جنبشی بازوی مکانیکی ماهر 

 چنین نوشت: توان یم

(13) 
1 1

2 2

ci

i i

T i T i
i i c c i i ik m v v w I w   

انرژی جنبشی ناشتی از  ،و جمله دوم ،جنبشی حاصل از سرعت خطی مرکز جرم رابط انرژی ،که در آن جمله او 

 :. یعنیهاست رابطجنبشی هر یک از بر با مجموع انرژی های سرعت دورانی رابط است. انرژی جنبشی کل بازو برا

(14) 
1

n

i

i

k k
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 های جملهچون 
icv وi

iw  توابعی از (15)در وتتوان  یمرا  هر بازوی مکانیکی ماهر یجنبش انرژی ،هستند 

k(،ها ماصل تابعی از مکان و سرعت صورت بهرتی اسکالر با عبا , انرژی جنبشی بازو  ،بیان کرد. بدین ترتیب ،(

 را چنین نوشت:

(16) 1
, ( )

2

T

k M    
 

 
 

  

)که در آن  )M   جرم ماتریسn  n زیرا نامند یم [5دو ]را صورت درجه  (4,2رابطه ) صورت بهعبارتی .است ،

درجه دوم است.  از iبه  ها آنه وابستگی ک شود یمتشکیل  یهای جملهاز  صرفاً ،معادله اسکالر حاصل از بسط آن

ماتریستی معتین    یتد با ماتریس جرم بازوی مکانیکی ماهر ،است مثبتچون انرژی جنبشی کل هموار   ،همچنین

قیتا    ،ای نقطته با عبارت آشنای انرژی جنبشی یک جترم   توان یم( را 4,2که معادله ) شود یممثبت باشد. دید  

  .کرد

(17) 21

2
k mv  

 قیا  کرد. ،اسکالر جرم با هموار  مثبت بودن توان یممعین مثبت بودن ماتریس جرم بازو را نیز 

(18) 
2 2 2 2 2

2 2 2

( 1* 1 * 1 * ( 1) ) / 8 ( 1* 1 * 1

* ( 1) ) / 8 ( 1* 1 * 1 ) /

1

24

m L dtheta cos theta m L dtheta

sin theta m L dtheta

T 




  

 

(19) 
2

2 2

( 2*( 1*(( 2* ( 1 2)) / 2 1* ( 1))

( 2* 2* ( 1 2)) / 2) ) / 2 ( 2*( 1*

(( 2* ( 1 2)) / 2 1* ( 1)) ( 2* 2*

( 1 2)) / 2) ) / 2 ( 2 * 2

2 m dtheta L cos theta theta L cos theta

L dtheta cos theta theta m dtheta

L sin theta theta L sin theta L dtheta

sin theta theta L m

T  

  

 







 2*( 1 2) ) / 24dtheta dtheta

  

(21) 

(m3*(dtheta1*(L2*cos(theta1 + theta2) + L1*cos(theta1) + (L3*cos(theta1 + theta2)

*cos(theta3)) 2*( 2* ( 1 2) ( 3* ( 1 2)*

( 3)) / 2)

/2

(

)

3* 3* ( 1 2

3

dtheta L cos theta theta L cos theta theta

cos theta L dtheta sin theta theta

T

   

 



2
+ (m3*

(dtheta1*(L2*sin(theta1 + theta2) + L1*sin(theta1) + (L3*sin(theta1 + thet

)* ( 3)) / 2) ) / 2

2*( 2* ( 1 2) ( 3* ( 1 2)* ( 3))

/2) ( 3*

a2)*

cos(theta3))/2)

sin theta

dtheta L sin theta theta L sin theta theta cos theta

L dthet

   


2 2

2 2 2 2

2 2 2 2

3* ( 1 2)* ( 3)) / 2) ) / 2 ( 3 * 3*( 3

( 3)* ( 4)*( 1 2)) ) / 24 ( 3 * 3 * 3* ( 3) )

/8 ( 3 * 3* ( 3) * ( 4) *( 1 2) ) / 24

a cos theta theta sin theta L m dtheta

cos theta sin theta dtheta dtheta L dtheta m cos theta

L m cos theta cos theta dtheta dtheta

  

 

 

  



3 

 

(21) 

(m4*(dtheta3*((L4*(cos(theta5)*sin(theta3)*(cos(theta1)*sin(theta2)

 + cos(theta2)*sin(theta1))+ cos(theta3)*cos(theta4)*sin(theta5)*(cos(theta1)

*sin(theta2) + cos(theta2)*sin(theta1))))/2 + L3*sin(

4T 

theta3)*(cos(theta1)*

sin(theta2) + cos(theta2)*sin(theta1))) - dtheta2*((L4*(sin(theta5)*(sin(theta4)

*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1)) - cos(theta4)*sin(theta3)*

(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2))) + cos(theta3)*cos(theta5)

*(cos(theta1)*cos(theta2)- sin(theta1)*sin(theta2))))/2 + L2*(cos(theta1)*

cos(theta2) - sin(theta1)*sin(theta2))+ L3*cos(theta3)*(cos(theta1)*cos(theta2)

 - sin(theta1)*sin(theta2))) - dtheta1*((L4*(sin(theta5)*(sin(theta4)*(cos(theta1)

*sin(theta2) + cos(theta2)*sin(theta1)) - cos(theta4)*sin(theta3)*(cos(theta1)

*cos(theta2) - sin(theta1)*sin(theta2))) + cos(theta3)*cos(theta5)*(cos(theta1)

*cos(theta2) - sin(theta1)*sin(theta2))))/2 + L2*(cos(theta1)*cos(theta2) -

 sin(theta1)*sin(theta2)) + L1*cos(theta1)+ L3*cos(theta3)*(cos(theta1)*

cos(theta2) - sin(theta1)*sin(theta2))) + (L4*dtheta5*(cos(theta5)*(sin(theta4)

*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2)) + cos(theta4)*sin(theta3)

*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1))) + cos(theta3)*sin(theta5)

*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1))))/2 + (L4*dtheta4*sin(theta5)

*(cos(theta4)*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2)) - sin(theta3)

*sin(t 2heta4)*(cos(theta1)*sin(theta2)

*sin(theta1)) - 

(L4*(sin(theta5)*(sin(theta4)*(cos(theta1)*

( 2)* ( 1)))) / 2) ) / 2

( 4*( 1

cos(theta2) - sin(th

*( 2*( ( 1)* ( 2) (

et

2)

cos theta sin theta

m dtheta L cos theta sin theta cos theta

 



a1)*sin(theta2))

 + cos(theta4)*sin(theta3)*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1)))

 - cos(theta3)*cos(theta5)*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1))))/2

 + L1*cos(theta3)*(cos(theta1)*sin(theta2) + cos(theta2)*sin(theta1))) + dtheta3

*((L4*(cos(theta5)*sin(theta3)*(cos(theta1)*cos(theta2) - sin(theta1)*sin(theta2))

 + cos(theta3)*cos(theta4)*sin(theta5)*(cos(theta1)*cos(theta2) - sin(theta1)

*sin(theta2))))/2 + L3*sin(theta3)*(cos(theta1)*cos(theta2) - sin(theta1)*

sin(theta2))) - (L4*dtheta5*(cos(theta5)*(sin(theta4)*(cos(theta1)*sin(theta2)

 + cos(theta2)*sin(theta1)) - cos(theta4)*sin(theta3)*(cos(theta1)*cos(theta2)

 - sin(theta1)*sin(theta2))) - cos(theta3)*sin(theta5)*(cos(theta1)*cos(theta2) 

- sin(theta1)*sin(theta2))))/2 - (L4*dtheta4*sin(theta5)*(cos(theta4)*(cos

2

* ( 1)) ( 3)* ( 4)*( ( 1)

* ( 2) ( 1)*

(theta1)

*sin(theta2) + cos

( 2)))) / 2)

(theta2)

/2 + (m4*((L4*dtheta5*

(sin(theta3)*sin(theta5) - cos(theta3)*cos(theta4

)

)

sin theta sin theta sin theta cos theta

cos theta sin theta sin theta





2

2

*cos(theta5)))/2- dtheta3*

((L4*(cos(theta3)*cos(theta5) - cos(theta4)*sin(theta3)*sin(theta5)))/2 + L

) ( 4* 4* ( 3)* ( 4)* ( 5)) / 2) ) / 2

(

3*

cos(theta

4 * 4*( 5 ( 6

3)

)

L dtheta cos theta sin theta sin theta

L m dtheta cos theta

 



2

*(dtheta3 - cos(theta3)*sin(theta4)*(dtheta1 

+ dtheta2)) + sin(theta5)*sin(theta6)*(dtheta4 + sin(theta3)*(dtheta1 + dtheta2))

 - cos(theta3)*cos(theta4)*cos(theta5)*sin(theta6)* 2)) ) / 24(dtheta1 dtheta
2

 - cos(theta6)*sin(theta5)*(dtheta4 + sin(theta3)*(dthet

( 4 * 4*( ( 6)*( 3 ( 3

a1 + dtheta2)) + cos(theta3)

*cos(thet

)* ( 4)*( 1 2))

* ( 5)a4 6 () * ( )*

L m sin theta dtheta cos theta sin theta dtheta dtheta

cos theta cos theta dthet



 

21 2)) ) / 24a dtheta
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 انرژی پتانسیل

 .نوشتچنین  توان یمرا  ،iu ،ام iانرژی پتانسیل رابطه 

(22) 
i i

T
i i c refu m g p u    

و،گرانی 2 9بردار  gدر آن  که 
icp  مکان مرکز جترم رابتط    دهند  نشانبردارi و ،ام

irefu    ثتابتی ستت کته

در بازو برابر بتا مجمتوع    شد  ذخیر . انرژی پتانسیل کل شود یمدر نظر گرفته  iuبرای صار شدن مقدار مینیمم 

 .هاست رابطانرژی های پتانسیل هر یک از 

(23) 
1

n

i

i

u u


  

چون 
icp( توابعی از 6,2در ) تابعی اسکالر از مکتان ماصتل   صورت به توان یمپتانسیل بازو را انرژی  ،هستند، 

( )u ، .توصیف کرد 

(24) 1 0U   

(25) 2 0U   

(26) 3 (L3*g*m3*sin(theta3))/2U    

(27) 4 g*m4*((L4*(cos(theta5)*sin(theta3) + cos(theta3)

*cos(theta4)*sin(theta5)))/2 + L3*sin(theta3))

U 
  

کته   ،لاگرانتژین حرکت از تابعی اسکالر بته نتام    های معادلهآوردن  دست بهابزاری را برای  ،روش دینامیکی لاگرانژ

. آورد یمت اختلاف بین انرژی های پتانسیل و جنبشی یک سیستم مکتانیکی تریتف شتد  استت، فتراهم       صورت به

 هر بازوی مکانیکی ماهر چنین خواهد بود. ژینلاگران،مطابق با نماد گذاری ما

(28) ( , ) k( , ) ( )u       

 آیند یم دست بهحرکت بازو نیز چنین  های معادلهپس 

(29) 
d

dx
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n یبردارکه در آن  معادلته چنتین بیتان     ایتن  ،متاهر  یکیمکتان در مورد بتازوی   .است کار اندازاز گشتاور  1 

 .شود یم

(30) d k k u

dx


  

  
  

  

  

 .اند شد  حذف،رعایت اختصار منظور به u(0)و  k(0)که در آن 

 معادله فضای حالت دکارتی

 صتورت  بته ی ممکن است بخواهیم معادله دینامیکی یک بازوی مکانیکی ماهر را نسبت به متغیر های دکارتی گاه

 کلی زیر بنویسیم:

(31) ( ) ( , ) G ( )x x xF M x V       

بردار دکتارتی مناستب بترای     X ، وشود یمبردار نیرو گشتاوری است که بر مجری نهایی روبات وارد  F که در آن

) ،مجری نهایی است. نظیر کمیت های فضای ماصلی گیری جهتنمایش مکان و  )xM  ماتریس جرم دکارتی، 

( , )xV    در فضای دکارتی و سرعت بهوابسته  های جملهبردار شاملG ( )x   به وابسته های جملهبردار شامل 

در حقیقت توستط   تواند یم ،وارد بر مجری نهایی Fگرانی در فضای دکارتی است. توجه کنید که نیروهای فرضی 

 ، یا کاربرد رابطه زیر اعما  شوندها ماصلهای واقع در  کار انداز

(32) ( )FTJ   

)که در ژاکوبی  )J   نیز ذر همان چهارچوبF وx، معمولاًکه { چهارچوب ابزارT}.است، نوشته شد  است 
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(33) 

11 12 13 14 15 16

21 22 23 24 25 26

31 32 33 34 35 36

41 42 43 44 45 46

51 52 53 54 55 56

61 62 63 64 65 66

M M M M M M

M M M M M M

M M M M M M

M M M M M M

M M M M M M

M M M M M M

M

 
 
 
 

  
 
 
 
  

  

   

   

(34) 

2 2 2 2 2

2 2 2 2 2

2 2 2 2

11
( 1 * 1) / 3 1 * 2 1 * 3 ( 2 * 2) / 3 1 * 4

2 * 3 2 * 4 ( 4 * 4) / 3 ( 3 * 3*

*cos(theta2) + 2*L1*L2*m3*cos(theta2) 

( 3) ) / 3

3 * 4* ( 3) ( 4

+ 2*L1*L2*

* 4* ( 5) ) / 3 1* 2*

m4*c

2

L m L m L m L m L m

L m L m L m L m cos theta

L m cos theta L m cos theta L L m

M    

    

 



2

2 2 2 2 2

2* 2* 3* 4* ( 3) ( 4 * 4

* ( 3) * ( 4) ) / 3 ( 4 * 4* ( 3) * (

os(theta

5) )

/3 1* 3* 3* ( 2)* ( 3) 2* 1* 3* 4* ( 2)

*

2) 

+ L2*L3*m3*cos(theta

3

3)

( )

L L m cos theta L m

cos theta cos theta L m cos theta cos theta

L L m cos theta cos theta L L m cos theta

cos theta L

 



 

 2

2 2 2 2

2* 4* 4* ( 3)* ( 5) ( 4 * 4*

( 3) * ( 4) * ( 5) ) / 3 3* 4* 4* ( 3

*sin(theta2)*sin(theta

)

* ( 5) 2* 4* 4* ( 4

4)*sin(

)* ( 3)* ( 5

t

1* 4* 4

h

)

L m cos theta cos theta L m

cos theta cos theta cos theta L L m cos theta

cos theta L L m cos theta sin theta sin theta L L m





 

2(2* 4 * 4* ( 3)* ( 4)* (

eta5) + L1*L4*m4*cos(theta2)*cos(theta3)

*cos(theta5) -

*cos(theta4)

*sin(theta3)*sin(theta5) - L3*L4*m4*cos(t

5)

* ( 3)* ( 5)) / 3 1* 4* 4* ( 2)

L m cos theta cos theta cos theta

sin theta sin theta L L m cos theta

heta3)*cos(theta4)*sin(theta3)*sin(theta5)  
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(35) 

2 2 2 2 2

2 2 2 2 2

12
( 2 * 2) / 3 2 * 3 2 * 4 ( 4 * 4) / 3 ( 3 * 3*

( 3) ) / 3 3 * 4* ( 3) ( 4 * 4* (

/3 + (L1*L2*m2*cos(theta2))/2 + L1*L2*m3*cos(theta2) + L1

*L2*m4*cos(theta2) + L2*L3*m3*cos(the

)

t

5)

L m L m L m L m L m

cos theta L m cos theta L m cos theta

M    

 



2 2 2

2 2 2

* ( 3) ( 4 * 4* ( 3) * ( 4) ) / 3

( 4 * 4* ( 3) * ( 5) ) /

a3) + 2*L2*L3*m4

cos(theta2)*cos(theta3))/2 + L1*L3*

3 ( 1* 3* 3*

m4*cos(t

* ( 3)

heta2)

2* 4* 4* ( 3)* (

cos theta L m cos theta cos theta

L m cos theta cos theta L L m

cos theta L L m cos theta cos



 

 2

2 2 2

2

5) ( 4

* 4* ( 3) * ( 4) * ( 5) ) / 3 3

* 4* 4* ( 3) * ( 5) 2* 4* 4*

*sin(theta3)*sin(theta5) + (L1*L4*m4*sin(theta2)*sin(theta4)

*sin(theta5))/2 + (L1

( 4)

*L4*m4*

theta L

m cos theta cos theta cos theta L

L m cos theta cos theta L L m cos theta







2

cos(theta2)*cos(theta3)*cos(theta5))

*sin(theta5))/3 - (L1*L4*m4*cos(theta2)*cos(th

/2 (2* 4 * 4* ( 3)* ( 4)* ( 5

eta4)*sin(theta3)

*sin(theta5))/2 - L3*L4*m4*cos(theta3)

)* ( 3)

*co

L m cos theta cos theta cos theta sin theta

s(theta4)*sin(theta3)

*sin(theta5)

  

 

(36) 

2 2

2 2

13
( 4 * 4* ( 3)* ( 4)* ( 5) * ( 4)) / 4

( 4 * 4* ( 3)* ( 4)) /12 (

*cos(theta4)*sin(theta4))/4 - (L1*L3*m3*sin(thet

4 * 4* ( 3)

/2 1* 3* 4

a2)*sin(theta3))

* (

L m cos theta cos theta cos theta sin theta

L m cos theta sin theta L m cos theta

L L m sin t

M

 





2

2

*sin(theta4)*sin(theta5))/4 - (L1*L4*m4*cos(theta5)*sin(theta2)

*sin(theta3))/2 - (L3*L4*m4*sin(theta3)*

2)* ( 3) ( 4 * 4* ( 5)* ( 3)

/2 ( 3 *

sin(theta4)*sin(theta5))

3* ( 3)*

heta sin theta L m cos theta sin theta

L m cos theta





*cos(theta4)*sin(theta2)*si

( 4)) /12 ( 1*

n(th

4* 4* (

et

3

2

)

a5))/

sin theta L L m cos theta

  

(37) 

2

14

*cos(theta4)*sin(theta5)*cos(theta5) - 2*L4*sin(theta3) + 3*L2

*cos(theta4)*sin(theta5)

( 4* 4*(2*

 + 3*L1*

4* ( 3)* ( 5

cos(thet

) 2* 4*

a2)*cos(theta4)*sin(theta5) + 

3*L3*cos(

( 3)L m L sin theta cos theta L cos thetaM  

theta3)*cos(theta4)*sin(theta5) - 3*L1*sin(theta2)*

sin(theta3)*sin(theta4)*sin(theta5)))/6
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(38) 

15
-(L4*m4*(6*L2*cos(theta5)*sin(theta4) + 3*L4*cos(theta3)

*sin(theta4) + 6*L1*cos(theta2)*cos(theta5)*sin(theta4) + 6*L3*

cos(theta3)*cos(theta5)*sin(theta4) + L4*cos(theta3)*cos(theta6)

*sin(theta4) 

M 

+ 6*L1*cos(theta3)*sin(theta2)*sin(theta5) - L4*sin(theta3)

*sin(theta5)*sin(theta6) + L4*cos(theta3)*cos(theta4)*cos(theta5)

*sin(theta6) + 6*L1*cos(theta4)*cos(theta5)*sin(theta2)*sin(theta3)))/12

  

 

(39) 
16

0M   

(41) 

2 2 2 2 2

2 2 2 2 2

21
( 2 * 2) / 3 2 * 3 2 * 4 ( 4 * 4) / 3 ( 3 * 3*

( 3) ) / 3 3 * 4* ( 3)

/3 

( 4 * 4* ( 5) )

( 2) 2

+ (L1*L2*m2*cos(theta2))/2 + L1*L2*m3*cos(theta2) + L

* 3* 3* ( 3

1*L2*m4*

L m L m L m L m L m

cos theta L m cos theta L m cos theta

cos theta L L m cos theta

M    

 





2

2 2 2 2 2

/3 + (L1*L3*m3*cos(theta2)*cos(theta3))/2 + L1*L3*m

) 2* 2* 3* 4* ( 3) ( 4

* 4* ( 3) * ( 4) ) / 3 ( 4 * 4* ( 3) * ( 5) )

( 3) 2* 4* 4

4*c

* ( 3

os(theta

) (

2

*

)*

L L m cos theta L

m cos theta cos theta L m cos theta cos theta

cos theta L L m cos theta cos th

 



 2 2

2 2 2

 - L2*L4*m4*cos(theta4)*sin(

5) ( 4 * 4* ( 3)

* ( 4

theta3)*sin(theta5) + (L1*L4*m4*sin(theta2)

*si

) * ( 5) ) / 3 3* 4* 4* ( 3)

n(theta4)*sin(theta5))/2 + (L1*L4*m4*

* ( 5)

eta L m cos theta

cos theta cos theta L L m cos theta cos theta





2

cos(theta2)*cos(theta3)

*sin(theta3)*sin(theta5))/3 - (L1*L4*m4*cos(theta2)*cos(t

* ( 5)) / 2 (2* 4 * 4* ( 3)* ( 4)* (

heta4)*sin(theta3)

*sin(theta5))/2 - L3*L4*m4*cos(theta3

5)

)*co

cos theta L m cos theta cos theta cos theta

s(theta4)*sin(theta3)*sin(theta5)

  

(41) 

2 2 2 2 2

2 2 2 2 2

2 2

2 2

22
( 2 * 2) / 3 2 * 3 2 * 4 ( 4 * 4) / 3 ( 3 * 3*

( 3) ) / 3 3 * 4* ( 3) ( 4 * 4* ( 5) ) / 3

2* 3* 3* ( 3) 2* 2* 3* 4* ( 3) ( 4 * 4* ( 3)

* ( 4) ) / 3 ( 4 * 4*

L m L m L m L m L m

cos theta L m cos theta L m cos theta

L L m cos theta L L m cos theta L m cos theta

cos theta L m cos

M    

  

 





2 2

2 2 2

2 2

2

( 3) * ( 5) ) / 3 2* 4* 4

* ( 3)* ( 5) ( 4 * 4* ( 3) * ( 4)

* ( 5) ) / 3 3* 4* 4* ( 3) * ( 5) 2* 4* 4* ( 4)

* ( 3)* ( 5) (2* 4 * 4*

theta cos theta L L m

cos theta cos theta L m cos theta cos theta

cos theta L L m cos theta cos theta L L m cos theta

sin theta sin theta L m co





 



*cos(theta5)*sin(theta3)*sin(theta5))/3 - L3*L4*m4*cos(theta3)*cos(theta4)

*sin

( 3)* ( 4

(theta3)*sin(theta5)

)s theta cos theta
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(42) 

2 2

2 2

2

23
( ( 4)*( 3 * 3* ( 3) 4 * 4* ( 3)

3* 4 * 4* ( 3)* ( 4) 3* 4 * 4* ( 5)* ( 3)

* ( 5) 6* 3* 4* 4* ( 3)* ( 5) 3* 4 * 4* ( 3)

* (

sin theta L m cos theta L m cos theta

L m cos theta cos theta L m cos theta sin theta

sin theta L L m sin theta sin theta L m cos theta

cos theta

M   









24)* ( 5) )) /12cos theta

  

(43) 

2

24

*cos(theta4)*sin(theta5)*cos(theta5) - 2*L4*sin(theta3) + 3*L2*

cos(theta4)*sin

( 4* 4*(2* 4* ( 3)* (

(theta5) + 3*L3*cos(theta3)*cos(

5) 2

theta4)*sin(the

* 4* (

ta5)))/6

3)L m L sin theta cos theta L cos thetaM  

  

(44) 

25
-(L4*m4*(6*L2*cos(theta5)*sin(theta4) + 3*L4*cos(theta3)*

*sin(theta4) + 6*L3*cos(theta3)*cos(theta5)*sin(theta4) + L4*cos(theta3)

*cos(theta6)*sin(theta4) - L4*sin(theta3)*sin(theta5)*sin(theta6)

+ 

M 

L4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta6)))/12

  

(45) 
26

0M   

(46) 

2 2

2 2

31
( 4 * 4* ( 3)* ( 4)* ( 5) * ( 4)) / 4

( 4 * 4* ( 3)* ( 4)) /12 ( 4 * 4* ( 3)* (

*sin(theta4))/4 - (L1*L3*m3*sin(theta2)*sin(theta3))/2 

4

- L1*L3*m4*

)

L m cos theta cos theta cos theta sin theta

L m cos theta sin theta L m cos theta cos theta

sin

M 

 

2

2

*sin(theta5))/4 - (L1*L4*m4*cos(theta5)*sin(theta2)*sin(theta3))/2

( 2)* ( 3) ( 4 * 4* ( 5)* ( 3)* ( 4)

( 3* 4* 4* ( 3)* ( 4)* ( 5)) / 2 ( 3 * 3* ( 3

*

)

theta sin theta L m cos theta sin theta sin theta

L L m sin theta sin theta sin theta L m cos theta



 

sin(theta4))/12 - (L1*L4*m4*cos(theta3)*cos(theta4)*sin(theta2)*sin(theta5))/2

  

(47) 

2 2

2 2

2

32
( ( 4)*( 3 * 3* ( 3) 4 * 4* ( 3)

3* 4 * 4* ( 3)* ( 4) 3* 4 * 4* ( 5)* ( 3)

* ( 5) 6* 3* 4* 4* ( 3)* ( 5) 3* 4 * 4* ( 3)

* (

sin theta L m cos theta L m cos theta

L m cos theta cos theta L m cos theta sin theta

sin theta L L m sin theta sin theta L m cos theta

cos theta

M  

 







24)* ( 5) )) /12cos theta

  

(48) 
2 2 2 2

2 2 2

33
( 3 * 3) / 3 3 * 4 ( 4 * 4) / 3 3* 4* 4 ( 4

* 4* ( 4) * ( 5) ) / 4 2* 3* 4* 4* ( 5 / 2)

L m L m L m L L m L

m sin theta sin theta L L m sin theta

M    




  

(49) 
34

-(L4*m4*sin(theta4)*sin(theta5)*(2*L3 + L4*cos(theta5)))/4M   

(51) 35
(L4*m4*(3*L4*cos(theta4) + L4*cos(theta6) + 6*L3*

cos(theta4)*cos(theta5)))/12

M 
  

(51) 
36

0M   
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(52) 

2

41

*cos(theta4)*sin(theta5)*cos(theta5) - 2*L4*sin(theta3) + 3*L2*cos(theta4)

*sin(theta5)

( 4* 4*(2*

 + 3*L1*

4* ( 3)* ( 5

cos(thet

) 2* 4*

a2)*cos(theta4)*sin(theta5) + 3*L3*cos(

( 3)L m L sin theta cos theta L cos thetaM  

theta3)

*cos(theta4)*sin(theta5) - 3*L1*sin(theta2)*sin(theta3)*sin(theta4)*sin(theta5)))/6

  

(53) 

2

42

cos(theta4)*sin(theta5)*cos(theta5) - 2*L4*sin(theta3)

+ 3*L2*cos(theta4)*sin(theta5) + 3*L3*cos(theta3)*cos(theta4)*sin(thet

( 4* 4*(2* 4* ( 3)* ( 5) 2* 4* ( 3

a5)))/

)

6

*L m L sin theta cos theta L cos thetaM  

  

(54) 
43

-(L4*m4*sin(theta4)*sin(theta5)*(2*L3 + L4*cos(theta5)))/4M   

(55) 2 2

44
( 4 * 4* ( 5) ) / 3L m sin thetaM   

(56) 2

45
( 4 * 4* ( 5)* ( 6)) /12L m sin theta sin thetaM   

(57) 
46

0M   

(58) 

51
-(L4*m4*(6*L2*cos(theta5)*sin(theta4) + 3*L4*cos(theta3)*sin(theta4)

+ 6*L1*cos(theta2)*cos(theta5)*sin(theta4) + 6*L3*cos(theta3)*cos(theta5)

*sin(theta4) + L4*cos(theta3)*cos(theta6)*sin(theta4) +

M 

 6*L1*cos(theta3)

*sin(theta2)*sin(theta5) - L4*sin(theta3)*sin(theta5)*sin(theta6)

+ L4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta6) + 6*L1*cos(theta4)*cos(theta5)

*sin(theta2)*sin(theta3)))/12

  

(59) 

52
-(L4*m4*(6*L2*cos(theta5)*sin(theta4) + 3*L4*cos(theta3)*sin(theta4)

+ 6*L3*cos(theta3)*cos(theta5)*sin(theta4) + L4*cos(theta3)*cos(theta6)

*sin(theta4) - L4*sin(theta3)*sin(theta5)*sin(theta6) + L

M 

4*cos(theta3)*cos(theta4)

*cos(theta5)*sin(theta6)))/12

  

(61) 53
(L4*m4*(3*L4*cos(theta4) + L4*cos(theta6) +

6*L3*cos(theta4)*cos(theta5)))/12

M 
  

(61) 2

54
( 4 * 4* ( 5)* ( 6)) /12L m sin theta sin thetaM   

(62) 2

55
( 4 * 4) / 3L mM   

(63) 
56

0M   

(64) 
61

0M   
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(65) 
62

0M   

(66) 
63

0M   

(67) 
64

0M   

(68) 
65

0M   

(69) 
66

0M   

(71) 

1

2

3

4

5

6

f

f

f

f

f

f

f















  

(71) 
1

f   

(L3^2*dtheta3^2*m3*sin(theta3)*sin(theta4))/12 + 

(L4^2*dtheta3^2*m4*sin(theta3)*sin(theta4))/12 - 

(L1*L2*dtheta2^2*m2*sin(theta2))/2 - L1*L2*dtheta2^2*m3*sin(theta2) - 

L1*L2*dtheta2^2*m4*sin(theta2) + (7*L4^2*dtheta3*dtheta4*m4*cos(theta3))/12 

- (2*L3^2*dtheta1*dtheta3*m3*cos(theta3)*sin(theta3))/3 - 

(2*L3^2*dtheta2*dtheta3*m3*cos(theta3)*sin(theta3))/3 - 

2*L3^2*dtheta1*dtheta3*m4*cos(theta3)*sin(theta3) - 

2*L3^2*dtheta2*dtheta3*m4*cos(theta3)*sin(theta3) + 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta5)*sin(theta5))/3 + 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta5)*sin(theta5))/3 + 

(L4^2*dtheta3*dtheta5*m4*sin(theta3)*sin(theta4))/2 - 

L1*L2*dtheta1*dtheta2*m2*sin(theta2) - 

2*L1*L2*dtheta1*dtheta2*m3*sin(theta2) - 

2*L1*L2*dtheta1*dtheta2*m4*sin(theta2) - 

L2*L3*dtheta1*dtheta3*m3*sin(theta3) - L2*L3*dtheta2*dtheta3*m3*sin(theta3) 

- 2*L2*L3*dtheta1*dtheta3*m4*sin(theta3) - 

2*L2*L3*dtheta2*dtheta3*m4*sin(theta3) - 



28 

 

(L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta4)^2)/2 - 

(7*L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta5)^2)/12 + 

(L4^2*dtheta3^2*m4*cos(theta4)*sin(theta3)*sin(theta4))/4 + 

(L4^2*dtheta5^2*m4*cos(theta5)*sin(theta3)*sin(theta6))/12 - 

(L1*L3*dtheta2^2*m3*cos(theta3)*sin(theta2))/2 - 

(L1*L3*dtheta3^2*m3*cos(theta3)*sin(theta2))/2 - 

L1*L3*dtheta2^2*m4*cos(theta3)*sin(theta2) - 

L1*L3*dtheta3^2*m4*cos(theta3)*sin(theta2) - 

(L3^2*dtheta3*dtheta4*m3*cos(theta3)*cos(theta4))/12 - 

(L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta4))/12 + 

(L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4))/12 + 

(L2*L4*dtheta4^2*m4*sin(theta4)*sin(theta5))/2 + 

(L2*L4*dtheta5^2*m4*sin(theta4)*sin(theta5))/2 - 

(L4^2*dtheta3^2*m4*cos(theta4)*cos(theta5)^2*sin(theta3)*sin(theta4))/4 - 

(2*L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2)/3 + 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)^2*sin(theta3))/3 - 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta5)^2*sin(theta3))/3 + 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)^2*sin(theta3))/3 + 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta3)^2*cos(theta4)*sin(theta4))/3 - 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta5)^2*sin(theta3))/3 + 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta3)^2*cos(theta4)*sin(theta4))/3 - 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta3)^2*cos(theta5)*sin(theta5))/3 - 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta3)^2*cos(theta5)*sin(theta5))/3 - 

(L4^2*dtheta3*dtheta5*m4*cos(theta5)^2*sin(theta3)*sin(theta4))/2 - 

L3*L4*dtheta1*dtheta5*m4*cos(theta3)^2*sin(theta5) - 

L3*L4*dtheta2*dtheta5*m4*cos(theta3)^2*sin(theta5) + 

(L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2)/2 - 

(L4^2*dtheta3^2*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta5))/4 + 

(L4^2*dtheta4^2*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta5))/3 + 

(L4^2*dtheta5^2*m4*cos(theta3)*cos(theta4)*sin(theta5)*sin(theta6))/12 - 

(L1*L4*dtheta2^2*m4*cos(theta3)*cos(theta5)*sin(theta2))/2 - 

(L1*L4*dtheta3^2*m4*cos(theta3)*cos(theta5)*sin(theta2))/2 - 

(L1*L4*dtheta5^2*m4*cos(theta3)*cos(theta5)*sin(theta2))/2 - 

(L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta6))/12 + 

(L1*L4*dtheta2^2*m4*cos(theta2)*sin(theta4)*sin(theta5))/2 + 

(L1*L4*dtheta4^2*m4*cos(theta2)*sin(theta4)*sin(theta5))/2 + 

(L1*L4*dtheta5^2*m4*cos(theta2)*sin(theta4)*sin(theta5))/2 - 

(L3*L4*dtheta3^2*m4*cos(theta3)*sin(theta4)*sin(theta5))/2 + 

(L3*L4*dtheta4^2*m4*cos(theta3)*sin(theta4)*sin(theta5))/2 + 
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(L3*L4*dtheta5^2*m4*cos(theta3)*sin(theta4)*sin(theta5))/2 + 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*sin(theta3))/3 + 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*sin(theta3))/3 + 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta5))/3 + 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta5))/3 - 

L2*L4*dtheta4*dtheta5*m4*cos(theta4)*cos(theta5) + 

(L4^2*dtheta3*dtheta5*m4*cos(theta6)*sin(theta3)*sin(theta4))/12 + 

(L4^2*dtheta3*dtheta5*m4*cos(theta3)*sin(theta5)*sin(theta6))/12 + 

(2*L4^2*dtheta4*dtheta5*m4*cos(theta5)*sin(theta3)*sin(theta5))/3 + 

(L4^2*dtheta5*dtheta6*m4*cos(theta3)*sin(theta4)*sin(theta6))/12 + 

(L4^2*dtheta5*dtheta6*m4*cos(theta6)*sin(theta3)*sin(theta5))/12 - 

L1*L3*dtheta1*dtheta2*m3*cos(theta3)*sin(theta2) - 

L1*L3*dtheta1*dtheta3*m3*cos(theta2)*sin(theta3) - 

L1*L3*dtheta2*dtheta3*m3*cos(theta2)*sin(theta3) - 

2*L1*L3*dtheta1*dtheta2*m4*cos(theta3)*sin(theta2) - 

2*L1*L3*dtheta1*dtheta3*m4*cos(theta2)*sin(theta3) - 

2*L1*L3*dtheta2*dtheta3*m4*cos(theta2)*sin(theta3) - 

L2*L4*dtheta1*dtheta3*m4*cos(theta5)*sin(theta3) - 

L2*L4*dtheta2*dtheta3*m4*cos(theta5)*sin(theta3) - 

L2*L4*dtheta1*dtheta5*m4*cos(theta3)*sin(theta5) - 

L2*L4*dtheta2*dtheta5*m4*cos(theta3)*sin(theta5) + 

L3*L4*dtheta1*dtheta3*m4*cos(theta4)*sin(theta5) + 

L3*L4*dtheta2*dtheta3*m4*cos(theta4)*sin(theta5) - 

(4*L4^2*dtheta1*dtheta3*m4*cos(theta3)^2*cos(theta4)*cos(theta5)*sin(theta5))/

3 - 

(4*L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2*sin(theta3))/

3 - 

(4*L4^2*dtheta2*dtheta3*m4*cos(theta3)^2*cos(theta4)*cos(theta5)*sin(theta5))/

3 - 

(4*L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2*sin(theta3))/

3 - 2*L3*L4*dtheta1*dtheta3*m4*cos(theta3)^2*cos(theta4)*sin(theta5) - 

2*L3*L4*dtheta2*dtheta3*m4*cos(theta3)^2*cos(theta4)*sin(theta5) - 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2*sin(theta3

))/3 - 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2*sin(theta3

))/3 - 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta3)^2*cos(theta4)*cos(theta5)^2*sin(theta4

))/3 - 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta3)^2*cos(theta4)*cos(theta5)^2*sin(theta4
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))/3 - 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta3)^2*cos(theta4)^2*cos(theta5)*sin(theta5

))/3 - 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta3)^2*cos(theta4)^2*cos(theta5)*sin(theta5

))/3 - 

(L4^2*dtheta5*dtheta6*m4*cos(theta3)*cos(theta4)*cos(theta5)*cos(theta6))/12 - 

L1*L4*dtheta4*dtheta5*m4*cos(theta2)*cos(theta4)*cos(theta5) - 

L3*L4*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5) + 

(L1*L4*dtheta2^2*m4*cos(theta4)*sin(theta2)*sin(theta3)*sin(theta5))/2 + 

(L1*L4*dtheta3^2*m4*cos(theta4)*sin(theta2)*sin(theta3)*sin(theta5))/2 + 

(L1*L4*dtheta4^2*m4*cos(theta4)*sin(theta2)*sin(theta3)*sin(theta5))/2 + 

(L1*L4*dtheta5^2*m4*cos(theta4)*sin(theta2)*sin(theta3)*sin(theta5))/2 + 

(L4^2*dtheta3*dtheta4*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta5))/12 + 

(L4^2*dtheta3*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta6))/12 + 

(L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta6))/12 - 

L1*L4*dtheta1*dtheta2*m4*cos(theta3)*cos(theta5)*sin(theta2) - 

L1*L4*dtheta1*dtheta3*m4*cos(theta2)*cos(theta5)*sin(theta3) - 

L1*L4*dtheta2*dtheta3*m4*cos(theta2)*cos(theta5)*sin(theta3) - 

L1*L4*dtheta1*dtheta5*m4*cos(theta2)*cos(theta3)*sin(theta5) - 

L1*L4*dtheta2*dtheta5*m4*cos(theta2)*cos(theta3)*sin(theta5) - 

L2*L4*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)*sin(theta5) - 

L2*L4*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)*sin(theta5) - 

L2*L4*dtheta1*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3) - 

L2*L4*dtheta2*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3) - 

2*L3*L4*dtheta1*dtheta3*m4*cos(theta3)*cos(theta5)*sin(theta3) - 

2*L3*L4*dtheta2*dtheta3*m4*cos(theta3)*cos(theta5)*sin(theta3) + 

L1*L4*dtheta1*dtheta2*m4*cos(theta2)*sin(theta4)*sin(theta5) + 

L1*L4*dtheta1*dtheta4*m4*cos(theta4)*sin(theta2)*sin(theta5) + 

L1*L4*dtheta1*dtheta5*m4*cos(theta5)*sin(theta2)*sin(theta4) + 

L1*L4*dtheta2*dtheta4*m4*cos(theta4)*sin(theta2)*sin(theta5) + 

L1*L4*dtheta2*dtheta5*m4*cos(theta5)*sin(theta2)*sin(theta4) + 

L1*L4*dtheta3*dtheta5*m4*sin(theta2)*sin(theta3)*sin(theta5) + 

L2*L4*dtheta1*dtheta4*m4*sin(theta3)*sin(theta4)*sin(theta5) + 

L2*L4*dtheta2*dtheta4*m4*sin(theta3)*sin(theta4)*sin(theta5) - 

(L4^2*dtheta3*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta4)*sin(th

eta5))/2 - 

L1*L4*dtheta1*dtheta3*m4*cos(theta2)*cos(theta3)*cos(theta4)*sin(theta5) - 

L1*L4*dtheta2*dtheta3*m4*cos(theta2)*cos(theta3)*cos(theta4)*sin(theta5) - 

L1*L4*dtheta1*dtheta5*m4*cos(theta2)*cos(theta4)*cos(theta5)*sin(theta3) - 
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L1*L4*dtheta2*dtheta5*m4*cos(theta2)*cos(theta4)*cos(theta5)*sin(theta3) - 

L1*L4*dtheta3*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta2) - 

L3*L4*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta3) - 

L3*L4*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta3) + 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta5)*sin(theta3)*sin(theta4)*sin(

theta5))/3 + 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta5)*sin(theta3)*sin(theta4)*sin(

theta5))/3 + 

L1*L4*dtheta1*dtheta2*m4*cos(theta4)*sin(theta2)*sin(theta3)*sin(theta5) + 

L1*L4*dtheta1*dtheta4*m4*cos(theta2)*sin(theta3)*sin(theta4)*sin(theta5) + 

L1*L4*dtheta2*dtheta4*m4*cos(theta2)*sin(theta3)*sin(theta4)*sin(theta5) + 

L1*L4*dtheta3*dtheta4*m4*cos(theta3)*sin(theta2)*sin(theta4)*sin(theta5) + 

L1*L4*dtheta4*dtheta5*m4*cos(theta5)*sin(theta2)*sin(theta3)*sin(theta4) + 

L3*L4*dtheta1*dtheta4*m4*cos(theta3)*sin(theta3)*sin(theta4)*sin(theta5) + 

L3*L4*dtheta2*dtheta4*m4*cos(theta3)*sin(theta3)*sin(theta4)*sin(theta5) 

(72) 
2

f   

(L3^2*dtheta3^2*m3*sin(theta3)*sin(theta4))/12 + 

(L4^2*dtheta3^2*m4*sin(theta3)*sin(theta4))/12 + 

(L1*L2*dtheta1^2*m2*sin(theta2))/2 + L1*L2*dtheta1^2*m3*sin(theta2) + 

L1*L2*dtheta1^2*m4*sin(theta2) + (7*L4^2*dtheta3*dtheta4*m4*cos(theta3))/12 

- (2*L3^2*dtheta1*dtheta3*m3*cos(theta3)*sin(theta3))/3 - 

(2*L3^2*dtheta2*dtheta3*m3*cos(theta3)*sin(theta3))/3 - 

2*L3^2*dtheta1*dtheta3*m4*cos(theta3)*sin(theta3) - 

2*L3^2*dtheta2*dtheta3*m4*cos(theta3)*sin(theta3) + 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta5)*sin(theta5))/3 + 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta5)*sin(theta5))/3 + 

(L4^2*dtheta3*dtheta5*m4*sin(theta3)*sin(theta4))/2 - 

L2*L3*dtheta1*dtheta3*m3*sin(theta3) - L2*L3*dtheta2*dtheta3*m3*sin(theta3) 

- 2*L2*L3*dtheta1*dtheta3*m4*sin(theta3) - 

2*L2*L3*dtheta2*dtheta3*m4*sin(theta3) - 

(L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta4)^2)/2 - 

(7*L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta5)^2)/12 + 

(L4^2*dtheta3^2*m4*cos(theta4)*sin(theta3)*sin(theta4))/4 + 

(L4^2*dtheta5^2*m4*cos(theta5)*sin(theta3)*sin(theta6))/12 + 

(L1*L3*dtheta1^2*m3*cos(theta3)*sin(theta2))/2 + 

L1*L3*dtheta1^2*m4*cos(theta3)*sin(theta2) - 



11 

 

(L3^2*dtheta3*dtheta4*m3*cos(theta3)*cos(theta4))/12 - 

(L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta4))/12 + 

(L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4))/12 + 

(L2*L4*dtheta4^2*m4*sin(theta4)*sin(theta5))/2 + 

(L2*L4*dtheta5^2*m4*sin(theta4)*sin(theta5))/2 - 

(L4^2*dtheta3^2*m4*cos(theta4)*cos(theta5)^2*sin(theta3)*sin(theta4))/4 - 

(2*L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2)/3 + 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)^2*sin(theta3))/3 - 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta5)^2*sin(theta3))/3 + 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)^2*sin(theta3))/3 + 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta3)^2*cos(theta4)*sin(theta4))/3 - 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta5)^2*sin(theta3))/3 + 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta3)^2*cos(theta4)*sin(theta4))/3 - 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta3)^2*cos(theta5)*sin(theta5))/3 - 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta3)^2*cos(theta5)*sin(theta5))/3 - 

(L4^2*dtheta3*dtheta5*m4*cos(theta5)^2*sin(theta3)*sin(theta4))/2 - 

L3*L4*dtheta1*dtheta5*m4*cos(theta3)^2*sin(theta5) - 

L3*L4*dtheta2*dtheta5*m4*cos(theta3)^2*sin(theta5) + 

(L4^2*dtheta3*dtheta4*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2)/2 - 

(L4^2*dtheta3^2*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta5))/4 + 

(L4^2*dtheta4^2*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta5))/3 + 

(L4^2*dtheta5^2*m4*cos(theta3)*cos(theta4)*sin(theta5)*sin(theta6))/12 + 

(L1*L4*dtheta1^2*m4*cos(theta3)*cos(theta5)*sin(theta2))/2 - 

(L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta6))/12 - 

(L1*L4*dtheta1^2*m4*cos(theta2)*sin(theta4)*sin(theta5))/2 - 

(L3*L4*dtheta3^2*m4*cos(theta3)*sin(theta4)*sin(theta5))/2 + 

(L3*L4*dtheta4^2*m4*cos(theta3)*sin(theta4)*sin(theta5))/2 + 

(L3*L4*dtheta5^2*m4*cos(theta3)*sin(theta4)*sin(theta5))/2 + 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*sin(theta3))/3 + 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*sin(theta3))/3 + 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta5))/3 + 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta5))/3 - 

L2*L4*dtheta4*dtheta5*m4*cos(theta4)*cos(theta5) + 

(L4^2*dtheta3*dtheta5*m4*cos(theta6)*sin(theta3)*sin(theta4))/12 + 

(L4^2*dtheta3*dtheta5*m4*cos(theta3)*sin(theta5)*sin(theta6))/12 + 

(2*L4^2*dtheta4*dtheta5*m4*cos(theta5)*sin(theta3)*sin(theta5))/3 + 

(L4^2*dtheta5*dtheta6*m4*cos(theta3)*sin(theta4)*sin(theta6))/12 + 

(L4^2*dtheta5*dtheta6*m4*cos(theta6)*sin(theta3)*sin(theta5))/12 - 

L2*L4*dtheta1*dtheta3*m4*cos(theta5)*sin(theta3) - 
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L2*L4*dtheta2*dtheta3*m4*cos(theta5)*sin(theta3) - 

L2*L4*dtheta1*dtheta5*m4*cos(theta3)*sin(theta5) - 

L2*L4*dtheta2*dtheta5*m4*cos(theta3)*sin(theta5) + 

L3*L4*dtheta1*dtheta3*m4*cos(theta4)*sin(theta5) + 

L3*L4*dtheta2*dtheta3*m4*cos(theta4)*sin(theta5) - 

(4*L4^2*dtheta1*dtheta3*m4*cos(theta3)^2*cos(theta4)*cos(theta5)*sin(theta5))/

3 - 

(4*L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2*sin(theta3))/

3 - 

(4*L4^2*dtheta2*dtheta3*m4*cos(theta3)^2*cos(theta4)*cos(theta5)*sin(theta5))/

3 - 

(4*L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2*sin(theta3))/

3 - 2*L3*L4*dtheta1*dtheta3*m4*cos(theta3)^2*cos(theta4)*sin(theta5) - 

2*L3*L4*dtheta2*dtheta3*m4*cos(theta3)^2*cos(theta4)*sin(theta5) - 

(2*L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2*sin(theta3

))/3 - 

(2*L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2*sin(theta3

))/3 - 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta3)^2*cos(theta4)*cos(theta5)^2*sin(theta4

))/3 - 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta3)^2*cos(theta4)*cos(theta5)^2*sin(theta4

))/3 - 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta3)^2*cos(theta4)^2*cos(theta5)*sin(theta5

))/3 - 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta3)^2*cos(theta4)^2*cos(theta5)*sin(theta5

))/3 - 

(L4^2*dtheta5*dtheta6*m4*cos(theta3)*cos(theta4)*cos(theta5)*cos(theta6))/12 - 

L3*L4*dtheta4*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5) - 

(L1*L4*dtheta1^2*m4*cos(theta4)*sin(theta2)*sin(theta3)*sin(theta5))/2 + 

(L4^2*dtheta3*dtheta4*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta5))/12 + 

(L4^2*dtheta3*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta6))/12 + 

(L4^2*dtheta4*dtheta5*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta6))/12 - 

L2*L4*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)*sin(theta5) - 

L2*L4*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)*sin(theta5) - 

L2*L4*dtheta1*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3) - 

L2*L4*dtheta2*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3) - 

2*L3*L4*dtheta1*dtheta3*m4*cos(theta3)*cos(theta5)*sin(theta3) - 

2*L3*L4*dtheta2*dtheta3*m4*cos(theta3)*cos(theta5)*sin(theta3) + 

L2*L4*dtheta1*dtheta4*m4*sin(theta3)*sin(theta4)*sin(theta5) + 
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L2*L4*dtheta2*dtheta4*m4*sin(theta3)*sin(theta4)*sin(theta5) - 

(L4^2*dtheta3*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta4)*sin(th

eta5))/2 - 

L3*L4*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta3) - 

L3*L4*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta3) + 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta5)*sin(theta3)*sin(theta4)*sin(

theta5))/3 + 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta5)*sin(theta3)*sin(theta4)*sin(

theta5))/3 + 

L3*L4*dtheta1*dtheta4*m4*cos(theta3)*sin(theta3)*sin(theta4)*sin(theta5) + 

L3*L4*dtheta2*dtheta4*m4*cos(theta3)*sin(theta3)*sin(theta4)*sin(theta5) 

(73) 
3

f   

(L3*g*m3*cos(theta3))/2 + L3*g*m4*cos(theta3) + L3*L4*ddtheta3*m4 + 

(L2*L3*dtheta1^2*m3*sin(theta3))/2 + (L2*L3*dtheta2^2*m3*sin(theta3))/2 + 

L2*L3*dtheta1^2*m4*sin(theta3) + L2*L3*dtheta2^2*m4*sin(theta3) - 

(L4^2*dtheta1*dtheta4*m4*cos(theta3))/12 - 

(L4^2*dtheta2*dtheta4*m4*cos(theta3))/12 - 

(L4^2*dtheta5*dtheta6*m4*sin(theta6))/12 + 

(L4*g*m4*cos(theta3)*cos(theta5))/2 - 2*L3*L4*ddtheta3*m4*cos(theta5/2)^2 + 

L3*L4*ddtheta3*m4*cos(theta5) + 

(L3^2*dtheta1^2*m3*cos(theta3)*sin(theta3))/3 + 

(L3^2*dtheta2^2*m3*cos(theta3)*sin(theta3))/3 + 

L3^2*dtheta1^2*m4*cos(theta3)*sin(theta3) + 

L3^2*dtheta2^2*m4*cos(theta3)*sin(theta3) + 

(2*L3^2*dtheta1*dtheta2*m3*cos(theta3)*sin(theta3))/3 + 

2*L3^2*dtheta1*dtheta2*m4*cos(theta3)*sin(theta3) - 

(L4^2*dtheta3*dtheta4*m4*cos(theta4)*sin(theta4))/2 - 

(L4^2*dtheta3*dtheta5*m4*cos(theta5)*sin(theta5))/2 + 

L2*L3*dtheta1*dtheta2*m3*sin(theta3) + 

2*L2*L3*dtheta1*dtheta2*m4*sin(theta3) - 

L3*L4*dtheta3*dtheta5*m4*sin(theta5) - 

(L4*g*m4*cos(theta4)*sin(theta3)*sin(theta5))/2 - 

(L4^2*dtheta1^2*m4*cos(theta3)*cos(theta4)^2*sin(theta3))/3 + 

(L4^2*dtheta1^2*m4*cos(theta3)*cos(theta5)^2*sin(theta3))/3 - 

(L4^2*dtheta2^2*m4*cos(theta3)*cos(theta4)^2*sin(theta3))/3 + 

(L4^2*dtheta2^2*m4*cos(theta3)*cos(theta5)^2*sin(theta3))/3 - 
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(L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta4)^2)/2 + 

(L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta5)^2)/12 - 

(L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta4)^2)/2 + 

(L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta5)^2)/12 - 

(L4^2*dtheta4*dtheta5*m4*cos(theta5)^2*sin(theta4))/2 - 

(L4^2*dtheta1^2*m4*cos(theta4)*cos(theta5)*sin(theta5))/3 - 

(L4^2*dtheta2^2*m4*cos(theta4)*cos(theta5)*sin(theta5))/3 - 

(L4^2*dtheta4^2*m4*cos(theta4)*cos(theta5)*sin(theta5))/4 + 

(L1*L3*dtheta1^2*m3*cos(theta2)*sin(theta3))/2 + 

L1*L3*dtheta1^2*m4*cos(theta2)*sin(theta3) + 

(L2*L4*dtheta1^2*m4*cos(theta5)*sin(theta3))/2 + 

(L2*L4*dtheta2^2*m4*cos(theta5)*sin(theta3))/2 - 

(L3*L4*dtheta1^2*m4*cos(theta4)*sin(theta5))/2 - 

(L3*L4*dtheta2^2*m4*cos(theta4)*sin(theta5))/2 - 

(L3*L4*dtheta4^2*m4*cos(theta4)*sin(theta5))/2 - 

(L3*L4*dtheta5^2*m4*cos(theta4)*sin(theta5))/2 - 

(L3^2*dtheta1*dtheta4*m3*cos(theta3)*cos(theta4))/12 - 

(L3^2*dtheta2*dtheta4*m3*cos(theta3)*cos(theta4))/12 - 

(L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta4))/12 - 

(L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta4))/12 + 

(2*L4^2*dtheta1^2*m4*cos(theta3)^2*cos(theta4)*cos(theta5)*sin(theta5))/3 + 

(2*L4^2*dtheta2^2*m4*cos(theta3)^2*cos(theta4)*cos(theta5)*sin(theta5))/3 + 

L3*L4*dtheta1^2*m4*cos(theta3)^2*cos(theta4)*sin(theta5) + 

L3*L4*dtheta2^2*m4*cos(theta3)^2*cos(theta4)*sin(theta5) - 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)*cos(theta4)^2*sin(theta3))/3 + 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)*cos(theta5)^2*sin(theta3))/3 + 

(L4^2*dtheta3*dtheta4*m4*cos(theta4)*cos(theta5)^2*sin(theta4))/2 + 

(L4^2*dtheta3*dtheta5*m4*cos(theta4)^2*cos(theta5)*sin(theta5))/2 - 

(L4^2*dtheta1*dtheta5*m4*cos(theta5)^2*sin(theta3)*sin(theta4))/2 - 

(L4^2*dtheta2*dtheta5*m4*cos(theta5)^2*sin(theta3)*sin(theta4))/2 + 

(L4^2*dtheta1^2*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2*sin(theta3))/3 + 

(L4^2*dtheta2^2*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2*sin(theta3))/3 + 

(L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2)/2 + 

(L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2)/2 + 

(L1*L4*dtheta1^2*m4*cos(theta2)*cos(theta5)*sin(theta3))/2 + 

(L2*L4*dtheta1^2*m4*cos(theta3)*cos(theta4)*sin(theta5))/2 + 

(L2*L4*dtheta2^2*m4*cos(theta3)*cos(theta4)*sin(theta5))/2 + 

L3*L4*dtheta1^2*m4*cos(theta3)*cos(theta5)*sin(theta3) + 

L3*L4*dtheta2^2*m4*cos(theta3)*cos(theta5)*sin(theta3) - 
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(2*L4^2*dtheta1*dtheta2*m4*cos(theta4)*cos(theta5)*sin(theta5))/3 - 

(L4^2*dtheta1*dtheta5*m4*cos(theta6)*sin(theta3)*sin(theta4))/12 - 

(L4^2*dtheta1*dtheta5*m4*cos(theta3)*sin(theta5)*sin(theta6))/12 - 

(L4^2*dtheta2*dtheta5*m4*cos(theta6)*sin(theta3)*sin(theta4))/12 - 

(L4^2*dtheta2*dtheta5*m4*cos(theta3)*sin(theta5)*sin(theta6))/12 + 

L2*L4*dtheta1*dtheta2*m4*cos(theta5)*sin(theta3) - 

L3*L4*dtheta1*dtheta2*m4*cos(theta4)*sin(theta5) - 

L3*L4*dtheta4*dtheta5*m4*cos(theta5)*sin(theta4) + 

(4*L4^2*dtheta1*dtheta2*m4*cos(theta3)^2*cos(theta4)*cos(theta5)*sin(theta5))/

3 + 2*L3*L4*dtheta1*dtheta2*m4*cos(theta3)^2*cos(theta4)*sin(theta5) + 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2*sin(theta3

))/3 + (L1*L4*dtheta1^2*m4*cos(theta2)*cos(theta3)*cos(theta4)*sin(theta5))/2 - 

(7*L4^2*dtheta1*dtheta4*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta5))/12 

- 

(7*L4^2*dtheta2*dtheta4*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta5))/12 

- (L4^2*dtheta1*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta6))/12 - 

(L4^2*dtheta2*dtheta5*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta6))/12 + 

L2*L4*dtheta1*dtheta2*m4*cos(theta3)*cos(theta4)*sin(theta5) + 

2*L3*L4*dtheta1*dtheta2*m4*cos(theta3)*cos(theta5)*sin(theta3) - 

L3*L4*dtheta1*dtheta4*m4*cos(theta4)*sin(theta3)*sin(theta5) - 

L3*L4*dtheta1*dtheta5*m4*cos(theta5)*sin(theta3)*sin(theta4) - 

L3*L4*dtheta2*dtheta4*m4*cos(theta4)*sin(theta3)*sin(theta5) - 

L3*L4*dtheta2*dtheta5*m4*cos(theta5)*sin(theta3)*sin(theta4) - 

(L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta4)*sin(th

eta5))/2 - 

(L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta4)*sin(th

eta5))/2 

 

(74) 
4

f   

 

(L4^2*dtheta1*dtheta3*m4*cos(theta3))/12 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta3))/12 + 

(L4^2*dtheta3*dtheta5*m4*sin(theta4))/2 + 

(L4^2*dtheta3^2*m4*cos(theta4)*sin(theta4))/4 + 

(L4^2*dtheta5^2*m4*cos(theta5)*sin(theta6))/12 + 

(2*L4^2*dtheta4*dtheta5*m4*cos(theta5)*sin(theta5))/3 + 
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(L4^2*dtheta5*dtheta6*m4*cos(theta6)*sin(theta5))/12 - 

(L4*g*m4*cos(theta3)*sin(theta4)*sin(theta5))/2 - 

(L4^2*dtheta1^2*m4*cos(theta3)^2*cos(theta4)*sin(theta4))/3 - 

(L4^2*dtheta2^2*m4*cos(theta3)^2*cos(theta4)*sin(theta4))/3 - 

(L4^2*dtheta3^2*m4*cos(theta4)*cos(theta5)^2*sin(theta4))/4 + 

(L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)^2)/2 - 

(L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta5)^2)/12 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)^2)/2 - 

(L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta5)^2)/12 - 

(L4^2*dtheta3*dtheta5*m4*cos(theta5)^2*sin(theta4))/2 + 

(L3^2*dtheta1*dtheta3*m3*cos(theta3)*cos(theta4))/12 + 

(L3^2*dtheta2*dtheta3*m3*cos(theta3)*cos(theta4))/12 + 

(L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4))/12 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4))/12 + 

(7*L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4))/12 + 

(7*L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4))/12 - 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2)/3 - 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta5)^2)/3 - 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)^2*cos(theta4)*sin(theta4))/3 + 

(L4^2*dtheta1^2*m4*cos(theta3)^2*cos(theta4)*cos(theta5)^2*sin(theta4))/3 + 

(L4^2*dtheta2^2*m4*cos(theta3)^2*cos(theta4)*cos(theta5)^2*sin(theta4))/3 - 

(L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2)/2 - 

(L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)^2*cos(theta5)^2)/2 + 

(L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta6))/12 + 

(L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta4)*cos(theta6))/12 - 

(L1*L4*dtheta1^2*m4*cos(theta4)*sin(theta2)*sin(theta5))/2 - 

(L2*L4*dtheta1^2*m4*sin(theta3)*sin(theta4)*sin(theta5))/2 - 

(L2*L4*dtheta2^2*m4*sin(theta3)*sin(theta4)*sin(theta5))/2 + 

(2*L4^2*dtheta1*dtheta5*m4*cos(theta5)*sin(theta3)*sin(theta5))/3 + 

(2*L4^2*dtheta2*dtheta5*m4*cos(theta5)*sin(theta3)*sin(theta5))/3 + 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)^2*cos(theta4)*cos(theta5)^2*sin(theta4

))/3 - 

(L4^2*dtheta1^2*m4*cos(theta3)*cos(theta5)*sin(theta3)*sin(theta4)*sin(theta5))/

3 - 

(L4^2*dtheta2^2*m4*cos(theta3)*cos(theta5)*sin(theta3)*sin(theta4)*sin(theta5))/

3 - (L1*L4*dtheta1^2*m4*cos(theta2)*sin(theta3)*sin(theta4)*sin(theta5))/2 - 

(L3*L4*dtheta1^2*m4*cos(theta3)*sin(theta3)*sin(theta4)*sin(theta5))/2 - 

(L3*L4*dtheta2^2*m4*cos(theta3)*sin(theta3)*sin(theta4)*sin(theta5))/2 + 

(7*L4^2*dtheta1*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta5))/12 
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+ 

(7*L4^2*dtheta2*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta5))/12 

- (L4^2*dtheta1*dtheta5*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta6))/12 - 

(L4^2*dtheta2*dtheta5*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta6))/12 + 

L3*L4*dtheta1*dtheta3*m4*cos(theta4)*sin(theta3)*sin(theta5) + 

L3*L4*dtheta2*dtheta3*m4*cos(theta4)*sin(theta3)*sin(theta5) - 

L2*L4*dtheta1*dtheta2*m4*sin(theta3)*sin(theta4)*sin(theta5) - 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)*cos(theta5)*sin(theta3)*sin(theta4)*sin(

theta5))/3 - 

L3*L4*dtheta1*dtheta2*m4*cos(theta3)*sin(theta3)*sin(theta4)*sin(theta5) 

 

(75) 
5

f   

 

(L3*L4*dtheta3^2*m4*sin(theta5))/2 - (L4^2*dtheta3*dtheta4*m4*sin(theta4))/2 - 

(L4^2*dtheta3*dtheta6*m4*sin(theta6))/12 - (L4*g*m4*sin(theta3)*sin(theta5))/2 

- (L4^2*dtheta1^2*m4*cos(theta5)*sin(theta5))/3 - 

(L4^2*dtheta2^2*m4*cos(theta5)*sin(theta5))/3 + 

(L4^2*dtheta3^2*m4*cos(theta5)*sin(theta5))/4 - 

(L4^2*dtheta4^2*m4*cos(theta5)*sin(theta5))/3 - 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta5)*sin(theta5))/3 + 

(L4^2*dtheta4*dtheta6*m4*cos(theta6)*sin(theta5))/12 + 

(L4*g*m4*cos(theta3)*cos(theta4)*cos(theta5))/2 + 

(L4^2*dtheta1^2*m4*cos(theta3)^2*cos(theta5)*sin(theta5))/3 + 

(L4^2*dtheta2^2*m4*cos(theta3)^2*cos(theta5)*sin(theta5))/3 - 

(L4^2*dtheta3^2*m4*cos(theta4)^2*cos(theta5)*sin(theta5))/4 + 

(L3*L4*dtheta1^2*m4*cos(theta3)^2*sin(theta5))/2 + 

(L3*L4*dtheta2^2*m4*cos(theta3)^2*sin(theta5))/2 + 

(L4^2*dtheta3*dtheta4*m4*cos(theta5)^2*sin(theta4))/2 - 

(L4^2*dtheta1^2*m4*cos(theta3)*cos(theta4)*sin(theta3))/3 - 

(L4^2*dtheta2^2*m4*cos(theta3)*cos(theta4)*sin(theta3))/3 + 

(L2*L4*dtheta1^2*m4*cos(theta3)*sin(theta5))/2 + 

(L2*L4*dtheta2^2*m4*cos(theta3)*sin(theta5))/2 - 

(7*L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta4))/12 - 

(7*L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta4))/12 + 

(2*L4^2*dtheta1^2*m4*cos(theta3)*cos(theta4)*cos(theta5)^2*sin(theta3))/3 + 
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(2*L4^2*dtheta2^2*m4*cos(theta3)*cos(theta4)*cos(theta5)^2*sin(theta3))/3 + 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta4)*cos(theta5)^2)/3 + 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta4)*cos(theta5)^2)/3 + 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)^2*cos(theta5)*sin(theta5))/3 + 

(L4^2*dtheta1*dtheta3*m4*cos(theta5)^2*sin(theta3)*sin(theta4))/2 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta5)^2*sin(theta3)*sin(theta4))/2 + 

L3*L4*dtheta1*dtheta2*m4*cos(theta3)^2*sin(theta5) + 

(L4^2*dtheta1^2*m4*cos(theta3)^2*cos(theta4)^2*cos(theta5)*sin(theta5))/3 + 

(L4^2*dtheta2^2*m4*cos(theta3)^2*cos(theta4)^2*cos(theta5)*sin(theta5))/3 + 

(L1*L4*dtheta1^2*m4*cos(theta2)*cos(theta3)*sin(theta5))/2 + 

(L2*L4*dtheta1^2*m4*cos(theta4)*cos(theta5)*sin(theta3))/2 + 

(L2*L4*dtheta2^2*m4*cos(theta4)*cos(theta5)*sin(theta3))/2 - 

(L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta4)*cos(theta6))/12 - 

(L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta4)*cos(theta6))/12 - 

(L1*L4*dtheta1^2*m4*cos(theta5)*sin(theta2)*sin(theta4))/2 - 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)*cos(theta4)*sin(theta3))/3 + 

(L4^2*dtheta1*dtheta3*m4*cos(theta6)*sin(theta3)*sin(theta4))/12 + 

(L4^2*dtheta1*dtheta3*m4*cos(theta3)*sin(theta5)*sin(theta6))/12 - 

(2*L4^2*dtheta1*dtheta4*m4*cos(theta5)*sin(theta3)*sin(theta5))/3 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta6)*sin(theta3)*sin(theta4))/12 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta3)*sin(theta5)*sin(theta6))/12 - 

(2*L4^2*dtheta2*dtheta4*m4*cos(theta5)*sin(theta3)*sin(theta5))/3 + 

(L4^2*dtheta1*dtheta6*m4*cos(theta3)*sin(theta4)*sin(theta6))/12 + 

(L4^2*dtheta1*dtheta6*m4*cos(theta6)*sin(theta3)*sin(theta5))/12 + 

(L4^2*dtheta2*dtheta6*m4*cos(theta3)*sin(theta4)*sin(theta6))/12 + 

(L4^2*dtheta2*dtheta6*m4*cos(theta6)*sin(theta3)*sin(theta5))/12 + 

L2*L4*dtheta1*dtheta2*m4*cos(theta3)*sin(theta5) + 

(4*L4^2*dtheta1*dtheta2*m4*cos(theta3)*cos(theta4)*cos(theta5)^2*sin(theta3))/

3 + 

(2*L4^2*dtheta1*dtheta2*m4*cos(theta3)^2*cos(theta4)^2*cos(theta5)*sin(theta5

))/3 + (L1*L4*dtheta1^2*m4*cos(theta2)*cos(theta4)*cos(theta5)*sin(theta3))/2 + 

(L3*L4*dtheta1^2*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta3))/2 + 

(L3*L4*dtheta2^2*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta3))/2 - 

(L4^2*dtheta1*dtheta6*m4*cos(theta3)*cos(theta4)*cos(theta5)*cos(theta6))/12 - 

(L4^2*dtheta2*dtheta6*m4*cos(theta3)*cos(theta4)*cos(theta5)*cos(theta6))/12 + 

(L4^2*dtheta1*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta6))/12 + 

(L4^2*dtheta1*dtheta4*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta6))/12 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta4)*cos(theta5)*sin(theta3)*sin(theta6))/12 + 

(L4^2*dtheta2*dtheta4*m4*cos(theta3)*cos(theta5)*sin(theta4)*sin(theta6))/12 + 
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L2*L4*dtheta1*dtheta2*m4*cos(theta4)*cos(theta5)*sin(theta3) + 

L3*L4*dtheta1*dtheta3*m4*cos(theta5)*sin(theta3)*sin(theta4) + 

L3*L4*dtheta2*dtheta3*m4*cos(theta5)*sin(theta3)*sin(theta4) + 

(L4^2*dtheta1*dtheta3*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta4)*sin(th

eta5))/2 + 

(L4^2*dtheta2*dtheta3*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta4)*sin(th

eta5))/2 + 

L3*L4*dtheta1*dtheta2*m4*cos(theta3)*cos(theta4)*cos(theta5)*sin(theta3) 

 

(76) 
6

f   

-(L4^2*dtheta5*m4*(dtheta4*cos(theta6)*sin(theta5) - dtheta3*sin(theta6) + 

dtheta1*cos(theta3)*sin(theta4)*sin(theta6) + 

dtheta1*cos(theta6)*sin(theta3)*sin(theta5) + 

dtheta2*cos(theta3)*sin(theta4)*sin(theta6) + 

dtheta2*cos(theta6)*sin(theta3)*sin(theta5) - 

dtheta1*cos(theta3)*cos(theta4)*cos(theta5)*cos(theta6) - 

dtheta2*cos(theta3)*cos(theta4)*cos(theta5)*cos(theta6)))/12 

 

(77) 
1

1

0

-cos(theta3)*sin(theta4)

sin(theta3)

cos(theta3)*sin(theta4)+ sin(theta3)*sin(theta5)*sin(theta6) - cos(theta3)

*cos(theta6)*sin(theta4) - cos(theta3)*cos(theta4)*cos(theta5)*sin(theta6)

 cos(theta5

TB 

)*sin(theta3) - sin(theta3) + cos(theta3)*cos(theta4)*sin(theta5)

 
 
 
 
 
 
 
 
 
 
 

  

(78) 
2

0

1

 -cos(theta3)*sin(theta4)

sin(theta3)

cos(theta3)*sin(theta4) + sin(theta3)*sin(theta5)*sin(theta6)- cos(theta3)

*cos(theta6)*sin(theta4) - cos(theta3)*cos(theta4)*cos(theta5)*sin(theta6)

cos(theta5

TB 

)*sin(theta3) - sin(theta3) + cos(theta3)*cos(theta4)*sin(theta5)
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(79) 
3

0

0

1

0

 cos(theta6) - 1

0

TB

 
 
 
 

  
 
 
 
 

  

(81) 
4

0

0

0

1

sin(theta5)*sin(theta6)

 cos(theta5) - 1

TB

 
 
 
 

  
 
 
 
 

  

(81) 
5

0

0

0

0

1

0

TB

 
 
 
 

  
 
 
 
 

  

(82) 
6

0

0

0

0

0

1

TB

 
 
 
 

  
 
 
 
 

  

 دینامیکی سازی شبیه

 هتای  معادلته استتااد  کنتیم. بتا داشتتن      ،باید از مدار دینامیکی،دینامیکی بازوی مکانیکی ماهر سازی شبیهبرای 

 شتاب را حل کنیم. ینامیکید معادله یدبا سازی شبیهدینامیکی بسته برای 

(83) 1( )[ V( , ) G( ) F( , )]M            

آوردن  دستت  بته و  ،عددی را بترای انتگترا  گترفتن از شتتاب     گیری انتگرا هر یک از روش های  توانی یمسپس 

 بکار گیریم.،و سرعت های بعدی ها مکان
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 شود یمبه شکل زیر داد   معمولاًحرکت بازو که  اولیه شرایطبا داشتن 

(84) 
0(0)

(0) 0

 







  

عتتددی انتگترا  گرفتتت. روش هتای بستتیاری بتترای    صتورت  بتته tزمتانی   هتتای فاصتله ( در 24,2از ) تتتوان یمت 

اویلر را  گیری انتگرا عددی، به نام روش  گیری انتگرا روش  ینتر ساد وجود دارند. در اینجا  ،عددی گیری انتگرا 

ر محاستبه  و عبارت های زیتر را بته روش تکترا    ،آغاز t=0لحظه از  :کنیم یم ارائه، شود یمزیر انجام  صورت بهکه 

 .کنیم یم

(85) 
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(t t) (t) (t) t

1
(t t) (t) (t) t (t) t
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بتر اثتر    ، کته و شتتاب بتازو   ،سرعت . بدین ترتیب مکانشود یم حل ( برای محاسبه 29,2در هر تکرار معادله )

عددی محاستبه خواهنتد شتد. اگتر چته روش اویلتر        صورت بهگشتاور ورودی معین ایجاد شد  است،  اعما  تابع

آوردن جواب های دقیق با  دست بهموجودند که برای  تری پیچید  گیری انتگرا اما روش های  ،ماهومی ساد  دارد

کوچک انتخاب کرد که شکستتن   آن قدررا باید tمورد بحث است. tدار انتخاب مق .شوند یمباز  بالا توصیه 

 آن قدرباید t،دهد و از سوی دیگر دست به قبو  قابلتقریبی ،کوچک های فاصلهاین  ( بهزمان )که پیوسته است

 زمان محاسباتی زیادی صرف نکند.،سازی شبیهرای محاسبه یک بزرگ باشد که کامپیوتر ب

{نستبت بته چهتارچوب    Tحرکت چهتارچوب ابتزار }   صورت بهحرکات بازوی مکانیکی ماهر را  ،ها حالتدر بیشتر 

نهتایی از سیستتم نیتز در ذهتن      کنند  استااد در واقع همان ترکیبی است که  ینا .گیریم یم{در نر Sایستگا  }

 . کند یمخود رعایت 

 پیوست

 کد های نرم افزار متلب مورد استااد  در این پروژ 

function [R]=rot(axis,q) 

if axis==1 

    R=[1,0,0,0;0,cos(q),-sin(q),0;0,sin(q),cos(q),0;0,0,0,1]; 

elseif axis==2 

    R=[cos(q),0,sin(q),0;0,1,0,0;-sin(q),0,cos(q),0;0,0,0,1]; 

elseif axis==3 

    R=[cos(q),-sin(q),0,0;sin(q),cos(q),0,0;0,0,1,0;0,0,0,1]; 

else  
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    wrong axis 

    stop 

end 

 

function [H]=trans(axis,q) 

if axis==1 

    H=[1,0,0,q;0,1,0,0;0,0,1,0;0,0,0,1]; 

elseif axis==2 

    H=[1,0,0,0;0,1,0,q;0,0,1,0;0,0,0,1]; 

elseif axis==3 

    H=[1,0,0,0;0,1,0,0;0,0,1,q;0,0,0,1]; 

else 

    wrong axis 

    stop 

end 

 

clc;clear all;close all; 

syms L1 L2 L3 L4 m1 m2 m3 m4 positive; 

syms taw1 taw2 taw3 taw4 taw5 taw6 real; 

syms theta1 theta2 theta3 theta4 theta5 theta6 g real; 

syms dtheta1 dtheta2 dtheta3 dtheta4 dtheta5 dtheta6 real; 

syms ddtheta1 ddtheta2 ddtheta3 ddtheta4 ddtheta5 ddtheta6 real; 

qq=[theta1 theta2 theta3 theta4 theta5 theta6]'; 

dqq=[dtheta1 dtheta2 dtheta3 dtheta4 dtheta5 dtheta6]'; 

ddqq=[ddtheta1 ddtheta2 ddtheta3 ddtheta4 ddtheta5 ddtheta6]'; 

stat=[qq;dqq];dstat=[dqq;ddqq]; 

 

% Link 1 

h01=rot(3,theta1); 

R01=h01(1:3,1:3); 

w01=dtheta1*[0,0,1]'; 

rm11=[L1/2,0,0,1]'; 

r01=h01*rm11; 

r01=simplify(r01(1:3)); 

v01=simplify(jacobian(r01,stat)*dstat); 

I1=[0,0,0;0,m1*L1^2/12,0;0,0,m1*L1^2/12]; 

T1=m1*v01'*v01/2+w01'*I1*w01/2; 

U1=m1*g*r01(3); 

 

% Link 2 

h12=trans(1,L1)*rot(3,theta2); 

h02=h01*h12; 

R12=h12(1:3,1:3); 

w12=dtheta2*[0,0,1]'; 

w02=R12'*w01+w12; 

rm22=[L2/2,0,0,1]'; 

r02=h02*rm22; 

r02=simplify(r02(1:3)); 

v02=simplify(jacobian(r02,stat)*dstat); 

I2=[0,0,0;0,m2*L2^2/12,0;0,0,m2*L2^2/12]; 

T2=m2*v02'*v02/2+w02'*I2*w02/2; 

U2=m2*g*r02(3); 

 

% Link 3 

h23=trans(1,L2)*[1,0,0,0;0,0,-

1,0;0,1,0,0;0,0,0,1]*rot(3,theta3)*rot(1,theta4); 

h03=h02*h23; 
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R23=h23(1:3,1:3); 

w23=[dtheta4,0,dtheta3]'; 

w03=R23'*w02+w23; 

rm33=[L3/2,0,0,1]'; 

r03=h03*rm33; 

r03=simplify(r03(1:3)); 

v03=simplify(jacobian(r03,stat)*dstat); 

I3=[0,0,0;0,m3*L3^2/12,0;0,0,m3*L3^2/12]; 

T3=m3*v03'*v03/2+w03'*I3*w03/2; 

U3=m3*g*r03(3); 

 

 

% Link 4 

h34=trans(1,L3)*rot(3,theta5)*rot(1,theta6); 

h04=h03*h34; 

R34=h34(1:3,1:3); 

w34=[dtheta6,0,dtheta5]'; 

w04=R34'*w03+w34; 

rm44=[L4/2,0,0,1]'; 

r04=h04*rm44; 

r04=simplify(r04(1:3)); 

v04=simplify(jacobian(r04,stat)*dstat); 

I4=[0,0,0;0,m4*L4^2/12,0;0,0,m4*L4^2/12]; 

T4=m4*v04'*v04/2+w04'*I4*w04/2; 

U4=m4*g*r04(3); 

 

 

% Total Energy 

T=simplify(expand(T1+T2+T3+T4)); 

U=simplify(expand(U1+U2+U3+U4)); 

Lg=simplify(expand(T-U)); 

 

 

% Motion Equalation 

Lg_qd=jacobian(Lg,dqq)'; 

Lg_qd_t=simple(jacobian(Lg_qd,stat)*dstat); 

Lg_q=jacobian(Lg,qq)'; 

Eq_l=Lg_qd_t-Lg_q; 

M=simplify(jacobian(Eq_l,ddqq)); 

f=simplify(Eq_l-M*ddqq); 

 

Eq_r=jacobian(w01,dqq)'*[0,0,taw1-taw2]'+jacobian(w02,dqq)'*[0,-

taw3,taw2]'+jacobian(w03,dqq)'*[taw4-taw6,0,taw3-taw5]' 

+jacobian(w04,dqq)'*[taw6 0 taw5]'; 

B=simplify(jacobian(Eq_r,[taw1;taw2;taw3;taw4;taw5;taw6])); 

 


