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Abstract: The paper presents a research regarding the dyndreli@vior of an industrial robot during
operation. The main target of the attempt was tonprily test a set of software applications in a
combination used in the automotive industry: ANS#FCrash-METAPost. The dynamic analysis has
been performed using an explicit solver, which imge time integration and does not require an it
computation. The robot has been programmed to miatipa mass of 69 Kg over a distance of 1.5m at a
rotational speed of 110°/s. A comparison was alsnedbetween the robot's behavior with and without
the manipulated object for the same cycling. Thigimal research was focused on new kinematic
modelling and simulation functionalities. It wagther continued with an endurance test to provide
information on areas that are fatigue-sensitivee Emalysis proved that CAE integrated software used

mainly in the automotive industry is also a val@alksign and research tool for industrial robotsewh
adapting and customizing the simulation methodalogy
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1. INTRODUCTION

Kinematic calculations and Computer Aided
Engineering techniques are largely accepted as fbalwe
tools in the design and research of industrial t®b®o
meet their ever-growing demands, it is of critical
importance to understand the robot damage mechanism
for their performance [1]. Although recent litenatu
revealed the importance of the topic only somectural
elements of the robot were analyzed from this point
view [2]. A more general approach of fatigue life
improvement was focused on the influence of thatjoi
flexibility on the robot workspace [3], which presas a
demanding scientific assessment.

. ; J
This paper contains a study on the robot

computational model from a CAD-FEM perspective with
detailed explanation on the robot modelling attesnpt
followed by an explicit dynamic simulation that sk
into account severe operating scenarios. The r&sear
was carried out using a combination of integrated
software devoted to the automotive industry, bitnig
into account modelling peculiarities for industriabots.
Areas with potential fatigue vulnerability were idigied

for large and heavy duty cycles. Because of the
complexity of the kinematic configuration of thebod

The simulation model was inspired by an IRB 760

articulated arm robot manufactured by ABB, but the
geometry of the model was entirely reconstructelte T
robot has four degrees of freedom.
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Fig. 1. Articulated arm robot ABB IRB760.

. ) Table 1
only three numerically controlled axes were consde Technical specifications of ABB IRB 760
active. Fatigue limit or endurance limit and fatgu
strength are used to describe a property of méigeria Reach[m] 3.18
namely the amplitude of cyclic stress that can fglied za“db"“g ‘;ap‘?‘c'ty [kg] 420
to the material without causing fatigue failure. [4] umber of axis
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2. FEM PROCEDURES

FEM is a general numericahethodused to solve

differential equations with partial dertives that
describe physical phenomend@he algorithm mainh
consists in the decomposition of the analysis darirdd

simple geometric entities that aaealyzer and then the
entire domain is recomposedhile respecting certain

mathematical requirements.

The partial derivativeequations approximate the

physical system which has arfinite number of degree
of freedom. Following FEM [5]the partial derivativ
equations are reduced to systems of algebraic iens
describinga discrete system with a finite number
degrees of freedom.

Finite elements occur in the process of dividing
domain of thestructure, regardless of the chosen ana
type. Some types afomputational models are presen
on Fig. 2:

a) one-dimensional elements used for beam
structures;
b) two-dimensional elements— triangles and

guadrilaterals used in tiles and membrane strug

and;

c) tetrahedral and hexahedralements usecdfor

massive structures.

In a broad sense, the finitelement wirefram
approximates the following properties of the mc
» geometric or model shape, characterized as paat

body having certain dimensions;

» physical, the finite element has attached phy:
properties, such as: elasticity, density, damjetc.;

» functional: one or more variables of the probl
according to nodal values and correspont
functions of the problem.

Depending on the number of degrees of freedon
node, the following categories of finite elemenésm be
distinguished:

» with a shgle degree of freedom per node, in the «
of uniaxial loading;

» with two degrees of freedom per node, for pl
loading, for articulated beams, lattice beams, &s
and planar spaces;

» with three degrees of freedom.

Geometrical approximations of finitelements are
controlled by the number of nodes used outside
element to define the shape, while phys
approximations are controlled by tmaimber of node

Fig. 2. Types of Finite Elememhodel: [5].
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Fig. 3. Different finite element type[5]:

* —nodes that define the geome
o — nodes that approximate state varial

inside and outside of the element, using diffe
interpolation functions [5]. Depending on physiaaid
geometric approximations, there are three categaf
finite elements: subparametrim < n (Fig. 3¢ andf ),
wherem s the degree of the interpolation functN;andn
is the degree of the derivati\N;"; isoperimetric, when

m = n (Fig. 3b ande) - at the same nodal points the s¢

functions are used to define the geometry and thie

variables of the finite element; and super paran, when

m > n (Fig. 3a andd).

Determining the shape and displacemerthe finite
element, the nodes can bepresente by interpolation
functions in relation to global coordinai

The conditions to be met by the approximai
functions (if derivedup to thek + 1 order) to ensure the
convergence of the finite elements decreas:

« continuity, which is ensuring small variatiorof the
unknown parameter across the entire range of
finite element, including its boundary. For examjf¢
the finite element has only displacements in
nodes, the approximation function must
continuous, class CO- Lagrange generalized
function, and if the finite element has both noded
rotations in the nodes, it is necessary that thetfan
approximation and its first derivative to
continuous, class Ct generalized Hermite tyg
function;

« compatibility— meaning that during the change of
domain of the problem along the common border
finite elements do not have to separate, and thes
of the approximation functions on the comn
border depend only on the unknowns in the node
this border;

e completeness, which is ensured by the way
approximation functions are cho. For example, in
the mechanics of the deformable solid,
approximation  function that satisfies t
completeness conditions contains modes
displacements that make pose to describe both the
rigid body behavior and the constistrains;

e invarianceis the property of the finite element
have the same physical state irrespective of
orientation of the local axes in relation to whitis
state is formulated.

Polynomials are the main category of approxima
functions used by FEMand can be grouped into t
following categories:
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e simple polynomials thatprovide an analytice
description of the lement's behavior and tl
functionalities to perform a control overthe
approximationgor the whole doma;

e Lagrange polynomials allow the delimitation of !
polynomial coefficients relative to the functionwas
in points on a line;

* Hermite polynomials are used to satisfy both fuac
and derivatives in the finite efeent node:

3. CALCULATION STAGESUSING FEM

The analysis of the various structures in term:
resistance using FEMs based on two calculatic
methods:

» forces— where the unknown values are the resul
forces in the nodes of the physical model of
structure, when it is subjected to a certain |

» displacements- where the unknown values are -
movements that originate in the nodes of the play
pattern of the structure, when it is subjected 1
certain load.

The most used is the method adplacements due to
the advantages offered byatrix calculatior

Taking into accounthese generalonsiderations, the
main stages during a structueatdalysis are
e geometrical modeling;
 mesh preparationthe generation of the finite

elementwireframe, node numbering arcalculation

of the geometric properties, such acoordinates,
cross-section area, etc.;

» calculation of the FE equatiaterivative;;

» variational formula or differentialto describe the
required solid body behavior;

» calculation of displacement® respect wit nodes
movements:

u=Yum.. ()

where u; are the displacements aml\, - interpolation

functions;

» calculation of element matrices;

e assembling finite element equatio identifying the
conditions of continuity between adjacent fini
elements by primary variables the relationship
between local degrees of freedamd global degree
of freedom;identifying the conditions of equilibriut
between the secondary variabl— the relations
between local@mponents and global compong;

« introducing thecontour conditions and reducing t
system of equations which describes the behavii
the solid;

» solving the system of equations describing
behavior of the studied structure;

» post processing and verificationtbe result.

4. EXPLICIT DYNAMICS

The explicit scheméFig. 4) has the advantathat it
does not requir¢he calculation of thestiffness matrix.
This significantly reduces the calculation timThe
algorithm allows the control of theomputational error
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Fig. 4. Explicit integration schen [6].

and it is successfully used to simulate large imhgai

deformation problems [6].

The main differences between the implicit ¢
explicit solution schemes are descrilfurther.

The implicit solutionhas the main characteristi
« does not consider the effect of mass (inertial at$fk

or damping;

« theanalysis is performed using a default sol

« the solution akach step requiremany iterations to
assure the equilibriumithin a certain tolerance;

« the time steps are generally higher tthose used by
the explicit scheme;

e it requires a numerical solution invert the stiffness
matrix once or even several times over a time
which is time consuming for large moc.

The explicit schemis characterized
« it takes into account inertiaffects an damping;

« itis performed by mearsf ar explicit solver;

e it has m iterations are required becatthe nodal
accelerations are solved dire;;

« there isno inherent limit of the time step s;

« the timestep must be less than the Cant time step;

e it works relatively easywith contact and nonline:
materials;

e once the accelerations are known at time n,
velocities are calculated at tinn + 1/2, and the
displacements at time + 1. Thestrains are obtained
from displacementand thestress values are obtained
using the strain values.

The equations solvedvher an explicit dynamic
analysis is performedre based on thconservation of
mass, impulse and energy in Lagrange coording
These equations, togethavith a particular materic
pattern and theinitial set of boundary conditior
completely define the camutation probler.

General ecommendationsfor model preparation
when using thexplicit scheme a:

e the size 6 the elements must be uniforfor fine
meshed regions;

« time step used is controlled by the minimum sizi
the finite element;

« models for explicitcalculations musthave a high
quality mesh, as the rest. propagate across the
entire wireframe;

« element size must be controlled by the useithe
whole model;

» the element size does nattematically depend on tt
geometry;
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« for explicit analyzes, the location of regions w
great strain gradients constantly changing. Tt
stress waves propagate through the n

» efficiency of the method is improvewhen refining
the mesh;

» transitions between a coaraed a fine mesmust be
smooth for maximum accuracy;

» hexahedral mesh has always topbeferret.

5. PAM CRASH SOLVER

PAM CRASH is a finite element solver used for
study of linear and nonlinear materials with la
displacements. It has been developed for the auteer
industry where it is widely used today. The typds
materials studied byhe solver are: metals, foan
rubber, composite materials and plastics. The ei|
dynamic analysis takes place in increments thayme
a very short time. It does not require iteral
calculations and matrix inversion and it is wideked tc
solve quasi-static problems.

The native file of the solvelnas a pc extensii and
contains the model definition ara reader where the
running time, the desired resultse define [6]. The
output file has a variable sizdgpending on the inp
settings and the required results.

To run a PAM CRASHsimulation the following
files are used:

* model.pcthat includes thegeometry and define
boundary conditions;

» material database.incomprisingmateria definition;

» input.pcfor parametersalculationand files used to
launch the solver.

In this studythe PAM CRASH files were adapted
orderto achieve the kinematic calculation of the rob
structure.

6. COMPUTATIONAL MODEL

For modeling purposesANSA pre-preprocessing
system was chosen, through which @&D model of the
ABB IRB 760 robot wastransformed into a finit
element model andthe boundary conditions we
configured (Fig. 5).

s+ -1-Baa., 20O BE.,

@@ 1=

Fig. 5. Preprocessing stages with ANS

Fig. 6. SHELL 16 elemen [6].

6.1. Kinematic and finite element model

The geometry was divided into 514926 fir
elements. The element types were chosen from
solver’s library (Fig. 6). The size of the elemeuntsied
within a minimum/maximum range 0—-12 mm. Several
elements connected by comn nodes form a part. The
properties of the parts were defined in the PIRis

Shell elements are of several shapes. The most
in this model were SHELL 16.

LS DYNA SHELL 16 is a fully integratedfinite
element that uses straiimterpolation to mitigal the
jamming and intensification of the bending feat It is
based on the Reissnitindlin kinematic hypothes: 5
degrees of freedom in thecal coordinate systeiand 6
degrees of freedom in tlggobal coordinate syste, 2 x 2
integration points in theelement plar and shear
corrections that eliminate numeric errors that roagui
[6]. This element is availablor both implicit / explicit
simulationsand uses only quac

Linking elements wetefixed joints, rotational joints,
springs, translational jointand coitact elements. The
function CONSTRAINED_NI R _BD defined a rigid
link between two pointand CONSTRAINED JOINT
REVOLUTE/SPHERICAL/TRANSLATIONAL
describedjoints between differencomponents to allow
the robot movementsThe contactelements simulated
relative displacementa joints.

The model also comprises a standnumbering of
the assemblies andubassembliesFig. 7), thickness
property valuesind also the definition of troligo cyclic
materials for allthe parts from which the structure
formedfor fatigue calculations

Name h

v
o [ 10000 IRB760_450_318 Balancea C.. 1.
10001 IRB760_450_318_Balanceb_.. 1.

=
[OJ 10002 IRB760_450_318 Base_CAD_.. 01
[ 10003 IRB760 450 318 Link H_CAD.. 10,
[J 10004 IRB760_450_318 Link3a_CAD.. 10.
[ 10005 IRB760.450318 Link3b_ CA.. 5.
[ 10006 IRB760_450_318_Link6_CAD_.. 5.
- I 10007 IRB760_450.318 Link H_CAD.. 1.
o[ 10008 IRB760_450_318_LinkV_CAD... 1.
«- [ 10009 IRB760_450 318 Link2_CAD_... 10,
[J 10010 IRB760_450 318 Link CAD .. 1.
[ 10011 IRB760 450 318 linkarm CA... 10.
[ 10012 IRB760_450318 linkrod_CA.. 1.
[J 10013 MOTOR ELECTRIC i
I 10016 Default PKIOINT Property
- [ 10020 SPRING_ARTICULATH
- [[] 100000 IRB760_450_318 Balancea_C.. 1.
- I 100030 IRB760_450_318_Link H_CAD... 10.
- [ 100040 IRB760_450_318 Link3a_CAD.. 10.
- [[] 100050 IRB760 450 318 Link3b_CA... 10.
- [ 100060 IRB760_450_318 Link6_CAD_.. 8.
«- [ 10009 IRB760_450_318_Link2_CAD_... 10.
- [ 100110 1RB760_450_318_linkarm_CA... 10.

Fig. 7. Model tret in ANSA.
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The electric drives and the robot base were coedi
with the other robot structural elements by meah
fixed joints.

6.2. Definition of the kinetic conditions

According to the technical file the robot hfour
numerically controlled axes (Fig. ,8put neglecting th
effector, only three rotational jointwith motion lavs
remained active in the modérhe other couplins and
free rotation couplers have not bedescribed by initia
conditions, limiting their role tokeep the assembly
connected during operation or havibglancingreasons.
Although they were included in the model as joitheir
movements have beeéndirectly generate by the joints
with imposed motion laws.

The robot was programmed to manipulate a r
attached to axis 4. The motion lagsads for the axes
1, 2 and 3 are represented on Fig. 10. These grapie
achieved by using the maximum ridamal velocity anc
the maximum displacements of each axis tha
numerically controlled.

Axismovements  Workingrange | Maximumspeed
Axis 1 +165° to -165° 145%s
Axis 2 +85° 10 - 40° 110%s
Axis 3 +120° to - 20° 120%/s
Axis 4* +300° to - 300° 400°/s

* +150 rev. to - 150 rev. max

Fig. 8. Axis movement

‘ Rotational Joint without initial motion law (KJOINT REVOLUTE)

@ Rotational Joint with initial motion law (SPRING+RAN3D)
I Translational Joint without initial motion law (SPRING)
[ Fixed Joint @OUNC)

Fig. 9. Robot axes.

[rad]

Axisl

— Axis?2

. Rotation

=]

- Axis3

Time [s]

Fig. 10. Motion loads.

6.3. Definition of the rotational joint without initial
motion load
In order to define tis type of joint (Fig. 11) it is

necessary to use:

rigid bodieson each part cthe coupling RBODY [7],
local coordinate systelffrig. 12)on the RBODY - on
the fixed part of the couplit FRAME (Fig. 13) and

e connecting elementbetween the nbile and fixed

parts KJOINT REVOLUTE that allow th rotation
around the axis (Fig. 14Frec rotational axes were
defined on the local FRAM All nodes on which
link elements are defined are aligned on the matal
axis using the ALIGN commanfrom the MESH
menu.

Fig. 11. Rotational joint withoumotion load.

< RBODY/ [RECDY]

HName

FROZEN_ID FROZEN_DELETE FROZEN

e o— o

IDRB TTRE NCOG sensor ISENS

+ - I

Fig. 12. RBODY definition cart.

S FRAME / [FRAME_3NODES IAXIS_1]

MName

FROZEM_ID FROZEM_DELETE

[ no  ~] NO -]
IFRAM IFRATY TAXIS
[0 (I ——

NF1 NF2 NF3

Fig. 13. FRAME definition carc
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< KIOIN/ [KIOIN_REVOLUTE]

FROZEN_ID
[ mo =] NO

FROZEN_DELETE FROZEN

e

M IPART NTYP N1

FRAMEL FRAMEZ RELPEN

oo Juoor —Jo |

Fig. 14. KIJOINT definition cart.

6.4. Definition of the rotational joint with initial
motion load
To define this type of joinit is necessary to u

(Fig. 15):

* rigid bodies on each part of the couplRBODY,

» a local coordinate system on RBOL- on the fixed
part of the coupling FRAME,

» alink element that allows the rotation around ars:
by introducing very high stiffness values the other
axes SPRING - this issimilar to KJOINT
REVOLUTE and i is defined on FRAME LOCAL
Next to the SPRING, &JOINT REVOLUTE was
used in order to stdie the structureThis was
definedon the same FRAME as the SPRIN

» an element that transmits the movemerrespect to
the motion load (Fig. 16)RAND3D (Fig. 17). All
nodes on which link elements aintroduced in the
model are aligned on the rotatial axis using the
ALIGN command fronthe MESH ment

j RBODY ]

RAND3D ]

SPRING |
" FRAME

Fig. 15. Rotational jointwith motion law

ety

— o7 ;

2 100 04mesas
034906483
034308583
0 34908 589
o 3amsas
034906585
034306585
9 1000 034306583
10 1308 034804583 -
11 1300, 034906585 =

12 1408, 53480433 g 0+
13 1500 03406583 -

1 1808 [3
15 1708, [ 9,05

BEEEEE

i 10003 Mame dxs 1 - BAZA

= |oEFED s

Fig. 16. Motion load for Axisl. FUNCTION carc

Fig. 17. RAND3D definition card

Because the duration of the movement dire
influences the computational time was limite2000 s.

6.5. Definition of the trandational joint without
initial motion load

To define a translational joint between 2 elem

(Fig. 18), following settingsvere don:

 rigid bodies on each part RBOC

* alocal coordinate systerFRAME defined on the
fixed part RBODY,

e a SPRING element(Fig. 19) that allows the
translation along an axénd defines its stiffne. This
property can be changed for anygree of freedom

FROZEMN_ID

FROZEN_DELETE ~ FROZEN
[ no = NO ][ no ¥

M IPART N1 N2 Orient IFRA

[  FETER| Lzoss | IGETRA] 07 |

Comment

Fig. 19. SPRINC card.

L% PAM SPRING Mate

[REUER MATER TRANSLATIE SPRING

FROZEN ID  FROZEN_DELETE
no [ NO

DEFINED
e -]

IDMAT ISINT ISHG ISTRAT  IFROZ

-
- o ooes S e ) |
AVPL AvP2 AVP3 AVP4 AVPS AVPE QUM TDN IDMPD
NLOADR FTLR HYMR  RUPLOW_R RUPUPP_R. WALLOW_R. WALUPP_R DOFR  WDAMP_R

oo JEmal | | | [EN3 |

NUNLDR FTUR mr NDAMPR. FTDR ko Frelas Kir

o ||| | | | ]

NLOADS FTLS HYMS RUPLOW.S  RUPUPP_S WALLOW S ~ WALUPP.S  DOFS WDAMP_S

oo+ Juooooro._JESRSY | | | |EB3] |

NUNLDS FTUS ms NDAMPS FTDS kso Fselas Kis
NLOADT FILT HYMT RUPLOWT ~ RUPLPPT  WALLOW.T  WALUPPT  DOFT WDAMP_T

oo, JOOSRQY 11 I (O3 |

Fig. 20. PAM SPRINGMATERIAL definition card.
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Fig. 21. Body to ground joir.

The kinetic model of the robot alscontains fixed
joints and couplings, as shown on Fig.

6.6. Definition of the manipulated object

In order to tune the model with the reality theat
mass of the robot, as well as the masgthe different
structural components were contro, adding
distributed mass to the geometric model so the
model reached the catalog weight.68 kg mass of the
manipulated object was alsdtechet a concentrated
point mass on a node at the top of ithieotarm.

7. KINETIC SIMULATION

After all the preparation stages the model
exported to Pam-Crash solver atige launch file wa
completed with the rutime paramete and the time
increments for the result subcasebeBerver was also
specified together with the resuitpes to be saved, as
well as the material database ugethe simulatio.

8. SIMULATION RESULTS

The results chosen when building the header !
processed with METARost processor and mapped on
corresponding geometry (Fig. 23l the subcases we
read, displayed and analyzed (Fig. 22).

As expected, due to the inertial effects and thes
attached at the end of the kinematic chain, the b&she
robot recorded a maximum equivalent stress valose
to 500 MPa (Fig. 24). This structural compot must
retain its original form and has to assure redugddes
of the maximum displacements in order to maintam
positioning accuracy of the robot, as well as
repeatability during operation.

RN
o e MBI

Fig. 22. Robot model loaded in MeRes interface.

Fig. 23. Equivalent von Misses Stress during operat

Fon Misses=465 Mpa

5

Fig. 24. Detail with the maximum equivalent str
at robot basemer

=600.00 S ——— -
Won_Misses=354 Mpa |

51429
12557 B

34286 [Von_Misses=475 Mpa|
257 14
17143
8571

<000

Fig. 25. Maximum equivalent stress on structural elem

Other areas with high stress values wobserved at
structural elements that form the closed kinemeltiain
for balancing reasons (Fig. 5

The calculation showshat the structure is sti
enough to sustain dynamic forces acting during
robot's operation.However, areas that are fati¢-
sensitive, especially those on tclosed kinematic chain
(bars, triads), weredentified andemphasized. This is
due to the relatively small crc-section of these parts of
the model in comparrisoto the rest of the structure, t
also due to the draft rdeling approac
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9. CONCLUSIONS Future work will focus both on the kinematic
odeling of the robot to take into account the toin
iffness, and clearance, but also to tune theesolv

capabilities with the response information in order

ddrop the computational time.

The paper presented a case study and describ
modeling strategies for a transient simulation abhot
model inspired on the industrial ABB IRB 760 ondneT
analysis prooved that CAE integrated software use
mainly in the automotive industry is also a valeabl

design and _re_search t.OOI for_ industrial robots épaing BETA CAE Systems SA Greece, to the customer support
and customizing the simulation methodology. team for the modeling recommendations as well as fo

It is worth to mentipn that in the present papey M the software license provided for ANSA and META-Pos
thicknesses and materials used were different ffurae systems

of the manufacturer; hence a physical test of & r
robot may not fully correlate with the results pRd by
these calculations. The main target of this attewast to
primarly test a set of software applications in a REFERENCES
combination used in the automotive industry to gtttk
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