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A TCP Calibration of a 6-Axis Manipulator and Geometric Errors
Identification of a Tilting-Rotary Table
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Tool-center-point (TCP) calibration and geometric error identification procedures are proposed to improve the accuracy of a
6-axis manipulator with a tilting rotary table. The accuracy of a 6-axis manipulator is affected by the accuracy of TCP
calibration. In general, TCP calibration of the 6-axis manipulator uses a conical fixture provided by the manufacturer.
However, since a TCP cannot be accurately positioned to the tip of the conical fixture repeatedly, a large positional
deviation occurs at the calibration depending on the worker proficiency. Thus, accuracies of TCP calibration and the 6-axis
manipulator are reduced. In this paper, a 3-DOF measuring device, consisting of a nest with three dial gauges and a
precision ball, is developed to calibrate the TCP and to improve the accuracy of the 6-axis manipulator. Then, geometric
errors of a tilting rotary table are identified via double ball-bar measurements according to the ISO 10791-6 with TCP initial
alignment using an extension fixture. Finally, proposed TCP calibration and geometric error identification procedures are
validated experimentally, and they show improvements in positional accuracy by 55 and 90%, respectively.
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NOMENCLATURE sij [rad] = Squareness Error of the j-Axis around the i-
Direction, (i=X, Yy, z; j = a, ¢)
a, ¢ [rad] = Rotation Angles of Rotary Axes A, C, WB = Ball Installed on a Workpiece Table
Respectively {A}, {C} = Coordinate System of Rotary Axis, A, C,
h [mm] = Nominal Offset between Tilting Axis A and a Respectively
Ball on Workpiece Table in z-Direction {R} = Reference Coordinate System
R [mm] = Nominal Length of a Double Ball-Bar o, B, v [rad] = Rotation Angles for 6-Axis Manipulator
m;, [mm] = Initial Alignment Error of a TCP to Tilting along with x, y and z-Directions, Respectively
Axis A along with the i-Direction, (i =y, z) AR m [mm] = \Measured Deviation by Control of the i-, j-,
oj [mm] = Offset Error of the j-Axis along with the i- k-Axes in m-Direction, (i, j = X, y, z; k =
Direction, (i =X, y, z; j = a, ¢) a, ¢; m = Radial, Axial)
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t}. o]l DBBQ} ¢9%}-x]+-(Extension Fixture)E ARE-5}o] TCP
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Fig. 1 Configuration of a 6-aixs manipulator with a tilting-rotary
table (MDR-60)
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Fig. 2 Accuracy improvements sequence for a 6-axis manipulator
with a tilting-rotary table
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Table 1 Specification for DED 3D printer (MDR-60)

Parameter Unit Value
Axes - 6+2
Tilting range A degree [-90, 90]
Rotary range C degree [0, 360]
Payload kg 60
Laser power kW 1, Fiber laser
Spot size mm 22
Material - SUS316L, Inconel 625, Ti64 et al.
2. 65 252| TCP W3

Ao A= 6= ZE(KR 60HA, KUKA plc., Germany)}
%E‘-EHE] B o] E(DKP-400, KUKA plc., Germany)Z A%
DED (Directed Energy Deposition) ¥4]9] < 3D X E
(MDR-60, Maxrotec Co. Ltd., Republic of Korea)S AR&-3}H,
glo] ot =8 AR 2442 Fig. 1 9 Table 13} 2t}

2R A 2ol A Al gshs Eok F3 4| (End-Effector Coordinate
System)= Fig. 3(a)2} Zro] ZX|of Y=gt o, F17}
Bzl AS TCPo| Y3+ HHAE A&slA nAs|oF st}
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AR AZSRE AP Fig ISt Zo] A The 4
o 23 Rqel OB €AY AR U AskE
= A oslo] RATTHI6L SHAIT Fig. 302} 2ol €5
2HATE o7 TCP WAL HeAae] Alofolar oEslo]
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o} 2 917 WA ekt ujeld] 2iake] Lewe] arg
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(a) Flange and TCP coordinate systems

Pose | Pose 2
£ >
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(¢) An example for a conical measurement

Fig. 3 A TCP calibration method of a 6-axis manipulator supported
by manufacturer
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c Table 2 Specification for digital dial gauge
Digital dial gauge Parameter Unit Value
o mm 127

N Measuring range

Resolution mm 0.001

Accuracy mm 0.003

Repeatability mm 0.002
Measuring pressure N 1.5

E_J
Table 3 Specification for FDM 3D printer (F170)

Parameter Unit Value
Axes - 3
Dimension mm 254 x 254 x 254
Accuracy mm 0.2
Layer thickness mm 0.254
Material bays - 1 Model / 1 Support
WL TCP WA B ge 25t AleAtel Al Algshe Material - ABS-M30, QSR support et al.
AR SAAFE o83 e Ayet vttt TCP
oA AR AE e 4719 2R A= EEF 1ol
e "ol gt Az oE AAE 7S Agsiie HAE A= SAEAE ARgste] SA7c S o
o, A3F ST A e SHAAE ARgste] TCPE i £ A9 YA WA= Fig. 83 ow, x, y, z ¥ WAL
gk A Figs. 59 63 g} TCP w4y Al Fig. 73} JLA]gk(Peak-to-Valley, PV)> ¥3% S 2|51 o)M=
2ol o] ARgRE 479 25 AAeks T Y] M= AL PV 809, 825, 609 pm= WERHIL A|oFgE TCP w ol M=
AIE ARgstol HERItt 9719 AAolA Aets 27] AET PV 368, 390, 311 umE: LERo] 12} 55, 53, 49%2] TCP 1]
O] YA(N = Dol 7Hes A3t & FEF9] x, y, z YaFe] 944 HAP7} A e AR TCP W griofl A whAyeh 91| HAk=

a=0° B =90°% y=0° a=45°, f=0°, y=-45°

(b) Pose 2 (c) Pose 3 (d) Pose 4

Fig. 5 A TCP calibration of a 6-axis manipulator using a conical measuring fixture

-

(a) Pose 1 (b) Pose 2 _ (d) Pose 4

Fig. 6 A TCP calibration of a 6-axis manipulator using a 3-DOF measuring device
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(g) Pose 7 (h) Pose 8 (i) Pose 9
Fig. 7 Measured poses of a 6-axis manipulator to validate a TCP calibration results
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(a) In x-direction (b) In y-direction (c) In z-direction

Fig. 8 Positional deviations of a precision ball relative to the initial pose (N = 1)
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(a) Installation of a WB using
a center mount

Fig. 9 Alignment of a TCP initial position

(a) 1st Measurement

(b) Measurement of a positional deviation
in y-direction

(c) Measurement of a positional deviation
in z-direction

(d) 4th Measurement

(c) 3rd Measurement

Fig. 10 Measurement for PIGEs of rotary/tilting axes at a 6-axis manipulator

Table 4 Measured positional deviation and alignment errors

Parameter Unit Value
AR, pm 8.2
AR, pum 2,047.2
my, pm 1,027.7
My, pm -1,019.5

HeloA] BHo] 7haet @RS AR gt wheba 3 C
o] 718she &2 Al f1AI8kAL Qlo] PIGEs7} 2kal 70|
BolstAut, @RS A9 7|stela] 2 71A WiFel fIA]sh] of
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9(a)2} o] B8 A7} a=0°Y off, z B3O 2 h=476.98 mm
o] AA QAo AA|gtct. WBS] 91%] HAL AR, AR= HE S
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Fig. 11 Experimental data without/with compensation

Table 5 Identified PIGEs without/with compensation

PIGEs Unit without Comp. with Comp.
Oya pum -192.5 -7.0
0za um -144.7 -0.1
Sya prad 2,388 50
Sya prad -824 65
Oxe pm -50.8 0.3
Oyc pum 20.0 1.9
Sxe prad 2,544 -14
Sye prad 1,786 29
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