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Abstract: This article presents the work performed by the authors in the field of light-force robotic mill-
ing of aluminium parts. The research is focused on applications in which an articulated arm, low payload
robot manipulates the milling-type deburring tool around an aluminium workpiece, which is clamped on
a Kistler 9257B dynamometer which measured the machining forces. The main objective of the research
was to develop an analysis of machining forces in low-power robotic milling applications through ex-
perimental data acquisition. The experimental equipment consisted of an articulated arm, 6 DOF Kawa-
saki FS10E industrial robot with 10 kg payload and a Kistler 9257B dynamometer capable of measuring
the machining forces on three orthogonal directions corresponding to X, Y and Z axes of the part coordi-
nate system. The robot was equipped with an ATl RC-340 radially compliant deburring tool. The experi-
mental procedure was conducted by performing a chamfering operation on the lateral edges of an alu-
minium part. The robot program was developed using the point-to-point block teaching method on the
teach-pendant. The program was then run several times, with gradually increased depth of cut and vari-
ous feed rates. The results after each program run were observed by visual inspection and through data
collected by the Kistler dynamometer. Based on these observations, the conclusions were drawn regard-
ing the milling efficiency in each situation and the influence of machining forces on robot behaviour.

Key words: robotic milling, machining forces, edge chamfering, dynamometer, force measurement.

1. INTRODUCTION The areas where industrial robots are well equipped
for performing the necessary tasks are generalketl to
low-to-medium force machining operation with low
depth of cuts performed on complex-shaped partslewh
having the disadvantages of lower stiffness, haraep
and precision when compared to machine tools, ¢he r
bots perform better in the areas of kinematic Bédity

and programmability. Thus, when high precision and
heavy cuts are not required, industrial robots rhaya
(fheaper and more flexible solution, especially hHé t

Industrial robotics has known a continuous growath i
the past decades. Starting with the earliest agpdics of
spot welding and assembly, the scope of robotics ha
grown to include almost every industrial area. Dae
high programmability and kinematic flexibility, ind-
trial robots have taken over many tasks previopsy
formed by hand or through other inefficient methods
Having certain advantages, industrial robots hasenb
integrated even in areas were other well-develope _ _ -
equipments were available, such as machining. Hewev shape of the part requires complex trajectorles._ _
robots were never seen in the field of machiningeas Two of the most widely encountered machining op-
placements for machine-tools, but as complementar)?rat'ons are edge _chamfermg and deb_urrlng. Further
equipment. The tasks performed by industrial robotsMOre, these operations also often require partocont
integrated into machining applications are splibitwo ~ tracking and complex-shaped trajectories, whilengei
branches: machine tending and robotic machiningsTh 1Ot so demanding when it comes to machining forces.
while some other widely implemented robotic applica Thus, being suitable for robotic integration, tesaarch
tions — such as painting, arc welding, spot welding, as-Presented in this paper was focused on analyzieg th
sembly, palletizing, and material handlindhave gained machining forces for robotic chamfering, takingoint
a certain level of maturity' the growing area obatc account that deburring operations were studied gusin

machining also represents today a major researels-di another experimental procedure involving plastictpa
tion [1, 2]. robotic deburring being more representative fos #ind
of workpiece material [1].

There are currently two main approaches in robotic
milling [2, 3]: the robot can manipulate the mitjiriool
" Corresponding author: Splaiul Independentei 313, around the workpiece, which is clamped on a fixt{ae
Tel.: +40721800625; _ shown in Fig. 1) [4] or the milling tool can be nmed
E-mail addressesfnicolescu@yahoo.com (A. Nicolescu) an- on a fixed support and the robot can manipulate the
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Coman) workpiece around it (as shown in Fig. 2) [5].
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Fig. 1. Milling application with the robot manipulatingehool.

oo,

Fig. 2. Deburring application with the robot manipulatithg
workpiece.

The main weakness of the industrial robots with re-

spect to machining applications is the low stiffh@den

compared to machine tools [6]. Thus, robots arey onl
suitable for machining operations which requireatel

tively low forces. Taking into account that the Imij

forces are mainly influenced by workpiece material,
feeds and speeds and depth of cut, there can be con

cluded that efficient robotic milling operationsncée
performed mainly on soft materials.

Taking into account the above context, the scope of

the research described in this paper is limitedpplica-
tions in which the robot manipulates the millingp¢y
deburring tool around an aluminium workpiece, whigh
clamped on a fixture. Also, the robot used for ekpen-
tal determination has a very low payload of 10 Rg-
cause a successful robotic milling application aejseon
the level of the machining forces — which, espégitar
low payload robots, must be kept at acceptableegain
order to be absorbed by the robothe main goal of the

research was to measure those forces, decompasggl al
the three axes of the part coordinate system.

Another goal of the research was to observe the be-
haviour of a radially compliant end-effector intetgd in
a milling application. While these tools are usyall
equipped for deburring application, the radial cbamze
is a passive force control method which has thenmai
purpose to ensure good and constant contact betiveen
tool and the part, a feature that can be usefulbtber
low-force milling applications. Thus, the experinn
procedure was set so that the ability of the rad@dm-
pliant end-effector to follow part edge irregula$ while
maintaining a robust cutting behaviour could be ob-
served. Also, another advantage of using this sisttipe
possibility to evaluate the capability of a radiatbmpli-
ant tool to perform aluminium milling operationaking
into account that, above certain values of mackinin
forces, the tool would be deflected away from the-p
grammed trajectory as a result of compliance effect

Regarding force measurement, there are two possible
approaches: the force sensor can be placed betiveen
robot’s wrist flange and the end-effector (as shdwn
Fig. 3) [7] or it can be placed between the wor&piand
the workpost table (as shown in Fig. 4) [8]. Thepex
mental setup used for this research followed thoers
approach — it must be taken into account that aefor
sensor mounted on the robot’'s wrist flange alsecasf
the payload of the robot.

2. EXPERIMENTAL EQUIPMENT

The analysis of aluminium milling application was
done using an experimental approach. The chamfering
operations were performed by a Kawasaki FS10Euartic
lated-arm robot with 6 degrees of freedom, inclgdan
Kawasaki D controller (shown in Fig. 5). The fuoctal
parameters of the robot are shown in Table 1 [@fe T
robot was equipped with an ATl QC41 automatic tool
changer and an ATl RC-340 end-effector (shown o Fi
6) [10]. The functional parameters of the end-dtieare
shown in Table 2 [10].

Fig. 3. Force sensor mounted between robot’s wrist flaagk
end-effector.
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| Dynamometer
.

Fig. 4. Force sensor mounted between the workpiece ar

Fig. 5. Kawasaki FS10E articulateatim robot and Kawasaki

workpost table.

i
Workpiece |
) | >

Table2
ATI RC-340 end-effector parameters
Motor type air turbine
Idle speed 40000 rpr
Max. Torque 0.08 Nir
Power 340 W
Weight 1.2 kg
Compensation max. 7.5 mm, recommendefl
+3 mnr
Complianceforce 127-42 N at 4.1 bar
Spindle air speed 6.2-6.5 bar
Air consumption (idle) 281/s
Air consumption (stall) 102 /s
Acoustic level <70dE
Callet size 6 mmr

controller.
Table1
Kawasaki FS10E robot parameters
Architecture Articulated arn
DOF 6
Joint limitsand | Joint Limits Speed
speeds 1 +160° 200°s
2 -105 —14(° 140%s
3 -158 —12(° 200%s
4 +270 360°%s
5 1145 360°%s
6 +360° 600°s
Payload 10 k¢
Wrist load Joint Torque Inertia
4 21.5 Nm 0.63 kgm?
5 21.5 Nm 0.63 kgm?
6 9.8 Nm 0.15 kgm?
Repeatability +0.1 mmr
Weight 170 k¢
Acoustic level <70 dt

Fig. 6. Robot tooling: ATI RC-34@nc-effector.

Fig. 7. The Kistler 9257B systena— dynamometer;
b — signal amplifie.

In order to provide support for thworkpiece and the
dynamometer, a §lot plate was uselAs shown in pre-
vious works, the accuracy of the robories inside its
working space [3].Thus, the position of the part w
adjusted on the table so that it correspondede@tba ir
which the robot attains the best accuracy .

To measure the machining for appearing at the
tool-part interface, a Kistler 925 dynamometer was
used (shown in Fig. 7) [11]The dynamometer has hi
resolution, being able to measure machining foalaes
in three orthogonal direction— corresponding to the
three axes, Y andZ of part’'s coordinates system. Als
the Kistler sensor does not affect the milling @ex
being stiff enough to measure force valuesu 5 kN
and measuring force values through four sensors
pressuresensitive plates whilimaintaining the position
of the workpiece. The data is collected throughgaa
amplifier (illustrated in Fig.7) and sent to a computer
using an acquisition boar@edicatel software displays
the data in the form of a diagram and is able tpoed
them in text formatThe technical specifications of tl
Kistler 9257B dynamometer are shown in Tab [11].

Taking into account that the milling tool is an ior-
tant factor for the application, a suitalmill was chosen
from ATI, dedicated for aluminium machining apja-
tions. The specifications for the milling tool arewaim in
Table 4 [10].

3. EXPERIMENTAL SETUP AND PROCEDURE

The Tslot plate was mounted on a metal frame fi
in front of the robot. The setup of the roboticl dek
experimental determination is shc in Fig. 8.

Taking into account the technical specificationshef
available equipment and the scope of research, the
partto be machined was chosen in the form of a 1(.
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Table 3
Kistler 9257B parameters
Maximum values | F,, F,, F, -5...5 kN
for measured F, (for F, andF, -5...10 kN
forces <0.57)
Overload Fy, Fy, F, -7.5...7.5 kN
F, (for F, andF, -7.5...15 kN
<0.5F)
Threshold <0.01N
Rigidity C. C > 1 kNjum
C, > 2 KNjum
Natural frequency 3.5 kHz
Operating tem- 0...70°C
perature
Weight 7.3 kg
Clamping area 100x170 mm
Table4

Milling tool parameters

Model ATI 9150RC-B-24065

Tool diameter 3/8"

Length 5/8"

Shank diameter| 1/4"

Materials Aluminium, soft materials
plastics

Fig. 8. The setup of the robotic c.

thick aluminium plate sized 28800 mm. The operatic
performed was edge chamfering af,4&s shown irFig.

9. The milling operation was performed on three st
each step with a radial depth of egtof 0.1 mm. As the
milling tool advanced from one step tnother, due to
the increasing width of the chamfer, the axial tHept

cut increased too. Thus, the axial depth ofa, was 1.4
mm for the first step, 2.8 mm for the second steg 4.2
mm for the third step. Due to the increasing of dxal

depth of ait, the chip width (and the load per tooth) ¢
increased, leading to higher machining forces fach
step, thus a higher load on the robot .

The programs were created using the t-teaching
approach, so that each program line correspondedd
trajectory segment, as shown kig. 10. The block-
teaching method has the advantage, for progrants
simple structure, of easy modification for both ifoa
data and movement parametekiso, thetrajectory seg-
ments can be easily linked to correspon program
lines, making it easier to analyze robdehaviour.

Fig. 9. The robotic chamfering operation; the used for
evaluating the tool compliand®haviou can be seen on the
edge of the pe.
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Fig. 10. Block teaching program structi.

In order to evaluate thbehaviour of the radially
compliant tool in milling operations and to obsethe
ability of the compliance system to follow the caunt of
the workpiece, a gap in the part edge was milledrb:
the experimentaprocedure (as shcn in Fig. 9). After-
wards, during experimental program runs, the maedi
tool, having the compliance pressure set to maxir
value, executed the chamfering operation while inm
across the gap each time. The variations of maufp
forces were observednd analyzed around the gap
conclusions were drawn regarding the influence hef
compliance system.

The experimental program was run a total of tt
times, each time the tool milling a depth of cubdf mm
in the part edgef-or each program run, e Kistler sys-
tem recorded the force variations along X, Y andZ
axesas the tool moved on the path. Each resultira-
gram (for each step, th¢ axis diagram, th¢Y axis dia-
gram and th& axis diagram- a total of 6 diagrams after
all three experimental stepshown inFigs. 11, 12 and
13) was exported into an Excel file. Furthermore,
dedicated software of the Kistler system combiriesl
three measurements for each <- along theX, Y andZ
axes — into a single diagram for easier compara
analysis.
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Fig. 11. The machining force for the first program rag € 1.4 mm):a— machining forces along thé¢axis;b — machining forces
along theY axis;a— machining forces along th#axis;d — machining forces measurements combined on the degeam.
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Fig. 12. The machining force for the second program ag+(2.8 mm): a) machining forces along thexis; — machining forces
along theY axis;a— machining forces along th#axis;d — machining forces measurements combined on the degeam.
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Fig. 13. The machining force for the third program rag £ 4.2 mm):a — machining forces along th€axis;b — machining forces
along theY axis;a— machining forces along thtaxis;d — machining forces measurements combined on the da@geam.
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4. CONCLUSIONS

By analyzing the results obtained during the experi
mental procedures, a set of conclusions were drawn.

As it was expected, the machining forces had th
lowest values during the first step of the expentak
procedure & = 1.4 mm). The maximum force values in
this case were 15 N for théaxis measurement, 10 N for
the Y axis measurement and 12 N for theaxis meas-

urement. Also, the median values of the machiningme

forces were 5 N for th¥ axis measurement, 5 N for the
Y axis measurement and 3 N for thaxis measurement.

By analyzing the structures of the diagrams for the

first experimental step, it was observed a sigaiftdevel
of chatter, especially in th& andY directions. Because
this chatter could not be caused by a lack of rciifft
ness - as the robot payload is 10 kg., equivateatdrav-
ity force of 100 N, much higher than machining ®rc

values- it was concluded that the chatter was a result of

the compliance system of the end-effector. Althotlgh
compliance pressure was set to maximum, the loweval
of the radial depth of cut resulted in a low thieka of
the chip, so that the cutting was not done proparig
the tool was deflected away from the part's edge.

Also during the first step, for the first part diet
chamfering operation, when the tool engaged thé, par
the machining force was relatively high comparedh®
median value. The cause of this effect was theyiler
cut partially caused by tool's compliance. The roeNner
stabilized along the path, but another increaséioe
peak values was observed at tool exit.

The machining forces had higher values during the

second step of the experimental procedage=(2.8 mm).
The maximum force values in this case were 15 NHer

X axis measurement, 17 N for theaxis measurement
and 18 N for th&Z axis measurement. Also, the median
values of the machining forces were 5 N for ¥axis
measurement, 6 N for thé axis measurement and 6 N

for the Z axis measurement. Although the radial depth of

cut was the same, the increase of the force valsess
caused by a higher axial depth of cut.

By analyzing the structures of the diagrams for the

second experimental step, it was observed thaletred
of chatter is lower than in the first case. Thiswaainly

a consequence of the increased thickness of thas,chi
which helped the tool keeping better contact wite t
edge of the part.

In the second stage of the experiment, when thle too

engaged the part, the machining force was agaar rel
tively high compared to the median value, genegatin
irregular cut caused by tool's compliance. Nevédetse

in this case, the cut stabilized eventually afier first 20
mm of the path, resulting in a much better maclgjrior
the rest of the edge. It was also observed that stabi-
lized, the cut was maintained within good paranseter
until the end of the operation.

The highest values of the machining forces were ob-

served during the third and final step of the ekpental

A. Nicolescu, M. Ivan, and C. Coman / Proceedings in Manufacturing Systems, Vol. 9, Iss. 1, 2014 / 207214

the axial depth of cut and the chip thickness wegher
than in previous cases. The maximum force values du
ing this step were 22 N for th€axis measurement, 29 N
for the Y axis measurement and 22 N for tAeaxis

€measurement. Also, the average values of the miaghin

forces were 10 N for th¥ axis measurement, 11 N for
the Y axis measurement and 9 N for thexis measure-

ment.

The structures of the diagrams for the third experi
ntal step showed an acceptable level of chakiso,

the chatter appeared mainly in tAalirection, while for
the X andY directions it was observed only at the begin-
ning of the cut.

While the machining force at the beginning of the ¢
was again relatively high compared to the medidneya
the process stabilized much faster, and it was taiaied
within good parameters until the end of the opersati
Regarding the gap in the part's edge, by analythieg
configuration of force diagrams after passing theres
sponding area, it was concluded that, in this cHse,
compliance of the tool helped in keeping a goodacn
with the part, as no disturbance in machining fera@s
observed after the tool re-engaged the workpiebeisT
there is evidence that a radially compliant toat é&lp
stabilizing the cut when irregularities are presienthe
part shape.

By taking into account the above facts, it can be-c
cluded that, as long as the machining force is taivat
the permissible load of the robot (the payload dein
this case, a good indicator), a heavier cut isrdekd
when machining with radially compliant tool in orde
maintain good contact with the workpiece. Furthemeno
it was observed that the compliance has both adgast
and disadvantages: while it can cause a deflectidhe
tool away from the part's edge and chatter in ssitoe-
tions, it helps keeping good cutting conditionh&tpart
has irregularities.
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