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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 QC20-

W Ballbar and API Tracker3 TM . Robot accuracy assessment was 

carried out in three dimensions. Based on the resultant data, the 

industrial robot accuracy was assessed and practical recommen-

dations were suggested. 

Index Term--  industrial robot, diagnostic system, straightness 

error, roundness error, positioning tolerance. 

 
        INTRODUCTION 

Positioning accuracy is determined by the value of po-

sitioning error of the robot when repeatedly moving to a de-

sired position. The positioning error can be caused by robot 

design features, the weight of parts displaced, the motion rate, 

and the value of motion by the degrees of freedom.  

The value of positioning error is one of the critical 

characteristics of the industrial robot as it can affect its appli-

cation for assembly, sizing, welding, cutting, etc.  

The results of pretests show the significant variation in 

accuracy characteristics in the robot work zone. Besides, the 

tool calibration procedures, prescribed in the manual, intro-

duce additional error. Figure 1 shows XYZ 4-Point calibration 

method at a certain point in the robot work zone. In that case, 

the value of the positioning error is not predictable. It can be 

identified only due to the experience of a robot setter. 

To assess the accuracy of KUKA KR210 R2700 extra 

industrial robot used for edge milling, we carried out a number 

of tests. 

 
Fig. 1. Tool calibration 

The results described in this article can be used as a 

basis for robot positioning accuracy assessment in the angular 

coordinate system. 

The research was carried out with financial support 

from the Ministry of Education and Science of the Russian 

Federation in compliance with the RF Government Decree 

No. 218 of April 9, 2010 as a part of the integrated project 

2012-218-03-120 ñAutomation and increasing the efficiency 

of pre-production and production of next generation aircraft 

products at the premises of Irkut Corporation, scientifically 

assisted by Irkutsk State Technical Universityò. 

 
1. METHODS AND PROCEDURE 

Robots can travel along linear and nonlinear paths. 

Thus, we had to assess robot positioning errors in linear and 

nonlinear paths. To determine linear position accuracy, we 

used API Tracker3
TM

. To determine nonlinear path accuracy, 

Renishaw QC20-W Ballbar System was used [1]. 

The linear path accuracy assessment scheme is as fol-

lows: in three different positions of the arm extension from the 

robot base (750, 1450, and 2150 mm), the robot follows a li n-

ear 2000 mm path. We tested two types of robot motions: joint 

motion and linear motion.  
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Further, we linked the world coordinate system of the 

robot to the readout system of API Tracker3
TM

.  

Based on the results obtained, we developed a 3D-

model of the work zone and determined the coordinates of the 

readout points in the coordinate system of the robot [2, 3]. 

Test 1 The robot follows a 2000 mm path from point 1 

to point 2 (Fig. 2) at 5 mm/s, at a distance of 750 mm from the 

robot base, and at a height of 1000 mm. For this distance, the 

laser reads out 200 points.  

Test 2 The robot moves backward from point 2 to point 

1 with the same parameters. 

 
Fig. 2. Linear path accuracy assessment scheme  

Further, the robot follows the path again (from point 1 

to point 2 and backward) moving along a seventh linear axis. 

The tests were repeated for paths 3-4 and 5-6. 

We carried out one more test. The robot follows a line-

ar path from the minimum arm shoulder to the maximum one 

(from points 7 and 8 and backward) at 5 mm/s, at a distance of 

750ï2150 mm, at a height of 1000 mm, with a line length of 

1400 mm. 

The tests helped us determine an array of points in the 

world coordinate system of the robot [4, 5].  

A large number of machined surfaces of aircraft parts 

are nonlinear. To assess the robotic accuracy for machining 

non-linear surfaces, the tests with QC-20W wireless ballBar 

system were carried out (Fig. 3). 

The nonlinear path accuracy assessment scheme is as 

follows (Fig. 4): 

1. Accuracy assessment in the XOY, ZOX, ZOY planes 

with the following parameters: 400 mm height from 

the floor; 660 mm, 1160 mm, and 1360 mm distances 

from the robot base. 

 
Fig. 3. QC20-W wireless ballbar system 

2. Accuracy assessment in the XOY, ZOX, ZOY planes 

with the following parameters: 900 mm height from 

the floor; 660 mm, 1160 mm, and 1360 mm distances 

from the robot base. 

3. Accuracy assessment in the XOY, ZOX, ZOY planes 

with the following parameters: 1500 mm height from 

the floor; 660 mm, 1160 mm, and 1360 mm distances 

from the robot base. 

4. Accuracy assessment in the XOY, ZOX, ZOY planes 

with the following parameters: 2000 mm height from 

the floor; 660 mm, 1160 mm, and 1360 mm distances 

from the robot base. 

 
Fig. 4. Non-linear path accuracy assessment scheme  

The diameter of the circle of measurement was 100 

mm, the motion rate was 900 mm/min. 

Travel of the ballbar sensor around a center point was 

controlled by the software. The scheme of the motion in the 

XOY plane is shown in Fig. 5: 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Motion scheme in the XOY plane 

In the ZOX and ZOY planes, the ballbar sensor was 

moving along a 180-degree arc of data collection. The path is 

shown in Fig. 6. 

 
Fig. 6. Motion scheme in the ZOX and ZOY planes 

The results obtained are specified for linear paths:  

Path 1 ï a distance from the robot base is 660 mm. 

Path 2  ï a distance from the robot base is 1160 mm. 

Path 3 ï a distance from the robot base is 1360 mm. 
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2. RESULTS 

The robot positioning error in linear paths is calculated 

by the formula: 

Positioning error: 

Ўὼ ᾀӶЎᾀȟ            (1) 

 

Average deviation: 

ᾀӶ
В

ȟ  (2) 

where zi is the deviation at i-th point, n is the number of 

tests. 

 

Error random component: 

Ў ςȟσ
Ѝ

  (3) 

Average square error: 

Ὓ
В Ӷ

  (4) 

 

Absolute error: 

Ўᾀ πȟπρ Ў  (5)  

 

Relative error: 


Ў

Ӷ
   (6) 

The positioning errors are presented in Table I.  
 

Table I 
Positioning errors at measuring points of linear paths 

Point Δypоs Δzpоs 

1.1 0.08±0.011888 0.08±0.011458 

1.2 0.09±0.012392 0.15±0.011278 

1.3 0.1±0.014064 0.1±0.012024 

1.4 0.02±0.016123 0.02±0.012618 

2.1 0.05±0.011286 0.09±0.012614 

2.2 0.11±0.011109 0.2±0.013401 

2.3 0.08±0.01431 0.09±0.013317 

2.4 0.05±0.011635 0.06±0.01208 

3.1 0.07±0.011251 0.29±0.018397 

3.2 0.07±0.011251 0.29±0.018397 

3.3 0.03±0.01053 0.05±0.013595 

3.4 0.04±0.010768 0.14±0.013731 

4.1 0.03±0.01564 0.22±0.015364 

4.2 0.11±0.015314 0.12±0.013718 

 

Straightness error (a distance from the top to the bot-

tom of the axis bending within the testing time) was calculated 

by the formula: 

Ў ЍЎὼ Ўᾀ  (7) 

Table II  presents the results of the calculations. 
 

 
 

 
 

 

Table II 

Straightness errors at measuring points of linear paths 

Point Δ, mm 

ρȢρ 0.128062  

ρȢς 0.174929  

ρȢσ 0.412311  

ρȢτ 0.219317  

ςȢρ 0.158114  

ςȢς 0.228254  

ςȢσ 0.296142  

ςȢτ 0.126491  

σȢρ 0.298329  

σȢς 0.450999  

σȢσ 0.161555  

σȢτ 0.152315  

τȢρ 0.328024  

τȢς 0.174642  

Table III  presents average approximation errors for 

each line. 
Table III  

Average approximation errors at measuring points of linear paths 

Point ᾆ, mm 

ρȢρ 0.0435; 

ρȢς 0.0442; 

ρȢσ 0.0497; 

ρȢτ 0.0648; 

ςȢρ 0.0472; 

ςȢς 0.0528; 

ςȢσ 0.0406; 

ςȢτ 0.05; 

σȢρ 0.0912; 

σȢς 0.0993; 

σȢσ 0.0362; 

σȢτ 0.0617; 

τȢρ 0.0697; 

τȢς 0.0579 

 
Based on the resultant data, we can conclude that: 

 

¶ Positioning error of the joint motion (Y-axis) remains 

unchanged within 0.2 mm, the shoulder extension 

and distance from the robot base increase; 

¶ Average positioning error of the linear motion (Y-

axis) is 0.533 mm, the shoulder extension varies 

slightly; 

¶ Positioning error of the joint motion (Z-axis) increas-

es in direct proportion to the increase in shoulder ex-

tension; 

¶ Positioning error of the linear motion (Z-axis) is 

within ±0.1 mm; 

¶ Straightness error of the joint motion (Y-axis) in-

creases with increase in shoulder extension; 
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¶ Straightness error of the linear motion (Y-axis) de-

creases; 

¶ Average error increases with increase in shoulder ex-

tension; 

¶ Average error decreases with increase in shoulder ex-

tension when moving along a linear axis; 

¶ During carriage motion we found a burst of errors in 

the final section of the path. It is shown in Fig. 7.   

 

 
Fig. 7. Error testing results when moving in the linear x-axis with retracted 

and extended robot arm  

To eliminate the problem, we calibrated the linear axis 

of the robot. 

Figures 8-13 show BallBar testing diagrams for circu-

lar motions.  

 
Fig. 8. Accuracy assessment report  in the ZOX plane (1360 mm distance 

from the robot base, 2000 mm height) 

 
Fig. 9. Accuracy assessment report in the YOZ plane (1360 mm distance from 

the robot base, 2000 mm height)

 
Fig. 10. Accuracy assessment report in the XOY plane (1360 mm distance 

from the robot base, 2000 mm height) 

 
Fig. 11. Accuracy assessment report in the ZOX plane (1160 mm distance 

from the robot base, 2000 mm height) 
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Fig. 12. Accuracy assessment report in the YOZ plane (1160 mm distance 

from the robot base, 2000 mm height) 

 
Fig. 13. Accuracy assessment report in the XOY plane (1160 mm distance 

from the robot base, 2000 mm height) 

Based on the diagrams, we compiled Tables 4-7 where 

data distribution according to the heights is shown. 
 

Table IV  

Roundness error (400 mm height, ɛm) 

 
XOY 

cw 

XOY 

ccw 

YOZ 

cw 

YOZ 

ccw 

ZOX 

cw 

ZOX 

ccw 

1.1 325.2 342.4 253.6 237.9 153.1 163.2 

1.2 335.5 298.9 253.8 248.0 144.7 166.0 

2.1 362.1 294.9 313,5 261.6 227.2 195.1 

2.2 358.4 304.9 322.1 272.5 237.8 206.1 

3.1 513.8 407.6 304.5 330.9 397.7 314.0 

3.2 532.4 402.7 309.2 331.4 397.4 319.2 
 

Table V 

Roundness error (900 mm height, ɛm) 

 
XOY 

cw 

XOY 

ccw 

YOZ 

cw 

YOZ 

ccw 

ZOX 

cw 

ZOX 

ccw 

1.1 240.5 264.7 182.8 199.9 247.3 240.1 

1.2 232.7 257.4 182.8 198.2 243.5 220.9 

2.1 304.5 363.2 182.6 140.5 196.2 260.6 

2.2 306.1 358.8 176.5 139.8 187.3 245.7 

3.1 396.6 431.1 232.4 268.5 266.2 309.7 

3.2 384.0 436.2 262.8 276.8 263.5 312.4 
 
 

 

 
 

Table VI  

Roundness error (1500 mm height, ɛm) 

 
XOY 

cw 

XOY 

ccw 

YOZ 

cw 

YOZ 

ccw 

ZOX 

cw 

ZOX 

ccw 

1.1 233.0 250.7 269.4 310.9 248.6 241.1 

1.2 225.0 251.0 263.4 308.6 246.2 242.6 

2.1 363.6 308.9 252.8 372.7 354.1 208.2 

2.2 361.6 304.7 260.4 350.5 356.9 201.9 

3.1 397.6 476.7 282.8 278.2 403.4 292.4 

3.2 401.5 464.3 286.6 289.5 403.8 288.2 
 

Table VII  

Roundness error (2000 mm height, ɛm) 

 
XOY 

cw 

XOY 

ccw 

YOZ 

cw 

YOZ 

ccw 

ZOX 

cw 

ZOX 

ccw 

1.1 235.9 233.7 280.3 240.7 261.1 231.5 

1.2 237.0 235.1 279.2 250.5 258.4 221.0 

2.1 363.4 426.5 250.3 253.3 262.8 257.3 

2.2 350.4 387.2 255.0 257.3 270.9 265.2 

3.1 445.5 429.4 253.9 266.3 291.8 247.9 

3.2 440.4 417.6 235.4 269.1 285.4 237.9 

For illustrative purposes, we determined the average er-

rors at each point and classified them according to the planes 

and directions of travel. The results are presented in Tables 8-

13. 
Table VIII  

Roundness errors, ɛm in the XOY plane depending on the height and 
distance from the robot base when moving in a counterclockwise direction. 

Height, 

mm 

Distance from the robot base, mm 

660 mm 1160 mm 1360 mm 

400 mm 320.65 299.9 405.15 

900 mm 261.05 361.0 433.65 

1500 mm 250.85 306.8 470.5 

2000 mm 234.4 406.85 423.5 
 

Table IX  

Roundness errors, ɛm in the XOY plane depending on the height and 
distance from the robot base when moving in a clockwise direction 

Height, 

mm 

Distance from the robot base, mm 

660 mm 1160 mm 1360 mm 

400 mm 330.35 360.25 523.1 

900 mm 236.6 305.3 390.3 

1500 mm 229.0 362.6 399.55 

2000 mm 236.45 356.9 442.95 
Table X 

Roundness errors, ɛm in the YOZ plane depending on the height and 
distance from the robot base when moving in a counterclockwise direction 

Height, 

mm 

Distance from the robot base, mm 

660 mm 1160 mm 1360 mm 

400 mm 242.95 267.05 331.15 

900 mm 199.05 140.15 272.65 

1500 mm 309.75 361.6 283.85 

2000 mm 245.6 255.3 267.7 
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Table XI  

Roundness errors, ɛm in the YOZ plane depending on the height and 
distance from the robot base when moving in a clockwise direction 

Height, 

mm 

Distance from the robot base, mm 

660 mm 1160 mm 1360 mm 

400 mm 253.7 317.8 306.85 

900 mm 182.8 179.55 247.6 

1500 mm 266.4 256.6 284.7 

2000 mm 279.75 252.65 244.65 
 

Table XII  
Roundness errors, ɛm in the ZOX plane depending on the height and 

distance from the robot base when moving in a counterclockwise direction 

Height, 

mm 

Distance from the robot base, mm 

660 mm 1160 mm 1360 mm 

400 mm 164.6 200.6 316.6 

900 mm 230.5 253.15 311.05 

1500 mm 241.85 205.05 290.3 

2000 mm 226.25 261.25 242.9 
Table XIII  

Roundness errors, ɛm in the ZOX plane depending on the height and 
distance from the robot base when moving in a clockwise direction 

Height, 

mm 

Distance from the robot base, mm 

660 mm 1160 mm 1360 mm 

400 mm 148.9 232.5 397.55 

900 mm 245.4 191.75 264.85 

1500 mm 247.4 355.5 403.6 

2000 mm 259.75 266.85 288.6 

Based on the tabular data, the histograms of errors at 

different points of the work zone were constructed (Fig. 14-

19).  

 
Fig. 14. Roundness error variations in the XOY plane depending on the height 

and distance from the robot base when moving in a clockwise direction 
 

 

  
Fig. 15. Roundness error variations in the XOY plane depending on the height 

and distance from the robot base when moving in a counterclockwise direc-

tion 

 
Fig. 16. Roundness error variations in the YOZ plane depending on the height 

and distance from the robot base when moving in a clockwise direction 

 
Fig. 17. Roundness error variations in the YOZ plane depending on the height 

and distance from the robot base when moving in a counterclockwise direc-

tion 
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Fig. 18. Roundness error variations in the ZOX plane depending on the height 

and distance from the robot base when moving in a clockwise direction 

 
Fig. 18. Roundness error variations in the ZOX plane depending on the height 
and distance from the robot base when moving in a counterclockwise direc-

tion 

CONCLUSIONS 

Based on the results obtained, we can identify machin-

ing zones with different levels of linear path accuracy. The 

green area (Fig. 20) is the most accurate for machining parts 

(the error is 0.1 mm), the yellow area is less accurate (the error 

is 0.13 mm), and the red area is unwanted for machining (the 

error is 0.33-0.35 mm). 

 
Fig. 20. Robot accuracy  

In curved surface machining, it is significant to know 

the direction of machining as the errors vary depending on the 

direction. 

In the XOY plane, when moving in a clockwise direc-

tion, the minimum deviation (229 ɛm) is observed at a height 

of 1500 mm and at a distance of 600 mm from the robot base, 

while the maximum deviation (523.1 ɛm) is observed at a 

height of 400 mm and at a distance of 1360 mm from the ro-

bot base. 

In the XOY plane, when moving in a counterclockwise 

direction, the minimum deviation (234.4 ɛm) is observed at a 

height of 200 m and at a distance of 660 mm from the robot 

base, while the maximum deviation (470.5 ɛm) is observed at 

a height of 1500 mm, and at a distance of 1360 mm from the 

robot base. 

In the YOZ plane, when moving in a clockwise direc-

tion, the minimum deviation (179.55 ɛm) is observed at a 

height of 900 mm, and at a distance of 1160 mm from the ro-

bot base, while the maximum deviation (317.8 ɛm) is ob-

served at a height of 400 mm and at a distance of 1160 mm 

from the robot base. 

In the YOZ plane, when moving in a counterclockwise 

direction, the minimum deviation (140.15 ɛm) is observed at a 

height of 900 mm and at a distance of 1160 mm from the ro-

bot base, while the maximum deviation (361.6 ɛm) is ob-

served at a height of 1500 mm and at a distance of 1160 mm 

from the robot base. 

In the ZOX plane, when moving in a clockwise direc-

tion, the minimum deviation (148.9 ɛm) is observed at a 

height of 400 mm and at a distance of 660 mm from the robot 

base, while the maximum deviation (403.6 ɛm) is observed at 

a height of 1500 mm and at a distance of 1360 mm from the 

robot base. 

In the ZOX plane, when moving in a counterclockwise 

direction, the minimum deviation (164.6 ɛm) is observed at a 

height of 400 mm and at a distance of 660 mm from the robot 

base, while the maximum deviation (316.6 ɛm) is observed at 

a height of 400 mm and at a distance of 1360 mm from the 

robot base. 

The results obtained were used as a basis for designing 

the finishing process for aircraft parts. It helped minimize the 

errors. The method can also be used for diagnostic tests aimed 

at assessing the current state of the industrial robot and need 

for robot alignment and calibration.     
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