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EXPERIMENTAL CHARACTERIZATION OF ROBOT ARM RIGIDITY
IN ORDER TO BE USED IN MACHINING OPERATION

Jean-Yves K'NEVEZ', Mehdi CHERIF?, Miron ZAPCIU 3, Alain GERARD*

Abstract: Attempts to install a rotating tool at the end ofadot arm poly-articulated date back twenty
years, but these robots were not designed for thaeed, two essential features are necessary &r m
chining: high rigidity and precision in a given wa@pace. The experimental results presented ardythe
namic identification of a poly-articulated robotw@gped with an integrated spindle. This study aims
highlight the influence of the geometric configioatof the robot arm on the overall stiffness af gys-
tem. The spindle is taken into account as an asidti weight on board but also as a dynamical excita
tion for the robot KUKA KR 240-2. Study of the riibanachining vibrations shows the suitable direc-
tions of movement in milling process.

Key words: robot arm, rigidity, milling stability, dynamic éhtification.
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Fig. 1. General view and main characteristics of the raloot Kuka KR 240-2.

1. INTRODUCTION the following advantages over these traditionallingl

methods:

» Flexibility — 6-axis for typical articulated robot offers
more movement flexibility than a normal milling ma-
chine. A robot can mill a complex surface of thetpa

« Throughput- Milling with a robotic arm can increase
overall throughput. A robot is more consistent and

Industrial robots are changing the face of millow
eration. Up to this point, milling has been accasipd
with special milling and CNC machines. The robdtsro

! University of Bordeaux, LMP (Bordeaux 1- CNRS UMRGS),
351, Cours de la Libération, 33405 Talence, France

Tel. + (33) (0)5 40 00 62 22 , Fax..+(33) (0)5 406D 64 : E-mail accurate. With fewer mistakes, and less time spent

address: jean-yves.knevez@u-bordeauxl.fr repositioning a robotic arm mills faster.

2 University of Bordeaux , LGM2B — IUT Bordeaux 1, fife Nau-  * Right Touch- Many of the materials used for proto-

get, 33175 Gradignan Cedex France typing and molds are soft - clay, foam, REN boatd.
University Politehnica of Bucharest, MSP departm&mi Inde- robotic arm is well-suited for responding to and

pendentei 313, 060032, Romania working with all types of mediums
Tel./Fax. +40 21 402 9724; E-mail address: zapciyai@o.com 9 . _y.p . - .
4 University of Bordeaux, LMP (Bordeaux 1- CNRS UNSR60), « Affordability — Milling with a robotic arm is extreme-

351, Cours de la Libération, 33405 Talence, France ly economical. Unlike milling machines, robots can



154

J-Y. K'Nevez et al. / Proceedings in Manufactui8ygtems, Vol. 5 (2010), No. 3/ 536

be reassigned to perform other assignments in p sh
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— arc welding, material handling, etc. They can im-
prove throughput, saving valuable time and increas-
ing production. In addition, a robotic arm can Hand
more of the milling task without needing human in-
tervention.

Many producers, for example Kuka (Fig. 1) offer ap-
plication-specific components and tools for depleyin
of a robot as a machine tool for milling tasks [1].

Vibration of arm robot structure is the major liesit
tion of robotic machining capacities. The preseoicthe
low frequency modes will shake the entire robotybod
and cause instability of the dynamic system durimeay
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chining.

The stiffness of the CNC machine is usually hungred
of times larger than process stiffness and modeloau
chatter rarely happen. For robot, the differenceniy 5—

Fig. 2. Signals acquired with C4 sensor in the range 0-280 H
brake / without brake in function.

10 times. This mode coupling effect is the dominaat-
son for structure vibration in robotic machiningppess
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[2].

The relative orientation of the force vector ané th
principle stiffness axes are the dominant factbeg af-
fect the stability of machining process using rebdde-
thods such as changing the feed direction, usifigrdnt
robot configuration or changing another type ofl tae
all worth trying. Based on the practical investigas,
this research leads to a deeper understandingeafrtht-
able phenomenon in robotic machining process aod pr
vides a guideline as well as practical solutionsvoid
such problems.
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2. CHARACTERIZATION OF THE STIFFNESS
OF KUKA KR-240-2 ROBOT ARM

Milling process is specially designed for machining ——

Fig. 3. The coupling between théandY axes in
positionsP1, ... ,P10.
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tasks using an electrically-driven spindle. It Eed par-
ticularly with lightweight materials such as plasttom-
posite or rigid foamed material. From the HSC sfgnd
and its controller to the special milling softwai® poss-
ible to quick and easy setup the robot as a poWwaerild
ling unit [3].

Experimental research involves the application of
three unidirectional acceleromete€?, C3 andC4, on
the robot arm (see the Fig. 1) and a three-axi®®€5
(Y), C6 (2) andC7 (X) on the mechanical interface of the
robot. Responses of the robot arm were made caiside
the transfer function using hammer impact methdwe T
signal acquired was the apparent mass in dependenc
with frequency. Were used 10 measurement points.P1
P10 distance between these points being equal and h
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ing a value of 200 mm.

Details of the signals acquired wi@4 sensor in the
range 0-200 Hz are detailed in the Fig. 2. Robat &was
in X1 position P1) and two situations were experi-

Fig. 4. Comparison between the signal@# andC4, in Z di-
rection.

mented: arm with brake or without brake in function rection, in the point®1 ... 10. Largest mechanical coupl-

Significant frequencies were 23 Hz, 80 Hz and 9%aHad
it was found that there are no differences betwien
two operating situations (brake has no influencettan
robot arm rigidity).

ing betweerX andY axes is found in sectidri.

The comparison between the signalG2f andC4, in

Z direction, for the robot without spindle is preshin
Fig. 4. The robot arm segment situated near the bés

Stiffness afteiX axis is the least important in the mil- the robot is more sensitive to low frequencies.

ling process (the deformation is greatest on then pl
ZOY). Figure 3 represents the axis sensitivity to the
impact byY, considering measurements along ¥ei-

Another interesting experimental research was to

check the robot arm stiffness when the arm is elddn
(between the pointdl ...P10).
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Fig. 5. Details on the frequency shift (stiffness variajion the
Z direction (comparison of the impact signals acegiin posi-
tions 5, 7 and 10).
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Figure 5 shows that the signal is acquired the sam =004
shape (same number of degrees of freedom) butithe s 0002 ==
ness and apparent mass change. Structural nateral f  0.0004

guency increases as the arm extends to the fapbéast 0.002 r i

270 27 272
P10. Time [s]

Spindle mass influences the dynamic behavior of the ] o ) )

robot arm. To study this influence (Fig. 6) weredma Fig. 9. Level of \égranonsd(():titamed with sensors
two determinations of the transfer function in piosi 10 (¥) an @
(elongated arm). The first frequency decreasesetBdg ¢ oy, broche pt_s000pm [g]
the mass of the spindles that was important — 53 kg —— C6 Dyn_broche pi_S000im [g

Because the first natural frequency of the robat ar
has relatively little value, was studied in detaig range
of these values.

Figure 7 details that when the robot arm extenals fr
point P1 to pointP10, the values of the first frequencies _
in direction Y are in the field of 15.6-19.5 Hz dher 000 : : L ;
values correspond to the extended arm). e o * T e ] o

ConsideringZ direction, the favorable field of fre-
guency was 175 Hz ... 1250 Hz. The same types af me Flg 10.Level of vibrati0n§ in the aria @2 andC6 SensorsZ
surements were performed Yndirection, being obtained direction).

a favorable area for use in the range 175 ... 140 the spindle. First natural frequency of the spin@ébot

Dynamic behavior of the spindle in the domain 0 arm attached) is about 2 000 Hz.

-5000 Hz is presented using FFT spectrum in the &ig. Using the speed of the spindle at 5 000 rpm, thel le
The frequency of 498 Hz is the frequency of liotabf of vibration in the vertical plan& @irection) is 50% of
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Fig. 11. Stiffness comparison between the different posi-
tions along thexH direction.

Y7_Rigid_suiv_X,Y.Z
18000000 ‘
16000000 ‘

14000000
12000000
10000000
8000000 —B—=K_equiv_Z
f\ N — K_equiv_Y
6000000 4 ;:E
4000000 ™SNa | ——K_equivX
2000000
- LR o
0 -(—
DA LR CHIR G G R AR LR G g
U U G U U A (A A LA DA O

Fig. 12. Stiffness comparison between the different posi-
tions along thé/7 direction.

the level in horizontally plane ¥ direction (Fig. 9); sen-
sors were placed on the terminal of the robot arm.

At the same speed, 5 000 rpm, in the vertical p{@ne
direction), the level of vibration on the sensoeaa€2
(the robot arm 2) is 25% of the level of vibratiob-
tained with the sens@6 (Fig. 10).

3. ROBOT ARM RIGIDITY ALONG TWO
PERPENDICULAR DIRECTIONS

Another objective of this work was to determine the
stiffness of the robot arm along two perpendicudliaec-
tions. XH direction corresponds of axis to an altitude of

1250 mm from the robot base and 2 000 mm above the

ground. Other directionY7, corresponds oY axis and
intersectsXH in the pointP7. The comparison of the
stiffness of the robot arm in different positiorisray the
directionsXH and Y7 are presented in the Figs. 11 and
12.

The results were obtained based on the relation (1)[4]

considering the apparent mass corresponding toftheti
natural frequency (ideally [4]):

1)

It noted that after th¥ direction, the robot arm stiff-
ness varies greatly between poiR6...P10. A map of

= const. HKequiv/ Mequiv
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the stiffness of the specific robot arm structweeeded
to determine the most convenient position for thorkw
piece within the workspace of the robot.

4. CONCLUSIONS

The speed domain of the milling spindle is selected
and influenced by the position of the robot arm ttuthe
different stiffness in the area of work [5].

Using 5 000 rpm, the vibration level (amplitude of
acceleration) in the vertical plang direction) is 50% of
the horizontal amplitudeY(direction); in the same plane,
the vibration level in the sensor ai€2 (the robot arm 2)
is 25% of the vibration level of the fixation poiof the
spindle (pointP1). The range of the recommended fre-
quencies in the entire working area is: 175 Hz-H20
(20.500 — 42.000 rpm).

For more rigidity it is possible to use the spindie
the horizontal position (axis of the tool along thexis
of the robot). The stiffness along tieaxis is 500 % of
the stiffness alony andZ, between point®1 ... P4, and
much more rigid betwee®s andP10 (arm elongated).

When the robot moves along tKeaxis, the stiffness
of the robot arm has a tendency to decrease (ivahe
tical and horizontal planes) and axial stiffnessréases
between point®5 ... P10. FollowingY axis, the stiffness
increases when the robot moves the milling spirtie
tween pointd7 ...P11 (Y positive). Following the direc-
tion X-X, the first natural frequency of the robot (with
spindle in vertical position) is inside the range 17 Hz
- 23 Hz.

A novelty in this paper is to analyze the variahibf
the robot arm stiffness in order to determine awelasre
stiffness has values with large variations. Thekmoas
done as a result of collaboration by a team of igjists
from the Machines and Production Systems lab from
Bucharest and the laboratories Léand LMP from
University of Bordeaux 1.
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