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Abstract: This paper is about choosing the optimum variaoinfthe constructive-geometrical and material ooft
view, for a structure element within the constroictof an industrial robot. We have used finite edats analysis (FEA)
for optimizing the robot’s forearm as regards thess it is subject to, without influencing the hetcal-functional
parameters. The articulated arm-type industrialotostudied below is dedicated to welding appliaagio being
integrated in a robotized flexible cell for electarc welding, choosing the optimum variant of tbleot’s forearm.
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1. Introduction 2. Case study

The development of the world’s industry in the 2.1. Application description
latest decades and the increase in the manufegturin  The industrial robot analyzed below in view to
of equipment and apparatus have led to theptimizing the tubular forearm is articulated, hayi
acceleration of the utilization of robots in theldieg ~ 6-axis and being integrated in a robotic welding
processes, this becoming the widest domain of usinfiexible cell for small and middle parts.
articulated arm-type industrial robots. Also, the The main components of welding cell are:
upgrading of the machine parts, mechanicaindustrial robots, robot’s positioned, positionéws
transmissions, drive engines, sensorial and contrdhe welded parts, robot’s controller, welding tqrch
systems has made it possible to create industriakelding equipments, wire drive unit, cleaning unit
robots with dynamic performance and high precisionfor the welding torch, safety guarding, safety ogiti
which has extended the welding robotic applicationgarrier (figure 1).

[1]. These technical and functional performances of

the industrial robots are imposed by the welding

process specific parameters [2].

The arc welding robots must provide a
continuous movement and a precise positioning of
the welding head at the joining line (welding jdint
One of the requirements of the robotic electric arc
welding consists in the precise positioning of the
welding head £ 0.5 ... 1 mm) and it depends on the
following factors:

- the stability of the mobile mechanical elemerits o
the robot when making various movements and
its coming back at the end of the operation;

- the possible gaps of fastening the welding head o
the flange of the last axis of the robot;

- the possible deformations of the welding head and 4
bending of the electrode wire tip; Figure 1. Layout welding flexible cell

- a proper speed for making various movements which _ _
should be continuously adjustable{®.5 m/s) and The tubular forearm (figure 2, element 4) is

at least one of the movements should be very rapigontained in the carcass, being at the same time a
the one of the rotating arm+1.5 m/s) [2]. tubular shaft, in order to make the first movenwnt
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the Roll-type orientation system (4th degree of
freedom/axis 4).

For this study, we have calculated the reduced
loadings at the main axes X, YpFthe mass centers
for: end-effector, orientation system and the el@me
studied (figure 2, tubular forearm - element 4).

.. | -

the following stresses: Main Stress Maxx; Main
Stress Middle; Main Stress Min; Force on axis
X; Force on axis Y; Force on axis Z; Pressure on
plan XY; Pressure on plan YZ; Pressure on plan
ZX; Deformation after axis X; Deformation after
axis Y; Deformation after axis Z and Resultant
deformation.

solutions for structure optimization and results

LS comparison.
I -
2 2.2. Description of the robot
5 . : L . .
E ‘ Kineamtics: the kinematics parameters are on
the Closs leaflet.
4 Construction: the studied robot is in
1 anthropomorphic  construction, made of an

: .
>
Figure 2. Industrial robot: 1 - robot-base; 2 -siyri i

3 -arm; 4 - forearm; 5 - orientation system

The stress calculation was made depending on:

- the materials used for the component parts;

- the constructive dimensions of the elements
necessary for the existent cinematic chains of the
forearm; )

the constructive and cinematic parameters of thé
robot (maximum strokes, angular speeds,
distances between the rotation axes) [3].

Calculations were made for:

- masses and mass centres for:
orientation system, tubular forearm, forearm
carcass;

movement of the rotation torques, static
loadings; reduced loadings at the main axes of
the mass centres for end-effector, orientation
system and tubular forearm;
reduced loadings on the studied element: in its
mass centre (due to its own mass); reduced
loadings of the end-effector’'s mass and of the
orientation system on the fastening flange of the
tubular forearm.
reduced loadings on the studied element for fiv
variations of the forces, in view of obtaining a
simulation of the elastic come-back variation in
dynamic regime of the studied element.
Remark: Calculations of the masses, reduced

forces and reduced loadings were made by means of f

a specific computer program.
The results obtained subsequent to the analysis?
- the variation diagrams of the elastic come-baxks

the tubular forearm for deformations obtained at"’

end-effector,

reduced forces in each mass centre due to the

aluminum-magnesium alloy cast under pressure.

Its functional characteristics are:
number of axes: 6;
maximum manipulated mass: 10 kg;
drive: electronically adjusted alternating cutren
servomotor mounted on each axis;
position measurement: digital, absolute (resgjver
positioning error: = 0.1 mm;
work space: spherical, with the radius of about
4100 mm;
dimensions: supporting surfaces: 460 x 730 mm;
mass: 245 kg;
possibility of axes rotation: Axis 1: 340°;, Axgs
225% Axis 3: 292° Axis 4: 360° Axis 5: 2709
AXxis 6: 600°;
maximum axes speed: Axis 1: 148°s; Axis 2:
1309%s; Axis 3: 165%s; Axis 4: 300°s; Axis 5:
300°s; Axis 6: 400 9/s;
the materials used to make the component parts:
the non-standardized component parts, such as
shafts, bushes, etc., are made of OLC 45 steel,
having the following features: density: 7800
kg/dnT; elasticity module:E = 210000 N/mrf
Poison coefficient: 0.3. The carcass and tubular
shaft are made of aluminum (Al) alloy, having the
following features: density 2700 kg/dm
elasticity moduleE = 71015.9 N/mrf) Poison
coefficient: 0.33.

3. Determination of loadings on the robots’

forearm

3.1. Determination of masses and mass centres

for: end-effector, orientation system, tubular
orearm, forearm carcass
The masses of the main sub-assemblies were

SCalculated by means of a specific computer
program. In this program, the following equations

ere implemented [4]:
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Xgil 3.3. Determination of the reduced loadings on
X = 22 Gi M . _ > I€ g
G~ Zm ’ the studied element: in its mass centre;
Ve 0 reduced loadings of the end-effector’'s mass
Yo =2 YGim (1) and of the orientation system
xm The loadings due to the mass centres of the
Z~: | orientation sub-system and end-effector will reduce
Z — Gi m . . .
G~ Sm at the fastening flange with the forearm in two

. oints, according to the fundamental scheme from
where: Xg, Ys, Zg — coordinates of the mass centres. Egure 3: g

For the orientation sub-system, the elements

strictly belonging to it were taken into account —] -
(without the drive tubular shafts). "'i P .
For the calculated element, its own mass anc __ e 1 v
the tubular drive shafts crossing through it were~""* & = o .
. Y=
taken into account. For the forearm carcass, all th Ij| al 7
elements within it were taken into account (engines I s

harmonic reducers, drive shafts, rotary gears, etc) Figure 3. Scheme of the loadings on the fasteramgé
of the industrial robot’s forearm
3.2. Determination of the reduced forces in each ) )
mass centre; static loadings and reduced The equations used for calculating the reduced
loadings at the main axes of the mass centres forces at the level of the studied element,
The reduced forces in the mass centers for th&Pecifically of the industrial robot’s forearm [@&{re

end-effector, orientation system and the tubulathe following:

forearm, are calculated by means of a specific F (F rez+G)Dl_ F, forearm
, F, = -xrez , 'Y + X ; 3)

computer program, where we implemented the "1 4 b 4
calculation equations for centrifugal and tangéntia forearm
forces obtained due to the successive movement of - Fxrez Py 4+ Fx : 4)
each torque (the other torques being considered 2 4 2b 4
rigid). Fo _+GIL forearm

The forces obtained on each mass centre of Fj= Fxrez—( yrez*C) + Fx ; ®)
interest were reduced at the main axes of the 4 2b 4
respective mass centre [5]. F FyIL F forearm

In order to make the calculation, the positions Fr= )Zez"' b X 7 (6)

of the mass centres of interest were establishegihere:F, ,,,— reduced forces, in NF( = 1792 N;
depending on the 3rd rotation axis, this one being, = 774.61 N:F; = 1163.61 N;F, = 146.19 N);

the forearms’ rotation axis. Fyxyzrez— resultant forces, in N; — element length,
The acceleration time from zero m/é¢c the in mm.
maximum speed on each axis is of 0.5 sec. The determined loadings were applied on the

Within the calculation program on the 3p model analyzed using the finite element
computer, the following equations  were methods (figure 4).

implemented:
Fef =mi6s? [R; 21
Ftg =mlelR; . .
(2) &2
i
(Y

_Aw,
At
G=mlg,
where:Fcf — centrifugal force, in N,
Ftg — tangential force, in N;
w — angular velocity, in rad/sec;
R — gyration radius, in mm;
G — weight in mass centre, in N;
m— element mass, in kg; tas a0
g — gravitational acceleration, in m/éec Figure 4. Scheme of the loadings on the robot'sdon

G=494.96 [N]

Ftg=138751 [NJ
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4. Results regarding the elastic come-backs
of the robot’s tubular forearm obtained
trough FEA

The purpose of using the finite element method
(FEA) and of choosing the elements within the
structure of the industrial robots is to optimibe t
mechanical system of the robots making the
movement and welding operation [7].

The finite element method is one of the
strongest numerical calculation method used ir
engineering [8]. Basically, the basic idea of this
method is to approximate the unknown field
function (temperature, deformation, flowing speed,
and pressure) with apline function, so that, on
sufficiently small sub-domains, called finite ___
elements, the approximation should be sufficiently .
close to the precise solution. This approximat®n i gezs |
introduced in the condition of extreme (minimum) =
of the functional associated to the system of
differential equations governing the phenomenon
[9]. We obtain, therefore, a linear algebraic syste
or an ordinary differential equations system,
according to the treated problem, which is in etati
or dynamic regime. e

The following figures present the diagrams
resulted subsequent to the analysis made by the
computer program, of the elastic come-backs of the
robot’s forearm studied [10, 11, 12].
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Yleld point: 110.32

EEEEEEEN
bbbt b
g
2
EEEEENEN

min:-3,84593

nin: -4.25314

Figure 6. Main stress middle Figure 10. Stress in Z-axis
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Figure 13. Result deformation

5. Experimental results

A comparative analysis was made for the
following aspects regarding the robot’s forearm:

- deformation on the axes X, Y and Z;

- stress on the axes X, Y and Z;

- main stress maximum, for the forearm made with
an increased the forearm’s thickness, 5 mm
higher than the solution proposed to make the
forearm from steel.

Figure 14 presents the deformation on axis x
for a robot's forearm with increased thickness, of
5 mm, of the outside wall, as compared to the
analyzed variant.

2 ENENEEEN
Looiaad

Figure 14. Deformation in X-axis for thforearm
with 5 mm higher thickness

Figure 15 presents the deformation on axis x for
a robot’s forearm made of S235JR (equivalent with
OL37 STAS 500/2-80) quality laminated steed.

Materlalt

S2350R

Yield_polnt:235.00

Teformation in
X-axis*! 0.01mm

nax047923

Figure 15. Deformation in X-axis for the forearm
made from steel S235JR

For forearm with higher thickness of the wall,
the maximum deformation is of 0.01226 mm and
the minimum deformation is of 0.00741 mm, and as
regards the steel forearm, the maximum
deformation is of 0.0047923 mm and the minimum
deformation is of 0.0028759 mm.
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In conclusion, as compared to the analyzed Vateriol . Material thg&ayt; o
solution, which made the object of the case study, |veu ot 110,32 Vield point: 235.0| | Yield point: 110,32
where the maximum qle_formation was of |gfomesen Deformation R
0.1415 mm and the minimum one was of 000 e oooue oo 0ave
0.00849 mm, it resulted that, in case of the forear |m %2072, M -0.00011 M -0.00009

. . . . W 0504 W 000093 | 000221
with higher thickness of the wall, the deformations |m ;232 W -oooi7e W -0.00432
are smaller, and, in case of the quality laminated | ~$97%° 000338 ~000055
steel forearm, the deformations are even smaller, ~001358 ~0.00501 —0.01278

. . . . 0.01599 -0.00583 -0.01490
but the main disadvantage of these solutions is the |m 22140 000665 ~oo1703
mass increase. S S S

Figure 16 and 17 present the value for the ~0.02805 -0.009%2 002347

deformations on the Y and Z axes. B 003267 IR B 002570
m 0038528 B 001237 B 00318

In both cases, can be seen a much smaller g -0037¢s W 001319 W 003393

; ; m 004010 W 001401 B 003604
deformation than in the case of the proposed |g “004e51 W 001483 W 003815
solution, but, the same, the main disadvantage & 00722 e B 001000

i i i i i m 008 M 001728 B 004450
consists in the mass increase, which, in case of |§ -oosais ~0.01810 5 004661
industrial robots, is a very important factor. rin 2005496 i 2001851 i ZOBATE]

The maximum values of the deformations on a b ¢

Figure 17. Deformation in Z-axis for the forearm:
a - analyzed model; b. made from steel; c. withrd m
higher thickness

the Y and Z axes are the highest in case of the
analyzed solution (deformations on axis Z: max:
0.00329 mm and min: — 0.054 mm; deformations on
axis Y: max: 0.01142 mm and min: — 0.00073 mm)

as compared to the deformations obtained in case %tf the steel forearm (deformations on axis Z: max:
the forearm with higher thickness of the wall 5 55112 mm and min: — 0.01851 mm: deformations
(deformations on axis Z: max: 0.00308 mm and,, .vis v: max: 0.00386 mm and min: — 0.000246
min: — 0.04767 mm; deformations on axis maX:mm). In terms of deformation, it can be concluded

0.00959 mm and min: — 0.0006632 mm). : L : -
Thus, tubular forearm produced by Closs, mad%ﬂgthtg;eos?tﬁgslss optimal, but at the same tiras h

of aluminium, compared to other variance analysis The tables below present the stresses on the
has deformations on the three axis X, Y and Z ththee axes X. Y and Z. for the three variants of

highest, but the smallest mass. robot’'s forearm: the analyzed model, made from
steel and with higher thickness of the outside wall

The smallest deformations are obtained in case

Material: Material: Material:
Al alloys sand c. S235JR Al alloys sand c.
Yield point: 110.32 Yield point: 235.0 Yield point: 110.32 Moterial Materiol: Material:
Deformation Deformation in Y Deformation in Al alloys sand c S235JR Al alloys soand c
in Y—axis [mm] Y-axis*0,01mm Y—axis*0,01mm Yield point: 110.32 Yield point:235. Yield point: 110.32
max0.01142 max0.38653 max0.95942 Stress in X-Axis Stress in X- Stress in X-Axis
— 0.01092 W 037796 I 093805 [N/mm~2] axisN/mme IN/mm™2]
0.01041 W 036083 Il 089531 max5.30267 max5.21245 mox6.71471
B 00590 B 034370 M 085257 | W 496324 W 547936
B 00540 W 032657 I 080983 [ R B 446482 W 500864
0.00889 0.30944 0.76709 [ ] 3‘77880 Il 396640 M 453792
000835 029230 0.72435 B 5500 M 346799 B 406720
' ' 2.96957 359649
0.00788 oy peelol £.76189 2.47115 312577
0.00737 0.co804 88/ PES373 197274 2165505
0.00687 024051 0ozeld L74557 147432 218433
0.00636 022377 055340 1.23742 0‘97590 1‘71362
0.00585 020664 0.51066 072926 049315 baban
0.00535 018951 046792 0.22110 7‘0‘02093 077018
0.00484 017238 042518 -0.28705 051935 030147
0.00434 015525 038244 ~0.79521 -101776 -0.16925
m 000383 013811 0.33970 :}‘2?135326 ~1.51618 ~0.63997
u 0.00332 M 012098 W 029696 531968 —2.01460 111069
= 0.00282 Il 010385 Il 025422 | ] 78‘88783 B 251301 W -158140
m 000231 M 008672 W 021148 A W -3.01143 W -2.05212
m 000180 W 006958 M 016874 @ oy B 350985 W 252284
m 000130 W 005245 W 012600 [ [ppsenis W -4.00826 B 299356
m 000079 M 003532 I 008327 | s B 450668 W 346427
m 000029 M 001819 M 004053 o Bl -5.00510 B 393499
-0.00022 M 000106 W 000221 | M 550351 W -4.40571
min: ~0.00073 -0.01608 -0.04495 B 5403 W 600193 W -ao7c4
nin' ~0.02464 nin: ~0.06632 min: ~6,89308 min: —6.74955 min: -5,58250
a. b. C. a. b. C.
Figure 16. Deformation in Y-axis for the forearm: a Figure 18. Stress in X-axis for the forearm: a.lyred
analyzed model; b. made from steel; c. with 5 mghéf  model; b. made from steel; c. with 5 mm higherkhiess
thickness
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Material Mo terial Haterial On axis Y, the highest stress maximum appears
Al all d c. . alloys sand c, . .
Vield point: 11032 Yield point235 | Yield point: 11032 in case of the analyzed solution (2.8905 Nfl),]m
Strese in Yopxis | |\SHESE M ez | | SN ey being followed by the steel forearm
[ax€89053 "alaere o odLee (2.74476 N/mrf) and by the forearm with higher
i W 235532 W i thickness (2.41455 N/mfin In case of the
e = = minimum stresses, things are the same: analyzed
Les0ze 146348 L3784 solution (- 3.0627 N/mf), ~ steel forearm
Loaie S e (- 2.84626 N/mr) and thickened forearm
0.53165 0.65955
8]315080%5 0.29869 047481 (_2-01914_N/mnz)' . .
ole1ss S ieres 0 omss ~ On axis Z, the highest stress maximum appears
-033416 At oalais in case of the analyzed solution (2.978 N/mm
~0.98e22 M 086611 M 044888 H I
m 083027 ) Tease being followed by the one of the thickened forearm
] -107832 = -1.33203 = -0.81835
-132637 R B 100505 (293314 N/mm) and the steel forearm
= “157443 M -179794 M 118783 i
-1,82248 B _5.03090 e (2.853 N/mm). In case of the minimum stresses, the
= -2.07053 B 226386 M 155730 : ;
m 221958 B 229682 B 174204 following order appears: analyzed solution
[ EEivr rire 54026 | |min 801514 (— 4.2531 N/mrf), steel forearm (— 3.9991 N/mijm
[min-306275 | A thickened forearm+3.98323 N/mrf).
a c

Figure 21 presents the maximum stresses for the

Figure 19. Stress in Y-axis for the forearm: a.lyred three variants of the robot's forearm

model; b. made from steel; c. with 5 mm higherkhiss

Material: Material: Materiol: Material: Material: Material:
Al alloys sand c. S235JR Al alloys sand c Al alloys sand c. S235JR Al alloys sand c.
Yield point: 11032 Yield point:235. Yield point: 110,32 Yield point: 110,32 Yield point:i23S. Yield point: 110.32
Stress in Z-Axis Stress in Z- Stress in Z-Axis . ‘ )
~ ‘ N Main Stress Max Main Stress Main Stress Max
[N/mm”2] axis N/mme IN/mm~2] IN/mmA2] Max N/mm2 IN/mm~2]
b o095 B 0908 mox5.74314 max5.66024 max5.71803
m 25/ W 242438 W os0087 W 559658 B 551439 __RCpLprS)
[ [y B 213886 M 221269 W 530347 W 522270 | I
[ [ | 185333 | 192451 M 501035 Il 493100 H 280777
1‘47184 156781 163632 W 471723 B 463930 H
‘ 128229 134814 440411 434761 4.50435
117053 0.99676 105996 : ‘ 4,20092
086921 413099 405591
‘ 0.71124 0.77178 : 370400 3,.89750
056750 0.42571 0.48359 3.83787 : 359408
0.26658 0.14019 019541 3.54475 347252 3.29066
003473 014534 -00%277 325163 318082 2.98724
~0.33605 ~0.43086 -0.38095 295851 288913 YA
~063736 -0.71638 -0.66914 266539 259743 5 30040
~0.93868 ~1.00191 -0,95732 230574 ‘
53555 2.37227
: -1.28743 -1.24550 207916 201404 2.07698
m 15413l H -15729% B 153368 ‘ 177356
-1.84262 178604 172234
= B -185848 W 182186 L45065 147013
m 24303 B 214401 B 211005 149292 ‘ 116671
W 244929 B 242953 W -239823 Il 115980 M 113895 | By i
m /460 MW 271505 B 268641 B 050668 M 084726 [ gt
m 294788 B -300058 B 297459 M 061356 W 055556 [y
m 280 M 328610 B 326278 W 032044 MW 026386 [ Iy
m 3525 B -357163 B 35509 B 002732 B 002783 m Y
: -3.85715 -3.83914 - _ -0.35039
in: —4.25314 mint =3,99991 min: —=3.98323 B 026580 W 031953 u -0.65381
min: 4, M 055892 || :0‘61188 o5,
a b c W 085204 [l 0950292 | v
. . . -114516 -119462 ‘
Figure 20. Stress in Z-axis for the forearm: alyze mint 71.29171 nin: 7134047 min: 156408
model; b. made from steel; c. with 5 mm higherkhiss a b c

Figure 21. Main Stress Maximum for the forearm: a.
From the point of view of the stresses on theanalyzed model; b. made from steel; c. with 5 mghér

main axes, we see that, on axis X, the lowestsstres thickness
maximum is for the steel forearm (5.212 N/fynas _ _ _ _
compared to the analyzed solution (5.306 Nffjnm From the point of view of main stress maximum,

It should be noticed the fact that the maximumwe see that, for the analyzed solution, the maximum
stress of the forearm with higher thickness (5.7istress is the highest (5.74314 N/fjymbeing
N/mn?) is higher than the one of the analyzedfollowed by the value for the thickened forearm

solution. (5.71803 N/mm) and the one for the steel forearm
From the point of view of the minimum stress, (5.66024 N/mr). _ _
the forearm with higher thickness, this is the ekis The minimum value of the maximum stress is

to zero (- 5.58 N/mA), being followed by the steel the one as in case of the analyzed solution
forearm (- 6.749 N/mfp and the analyzed solution (~1.2917 N/mr), being followed by the one of the
(—6.893 N/mr). steel forearm (-1.34047 N/mnand the one of the
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forearm with increased thickness

N/mn).

Following the analysis of stress for the three
variants of tubular forearms, noticed that they are
influenced differently on the three axes X, Y and Z 3.

6. Conclusions

The described analyses shows an example of
using FEA in order to find the optimum variant for
a structure element of an welding industrial robot.
Also, the quality and the cost can be optimized to

achieve a robust structure for the robot.

5.
Considering the analysis made above, on the
three variants of tubular forearm, we draw the

conclusion that, from the point of view of

deformations and stresses on the three axes X, Y
and Z, the optimum solution is to make the tubular

forearm from steel.

From the point of view of the forearms’ own 6
mass, it can be remarked that: for the steel forear
we have 58.1611 kg, for the forearm with increased
thickness, we have 27.1636 kg, and for the analyzed

solution, we have 20.1041 kg.

As the difference between the deformations and
stresses the forearm is subject to, obtained fer th8_
three proposed solutions, is very small, and the
mass differences are significant, we choose tisé fir

analyzed solution (forearm produced by Closs).

In order to make the forearm rigid, the

following solutions may be adopted:

- tubular element provided with reinforcement ribs,

either inside, or outside, next to the sections
10. Ispas, C., Zapciu, M., Mohora, C., Anania, D.Q0@)

where the stress is maximum;

- making the forearm from other material (for
example, laminated steel) the main disadvantage
is that the forearm’s mass

of this method
increases;

- changing the forearm’s shape, for example, artape

shape, the big base next to the higher stress;

- the construction of the forearm with a higher
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