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¹Ø¼ǘÊ : ÈáÐÔÈý×ø±ê²âÁ¿±Û;Èý×ø±ê²âÁ¿»ú ;±ê¶¨

ÖÐÍ¼·ÖÀàºÅ : T H115 ¡¡ÎÄÏ×±êÊ¶Âë: A ¡¡ÎÄÕÂ±àºÅ : 0253O987X (2006) 03O0284O05

Cal ibrat ion Technology of a Flexible Coor dinate Measur ing Ar m

Wang Pingping , Fei Yetai , L i n Shenwang
(1. School of Inst rumentation Science and Opto2Elect ronic Engineering , Hefei Universi ty of Technology , Hefei 230009 , China;

2. Dept of Indust rial Engineering and Management , Far2East Insti tute of Technology , Tainan 700 , China)

Abstract : A special f lexi ble measuri ng arm was proposed , the concerned mechanical st ructure ,

measuri ng equation and the li near measuri ng errors model were di scussed. Accordi ng to the

standard provided by a high2accuracy orthogonal coordi nate measuri ng machine(CMM) , the least2

square parameters identif ication method i s adopted to cali brate the f lexi ble measuri ng arm. The

problem due to the non2perf ect coi ncidence of the base coordi nate f rame of the f lexi ble measuri ng

arm with the coordi nate f rame of CMM was solved. The resul t s show that the accuracy of the

measuri ng arm i s i ncreased up to 20 times wi th the aid of the cali bration.
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µãÖ÷Òª¼ ȪÐÔÚÕý½»Ê½×ø±ê²âÁ¿Ïµ Í³ ÉÏ [ 1 ] ,ÕâÊÇ×î Îª

³£¼ûµÄÒ»ÖÖ́®ÁªÊ½ÔË¶¯ »ú¹¹ ×ø±êÏµ ,¶ø¶ÔÁíÒ»ÖÖ́®

ÁªÊ½µÄÔË¶¯ ×ø±êÏµ ¡ª¡ª¡ªÈáÐÔ¹Ø½ÚÊ½×ø±ê²â Á¿±Û,Ôò

Ïà ¶ÔÑÐ¾¿µÄ½ÏÉÙ. 1986 ÄêÈÕ±¾Ð¡ÚæÑÐ¾¿ËùÌá ³ö ÁË¹Ø

½ÚÊ½×ø±ê²â Á¿»ú[ 2 ] ,1996 ÄêµÂ¹ú Ñ§ÕßWerner [ 3 ] Ìá

³öÁËË«¹Ø½ÚScanMax ÐÍ×ø±ê²âÁ¿»ú ,¶ỐË¹úÄÚÓÐ¹Ø

¸ßÐ£Ò²ÓÐÏà ¹ØµÄÑÐ¾¿[ 4 ] . Îª ÁËÌá ¸ß²â Á¿±ÛµÄÕûÌå ²â

Á¿¾«¶È,±ØÐëÔÚÊ¹ÓÃÖ®Ç°¶ÔÆä½øÐÐ±ê¶¨ . ÓÉÓÚÕâÖÖÈá

ÐÔ¹Ø½ÚÊ½×ø±ê²âÁ¿±ÛÓë¹¤ÒµÖÐ³£¼ûµÄ»úÐµÊÖÓÐÒ»¶¨

µÄÏà ËǼ¦ ,Òò́Ë¹¤ Òµ»úÆ÷ÈËµÄÎ» ×Ë±ê¶¨ ·½·¨ [ 5 ,6 ] Ò²

ÊÇÑÐ¾¿µÄÈÈµãÖ®Ò». Î» ×Ë±ê¶¨ ·½·¨ ÓÐºÜ¶àÖÖ,ÎÄ Ï×

[ 7]¸ø³öÁËÒ»ÖÖ»ùÓÚÈý×ø±ê²âÁ¿»úµÄ±ê¶¨ ·½·¨ ,ÎÄÏ×

[ 8 ,9]¸ø³öÁË¹âÑ§±ê¶¨ ·½·¨ ,ÎÄÏ× [ 10 ,11 ] ·Ö±ð̧ ø³ö

ÁËÒ»ÖÖ»ùÓÚÆ½ÃæºÍ ¾àÀëµÄ±ê¶¨ ·½·¨ ,»¹ ÓÐÀûÓÃ×ÔÐÐ

ÑÐÖÆµÄÌØÊâ×°ÖÃ½øÐÐ±ê¶¨ µÄ·½·¨ [ 12] . ±¾ÎÄµÄÑÐ¾¿½è

¼øÁË¹¤Òµ»úÆ÷ÈËµÄÍ¨ ÓÃ±ê¶¨ ·½·¨ ,¸ø³ö ÁË»ùÓÚ̧ß¾«

¶ÈÕý½»Èý×ø±ê²âÁ¿»úµÄ±ê¶¨ ·½·¨ ,Í¬ Ê±¶Ô̧Ã±ê¶¨ ·½

·¨ ½øÐÐÁËÊµÀý·ÖÎö .
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1 ¡¡ÈáÐÔÈý×ø±ê²âÁ¿±ÛµÄ»úÐµ½á¹¹ ¼°ÔË
¶¯Ä£ÐÍ

Í¼ 1 ¸ø³ö ÁËÒ»ÖÖÈáÐÔÈý×ø±ê²â Á¿±ÛµÄ»úÐµ½á

¹¹ ,¸Ã²âÁ¿±ÛÓÉ6 ¸öÐý×ª¹Ø½Ú×é³É ,ÔÚÃ¿̧ö¹Ø½ÚÖÐ¶¼

°² ×°ÓÐ½Ç¶È±àÂëÆ÷,¹Ø½ÚÓë¹Ø½ÚÖ®¼äÓÉ³¤ ¶È²» Í¬ µÄ

¸Ë¼þÁ¬½Ó¶ø³É²¢ ÐÎ³ÉÒ»̧ö ¿Õ¼ä¿ªÁ´Á¬̧Ë»ú¹¹ . ÓÉ6

¸ö½Ç¶È±àÂëÆ÷̧ø³öÁȨ̈÷¸ö¹Ø½ÚµÄÏà ¶Ô×ª¶¯ Á¿¦Èi ( i =

1 ,2 , ¡­ ,6) ,´Ó¶ø¾ö¶¨ ÁË²â Í· µÄÎ» ÖÃ. ÔÚ̧Ã²â Á¿±ÛµÄ

»ù×ùÉÏ½ Á̈¢Ïà ¶Ô¹Ì ¶¨ µÄ×ø±êÏµ , ¸ø³ö ²â Í· ÔÚ̧Ã×ø±ê

Ïµ ÖÐµÄ×ø±ê,¼ µ́Ãµ½²âÁ¿Ïµ Í³ µÄ²âÁ¿·½³Ì . ÔÚÀíÏë Çé

¿öÏÂ ,Ïà ÁÚÁ½¹Ø½ÚµÄÐý×ªÖáÏßÓ¦ÊÇ¾ø¶Ố¹ Ö±µÄ,µ«ÔÚ

Êµ¼ÊÇé¿öÏÂ ,Ïà ÁÚÁ½¹Ø½ÚÖáÏßÍù Íù ²»Ïà ½»ÓÚÒ»µã ,¶ø

ÇÒ²»»áÍê È«ÑÏ¸ñµǾ¹ Ö±,Õâ¾Í»á¸øÈ·¶¨ Ïµ Í³ ×î ÖÕµÄ

²âÁ¿·½³Ì ´øÀ´À§ÄÑ,½â¾öÕâÐ©À§ÄÑ¿É½èÓÃÔÚ»úÆ÷ÈË

ÑÐ¾¿ÖÐÔËÓÃ³ÉÊìµÄD2H ·½·¨ [ 13 ] . ¸Ã·½·¨ Õë¶Ô2 ¸ö

»¥Ïà Á¬½ÓÇÒÏà ¶ÔÔË¶¯ µÄ¹¹ ¼þ½ Á̈¢ÁË2 ¸ö ÌØÊâ×ø±ê

Ïµ ,Ã¿̧ö×ø±êÏµ º¬ÓÐ4 ¸ö ¼ º̧Î ²Î Êý,Èç±í 1 ËùÊ¾. ¶Ô

ÓÚÏà ÁÚ¹Ø½ÚÖáÏßÃûÒåÉÏ´¹ Ö±µÄ¿Õ¼ä¿ªÁ´Á¬̧Ë»ú¹¹ ,

D2H ±íÊ¾·½·¨ ÊÇ×î ºÏ ÊÊµÄ[ 14 ] , ²â Á¿±ÛÏµ Í³ ×ø±ê×ª

»»ÈçÍ¼2 ËùÊ¾,±í 1 ¸ø³öÁȨ̈Ã²âÁ¿±ÛD2H ±íÊ¾·½·¨

ÖÐ̧Ë¼þµÄ¼ º̧Î ²Î Êý, ²¢ ÔÚÍ¼ 2 ÖÐ±ê³ö ÁȨ̈÷¸ö Ãû³ÆÖµ

¡¡

±í 1 ¡¡ÈáÐÔÈý×ø±ê²âÁ¿±Û̧÷²Î ÊýÉè¼ÆÖµ

²Î Êý i = 1 i = 2 i = 3 i = 4 i = 5 i = 6

Å¤×ª½Ç¶È¦Ái / (¡ã) - 90 90 - 90 90 - 90 90

Êµ¼Ȩ̂Ë³¤ l i / mm 0 90 0 90 0 0

¹Ø½ÚÆ«ÖÃdi / mm 0 0 550 0 550 0

²âÍ· ³¤¶È l/ mm 100 0 0 0 0 0

Í¼ 1 ¡¡6 ×ÔÓÉ¶ÈÈáÐÔÈý×ø±ê²âÁ¿±Û½á¹¹ ¼òÍ¼

Í¼ 2 ¡¡¹Ø½ÚÊ½×ø±ê²âÁ¿»úµÄ×ø±ê×ª»»

²» Îª 0 µÄ¼ º̧Î ²Î Êý. ÓÉ́ËµÃ³öÏµ Í³ µÄ²âÁ¿ÖµÎª

P =

xP

yP

zP

1

=

cos¦È1 0 - si n¦È1 0

sin¦È1 0 cos¦È1 0

0 - 1 0 d1

0 0 0 1

¡¤

cos¦È2 0 sin¦È2 - l2cos¦È2

sin¦È2 0 - cos¦È2 - l2 si n¦È2

0 1 0 0

0 0 0 1

¡¤

cos¦È3 0 - si n¦È3 0

sin¦È3 0 cos¦È3 0

0 - 1 0 d3

0 0 0 1

¡¤

cos¦È4 0 sin¦È4 l4cos¦È4

si n¦È4 0 - cos¦È4 l4 si n¦È4

0 1 0 0

0 0 0 1

¡¤

cos¦È5 0 - si n¦È5 0

sin¦È5 0 cos¦È5 0

0 - 1 0 d5

0 0 0 1

lsi n¦È6

- lcos¦È6

0

1

(1)

Ê½ÖÐ: xP ¡¢yP ¡¢zP Îª ²â Í· ÔÚ»ù×ù×ø±êÏµ ÖÐµÄ×ø±ê. ²É

ÓÃ¼òÂÔ±íÊ¾·½·¨ ,±ê¶¨ µÄÄ¿±ê¾ÍÊÇÔÚ»úÆ÷×ÜÌå ¸ø¶¨

µÄ¾«¶È·¶ Î§ ÄÚ¾«È·µØÈ·¶¨ ¸÷¸ö²Î ÊýÖµ. ÓÉÓÚÊ½(1) Ëù

´úÈëµÄ¶¼ÊÇ̧÷¸ö²Î ÊýµÄÃû³ÆÖµ,ÏÔÈ»ÊÇ²»¾«È·µÄ,Òò

´ËÓÐ±ØÒªÍÆµ¼²âÍ· Î» ÖÃÏµ Í³ µÄÎó ²î ±í ´ï Ê½.
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2 ¡¡²âÍ· Î» ÖÃÏµ Í³ Îó ²î Ä£ÐÍ

ÈáÐÔÈý×ø±ê²âÁ¿±ÛµÄ²âÍ· Î» ÖÃÏµ Í³ Îó ²î Ä£ÐÍÓë

»úÆ÷ÈËÄ©¶ËÖ Ð́ÐÆ÷µÄÎ» ÖÃÎó ²î Ä£ÐÍÏà ËÆ, ²¢ ÓÐÏß ÐÔ

Ä£ÐÍ[ 15 ] Óë·ÇÏßÐÔÄ£ÐÍ[ 16 ] ,±¾ÎÄ¸ù¾ÝÊµ¼ÊÇé¿ö²ÉÓÃÏß

ÐÔÄ£ÐÍ. ´ÓÊ½(1) ÖÐ¿ÉµÃ

¦¤ P = ¡Æ
6

i = 1

5 P
5¦Èi

¦¤¦Èi + ¡Æ
6

i = 1

5 P
5¦Ái

¦¤¦Ái + ¡Æ
6

i = 1

5 P
5l i

¦¤ l i +

¡Æ
6

i = 1

5 P
5di

¦¤ di + 5 P
5l

¦¤ l (2)

´ÓÊ½(1) ¡¢Ê½(2) ÖÐ¿É¿´³ö ,D2H ±í Ê¾·½·¨ µÄÃ¿Ò»̧ö

ÆǽÎ ×ª»»¾ØÕó́æÔÚ4 ¸ö ²Î Êý,Ò²¾Íº¬ÓÐ4 ¸ö ²Î ÊýÎó

²î ,ÕâÑù²âÍ· Î» ÖÃ×Ü¹² º¬ÓÐ24 Ïî Ïµ Í³ Îó ²î ,ÔÙ¼ÓÉÏ

²âÍ· ³¤¶ÈÎó ²î ,Ò»¹² 25 Ïî Ïµ Í³ Îó ²î ²Î ÊýÐèÒª±ê¶¨ .

ÐèÒªÖ ³̧öµÄÊÇ,½Ç¶È±àÂëÆ÷µÄ¶ÁÊýÎó ²î °üº¬¹Ø½ÚÁã

Î» Æ«ÖÃÎó ²î ,µ«ÓÉÓÚËùÉè¼ÆµÄ²âÁ¿±Û½á¹¹ µÄÌØÊâÐÔ,

¦¤¦È0 È´²»º¬ÁãÎ» Æ«ÖÃÎó ²î ,Ö»º¬±àÂëÆ÷×ÔÉíµÄ²â Á¿

Ïµ Í³ Îó ²î .

3 ¡¡±ê¶¨Ä£ÐÍ¼°·½·¨

´« Í³ µÄÕý½»Èý×ø±ê²â Á¿»ú¾ßÓÐ½Ï̧ ßµÄ²â Á¿¾«

¶È,ÀýÈç MC850 Èý×ø±ê²â Á¿»ú³¤ ¶ÈµÄ²â Á¿²» È·¶¨

¶ÈÎª (412 + 5 l/ 1 000) ¦Ì m ,±»²â ³¤¶ÈµÄ¾«¶È±ÈÈáÐÔ

Èý×ø±ê²âÁ¿±Û̧ß³ö 10 ±¶¶à ,Òò́ËÍê È«¿ÉÊ¹ÓÃÕý½»Èý

×ø±ê²âÁ¿»ú½øÐÐ±ê¶¨ .

Í¼2 ÖÐËùÊ¾µÄ×ø±êÏµ o0 x0 y0 z0 Îª ÈáÐÔÈý×ø±ê

²âÁ¿±ÛµÄ»ù×¼×ø±êÏµ ,¶ø×ø±êÏµ ow x w y w zw Îª Õý½»

Èý×ø±ê²âÁ¿»úËù½ Á̈¢µÄ×ø±êÏµ . ÓÉÓÚÕý½»Èý×ø±ê²â

Á¿»úÔÚ²âÁ¿¹¤¼þÊ±,¿ÉÒÔÁé»î ½ Á̈¢¹¤¼þ×ø±êÏµ ,Òò́Ë

ÔÚ½ Á̈¢ow x w y w zw Ê±,¿ÉÊ¹ÆäÓëo0 x0 y0 z0 ¾¡Á¿½Ó½ü

ÖØºÏ ,µ«Òª×öµ½Íê È«ÖØºÏ ÊÇ²»¿ÉÄÜµÄ,ÔÚÁ½×ø±êÏµ Ê®

·Ö½Ó½üµÄÇé¿öÏÂ ,¿ÉÒÔ½«×ø±êÏµ o0 x0 y0 z0 µ½×ø±êÏµ

ow x w y w zw µÄ×ª»»±íÊ¾Îª

T
w

0 =

1 - ¦Äz ¦Äy d x

¦Äz 1 - ¦Äx d y

- ¦Äy ¦Äx 1 dz

0 0 0 1

(3)

Ê½ÖÐ:¦Äx ¡¢¦Äy ¡¢¦Äz ¡¢dx ¡¢dy ¡¢dz ·Ö±ðÎª ×ø±êÏµ o0 x0 y0 z0 Ïà

¶ÔÓÚow x w y w zw µÄx ¡¢y ¡¢z ÈýÖáµÄÎ¢ Ð¡×ª¶¯ Á¿¼°Ô­µã

µÄÎ¢ Ð¡ÒÆ¶¯Á¿. Îª ÁËµÃµ½ÈáÐÔÈý×ø±ê²â Á¿±Û²â Í· ÔÚ

ow x w y w zw ÖÐµÄ×ø±ê,¿ÉÒÔÊ¹ÓÃ³¤ ¶ÈÏà ËÆµÄ¡¢Ò»¶Ë́ ø

ÓÐ±ê×¼ÇòÌå µÄ°ôÌå ´ú ÌæÈáÐÔÈý×ø±ê²â Á¿±ÛµÄ²â Í· ,

°ôµÄÒ»¶Ëµ½±ê×¼ÇòÌå ÇòÐÄµÄ¾àÀëÎª ²â Í· ³¤ ¶È(¼ûÍ¼

3) ,±ê¶¨ËùÓÃµÄ°ôÌå ½á¹¹ Óë²â Á¿±Û²â Í· ½á¹¹ »ù±¾Ïà

Í¬ ,¿É·½±ãµØ½øÐÐ»¥»»°² ×° . Ã¿́Î ²â Á¿Ê±, ¹Ì ¶¨ ºÃÈá

ÐÔÈý×ø±ê²âÁ¿±ÛµÄ×ËÌ¬ ,Ê¹ÓÃÕý½»×ø±ê²â Á¿»úÔÚ±ê

×¼ÇòÌå ÉÏÉ¨ÃèÈ¡µã ,²¢ÄâºÏ ³öÇòÐÄµÄÎ» ÖÃ×ø±ê,¼ Î́ª

ÈáÐÔÈý×ø±ê²âÁ¿±Û²âÍ· ÔÚow x w y w zw ÖÐµÄ×ø±êÖµ

Pw - P = T
w
0 ( P + ¦¤ P) - P = ( T

w
0 - E) P +

T
w
0¦¤ P = ( T

w
0 - E) P + ¦¤ P + ( T

w
0 - E)¦¤ P (4)

Ê½ÖÐ: E Îª µ¥Î» ¾ØÕó,ÇÒ( T
w
0 - E)¦¤ P º¬ÓÐ2 Ïî Î¢ Ð¡

Á¿µÄ³Ë»ý¿ÉºöÂÔ. Òò́Ë ,¿ÉµÃµ½ÏßÐÔ±ê¶¨Ä£ÐÍ

Pw - P =

0 - 1 0 0

1 0 0 0

0 0 0 0

0 0 0 0

P¦Äz +

0 0 1 0

0 0 0 0

- 1 0 0 0

0 0 0 0

P¦Äy +

0 0 0 0

0 0 - 1 0

0 1 0 0

0 0 0 0

P¦Äx +

0 0 0 1

0 0 0 0

0 0 0 0

0 0 0 0

Pd x +

0 0 0 0

0 0 0 1

0 0 0 0

0 0 0 0

Pd y +

0 0 0 0

0 0 0 0

0 0 0 1

0 0 0 0

Pdz + ¦¤ P (5)

¡¡ ¡¡ ¡¡ (a) ²âÁ¿±Û²â Í· (b) ´ø±ê×¼ÇòµÄ°ôÌå

Í¼ 3 ¡¡²âÁ¿±Û²â Í· Óë±ê¶¨ ËùÓÃµÄ°ôÌå ½á¹¹

4 ¡¡²âÁ¿Êý¾ÝµÄ²É¼ ¼̄°²Î Êý±æÊ¶

ÔÚ½ Á̈¢ÁËÈáÐÔÈý×ø±ê²âÁ¿±ÛµÄÏßÐÔ±ê¶¨Ä£ÐÍÖ®

ºó ,¾ÍÐèÒª¶ÔÆä¿Õ¼ä½øÐÐ²ÉÑù²âÁ¿. ½«Õý½»Èý×ø±ê²â

Á¿»ú²âµÃµÄ±ê×¼ÇòÇòÐÄ×ø±ê Pw ×÷Îª ±ê×¼Öµ,Óë P

½øÐÐ±È½Ï ,ÓÉÓÚÊ½(5) ÖÐ́ý ¶¨µÄ²Î ÊýÒ»¹² ÓÐ31 ¸ö ,¶ø

Ã¿²ÉÒ»̧öµã ,¾Í»á½ Á̈¢3 ¸ö ·½³Ì ,ÕâÑùÖÁÉÙÐèÒª²É¼¯

11 ¸öµã²ÅÄÜÊ¹ÓÃ×î Ð¡¶þ³Ë·¨ ¶ÔÊ½(5) µÄ31 ¸ö ²Î Êý

½øÐÐ±æÊ¶.
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