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Abstract

The articulated arm coordinate measuring machine (AACMM) is a kind of new coordinate
measuring device based on non-Cartesian system. The measuring accuracy of the AACMM can be
effectively improved by parameter identification. However, some of the structural parameters are coupling
(linearly related), so the structural parameters usually cannot be identified correctly. The Jacobian matrix
was obtained through differential transformation of the kinematic model of a 6-DOF AACMM. The rank
calculation results show that the Jacobian matrix is not full rank, which means some structural parameters
are linearly related. Singular value decomposition and the elementary row transform of the Jacobian matrix
were carried out to determine the linearly related structural parameters. And two pairs of structural
parameters were found to be linearly related, which can’t be identified at the same time. Finally, the linear
correlation was applied in the structural parameters identification, and the results show that the linear
correlation can make the identification obtain correct structural parameters.
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1. Introduction

The AACMM is a multi-DOF (typically 6-DOF) and non-Cartesian coordinate measuring
machine (CMM), which is modeled according to the structure of human joints: a series of
linkages connected by rotating joints. Comparing with traditional CMMs the AACMM has the
features of small size, light weight, large measurement range, flexible and can be applied in
industrial site [1, 2]. With these unique advantages the AACMM has been applied in the field of
mold design, product quality online testing, equipment maintenance and assembly [3].

The accuracy of structural parameters is the main influencing factor to the
measurement accuracy of AACMMs [4], the structural parameter identification is one of the
main measures to improve the accuracy of AACMMs. Calibration is an integrated process of
four steps including modeling, measurement, parameter identification and error compensation
[5, 6]. Selection of the appropriate kinematics model and the calibration model is the premise of
calibration of AACMM, and processing the data of calibration to realize structural parameter
identification so as to achieve the calibration of AACMMs. In parameter identification linearly
related structrual parameters can resulting Jacobian matrix to be singular, and the solution is
not the required structrual parameters we need [7-9]. So the linearly related structrual
parameters must be determined before identification.

2. The Kinematic Model

To study the relationship between the coordinate of probe and rotary angle of every
joint Denavit-Hartenberg (D-H) method was used to model the measuring machine coordinate
system, as shown in Figure 1 and Figure 2. According to D-H method the coordinate
transformation matrix between the adjacent coordinate systems is shown in Eq. 1 and the
nominal structrual parameters of the AACMM is shown in Table 1.
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Figure. 1 The structure of the AACMM Figure. 2 The coordinate systems of the AACMM
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Where d; is joint offset, a; is link length, a; is twist angle, 6; is joint angle

Table 1. The nominal value of the structural parameters of the AACMM

Linkage No. afmm] d{mm] 6[°] af’] [[mm]
1 0 300 6, 90 183.5
2 0 65.5 6, 90
3 0 792.7 63 90
4 0 65.5 6, 90
5 0 883.2 05 90
6 0 0 6s 90

The coordinates of the probe in the coordinate of {xsyszs} are (/x/,,/). Because the probe
is equivalent to the axis of z of translational transformation in {xsysz¢}, its coordinates in {xsysZs}
should be (0,0,/) and its coordinates in {xoyozo} can be calculated through Eq. 2.

P=To Tio-Tos-Ts4-Tys Tsg -[0,0,1,17 (2)

3. Analysis of Structrual Parameter Coupling
3.1. Error Model of the AACMM

In practical applications, due to the presence of manufacturing and assembling error,
the change of environmental temperature and force-deformation the structural parameters will
generate errors. Aa; and Ad; are the linkage length errors generated by manufacturing and
assembly. Ag;is the angle error produced by adjacent axis parallelism and perpendicularity. A;
is the zero offset error generated by the angle of encoder zero and nominal model joint rotation
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zero misalignment in the assembly process. Considering each coordinate system has four
structural parameters and the probe length there are totally 25 structural parameter errors
should be calibrated.

When we specify the probe of AACMM moves to the position P, in fact because of
these structural parameter errors the probe will move to the actual position R, the position errors
will be:

AP=R-P (3)

If these structural parameters are small enough we can use differential kinematics
model approximation instead of error equation [9, 10]. The probe position error of the AACMM
by total differential of the kinematics can be written as Eq. 4.

S S 6

¢, oP oP oP
AP =D, — oA, Z Aa,+ D A8, Z | EA' “)

i=1 i i=0 0Q; i-0 0d,; -1 i
Eq. 4 is the error model of the AACMM.

3.2. Analysis of Structrual Parameter Coupling
Eq. 4 is written in matrix form as shown in Eq. 5.

AP =JAQ (5)

Where AP is a matrix of 3x1, AQ is a matrix of 25%1, the Jacobin matrix J is a matrix of
3x25. To solve the value of the 25 structural parameters’ error in AQ, N (= 9) measuring points
must be selected to constitute over-determined equations. However, in practical operation there
are linearly related structural parameters which can make Jacobian matrix J to be singular. And
the solution obtained from the equations is not the required value we need. Therefore the
linearly related structural parameters must be found out and eliminated from the identification
list. In matrix theory linearly related row can be found by singular value decomposition
eIementary row transformation of the orthogonal matrix decomposition [11, 12]. Premultiplying
J7 for both sides of Eq.5 can obtain Eq. 6.

[JTJ]AQ =J"AP (6)

Let H=[3"-J], then:
S 0], .
H=U \Y; (7)

Where U and V are orthogonal matrix of 25x25, S= diag (g4, 0,,...,0,)(r<25), r is the
rank of the matrix H and the Jacobian matrix J. So the number of linearly related parameters is
25-r. From Eq. 7 and Eq. 6 we can obtain Eq. 8.

S
VTAQ:{O O}UlJTAP (8)

H is a symmetric matrix, V'=U" and V is rotation matrixes, so V'-AQ is equivalent to
AQ. The linearly related structural parameters in AQ can be found out by elementary row
transformation of the last 4 lines, as shown in Eq. 9.

AP = J1AQI1 9)
Where J1 is a matrix of (3xN)xr, AQ1 is a matrix of rx1, AP is the matrix of (3xN)x1
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The rank of J is 23, thus there are two linearly related structural parameters. We can
obtain linearly related parameters by carrying out singular value decomposition and the
elementary row transform.

Aa, =1A6, (10)
Ad, =1Ac, (11)

As shown in Eq. 10 and 11 ag is linearly related with 6 and ds is linearly related with as.

4, Test of Structrual Parameter Coupling in Identification
We assume there are some errors in the structural parameters, as shown in Table 2.
These errors can result in measuring error of AACMMs.

Table 2. The set errors of the structural parameters

Linkage No. Aa[mm] Ad[mm] AB[°] Aaf’] Allmm]
1 0.10 -0.05 0.0014 0.0010 -0.03mm
2 -0.08 0.11 -0.0023 0.0014
3 -0.12 0.06 0.0017 -0.0012
4 0.03 0.13 0.0010 0.0017
5 0.07 -0.04 -0.0014 0.0010
6 0 0 0.0010 -0.0010

To identify the errors of the structural parameters by the method proposed in this paper,
we need ten groups of joint angles which were given in Table 3.

Table 3. The joint angles used in identification

No. 1 2 3 4 5 6 7 8 9 10
64°] 0 180 180 90 90 90 0 90 120 0
6,°] 180 120 90 180 180 180 150 -90 180 -90
64°] 0 0 90 90 90 -90 -90 0 -90 -180
64°] 180 180 90 90 180 90 90 -90 120 -90
65[°] 0 0 0 90 90 -90 90 0 90 0
66[°] 180 180 180 0 90 90 -90 -90 60 -90

As ag is linearly related with 65 and ds is linearly related with ag, the errors of ag and ds
can be compensated by 6; and as. In the parameter identification the errors of as and ds are set
to be 0. With the data in Table 3 the least squares solution of Eq. 9 was reached, as shown in
Table 4.

Table 4. The identified errors of the structural parameters

Linkage No. Aafmm] Ad{mm] AB[°] Aa°] Allmm]
1 0.100 -0.052 0.0014 0.0010 -0.035mm
2 -0.078 0.098 -0.0023 0.0014
3 -0.126 0.060 0.0017 -0.0012
4 0.045 0.131 0.0010 0.0017
5 0.068 -0.046 -0.0014 0.0010
6 0 0 0.0010 -0.0010

Table 4 and Table 2 shows that the identified errors are all nearly equal to the set
errors, the mean and the maximum difference of Aa;, Ad; and Al is 0.005mm and 0.015mm, the
difference of AB; and Aqg;is 0°.
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Structrual parameter identification can improve the measument accuracy of AACMMs.
Table 5 shows the measurement errors before and after identification of the AACMM.

Table 5. Measurement errors before and after identification of the AACMM

No. Error Before Identification[mm] Error After Identification[mm]
1 (5.457, -2.687, -0.086) (-0.006, -0.011, 0.014)
2 (-2.751, -0.498, -4.704) (-0.007, 0.010, 0.013)
3 (-4.434, -2.144, -6.955) (-0.016, 0.022, 0.005)
4 (-0.144, 5.075, -5.824) (0.013, -0.007, -0.03)
5 (-1.276, 6.517, 1.256) (0.012, 0.002, 0.011)
6 (0.455, -2.055, 0.196) (-0.007, -0.001, -0.002)
7 (-1.900, -0.198, 1.025) (-0.002, 0.006, -0.001)
8 (1.008, 3.103, 1.239) (0.002, -0.008, -0.006)
9 (-0.284, -0.946, 0.610) (-0.007, -0.002, -0.001)
10 (-0.962, 0.783, 2.178) (-0.003, 0.007, -0.002)

Table 5 shows that before structrual parameter identification the maximum error is
6.955mm while ater identification the maximum error is 0.022mm. So the the measument
accuracy of the AACMM was improved greatly.

4. Conclusion

The kinematic model and coordinate systems based on D-H model were established.
The rank calculation results show that the Jacobian matrix is not full rank, which means some
structural parameters are linearly related. Singular value decomposition and the elementary row
transform of the Jacobian matrix were carried out to determine the linearly related structural
parameters. And that a¢ is linearly related with 85 and ds is linearly related with ag were found to
be linearly related, which can’t be identified at the same time. Finally, the linear correlation was
applied in the structural parameters identification, and the results show that after identificaiton
the position error of the AACMM was improved greatly.

Acknowledgements
This work was financially supported by the Yunnan Provincial Natural Science
Foundation of China (Grant No.2011FB028).

References

[11 K Shimojima, R Furutani, K Araki. The estimation method of uncertainty of articulated coordinate
measuring machine. VDI Berichte. 2004; 1860: 245-250.

[2] G Gao, W Wang, K Lin, et al. Structural parameter identification for articulated arm coordinate
measuring machines. 2009 International Conference on Measuring Technology and Mechatronics
Automation, Zhangjiajie, Hunan, China. 2009: 128-131.

[8] W Wang, GB Gao, YF Wu, et al. Analysis and Compensation of Installation Errors for Circular Grating
Angle Sensors. Advanced Science Letters. 2011, 4(6-7): 2446-2451.

[4] GB Gao, W Wang, K Lin, et al. Parameter identif ication based on modif ied annealing algorithm for
articulated arm CMMs. Optics and Precision Engineering. 2009; 17(10): 2549-2505.

[5] J Santolaria, JJ Aguilar, JA Yagle, et al. Kinematic parameter estimation technique for calibration and
repeatability improvement of articulated arm coordinate measuring machines. Precision Engineering.
2008; 32(4): 251-268.

[6] XY Wang, YM Ding. Method for workspace calculation of 6R serial manipulator based on surface
enveloping and overlaying. Journal of Shanghai Jiaotong University (Science). 2010; 15(5): 556-562.

[71 MR Pac, DO Popa. Kinematic analysis of a five-legged mobile robot. Proceedings of the ASME
Design Engineering Technical Conference, Montreal, QC, Canada. 2010: 1427-1435.

[8] B Tondu. Kinematic modelling of anthropomorphic robot upper limb with human-like hands. 2009
International Conference on Advanced Robotics, Munich, Germany. 2009.

[9] O Altuzarra, O Salgado, V Petuya, et al. Computational kinematics for robotic manipulators: Jacobian
problems. Engineering Computations (Swansea, Wales). 2008; 25(1): 4-27.

Study on the Structrual Parameter Coupling of Articulated Arm Coordinate... (Guanbin Gao)



2459 n ISSN: 2302-4046

[10] D McColl, L Notash. Workspace envelope formulation of planar wire-actuated parallel manipulators.
Transactions of the Canadian Society for Mechanical Engineering. 1295 Hwy 2 East, Kingston Ont.,
K7L 4V1, Canada. 2009: 547-560.

[11] S Sagara, Y Taira. Cooperative manipulation of a floating object by some space robots: Application of
a tracking control method using the transpose of the generalized Jacobian matrix. Artificial Life and
Robotics. 2008; 12(1-2): 138-141.

[12] G Pond, JA Carretero. Formulating Jacobian matrices for the dexterity analysis of parallel
manipulators. Mechanism and Machine Theory. 2006; 41(12): 1505-1519.

TELKOMNIKA Vol. 11, No. 5, May 2013 : 2454 — 2459



