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Abstract:

In this paper, a modular design methodology is psga for numerical simulation of parallel robotsat®

stiffness is a mechanical characteristic that diészs the behaviour of a structure under static éoirt terms of
elastic deflection and can be evaluated for robat@nipulators by means of Finite Element Method enisal

simulation. Many parallel robots have multiple idieal legs that can be considered as multiple ins&s of a
unique sub-assembly. On this base, we presentfigierf approach to perform numerical simulationtbése
robots. In addition, an application case to thedkde family of parallel robots is presented to shthe
effectiveness of this approach. A new rhombic tegctire is also compared with a classical leg strue.

Compliance maps for the Isoglide3-T3 robot withmiic legs are also provided. Finally, structurahayetry
of the geometrical model of the robot is usedrtd Eymmetries in the compliance maps and to checklation

correctness.
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1 Introduction

With the development of advanced robotic technglaggchanical design methods have
been extensively studied to create new parallehar@cal systems with specified architecture
and number of degrees of freedom (DoF). Originaliagtions for parallel machine tools and
parallel kinematics machines have been very reggmtiposed. They have been applied in
various fields such as manufacturing simulatorg][Imicro robots, industrial high speed pick
and place robots [3], medical robots [4]. Parattelchanisms have become more and more
popular because they have better properties, subigh load/weight ratio, velocity, stiffness,
precision and low inertia. It is believed that plataobot mechanisms with few DoFs, usually
two to five, are especially prospective becausethafir simpler structures and lower
production costs [5-6].

Parallel robotic manipulators with decoupled maticand various degrees of mobility
have been recently proposed [1-2]. Figure 1-a pitssan example of a 4-DoF parallel
mechanism whose end effector, called platform,amrieve four independent motions: three



IDMME 2006 Grenoble, France, May 17-19, 2006

orthogonal translational motions and one rotationation with respect to the fixed base [2].
This manipulator called Isoglide4-T3R1 was desigrsedl implemented by LaMl in a

modular approach. The work presented in this papespplied to translational parallel

manipulator Isoglide3-T3 (Figure 1-b) but it cout@ extended to other solutions of the
Isoglide robot family including Isoglide4-T3R1.

Figure 1. CAD model of two robots from Isoglide fignf’Isoglide4-T3R1 &lsoglide3-T3.
2 Problem setting

2.1 Stiffness analysis

The design of parallel mechanisms is usually basedhe use of evaluation criteria
involving workspace, dexterity, payload, global diioning index, and stiffness [7]. Among
these properties of mechanical systems, stiffressparticularly important characteristic for
robot specification. In addition, characterizingglkel architectures for practical applications
requires evaluating their stiffness. This can beful§or developing analytical design criteria
and improving properly prototype performance agppsed for examples in [8-10].

A great deal of work has been done on stiffnes$ysisaof parallel mechanical systems
and it has direct application in industry. The noelh reported in the literature [3,8-11] can be
classified into structural analysis by Finite Elemné/ethod (FEM) and Jacobian matrix
method. The first method [3,8-9] is based on arr@pmation of the original model by a
discrete model made of elements and nodes, leaditige stiffness matrix that is dependent
on the nature of elements in the structure. Therstmethod is based on the Jacobian matrix
that is used to form a generalized stiffness mdttiy. Significant examples of stiffness
analysis on robots can be found in [8-11]. This guawill mainly focus on numerical
simulation for the structural analysis method.

2.2 FEM Modélling
Most of the FEM software offer two ways of creatmgdels:

- The first one is the direcgraphic User Interface (GUI) methpdising a point and
click strategy and interactive control on the model
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- The second one is much closer to programming aticbwicalledscripting method
Most software include a programming language widlsid structures (sequence, test and
loop), variable parameters and sub-functions.

Despite its advantage of intuitiveness, the GUlhwoétis not efficient for the numerical
simulation of parallel robots. First, for a compleechanical system, the FEM model is very
time consuming. For developing a complex modek tommon to dispatch the developing
process on several people that are geographicallprie from each other and do not work
synchronously. This is what we call the ‘distriblitenethod’. The GUI methodology is
mainly an individual way of creating models and thstributed method can not be applied
easily in this case. Second, the GUI method itselfiot a formal, ordered and systematic
method. A same model can be created via many €iffevays. It is based on a point and
click strategy. The errors can not be examinedraadified easily. Third, in the preliminary
design phase of a product, we often need to explwredesign space and generate many
different alternatives to choose the best one. favallel robot design, this means building
assemblies of standard and reusable components. i3hmot easily achieved with GUI
methodology.

In the process of evaluating the stiffness of Istegtobot family, we study the stiffness of
a parallel robotic manipulator with three isotropianslational motions (Isoglide3-T3) [1].
Figure 2 represents a classical serial leg stractwhile Figure 3 represents a rhombic
structure, where each leg is a parallel mechanmsitself made of two sub-chains. With the
GUI method, it is difficult to make use of the r#suobtained by solving the classical
structure (Figure 2) while we try to study the rhmenstructure (Figure 3), let alone the
comparison of different solutions. Without reusépiand exchangeability, which are some of
the fundamental concepts first introduced with ©bj®riented Programming [12], GUI
method is proved to be unsuitable and can not theelemand of numerical simulation.

AN . AN

JUL 12 2005
15:58: 48 Q 15:56:25

=
e
— 3
/3
i
gﬁ’“‘“

Figure 2. Leg in classical structure. Figure 3.gli@ rhombic structure.
3 Modular design for FEM numerical simulations

3.1 Modular design

It is worth noting that almost all parallel robotitanipulators are characterized by their
symmetry in structure. The idea of modular desigm telp us in the FEM numerical
simulation of parallel mechanisms. A module is aseanbly of parts that can be integrated or
repeated several times in the structure of a machuodular design takes advantage of
repeating patterns and hierarchical relations m d@kssembly structure of a machine or a



IDMME 2006 Grenoble, France, May 17-19, 2006

mechanism. In fact, modular products are produws fulfill various functions through the
combination of distinct modules [13-15]. The modulesign of products leads to a large
number of different products by creating distinotnbinations of modules and components.
This can give each product distinctive functionyalfeatures, and performance levels [15-17].
The design of modular products is of considerabipartance in enabling companies to
respond rapidly to changes in the market environimexamples of this type of modularity
can be found in automobile industry and computdustry. The modular approach promises
the benefits of computability, reusability, exchaability and improved communication.

On the base of the concepts of modular productgdeand substructuring, this paper
develops a modular design approach to simulate nocallg complex parallel mechanical
systems.

3.2 Functional analysis and assembly decomposition

A typical FEM simulation is generally divided intbree steps, which are respectively
model building, load application and solving. Witle idea of modular design, we can deal
with the three steps in a particular way. IndeeBEM model consists of geometrical model
and physical model. It is suitable to arrange thiélding of model into a hierarchical
decomposition made of sub-assemblies and compgneviide leaving behind load
application and solving to later steps. In this wthe whole FEM model is modularized
functionally. In addition, the FEM model can be ntatized physically and geometrically.
For example, in a structure with repeated pattéush as the three legs of a parallel robotic
manipulator), we can generate one module to repréise pattern and simply make copies of
it at different locations, thereby saving a sigrafit amount of computer time. Considering
mainly from the function, computability, reusahjliand exchangeability of module, we can
decompose and disassemble the FEM model into m&dliee assembly FEM representation
of parallel robot Isoglide3-T3 is shown in Figuredisassembling process is shown in
Figure 5. A leg can be disassembled into ten maedW®nsidering symmetry of structure,
number of modules of Isoglide3-T3 comes to thimedthree legs together with a platform).
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Figure 4. Isoglide3-T3 FEM model Figure 5. Disambling into sub-assemblies
& components.
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3.3 Substructuring

This step concerns mainly the creation of model rfavdule, which is based on the
concept of substructure. In ANSYSsoftware, the substructure analysis is definedaas
procedure that condenses a group of finite elematdsone element represented as a matrix.
The single-matrix element is called a superelemgtit-18]. Indeed, the only difference is
that the superelement is created first as a moblylperforming a substructure generation
analysis. Modularization and substructuring redoemputing time and allow solving very
complex problems with limited computer resourcenldear analyses of structures
containing repeated geometrical patterns are typic@blems where substructuring can be
employed.

APDL, which stands for ANSYS Parametric Design Liaage, is a suitable candidate for
module design to FEM simulation. It is a scriptilgpguage that you can use to automate
common tasks or even build your model in terms afameters (variables). APDL also
encompasses a wide range of other features supdpaating a command, macros, if-then-
else branching, do-loops, and scalar, vector orixn@perations.

With APDL, design is completely formal and systeimaA typical module is realized by
the following steps:

* Building geometrical model.

« Defining element type, material property and assowy element attributes with
geometrical model.

» Specifying the analysis type, the type of equasiolver, etc.

» Generating superelement equivalent to the congideredule (condensing finite
elements into one superelement).

The result of modular analysis is a superelemeritixnthat can be copied at different
locations, according to the FEM simulation requieeit

3.4 Assembling modules and solving

With all of modules and components available, dlabadel is assembled by importing
all superelement matrix files into an assembly. filae assembly file is particular because it
concerns only the assembly of modules. It combalethe separate modules into the final
global model and generates the solution of model. nBodifying this file, numerous
combinations of modules can be created. It considise following steps:

» Defining a global coordinate system and some logcatdinate systems.
« Assembling all modules.

* Applying loads. In ANSYS, this terminology includésundary conditions and
externally or internally applied forces.

* Solving the complete problem.

For instance, the substructure of Tip-forearm asdssembly is shown in Figure 6. With
ANSYS, the first step is to create and locate tingeselements in global model (SETRAN
command). The second step is to import the supaszledata that were previously calculated
in generation pass (SE command).
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Figure 6. Substructure Tip-forearm and its assembly

Loading and solving are encompassed in this stdpttaa architecture of file is clear. By
defining the master DoF between interfaces of atimg modules, the main advantage of a
modular design-reusability and exchangeability lbarguaranteed. It means that one or more

modules can be easily replaced provided the irdesfaemain with the same specification
4 Application to I soglide robot family

4.1 Theoretical base for numerical ssmulation
Generally, a stiffness evaluation can be represeby stiffness matr{x(], which can be
obtained by computing displacemer[t—pand rotation angleﬁ, occurring on platform at a

static configuration when a force = (Fx1 Fy Fz) and a momenivi :( v Ty Tz) act
upon it. The stiffnes$K| can be formulated as (1):

F :|:KFp KF9:| d_[E) 1)
M Kmp Kwmo %

To calculate the compliance matrix, stiffness equmt{l) can be transformed into
compliance equation (2):

dp {spp SPM} F :{Kpp KFGT F 2
d—é Sr Swm |\7[ Kmp Kwmo |\7i

By numerical simulation, we can determine the coamgle matrix. For example, for sub
blockS:

S: S22 Ss
S| S S S (3)
S S s

The values; can be determined and the compliance map canlbdatad.
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4.2 Compared behaviour for two types of legs of Isoglide robot family

A first stiffness study of Isoglide4-T3R1 was penfied in [19]. In this work, a modular
design approach is used and several solutions argpared. Two possible structures are
considered for legs in Isoglide robot family. Figut shows a FEM model of leg in classical
structure, while Figure 8 represents a FEM modéégfin rhombic structure. Making use of
the substructures available, we have created thé&tM model as shown in Figure 8. It is
interesting to compare the compliance of two sohgj which can help us to optimize design.
Figure 9 is the graph of compared deflections uadeunitary force F.
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Figure 7. Leg in classical structure. Figure 8.gi@ rhombic structure.
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Figure 9. Graph of compared deflections of cladsacad rhombic legs.

Several conclusions can be obtained from Figufarst, for both types of legs, deflection
varies a lot with respect to the folding angle ith 80 5 ratio. Deflection is minimal when the
leg is folded and subject mainly to flexion. Thésealso a local minimum in the unfolded
position. Both legs reach their maximum deflectiwhen angle approaches 95 degrees
because of torsion moment, which causes the biggestof deflection. Second, the leg in
rhombic structure is greatly reinforced relativaty the classical one. A rhombic leg is
geometrically equivalent to two classical legsisunore than two times stiffer.

4.3 Compliance maps of arobot of I soglide family

Following results are for Isoglide3-T3 robot witihombic legs presented in Figure 10. On
the base of equation (3), the valjjecan be determined by calculating the displacemeartd
usingS; = pi/ Fj with unitary forcer;. Figure 10 shows the example of the displacement
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Fig 10. Kinematic diagram of rhombic Isoglide3-TB[1

responsey, py, p; of the robot to a unitary fordé,. The whole series of compliance maps are
shown in Figures 11-15. They will help diagnosedtral behaviour of this robot around the
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The compliance maps ranging from vertical coora@indZE700mm to Z=900mm are
respectively shown in Figure 11-15. From theserBguwe can see that compliance ranges

from —2x10°mm/N to 2.5x10° mm/N.

If vertical coordinate y is a constant, for exampr00mm (see Figure 11), the values of
diagonal terms&1, S, S3) are much greater than non-diagonal teﬂ,w(i;i j). Siremains

constant along the X axi, remains constant along the Y axi&js evolves with same
tendency along axes X and Y.

Comparing Figure 11-Figure 15, we can see that&800 of surfaces;; decreases from
2.1x10° mm/N to1.75x10° mm/N. The opposite side of tl8; surface (Y=700) does not
change. The evolution d; is independent on X. It can also be seen in Figdar¢hat a
unitary forceFx applied in the X direction on the points of axis 800mm will generate
maximal robot displacement in the X direction. Cdianre ;> has the same behaviour &g
if the X and Y axes are swapped. Concerrfiag it does not change much from Figure 11-

Figure 15 and its maximal value 21x10° mm/N.

The Isoglide3-T3 robot has a very special symmatdesign. It has strong consequences
on the shape of compliance maps. Two types of syinesecan be observed. The first one is
a triple symmetry that can be observed on evergtpidithe diagonal of the cubic workspace
(axis defined bX = Y = 2. In Figure 11, wheiX =Y = Z = 700 mnor in Figure 15, wheX
=Y =Z =900 mmit can be checked th& ;= S, = S33. According to the definition of
compliance, this means that on this point, if wplg@ unitary force~ in X, Y or Z direction,
the robot will generate the same displacements, i andZ direction respectively. As the
FEM model was defined without gravity, it is nornmtal find here a statically isotropic
behaviour. The second one is a double symmetryekample, in Figure 15, we can see that
Si10n pointA (700, 900, 900and Sy, on pointB (900, 700, 900are equal to the same value

of 1.75x1¢”* mm/N Another example would & on point C(900, 900, 700kig. 11 and>,

on point D(700, 900, 900Fig. 15: the values are the same and equ@ 1«10 mm/N This
is another form of the structural symmetry. Froinohlthese comparisons we can verify the
correctness of results.

5 Conclusion

In this article, a modular design approach is preegk to simulate the compliance of
parallel robots with decoupled motions and comgaxcture. The use of modular design
approach offers several important advantages., kirsg well suited to parallel robots with
several identical legs that are modelled as subralsies. Legs are calculated once and used
several times. Each FEM model of sub-assembly atuteois simple and can be examined,
checked, corrected and modified easily. For eacldulep ANSYS Parametric Design
Language is used to develop the program in an blojeented approach. In this way, the
distributed policy can be applied and a complex ehain be decomposed and solved by
several persons. Furthermore, by parameterizatihsabstructuring, the size of the FEM
problem is controlled and problem solving is acedkd. With modular design methodology
and substructuring, every numerical simulation Itesare obtained by only re-assembling
existing modules. It should be noted that our madwesign approach is not limited to
parallel robots but is also suitable for every tgpenachine with a repeating pattern.

The effectiveness of this approach was demonstratedsoglide3-T3 robot and some
advantages were revealed, especially in the cormiyparstudy of different solutions. Two

11
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solutions based on classical and rhombic leg stractvere tested. The rhombic solution
proved to be more than two times stiffer than tlassical one. Compliance maps were also
computed for the complete rhombic Isoglide3-T3 tobiaiple and double symmetries in
compliance maps could be noticed, which is dudéovery special symmetrical geometry of
Isoglide3-T3. This was used to check calculatiorreztiness. This modular approach can be
applied not only in the conceptual design phaserbdetailed design as well.
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