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Abstract- The results of linear and nonlinear path accuracy
assessment of KUKA KR210 R2700 extra industrial robot are
described. The equipment used for the study is Renishaw QG20
W Ballbar and API Tracker3 ™. Robot accuracy assessment was
carried out in three dimensiors. Based on the resultant data, the
industrial robot accuracy was assessed and practical recomme
dations were suggested.

Index Term:-- industrial robot, diagnostic system, straightness
error, roundness error, positioning tolerance.

INTRODUCTION
Positioning accuracys determined byhe value ofpo-
sitioning error of therobot when repeatedlynoving to ade-
sired position. The msitioning errorcan becausedby robot
design featureghe weight of partslisplacedthe motionrate,
and thevalueof motionby the degrees of freedom

The value of positioning error is one of thkeitical Fig. 1. Tool calibration
characteristics of the industrial robot asain affectits appl- ~ The results described in this article canusedas a
cation for assembly, sizing, weldingjtting, etc. basis forrobot positioring accuracy assessmentthre angular
The results of preteshow the significant variation in coordinatesystem _ o _
accuracy characteristida the robot work zone Besides, the The research was carried out with financial support

tool calibration procedureprescribedin the manuaj intro- from th(_a Mi_nistry of_Educatipn and Science of the Russian
duce additional erroffigure 1 showXYZ 4-Pointcalibration ~ Federation in compliance with the RF Government Decree
methodat a certain pointn the robotwork zone In that case, NO- 218 of April 9, 2010 as a part of the integrated project
the value of thepositioning eror is not predictablelt can be 2012218031204 Au t o mad inceasingathe efficiency
identified only due to thexperience ofrobot setter of preproduction and production of next generation aircraft

To assess the accuracyWIKA KR210 R2700 extra products at the premises of Irkut Corporation, scientifically
industrial roboused foredge milling,we carried ouanumber ~ assisted by Irkutsk State Technical University
of tests.

1. METHODS AND PROCEDURE

Robos can travelalong linear and nonlineapaths.
Thus we had to assesebot positioring errorsin linear and
nonlinear paths To determinelinear position accuracy, we
usedAPI Tracker3". To determinenonlinearpathaccuracy,
RenishawQC20W BallbarSystem was usdd].

The linear path accuracy assessmesthemeis as fd-
lows: in three different positions of trrmextension from the
robot base (750, 1450, and 2150 mthe robotfollows alin-
ear2000 mmpath We tested two types ebbotmotions:joint
motionandlinear motion
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Further, welinked the world coordinatesystemof the 3. Accuracy assessment in the XQY, ZOX, ZOY planes
robotto the readout systeaf API Tracker3™. with the following parameters: 1500 nimeight from
Based on the results obtained, we developed a 3D the floor, 660 mm, 1160 mm, and 1360 ndistances
model of the workzoneand determined the coordinates of the from the robot base
readut points inthe coordinatesystem of the robde, 3]. 4. Accuracy assessment in the XOY, ZOX, ZOY planes
Test 1The robotfollows a 2000 mmpathfrom point 1 with the following paameters: 2000 mrheight from
to point 2 (Fig. 2) at 5 mm/ait a distance of 750 mm from the the floor, 660 mm, 1160 mm, and 1360 mm distances
robotbase andat a height of 1000 mnior this distance, the _from the robot base.
laser readout 200 points. robot

Test 2 The robomovesbackvard from point 2 to point = =
1 with the same parameters.

Linear
axls 13 22

. g Linear axis |
C ) .
7 Fig. 4. Non-linear pathaccuracy assessmesgheme

The diameter ofthe circle of measurementas 100
robot mm, the motionrate wa€900 mnvmin.
Travel of the ballbar sensor arouna centerpoint was
controlled by the softwarelhe scheme of thenotionin the
XOY plane is shown in Fig:

Fig. 2. Linear path accuracgssessmersicheme

Further, the robofollows the path again (from point 1
to point 2 and backwajdanoving alonga seventh linear axis.

The tes$ were repeatetor patts 3-4 and5-6.

We carried out one more tedthe roboffollows aline-
ar pathfrom the minimum arnshoulderto the maximum one
(from points 7 and 8 and backward) an#n/s, at a distance of
75012150 mm, at a height ofLO00 mm, with a line length of
1400 mm

The testshelpedus determinean array of points ithe Describe —
world coordinatesystemof the robof4, 5]. two circles

A large numberof machined surfaces of aircraft parts
are nonlinear To assesshe roboticaccuracy for machining Fig. 5. Motion scheme in th&OY plane
nontlinear surfacesthe testswith QC-20W wireless lallBar In the ZOX and ZOY planes the ballbar sensor was

systemwere carried ouFig 3). _ moving along al80-degree arof data collectionThe path is
The nonlinearpath accuracyassessmerdchemeis as  shown in Fig6.

follows (Fig. 4):

1. Accuracy assessmeintthe XOY, ZOX, ZOY planes
with the following parameterg00 mm heightfrom
the floor, 660 mm, 1160 mm, and 1360 ndistances
from therobotbase

Center
point

180-degree arc of data collection

Start/Finish

Center point

Fig. 6. Motion scheme in th&OX andZOY planes
The results obtained aspecified fodinearpaths:
- _ Path 1 a distance from the robot bases&0mm.
" Fig. 3. QC20W wireless lllbarsystem Path2 i a distance from the robot basel i 560mm.
2. Accuracy assessment in the XQOY, ZOX, ZOY planes Path 3i a distance from the robot baselB6Omm.
with the following parameters: 900 mheight from
the floor, 660 mm, 1160 mm, and 1360 ndistances
from the robot base
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2. RESULTS

The robotpositioning error in linear paths is calculated
by the formula
Positioningerror:

Yo oo o Yeh o1 (1)

Averagedeviation

wherez is thedeviationati-th point,nis the number of

tests

ar 2—Ah

Error random component

)

Yy clo e 3)
Averagesquare error
B r
— (4)
Absolute error
mnp Y (5)
Relative error
Yy
= (6)

s
The positioning errors are presented itpl€d.

Table |
Positioning errorsit measuing points of linear paths

Point DYpos JAvARS
1.1 0.08+0.011888 0.08+0.011458
1.2 0.09+0012392 0.15+0011278
1.3 0.1+0.014064 0.1+0.012024
1.4 0.02+0.016123 0.02+0.012618
21 0.05+0.011286 0.09+0012614
2.2 0.11+0011109 0.2+0.013401
2.3 0.08+001431 0.09+0013317
24 0.05+0.011635 0.06+0.01208
3.1 0.07+0011251 0.29+0018397
3.2 0.07+0011251 0.29+0018397
3.3 0.03+0.01053 0.05+0.013595
3.4 0.04+0.010768 0.14+0013731
4.1 0.03+0.01564 0.22+0.015364
4.2 0.11+0015314 0.12+0013718

Straightnessrror (a distance from the top to thHeot-
tom oftheaxisbendingwithin the testing timpwas calculated
by the formula:

y wo Ya 7
Tablell presents the results tife calculations
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Table Il
Straightnesgrrorsat measuing points of linear paths
Point A, mm
PP 0.128062
o8 0.174929
) 0.412311
o8& 0.219317
P 0.158114
(€ 0.228254
€3) 0.296142
8 0.126491
o 0.298329
o154 0.450999
o 0.161555
o8 0.152315
P 0.328024
18 0.174642

Table Ill presentsaverageapproximation errors for
each line

Tablelll
Averageapproximation erroratmeaiuring)oints of linear paths

Point Q, mm
) 0.0435;
P& 0.0442;
P& 0.0497;
08 0.0648;
) 0.0472;
8 0.0528;
® 0.0406;

c8 0.05;
oD 0.0912;
o8 0.0993
o 0.0362;
o8 0.0617;
— T 0.0697;
8 0.0579

Based on the resultant datge can conclude that
e —

9 Positioning errorof the joint motion(Y -axis)remains
unchangedwithin 0.2 mm the shoulder extension
and distance from the robot base increase;

1 Average positioning erroof the linear motion(Y -
axis) is 0.533 mm, the shoulderextension varies
slightly;

1 Positioning errorof the joint motion(Z-axis) increas-
es in direct proportion to the increaseshoulder &-
tension

9 Positioning errorof the linear motion(Z-axis) is
within £0.1 mm;

1 Straightness erroof the joint motion(Y-axis) in-
creases with increase shhoulderextension
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13. Accuracyassessmemeport inthe XOY plang1160 mm distance

from the robot base, 2000 mm height)
Based on the diagrams, we compiled Tablgswhere
data distribution according to the heights is shown

TablelV
Roundnesrror (400 mmheight,em)

XOoY XOY YOz YOz Z0X Z0X

cw ccw cw ccw cw ccw

1.1 | 3252 | 3424 | 2536 | 2379 | 1531 | 1632
1.2 | 3355 | 2989 | 2538 | 2480 | 1447 | 1660
2.1 | 3621 | 2949 | 3135 | 2616 | 2272 | 1951
2.2 | 3584 | 3049 | 3221 | 2725 | 2378 | 2061
3.1 | 5138 | 4076 | 3045 | 3309 | 3977 | 3140
3.2 | 5324 | 4027 | 3092 | 3314 | 3974 | 3192

TableV
Roundnesrror (900 mmheight,em)
XOoY XOoY YOz YOz Z0X Z0X
Ccw CCW Ccw CCW CCW

1.1| 2405 | 2647 | 1828 | 1999 | 2473 | 2401
1.2 2327 | 2574 | 1828 | 1982 | 2435 | 2209
2.1]3045| 3632 | 1826 | 1405 | 1962 | 2606
2213061 | 3588 | 1765 | 1398 | 1873 | 2457
3.1| 3966 | 4311 | 2324 | 2685 | 2662 | 3097
3.2 | 3840 | 4362 | 2628 | 2768 | 2635 | 3124

23
TableVI
Roundnesgrror (1500 mmheight,em)
XOoY XOoY YOz YOz Z0OX Z0OX
cwW CCW cwW CCW CcwW CCW
1.1 | 2330 | 2507 | 2694 | 3109 | 2486 | 2411
1.2 2250 | 2510 | 2634 | 3086 | 2462 | 2426
2.1| 3636 | 3089 | 2528 | 3727 | 3541 | 2082
2.2 | 3616 | 3047 | 2604 | 3505 | 3569 | 2019
3.1| 3976 | 4767 | 2828 | 2782 | 4034 | 2924
3.2 | 4015 | 4643 | 2866 | 2895 | 4038 | 2882
TableVIl
Roundnes®rror (2000 mmheight,em)
X0y | XOY YOz YOz Z0OX Z0OX
CwW CCW CwW CCW CW CCW
1.1 2359 | 2337 | 2803 | 2407 | 2611 | 2315
1.2 2370 | 2351 | 2792 | 2505 | 2584 | 2210
2.1 3634 | 4265 | 2503 | 2533 | 2628 | 2573
2.2 3504 | 3872 | 2550 | 257.3 | 2709 | 2652
3.1 4455 | 4294 | 2539 | 2663 | 2918 | 2479
3.2 4404 | 4176 | 2354 | 2691 | 2854 | 2379

Forillustrative purposes, we determined the average e

TableVIlI

rors at each point and classified them according to the planes
and directions of travellhe results are presented in Tables 8
13.

Roundneserrors,em in theXOY plane depending on the height and
distance from the robot base whaovingin a counterclockwise direction

Height Distance from the robot base, mm
mm 660mm 1160mm 1360mm
400mm 32065 2999 40515
900mm 26105 3610 43365
1500mm 25085 3068 4705
2000mm 2344 406.85 4235
TablelX

Roundneserrors,em in the XOY plane depending on the height and
distance from the robot baséaen movingn a clockwise direction

Height, Distance from the robot base, mm
mm 660mm 1160mm 1360mm
400mm 33035 36025 5231
900mm 236.6 3053 3903
1500mm 2290 3626 39955
2000mm 23645 3569 44295
TableX

Roundneserrors,em in the YOZ plane depending on the height and
distance from the robot baséen movingn a counterclockwise direct

ion

Height, Distance from the robot base, mm
mm 660mm 1160mm 1360mm
400mm 24295 267.05 33115
900mm 199.05 14015 27265
1500mm 30975 3616 28385
2000mm 2456 2553 2677
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TableXI

distance from the robot baséen movingn a clockwise direction

Height, Distance from the robot base, mm
mm 660mm 1160mm 1360mm
400mm 2537 3178 306.85
900mm 1828 17955 2476
1500mm 2664 256.6 2847
2000mm 27975 25265 244,65
TableXIl

Roundneserrors,em in the ZOX plane depending on the height and
distance from the robot bag&en moving ina counterclockwise direction

Height Distance from the robot base, mm
mm 660mm 1160mm 1360mm
400mm 164.6 2006 3166
900mm 2305 25315 31105
1500mm 24185 20505 2903
2000mm 226.25 26125 2429
TableXlll

Roundneserrors,em in the ZOX plane depending on the height and

distance from the robot baséen moving ire clockwise direction

Height Distance from the robot base, mm

mm 660mm 1160mm 1360mm
400mm 1489 2325 397,55
900mm 2454 19175 264.85
1500mm 2474 3555 4036
2000mm 25975 266.85 2886

19).

Based on the tabular data, the histograms of errors at
different points of thewvork zonewere constructed (Fig. 14

24

Roundness error, um

Distance from the robot

base, mm

Fig. 15. Roundness error variatiomsthe XOY plane depending on the height
and distance from the robot base wovingin a counterclockwise dice

tion
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Fig. 16. Roundness error variatioirsthe YOZ plane depending on the height
and distance from the robot base wiheovingin a clockwise direction
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Fig. 14. Roundneserrorvariationsin the XOY plane depending on the height
and distance from the robot base wiheovingin aclockwise direction
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Fig. 18. Roundness error variatioirsthe ZOX plane depending on the height height of 900 mmand at a distance of 1160 mm from tloe r

and distance from the robot base wheovingin a clockwise direction bot basewhile the maximum deviation (317.8m) is -
served at a height of 400 mm and at a distance of 1160 mm
from the robot base.

In the YOZ planewhenmovingin a counterclockwise
direction, the minimum deviation (140.%%5n) is observed at a
height of 900 mm and at a distance of 1160 mm from dhe r
bot base,while the maximum deviation (361.6m) is -
served at a height of 1500 mm artdaadistance of 1160 mm
from the robot base.

In the ZOX planewhenmovingin a clockwise dire-
tion, the minimum deviation (148.8m) is observed at a
Height, mm height of 400 mm and at a distance of 660 mm from the robot
base while the maximum deviation (4034m) is observed at
Fig. 18. Roundness error variatioitsthe ZOX plane depending on the height @ height of 1500 mm and at a distance of 1360 mm from the
and distance from the robot base whaovingin a counterclockwise dice robot base.

tion In the ZOX planewhenmovingin a counterclockwise
direction, the minimum deviation (164n) is observed at a
height of 400 mm and at a distance of 660 mm from thetrobo
base while the maximum deviation (3164m) is observed at
a height of 400 mm and at a distance of 1360 mm from the
robot base.

The results obtainedereusedas a basis fodesigning
the finishing process fomircraft partsit helpedminimize the
errors. The method calsobe usedor diagnostidests aimed
at assessing the current state of the industrial robot and need
for robot alignment and calibration.
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CONCLUSIONS

Based on the results obtained, we @entify machin-
ing zoneswith different levels of linear path accuracihe
green aredFig. 20) is the most accurate for machining parts
(the error i90.1 mm), the yellow area is less accurétiee error
is 0.13 mm), and the red area imwanted for machinin¢the
error is0.33-0.35 mm).
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