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Residual modelling and compensation for articulated arm
coordinate measuring machines based on compound calibration
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Abstract: Kinematic calibration is a common method for enhancing the accuracy of articulated arm coordi-
nate measuring machines (AACMMs). However, the residual errors after calibration can affect its mea-
surement accuracy and stability. In this study, we propose a residual error compensation method based on
a compound calibration and extreme learning machine to improve the measurement accuracy of AAC-
MMs. First, we establish the kinematic parameter identification model based on the kinematic modeling of

AACMM. Furthermore, we conduct angle parameter identification, length parameter identification, and
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length parameter scaling to complete the compound kinematic calibration. Subsequently, we construct the
measurement configuration with the measurement angle, elevation angle, distance, and rotation angle as
variables to analyze the residual error map. The proposed residual error compensation method is based on
an extreme learning machine owing to the strong nonlinear relationship between the measurement configu-
ration variables and the residual errors. We verify the validity of the proposed method through experi-
ments. The results show that the maximum value of the single point measurement error of the AACMM
decreases from 0. 061 mm to 0. 044 mm, the mean value of measurement error decreases from 0. 023 mm
to 0. 017 mm, and the standard deviation of measurement error decreases from 0. 011 mm to 0. 007 mm af-
ter residual correction. Furthermore, the maximum length measurement error decreases from 0. 137 mm
to 0. 074 mm, the mean measurement error decreases from 0. 033 mm to 0. 021 mm, and the standard de-
viation of measurement error decreases from 0. 037 mm to 0. 019 mm.

Key words: Articulated Arm Coordinate Measuring Machines(AACMM); residual; measuring configura-

tion; extreme learning machine; compound calibration
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Tab.1 Nominal value of kinematic parameter

No. of joints

Linkage length

Linkage offset

Torsion angle Joint zero offset

i a, ,/mm d./mm a, /rad ,/rad
1 42 155 1.570 8 0
2 42 0 1.5708 0
3 —28 600 —1.570 8 0
4 —28 0 —1.5708 0
5 28 600 1.570 8 0
6 —30 0 —1.5708 0
7 0 230 0 0

[,=0,[=0,/=0(mm)
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Tab.2 D-H parameter of the AACMM after identification

No. of joints Linkage length Linkage offset

Torsion angle Joint zero offset

i a, ,/mm d./mm a, /rad 0,/rad

1 42.682 156. 861 1.5709 0.037 0
2 42.663 0.925 1.567 8 —0.0130
3 —28.776 596. 025 —1.5690 0.048 8
4 —29. 256 1.119 —1.5722 0.020 5
5 28.8376 597. 249 1.5707 0.1036
6 —28.980 —1.717 —1.5594 0.0009
7 0.006 0 227.133 —0.087 3 0.007 0

AlL,=—0.004 mm,A/,=—0. 184 mm,A/=0. 158 mm

N T IR IS B S B E S AR, TR
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2R 40 A A 18 T o

FLARECHE a3 3 R , B AR AR iR 22 I dRe K
B P YA AR AE 22 AR E BT RY 49. 386 mm,
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B

R Tk B IR S A A VA AR A S [E]
Mz At . TEZS RIBENLRAE T 20 A s A7 19 %8s
B> SRR 300 41 5 £, 33t 6 000 4 %4 -
53 500 SR FH B SR A R RO B b E TR b A e I A5
BRI A 1825 X LU ZS SR 19 im0
2 A B I S HIL 1 R 0 A A iR 22 f K(E Rl RP F 5
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Fig. 18 Error distribution after calibration
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Tab.3 Compound kinematic calibration results (mm)

) Standard
Maximum  Average o
deviation
Before calibration 49. 368 26. 498 12. 348
After calibration 0. 054 0.021 0. 009
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Accuracy comparison of different calibration methods
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Fig. 19 Comparison of kinematic calibration effects
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Tab.4 Comparison of kinematic calibration effects(mm)

Single point Compound

calibration calibration
Average 0.031 0.023
Standard deviation 0.018 0.011
Maximum 0.098 0.061
RP 0.084 0.055

TER A IR M2 2 A bR A v B AT 58 B ik 25 A
ok 25 AN AR SR G ] 20 FiF A, O R X AR A
T HL Y R Bk 22 B K (R RP | &b £ 0. 057
mm, 0.057 mm T F& 3| # £2 /5 19 0.028 mm,
0. 032 mm , & W] A< SC T4 J7 02 A 20y, BLR B
PN 5 s o

Re51duals before and aﬁer ELM compensatlon
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Fig. 20 Residual compensation results
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Tab.5 Residual compensation results ~ (mm)

Before After compensa-
compensation tion
Average 0.024 0.017
Standard deviation 0.011 0.005
Maximum 0.057 0.028
RP 0.057 0.032
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Tab.6 Comparison of residual compensation effects of

different fitting algorithms (mm)
Before MCCM- MCCM-
compensation ELM BP
Average 0.023 0.014 0.016
Standard deviation 0.011 0.007 0. 009
Maximum 0.061 0.044 0.051
RP 0.055 0.035 0.043

ST A5 AN K 22 ff s, FICM-ELM 7 #F 17
12 A0 56 S 56 B BT — S M TR A A
M MCCM-ELM )z ft. £ £ T FICM-ELM, &
RECHE N 32 7 TR o Z5 A T S X B S B T
H,MCCM-ELM HA 17 fbPE 3 by IR F i
AR o BOAR SO 43R MCCM-ELM 1E 2y
B 2 TOUI AP A% AR AR

Comparison of residual compensation effect
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[ Standard standard deviation

0.06¢

0.05F
E 0.04f
% 0.03-
0.02+
0.01+ ﬂ ’—‘
Before MCCM-EIL_I\|4 FICM-ELM
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Fig. 22 Compensation effect of different residual compen-

sation models
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Tab.7 Comparison of compensation effects of different

residual compensation models (mm)
Before MCCM-  FICM-
compensation ELM ELM
Average 0.023 0.014 0.023
Standard deviation 0.011 0.007 0.010
Maximum 0.061 0. 044 0. 057
RP 0.055 0.035 0.053
HT T 5 22 A R B X B R AT R Y, R
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