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Abstract: This article presents the first stage of the wodtfgrmed by the authors regarding robot
accuracy evaluation. This stage focuses on meaguinia variations in robot's accuracy values duriag
linear movement of the tool along a direction p&ehto the Y axis of the base frame. The experiahent
procedures were conducted using a Kawasaki FS afli€ulated arm robot with six degrees of freedom
and the measurements were done using a RenishaW) Mkér interferometer. The accuracy values at
various points on the trajectory were recorded gsitifferent movement speeds, in order to evaldage t
influence of trajectory speed on the accuracy kewatd the speed levels at which the robot can be
programmed for precise tasks. Furthermore, the measents were conducted for both the programmed
path along the Y axis of the base frame and for ribversed trajectory. For results analysis, a
comparison with previous experimental proceduregarding robot volumetric precision was made,
including a study of precision levels across thbatts workspac, which was considered as a basis for
these measurements. Future research directionsidiechnalyzing the accuracy levels of the robot @lon
the X axis of the base frame and evaluating theatgbility of the arm, with the final goal beingdpply

a calibration procedure based on the experimen&suits in order to improve the overall volumetric
precision of the robot

Key words: industrial robot, laser interferometer, accurasgplumetric precision, linear trajectory

1. INTRODUCTION often require complex calibration steps and areveoy

. . . . . cost-effective [1].
In the field of industrial robotics some of the mai Historicall bility has b h K
functional parameters are the accuracy and the Istorically, repeatability has been the most taken

repeatability, considering here the parameters #nat llr_]rtlo accounft of thﬁ t\;vo parl]ramﬁters prewoustl)y ¢sed.
taken into account since the first stages of robot is came from the fact that the programs, beingtiyo

integration for an industrial application. Thisasatural developed online, were cghbrated on the spot with
consequence of the fact that these parameters atrﬁspectt_o accuracy, _shlftmg In fa}ctthe referefmmg of
contributing to the outlining of the volumetric pigion 1€ entire application according to the deviations
of the robot. Being two of the most important pagsens, obseryed in the first programming stages. Thusyais
the field of industrial robotics scientific researtias Ore Important that, once calibrated, the robotukho

treated extensively both the issue of measuring thé;a\l/(e a g(_)od rgpeat_abm_tt);] 'tr; order to performlgigs
behavior of the robot with respect to its precision rif:eiﬁga”\:vﬁr? tigeal?nvg:easee soafm(e)ﬁe?iﬁ:eura% rammed
taking into account various environmental influence ntly, prog
factors— and the issue of robot calibration in order to gppllcatlons, the accuracy : began to . play a more
imorove its accuracy and repeatability. These stdi important role. It was essential for the virtual deb of

P y an P Y. .. the robot to behave as close as possible to the rea
have shown that evaluation procedures and calibrati

methods developed offline have a major disadvaniage equipment, and that means that the real robot dhoul
that the environmental factors can only be simdiated have very good accuracy levels in order to folldesely

most of the time cannot be taken into account Withthe programmed path - the theoretical one. Forethes

enough accuracy. Furthermore, many of the accuaady reasons, when the programming 1S don_e_ online, m m
repeatability measuring procédures performed onIine'mpOrtant parameters Is the_ repeatability, but witen

comes to offline programming, accuracy becomes the

main issue [2].

Taking these aspects into account, this article
" Corresponding author: 313 Splaiul Independentesfridt 6, describes a method to evaluate the accuracy of an
_‘?Ufhafzgtélefg;gif,éo_ articulated arm industrial robot with six degreet o
E‘_an']'a}'l addressesndrei. mario@yahoo.corgh. lvan), freedom which follows a path paraI_IeI to the Y axis_the
radu.parpala@gmail.cortR. Parpal), laur.popa79@gmail.com base frame. The accuracy evaluation is performéideon

(L. Popa) cezara.aviam@yahoo.cof@. Coman). and it is done using a laser interferometer. The
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programming method used for measuremettie block . Table 1
programming procedure using point-to-point teaching Kawasaki FS10E robot parameters
is suitable for evaluating the relative accuracytloé Architecture Articulated arm
robot — the accuracy measured with respect to the firs DOF 6
programmed point. Thus, the experimental procedure Joint limitsand | Joint Limits Speed
evaluates the ability of the robot to ensure a good speeds 1 +160° 200°s
accuracy for applications programmed online. 2 -108’ - 140 140°s
3 -155° - 120 200°s
2. EXPERIMENTAL EQUIPMENT 4 270 360°/s
. 5 +145 360°s
The measuring proce_dures were pe_rformed on a 6 1360 600%s
Kawasaki FS10E industrial robot with six degrees of Payload 10 kg
freedom. The ro_botlc system included th_e artlculaxf_m Wrist load Joint Torque Inertia
and a Kawasaki D series controller, which are shawn 4 21.5 Nm 0.63 kgn?
Fig. 1. The functional parameters of the robotsirewn 5 21.5 Nm 0.63 kgn?
in Table 1 [3] 6 9.8 Nm 0.15 kg'nz
The accuracy values were acquired using a RenishaW Repeatability +0.1 mm
ML10 laser interferometer, which allows for Weight 170 kg
measurement of geometric and dynamic charactevistic| Acoustic level <70db

of the robot, as well as for calibration proceduréke
modular architecture of the laser system allows

The modular structure of the Renishaw ML10 laser

measurement of these characteristics on differeninterferometer is shown in Fig. 2.

movement axes and for different trajectories. Thhbs,
flexibility of the device ensures not only a good .
integration with the kinematic flexibility of antaulated

arm robot, but also good options for further anialysd
scientific research [4].

Fig. 1. Kawasaki FS10E articulated-arm robot and KawaBaki
controller.

Fig. 2. ML10 laser interferometer system.

The main components of the laser system are [4]:
The laser unit, shown in Fig. 3. This is a single
frequency laser whose gain medium consists of a
mixture of helium and neon. The ML10 laser can be
connected to a laptop computer equipped with a
PCM20 interface card using a data link cable.

The EC10 environmental compensation unit, shown
in Fig. 4. This unit has the role of compensatihg t
laser beam wavelength taking into account the
variations in environmental conditions such as
temperature, humidity, etc.

A

Fig. 3. The ML10 laser unit.

/\

Fig. 4. The EC10 environmental compensation unit.



A.M. Ivan et al. / Proceedings in Manufacturing®yns, Vol. 12, Iss. 3, 2017 / 1234 131

Table 2

ML 10 laser specifications

L aser source HeNe laser tube (Class Il)

L aser power <1mwW
Vacuum 632.9906 nm (nominal)
wavelength
Laser frequency | ML10 Gold Standard: +0.05 ppm
accur acy Earlier ML10 units: +0.1 ppm
Outputs RS485 from 5-pin data link

Power supply ML10 Gold Standard has Universal
Power Supply with auto-sensing input
voltage range of 85 V to 265 V.
Frequency tolerance: 45-65 Hz
Earlier ML10 units had specific power

supp

Voltage tolerance: +10%

lies of 100, 110, 220, 240 V.

Operating 0-40

°C (32104 °F)

temperature
Operating 0-95% non-condensing
humidity
Table 3
EC10 environmental compensation unit specifications
Air temperaturerange | 0-40 °C
Air temperature 0.2 °C

accur acy

Air pressurerange

750-1150 mbar

Air pressure accuracy

+1.0 mbar

Relative humidity range

0-95% (nhon-condensing)

Relative humidity
accur acy

15% relative humidity

Wavelength
compensation accuracy

+0.7 ppm

Material temperature
range

0-40 °C

Material temperature
accur acy

+0.1°C

Power supply

EC10 Gold Standard:
120V, 240 V (user-selectable)

Frequency tolerance: 45-65 Hz
Earlier EC10 units had specifi
power supplies of 100, 11
220,240V

Voltage tolerance: +20%
Frequency tolerance: 45-65 Hz

Voltage  tolerance:  +20%

[g]

e

Table 4
Linear measurements specifications
Standard range 0-40 m
Long-range 0-80m
Accuracy (with ML10 and EC10 Gold Standard:
EC10) 0.7 ppm *
Earlier ML10 and EC10 units:
+1.1 ppm *
Resolution 0.001 um
M aximum velocity 60 m/min (1 m/s)
Velocity +0.05%
measur ement where
accur acy % = percentage of displayed valu

The ML10 laser specifications are shown in Table 2.
Also, the EC10 environmental
specifications, shown in Table 3, are important

compensation unit

parameters that should be taken into account iercxl

determine the environmental conditions in which

measurements can be conducted. Furthermore, the
environmental compensation unit is used only foedir
measurements, which is the case of this researdrder

to compensate the refractive index of air. The
specifications regarding linear measurements apvish

in Table 4 [4].

3. EXPERIMENTAL PROCEDURE

The Kawasaki FS10E industrial robot used for the
measuring procedures is equipped for deburringl@mel
force machining applications using dedicated setfeh
tools. Most of robot paths that are directly invadvin
performing the required tasks are linear or cincula
movements. Thus, the chosen experimental procedure
was that of linear measurement. The scope of this
research stage was of evaluating the relative acgusf
robot's linear movement along a direction paratethe
Y axis of the base frame with respect to the fignt of
the linear path. In other words, all trajectory leasion
points and the corresponding errors were measured
relative to the first point of the path. This prdoee is
consistent with online teaching methods in whick th
reference frame of the entire program can be cakolr
on site and thus any absolute accuracy errord@réhe
most part, eliminated.

The optic accessories used for linear measurement a
shown in Fig. 5.

The experimental equipment was prepared for
operation according to the linear measurement iplies:
One of the linear reflectors should be attachedht®
beam-splitter to form the linear interferometer iogt
The linear interferometer determines the refergueath
for the laser beam. The other linear reflector &hdne
place on the axis of movement for which accuracy
measurement will be conducted. The setup of the
experimental equipment is shown in Fig. 6 [4].

The beam-splitter divides the beam into a reference
beam and a measurement beam. The reference beam is
directed towards the reflector mounted togetheh whe
beam-splitter, while the measurement beam travetbet
reflector mounted on the axis of movement. Both
reflectors return their respective beams towards th
splitter where they are recomposed and directetheo
detector placed on the laser unit. This detectaasues
the interference between the beams. Thus, becaesefo
the reflectors travels with the axis of movemetig t
measurement of the accuracy is acquired by mongori
the difference between the two beams. This opeyatin
principle is illustrated in Fig. 7 [4].

LINEAR:
REFLECTOR LINEAR REFLECTOR

BEAM SPLITTER

TARGETS

Fig. 5. The optic accessories used for linear measurement.
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Fig. 6. The setup of the experimental equipment.
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Fig. 7. Linear measurement operating principle.

The only relatively complex task of preparing the jhfluences
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the target placed on the laser, the robot should be
moved until this condition is met.

e The interferometer should be placed close to the
reflector, parallel to its face with an acceptable
tolerance of +2

e A target with the white spot at the top should be
placed at the input of the interferometer. The
interferometer should be aligned so that the beigsn h
the white spot of the target. After that the target
should be removed. The beam from the
interferometer must reach the white spot of therlas
shutter at the same point as the beam from the
reflector placed on the axis of movement. If this
condition is not met, the position of the
interferometer should be adjusted.

The experimental procedure itself was conducted
taking into account that a significant displacemgfthe
axis should take place between the measurementspoin
in order to obtain reliable results. This displaesin
between the measurement points was chosen to be 20
mm. Also, the total length of the programmed patis w
200 mm, resulting in a total of 20 measurement {3oin
(considering that the measurements were also ctediuc
by following the path in reverse, from the endhe start
point). The first point of the linear path was ddesed
the measurement reference point. Thus, all accuracy
errors of subsequent point were measured with cédpe
this position. In order to obtain this referencée t
programming of the robot path was made using thekbl
teaching method, and the target point on the trajgc
were recorded by taking into account the coordmate
shown on the teach-pendant — thus mirroring thetpoi
to-point teaching method used in online programming
The program used for experimental procedures isvsho
in Fig. 8. It should be noted that the speed orheac
trajectory segment was different in order to sirteilan
actual machining application in which the speedegar
on different path segments. Also, the accuracypfath
target points was measured both for the programmed
trajectory and for the reversed trajectory — theotovas
moved 10 mm after the end of the path and then the
trajectory was followed again from the end to stahus,
the accuracy of the robot on the direction of tlaseb
frame Y axis was measured in both directions ofetra

In order to obtain consistent results, to avoid
introduced by outlier results and to

experimental equipment is the alignment of the rlase statistically eliminate extreme experimental vajutasee
beam. The ML10 laser and the optical accessoriest mu measurement sessions were conducted using the same

be placed and calibrated such as the laser beamdshe
parallel to the linear axis of travel. This conaoiiti is
required in order to avoid cosine measurement €and
to avoid losses of signal along the movement plth.
order to obtain this alignment, the following steg®uld
be followed [4]:

parameters. A fourth measurement session was
conducted by increasing the trajectory speed tb thal
maximum speed of the robot, in order to evaluate th
influence of a dramatic speed increase along the
trajectory.
Previous measurements

volumetric  precision

+ The laser should be visually aligned to the axis ofperformed on the Kawasaki FS10E robot were focused

movement.

on evaluating the absolute accuracy of the robot in

+ Without placing the interferometer between there, th different areas of the workspace, as shown in iff].
axis of movement should be moved close to the laseThe linear trajectory programmed for the experiraknt
and a target should be placed on the reflector. Theprocedure described in this article was placed at a
robot should then be moved until the beam forms adistance of 670 mm from the YZ plane of robot’s ébas

red spot on the white point on the target.

frame, taking into account that this distance wéasiw

* The target should then be removed. If the beam fronthe workspace area that ensured the highest absolut

the reflector does not form a red spot on the eeoitr

accuracy levels.
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Fig. 8. Programming by block teaching
for the measured path.

Fig. 9. Accuracy levels across different areas of the gpake

for the Kawasaki FS10E.

4. EXPERIMENTAL RESULTSAND GRAPHIC
CHART ANALYSIS

T (DEB,
0. 000

conducted at 10% of robot maximum trajectqryes.
also, in Table 6 the numeric values of the expeniale
results for the fourth measurement session, conduat
50% of robot maximum trajectory speed are showre Th
distance along path for each measurement point
represents the distance from the reference —1tbtepiint

of the path. For each point, two accuracy errorsewe
measured, one for the normal path (the trajectory
followed from the start point to the end point) amike

for the end path (the trajectory followed from taed
point to the start point).

The experimental results were analyzed using geaphi
charts. The graphical representations of the finste
measurement sessions — with the trajectory speg@%t
of the maximum robot speedare shown in Fig. 10. The
graphical representation of the fourth measurement
session — with the trajectory speed at 50% of the
maximum robot speed — is shown in Fig. 11. Alsdim
12, a comparison chart between the median valuéseof
normal path errors and the median values of thersed
path errors — taking into account the first three
measurement sessions — is illustrated.

5. CONCLUSIONS

This paper described the experimental procedure and
the measurement results for the accuracy evaluafien
6 DOF articulated arm robot. The goal of the redear
was to evaluate the accuracy levels and to observe
robot’s behavior along the trajectory.

The first conclusions that can be extracted afetin
to the error values measured across the trajettoget
points. The values vary between 0.032 and 0.412 mm
(including the fourth measurement session), whish i
outside the rated accuracy for this robot but na@mnstthe
same order of magnitude. In this case it must kenta
into account the fact that the zero position fotheaxis
was calibrated using the visual marks on the rabot’
joints, thus generating a significant error levékt, this
procedure is the calibration method recommendethior
manufacturer when high precision operations are not
necessary. Also, if the fourth measurement sessiont
taken into account, the maximum error value is 0.35
mm, which is an acceptable value considering th¢ fa
that the robot is equipped with a self-driven tool

The numeric values of the experimental results arededicated for deburring and low-force machining
shown in Table 5 for the first three measuremessisas  appli

cations.

Table 5
The numeric values of the experimental resultsfor thefirst three measurement sessions
No. | Distance | Error Error Distance | Error Error Distance | Error Error
along (normal | (reversed | along (normal | (reversed | along (normal | (reversed
path path) path) path path) path) path path) path)
[mm] [pm] [pm] [mm] [pm] [pm] [mm] [pm] [pm]
1% session 2" session session
1 20 49.101 71.3 20 63.2 56.5 20 46.299 44.3
2 40 145.1 172.9 40 152.199 168.801 40 142.001 5041.
3 60 127 169.301 60 133.701 194.6 60 126.101 166.7
4 80 190.599| 196.799 80 172.601 215.501 80 170.2990.899
5 100 189.4 164.501 100 180.599 153.901 100 170/10%1.801
6 120 187 208.9 120 176.4 199.499 120 193.2 201.9
7 140 113.599| 108.301 140 1105 101 140 97.6 104.3
8 160 262.199| 241 160 2459 224.099 160 254.8 239.9
9 180 351.201| 323.2 180 343,101 299.9 180 343p .2313
10 | 200 292.801| 284 200 283.2 286 200 293.901 297.2
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Table 6
The numeric values of the experimental results
for the fourth measurement session

No. | Distance Error Error
along path | (normal (reversed
[mm] path) path) [pm]

[pm]

1 20 41.199 32.901

2 40 145.199 143.401

3 60 208.999 155.801

4 80 253.799 175.801

5 100 232.001 178.3

6 120 261.099 206.2

7 140 168.801 126.601

8 160 312.801 286.601

9 180 411.3 357.101

10 | 200 363.2 346.7
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Fig. 10. Graphic chart analysis for the first three
measurement sessions.

Regarding the behavior of the robot across the

4th session
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Fig. 11. Graphic chart analysis for the fourth
measurement session.

Average error analysis
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Fig. 12. Comparison between median values of normal path
and the median values of reversed path errors.

both the normal path and the reversed path. This
indicates a cumulative error at each path segment.

Also, the comparison of the median values of the
normal path errors and the median values of thersed
path errors shows that, at the start of each tiajgc
direction, the corresponding points errors are ltothian
the same points analyzed for the other directiom —
other words, closer to the reference point the rerro
corresponding to the normal trajectory points hiaweer
values, and in the opposite direction the errors
corresponding to the reversed trajectory pointsehav
lower values. This is also an argument that shows a
cumulating of errors for each trajectory segmetatrting
from the first point of the path and generating éow
accuracy levels as the robot moves further. Byitigk
this data to previous experimental results, it dmn
concluded that, for better accuracy results, a moegeise
calibration of the robot is needed.
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