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 𝑍ℎ

 𝐹ℎ

 𝑉ℎ

 𝑍𝑡  

 𝑍𝑒

 𝐹𝑒  

 𝑋𝑒

𝑍𝑡 

𝑍𝑒

𝑍𝑡 =  𝑍𝑒

𝐹𝑒 = 𝐹ℎ

𝑉𝑒 = 𝑉ℎ

[
𝐹ℎ(𝑠)

𝑉ℎ(𝑠)
] = [

𝐻11(𝑠) 𝐻12(𝑠)

𝐻21(𝑠) 𝐻22(𝑠)
] [
𝑉𝑒
−𝐹𝑒

]

[
0 1
−1 0

]



 

 𝐻11(𝑠) 

𝐹𝑒(𝑠) = 0

 𝐻12(𝑠)

 𝐻21(𝑠)

 𝐻22(𝑠)

𝑉ℎ(𝑠) = 0

 𝐻11 𝐻22

 𝐻11 𝐻22

 𝑠 = 𝑗𝑤 𝑤

𝑅𝑒(𝐻11) ≥ 0 𝑅𝑒(𝐻22) ≥ 0

2𝑅𝑒(𝐻11)𝑅𝑒(𝐻22) − 𝑅𝑒(𝐻11𝐻22) − |𝐻11𝐻22| ≥ 0

 



 

 

 

 𝑍ℎ



 

𝐹ℎ
∗

 

 

 

  𝑍𝑒

𝐹𝑒
∗

𝐷 = −𝐶3𝐶4 + 𝑧𝑡𝑠(1 + 𝐶6) 𝑑𝑜𝑣𝑒 𝑧𝑡𝑠 = 𝑧𝑠 + 𝐶𝑠

𝐻11 = (𝑧𝑡𝑠𝑧𝑡𝑚 + 𝐶1𝐶4)/𝐷

𝐻12 = [𝑧𝑡𝑠𝐶2 − (1 + 𝐶5)𝐶4]/𝐷

𝐻21 = −[𝑧𝑡𝑚𝐶3 + (1 + 𝐶6)𝐶1]/𝐷

𝐻22 = −[𝐶2𝐶3 − (1 + 𝐶5)(1 + 𝐶6)]/𝐷

 𝐶1 = 𝑧𝑡𝑠, 𝐶2 = 1 +

𝐶6, 𝐶3 = 1 + 𝐶5 𝑒 𝐶4 = −𝑧𝑡𝑚



 

𝐻𝑃𝐸𝐵 =

[
 
 
 𝑧𝑚 +

𝑐𝑚𝑧𝑠
𝑧𝑡𝑠

𝑐𝑚
𝑧𝑡𝑠

−
𝑐𝑠
𝑧𝑡𝑠

1

𝑧𝑡𝑠]
 
 
 
 𝑐𝑜𝑛 𝑧𝑡𝑠 = 𝑐𝑠 + 𝑧𝑠 𝑒 𝑧𝑡𝑚 = 𝑐𝑚 + 𝑧𝑚



 

𝐻𝐹𝑅 = [

𝑧𝑚 1

−
𝑐𝑠
𝑧𝑡𝑠

1

𝑧𝑡𝑠

]



 

𝑓𝑚 = (𝑚𝑚𝑠
2 + 𝑏𝑚𝑠)𝑥𝑚

𝑓𝑠 = (𝑚𝑆𝑠
2 + 𝑏𝑠𝑠)𝑥𝑠

𝑓𝑚 = 𝑓ℎ − 𝑓𝑚𝑐

𝑓𝑠 = 𝑓𝑒 + 𝑓𝑠𝑐

 𝑓ℎ 𝑓𝑒

𝑓𝑚𝑐 𝑓𝑠𝑐

 

 



 

𝑐2 − 𝑐3
2(𝑏𝑚 + 𝑐𝑚)

1

2𝑔𝑐𝑘𝑐

𝑏𝑚 + 𝑘𝑐𝑇

𝑏𝑚𝑘𝑐(1 + 𝑔𝑐)
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 𝑂𝑏 − 𝑥𝑏𝑦𝑏𝑧𝑏

𝑇𝑒
𝑏(𝑞) =  [𝑛𝑒

𝑏(𝑞) 𝑠𝑒
𝑏(𝑞) 𝑎𝑒

𝑏(𝑞)
0 0 0

    𝑝𝑒
𝑏(𝑞)
0

]

𝐴𝑖
𝑖−1(𝑞𝑖)  𝑖 = 1,2,…… ,𝑛

𝐴𝑖
𝑖−1(𝑞𝑖) 

𝐴𝑖
𝑖−1(𝑞𝑖)  =  𝑅𝑧,𝜗𝑖  ∙ 𝑇𝑟𝑎𝑛𝑠𝑧,𝑑𝑖  ∙ 𝑇𝑟𝑎𝑛𝑠𝑥,𝑎𝑖  ∙ 𝑅𝑥,𝛼𝑖

𝜗𝑖 , 𝑎𝑖 , 𝑑𝑖 , 𝛼𝑖

𝑎𝑖 , 𝜗𝑖 , 𝑑𝑖 , 𝛼𝑖



 

𝐴𝑖
𝑖−1(𝑞𝑖)

𝑇𝑒
𝑏(𝑞) =  𝑇0

𝑏(𝑞) ∙ [𝐴1
0(𝑞1) ∙ 𝐴1

1(𝑞2) ∙ … ∙ 𝐴𝑛
𝑛−1(𝑞𝑛)] ∙ 𝑇𝑒

𝑛(𝑞)

𝒅𝒊(𝒎) 𝒂𝒊(𝒎) 𝜶𝒊(𝒓𝒂𝒅) 𝝑𝒊(𝒓𝒂𝒅)

−
𝜋

2
ϑ1

𝜋 ϑ2 −
𝜋

2

−
𝜋

2
ϑ3 −

𝜋

2
𝜋

2
ϑ4

−
𝜋

2
ϑ5

ϑ6



 

 

 



 

 𝐽(𝑞),

𝑣 = [
𝑝̇
𝜔
] = 𝐽(𝑞)𝑞̇

 

 

 

               𝑠𝑖𝑛 (𝜃3) = 0                                         𝐞𝐥𝐛𝐨𝐰 𝐬𝐢𝐧𝐠𝐮𝐥𝐚𝐫𝐢𝐭𝐲

𝑎2 cos(𝜃2) + 𝑑4 cos(𝜃3 + 𝜃2) = 0                      𝐬𝐡𝐨𝐮𝐥𝐝𝐞𝐫 𝐬𝐢𝐧𝐠𝐮𝐥𝐚𝐫𝐢𝐭𝐲

     𝜃5 = 0, 𝜋                                               𝐰𝐫𝐢𝐬𝐭 𝐬𝐢𝐧𝐠𝐮𝐥𝐚𝐫𝐢𝐭𝐲 



 

 

 

 

 

 



 

 



 

 

 

𝑇6
0

𝑝𝑤(𝑞1, 𝑞2, 𝑞3) = 𝑝 − 𝑑6𝑎

𝑝 = 𝑇6
0(1: 3,4)

𝑎 = 𝑇6
0(1: 3,3)



 

  𝑞1, 𝑞2, 𝑞3

 𝑞1

𝒒𝟏,𝟏 = 𝒂𝒕𝒂𝒏𝟐(𝒑𝒘,𝒚, 𝒑𝒘,𝒙)

𝒒𝟏,𝟐 = 𝝅−  𝒂𝒕𝒂𝒏𝟐(𝒑𝒘,𝒚, 𝒑𝒘,𝒙)

 𝑞1

 𝑞2, 𝑞3

𝑐3 =
𝑝𝑤,𝑥
2 + 𝑝𝑤,𝑦

2 + 𝑝𝑤,𝑧
2 − 𝑎2

2 − 𝑑4
2

2𝑎2𝑑4
 

𝑠3,1 = +√1 − 𝑐3
2;  𝑠3,2 = −√1 − 𝑐3

2

𝑠2,1 =
(𝑎2 + 𝑑4𝑐3)(𝑝𝑤,𝑧 − 𝑑1) + 𝑑4𝑠3,2√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2

𝑝𝑤,𝑥
2 + 𝑝𝑤,𝑦

2 + 𝑝𝑤,𝑧
2



 

𝑠2,2 =
(𝑎2 + 𝑑4𝑐3)(𝑝𝑤,𝑧 − 𝑑1) − 𝑑4𝑠3,2√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2

𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑝𝑤,𝑧2

𝑠2,3 =
(𝑎2 + 𝑑4𝑐3)(𝑝𝑤,𝑧 − 𝑑1) − 𝑑4𝑠3,1√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2

𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑝𝑤,𝑧2

𝑠2,4 =
(𝑎2 + 𝑑4𝑐3)(𝑝𝑤,𝑧 − 𝑑1) + 𝑑4𝑠3,1√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2

𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑝𝑤,𝑧2

𝑐2,1 =
−(𝑎2 + 𝑑4𝑐3)√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑑4𝑠3,2(𝑝𝑤,𝑧 − 𝑑1)

𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑝𝑤,𝑧2

𝑐2,2 =
(𝑎2 + 𝑑4𝑐3)√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑑4𝑠3,2(𝑝𝑤,𝑧 − 𝑑1)

𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑝𝑤,𝑧2

𝑐2,3 =
−(𝑎2 + 𝑑4𝑐3)√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑑4𝑠3,1(𝑝𝑤,𝑧 − 𝑑1)

𝑝𝑤,𝑥
2 + 𝑝𝑤,𝑦

2 + 𝑝𝑤,𝑧
2

𝑐2,4 =
(𝑎2 + 𝑑4𝑐3)√𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑑4𝑠3,1(𝑝𝑤,𝑧 − 𝑑1)

𝑝𝑤,𝑥2 + 𝑝𝑤,𝑦2 + 𝑝𝑤,𝑧2

𝒒𝟑,𝟏 = 𝒂𝒕𝒂𝒏𝟐(𝒔𝟑,𝟏, 𝒄𝟑);            𝒒𝟑,𝟐 = 𝒂𝒕𝒂𝒏𝟐(𝒔𝟑,𝟐, 𝒄𝟑)

𝒒𝟐,𝟏 = 𝒂𝒕𝒂𝒏𝟐(𝒔𝟐,𝟏, 𝒄𝟐,𝟏);            𝒒𝟐,𝟐 = 𝒂𝒕𝒂𝒏𝟐(𝒔𝟐,𝟐, 𝒄𝟐,𝟐)

𝒒𝟐,𝟑 = 𝒂𝒕𝒂𝒏𝟐(𝒔𝟐,𝟑, 𝒄𝟐,𝟑);            𝒒𝟐,𝟒 = 𝒂𝒕𝒂𝒏𝟐(𝒔𝟐,𝟒, 𝒄𝟐,𝟒)

 𝑇3
0(𝑞1, 𝑞2, 𝑞3)

𝑇3
0 𝑇6

0  𝑇6
3

 𝑇6
0 =  𝑇3

0 ∙  𝑇6
3

 𝑇6
3 = ( 𝑇3

0)−1  ∙   𝑇6
0 =  𝑇0

3  ∙  𝑇6
0 



 

 𝑅6
3 

 𝑅6
3 = ⌈

𝑛𝑥
3 𝑠𝑥

3 𝑎𝑥
3

𝑛𝑦
3 𝑠𝑦

3 𝑎𝑦
3

𝑛𝑧
3 𝑠𝑧

3 𝑎𝑧
3

⌉

{
 
 

 
 𝑞4 = 𝑎𝑡𝑎𝑛2(𝑎𝑦

3 , 𝑎𝑥
3)

𝑞5 = 𝑎𝑡𝑎𝑛2(√(𝑎𝑥
3)2 + (𝑎𝑦

3)
2
 , 𝑎𝑧

3)

𝑞6 = 𝑎𝑡𝑎𝑛2(𝑠𝑧
3, −𝑛𝑧

3),    𝑖𝑓 𝑞5 𝜖 (0, 𝜋)

  

{
 
 

 
 𝑞4 = 𝑎𝑡𝑎𝑛2(−𝑎𝑦

3 , −𝑎𝑥
3)

𝑞5 = 𝑎𝑡𝑎𝑛2(−√(𝑎𝑥
3)2 + (𝑎𝑦

3)
2
 , 𝑎𝑧

3)

𝑞6 = 𝑎𝑡𝑎𝑛2(−𝑠𝑧
3, 𝑛𝑧

3),    𝑖𝑓 𝑞5 𝜖 (−𝜋, 0)



 

 

 



 

®

®



 

®

®



 

®



 



 

𝒅𝒊(𝒎) 𝒂𝒊(𝒎) 𝜶𝒊(𝒓𝒂𝒅) 𝝑𝒊(𝒓𝒂𝒅)

ϑ1
π

2
ϑ2

ϑ3
π

2
ϑ4

−
π

2
ϑ5

π

2
ϑ6

 ®

 

 



 



 



 

ARM_JOINT_BY_JOINT_PACKET 

ARM_WORLD_COORDINATE_PACKET 



 





 



 



 

𝑞̇𝑠(𝑡) = 𝐾𝑝𝑒𝑠(𝑡) + 𝐾𝑖∫ 𝑒𝑠(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑𝑒𝑠(𝑡)

𝑑𝑡

𝑇

0

  𝑤ℎ𝑒𝑟𝑒  𝑒𝑠(𝑡) = 𝑞𝑠(𝑡) − 𝑞𝑠(𝑡 − 1)

 

̇

 𝐾𝑝, 𝐾𝑖 𝐾𝑑 

 

 

 



 

 

 



 



 



 



 



 

– 

– 

0.3041m 40𝐻𝑧

 𝐾𝑝, 𝐾𝑖 𝐾𝑑



 

 𝐾𝑝 = 1.5  𝐾𝑖 = 0.02 𝐾𝑑 = 0.001

 𝐾𝑝 = 1.5  𝐾𝑖 = 0.02 𝐾𝑑 = 0.01

 𝐾𝑝 = 1.5  𝐾𝑖 = 0.02 𝐾𝑑 = 0.1



 

 𝐾𝑝 = 1.5  𝐾𝑖 = 0.02 𝐾𝑑 = 0.01

 𝐾𝑝 = 2.0  𝐾𝑖 = 0.08 𝐾𝑑 = 0.01

 𝐾𝑝 = 2.0  𝐾𝑖 = 0.02 𝐾𝑑 = 0.01



 

 𝐾𝑝 = 2.0  𝐾𝑖 = 0.08 𝐾𝑑 = 0.05

 𝐾𝑝 = 2.0  𝐾𝑖 = 0.08 𝐾𝑑 = 0.1

 𝐾𝑝 = 2.5  𝐾𝑖 = 0.08 𝐾𝑑 = 0.1



 

 𝐾𝑝 = 2.5  𝐾𝑖 = 0.1 𝐾𝑑 = 0.1

 𝐾𝑝 = 3.0  𝐾𝑖 = 0.1 𝐾𝑑 = 0.1

 𝐾𝑝 = 3.0  𝐾𝑖 = 0.1 𝐾𝑑 = 0.3



 

 𝐾𝑝 = 3.0  𝐾𝑖 = 0.2 𝐾𝑑 = 0.1



 



 



 



 



 



 



 



 

 



 

 

 





“ ”

“ – ”

“ ”

http://zimmer.csufresno.edu/~yogao/ATLAS/CERN-LHC-ATLAS.html
http://zimmer.csufresno.edu/~yogao/ATLAS/CERN-LHC-ATLAS.html
http://home.web.cern.ch/about
http://home.cern/about/accelerators
http://home.web.cern.ch/topics/large-hadron-collider
http://cds.cern.ch/record/1092437/files/CERN-Brochure-2008-001-Eng.pdf
http://cds.cern.ch/record/1092437/files/CERN-Brochure-2008-001-Eng.pdf
http://home.cern/about/experiments/alice
http://home.cern/about/experiments/atlas
http://home.cern/about/experiments/lhcb
http://home.cern/about/experiments/cms
http://home.cern/about/experiments
http://cerncourier.com/cws/article/cern/54384


http://environmental-impact.web.cern.ch/environmental-impact/en/Radiation/Radiation-en.html
http://environmental-impact.web.cern.ch/environmental-impact/en/Radiation/Radiation-en.html


–

’

–

https://en.wikipedia.org/wiki/Haptic_technology


–

http://mobile.schunk-microsite.com/fileadmin/user_upload/broshures/SCHUNK_Technical_data_LWA4P.pdf
http://mobile.schunk-microsite.com/fileadmin/user_upload/broshures/SCHUNK_Technical_data_LWA4P.pdf
http://mobile.schunk-microsite.com/fileadmin/user_upload/broshures/SCHUNK_Technical_data_LWA4P.pdf
http://mobile.schunk-microsite.com/fileadmin/user_upload/pdf/SCHUNK_technical_data_PG-plus-70_01.pdf
http://mobile.schunk-microsite.com/fileadmin/user_upload/pdf/SCHUNK_technical_data_PG-plus-70_01.pdf
http://mobile.schunk-microsite.com/fileadmin/user_upload/pdf/SCHUNK_technical_data_PG-plus-70_01.pdf


® ™

® ™

http://www.geomagic.com/download_file/view/3685/7839/
http://www.geomagic.com/en/products/phantom-omni/speci_cations/
http://www.geomagic.com/en/products/phantom-omni/speci_cations/
http://www.geomagic.com/files/9913/4858/2409/OpenHaptics_datasheet_hi.pdf
http://www.geomagic.com/files/9913/4858/2409/OpenHaptics_datasheet_hi.pdf
http://openrave.org/docs/0.8.2/openravepy/ikfast/
http://openrave.org/



