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Estimation of Kinematic Parameters of a 6-Axis Serial Robot through a
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This study introduces a straightforward and cost-effective method to enhance the positional accuracy of a 6-axis serial
robot using a double ball-bar (DBB). Kinematic errors, a primary source of inaccuracies in offline programming, are
estimated and calibrated through circular tests. The kinematics of the robot are modeled using the Denavit-Hartenberg
(D-H) convention, and a mathematical relationship between radial deviation and kinematic errors is established. To
avoid singularities, identifiable parameters are selected using singular value decomposition. The method involves three
steps: measuring the tool center point (TCP) with the DBB, estimating key kinematic parameters, and verifying the
calibration results. Redundant or less significant parameters are excluded to concentrate on the most impactful ones.
During the process, the robot is commanded to trace a circular path while radial deviations are recorded. This data is
then utilized to estimate and adjust the kinematic model. After recalculating and executing the circular path with the
calibrated model, a notable reduction in deviation is achieved. This proposed approach requires no additional
equipment and provides a quick, affordable solution for improving the accuracy of industrial robots while lowering
maintenance costs.

Manuscript received: May 19, 2025 / Revised: September 17, 2025 / Accepted: September 29, 2025

R
AR
Aprcp
Ap

Aplarget =

Pe

NOMENCLATURE )4 = Measured Position on the Circular Path

T = Nominal Transformation Matrix (TM) that Defines
Radius of a Double Ball-bar (DBB)

Radial Deviation Measured by a DBB i1

Frame {i} Relative to the Frame {i-1}

TCP Position E T, = Actual TM with Kinematic Error
t . .
CP Position rro; b b T = Nominal TM for Joint 6
Ki tic E the Robot ]
fhematic ot of The Robo T, = Actual TM for Joint 6

Estimated Kinematic Error

Center Position of the Circular Path
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Fig. 2 Radial deviation induced in circular path test
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Fig. 3 The deployed robot (KR 60 HA, KUKA) and the attached
tool

Table 1 Specification of the deployed robot

Manufacturer KUKA (Germany)
Maximum reach [mm] 12,033
Positional accuracy [mm] +0.7
Positional repeatability [mm] +0.05
Path accuracy (circular) [mm] +0.4
Path repeatability (circular) [mm] +0.16

Table 2 Specification of the utilized double ball-bar

Manufacturer Renishaw (UK)
Part name QC20-W
Accuracy [pum] +(0.7+0.3%L)
Resolution [pm] 0.1
Measurable range [pum] +1

_____

&S
/
/
? | L
~ A
\
\
V-____.______,—-"

Fig. 4 Generated measurement paths for the circular test
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Table 3 Estimated errors in link parameters

Parameter Value
Aa; [mm] -0.9132
Aa, [mm] 0.5287
Ag; [mm] 1.2681
Aay [mm] 0.1194
Aas [mm] -0.2551
Ay [rad] 0.0002
Ao, [rad] 0.0034
A [rad] 0.0008
Aay [rad] 0.0012
Aas [rad] -0.0006
Ad, [mm] 09112
Ads [mm] -0.1850

\\
NN
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Center pivot = =% &
assembly

Fig. 5 Circular paths and their center points in position 1 & 2
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Table 4 Convergence of joint angles in numerical inverse kinematics at p;c

Angle Step 1 Step 2 Step 3

(deg) Joint value A Joint value A Joint value A
6 6.7440 0.1533 6.8973 0.0002 6.8975 0.0000
& -94.3426 -0.0144 -94.3570 0.0001 -94.3569 0.0000
& 132.3457 0.0772 132.4229 0.000 132.4229 0.0000
6y 10.8680 -0.1694 10.6986 0.0010 10.6996 0.0000
& -38.4947 -0.0202 -38.5149 -0.0270 -38.5419 0.0000
G -8.5278 0.2086 -8.3192 -0.0011 -8.3203 0.0000

S [mm?] 4.697088 0.000014 0.000000

A 0.01 0.001 0.0001

Table 5 Center positions with respect to the base coordinate system
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cP2 1269.937 -119.917 947.784 Dshe Ea) AAME WA MR 23 Aol7]d] Aeiste] 2
CP3 1270.003 29.983 947.921 slolon], 24 WAL 32804 7|5st Wl EolslA] 2L
ahirt.

B Azo| AZ CPl, CP2, CP3o| thal 24¢ ukbd w3}
AHe Fig. 79} Table 60 A A3l A0, ARME A2 58 5
o 45 717k wetle S Agsiele o S v W
A7} 154 ol o] ula 27 AT AL ol

WA, o3} 24 9l ALGE Aol CPII CP2oAE B

% b WA Aigre] Wil A 88.79%7H4) Zastele.
o, BEWA T 88.51% AT Bl By ave] §aA
o] FelE|9ic.

51, wgo] ALSER| ORe ARSI CPIO|AE v WA 4
thgke] Hto] Hd 87.00%, EFHA= 81.51% Uﬁ:@;ﬂi A,

0 AR o) JololqE 2gE 7| 7EkA setulezh 4]

oS 3 o ]-/\O]r,]_

7

1
[}
I
]
1s

=
“«" 4

2 ]_,_OHE A AFshe Wb HAks B v*Fa
5 _ T MNES 2ol Uehton, ol & =wolAl eshA] o2 7
é=le, e, e e, e el 17 ) B
wHo| MY 22H(AG, - Aeé el 71918 Ao &2 spekETh
o] ©tAof vlste] HA =2 Fho] SFE - 4 ESE 1] TEHOE & uf, A 7|9k Ehvly By darels
2] ARt A nel] 7RI ojw no] Tt a5 & AA 65 AYGE 28] AEEUS w YT HAE A RE
G ELe ARSI H (Gradient-descent Method)2] Eﬂoﬂ 7} A HAE §ousH TarFon, o= 2R o] 9% 2a} 7
THAAIH, ==oll gt o] SHEAIN ¢ SEe da Adofl apA]Ql WS USRIt

st whl® 2ageo] ghol ztashE A7) u) Zhaw,
Newton-Raphsont 2] E4Jo]| 717k9)7)0) Z=ele] 27} 2]

A Sl S AAel TG, S A 2] 4 dR
A9 7Fe 0.01, n2 1002 AA3YHL). o9& 59, Fig. 59
proti5to] B 7|5 mele] 7| 75kS ok Table B o Alelg mio] 9% JIE L Ao Hu}
49) 44 e Bo) = P Zhes) Ak 2 o|gsle] 7175t mellEE 2gsis Wwe Aokela,
MRS B 1 e Al AFHoR Tl ge
argmin § = argmin e (18)  ARS =zakgin



January 2026 /75

N |—&—wo. calib.
301 4 300 /,,,,ov,,,, 3300 [—=—w. calib. -

[—&—wo. calib.
—=—w. calib.

[—&—wo. calib.
= w. calib.

60° / \ 300° 30° / \ 150° 60° / \, 300°

300 A bY 300 L 300 A N\
£ E E /
E E &
2 2 2
E 299 4 90 270° 4 2994 0 1 180° [ 99 - 90° | 70°

3009 1205\:\ / 2400 7 s V\ / 210 3009 120\‘\3 / /2~mv

\\\ /"/ \\ \ / \\ //
301 - 150° T~ | - 210° 301 - 300° T ,,,///240‘7 301 - WSU°\‘ ~—_ ,,,/-////ZIU”
180° 2 180°
(a) XY plane in CP1 (b) YZ plane in CP1 (c) ZX plane in CP1

—a—wo. calib.
0 A o
0 I —=—w. cali. 0 P

300 —_ 330°

/ ( \\
60° / \ 300° 300 /
300 £ N 300 /
£ £
Y Py
E E
S 299 90 H270° S29 0
= ]
5 5
g g
-4 -4
3007 10 240° 07 350
N /* N\
/
AN e 4
1500 S~ 21° 300°

(d) XY plane in CP2

[——wo. calib,

. - [—=—w. calib. ~
301 300 I 301 60°

e 7
/< RN /
60° / A\ 300° 300/
3004 A N 300+ A

Radial value (mm)
Radial value (mm)
w g

T 1200

(e) YZ plane in CP2

e 120°

[—&—wo. calib.
—=—w. calib.

—&— wo. calib.
—=—w. calib.

90°

301

- 180° - 180°

Radial value (mm)
3
g
<

300

301~ 007 T —

[ wo. calib.
 —=—w. calib.

[=—4—wo. calib.
[—=—w. calib.

~
\1 150° 300/

3004

Radial value (mm)
g

<907 +270° 1 180° A
00 120¢ \V /'\/240° 00 0° \. /'VV/ZIU" 300 33(\;\\ /‘/2]0"
AN e Ay Ve AN v
01 1500 S~ 210 01 3000 a0 01 3000 S 2a0e
180° 270°
(2) XY plane in CP3 (h) YZ plane in CP3 (i) ZX plane in CP3

Fig. 7 Measured radial deviation without / with calibration

Table 6 Summary of the measurement results without/ with

calibration
Without calibration With calibration
Path Plane Average  Standard  Average  Standard
|AR| deviation |AR| deviation
[mm)] [mm] [mm)] [mm)]
XY 0.2168 0.1126 0.1255 0.0566
CP1 YZ 0.4166 0.1754 0.1450 0.0938
ZX 0.4769 0.2466 0.0627 0.0499
XY 0.2166 0.0600 0.0680 0.0420
CP2 YZ 0.4280 0.1775 0.0497 0.0451
7ZX 0.4810 0.2621 0.0539 0.0301
XY 0.2547 0.1789 0.0877 0.0442
CP3 YZ 0.4461 0.2235 0.0952 0.0597
ZX 0.4671 0.2575 0.0607 0.0476
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