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Perpendicularity Error Calibration Method of Articulated Arm
Coordinate Measuring Machine

Wang Xueying Wang Hua Lu Yi Zhang Peipei

(Institute of Precision Measurement and Control, China Jiliang University, Hangzhou 310018, China)

Abstract. At present, the articulated arm coordinate measuring machine is playing more and more
important role in industrial production. But due to its special structure, the small change of the joint
angle can cause large measurement error. So the calibration of the angle variable error can effectively
improve the measurement accuracy of the articulated arm coordinate measuring machine. In order to
realize the direct calibration of the articulated arm coordinate measuring machine’ s perpendicularity
error, the two symmetric point method was put forward. Firstly, the mathematical model of the articulated
arm coordinate measuring machine was established and the kinematics equation was obtained. Secondly,
the perpendicularity error calibration principle was analyzed and the perpendicularity error calculation
formula was obtained. Finally, with the help of the mechanical fixture, the experiments were carried out
on the ROMER Infinite 2.0 articulated arm coordinate measuring machine. The accuracy of the
calibration results was verified by the measurement experiment of the standard ball. This method can
make the measuring result of the articulated arm coordinate measuring machine relative error reduce from
0.384% to 0.225% . The calibration method can improve the measurement accuracy of the articulated
arm coordinate measuring machine. This research laid a good foundation for the further research of the
measurement accuracy of the articulated arm coordinate measuring machine.

Key words: articulated arm coordinate measuring machine; perpendicularity error; two symmetric point

method ; calibration
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Fig.3 Schematic diagram of perpendicularity error
3 XBWRESH

P 0 Bk 1 S8 AR i o o R s AR AR
I LA o 228 285 1 2 R 5 oA ) T R R 2

795 AT LUK 45 4 b
SRR R 2E
3.1 EEEIRE Ao HITRE

P HJFIRE A FEIRT 5 FIOETT 63X A4S A A
RYirh o TR E % SR, A B A A O 1 I B
TLAETESRTY S RMIOETY 6 A TR 65 = 0° A
O, =0°, 55 1 ~4 (5 m] LAy J7 ) & 19 4% &
fH,TEXFALLE T e 1 ~4 [, K X9 5 fl 6
5 FE— L, W& 4a Fis DI & P s AR BRE . 4R
JERRE R 1 ~4 AR B 5 B84k br il
Z Wit 180° B fdi 6, = 180°F1 6, = 0°, 7E X Fl fif
LT FHUCK T 5 F 6 [ & 4b s, &%
TART Py RRE . PRI P, 5 2 ) 0 B B 0
N Ly, BT A5 3 B 325 Ao, 1A

Aa ,,,,/<2b ) (4)

e 3 N BN TR Rk 7

P, —l —=bAa,
1 5

v, b o Gﬁ Y, ‘L )

z Z
Aat

e

(a) (b)
4 WHEIRZE Ao, WirE

Fig.4 Calibration of perpendicularity error Aa

3.2 EHEERZE Ao HIRE

Xt T3 H IR 2 Aas IR E I k2 A5 B 2 4l
THT 325 [0) ek 4 e o S0 v P 80 1 O 1 2 A v ) o
Bl 6, 1Y HU{E i Oy 124.38° ~ —88.02°, 7EKT 5
RFENTLEASR 65 =0°, K7 6 N S BN AT B
(B B 5G5S OR1 6 [ fE— S, BRI Py 1Y Ak B
fHo RIGIRFFRT S AT 65 =0° M sl [l K5 6
A BLAR e 1818 5% 2 561 6, FFid sk shid # p Py
S A AR, AT Sa JIE/R o SR G PR R At 56 5 19 £
JEAAS B Bl [ 5 56T 5 MR e L KOG 5 Leak
Fril 7, et 180°, B 6, = 180°, [ & &1 5 F1 6, 4K
Jo P8 e sh OGNy 6, B ot — A [ E T 6,
IFid sk P S AR . ANl Sb TR o

MR 2 UGSk PRI P, S H’JJ:TT{E RN

z£
4’
| ot .
Y, £ZNe
) N .

BS5 TR EEBRE Ao, IR E

Fig.5 Calibration of perpendicularity error Aas



5 113

ForR A KR A AR BB B R 22 BRI 411

Tk A G il oy AR L AR B 2 Al Oy R R R
IRF, 2 AT Dy AR W ) e B O TR R R 2%
Aas o
3.3 EHEIRZE A, IIRE

e FEIRE A, IR E J2& 1 FH 5358 12 A [F) 4L
BHAGGEN N B, RIG AT REHREN. AT
Ty AN, OO 1 ORI OCTT 2 i B 4 il Sl 0° AN
90°,Hp 0, =0°,0, =90°, [FB}#E 0, =0, =0, =6, =0°
AISEASTT 4 5 R 2 A A ) £ B 1Y 2% 5 15 [ o8 7R
— i, W 6a I, B HOI Sk i Py i) AR FRIE . PR FF
K 1.2.4.5.6 WM EEAAZ B 5CT 3 Jiefs 180°, Rl
539, =0°.0, =90°.0, =6, =6, =0°.0, = 180°
B, FRFECT 1.2.3 .4 F16 WA B0
55 ek 180°, BI7E 0, =0, =6, =0°.0, =90° .0, =
0, = 180° 114 22 75 TR 5 5 2 A b I AL B 4% 5G4
[ 5E , Q& 6b fir 7R, e G 3k o P i AL bRl o P s
FAXS T Po st 8 Y ARFRIAZ AL AP, , I AT 153

Aa, =AP,/[2(b, +b,) ] - Aag (5)

fa) (b)

K6 EEIRE Aa, FRE

Fig. 6  Calibration of perpendicularity error Aa,

3.4 EHEIRE Ao, IRE

T B RS Aoy IR E J7 15260 T 0 B 1R 22
Aos I FRE A8 By 2 /4> il 0195 1 2t 10 e AR A7 R A
6, [ B 76 [ R 72.54° ~ —=70.92° fE G 3 /&
PSRN 05 =0°, 56y 4 S HUE Y5 B N 1 A4E 2 A
BF KT 3 4 BEfE—, RIBTFE G 5.6 b F
FTAL B 0, =05 =0°mf K5 5615 5.6 [ & 7 — e, %
WOZLEE T Py WA B E R G IR 6, = 65 = 6, =
0°, FA Bl [ 72 47 4 W HLAK Je H 18 1% 5% sl 56y 4,
FEil R ik B h Py SR A AR A, W B Ta TR
SR 5 DR AR A OGS 1 £f BE AN S A8 3 [ 6T 3 1Y
BU I HL 6 56Ty 3 Jig e 180°, Bl 6, = 180° 4% 3¢
W E ARG TR S e Bl ey 4, ot — 8 M
[ 5G4, IF 0 5% Py i Aa bR, G &l 7b iR . AR
Pt 2 YA SR P Py s 9 A BR AR, 43 90 1 e/ —
ek 4G il 1w R, 2 A il T R Ik ) Y S A D
JEHEIRE Aa, .o
3.5 EHERZE Ao, IIRE

B TR E IR 2 Aa,, B0 E R AR BR

(b)
K7 TR Aa, HHRE

Fig.7 Calibration of perpendicularity error Aa,

MBI T 1 ~6 YT, W6, =6,=6,=6, =
05 =0, = 0B K & OC 1 [, WAl 8a Fi7R , i R Ik
AP Sk i Py I AR AR o SRJEPRHF RN 2 ~6 b T AL
RAZ B0, =6, =0, =05 =0, =0°, % K7 1 Jigh
180°f# @, =180°, FfE L IEAl EAEFFLT 1 ~4.6
A Bl 0, =0, =60, =6, =0°,6, =180° 44 %
95 K5l 180°, SR 5 [ 2 &4 &1, an &l 8b i, id
S Sk 55 P W AR AR o P A bRARXT T P AR bR TE Y AR
BRI A AR APy, B ML TT 75 36 B IR 22 Aa, 1)
Fik
Aa, = APy, /[2(by +b, +b,) ] — Aa, —Aa,  (6)
P

10 Z’ /
."\.IJ“
0

(b)
8 IEHEIRE Ao, FRE

Fig.8 Calibration of perpendicularity error A,

3.6 EHEIRE Ao, IIRE

T FEIR2E Ao, AR E TR T Aoy Tl Acs
(g , R RTA 5 125 2 A B 2 A ot i vk ) J 9 e A
W ALAL 25 Y A, BRI 20 Mo TERTT 1 AT AL
AL, R 2 R 90°, KA 3 ~6 HEMEE, M 0, =
0, =0, =05 =0, =0°.0, =90°H] , K 517 & = Ak 5 I
HHLL ~6 K E &, 6, 19 B TE H Y 46.8° ~
= 71.46° 83l [ &Y 2 R AL I e, PR R 56T
3 ~6 [EE A8 EE T 2, 60, 1Y A B 7E IR (A
BN, il sk e gl b Py i AR R, 2R




412 & Ml

S PR A SC T Y AR B R AR B B [ E ST 1 AL
Bl HL B OCTT 1 e 4% 180°, Bl 6, = 180°, [ i 5 Y
Lo BRJG FRR MM e 2 56y 2, Bt ok — 5 £ i [ o
KT 2, DRk P, SR AR, AR 2 WD P,
Py, s 0 A8 BRAE, 43 000G il T R, 2 AT
T 1 1) 5t 1) 2 £ B O TR B AR 22 Aa, o

4 I

7& ROMER Infinite 2. 0 % 56 35 & 2 A5 AR I H HL
F,f& B Brown & Sharpe Global Classic 9158 1F 38 =
SRR LA T S5 A B 5L B
4.1 SLIBHIRE

T 30 S 0 S B ) A T AR B, I IR Aa
Ao, Aa, B b5 E BRI AR A, 8 BB R 2% Aoy | Aa, .
Ao, 1B 52 B BEAH [R] , B0 A0 A 72 52 56 69 52 B, AL LA
TR ZE Aag BB, Aag B9 bR E 29 B A& 9,
SR A R T S LR R R i 5 R 2 80 B
Z R, b, =176.484 mm, b, = 531.880 mm, b, =
747.489 mm,a; =78.312 mm,a, =25. 962 mm,

Coit % YT AL Bt A B SR L, =
30. 863 mm, AP, =90.319 mm, AP,,,, =436.756 mm,

o T I AR 1R

oo Rk 2016 4
B9 AagMs e sty
Fig.9 Calibration pictures of Aay
1 FmEE
Tab.1 Normal vector values
12 1) 5 T TR 0 A i J k
P 0.8730 -0.0252 -0.2730
P, -0.8732 0.0251 0.2725
Py 0.986 1 -0.2538 -0.0175
P, -0.9853 0.2532 0.0169
P, -0.7890 -0.3451 0.0015
P, -0.7930 -0.3455 0.0010

MHEIRZERGITAELS RN : Ao, =0.088 5°,
Aa, = 0.033 2°, Aa, =0.034 6°, Aa, = 0.029 4°,
Acs =0.034 4° Aa, =0.087 4°,
4.2 ZIGEBEHH

(L) FHABHE BRI A8 4 6 R, REAH IR
REMEOL N0 dAb % B R B
KL(DHBIEH

T;'' =Rot(Z,,0,) Trans(Z,,d, ,)Trans(Y,,b, ) Trans(X,,a,,, )Rot(X,,a,, , +Aa,,,) =

[qos®, -—sinb,cos(a,,, +Aa,,,) sinfsin(ea,,, +Aa,,,) a,, cos, —b,, sinb, 7
%in@i cosf,cos(a;,, +Aa,,,) cosfsin(a,,, +Aa,,,) a,, sing, +bi+1005955 7
Lo sin(a;,, +Acq;,,) cos(a,,, +Aa,,,) d,,, 0
10 0 0 1 Ll

W E G I AR 4 8 (7)) ARA K (3) AT 45
FHIE s = I e o A T SRR A S 5 45 R 0 ER
PE LR E AR 0 15,875 4 mm (AR HEEREAT T 5256,
AR O R A e 0 S AL A v R B 4 S Y
A 3 BRI SR D R A, DG Y 6 R
ARG 60, ~ 0, 1 A BE A, K 1 A A R (E R OC
R A R I B A 25 25 4 S0 AR A AR I 32
BT RE(3) MR I I8 2l 2 5 R, SR i A
P R E R /b R E M A AR fEsR B AR .
R (3) SR AR fERR H AR N 15,814 5 mm,
X IR 2N
_115.8145 —15.875 41

15.875 4

H & IE 3 132 3l 2 J7 B A B 0 AR HE R B AR
15.839 7 mm, HIXF 5% 2% N

_115.8397 -15.875 4|
2 15.875 4

0, x100% =0.384%

x100% =0.225%

H S5 06 45 545 R b o 19 30 0 I B IR 22
M2 8E IE s 3h % 7 B J5 D & A X iR 22 8
0.225% ,/NFARAE IE B 1 AH X 1R 25 0. 384% , 205
SR — R IR IR ZE AT AR h TR i
A7 i B A I S R v g N Sy R R B e L 1Y
S Sy

5 &%RiE

i 3k 3 A 5 TR AR AR I AL ) 6 S I
HAESE TR I AR ST T B X AR R
I TS 5 A SRR 4R R P R B X 56Ty
T AR bR 0 2 ML Y 2 R DR 22 R AT IE 9T . O T 5K
B R LB I H I bR E S, A T A% T R
WRZEM AR o FFAE B iZbn g 45 R0 51 i s Ak A
I ALY PRAE G Sl Ty B BEAT TBIE o S I B AR
HERR A S IR, AR %E DA S 5% 19 XA A 0 4 1L 1Y
RS BEA 2 T R o



#0114 FoER A TR SN AR B LR R 2R AR E U5 T 413

11

12

& % x Wt

B RO, ECE S R Y RPY @R SIR 2R E [T]. B2 R % LA, 2016, 24(2) :365 -371.
ZHAO Lei, ZHAO Xinhua, WANG Shoujun, et al. RPY modeling and error calibration of flexible measuring arm [ J]. Optics and
Precision Engineering, 2016, 24(2) : 365 —=371. (iin Chinese)
T, Bl 2%, w8, 4. Rt A FR AL S 8O0 R 7 i [T ] RO AL 2% 4k ,2007 ,38(7) 129 - 132.
WANG Pingping, FEI Yetai, SHANG Ping, et al. Parameter identification method of flexible coordinate measuring machine [ J].
Transactions of the Chinese Society for Agricultural Machinery, 2007, 38(7) :129 - 132. (iin Chinese)
ROTH Z S, MOORING B W, RAVANI B. An overview of robot calibration[ J]. Information Technology Journal, 2004, 3(5) :
377 -385.
RTUR, 3, MR, AE. BT RBEF MMM MR M [T]. HULA T RE 24, 2010, 46(12) : 20 -24.
GAO Guanbin, WANG Wen, LIN Keng, et al. Error compensation of the joint angles based on RBF neural network [ J]. Journal of
Mechanical Engineering, 2010, 46(12) . 20 - 24. (in Chinese)
BpiRl, SR SE, XIS, S5, [ M P B S o I A OG5 e ok AN T R SR [ T). b R LA AR, 2008,19(23) 12782 -
2786.
YANG Xin’gang, HUANG Yumei, LIU Hongyan, et al. High precision compensation method of rotary joint with circular grating
feedback[ J]. China Mechanical Engineering, 2008 ,19(23) ;2782 —2786. (in Chinese)
E3C, B, E TR, . ST A BRI B A B AT RO SBR[ T ] R R AR, 2010, 18(1) 1135 — 141.
WANG Wen, LIN Keng, GAO Guanbin, et al. Angle sensor eccentric parameter identification of articulated arm coordinate
measuring machine[ J]. Optics and Precision Engineering,2010, 18(1) :135 - 141. (in Chinese)
EAMS, & EDG, BB, 5. S A bR I R O T AL 2 bR e R OE R L)) RE Tl R AR, 2013, 32(1)
75 -178.
HU Peng, JIN Guoguang, SUI Xiuwu, et al. Research on zero position error calibration algorithm of six degree of freedom flexible
measuring arm [ J]. Journal of Tianjin Polytechnic University, 2013, 32(1): 75 - 78. (iin Chinese)
E2E5, £ M Z 5. B AR LS B 7 (1] RO ML 41,2016 ,47 (6) :408 - 412.
WANG Xueying, WANG Hua, LU Yi,et al. Research on the parameter calibration method of articulated arm coordinate measuring
machine[ J]. Chinese Journal of Agricultural Machinery, 2016,47(6) :408 —412. (in Chinese)
B, TEM, Sl AR S BRI RE R [T]. P EBFEARKFE SR, 2011, 41(1) :45 -49.
CHENG Wentao, YU Liandong, FEI Yetai . Research on parameter identification algorithm of joint coordinate measuring machine
[J]. Journal of University of Science and Technology of China,2011, 41(1) :45 —=49. (in Chinese)
B, PRIk, A4, BT RFEN AT RO AR S AL AR 2 [T]. RIEERF=54M . A AR5 TREARMR, 2014,
47(6) .512 -517.
QIU Zurong, CHEN Bo, LI Xinghua. Calibration of parallel double joint coordinate measuring machine based on inversion method
[J]. Journal of Tianjin University: Natural Science and Engineering Technology, 2014, 47(6) :512 —=517. (iin Chinese)
Ak, ENZE. 20 A bRl s LI AL bR e M S B (] 6L T2, 2007, 34(5) :57 -61.
WEI Lin, WANG Congjun. Coordinate transformation and parameter calibration of multi joint coordinate measuring machine[ J].
Opto Electronic Engineering, 2007, 34(5) .57 —=61. (in Chinese)
MR, R TR, BRUC, AR ST R AR AR TN ALY 1B B A SR MR [T]. TR, 2009, 30(5) ;27 -31.
YE Huaichu, GAO Guanbin, CHEN Huan, et al. Kinematics modeling and error analysis of articulated arm coordinate measuring
machine[ J]. Acta Metrologica Sinica, 2009, 30(5) :27 —31. (in Chinese)
MUTILBA U, KORTABERRIA G, OLARRA A, et al. Performance calibration of articulated arm coordinate measuring machine
[J]. Procedia Engineering, 2013, 63(10) :602 - 608.
ZHAO Shuang, ZHU Lianqing, CHEN Qingshan, et al. A kinematic parameter calibration method for articulated arm coordinate
measuring machine[ C]. Proceedings of SPIE, 2013, 8916:891611 — 891611 - 8.
FE¥E. RWERXLARN BN RGN [D]. KEE KERY, 2008.
WANG Xueying. Research on the system of articulated arm coordinate measuring machine[ D]. Tianjin:Tianjin University,2008.
(in Chinese)



