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ABSTRACT As an inverse problem, the parameter identification of manipulators is essential to in-situ
calibration. Since the ill-posed inverse kinematic model is sensitive to the measurement value, even tiny
errors will make the geometric model of the manipulator wrongly identified. To overcome this problem, a
Regularized Parameter Identification Method (RPIM) is proposed to calibrate the geometric model of the
manipulator. The inverse kinematic model of a 6 DOF manipulator is modified by a Tikhonov regularization
to overcome its ill-posed problem. The regularization parameter is optimized by the improved L curve
method to adjust the initial model to a well-posed one that approximates the real situation. A calibration
system is designed to evaluate the effectiveness of the suggested method. The position of the selected
targets is tested by using a laser tracker. The experimental result shows that the absolute position errors
of the manipulator are 2.533mm without calibration, 0.472mm by RPIM, 1.445mm by Least Square Method
(LSM), 1.353mm by Gradient Descent (GD), and 0.956mm by Gauss-Newton (GN). It shows that the
absolute position error of RPIM is reduced by 81.331% after calibration, which is superior to other methods.

INDEX TERMS Collaborative manipulator, calibration, MDH, laser tracker, regularization.

I. INTRODUCTION

The collaborative manipulators are widely applied to station
docking, extravehicular maintenance, intelligent manufactur-
ing, vehicle manufacturing, and other industrial applications
[1]. As a critical component of manipulators, the manipulator
can ensure the actuator locates the target successfully. How-
ever, the positioning errors of manipulators restrict the devel-
opment of intelligent manufacturing on a robotic production
line. Due to structural wear and performance attenuation,
as is known to all, positioning accuracy can be increased
after manipulators work continuously for a long time. The
location error is harmful, for example, it will increase the dif-
ficulty of automatic assembly for mechanical parts, the prob-
ability of mislocation on riveting holes, the welding error
for the welding manipulator, and the control difficulty of a
telemedicine cooperative manipulator [2], [4], [5], [6], [7].
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The studies on accuracy improvement are essential to manip-
ulator maintenance [8].

The regular in-situ calibration of the manipulator can
improve the positioning accuracy of the manipulator by iden-
tifying the geometric parameters of the kinematic model.
To identify the geometric parameters of a kinematic model,
the pose relationship of manipulator manipulators should be
described first by a model. There are many kinds of models,
such as the D-H model, the SD-H model, the MD-H model,
the S model, the CPC/MCPC model, the POE model [9],
[10], [11], [12], and other parameterized models. Among
which, the D-H model is the traditional method with a wide
application. However, when the two axes of a manipulator
are parallel or close to parallel, it will cause a problem of
singularity. To overcome this problem, the MD-H model with
a simple structure is introduced by introducing the y-axis
rotation [13]. In other models are hard to overcome the ill-
posed problem of the inverse kinematic model.

Parameter identification is an important part of calibration
for manipulators. There are many methods for parameter
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identification. The least-square method is a commonly used
identification method [14]. For example, ALBERT et al
applied the LSM to the system identification of a manip-
ulator by considering the influence of noise, environment,
experimental setup, and other interference of measurement
[15], [16], [17]. Meggiolaro M et al. obtained the geometric
parameter errors of a manipulator by utilizing the least square
method (LSM) [18]. Tang and Mooring designed a composed
board with precise positioning points to decrease the calibra-
tion error of a manipulator [19], [20]. Hage et al. proposed
a constraint equation by using four planes to improve the
accuracy of a probe-based manipulator [21]. The maximum
likelihood estimation is applied by Renders [22] and other
researchers to paratha meter identification of the manipula-
tor kinematic geometric parameters, which achieved a good
result. With the continuous improvement of the comput-
ing level, the Levenberg-Marquardt (LM) method [23], the
extended Kalman filter method [24], the simulated annealing
algorithm [25], the parameter optimization method, and other
iterative algorithms are also applied to parameter identifica-
tion of the complex system.

These studies have yielded positive results in optimizing
manipulator performance in spite of certain limitations. For
the LSM method, although the iteration process is simple, the
convergence speed is fast, and its applications are extensive,
this test method has the disadvantage of a large amount of
calculation. Although the Gradient Descent method has a
fast convergence speed, it cannot guarantee the globalist’s
optimality. The Gauss-Newton is easy to implement in spite
of no logic to control the step size. The Extended Kalman
Filter algorithm may suffer from target loss.

However, aiming at the ill-posed problem of the calibra-
tion process, these methods are hard to solve this problem.
For this reason, researchers have made many explorations
and achieved good results. For example, Kostenko [26] et al.
applied the Laplace operator on a regularization matrix to
invert seismic coseismal slip distribution inversion [27], [28].
Huang et al. proposed a regularization matrix method with
expected properties to estimate the information in the medium
[9]. H.Save and his teammates solved the ill-posed prob-
lem of the gravity field by using a regularization matrix
[29]. Ditmar and his followers selected the first-order deriva-
tive regularization matrix and the Kaula regularization to
reflect the statistical law of the potential coefficient [30].
Li et al. applied the regularization matrix with distance
weighting to the abnormal detection of hyperspectral imaging
[31]. Gauthier et al. proposed a definition of a regulariza-
tion matrix in the acoustic domain [32], [33]. The central
idea of the regularization matrix focuses on the targeted
correction of the singular values. By constructing a reg-
ularization matrix, the small singular values will be cor-
rected and the ill-posedness of parameter identification can
be improved [34].

The parameter identification of manipulator manipulators
is essential to in-situ calibration. Since the ill-posed inverse
kinematic model is sensitive to the measurement value, even
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tiny errors will make the geometric model of the manipulator
wrongly identified. To overcome this problem, a Regular-
ized Parameter Identification Method (RPIM) is proposed
to calibrate the geometric model of the manipulator. It is
organized as follows. In Section 2, a kinematic model of
a 6 DOF manipulator is built based on the M-DH model and
geometric error model. In Section 3, the kinematic model is
reconstructed by a regularization approach. In Section 4, both
numerical and experimental studies are carried out on a cali-
bration system to validate the accuracy and the effectiveness
of our suggested method. In Section 5, several conclusions
and research expectations about our work are given.

Il. KINEMATIC MODEL OF A 6 DOF MANIPULATO

A. KINEMATIC MODEL

According to the MD-H modeling method, the conversion
process between each link of the 6 DOF manipulator is
designed as follows.

FIGURE 1. Kinematics frame of the cooperative manipulator.

The nominal geometric parameter of the 6 DOF D-H model
consists of the link lengths, link twist angles, offsets, and joint
angles. The rotation angle 8 around the y-axis is given based
on the D-H model, as TABLE 1 shows.

TABLE 1. Kinematic parameters of cooperative manipulator.

Link i 0 (®)  ai(mm) d; (mm) () pi
1 0 0 99.927 i -
2 90 0 106.950 1 -
3 0 428.052 0 5 0
4 0 398.551 0 t 0
5 -90 0 93.160 5 -
6 -90 0 81.910 s -

With the help of translation matrix Trans(-) and rotation
matrix Rot(-), the relative poses are changed as [35]

A; = Rot (xj_1,aj—1) - Trans (a;—1, 0, 0)
‘Rot (z,1;) - Trans (0, 0, d;) - Rot (y;, Bi) (1)

where, A; is the transformation matrix of the ith joint frame.

VOLUME 10, 2022



X. Li et al.: Calibration of a Manipulator With a Regularized Parameter Identification Method

IEEE Access

Then we can get the relationship between each two adja-
cent joints i-1M and i can be written as

ctef —st ctsp ai—1
sasP + stcacB ctea casBst — cBsa —d;sa
sacBst — cacP ctsa sasBst + cBeca disa
0 0 0 1

i—1
iT =

@

where, ct = cos (t;) , ¢ = cos (B;) , ca = cos (aj—1) , st =
sin (aj—1) , st = sin (t;), and s8 = sin (B;).

According to Eq.(2), the end pose of the manipulator can
be solved as

O =97 .1 3131 ir.3T (3)

B. GEOMETRIC ERROR MODEL

The geometric parameter errors of the manipulator are accu-
mulated by each joint, which include the geometric parameter
errors of Aaj_1, ABi, Aa;, At;, Ad;. By substituting those
geometric parameter errors into Eq.(1), the geometric errors
are

di'T = A - TN =TT T )

where, § 571 T is the differential expression between adjacent
joints of (i-1)™" and /.

The geometric parameter errors are expressed as a differ-
ential form, then the transformation matrix can be written as

i1 i—ll_T i—liT ai—liT
d— T = Aaj—1 + Aai_1 + ——Ad;
ai—q ai—1 od;
ST N T g )
a0 g

Then the accumulative errors of the 6 DOF manipulator
between each joint can be written as

6
87 +ddr =" (TNT +aT) ©)
i=1

The redundant parameters should be eliminated before
identification. By considering the redundancy theory and the
rank of matrix, the Jacobian matrix U is obtained [36].

Then the relationship between position errors and geomet-
ric parameter errors is

S = U *xypy @)

where § is position errors vector, U is the Jacobian matrix of
the M-DH parameters, and xj;py is the geometric parameter
errors of the M-DH.

The geometric parameter errors in Eq.(7) can be solved by
the inverse kinematic model. However, the ill-posed problem
of this model might lead to no solution. For this reason, the
coefficient matrix should be modified by a regularization
method.
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IIl. REGULARIZATION OF THE GEOMETRIC ERROR
MODEL

According to the geometric error model in Eq.(7), the model
is built on geometric parameter errors

f=f(Ad;, Aai_1, Aai_1, AG;, ABY) ®

where, Ad;, Aa;j_1, Aa;_1, AG;, AB; are the geometric
parameter errors at the /" joint.

According to the rotation matrix and the translation matrix,
the relationship between the frames ¢ and b can be written as

bp b
b _ | ¢R7Pco

where, f,R is the rotation matrix, and bpco is the translation
matrix.

Combining Eq.(7), Eq.(8), and Eq.(9), the geometric error
model of the manipulator can be converted into

[ (Adi, Aaj—y, Aai—1, A6, AB) =p —p/ (10)

where, p is the reference position, and p’ is the measured
position.

In order to identify the geometric parameter errors in
Eq.(10), it is necessary to overcome the problem of no solu-
tion or multiple solutions caused by the ill-posedness of
the inverse model. Therefore, an appropriate regularization
method is designed for the 6DOF manipulator with a high-
dimensional solution model.

A. TIKHONOV REGULARIZATION

The key to the regularization method is to balance the
weighted sum of xp/py and the residual sum of Uxypy — S
and minimize their sum. Mathematical expression

M = argmin {|1Uxpn = SIB + Hlxwonl B} (1)

where, X is a regularization parameter to balance the model
authenticity and the well-posedness.
By differentiating Eq.(11), we can get

AM s =0 (12)
In details,
dM/dxMDH
_ d[Wxmpn = )" Wxmpn — ) +UT )" (1) U]
B dxypH
(13)

Then we can solve Eq.(14) as
—2U"S + 20T Uxpypy +2 0D AL =0 (14)

Parameter identification of error model by Eq.(14). On the
one hand, the smaller of the regularization parameter, the
better of the model authenticity. On the other hand, the larger
the value of the A, the better the stability of the model.
Authenticity and stability should be considered at the same
time. For this reason, the regularization appropriate parame-
ters should be selected [37], [38].
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FIGURE 2. Algorithm flowchart.

B. SELECTION OF REGULARIZATION PARAMETER-L
CURVE
The equation for the L curve is as follows [39]

u(r) = log||Ux*® — S°||
adl

15)

v(d) = log||x

|| Ux*® — g8 || is the modulus of the residual about A, ||x*:% ”
is the modulus of the solution about A. By solving Eq.(15),
we can get a curve about u(A) and v(A).

In the vertical part, the regularization parameter is a small
value, it shows poor stability but good authenticity. In the
horizontal part, the regularization parameter is large, it shows
good stability but poor authenticity. But, when using the L
curve to select the regularization parameter, both the accuracy
and the stability can be guaranteed. The curvature is used as
a criterion, which expressed as

V= |

= 3/2

|@)? + )|
The optimal regularization parameter can be obtained at the
inflection point of the L curve. The regularization parameters

|u
(16)
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obtained on the base of L curve are optimized in two
steps by stepping method. The detailed flow chart is shown
below.

IV. LASER TRACKER CALIBRATION AND ERROR
COMPENSATION

A. POSITION CALIBRATION

The end position of the manipulator is tested by the laser
tracker. Since the laser tracker and the manipulator are not in
the same frame, it is essential to make a coordinate conversion
by position calibration [40]. The frame between the laser
tracker and the manipulator is converted by utilizing the
SVD(Singular Value Decomposition) method, which is built
as

w
F=miny_ qi|(Rp;+1) — pil; (17)
i=1
where, ¢q is the weight factor of the measurement data, gener-
ally, g; =1, p; is the i measured position in the laser tracker
frame, p; is the i" reference position in the manipulator frame,
and w is the number of sampling position.
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TABLE 2. Simulation reference data.

NO. f i t ts ts ts X y z
1 -7.5005  -234.484 -106.745 -92.3875 -61.5425  20.7451 227.468  -98.454 533.779
2 -5.9954  -230.002 -100.029  -89.976  -59.9825 20.7314 178.354  -86.189  612.075
3 0.0524  -220.048 -100.076 -80.0114 -60.0704  20.0858 92.567 -65.997  656.335
4 10.0144  -230.221  -110.065 -90.0199 -69.9993  9.9976 225414 40350  522.257
5 9.8715  -230.227 -79.8667 -79.9371 -79.9584  19.9732  113.703 -74.274  774.098
6 20.0504  -220.018 -70.0504 -70.0935 -80.0408  -0.0135 -71.640  -124917  842.460
7 0.0964 -229.98  -90.062  -80.0553  -80.0353  0.0083 152.101 -92.520  703.000
8 -30.063  -270.426  -100.095 -100.103  -99.9535 -19.9922  332.086  -332.150  346.873
9 -39.9514  -270.022  -110.024  -109.968 -110.102 -18.2892  217.168  -358.150  272.553
TABLE 3. Measuring position and position error.
Position measurement Position error
Ne- X y z y z
1 228.695 -99.613 532.386 -1.226 1.158 1.393
2 179.731 -86.189 611.039 -1.376 1.121 1.036
3 93.86 -66.969 656.105 -1.292 0.971 0.230
4 227.019 -41.167 521.044 -1.604 0.816 1.213
5 115.031 -75.262 773.739 -1.327 0.987 0.359
6 -70.751 -125.872 842.529 -0.889 0.955 -0.068
7 153.313 -93.72 702.568 -1.211 1.199 0.432
8 331.391 -333.423 344.497 0.695 1.272 2.376
9 215.683 -358.948 269.746 1.485 0.797 2.813
TABLE 4. Geometric parameter errors after calibration.
Link i ai-1 (°) ai./(mm) di (mm) ti (©) i (°)
1 1.512%x10*-12 6.892x10"-12 -0.227 0.000 -
2 0.013174 -6.030x10"-7 -0.501 6.031x10"-9 -
3 -2.58x107-15 1.288 -0.300- 3.610x10"-15 3.942x10"-15
4 -1.41x10"-14 3.461 0.000 -2.115%10"-15 3.541x10"-14
5 4.556x10"-15 7.630%10"-13 -3.939 3.973x10"-15 -
6 -1.041x10"-9 -3.172x10"-13 -0.660 -4.781x10"-16 -

B. COORDINATE CONVERSION

As the measured point, the target ball installed on the end of
the manipulator is tested by a laser tracker. However, there
is a difference between the measured pose and the end pose
of the manipulator in actual calibration experiment. The end
pose of the manipulator (i = 6) in Eq.(3) should be converted
to the target ball frame. The coordinate conversion between
the end of the manipulator and the target ball is

6 1P
7T_[01

where, P = [Ax, Ay, Az], I is the identity matrix.
According to the kinematics model of the manipulator get

(13)

Ny Ox Ay Px 100 Ax

0 _ Opk6p _ | By Oy Gy Py 010 Ay

T =el 5T = n; o0z a; py 001 Az (19)
0001 000 1

where, 87 is the transformation matrix of the tool frame
relative to the base frame, and (7)T is the transformation matrix
of the tool frame relative to the manipulator end frame.
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The coordinates of the target ball are

Xp = px + 1y Ax + 0x Ay + ay Az
Yn = py + nyAx + oyAy +ayAz
Zn = p; +n;Ax + 0, Ay + a; Az

(20)

According to the LSM method, Ax, Ay, and Az can be solved
by

D—d = [+ (Av)” + (dz?]
1/2
- [ax0? + @+ @] e

where, D is the distance between the point (xk, vk, zx) and
(Xk+1, Yk+1, Zk+1) by laser tracker, d is the distance between
the point (X, Ym, Zm) and (K41, Ym+1, Zm+1) by MD-H,
Axy = Xm+1 — Xm, Aym = Ym+1 — Ym> Azy = im+1 —
ImAXg = X1 — Xks AVk = Yk+1 — Yo AZk = Zk+1 — Zk-

C. ERROR COMPENSATION

The error compensation of the manipulator relies on the geo-
metric error model and regularized parameter identification.
When considering the geometric errors, the end pose of the
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TABLE 5. Error comparison before and after calibration.

Index 1 2 3 4 5 6 7 8 9
Before calibration 2.189 2.056 1.633 2.171 1.693 1.307 1.759 2.784 3.280
After calibration 0.863 0.868 0.843 0.767 0.768 0.620 0.848 0.889 0.881

e Target ball
7 Zoom -
'&} Cooperative target

Laser tracker

o~ .
# Teach pendant
{3 - _———— . = 4 -

Workbench

(a) Calibration apparatus

FIGURE 3. The calibration system of the 6 DOF manipulator.

manipulator can be rewritten as

P (a+ Aa,a+ Aa,t + At,d + Ad, B+ AB)
=pla,a,t,d,B)+dl =p (a1, a1, t1,d1, B1) (22)

where, oy o + Ao, ay
d+ Ad, B1 = B+ AB.

a+ Aa,t t + At,d;

V. NUMERICAL SIMULATION

In order to verify the suggested method, a numerical simula-
tion is carried out. According to the number of identification
geometric parameter errors, there are 9 sets of joint angles
T =(4]i = 1,2,...,6) and their corresponding reference
points selected, as Table 2 shows.

Then the coordinate of those 9 points are measured by the
laser tracker, as Table 3 shown. Calibrate the measured values
to the manipulator frame through Eq.(17)- Eq.(21), and obtain
the error between the measured position and the reference
position, as shown in Table 3, the geometric error model of the
manipulator is obtained by Eq. (4)- Eq. (7). Next, according
to the geometric error model, through Eq. (15) and Eq. (16)
and the principle of the L curve, the regularization parame-
ters were obtained. Then, the optimization and verification
are performed near the obtained regularization parameters to
obtain the optimal regularization parameters.

Finally, the identified geometric parameter errors are
obtained through Eq. (11), as shown in Table 4. The new geo-
metric parameters are obtained through error compensation,
and the nine-points absolute position errors were obtained,
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as shown in Table 5. The validity of the method is verified
according to the position absolute errors.

It can be seen from the simulation results that the absolute
position error of the manipulator has been improved to a
certain extent after calibration. It indicates that the suggested
method has a certain validity.

VI. EXPERIMENT AND ANALYSIS

A. EXPERIMENTAL DESIGN

To illustrate the application advantages of the RPIM, the
calibration system is designed, which consists of a manip-
ulator, a measurement tool, a target ball, a cooperative target,
and a laser tracker, as Fig.3 shows. The selected manipulator
has a load capacity of 19 kg, a maximum range of 1024 mm,
and a repetitive positioning accuracy of 0.03 mm. The Leica
AT403 is used as a measurement tool, and the absolute rang-
ing accuracy of the laser tracker is Su m. The target ball is
fixed at the end of the manipulator by a connector.

In order to make the experimental results universal,
we chose a cube measurement space with a side length of
800mm. The measuring cube is the area where the manip-
ulator moves the most, 52 relatively uniform points are
selected in this space. There are 52 scattered points tested
to be measured by the laser tracker. To ensure the stability
and consistency of the measurement results, each point is
tested with 4 seconds pause, as well as at a temperature of
around 25°C

The measured 52 points are displayed as the measured
points as Fig. 4 shows. It can be seen that there is a difference
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TABLE 6. 52 sets of joint angles.

No. Joint angles No. Joint angles
t [3) t3 ty ts ts t 5] t; 2] ts ts
P1 -7.501 234?484 106?745 -92.388 -61.543 20.745 P27 -0.008 -240.093 -80.010 -80.014 -92.030 29.526
P2 5995 ooz $9976 9983 20731 P28 0.008 240093 -100.093  -100.287 72070 49521
P3 0.052 220?048 100j076 -80.011 -60.070 20.086 P29 20.075 -240.098 -80.004 -100.292 -92.389 17.224
P4 10.014 23()?221 1 10?065 -90.020 -69.999 9.998 P30 20.072 -240.101 -99.980 -80.014 -92.389 17.224
Ps 9872 uhon 79867 79937 79958 19973 P31 20072 240101 -99.980 -99.949 72364 17.224
P6 20.050 220?018 -70.050 -70.094 -80.041 -0.014 P32 19.960 -220.067 -80.031 -100.155 -92.164 30.004
P7 009  ypo0ep 90062 80.055  -80.035 0008 P33 0072 240002 -99.991 -80.017 71812 50304
P ao063 270426 100095 100103 9995 ooy P34 20026 240016 -79.952 -80.031 91955 18801
P9 394_95] 27()?022 1 ]0?024 109?968 1 10T102 18,-289 P35 -9.909 -220.010 -99.974 -99.018 -92.219 18.784
PIO \o7ug  ga1agy  SR605 91259 91332 oo P36 o0 220015 -80.042 -99.015 92222 16705
P11 0.077 244?976 100?043 IOOTOZO -92.546 6.246 P37 20‘631 -220.015 -80.042 -80.053 -72.065 16.708
PI2 0071 oilioe oona rooag0 924 6232 PRI Lot 220022 -80.902 -80.054 72054 16705
P13 -0.107 244?962 -90.087 -99.927 -92.475 6.229 P39 30;)20 -240.996 -60.924 -80.055 -72.054 16.705
P14 0.017 245?036 100j062 -90.039 -92.601 5.982 P40 304623 -260.118 -40.500 -70.626 -72.900 16.708
PIS <0365 05y 9994 (e 82049 6.001 PAL ot 270019 -30.057 -70.624 72905 16705
P16 10.053 235j044 -99.985 100T086 -92.098 17.589 P42 29&06 -270.030 -0.098 -63.153 -72.905 16.702
PI7 0047, o0 90040 90091 92001 17598 P43 ot 297279 20785 -53.158 72908 16705
P18 0.044 244?962 -99.994 100j004 -82.230 27.048 P44 0.632 -310.026 55.380 -53.158 -72.897 16.708
PI9 10089 oo 90068 o 92060 16532 P4S 0640 281772 50.176 -53.158 -71.818 9.731
PN 0063 5, oooss 9973 82051 26994 P46 0640 281769 30.617 41293 60249 20.056
P21 20.155 239?667 100?068 -99.949 -90.027 29.534 P47 -6.940 -287.661 -0.035 -41.296 -60.246 20.056
P2 0000 o e o001 90080 29262 PAS 6940 285.062  -19.994 -50.200 -60.246 20058
P23 -0.107 239?928 -80.051 100T031 -90.080 29.479 P49 -6.940 -300.147 -46.567 -50.203 -60.238 20.053
P24 -0.107 239T925 -99.939 -80.064 -90.080 29.482 P50 -6.943 -319.977 -46.567 -50.203 -60.243 20.048
P25 0107 oo 99939 99916 72057 29531 PSL 6946 -290.025  -70.852 -50.200 60238 20.039
P26 20.007 220?026 100?205 100T061 -91.736 29.537 P52 -6.946 -260.071 -90.040 -50.203 -60.246 20.042
matrix of the tool frame relative to the end frame is
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o . After that, unifying the points to the same frame, the points
;5% v o o 1000 on different frames are calibrated by the SVD conversion to
X-ax,'g (o 1000 ) 0 o the same frame, as Fig.5 shows. In this way, the differences
i) 2000 -500 -

© Nominal points © Measured points

FIGURE 4. Points on the different frame.

between the reference points and the measured points even
though they all correspond to the same point.

Obviously, those differences can be offset by a certain oper-
ation both the rotation and the translation. The relationship
between different frames can be converted by Eq.(17). The
end position indicates that using the constraints of Eq.(21),
the LSM is fitted to obtain P(-3.402, 15.293, 49.356), the
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between the measured points and the reference points on the
same scale will really show up.

It can be seen from Fig.5 that the reference points are
approximately around the measured points on the same scale,
indicating that the calibration results are correct. To illustrate
the accuracy of the calibration method, the absolute position
errors are solved by those 52 points, as Fig. 6 shows.

B. MATHEMATICAL VALIDATION AND ANALYSIS
Before uploading the calibration errors to the traditional
inverse kinematic model to identify the geometric parameters
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of the manipulator, the ill-posed problem should be judged by
its condition number, which can be expressed as

cond(U) = |U| * HU—I H 24)

where, U is the Jacobian matrix. By using the above data, the
condition number is 1.157 x 10%!, which is a great value to
research the inverse kinematic model ill-posed. To improve
this situation, the suggested RPIM is used for parameters
identification.

To optimize the regularization parameter, the L curve
method is described by Eq.(15) and Eq.(16). By using regu-
larization parameter identification, the initial value obtained
by the L curve method is 3.063 x 10~!'!. However, the
regularization parameters obtained by this method may not be
the optimal regularization parameters, so it needs to be further
analyzed and optimized. The initial regularization parameter
is selected in the range of 3.063 x 10720 to 3.063 x 10719,
the step frequency is 30. According to the principle of the
minimum norm of residual sum, the residual sum (L2) norm
are the smallest among the above range when 1 = 3.063 x
10714, as Fig.7 shows. It can be seen that the value of the
inflection point is 3.06 x 10~!4. The L2 norm has a trend of
decreasing trend with a rapid rate of descent before this point
while showing a slowly changing trend after this point.

In order to make the regularization parameters more advan-
tageous, the same order of magnitude analysis is carried out
on the basis of the above results, the regularization parameters
in the range of 0.563 x 10™'* to 5.063 x 10~!4. Ten groups
of data were uniformly selected for comparison. All those
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selected regularization parameters are substituted into the
RPIM to solve the position on the end of the manipulator by
utilizing the selected 52 joint angles, as Fig.8 shows.

It can be seen from Fig.8 that different regularization
parameter leads to different result for the RPIM. Among
which the case from 1 to 10 are the coordinate of the
simulated points solved by the regularization parameter of
0.563 x 10714, 1.063 x 1071, 1.563 x 10714,2.063 x 1014,
2.563x 10714,3.063 x 1071,3.563 x 10714,4.063 x 1014,
4.563 x 10~* and 5.063 x 1074, respectively.

To verify the accuracy of those simulated points, the
absolute position errors are solved for each measured point,
as Fig 9 shows. It shows that the absolute position error is
minimal when the regularization parameter is 3.063 x 10714
compared to the other cases.

As well, the absolute position errors of each point under
different regularization parameters are compared. It shows
from Fig. 10 that there is a trend of monotone decreasing
when the regularization parameter ranges from 0.563 x 10~ 4
to 3.063 x 10~'* while a trend of monotone increasing when
the regularization parameter is greater than 3.063 x 10714,
All the error curves have the same tendency, it can be fully
demonstrated that the regularization parameter of 3.063 x
10~ !4 is superior to other parameters.

According to the regularization parameter 3.063 x 10~14,
the geometric parameter errors of the inverse kinematic
model can be identified, as TABLE 7 shows.

To further validate the accuracy of our suggested method,
the LSM, the GN, and the GD were also applied under the
same experimental conditions as some comparison methods.

The absolute position errors of the simulated points are
compared by NC (no calibration error), LSM, RPIM, GD,
and GN. It can be seen from Figure 11 that the errors of the
NC are greater than any other method. The average errors
are 2.307mm for NC, 1.449mm for LSM, and 0.475mm for
RPIM. In addition, the absolute position error of NC is about
6 times higher than that of RPIM, the absolute position error
of LSM is about 4.2 times higher than that of RPIM, the
absolute position error of GD is about 4 times higher than
that of RPIM, and the absolute position error of GN is about
2 times higher than that of RPIM, respectively.

In order to verify the calibration effect of the suggested
RPIM method in the actual manipulator model, there are

VOLUME 10, 2022
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FIGURE 8. Simulated points solved by different regularization parameters with RPIM.

eighteen points randomly selected. About measured values,
all those points are measured by a laser tracker and their
corresponding joint angles are measured by the encoder,

as TABLE 8 shows.

According to the 18 groups of measure data, the position of
the simulated points is solved by RPIM. As a comparison, the
corresponding measured points are also plotted on the frame,

as Fig. 12 shows.
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(j)Case 10

The RPIM in Fig. 12 represents the position coordinates
obtained after the regularization method is calibrated. It can
be seen from the figure that the simulated point is very close

to the measured point. In detail, the error between each axis is

that the x-axis range is -500 to 500, its mean error is 0.67 lmm,
the y-axis range is -200 to 600, its mean error is 1.244mm, and
the z-axis range is -600 to 1000, its mean error is 2.815mm.

After using RPIM calibration, the x-axis error is reduced by
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39.404%, the y-axis error is reduced by 88.489% and the
z-axis error is reduced by 99.796%, as Fig.12 shows. In a
word, our suggested method has a good effect on manipulator
calibration.

It can be seen from Fig.13 that the errors along the three
axes are small, the optimization effects on the z-axis are the

best one than x-axis and y-axis, and the x-axis are worse than
y-axis and z-axis.

As well, the NC, the LSM, the GN, the GD, and the RPIM
are compared by the absolute position errors, as Fig.14 shows.

According to the data in Figure 14, the average value can
be calculated as 0.468mm for RPIM, 1.435mm for LSM,
and 3.199mm for NC, 1.353mm for GD, 0.956mm for GN,
the errors of the RPIM, the LSM, the NC, and the GD are
decreased by calibration.

According to the 18 groups and 52 groups of the experi-
mental data, the maximum absolute position errors (MAX),
standard deviation (SD) and mean absolute position errors
(MAE) are also solved to evaluate the localization accuracy
of the manipulator, as TABLE 9 shows.

It can be seen from TABLE 9 that the MAX of NC is
almost ten times higher than that of RPIM, the MAX of
LSM is almost three times higher than that of RPIM, the
MAX of GD is almost four times higher than that of RPIM,
and the MAX of GN is almost twice times higher than that
of RPIM. The MAE of RPIM is almost one-sixth that of
NC, one-fourth that of LSM, one-third that of GD, and one-
half that of GN. It shows our suggested method has a high
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TABLE 7. Parameters of the inverse kinematics model.

Link i di (mm) ai.; (mm) ai-1(°) 1 (°) Bi(®)
1 0.227 -5.110x10°13 0.003 0.000 -
2 0.419 -0.391 -0.002 0.003914 -
3 0.699 1.288 -7.516x10°1¢ 3.468x10°"7 2.398x10°"7
4 -0.021 -3.461 -5.453x10°1° -5.400x1071 1.013x10°"
5 3.939 7.292x10°14 2.478%1016 3.070x1016 -
6 0.660 -1.890x10°14 5.354x10°1¢ -1.097x10°1¢ -
TABLE 8. Outputs of the calibrated manipulator.
Number Joint angles Coordinate of at the end of the manipulator
t %) 3 4 ts t6 X y X
1 -30.000  -270.000 -120.000 -120.000 -120.000  60.000 209.973 -293.954 209.626
2 -20.000  -260.000 -110.000 -110.000 -110.000  70.000 291.836 -251.513 336.002
3 -10.000  -250.000 -100.000 -100.000 -100.000  80.000 313.725 -179.829 488.507
4 0.000 -240.000 -90.000 -90.000 -90.000 90.000 254.148 -108.274 644.31
5 10.000 -230.000 -80.000 -80.000 -80.000 100.000 113.411 -75.378 773.123
6 20.000 -220.000 -70.000 -70.000 -70.000 110.000 -79.909 -114.24 804.813
7 30.000 -210.000 -60.000 -60.000 -60.000 120.000 -274.935 -236.05 813.508
8 40.000 -200.000 -50.000 -50.000 -50.000 130.000 -415.406 -420.588 720.802
9 -0.055 -244.987 -100.005 -99.949 -92.524 61.787 305.016 -112.191 515.618
10 -0.024 -235.077 -90.010 -99.968 -92.439 61.771 202.378 -111.875 642.36
11 -0.041 -219.938 -100.093 -87.655 -91.486 89.953 102.831 -110.489 632.207
12 10.003 -235.014 -100.035 -100.081 -92.065 61.065 244328 -69.872 561.687
13 20.190 -235.055 -100.29 -100.317 -92.106 61.101 253.422 -25.405 558.896
14 20.177 -244.968 -90.0401 -100.317 -92.104 61.098 312.765 -3.653 598.55
15 30.009 -244.965 -99.9937 -100.007 -82.109 61.103 312.434 68.515 516.422
16 30.001 -235.000 -99.9992 -100.001 -82.002 70.997 246.008 30.275 562.874
17 -10.000  -235.000 -99.9854 -100.009 -82.109 61.090 207.896 -135.085 562.85
18 -10.000  -245.000 -89.9989 -100.009 -82.109 61.090 271.342 -146.286 600.039
B
£
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FIGURE 11. Error comparison with different identification methods.

TABLE 9. Error comparison among different algorithms.

Evaluation
. NC LSM RPIM GD GN
index
Max(mm) 5.168 1.694 0.583 2.024 1.204
MAE(mm) 2.533 1.445 0.472 1.353 0.956
SD(mm) 0.778 0.039 0.026 0.234 0.111

accuracy than traditional methods. The SD of the RPIM
is the smallest one among all methods, which shows our
suggested method is stable when it comes to the manipulator
calibration.

The reduction percentage both of the MAE and SD relative
to the absolute position before calibration is also solved

VOLUME 10, 2022

FIGURE 12. Comparisons of the localization error.

TABLE 10. Reduction percentage both of the MAE and SD.

Evaluation
. LSM RPIM GD GN
index
MAE 42.942% 81.331% 46.591%  62.261%
SD 94987% 95.704%  69.922%  85.730%

to evaluate the localization accuracy of the manipulator,
as TABLE 10 shows.

TABLE 10 shows the calibration method has a great influ-
ence on the localization accuracy of the manipulator. In detail,
the MAE is reduced to 42.942 % by the LSM, 46.591% by
the GD, 63.261% by the GN, and 81.331% by RPIM after
calibration. The SD is reduced to 94.987% by the LSM,
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69.922% by the GD, 85.730% by the GN, and 95.705% by
RPIM after calibration. In all, the kinematic model of the
manipulator is successfully recognized by RPIM and vali-
dated by numerical simulation and experiment.

VII. CONCLUSION

In order to identify the geometric parameter errors of the
manipulator more accurately, this paper proposes an RPIM
identification method to improve the localization accuracy
of the manipulator. On the one hand, when using MD-H to
model, it avoids the singularity when two axes are paral-
lel. On the other hand, ill-posed problems are raised during
parameter identification, and the regularization method can
solve this problem. The RPIM is an improved regularization
method based on Tikhonov regularization, and the specific
performance is that the improved L curve method is used for
selecting regularization parameters.

In addition, the experimental part uses a laser tracker to
data test, The RPIM compares with other methods in parame-
ter identification. Experimental results show that manipulator
geometric error model based on the Tikhonov regularization
can effectively improve the localization accuracy of the pose.
In addition, different regularization parameters have different
effects on results, resulting in differences in localization accu-
racy. Comparing with others, RPIM has higher stability and
smaller absolute position error, and better improves localiza-
tion accuracy.
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