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Abstract

The intention of this master thesis was to propose severaldaitectures of 2 degree of freedom
(dof) parallel manipulators. Furthermore, this thesis aimed todiscover 2dof manipulators
which have planar motion but constructed in a spatial form, alled as hybrid manipulator.
These manipulators are very e ective for simple tasks, fonstance pick-and-place operation.

The type synthesis based upon the screw theory was utilised this study. This method
afterwards was derived to create 2lof hybrid manipulators. Some criteria were evaluated,
regarding to the complexity and sti ness of the structures.The sti ness analysis was done
through several methods. The rst evaluation was based upofl.C.Rao. The second investiga-
tion was done in CATIA. New sti ness index was introduced by onsidering the reaction forces
and moments. The selection of manipulators was accomplighiey applying the pareto optimal
solution, in which the complexity and sti ness are the objetive functions.

Various designs of 2lof parallel manipulators were generated with 2, 3, and 4 legsyRle-
veloping screw theory method, the 2of hybrid manipulators were produced with two identical
legs. The manipulators are assembled either with revolutprismatic, or parallelogram joints.
The 8 manipulators were selected among 27 manipulators ag@@ optimal solution which are
recommended for later design process.

Keywords: type synthesis, parallel manipulators, hybrid manipulates, complexity, sti ness
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Introduction

Context

Engineering is a discipline, mixture of skill and art, whictintends to provide society with the
requirements of modern civilization. In order to convert tis requirement into a meaningful
plan and satisfactorily functioning device, a design proess is potentially needed by which
innovation takes place. The understanding of the design ptess is important both to manage
the design activity and to aid the improvement of products ad the overall of engineering based
companies, it is also the foundation on which a lot of desigrsearch is basedLp).

A successful design is achieved through the four main stagafsthe design process, which
comprises correspondinglyl[] task de nition, conceptual design, embodiment of schemeand
detailed design. The early conceptual design phase is dowtied by the generation of ideas,
which are subsequently evaluated against general requirent criteria. This stage is critical
since the majority of the product cost is committed by the endf conceptual design phase.
However, the information in this stage is thoroughly fuzzy rad incomplete, which makes the
design process quite di cult and challenging 24

The signi cant development in the use of robots in the manufguring industry, agriculture,
medicine, military, communication technology, entertaiment, education, space exploration,
domestic applications, etc. over the last few decades hasgyered highly competitive robot
design, particularly at the conceptual design stage. In th@bsence ofmathematical model
at the conceptual design of robot architecture, the idea isefivered to quantify the quality of
design alternatives by synthesizing available informatioe.g. type and number of joints, relative
orientation of neighbouring joints, number of loops, and tfyge and diversity of actuators.

The resulting robot designs are expected to accomplish thequirements either a high
accuracy or a good acceleration at once, while these propestare antagonist. Consequently,
numerous robotic researches are focused on improving p&himanipulators. Furthermore,
compared with serial manipulators, properly designed paltal manipulators generally have
higher sti ness and higher accuracy, even though their wodpace is usually smallerl[7].

The paradigm of parallel manipulators is theHexapod-type robgtwhich has sixdof, but
recently the machine industry has discovered the potentiapplication of lower-mobility PMs
with only 2,3,4, and 5dof [12]. Indeed, the operation of this lower-mobility PMs is very ective
when the robot tasks need less than sidof only, for instance pick-and-place operation. They
exhibit interesting features if compared to hexpapods, shcas simpler architecture, simpler
control system, high-speed performance, light moving partow manufacturing and operating
costs.



The number of kinematic con gurations to realize a given mabn pattern of lower-mobility
parallel manipulators is complex. As a result, a systematiapproach is necessary in order
to determine all feasible types of lower-mobility parallemanipulators, named type synthesis.
This type synthesis approach is based upon th8crew theory Following this approach, the
evaluation of existing indices is needed thereby allowindné selection of the most promising
design.

Accordingly, this master thesis aims to propose several &itectures of lower-mobility par-
allel manipulators at the conceptual design stage. The desd motion pattern of these parallel
manipulators is two translational spatialdof. Some existing indices e.g. complexity and intrin-
sic sti ness, have been suggested in the literature to makefair comparison and evaluation of
a mechanical architecture. This master thesis is a part of hARROW (Accurate and Rapid
Robots with large Operational Workspace) project funded byhe French Research National
Agency. Two laboratories are involved, the IRCCyN of Nanteand the LIRMM of Montpellier,
with one company Tecnalia located in Motpellier.

Organization of the Thesis Report

This thesis report includes mainly seven chapters. Initil, the rst chapter provides the the-
oretical background about parallel manipulators, their geeral characteristics, and various ex-
isting types. Several type synthesis are mentioned, espali a complete description about the
Screw theorywhich will be used in this research.

The second chapter reviews the type synthesis of ddf parallel manipulators by using
virtual chain approach. The parallel manipulators are assabled either by 2,3, or 4 legs.

The third chapter develops the type synthesis method used isecond chapter, to nd
new 2 dof Hybrid manipulators with identical legs. These manipulatos are built in spatial
con guration but have planar motion.

The fourth chapter examines the complexity performance foboth parallel and hybrid
manipulators which are already generated in second and tdichapter.

The fth chapter presents the sti ness evaluation for exising manipulators with CATIA
and sti ness index introduced by P]. This chapter also introduces some new intrinsic sti ness
indices, based upon the reaction force and moment for eachady The correlation analysis
between each sti ness index to CATIA result were accompligd in order to compare and
obtain the most signi cant index.

The sixth chapter describes a systematic method of thBareto Optimal Solution This
method allows the optimization two con icting objectives,namely complexity and sti ness.
Number of manipulators are enumerated as a pareto set whichawvs non-dominated solutions.

Eventually, the seventh chapter presents the important paits about this thesis report and
addresses number of future works that might be continued delg regarding to this 2 dof
translational parallel manipulators.



Theoretical Background

A manipulator, in general is a mechanical system aims aanipulating objects. Manipulating,
in turn, means to move something with one's hands, as the wodgrived from the Latin manus
meaninghand [4]. A manipulator is generated either in the form of parallel nserial manipu-
lator whereas their application is based on the industrial yrposes. The parallel manipulators
particularly become very challenging to be constructed sie they have various con guration.
The determination of these numerous types of manipulators irealized by a systematic ap-
proach, namely type synthesis. This fundamental issue henis the centre of this thesis. In this
chapter, the background of parallel manipulators is provied. The procedure of type synthesis
based upon screw theory is also reviewed.

I.1 Parallel Manipulators

The parallel manipulators have increasingly attracted may attentions and apparently they
are the most frequently robots used in industries, since thidhave simplest form among others.
Parallel manipulators are fascinating since it commonly ephoys several short chains, simple,
and can thus be intrinsically more rigid against unwanted mgment (compared to the serial
arm).

Moving platform

Figure 1.1 Parallel Kinematic Chain [ 17]

A parallel manipulator (PM) can be de ned as aclosed-loop mechanisntcomposed of an
end-e ectors havingn degree of freedom and a xed base, linked together by at leasto
independent kinematic chains7], [22], [20] as depicted in Fig. I.1. These kinematic chains are
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called legs (or limbs). It is noteworthy that in parallel manipulators, the number of actuated
joints is the same as the number afiof of the end-e ectors and located on or close to the base.
Parallel manipulators for which the number of legs is stridy equal to the number ofdof of
the end-e ectors R(] are calledfully parallel manipulator.

The increasing number ofdof of the moving platform according to 20, might illustrate
the classi cation of parallel manipulators whether they ca be a 3, 4, 5, or 6dof parallel
manipulators. On the other hand, these criteria are quite abiguous and non exhaustive to
de ne the type of lower-mobility parallel manipulators. Admittedly, the concept of motion
pattern by specifying the desired motion of the moving platfrm, is addressed by1[7] to classify
the parallel manipulators, for example Schén ies moton. Eures 1.2a and 1.2b respectively
demonstrate the McGill SMG and the ABB Adept Quatro s650 whic have Sché ies motion,
moving in 3 translations and 1 rotation around vertical axis

(a) McGill SMG (b) ABB Adept Quatro s650

Figure 1.2 Examples of Schon ies Motion Generators

[.1.1 Two Degrees of Freedom Parallel Manipulators

Due to their capabilities to move fast, accurate, and possesigher sti ness, parallel manip-
ulators are preferably to be operated in many industries. Nertheless, not all application of
parallel manipulators in industries needs @&lof for instance pick-and-place operation. Even
though pick-and-place is usually constructed by dof: 3 translations and 1 rotation, for simple
task such as transferring an object from conveyor to anothexorking place, 2dof parallel
manipulator is su cient.

Several 2dof parallel manipulators have been created with 2 translatical motion around
horizontal axis x and vertical axis z. These existing paradl manipulators were expanded either
in planar or spatial mechanism, which will be described brig below.

2 DOF Planar Parallel Manipulators

The most leading 2dof planar parallel manipulators [L8] are the ve-bar mechanism with
prismatic or revolute actuators. In the case of revolute aaators, the mechanism is composed
of ve revolute joints (RRRRR) where two joints xed to the base are actuated as Mand M,
as illustrated in Fig. 1.3. The output of mechanism is 2of planar motion of a point on the
end-e ectors.
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Figure 1.3  Five-Bar 2 dof PM [18] Figure .4 2-RR 2 dof PM [18]

Unlike ve-bar mechanism, Fig. 1.4 shows a di erent architeture of 2dof planar mechanism
consists of 2-R R ( denotes a parallelogram with four revolute joints). In this design, two
revolute joints are actuated as M and M, which will generate a translation of rigid body
along the x-axis at the same time a rotation about the x-axiswhich is actually an associated
movement.

In several applications, an object should be transmitted wh xed orientation of a rigid
body, while the orientation output in the mechanisms above W change instantly. Thereby,
the design based on a parallelogram can overcome the job. ISuc parallel mechanism was
developed by Brogardh], where situated between one prismatic drive and its end-ectors,
as performed in Fig. 1.5.

Instead of prismatic actuators, the identical mechanism vgacreated by 4], using revolute
actuators and 2 parallelogram concatenations. This desigmas formally commercialized by
Elau (PacDrive D2) as depicted in Fig. 1.6, with modi ed 1- chain and actuation is arranged
by planar closed chain. This parallel manipulator can moveé] with max speed 4 m/s and max
acceleration 18 g.

Figure 1.5  Brogardh Design [ 5] Figure 1.6  PacDrive D2 by Elau [ 9]

Over constrained mechanisms using a parallelogram wereajwoposed by 15|, with 2-P
kinematic chains for machine tool, as demonstrated in Fig.4. It consists of a gantry frame,
a moving platform linked into the two actuated prismatic joints by two parallelograms. This
manipulator is over constrained because one parallelogrdink and another single link are
enough to possess @of translations. Two parallelograms are employed to increasiee sti ness
and make structure symmetric.

Those architectures are similar in the sense that they aregriar mechanism, i.e. all elements
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move in plane parallel to each other. Consequently, the stiess in the direction normal to the
plane cannot be guaranteed to curtail the vibration.

Figure I.7 2 dof PM for Machine Tool [ 18]

2 DOF Spatial Parallel Manipulators

In order to surmount the bending and torsion problems in the idection normal to the motion
plane, a new architecture was built in spatial mechanism by8], named Par2, which is a
modi cation of Delta-like robots. This mechanism has fourdgs as shown in Fig. 1.8, which are
arranged in perpendicular plane and make it become spatialibthey produce 2dof planar of
its end-e ectors. Two of the legs connect the actuators to # moving platform and are placed
in the same plane. Two other legs are passive and are conndcte the frame using coupled
revolute joints. This coupling system assures the functiagmg of the robot as it restrains the
platform to stay in one plane.

Figure 1.8  Par2 [ 8]

Two coupled passive legs support almost all the moments andrées besides the driving
forces, therefore all elements of the legs are only subjeottension compression e ects. It leads
the robot to be particular lightweight and sti at the same time, thus Par2 is able to move
with velocity 12.5 m/s and acceleration 40 g.

On the other hand, its architecture is very complex since it &s four identical legs which
decrease the workspace. Furthermore, it uses metallic betb link two passive legs in the base
which potentially produce parasitic e ect, that is di cult to identify and reduce the accuracy.



I.2 Type Synthesis 7

The other 2 dof spatial parallel manipulator was also designed byL{], namely IRSBot-2 as
illustrated in Fig. 1.9. It basically comprises two identi@l legs, connecting the moving platform
to the base. Each leg is composed of one proximal and one distedule. The proximal module
is created by a planar parallelogram which maintains the pte of the moving platform still
parallel to the plane of the base. The distal module is comped of two non parallel bars
connected to universal joints that restricts the bending eects in the direction normal to the
plane (xOz).

Platform

Figure .9  IRSBot-2 [ 11]

Type Synthesis

In constructing lower-mobility parallel manipulator, the type synthesis is a fundamental issue
since parallel manipulator architectures have wide varigtof possible closed-loop mechanisms.
The type synthesig[17] consists in discovering all feasible structures of parallmanipulators,
generating a speci ed motion pattern of the moving platformThe type synthesis approaches
globally comprises three categoriegiroup theory linear transformation, and screw theory

Group Theory

The enumeration of feasible structures of parallel manipadors having a given number of
dof can be performedZ2], [20] by determining all possible sets of displacement subgrosip
to which the di erent kinematic chains that will constitute the legs of the robot may
belong. The set of displacement subgroups will intersect ddead to the desired motion
pattern of parallel manipulators. Displacement group apprach allowed the discovery of
plenty of possible architectures. Nonetheless, with thisparoach it is very di cult to
nd all kinematic bonds of legs that include the speci ed moion pattern of the moving
platform as well as the generators of these kinematic bond thfe legs.

Linear Transformation Theory

This approach is principally based onChebychev-Gribler-KutzbaclfCGK) formula by
considering a mechanism F corresponds to a linear transfaation F from joint velocity
vector space U into external velocity vector space WLP]. The various type of legs cre-
ated by this approach can combine simple or complex kinematthains with prismatic



8 Theoretical Background

or revolute pairs connected to the xed base, by taking into @count their structural pa-
rameters e.g. general mobility of parallel manipulator. Uiortunately, the solutions for
non-orthogonal intersecting axis might be di cult to be synthesized by this formula.

Screw Theory

The screw theory is able to generate humerous kinematic chaiopologies of parallel
manipulators 22, [20] by discovering the wrench systemV that is reciprocal to the
desired velocity twist of the moving platform. Subsequenj] determining the wrench of
the kinematic chains of the robot whose union spans the systéVN. This wrench allows
to synthesize all feasible structures of kinematic chaingxd assembly it to be a parallel
manipulator with desired motion pattern. Finally, actuated joints are selected to ensure
the performance of a valid parallel manipulator.

.3 Screw Theory

The screw theory is the most appropriate for the type synthés of parallel manipulators with
prescribed motion pattern [L7], such as 3dof translational motions, spherical motion, Schon-
ies motion and so on. The inspection of kinematic structure with desired motion pattern R3]
is capable to identify the reciprocal screws associated Wwikinematic chains and characterize
the wrench (constraint and actuation wrench). Consequentl it leads to the composition of
legs into parallel kinematic chains.

[.3.1 Screw
A spatial displacement of a rigid body can be expressed as antmnation of a rotation about a
line and a translation along the same line. This combined mioin is called screw displacement.

A unit screw $ is de ned by PR3

2 3
S;

S,
S S T
$= = e ST S S35 Sy S5 S (ll)
Sy S+ s S,
S5

Se
where:
s is a unit vector along the axis of the screw $.

Sp is a position vector of any point on the screw axis with respeto the origin of reference
frame O-XYZ.

is called a pitch.

The pitch  represents the screws as:
" #

“( =0),%$= (s;r s), corresponds tozero-pitch screwy
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" #
0] o
( =1),% = 31 (03 1;s), corresponds toin nite-pitch screw ;
S
“"( 60and 6 1), it can be regarded as a linear combination of ongg%and % ,
corresponds tonite-pitch screw.

Twist

Twist represents an instantaneous motion of a rigid body. The rsthree components of twist
represent thezero-pitch twist (angular velocity), o, and the last three components represent
the in nite-pitch twist (linear velocity), 1 .

Wrench

Wrench represents a system of forces and moments acting on a rigiddgoThe rst three
components of wrench represent theero-pitch wrench (pure force), o, and the last three
components represent thén nite-pitch wrench (pure moment), ; .

[.3.2 Screw System

A screw systeni17] of ordern(0 6 n 6 6) comprises all the screw that are linearly dependent
on n, given linearly independent screws. A screw system of orderis also called an-system.
A set of n linearly independent screw forms a basis of-system. Commonly, a basis of &-
system can be chosen in di erent ways. Several examples ofese system with order 2 and 3
are illustrated in Fig. 1.10a and 1.10b.

S:x:?

N

$ et
$ 03
02 - ..
F N

(a) 1%1 1% system (b) 2%1 1% system

Figure .10  Screw System [17]

" 2-system: 1%, 1% system is composed ofgdvhose axes are parallel and coplanar as
well as § direction is perpendicular to all $ axes, Fig. 1.10a.

" 3-system: 2$; 1% system (perpendicular case) is composed of alj whose axes are

parallel and all $ whose directions are perpendicular to theg$axes, Fig. 1.10b.
Two Zero-pitch Screw with Parallel Axis # " #
S S
' and %= 7 ,randn
. s 2 2
respectively are the position vectors of a point on the axispand %, and contains all the

Two zero-pitch screw with parallel axes, let & =
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linear combination of those two foregoing screws. If thesed screws are subtracted, the result
will be an in nite-pitch screw [3] as:

0;
$112=%02 $n1 = N (1.2)
(r2 ) s

Unit vector (r,-r1) is directed along a nite line crossing the axes of two scranand (r-r1) s
normal to the plane containing the axes of two screws. Them&, those 2-screw systems can
be interpreted as, span(&; $92) =span($oz; $1 12).

Reciprocal Screw

Due to a twist contains angular and linear velocity, likewis a wrench contains force and moment
acting on a rigid body, respectively they can be written as=[ ! Tv']" andw=[ f TmT]". The
virtual work done by this wrench on a twist is:

P=fv+m! (1.3)

Alternatively can be written as:

h |"f h iy
P= v | = tow (1.4)
m
where
" #
_ 03 3 I3 3 (15)
I3 3 033

Hence, two screws $=86:;S,; S3; Sa; Ss; Sg) ' is a twist and $=(S;1; Sr2; Sr3; Sra; Srs; Sre) |
is a wrench, are said to beeciprocal [23 if the virtual work between a twist and a wrench is
zero, which should satisfy the following condition:

$ $=S54S1+ S5+ S6Sz+ S1Sa+ S2S5+ $3S =0 (1.6)

where " " denotes the reciprocal product of the two screws.
The reciprocity condition between two screwsl[/] can be summarized as:

" Two $ 1 are always reciprocal to each other.
" Two $ ¢ are reciprocal to each other if and only if their axes are capiar.
" A$ 1 and % are reciprocal if and only if their axes are perpendicular teach other.

Screw $ havingn-system, thus a unique reciprocal screw system $f order (61) which all
comprises all the screws reciprocal to the original screwssgm. It can be expressed as $=(%’ .
Where ()’ de nes the reciprocal screw system.
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Twist and Wrench System of Kinematic Chains

The instantaneous relative motion between two links is repsented by a screw system, named
twist systemT of the kinematic chain. The constraint on one link by anothelink through the
kinematic chain is represented by reciprocal screw systeti], [3], calledwrench systemi.

The order of T ist, so that the order of W is w=6-t. The twist systemT and wrench system
W are reciprocal to each othertWw = T? and T = W”~.

The twist system T and wrench system\W are respectively composed of zero-pitch twist
and in nite-pitch twist 1 , pure force o and pure moment ; . A pure force ¢ constrains the
translation dof of the rigid body alongf, while pure moment ; constrains the rotation dof
about an axis parallel tom, as shown in Eq. .7 and 1.8.

# " #
S 03 1

Pure Rotation : ¢ = (s;r s) PureTranslation : ; = (03 1;9) (1.7)
r s s

# " #
. f . 0;
Cons: Translation : ¢ = (f;r f) Cons: Rotation: ; = 31 (03 1;m)
m

r f
(1.8)

Based on the reciprocity condition of screws, relation bewen twist and wrench can be
demonstrated as follows:

" The axis of a ¢ is coplanar with the axis of any g.
" The direction of a ; is perpendicular to the axis of any q.

" The axis of a ¢ is perpendicular to the direction of any ; .

Serial Kinematic Chains

A serial kinematic chain is composed df 1 dof joints, whose each joint has a twist and a wrench
system. Admittedly, the twist systemT of one serial kinematic chain is the linear combination
of the twist systemT; of all the joints in the serial kinematic chain. While the wrach system
W is the intersection of the wrench systenW; of all the joints, as follows:

T=" T ; W= W, (1.9)

Consider the PP planar serial kinematic chain as performed iFig. I.11. The twist system
of this kinematic chain is the linear combination of the twissystem both of PP joints, which
forms 2-systems. One basis for this system is composed of a along the direction of rst P
joint and a 1 , along the direction of second P joint. The wrench is the intsection between
the wrench systems of both PP joints. This includes all; in any direction, and all o whoze
axes are perpendicular to the plane containing the directioof PP joints.
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2
Cscl

Figure 1.11  Twist and Wrench System of PP Serial Kinematic Chain [ 17]

Link &

Parallel Kinematic Chains

A parallel kinematic chain consists of a set ah serial kinematic chains mounted on a common
base and attached to a common moving platform. Eventuallyhe twist system of the parallel
kinematic chain is the intersection of the twist system fromeach serial kinematic chairT .
Whereas the wrench system for a parallel kinematic chain ié linear combination of the
wrench system from each serial kinematic chaW', as illustrated below:

, xXn )
T= T ; W = w! (1.10)
i=1 i=1
Wrench System of Parallel Manipulators
A parallel manipulator possesses a total wrench systeW; of order 6, is the linear combination
of the actuation wrench system\W?2 and constraint wrench system\W ¢ of a lower-mobility [3],
as follows:

W = Wa+ We (1.11)

Such parallel manipulator is composed af legsl; (i=1,...,n). Each legl; has the twist system
T, with order t, then its constraint wrench system is the ordec=6-t, W¢ = T,?. Hence, the
constraint wrench systenof parallel manipulator is the linear combination ofW¢, i=1,...,n.

W= W7+ WS+ i+ WS (1.12)

Now consider legl; has (m<t) unactuated joints. As a result, the wrenches which are
reciprocal to all unactuated joint twists ofl; has order (6m) of U;, which necessarily comprises
the (6-t)-systemW . The actuation wrenches of; form (t-m)-systemW?2 including wrenches
that belong to U; but do not belong to WF. Thus, the order of W2 is a=6-c. The actuated
wrench system of parallel manipulator is the linear combirieon of W2, i=1,...,n.

Wa= W&+ WS+ i+ WS (1.13)

In general con guration, the constraint and actuation wrerch systems of a parallel manip-
ulator form a 6-system. It means that by locking the actuatas, the moving platform must be
fully constrained, otherwise the parallel manipulator reehes parallel singularity B].
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l.4 Virtual Chain Approach for Type Synthesis

Type synthesis of parallel manipulators with speci ed motn pattern can be performed by a
serial virtual chain attached from the base to the moving pldiorm, which is developed from

screw theory above. The concept of virtual chain in type syhesis approach will be presented
in the following.

I.4.1 The Concept of Virtual Chain

A virtual chain [17] associated with the motion pattern is a serial or parallelikematic chain
whose moving platform has a given prescribed motion patteri©ommonly, a virtual chain is
proposed by a comprehensive wrench system analysis and tiraest possible virtual chain
will be selected.

Let consider a 3dof translation parallel manipulator with 3 ; system, thus the simplest
virtual chain to realize this motion pattern is composed of iree P joints connected serially,
called PPP virtual chain, as demonstrated in Fig 1.12.

Coo3
PPP virtual chain

Figure [.L12  PPP Virtual Chain [ 17]

Moving platformaZ

Figure 1.13 3 dof PM with Virtual Chain [ 17]

When the base and moving platform are connected by three legsranged in parallel
(Fig. 1.13) named parallel kinematic chain, its function sbuld not be a ected by the exist-
ing virtual chain. Any of its leg and virtual chain thereby stould constitute 3 dof translations.
Likewise, the wrench system of the original parallel kinentia chain must be similar with the
PPP virtual chain in any general con guration.
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Another signi cant point before executing type synthesis pcess is to de ne the type and
number of joints in a leg for desireddof of the moving platform. The mobility of a serial
kinematic chain is equal to the sum oflof of all joints. However, when two end-links are closed
to make a single-loop kinematic chain, number of independeelements is not equal to the
mobility associated with the moving platform. Therefore, he mobility criterion of single-loop
kinematic chain can be formulated as:

f=F+(® ¢ (1.14)
wheref is the total number of 1dof joint, F is the mobility of a single-loop kinematic chain,

and c is the order of wrench system.

Procedure for Type Synthesis

Based upon the described virtual chain above, the systematprocedure now can be pro-
posed for the type synthesis of parallel manipulator, denetl V=PKC (V=virtual chain and
PKC=Parallel Kinematic Chain). The procedure is highlighted as follows:

Step 1: Decomposition of the wrench system of a V=PKC.
Step 2: Type synthesis of legs for PKC

a. Type synthesis of dof single-loop kinematic chains that involve a virtual chain ad
have speci ed leg-wrench system.

b. Generation type of legs for V=PKC by removing the existingvirtual chain from the
F dof single-loop kinematic chain obtained from Step 2a.

Step 3: Assembly of legs for V=PKC

Step 4: Selection of the actuated joints.
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Type Synthesis of 2 DOF Parallel
Manipulators

There are plenty of motion patterns for which parallel maniplators are able to be synthesized.
The simplest motion pattern of parallel manipulators is 2lof translations in axes x and z. They
are very valuable in many applications including pick-angiace operation, manufacturing and
others.

In this chapter, the generation of various 2lof parallel manipulators is presented by using
general approach described in Chapter.l. The procedures type synthesis of 2dof parallel
manipulators are performed in four steps in detail. Sectiokh.1 initially performs a virtual chain
model for 2 dof parallel manipulators. Section 1.2 commences the type sitesis process by
decomposing the wrench of manipulators. Section 11.3 theruslies the type synthesis of legs.
Section 11.4 presents the assembly process of legs. Sectidh eventually reviews the selection
of actuated joints for 2dof parallel manipulators.

Virtual Chain of 2 DOF Parallel Manipulators

The moving platform of a parallel manipulator performing 2dof is able to provide 2T mo-
tions, with two independent translations in vertical plane(xOz). Such motion pattern can be
described by a simplest virtual chain, namely PP-virtual chin as illustrated in Fig. 1.1 and
called as PP=PKC.

In any general con guration, the twist system of 2dof PP=PKC is 2 ; system, as follows:

T =span( 1 1; 12) (I.1)

When the moving platform and the base are connected by a PPriial chain, the function
of PKC is not a ected. Both PP-virtual chain and PKC should ful | the following conditions:

1. Each leg of the PKC and a PP-virtual chain constitute a 2lof translational single-loop
kinematic chain.

2. The wrench system of the PKC is identical to the wrench sysim of a PP-virtual chain
in any general con guration.

Admittedly, by satisfying the above conditions, the type swythesis of 2dof parallel manip-
ulators will be reviewed in detail in the following.



16 Type Synthesis of 2 DOF Parallel Manipulators

Moving Platform

Figure 1.1 PP-Virtual Chain

II.2 Step 1: Decomposition of the Wrench of PP=PKC

The wrench system of parallel manipulators with 2T motionssi also constraint wrench system
W€, It must be reciprocal to the twist system de ned in Eqg. Il.1,whichis 1, 3, system
containing one zero-pitch wrench (pure force) along y-axand three in nite-pitch wrenches
(pure moment), illustrated in Fig. 1l.1. Therefore, W® can be written as:

WE=span( o; 11, 12 13) (1.2)

where o = (y;r ) is a translational constraint along y-axis. Such paralletnanipulator can
be created by a combination of any leg-wrench system with cedc (0 6 ¢ 6 4), decomposed
as follows:

" d=41 1, 3, system
~d=31 1, 2, system, 3; system

~d=2! 15 1, system, 2, system

T cd=11! 1, system,1; system
" d=0! elimnated

Here,d denotes the order of leg-wrench system of legA leg with wrench order 0 is eliminated
since each leg which will construct a parallel manipulatosiintended to apply at least 1-system
wrench. All potential m leg combinations (1=2,3,4) to build 2 dof parallel manipulator are
shown in Table. 1.1, 1.2, and I1.3, equipped with the humbe of over constraints,4 .

Certain combination of leg-wrench system fom=2,3, and 4 in Table. 1.1, 1.2, and 1.3,
cannot produce zero-pitch wrenchg along axis-y in any con guration and highlighted in pink
color. While the blue colors perform the combinations of legrench system which are not able
to generate three independent in nite-pitch wrenches syst (3 ; system). Thus, they are
not necessarily to be used in the next process.
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Table 1.1 Combination of Leg-wrench System m=2

m c 4 190 31 |10 21 |31 |19 1, |21 109 |11
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
4 2
1 1
3 1 1
1 1
1 1
2 2
1 1
2
1 1
1 1
2 4 1 1
! 1 1
1 1
1 1
2
1 1
2
0 1 1
1 1
1 1
1 1

11.3 Step 2: Type Synthesis of Leg for PP=PKC

In this section, the type synthesis of leg for PP=PKC will be Bown in two steps as follows.

11.3.1 Step 2a: Type Synthesis of 2 DOF Single-loop Kinematic Chain s

The leg of PP=PKC is considered as a single-loop kinematic alm. The type synthesis of this
leg can be performed initially by generating number of joinin a single-loop kinematic chain
by using mobility equation that involves a PP-virtual chain and having speci ed leg-wrench
system. Certain notations are introduced to represent thexiés of R-joints:

" R denotes a revolute joint with axis parallel z.
" e and ¢ denote a revolute joint whose axis are parallel to oth er than z.

Therefore, the type synthesis of each single-loop kinematthain can be demonstrated below.

Caseswitha 1o 3; system
The number of joints that involves a PP-virtual chainand hasal, 3 systemis:

d=4 ; f=F+(6 0=2+(6 4)=4joints (1.3)

Such a single-loop kinematic chain is composed of one plangnslational compositional
unit as depicted in Fig. I1.2. The number of R joints is zero sice there exist no R joint whose
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Table 1.2 Combination of Leg-wrench System m=3
10 31 |10 23 |31 |10 17 |24 10 |13
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
3
2 1
2 1
2 1
2 1
1 2
1 1 1
1 2
2 1
2 1
1 1 1
1 1 1
1 1 1
1 1 1
3
2 1
1 2
3
1 2
1 1 1
1 2
1 1 1
1 1 1
1 1 1
1 1 1
2 1
2 1
2 1
2 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
2 1
2 1
2 1
2 1
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Table 1.2 Continued
1 0 3 1 1 0 2 1 3 1 1 0 1 1 2 1 1 0 1 1
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
1 1 1
1 1 1
1 2
1 1 1
1 2
1 2
1 1 1
1 2
1 2
1 1 1
1 2
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
3
2 1
1 2
3
1 2
1 1 1
1 2
1 2
1 1 1
1 2
2 1
2 1
2 1
2 1
1 1 1
1 1 1
1 2
1 1 1
1 2
1 2
1 1 1
1 2
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Table 1.3~ Combination of Leg-wrench System m=4
4 1 0 3 1 1 0 2 1 3 1 1 0 1 1 2 1 1 0 1 1
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
12 4
3 1
11 3 1
3 1
3 1
10 2 2
2 1 1
2 2
3 1
3 1
2 1 1
2 1 1
2 1 1
9 2 1 1
1 3
1 2 1
1 1 2
1 3
2 1 1
2 1 1
2 1 1
2 1 1
2 2
2 1 1
2 2
1 2 1
8 1 1 1 1
1 2 1
1 2 1
1 1 1 1
1 2 1
4
3 1
1 3
4
2 1 1
2 1 1
2 1 1
! 2 1 1
1 2 1
1 1 1 1
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Table 11.3 Continued
m c 4 10 3, 10 2, 31 10 1, 21 10 |1,
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
1 2 1
1 2 1
1 1 1 1
1 2 1
1 1 2
1 1 1 1
1 1 2
1 1 2
1 1 1 1
! 1 1 2
3 1
3 1
2 1 1
2 1 1
1 2 1
1 2 1
3 1
3 1
2 2
2 1 1
2 2
4 4 1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 3
1 2 1
1 1 2
1 3
3 1
3 1
6 3 1
3 1
2 1 1
2 1 1
1 2 1
1 2 1
2 2
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Table 11.3 Continued
10 3, 10 2, 3 10 1, 21 10 |1,
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
2 1 1
2 2
2 2
2 1 1
2 2
1 1 2
1 1 1 1
1 1 2
1 1 2
1 1 1 1
1 1 2
1 1 2
1 1 1 1
1 1 2
1 2 1
1 2 1
1 1 1 1
1 1 1 1
1 2 1
1 2 1
2 1 1
2 1 1
2 1 1
2 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
2 1 1
2 1 1
2 1 1
2 1 1
1 3
1 2 1
1 1 2
1 3
1 3
1 2 1
1 1 2
1 3
1 1 2
1 1 1 1
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Table 11.3 Continued
m c 4 10 3, 10 2, 31 10 1, 21 10 |1,
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
1 1 2
1 1 2
1 1 1 1
1 1 2
2 2
2 1 1
2 2
1 1 2
1 1 1 1
1 1 2
2 2
2 1 1
2 2
1 2 1
1 2 1
4 1 1 1 1
1 1 1 1
1 2 1
1 2 1
1 2 1
1 2 1
4 4 1 1 1 1
1 1 1 1
1 2 1
1 2 1
4
3 1
2 2
1 3
4
1 3
1 2 1
1 1 2
1 3
1 1 2
1 1 1 1
3 1 1 2
1 1 2
1 1 1 1
1 1 2
1 1 2
1 1 1 1
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Table 11.3 Continued

1o 3: 190 2, 31 10 1, 2, 10 |1,
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
1 1 2
1 1 2
1 1 1 1
1 1 2
3 1
3 1
2 1 1
2 1 1
1 2 1
1 2 1
3 1
3 1
1 3
1 2 1
1 1 2
1 3
1 3
1 2 1
1 1 2
1 3
2 2
2 1 1
2 2
2 2
2 1 1
2 2
1 1 2
1 1 1 1
1 1 2
1 3
1 2 1
1 1 2
1 3
1 3
1 2 1
1 1 2
1 3
4
3 1
2 2
1 3
4
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axis is perpendicular to the three ; directions. All the directions of P joints are parallel to a
plane which is perpendicular to the axis ofy.

The single-loop kinematic chains in which the twist of all jmts but the virtual chain are
linearly dependent must then be discarded. However, the tatiof a single-loop kinematic chain
from Fig. 11.2 is not dependent and will not be discarded.

Figure 1.2 Single-loop Kinematic Chain 2 dof, ¢ = 4: PPV KC

Caseswitha 1, 2, system
The number of joints that involves a PP-virtual chainandhasaly 2, system is:

d=3 ; f=F+(6 0=2+(6 3)=5joints (11.4)

Such a single-loop kinematic chain with 3 2 ; system consists of two cases: perpen-
dicular case and general case. In perpendicular case, ak tixes of R joints are parallel to the
axis of o and all the directions of P joint are perpendicular to the axd of (, as performed in
Fig. 11.3. The single-loop kinematic chains in which the twsts of all joints but the virtual chain
are linearly dependent must then be discarded. However, theists of single-loop kinematic
chains from Fig. 1.3 are not dependent.

PPRV KC performed in Fig. 11.3c, has an inactive joint which @annot be moved due to the
constraint induced by other joints in the chain. The order othe wrench system of this chain
is ¢ = 3, therefore the mobility is:

c=3 ,; f=5joints ; F =f (6 ¢=5 (6 3)=2dof (11.5)

When R joint is blocked, we obtain PPV KC and the order of the wench system becomes
c® = 4. It occurs due to the in nite-pitch wrench emerges direcéd along z-axis and increases
the order of the wrench system becomesgl 3 ; system. The mobility of this chain when
R joint is removed remains unchanged as follows:

c=4 ; f=4joints ; F=f (6 =4 (6 4)=2dof (11.6)

It shows that R joint is an inactive joint in the PPRV KC. Admit tedly, this chain is not
important to be used since R joint cannot be moved when asselab) in the manipulators.
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(@) RRRV KC (b) PRRV KC
-
_ ;
ﬁgo “z
N 2/ e N
i E ¢t <.
(c) PPRV KC

Figure 1.3 Single-loop Kinematic Chain 2 dof, ¢ = 3 (Perpendicular Case)

The second case is a general case, where all the axes of R goare perpendicular to the
directions of ; and coplanar with the axis of . All the directions of P joints are parallel to
a plane which is perpendicular to the axisgy, shown in Fig. 11.4. The single-loop kinematic
chains in which the twists of all joints but the virtual chain are linearly dependent must the be
discarded. However, the twists of single-loop kinematic ains from Fig. 11.4 are not dependent.

PRRV KC illustrated in Fig. Il.4a is non-invariant leg-wrench system since zero-pitch
wrench o always change with the change of manipulator con gurationln other words, ¢

is not always along z-axis when the chain moves. Hence, thisam is not necessarily to be used
in assembly process.

(@) PRRV KC (b) PPRV KC

Figure 11.4 Single-loop Kinematic Chain 2 dof, ¢ = 3 (General Case)

Similar case with PPRV KC in Fig. 11.3c, R joint in PPRV KC shown in Fig. 1l.4b is an
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inactive joint. As described in Eq. II.5 and 11.6, the mobilty of the chain when R joint is
blocked, remains the same. Therefore, this chain is insu ent enough to be employed in the
manipulators.

Caseswitha 3 ; system
The number of joints that involves a PP-virtual chain and hasa 3; system is:

d=3 ; f=F+(6 0¢=2+(6 3)=5joints (I1.7)

This single-loop kinematic chain is formed by one spatial &nslational compositional unit.
The number of R joint in the chain is zero since there exist no Rint whose axis is perpendicular
to the three ; directions which are not parallel to one plane, Fig. II.5.

The single-loop kinematic chains in which the twists of allgints but the virtual chain are
linearly dependent must then be discarded. However, the tatiof a single-loop kinematic chain
from Fig. 11.5 is not dependent.

P joint in PPPV KC as depicted in Fig. I1.5 is an inactive joint, which cannot be moved due
to the constraint induced by other joints. When this P joint is removed, the mobility remains
unchanged, 2of. Thus, this chain is considered as unimportant chain to be guioyed to build
a manipulator.

Figure 11.5 Single-loop Kinematic Chain 2 dof, ¢ = 3: PPPV KC

Caseswitha 1o 1; system
The number of joints that involves a PP-virtual chainand hasal, 1, system is:

d=2 ; f=F+(6 0©=2+(6 2)=6joints (11.8)

Such a single-loop kinematic chain can be composed of R jainthose all axes are coplanar
with the axis of o and parallel to a plane which is perpendicular to the direatin of ; .
The directions of P joint are parallel to a plane which is perpndicular to the axis of ¢ as
demonstrated in Fig. I1.6.

The single-loop kinematic chains in which the twists of allgints but the virtual chain are
linearly dependent must then be discarded. However, the teti of all single-loop kinematic
chains in Fig. 1.6 are not dependent.
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The RRR+V KC (Fig. Il.6a), PRR+V KC (Fig. 11.6c), PResV KC (Fi g. I1.6d), and PPRsV
KC (Fig. 11.6e) have an inactive joint. While RResv KC (Fig. | 1.6b) is non-invariant leg-
wrench system because zero-pitch wrenchis not always directed along z-axis when the chain
moves. Therefore, those chains are inadequate to assembimanipulator.

(e) PPRe KC

Figure 11.6 Single-loop Kinematic Chain 2 dof, ¢ =2

Caseswitha 2 ; system
The number of joints that involves a PP-virtual chain and hasa 2 ; system is:

c=2 ; f=F+(® ¢=2+(6 2)=6joints (11.9)

This single-loop kinematic chain is formed by one parallet&s compositional unit where all
the axes of R joints are parallel to a line which is perpenditar to the direction of | . There
exist P joint whose directions are not perpendicular to thexs of R joint, Fig. 11.7.



11.3 Step 2: Type Synthesis of Leg for PP=PKC 29

The single-loop kinematic chains in which the twists of allgints but the virtual chain are
linearly dependent must then be discarded. The RRRRV KC in K. Il.7a should be discarded
since the twist of all four R joints are linearly dependent.

Both PPRRV KC and PPPRV KC (respectively shown in Fig. Il.7c and 11.7d) have an
inactive joint which cannot be moved due to the constraintsnduced by other joints.

(c) PPRRV KC (d) PPPRV KC

Figure 1.7 Single-loop Kinematic Chain 2 dof, ¢ =2

Caseswitha 1; system
The number of joints that involves a PP-virtual chain and hasa 1 ; system is:

c=1 ; f=F+(® c¢=2+(6 1)=7joints (11.10)

Such a single-loop kinematic chain can be composed of R j@inthose all axes are parallel
to a plane which is perpendicular to the direction of, . There exist P joints whose directions
are not perpendicular to the axis of R joint as illustrated inFig. 11.8.

The single-loop kinematic chains in which the twists of allgints but the virtual chain are
linearly dependent must then be discarded. The RRRRsV KC (Fg. 11.8a) and ResesV KC
(Fig. 11.8d) should be discarded since the twist of all four Roints are linearly dependent.

The single-loop kinematic chains that have inactive jointare PRRRsV KC (Fig. 11.8e),
PReesv KC (Fig. 11.8f), PPRR+V KC (Fig. 11.8h), PPResV KC (Fi g. 11.8i), and PPPR+V
KC (Fig. 11.8j).
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Figure 11.8

(h) PPRR« KC

Single-loop Kinematic Chain 2 dof, ¢ =1
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(i) PPResV KC (i) PPPR« KC

Figure 11.8 (Continued) Single-loop Kinematic Chain 2 dof, ¢ =1

Caseswitha 17 system
The number of joints that involves a PP-virtual chain and hasa 1, system is:

d=1 ; f=F+(6 =2+ 1)=7joints (11.12)

Such single-loop kinematic chain can be composed of R joimthose axes are coplanar with
the axis of . All P joints are parallel to a plane which is perpendicular @ the axis of g,
Fig. 11.9.

(c) RRessv KC

Figure 11.9 Single-loop Kinematic Chain 2 dof, ¢ =1
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(g) PRessV KC (h) PPResv KC

Figure 11.9 (Continued) Single-loop Kinematic Chain 2 dof, ¢ =1

The single-loop kinematic chains in which the twist of all jmts but the virtual chain are
linearly dependent must then be discarded. However, the teis of all single-loop kinematic
chains in Fig. 1.9 are not dependent.

All the single-loop kinematic chains with 15 system as performed in Fig. I11.9, have an
inactive joint. Consequently, all these type of chains areat satisfactorily to be installed as a
parallel manipulator.

11.3.2 Step 2b: Generation of Type of Legs

All the type of legs can be obtained from single-loop kinemiat chains developed in Section
[1.3.1, by removing the PP-virtual chain. For instance, by emoving the virtual chain in RRRV
KC (Fig. I1.3a), a RRR leg can be obtained in Fig. 11.10. RRR Ig shows the axes of all three
R joints are parallel and directed along y-axis in order to prduce o which is also along z-axis.
The directions of two ; are perpendicular to all R joints. Thisleghas Iy 21 system.

All the type of legs for PP=PKC are listed in Table. 1.4, provided with the information
of inactive joint and non-invariant leg wrench system. Thedg with inactive joint should not
be used since the inactive joint cannot be moved in a kinematthain when assembled to be a
parallel manipulator. Consequently, this joint is uselesand moreover it increases the product
cost.

In the same manner, the leg which is a non-invariant leg wrehceystem must be avoided
due to the wrench system always varies with the change of cajuration. The degeneracy of
the wrench system in a parallel manipulator is referred as amnstraint singularity.
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Figure 11.10 RRR leg
Table 1.4 Type of Legs for 2 dof PM
c | dof Wrench type y;t:r?] Class | Type Note
4 2 10 33 2T 2P Permutation PP
10 2, 3R Permutation RRR
(Perpendicular 2T-1R 2R-1P | Permutation PRR
3| 3 Case) 1R-2P | Permutation PPR R inactive joint
19 2, >T-1R 2R-1P | Permutation PRR Non-invariant
(General Case) 1R-2P | Permutation PPR R inactive joint
31 3T 3P Permutation PPP P inactive joint
IR Permutation RRRe * inactive joint
Permutation RRes Non-invariant
10 1, 2T-2R 3R-1P Permutation PRRe * inactive joint
ol 4 Permutation PRee R inactive joint
2R-2P | Permutation PPRe R, inactive joints
3R-1P | Permutation PRRR
21 3T-1R 2R-2P | Permutation PPRR R inactive joint
1R-3P | Permutation PPPR P,R inactive joints
5R Permutat?on RRRee
Permutation RReee
Permutation PRRRe * inactive joint
1, 3T-2R 4R-1P Permutat?on PRRee . -
Permutation PReee R inactive joint
3R-2P Permutat?on PPRRe . ir.lacti\-/e j(.)ir-1t
Permutation PPRee R inactive joint
1| s 2R-3P | Permutation PPPRe R,e inactive joints
Permutation RRRee *,* inactive joints
5R Permutation RReee * inactive joint
Permutation Reeee R inactive joint
1, oT-3R Permutat?on RReee . ijactivg jo.in.t
Permutation PRRee *,* inactive joints
4R-1P | Permutation PRese R, inactive joints
Permutation PReee R, inactive joints
3R-2P | Permutation PPRes R,e,* inactive joints
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Undoubtedly, there are limited type of legs, which are adeaie (free of inactive joint and
free of invariant leg-wrench system) to build a parallel mapulator with 2 dof translational
motions, as mentioned in Table. I1.5. Only these type of legwhich will be employed in the
next assembly process.

Table 1.5 Invariant Type of Legs and Free of Inactive Joint for 2 dof PM

c | dof Wrench type Motion Pattern | Class | Type
4 2 10 33 2T 2P Permutation PP
3] 3 |1y 2, (Perpendicular Case) 2T-1R ZS-F;P EE:EE:Z::E: Egg
2| 4 21 3T-1R 3R-1P | Permutation PRRR
5R Permutat?on RRRee
1 5 1, 3T-2R Permutation RReee
4R-1P | Permutation PRRee

Step 3: Assembly of Legs

The assembly process of @f parallel manipulators is presented in this section, baseguon the
generation type of leg obtained from previous section. Thesgembly of legs will be performed
in two steps, namely, assembly of legs by R and P joints only drassembly of legs by including
parallelogram joints.

Step 3a: Assembly of Legs with R and P Joints
PP=PKC can be produced by assembling a set of legs form Tablé.5 according to the combi-
nations of the leg-wrench system obtained in Table. 1.1, 12, 11.3. In assembling PP=PKC,
the following conditions should be satis ed: the linear colmination of the leg-wrench system
constitutes 1o 31 system.

The 2 dof parallel kinematic chains will be generated from 2, 3, and 4ds which produce
respectively 15 manipulators with 2 legs, 60 manipulatorsith 3 legs, and 167 manipulators
with 4 legs. Several manipulators are created and shown adidws:

Cases 2 Legs

The rst design of parallel manipulators are assembled by twleg, in which the type of legs
are taken from Table. 1.5 according to the combinations ofelg-wrench system in Table. I1.1,
as follows:

1. 2-PP
Such parallel kinematic chain is composed of two identicaFPlegs as depicted in Fig. 11.11.

2. PP-RRR
This parallel kinematic chain is assembled by two di erentdgs consists of PP leg and
RRR leg, Fig. 11.12.
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3. RPR-PRRR
The 2 dof parallel kinematic chain can be composed of two di erent ley RPR leg and

PRRR leg as performed in Fig. 11.13.

4. RRR-URU
Such 2dof parallel kinematic chain is composed of two di erent legs, RR leg and URU

leg as illustrated in Fig. 11.14.

Base

Moving
Platform
Moving \
@ Platform
Figure 11.11 2-PP Figure 11.12 PP-RRR

Moving
Platform

Figure 11.13 RPR-PRRR Figure 11.14 RRR-URU

Cases 3 Legs
The 2 dof parallel manipulators can also be arranged by 3 dierent leg Based upon the
combinations of leg-wrench system in Table. 11.2, a set ofdan Table. II.5 can be assembled

as follows:

1. 2-RPR-URU
Parallel kinematic chain having 2dof can be constructed by three legs, two identical RPR

legs and one another URU leg, as performed in Fig. 11.15.
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2. 2-UPU-RRR
Two dof parallel kinematic chain having three legs is assembled bwa identical UPU
legs and one RRR leg, as depicted in Fig. 11.16.

3. 2-PRRR-RRR

This parallel kinematic chain is arranged by three legs, ceists of two PRRR legs and
one RRR leg as demonstrated in Fig 11.17.

Platform
Figure 11.15 2-RPR-URU Figure 11.16 2-UPU-RRR

Figure 11.17 2-PRRR-RRR

Cases 4 Legs

The parallel manipulators that have 2dof translational motions can be constructed by fours
legs. By following the combination of leg-wrench system inable. 1.3, such manipulators can
be built from a set of leg in Table. II.5, as follows:

1. 2-PRRR-2-RRR

This parallel kinematic chain can be built of four legs, twodentical PRRR legs and
another two identical RRR legs, as performed in Fig. 11.18.
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2. 2-UPU-2-RPR
Such 2dof parallel kinematic chain is assembled by four legs, consisbf two identical
UPU legs and another two identical RPR legs, as illustratechiFig. 11.19.

Figure 11.18 2-PRRR-2-RRR

Figure 11.19 2-UPU-2-RPR

I1.4.2 Step 3b: Assembly of Legs with Parallelogram
A planar four-bar parallelogram which is connected by revote joints used to replace a pris-
matic joint in a kinematic chain. Such a parallelogram is alel to produce one translation in
planar, higher sti ness, and moreover a parallelogram alless the moving platform to remain
at a xed orientation with respect to the base. Based upon tts idea, the type of legs from
Table. 1.5 now being modi ed with parallelogram (denoted ly ) and performed in Table. I1.6.
Therefore, the 2dof parallel mechanisms designed previously will be elabordtéeeply by
employing a planar four-bar parallelogram in each leg. It igenerated from 2, 3, and 4 legs
which eventually creates 24 manipulators with 2 legs, 160 migulators with 3 legs, and 624
manipulators with 4 legs, as follows:
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Table 1.6 Type of Legs with Parallelogram

c | dof Wrench type Type Type with

4| 2 190 33 Permutation PP Permutation

3] 3 |1y 2; (Perpendicular Case) Eg:mzizggg EEE Permutation RR

2| 4 21 Permutation PRRR Permutation RRR
Permutation RRRee

1 5 1, Permutation RReee Permutation RRee
Permutation PRRee

Cases 2 Legs

The simplest design of parallel manipulators with joint is constructed by two legs. According
to the combinations of leg-wrench system in Table. 11.1, thgype of legs obtained in Table. 1.6
can be assembled as follows:

1.

2-

Such 2dof parallel kinematic chain is developed from 2-PP mechanisnthe P joint
is replaced by parallelogram, . This parallel mechanism ha two identical legs, as
illustrated in Fig. 11.20.

-RRR
This parallel kinematic chain is assembled by two di erentégs consists of leg and
RRR leg, as shown in Fig. 11.21.

RR-R RR
The 2 dof parallel kinematic chain can be composed of two di erent leg RR leg and
R RR leg as performed in Fig. 11.22.

Moving

Marring Platform

Platform

Figure 11.20 2- Figure 11.21 -RRR
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Platform

Figure 11.22 RR-R RR

Cases 3 Legs

The other forms of parallel manipulators are created by thee legs with parallelogram. By
following the combination of leg-wrench system de ned in Tale. I1.1, various type of legs in
Table. 11.6 can be constructed as follows:

1. 2-UU-RR
This parallel kinematic chain is generated by three legs, osists of two symmetrical UU
legs and one RR leg as demonstrated in Fig. 11.23.

2. 2-RR-RRR
Parallel kinematic chain having 2dof can be realized by three legs, two identical RR
legs and one another R RR leg, as performed in Fig. 11.24.

Moving
Platform

Platform
Figure 11.23 2- UU- RR Figure 11.24 2- RR-R RR
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Cases 4 Legs

The 2 dof parallel manipulators can be constructed by four legs witharallelogram joint. By
following the combination of leg-wrench system described Table. 11.3, such manipulators can
be formed from several type of legs in Table. 11.6, as follows

1. 2-RRR-2-R RR
Such 2dof parallel kinematic chain is assembled by four legs, congsvf two identical
RRR legs and another two identical R RR legs, as shown in Figll.25.

2. 2- RR-2-UU
This parallel kinematic chain can be built of four legs, twodentical RR legs and another
two identical UU legs, as performed in Fig. 11.26.

Platform = = Platform

Figure 11.25 2-RRR-2-R RR Figure 11.26 2- RR-2-UU

II.5 Step 4: Selection of the Actuated Joint

In the selection of an actuated joint, some criteria are suggted in order to optimize the
performance of a parallel manipulator, such as:

" The actuated joint should be distributed among all the legsas evenly as possible.
" The actuated joint should preferably be on the base or closéo the base.
" No unactuated P joint should exist.

The selection of actuated joint should satisfy the validitycondition for actuated joint of
a parallel manipulator. The validity condition is created nitially by de ning the actuation
wrench system acting on the kinematic chain in this manner.
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Actuation Wrench System

The actuation wrench does not depend upon the arrangement all joints but upon the actu-
ated joints. If the actuated joint is locked, the leg will be dilly-constrained. Then the wrench
system reciprocal to other joints will containW ¢ plus a set of some additional wrenches. The
corresponding actuation wrench can be selected as one ofshadditional wrenches.

Table. 1.7 characterizes the type of an actuated joint andhe actuation wrench acting on
each leg obtained from Table. II.5 and 1I.6.

Validity Condition of the Actuation Wrench System

Let assume that the condition of constraint wrench system atis ed, namely, the assembly of
legs apply 1o 31 system. In general con guration, a set of constraint wrenchystemW?¢
together with actuation wrench systemW?2 constitutes a 6-system. Admittedly, the validity
condition of the actuation wrench system for 2lof translational parallel manipulators can be
stated in the following:

1. A basis of the actuation wrench systeriV? should contain at leas two actuation forces.
Proof: Let consider a basis of aV2 contains one actuation force and one actuation
moment. Thus, the linear combination oW°®+ W2 =span( ga; oc; 1a) 1cl;, 1c2; 1c3)-
Because dim(span( a; 1 ¢1; 1 2, 1 3)) 6 3, the dimension ofW¢+ W2 will be lower
than or equal to 5 in any robot con guration.

2. If a basis of actuation wrench systenW? contains two actuation forces, none of them
can be parallel to each other.
Proof. If ga1 and oao are parallel, then span(pa1; o0a2) iS equivalent to span(ga1; 1 a12)-
Accordingly, a basis ofW?2 only contains one actuation force and hence, condition 1 is
not ful lled.

3. If a basis of actuation wrench systeriiV? contains two actuation forces, only one of them
can be coplanar to the constraint forces.
Proof. Let assume both g1 and g4 are coplanar to o, then dim(span( ga1; oa2; oc))
6 2. Eventually, the dimension ofW°+ W2 will be lower than or equal to 5 in any robot
con guration.

4. If a basis of actuation wrench systentV? contains two actuations forces, none of them
can be parallel to the constraint force.
Proof: Let assume both ga; and g4 are parallel to o, then dim(span( ga1; o0a2; oc))
6 1. Therefore, the dimension oW ¢+ W?2 will be lower than or equal to 4 in any robot
con guration.
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Table 11.7

Actuation Wrench of Leg for 2 dof PM

c | dof

Type

Actuated
Joint

Actuation wrench

Permutation PP

P

A force orthogonal to the direction of an unactuated
P joint and lies on a plane (xOz).

Permutation

A force orthogonal to the twist of an unactuated
joint and lies on a plane (xOz).

Permutation RRR

|70

A force orthogonal to y and lies on a plane
containing the axes of the two unactuated R joints.

Permutation PRR

|o

A force orthogonal to y and lies on a plane
containing the axes of the two R joints.

|70

A force orthogonal to the direction of P joint and
intersects the axis of an unactuated R joint.

Permutation RR

A force orthogonal to y and lies on a plane
containing the axes of the two unactuated R joints.

|70

A force orthogonal to the twist of joint and
intersects the axis of an unactuated R joint.

Permutation PRRR

o

A force parallel to the axes of the three unactuated
R joints.

|70

A force orthogonal to the direction of P joint and
lies on a plane containing the axes of the two
unactuated R joints.

Permutation RRR

A force parallel to the axes of the three unactuated
R joints.

|70

A force orthogonal to the twist of joint and lies on
a plane containing the axes of the two unactuated R
joints.

Permutation RRRee

|70

A force collinear with the intersection line of the two

planes; the rst one containing the axes of the two R
joints and the second one containing the axes of the
two other ¢ joints.

A force parallel to the axes of the three R joints and
intersects the axis of  joint.

Permutation RReee

|70

A force parallel to the axes of the three R joints and
intersects the axis of « joint.

A force collinear with the intersection line of the two

planes; the rst one containing the axes of the two R
joints and the second one containing the axes of the
two other ¢ joints.

Permutation PRRee

A force collinear with the intersection line of the two

planes; the rst one containing the axes of the two R
joints and the second one containing the axes of the
two other ¢ joints.

[+ |17

The determination of the actuation wrench requires
further details on the geometry of the leg.

Permutation RRee

A force collinear with the intersection line of the two

planes; the rst one containing the axes of the two R
joints and the second one containing the axes of the
two other ¢ joints.

[ |17

The determination of the actuation wrench requires
further details on the geometry of the leg.
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Type Synthesis of 2 DOF Hybrid
Manipulators with Two ldentical
Legs

The 2dof mechanisms can be generated either in planar architecture ded in previous chapter
or in spatial architecture. Designing a manipulators in sp#al architectures can be realized by
various types of identical legs. Each leg will be composed afproximal module and a distal
module, connected in series. Both proximal and distal modes contain one or two kinematic
chains. Consequently, the proximal and distal modules are @arallel kinematic chain, which
forms spatial con guration. The mechanism produced by thigarticular con guration is called
Hybrid Manipulator.

In this chapter, the existing type synthesis method based w@m general approach, is de-
veloped to search for new 2of hybrid manipulators with two identical legs. The procedure
of type synthesis for hybrid manipulators are reviewed alsim four steps. Section I1l.1 rstly
categorizes type of hybrid manipulators. Following this, &ction 111.2 examines the decomposi-
tion of the wrench for each proximal and distal modules. Seon 111.3 afterwards presents the
type synthesis of legs. Section 11l.4 subsequently studidse assembly process of legs. Finally,
Section 1.5 performs the selection of actuated joints fonybrid manipulators.

Classi cation of 2 DOF Hybrid Manipulators with Two ldentic al
Legs

The moving platform of 2dof hybrid manipulators is intended to have two translational notions

in a plane (xOz). Therefore, the twist system is equivalent ith the twist system of 2 dof
parallel manipulators, namely, 2; system. Likewise, the overall wrench system for hybrid
manipulators is also 15, 3 ;1 system containing one zero-pitch wrench (pure force) along
y-axis and three in nite-pitch wrenches (pure moment).

Accordingly, the type synthesis process of this special nfemism can be expanded from the
previous method, namely theScrew Theoryby using similar de nition for twist and wrench
system.

Table.ll.1 now is recalled below as Table. Ill.1, to performseveral 2dof translational
mechanisms which have two identical leg-wrench systemsghlighted in pink colors.
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Table 111.1 Combination of Leg-wrench System with Two Identical Legs

m . 4 19 31 |10 21 |31 |19 1,4 |24 19|11
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
4 2
1 1
3 1 1
1 1
1 1
2 2
1 1
2
1 1
1 1
2 4 1 1
1 1 1
1 1
1 1
2
1 1
2
0 1 1
1 1
1 1
1 1

It can bee seen from Table. Ill.1 that there are ve types of mghanism with two identical
leg-wrench systems. However, only two types of @f mechanisms which can be properly
assembled by two similar legs, consists of:

Typel:d =41 1, 3, system
" Type2:¢d=3! 1, 2, system

Certain combinations of 3; system and 2; system are not able to produceg along
y-axis in any con guration. Furthermore, the combinationd 1 o 1, system cannot create
three independent in nite-pitch wrenches (3; system). Hence, they are necessarily to be
eliminated.

The overall wrench system for one leg is achieved by the insexction of the wrenches between
proximal and distal modules, because they are linked in sesi. Thereby, the wrench system for
each proximal and distal modules are essentially decompdsas follows:

11.L1.1 Typel:¢ =4! 1, 3; system
The overall wrench system of one leg for Type 1, 8 =4,1 ¢ 3; system. This wrench

system is obtained by the intersection of the wrenches beter proximal and distal modules,
since they are in a serial con guration. Thus, the feasible nenches are:

Proximal module:
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1.29 31 system,W =span( o1; o2 11; 12 13)

2.19 33 system,W =span(o; 11; 12; 13)
Distal module:

1.29 3, system,W =span( o1, o2 11, 125 13)

2.19 33 system,W =span( o; 11; 12; 13)

11.L1.2 Type2: ¢ =3! 1, 2,; system

1.2

The overall wrench system of one leg for Type 2, 8 =3,1 ¢ 2 system. This wrench
system is obtained by the intersection of the wrenches betem proximal and distal modules,
since they are in a serial con guration. Hence, the possiblerenches are:

Proximal module:
1.29 331 system,W =span( o1; o2, 11, 12 13)
2.19 31 system,W =span( o; 11, 12; 13)
3.29 21 system,W =span( o1; 02, 11; 12)
4. 1o 2, system,W =span( o; 11; 12)

Distal module:
1.29 2, system,W =span( o1; 02, 11, 12)
2.19 2 systemW =span(o; 11; 12)

Noticeably, Type 1 and Type 2 have almost equivalent wrenctystem for each proximal
and distal modules, consists of:

1.29 31 system,W =span( o1; o025 115 125 13)
2.19 31 system,W =span(o; 11; 12 13)
3.29 23 system,W =span( o; 02 11; 12)

4. 19 23 system,W =span(o; 11, 1 2)

Consequently, the type synthesis for proximal and distal ndules can be approached upon
the wrench system explained above by initially decomposine identical sub leg-wrenches.
Afterwards, the next process is the generation type of subds which are followed by the
assembly of sub legs, and eventually the selection of actadtjoint. The procedure will be
presented in detail in the following.

Step 1. Decomposition of the Wrench for Proximal and Distal
Modules

The rst step of type synthesis for 2dof hybrid manipulators either Type 1 or Type 2, is the
decompoaosition of the wrench. Four types of wrench systemtksl in previous section are the
wrench system of proximal and distal modules, decomposedfafiows.
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1.29 31 system
The proximal or distal modules which have this wrench systemman represented by a P-virtual
chain. Consequently, the wrench system contains 3 ;1 system is:

W = span( o1; o2; 11 125 13) (1n.1)

Such module can be created by a combination of any sub leg-wel system with orderc (0
6 ¢ 6 5), decomposed as follows:

~d=51 2y 3,; system

~d=41 1, 3, system, 2o 23 system

~d=31! 1, 2, system, 2o 13 system, 3; system
" d=2! 15 1, system,2; system, 2, system
~d=11 1, system,1; system

Hence, all potential sub leg combinations are shown in Tabléll.2 below. Pink colors
in Table. 111.2 perform the identical sub leg-wrenches whit may build proximal and distal
modules.

2.19 31 system
The proximal or distal modules which have this wrench systeran be described by a PP-virtual
chain. Thereby, the wrench system contains § 3, system is:

W = span( o; 11; 12 13) (1n.2)

Such proximal and distal modules can be built of a combinatioof any sub leg-wrench system
with order ¢ (0 6 ¢ 6 4), decomposed as follows:

~d=41 1, 3; system
~d=31 1,5 2, system, 3; system
" d=21! 19 1, system,2; system

©“cd=1! 1, system,1; system

This wrench system is similar to the previous chapter and alsthe main focus of this
research. Nonetheless, to clarify the combination of subgle Table. Ill.1 is recalled here. Pink
colors show the combination of identical sub legs which mayuldd such proximal and distal
modules, in Table. I11.3.

3.29 21 system
The proximal or distal modules which have this wrench systernan be illustrated by a PR-
virtual chain. Therefore, the wrench system contains 3 2 ; system is:

W = span( o1; o2; 11; 12) (1.3)

Such proximal and distal modules can be constructed by a comhtion of any sub leg-wrench
system with orderc (0 6 ¢ 6 4), decomposed as follows:
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" d=41 2y 2, system
~d=31! 15 2, system, 2o 1, system

" d=2! 15 1, system,2; system, 2, system

T cd=11! 1, system,1; system

Thus, all potential sub leg combinations are shown in Tabldll.4. The identical sub legs
which may build such proximal and distal modules are perfored in pink colors.

4.19 21 system
The proximal or distal modules which have this wrench systernan be depicted by a PPR-
virtual chain. Hence, the wrench system contains 3 2 1 systemis:

W = span( o; 11, 12) (111.4)

Such proximal and distal modules can be generated by a comaiion of any sub leg-wrench
system with orderc (0 6 ¢ 6 3), decomposed as follows:

~d=31 1, 2, system

~d=2! 15 1, system,2; system

~cd=1! 1, system,1; system

Accordingly, all potential sub leg combinations are presésd in Table. 111.5. The identical
sub legs which are able to construct such proximal and distadodules are highlighted in pink
colors.

On the other hand, the mechanisms which are composed of 2 sely-wrench systems, each
of them are 3; system and 2, system are neglected, since they cannot producg along
y-axis in any robot con guration. All feasible identical sib leg-wrench system from Table. IlI.2-
[11.5 which can build proximal and distal modules are summazed in Table. I11.6.

I11.3 Step 2: Type Synthesis of Sub Legs

Type synthesis of sub leg will be done only to the rst wrenchystem (2, 3 1 system)
described by a P-virtual chain, since the other wrench systes will produce similar type of sub
legs. Furthermore, the type synthesis of sub legs as a sirgpep kinematic chain, have been
performed in previous chapter. Thereby, the type synthesis which the wrench systems are
similar to the previous chapter will not be discussed here.HE type synthesis will only be done
to certain sub leg-wrench systems. In the following, the tygpsynthesis of sub legs are described
in two sub steps.

[11.3.1 Step 2a: Type Synthesis of Single-loop Kinematic Chains

Caseswitha 2, 31 system
The number of joints that involves a P-virtual chainand has & 31 system is:

d=5 ; f=F+(6 ¢=1+(6 5)=2joints (111.5)
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Table 111.2 Combination of Sub Leg-wrench System for ¢ =5,2 ¢ 33 system
20 31 10 31 20 21 10 21 20 11 31 10 11 21 20 10 11
c=5 c=4 c=4 c=3 c=3 c=3 c=2 c=2 | c=2 | c=1 | c=1
2
1 1
1 1
1 1
1 1
1 1
2
1 1
2
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1




Table I11.2 Continued
290 31 |19 31 |20 21 |19 21 |20 11 |31 |10 11 |21 | 20| 10 |1,
c=5 c=4 c=4 c=3 c=3 c=3 c=2 c=2 | c=2 | c=1|c=1
1 1
1 1
2
2
2
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
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Table 111.3 Combination of Sub Leg-wrench System for ¢ =4,1 o 33 system

m . 4 19 31 |10 21 |31 |19 1,4 |24 19|11
c=4 c=3 c=3 c=2 c=2 | c=1 | c=1
4 2
1 1
3 1 1
1 1
1 1
2 2
1 1
2
1 1
1 1
2 4 1 1
1 1 1
1 1
1 1
2
1 1
2
0 1 1
1 1
1 1
1 1

This single-loop kinematic chain can only be formed by one Bijpt, which is perpendicular
to the axes of 2y, as depicted in Fig. Ill.1.

Figure 111.1 Single-loop Kinematic Chain ¢ =5: PV KC

Caseswitha 2, 2, system
The number of joints that involves a P-virtual chainand has & o 21 systemis:

d=4 ; f=F+(6 0)=1+(6 4)=3joints (111.6)

Such single-loop kinematic chain can be composed of R jointhiose all axes are coplanar
with the axes of 2¢ and perpendicular to the directions of 2, . The directions of P joint are
perpendicular to a plane of 25, as performed in Fig. I11.2.
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Table I11.4 Combination of Sub Leg-wrench System for ¢ =4,2 ¢ 21 system
c 4 20 21 20 11 10 21 10 11 21 20 11 10
c=4 c=3 c=3 c=2 c=2 | c=2 | c=1 |c=1
4 2
1 1
3 1 1
1 1
1 1
1 1
2 2
2
1 1
1 1
1 1
1 1
1 1
4 ! 1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
2
0 2
2
1 1
1 1
1 1
Table I11.5 Combination of Sub Leg-wrench System for ¢ =3,1 ¢ 21 system
1 0 2 1 0 1 1 2 1 1 1 1 0
m ¢ c=3 c=2 c=2 | c=1 | c=1
2
1 1
1 1
1 1
1 1
2
2 3 5
1 1
1 1
1 1
1 1
1 1
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Table 111.6 Combination of 2 Identical Sub Leg-wrench System for Proxi mal and Distal Module

¢ | Wrench System for Proximal and Distal Modules | Sub Leg-wrench System
20 31
1o 33
5 29 31 29 21
19 24
29 1,
1o 33
1o 31 1o 31
1o 31
20 2,
4 190 2,
20 21 29 1,
1o 1.
20
190 2,
3 1 0 2 1 1 o 1 1
(@) RRV KC (b) PRV KC

Figure 111.2 Single-loop Kinematic Chain ¢ =4

Caseswitha 2, 1, system
The number of joints that involves a P-virtual chainandhas & ¢ 11 systemis:

d=3 ; f=F+(6 0=1+(6 3)=4joints (11.7)

This single-loop kinematic chain can be formed by R joints wdse all axes are coplanar with
the axes of 2o and parallel to a plane which is perpendicular to the direabn of | . There
exist P joints which are perpendicular to a plane of 3, as demonstrated in Fig. 111.3.

Caseswitha 2 o system
The number of joints that involves a P-virtual chain and has & o system is:

d=2 ; f=F+(6 0=1+(6 2)=5joints (111.8)

Such single-loop kinematic chain can be built of R joints wise all axes pass through the
centre of 29 system. All the directions of P joints are perpendicular to @lane of 2o system,
as shown in Fig. 111.4.
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(a) RRV KC (b) PR KC

Figure 111.3 Single-loop Kinematic Chain ¢ =3

(@) RResV KC (b) PReV KC

Figure 111.4 Single-loop Kinematic Chain ¢ =2

[11.3.2 Step 2b: Generation of Type of Sub Legs

Generation of type of sub legs immediately can be achieved bymoving the P-virtual chain
and listed in Table. 1ll.7, according to the combinations ofidentical sub leg-wrench systems
obtained in Table. I1.6.

Obviously, there are limited types of sub legs which are fred inactive joint and summarized
in Table. 111.8. Nonetheless, several types of sub legs whicontain non-invariant sub leg-wrench
system are still kept, because it can producedbf translational motions. All these type of sub
legs are exhaustive and can be assembled to generate eithrexjmal or distal modules. These
proximal and distal modules nally will construct a hybrid manipulator, performing 2 dof
translational motions.

I1l.4 Step 3: Assembly of Sub Legs and Legs

The assembly process of @of hybrid manipulators is performed in this section, both for pe

1 and Type 2. These hybrid manipulators can be realized by coecting a proximal and a distal
module together in series becomes a leg. This leg afterwarkddl be linked from the base to
the moving platform becomes a hybrid manipulator. Therefa, the assembly process consists
of two sub steps as explained in the following.
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Table 111.7 Type of Sub Legs for Proximal and Distal Module
c Wrench Sg?;?;&: dzlr;mmal and Sub Leg-wrench System| Type Note
20 31 P
190 33 PP P inactive joint
RR Non-invariant
20 21 . ——
PR R inactive joint
RRR
° 2o 31 1o 21 PRR
PPR R inactive joint
RRe * inactive joint
20 1, Ree R inactive joint
PRe R inactive joint
190 33 PP
RRR
19 2 PRR
PPR R inactive joint
1o 31 RRRe | « inactive joint
RRee Non-invariant
1o 1. PRRe | «inactive joint
PRes R inactive joint
PPRe | R inactive joint
2, 21 Ez Non-invariant
4 RRR
1o 2, PRR |
PPR P inactive joint
RRe Non-invariant
20 1, Ree Non-invariant
20 21 PRe « inactive joint
RRRe | e« inactive joint
RRee Non-invariant
1o 1. PRRe | «inactive joint
PRes R inactive joint
PPRe | R inactive joint
RRee Non-invariant
20 PRes
RRR
lg 21 PRR
PPR
RRRe | «inactive joint
3 1o 24 RRee Non-invariant
19 1, PRRe | «inactive joint
PRee * inactive joint
PPRe | «inactive joint
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Table 111.8 Type of Sub Legs for Proximal and Distal Module, Free of Inac tive Joint

Wrench System for Proximal and
. Leg- h T N
Cc Distal Module Sub Leg-wrench System| Type ote
20 31 P
20 2, RR Non-invariant
5 20 31 RER
1o 2. PRR
10 3, PP
RRR
10 3 10 2, PRR
1o 1, RRee Non-invariant
PR
20 21 RR Non-invariant
4 RRR
lo 2. PRR
20 2, 5 1 RRe Non-invariant
0 ! Ree Non-invariant
10 1, RRee Non-invariant
RRee Non-invariant
29
PRee
RRR
10 2, PRR
3 lo 24 PPR
10 1, RRee Non-invariant

[11.4.1 Step 3a: Assembly of Sub Legs Becomes a Proximal and a Distal M odule

The proximal and distal modules can constructed by assemb{j set of sub legs from Table. 111.8.
In assembling sub legs becomes proximal and distal modulésljowing conditions should be
satis ed:

1. The overall wrench system of a proximal and a distal modukhould constitute desired
wrench system, as explained in Section. 111.1.1 and 111.1.2

2. At least one translational twist generated by proximal ad distal modules, should lie on
a plane (xOz).

[11.4.2 Step 3b: Assembly of Legs Becomes a 2 DOF Hybrid Manipulator

The proximal and distal modules obtained from Step.3a, nowaa be assembled. In assembling
both proximal and distal modules becomes a @of hybrid manipulator, following conditions
should be ful lled:

1. One leg which is composed of proximal and distal modulesositd constitute the wrench
system of Type 1 and Type 2 (respectively 3 3 ; systemandl, 2, system).

2. The linear combination of the wrench system between theds in a hybrid manipulator
eventually should constitute 1o 3 ;.
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Thereby, the 2dof hybrid manipulators with two identical legs now can be consticted in the
following.

Case Type 1
1. 2-(2-RRR)-(2-RRR)
Such kinematic chain is assembled by two identical legs. Ttwerall wrench system for
each identical legis 1y 3 1 system. This leg consists of proximal and distal modules.
Both proximal and distal modules have 2 3 ; system, which are generated by two
RRR legs, known as Sarrus linkage (Fig. 111.5). Due to one legses two Sarrus linkage
for each proximal and distal modeule, thus this mechanism isamed D-SarruS, in which

D stands for Double.

Figure .5 2-(2-RRR)-(2-RRR)

2. 2-(2-RRR)-(2-RPR)
This hybrid mechanism is constructed by two identical legsThe overall wrench system
for each identical legs is &y 31 system. This leg consists of proximal and distal
modules. Both proximal and distal modules have 3 3 1 system, which are composed
of respectively 2-RRR and 2-RPR, as shown in Fig. I11.6.

Figure 1.6 2-(2-RRR)-(2-RPR)
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3. 2-P(2-RRR) and 2- (2-RRR)
Such kinematic chains are assembled by two identical legshd overall wrench system for
each identical legis 1y 3 1 system. This leg consists of proximal and distal modules.
The proximal module has 25 3 ; system and can be simply constructed by one P joint.
The distal module also has 2 3 ; system which consists of 2-RRR legs, Fig. 11l.7. P
joint in the proximal module can be replaced by a joint, as peformed in Fig. 111.8.

Figure .7 2-P(2-RRR) Figure 1.8 2- (2-RRR)

4. 2-P(2-RPR) and 2- (2-RPR)
This kinematic chains are arranged by two identical legs. T&overall wrench system for
each identical leg is 19 31 system. This leg is constructed by proximal and distal
modules. The proximal module in the leghas 3 31 system and simply created by
one P joint. While the distal module is composed of 2-RPR chas. The axes of R joint
is necessarily perpendicular to the directions of two P jois in the sub leg, Fig. 111.9. P
joint in proximal module can be replaced by a joint, as illugrated in Fig. 111.10.

Figure 1.9 2-P(2-RPR) Figure 1110 2- (2-RPR)
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5. 2-P(2-RRP) and 2- (2-RRP)
The 2 dof mechanism can be assembled by two identical legs, in whichckdeg contains
1, 31 system. This leg is arranged by proximal and distal module3.he proximal
module in the leg has 2, 3 ; system and simply created by one P joint. While the
distal module is composed of 2-RRP chains. The axes of two Rnjs are not necessarily
perpendicular to the direction of P joint in the sub leg, Figlll.11. P joint in the proximal
module can replaced by a joint, as depicted in Fig. 111.12.

Figure .11 2-P(2-RRP) Figure I1.12  2- (2-RPR)

Case Type 2
1. 2-P(2-UU) and 2- (2-UU)
Another type of 2 dof hybrid mechanisms can also be built of two identical legs. Eh leg
is formed by proximal and distal modules. The proximal model has 2o 3 ; system
and simply constructed by one P joint. The distal module has 3 2 ; system which
is composed of 2-UU chains, as shown in Fig. 111.13. P joint iproximal module can
be replaced by a joint, as depicted in Fig. 1ll.14. This mectanism is similar to the
IRSBot-2, invented by IRCCyN, France.

Figure 1113 2-P(2-UU) Figure Il.14  2- (2-UU)
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Step 4: Selection of the Actuated Joint

Let assume that the condition of constraint wrench system isatis ed, namely, the assembly of
legs apply 1, 31 system. In general con guration, a set of constraint wrenchystem,W¢,
together with actuation wrench systemW?2, constitute a 6-system. Ultimately, the selection
of an actuated joint for hybrid manipulators 2 dof translational motions produced above can
be executed by following the validity condition stated fromSection.Il.5.2.
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IV

Complexity Analysis

In the absence of mathematical model at the conceptual desigf manipulators e.g. link length,
material properties, link and joint mass; several design iteria are needed in order to evalu-
ate the quality of robot architectures. It accordingly lead to the analysis of existing index,
speci cally, complexity index. The complexity analysis ca be accomplished by examining the
available information e.g. type and number of joints, relave orientation of neighbouring joint,
and the number of loop.

In this chapter, the complexity analysis of robot architeatires is applied to 26 manipulators
designed in Chapter Il and Ill. Section IV.1 initially studies the theoretical background of
complexity index. Following that, Section 1V.2 examines tk complexity performance to the 2
dof manipulators, either parallel manipulators or hybrid manpulators.

Complexity Index

In designing a manipulator, the designer would like to keephtee performance criteria such
as [L6); kinetostatic, elastostatic, and elastodynamic, that a& expected to perform well in their
robots. The kinetostatic performance depends upon the robjacobian J, which in turn depends
upon link dimension and robot posture. On the other hand, etdostatic performance might be
enhanced by increasing the sti ness of robot structure. Whe the elastodynamic performance
may be elevated by increasing sti ness and by decreasing tingass of robots. Eventually, it
requires the information of dimension and material propers, which are not available at the
conceptual design stage.

However, all those criteria still can be predicted by calcating the complexity of robots.
It evaluates only the information about the type, number, ad relative arrangement of joint,
along with the number of loop in the robots, which in turn may efer to sti ness and weight of
robots. Furthermore, the complexity of robots is able to ingtate manufacturing, running, and
maintenance cost 16).

Minimum value of complexity is desirable, with rang& 2 [0; 1]. Robot complexity evaluates
four indices based upon7], namely:

K=wyKy +WKL+w;K;+wgKpg (|V1)
where:

Wy + W + Wy + wg =1, are corresponding weights.
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Kn 2 [0; 1], is the joint number complexity.
K. 2 [0; 1], is the loop complexity.
K; 2 [0;1], is the joint type complexity.

" Kpg 2 [0;1], is the link diversity.

IV.1.1 Joint Number Complexity ( Ky)

The joint number complexity Ky is de ned as:
Ky =1 exp( guN) (IV.2)

where:

~

N, is the number of joints used in the chain.

On » IS the resolution parameter.

IV.1.2 Loop Complexity ( K_)

The loop complexityK | is described as:
KL=1 exp( gl) ; L=1 In (IV.3)
where:

[, is the number of kinematic loops in the robot.

Im, is the minimum number of loops required to produce a specidisplacement group or
subgroup.

0., is the resolution parameter.

IV.1.3 Joint Type Complexity ( Kj)

The joint type complexity corresponds to the joint type usedn a chain. Hence, it is depicted
as:

1
Ky = ﬁ(nRKGjR + NpKgjp + NcKgjc + NsKgjs + NuKgjn + NeKgjr) (IV.4)

where:

NRr;Np;Nc;Ns; Ny ; Ng, are the number of revolute, prismatic, cylindrical, sphecal, heli-
cal, and planar joints.

n, is the total joints used.

The geometric complexity for each jointK g;x is de ned in Table. IV.1.
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Table IV.1 Geometric Complexity of Joints [ 16]

Joint Kg
R 0.5234
P 1
C 0
S 0
H 0.8064
F 0.6954
Link Diversity (Kg)
Link diversity examines the geometric relations between ighbouring joints within the leg. It
is described as:
B xC M
Ke = 5 ; B = hlog(h) ; b= (IV.5)
max i=1 Mi
i=1
where:

~

M;i, is the number of instance for each type of joint-constraint

¢, is the number of distinct joint-constraint type used.

The topology of neighbouring R joint is presented in Fig. ML below. When all ve constrain
types below used with equal frequencBmax = log(5) = 2:32bits.

Figure IV.1 Link Diversity Diagram [ 7]

De nition of the Resolution Parameter

Two resolution parametersgy and g respectively are introduced in Eq. IV.2 and V.3, which
provide an appropriate resolution for the complexity at had. Due to the formulation is intended
to compare the complexity of two or more kinematic chains, ts the complexity is as 0.9 to
the chain with maximum complexity. ForJ = N;L, hence:

8
o = < EOD for I >0 (V.6)

"0 for Jmax = 0
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Complexity Analysis of 2 DOF Manipulators

The various designs of manipulator with 2lof translational motions have been created accord-
ing to the screw theory, in Chapter Il and Ill. The quality of manipulator architectures now
will be evaluated by analysing the complexity of manipulatocon guration. These manipula-
tors are assembled not only in the form of parallel manipulats with 2, 3, and 4 legs but also
proposed in the hybrid con guration, total there are 26 manpulators.

The complex design of a manipulator is evaluated based updmetjoint con gurations, joint
type used, number of joints, etc. A joint in the parallel manipulators, uses four revolute
joints and contains one loop.

On the other hand, the hybrid manipulators are assembled bywo identical legs. Each leg is
constructed by a proximal and a distal module, connected ireses. Both proximal and distal
modules are created by one or two kinematic chains, linked parallel. Therefore, a parallel
kinematic chain which forms a proximal and a distal module Wibe considered as a joint. It
contains one loop, as stated in Table. IV.2.

Table IV.2 Joint De nition for Hybrid Manipulators

Joint Loops
A 2-RRR
B 2-RPR
C 2-RRP
D 2-UU

In order to indicate the complexity value both for parallel nranipulators and hybrid manip-
ulators, several assumptions are de ned as:

" P joints are assembled in perpendicular in PP leg.

" The twist of joint is considered as an axis.

" Each sub leg in A, B, C, and D joints is assembled in perpendidar.

" The twist of A, B, C, and D joints is considered as an axis.

" Link diversity analysis will be applied to each type of legsand sub legs.

The information from 2 dof manipulators concerning link diversity, number of jointstype of
joints, etc. now can be de ned in Table. IV.3. These informabn afterwards can be calculated
to achieve complexity indices as stated in Table. IV.4. Eachanipulator is attributed by a
number, from 1 to 26. Suppose an equal weight ofy = w. = w; = wg = 0:25.Ky and K
are computed based upon respectively the maximum number dafijts used in manipulators
Nmax = 24 joints and the maximum number of loopd.nax = 8 loops.

Comparison of Complexity Analysis

Complexity of a manipulator might vary, depends upon the nurner of joints used, type of
joints, number of loops and link diversity in its con guration. In this section accordingly, the
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Table IV.3 Available Information from 2 dof Parallel Manipulators

No | Manipulator Il 1lm | N |ng|np |c|Bl|B2|B3|B4|B5 B L
1 | 2-PP 10| 4 0 4 (1| 0 0 0 2 0 0 1
2 | PP-RRR 1|1 0| 5 3 2 12| 0 0 3 1 0 | 0811 |1
3 | RPR-PRRR 1|10 |7 5 2 3|0 0 4 2 2 1.500 | 1
4 | RRR-URU 10| 8 8 0 |3]| 2 0 7 4 0 1420 | 1
5 | 2-RPR-URU 3/ 0|11] 9 2 | 3] 2 0 6 8 0 1.411 | 3
6 | 2-UPU-RRR 3|/ 0 (13|11 2 (4| 4 0 7 4 8 1.930 | 3
7 | 2-PRRR-RRR 3/ 0|11] 9 2 12| 0 0 9 0 4 | 0891 | 3
8 | 2-UPU-2-RPR 4| 0|16 12| 4 | 4| 4 0 6 8 8 1.950 | 4
9 | 2-PRRR-2-RRR 41 0 |14| 12| 2 |2| O 0 (12| O 4 | 0811 | 4
10 | 2- 5/ 01616 | 0 |2| O 0 (24| 0 2 | 0391 | 5
11 | -RRR 3/ 011|110 |2| O 0 |15| O 1| 0337 |3
12 | RR-RRR 3|/ 013|133 0 |3| O 0 |16 | 2 3 1.023 | 3
13 | 2- UU-RR 6| 0 |22(22| 0 |5]| 4 4 | 23| 2 8 1.796 | 6
14 | 2-RR-RRR 6| 01919 0 [3]| O 0 |23 | 4 3 1.014 | 6
15 | 2-RRR-2-R RR 6| 0|20 20| O |2] O 0|24 0 6 | 0.722 | 6
16 | 2- RR-2- UU 8/ 0|28 28| 0 |5]| 4 4 |30 4 8 1.740 | 8
17 | 2-AA: D-SarruS 5| 024|124 0 |3|12| 0 |24 26| O 1514 | 5
18 | 2-AB: 2-(2-RRR)- 5/ 0|24 20| 4 {4]|10| O | 16| 28| 8 1.828 | 5
(2-RPR)
19 | 2-=PA:2-P(2-RRR) (3| 0 |14 | 12| 2 |4 | 12| O (24| 24| 2 1678 | 3
20 | 2- A: 2- (2-RRR) 5/ 0|20 20| O {4]|12| 0 | 36| 24| 2 1599 | 5
21 | 2-PB: 2-P(2-RPR) | 3| 0 | 14| 8 6 4] 4 0 4 | 14| 10| 1.796 | 3
22 | 2-B: 2- (2-RPR) 5| 0|20| 16| 4 (4| 4 O | 16| 14| 10| 1.857 | 5
23 | 2-PC: 2-P(2-RRP) | 3| 0 | 14| 8 6 4] 4 0 4 | 14| 10| 1.796 | 3
24 | 2-C: 2- (2-RRP) 5| 0|20| 16| 4 (4| 4 0O |16 | 14| 10| 1858 | 5
25 | 2-PD: 2-P(2-UU) 3/ 0|18|16| 2 4|16 | O 8 | 16 | 18 | 1.9432| 3
26 | 2- D: IRSBot-2 5/ 01(24] 24| 0 |4]|16| O | 20| 16 | 18 | 1.9936| 5

complexity for 2 dof parallel manipulators and 2dof hybrid manipulators are compared, in
order to emphasize the complexity di erences. The overallomplexity values enumerated in
previous section are plotted in a graph (Fig. 1V.2), from 1sto 26th.

The simplest design of manipulator is shown by 2-PP parallehanipulator, with index
value 0.392. This parallel manipulator has lowest value sir it has only one loop and uses
least number of joints among others, namely four P joints. Fthermore, with only composed
of two legs, the link diversity is null because P joints withi the leg can be simply constructed
in perpendicular. Although 2-PP parallel manipulator consts of P joint, in which P joint has
highest value of geometric complexity, the overall compléy performance is still the least.

Figure IV.2 also reveals the complexity value of D-SarruS iswer than IRSBot-2, which
are respectively 0.710 and 0.761. Both hybrid manipulatorsmploy 24 revolute joints. Each
proximal and distal module is built of two kinematic chains,thus they have ve loops. The
main point which makes signi cant di erence is the link diveasity in their joint con gurations.
D-Sarrus has three kinds of link diversity in which each kirmaatic chains are assembled in
perpendicular, while IRSBot-2 has 4 types of link diversityMoreover, the complexity of IRSBot-
2 is almost twofold higher than 2-PP parallel manipulator.
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Table IV.4 Complexity of 2 dof Manipulators

No | Manipulator Kn KL Kj; Kg K

1 | 2-PP 0.319| 0.250 1 0 0.392
2 | PP-RRR 0.381| 0.250| 0.714 | 0.350| 0.424
3 | RPR-PRRR 0.489| 0.250| 0.660 | 0.647| 0.511
4 | RRR-URU 0.536 | 0.250| 0.523 | 0.612| 0.480
5 | 2-RPR-URU 0.652| 0.578| 0.610 | 0.606| 0.612
6 | 2-UPU-RRR 0.713| 0.578 | 0.597 | 0.832| 0.680
7 | 2-PRRR-RRR 0.652| 0.578| 0.610 | 0.384| 0.556
8 | 2-UPU-2-RPR 0.785| 0.684 | 0.643 | 0.841| 0.738
9 | 2-PRRR-2-RRR 0.739| 0.684| 0.592 | 0.350| 0.591
10 | 2- 0.785| 0.763| 0.523 | 0.169| 0.560
11 -RRR 0.652 | 0.578| 0.523 | 0.145]| 0.475
12 | RR-RRR 0.713| 0.578| 0.523 | 0.441| 0.564
13 | 2-UU-RR 0.879| 0.822| 0.523 | 0.774| 0.750
14 | 2-RR-RRR 0.838| 0.822| 0.523 | 0.437| 0.655
15 | 2-RRR-2-R RR 0.853| 0.822| 0.523 | 0.311| 0.628
16 | 2- RR-2-UU 0.932| 0.900| 0.523 | 0.750| 0.776
17 | 2-AA: D-SarruS 0.900 | 0.763 | 0.5234| 0.653| 0.710
18 | 2-AB: 2-(2-RRR)-(2-RPR) 0.900| 0.763| 0.603 | 0.788| 0.763
19 | 2-PA: 2-P(2-RRR) 0.739| 0.578| 0.592 | 0.724| 0.658
20 | 2-A: 2- (2-RRR) 0.853| 0.763| 0.523 | 0.689| 0.707
21 | 2-PB: 2-P(2-RPR) 0.739| 0.578| 0.728 | 0.774| 0.705
22 | 2-B: 2- (2-RPR) 0.853| 0.763| 0.619 | 0.800| 0.759
23 | 2-PC: 2-P(2-RRP) 0.739| 0.578| 0.728 | 0.774| 0.705
24 | 2-C: 2- (2-RRP) 0.853| 0.763| 0.619 | 0.800| 0.759
25 | 2-PD: 2-P(2-UU) 0.822| 0.578| 0.576 | 0.838| 0.704
26 | 2- D: IRSBot-2 0.900| 0.763| 0.523 | 0.859| 0.761
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Stiffness Analysis

The change in geometry of a body generated by an external loagplied on it, recognized
as a deformation or a compliant displacement. Sti ness canebdescribed as the capacity of a
mechanical system to sustain loads without excessive chasgf its geometry§]. The sti ness
analysis of parallel manipulators 21] thereby aims to evaluate the e ect of applied external
forces and torques on the compliant displacements of the emdectors. Compliant displace-
ments in robotic systems tolerate some mechanical oat of ¢hend-e ectors relative to the
xed-base, which produce negative e ects in accuracy and dgmic stability (vibrations).

A sti ness analysis 1] not only allows to quantify the valuable design criteria, It also very
useful for estimating the expected performances of a systémterms of payload, accuracy, and
stability. Correspondingly, in pick-and-place operatiorthat are designed for simple and fast
manipulating task, the sti ness de nes R1] acceptable velocity/acceleration while approaching
the target point, in order to avoid undesirable displacemedrdue to the inertia forces.

However, the knowledge of manipulators geometry and theiraterial properties at concep-
tual design stage are not available yet. Therefore, this cpter will address the problem of
determining the sti ness from 26 manipulators designed prgously, through several methods.
Section V.1 rstly investigates the sti ness performance ecording to A.C.Rao P]. Section V.2
provides the sti ness analysis in CATIA. Section V.3 and V.4erform new sti ness index based
upon the reaction forces and moments. Section V.5 nally copares all sti ness indices and
analyses their relationship.

Stiffness Analysis Based Upon A.C.Rao

The sti ness index developed by A.C.Raod], [1] evaluates the sti ness performance of manip-
ulators based upon the connectivity informations within tke legs. A link connectivityC [2] can
be de ned as the number of joints which are connected to thisnk and becomes an element
of sti ness matrix S. Sti ness matrix indicates the sti ness of the link j respect to the linki,
formulated as follows:

8
2 G if i =

S o (V.1)
> %*f‘”ﬁ ifi6]j

where:

C; is the connectivity of thej-th link.
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Ck is the subsequent connectivitk-th link from link i.
Sj is element of sti ness matrix.

Denominator in this case includes connectivity of every isrmediate links except linki,
that is on the shortest path between linki and j. Eventually, the value of total sti ness is the
sum of matrix elementS;; .

Revolute and prismatic joints have 1dof, while universal joint has 2dof and hence consid-
ered less sti . Connectivity attributed to each joint is equal to the inverse of itsdof. Therefore,
the connectivity of revolute, prismatic, and universal jait are respectivelyCg = 1, Cp = 1,
and Cy = % The connectivity of a link with a revolute joint at one end ard a universal joint
at the other end, is equal tol + 7 = 3. Derived from these connectivity informations, the
sti ness analysis for all 26 manipulators are presented bmi.

Based upon the Set of Design Rule inlf], the number of joints should be minimized in
order to improve the stiness of robot. However, this indexdads to the contrast condition
where the increasing number of joint will make the sti ness mtrix bigger, then ultimately
improves the sti ness performance.

On the other hand, a link subject to bending will be easily defmed than a link subject to
tension-compression e ect. Nevertheless, this index doset consider the tension-compression

solicitations of a link. Consequently, this sti ness calclation is not well adapted.

Application to 2 DOF Manipulators

Given the simplest 2dof parallel manipulator, 2-PP, arranged by 4 prismatic jointsas depicted
in Fig. V.1. The connectivity of link 1, 2, 3, and 4 is:

Ci=Co=C3=Cy=-+-=2 (V2)

Figure V.1  Connectivity of 2-PP Parallel Manipulator
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For instanceS;3 = —2+ = 1 = 1. Thus, the sti ness matrix of 2-PP is:
Cy, C3 2 2

2 3
2:000 2000 1000 Q667
1:000 2000 @500 Q40
S, pp =15:350 (V3)
0:500 Q333 2000 033

0:250 0200 Q167 2000

Eventually, the sti ness value S for all 2 dof manipulators are obtained and summarized
in Table. V.1. The higher value of sti ness is desirable, wich shows the better sti ness perfor-
mance of a manipulator.

Table V.1  Stiness of 2 dof Parallel Manipulators (A.C.Rao)

No Manipulator S

1 2-PP 15.350
2 PP-RRR 15.350
3 RPR-PRRR 24.936
4 RRR-URU 18.532
5 2-RPR-URU 41.642
6 2-UPU-RRR 36.073
7 2-PRRR-RRR 56.793
8 2-UPU-2-RPR 56.454
9 2-PRRR-2-RRR 77.450
10 2- 42.630
11 -RRR 31.217
12 RR-R RR 45.562
13 2-UU-RR 105.576
14 2-RR-RRR 73.524
15 2-RRR-2-R RR 103.760
16 2- RR-2-UU 133.234
17 D-SarruS 130.359
18 2-(2-RRR)-(2-RPR) 130.359
19 2-P(2-RRR) 79.495
20 2- (2-RRR) 110.212
21 2-P(2-RPR) 79.495
22 2- (2-RPR) 110.212
23 2-P(2-RRP) 79.495
24 2- (2-RRP) 110.212
25 2-P(2-UU) 97.932
26 IRSBot-2 135.821

V.2 Stiffness Analysis in CATIA

Since the analysis proposed by A.C.Rag@]| [1] is not adequate to predict sti ness performance
by considering tension-compression e ects, hence the ayation in CATIA is necessary. In

CATIA, the sti ness investigation is accomplished by inputing several parameters for instance;
payload, material properties, and dimension of manipulats. Payload which is used for sti ness
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analysis in CATIA is 10 N. Material for every manipulator is $eel. Length and area of each
links and joints are almost identical. Likewise the posturéor every manipulator is normalized,
namely, the base and the moving platform must be aligned. Thdistance from the moving
platform to the base is similar for every manipulators. Bede that, the information of actuated
joints should be provided in order to execute the analysis.

The evaluation will be performed separately in x-axis, y-as, and z-axis in order to observe
their behaviour. The result obtained from CATIA is a displaement (mm) due to the applied
force F(N). Thus, the sti ness is computed as follows:

S= F N=mm (V.4)

Application to 2 DOF Manipulators

Given 2dof parallel manipulator with 4 legs, namely 2-RR-2-PRRR (Fig. V.2). Two revolute
joints in RRR legs are actuated. The base are xed and the foecl0 N is applied on the moving
platform.

The displacement is measured at the moving platform alongaxis, y-axis, and z-axis. Along
x-axis, the displacement is shown by green colors at the magi platform (Fig. V.3a), as

x = 0:0149mm. Likewise, the displacement along y-axis and z-axis are defed by red colors
at the moving platform (Fig. V.3b and Fig. V.3c) which are repectively y = 0:0710 and
2 = 0:0144nm. Therefore, the stiness value for this manipulator areS, = 671:14N=mm,

Sy = 140:85N=mm, and S, = 694:44N=mm. The global sti ness value accordingly can be
computed asSgyioha = 975:97N=mm.

In the same manner, all manipulators are evaluated in CATIA@ obtain the displacement
duo to the external forces. The sti ness performances ultiately can be enumerated based
on their displacements and summarized in Table. V.2. The relute joints on the base for D-
SarruS robot are actuated with two options; no.17 is D-Sarsuwith 4 revolute actuated joints
and no.18 is D-SarruS with 2 revolute actuated joints only (able. V.2).

Figure V.2 2-R RR-2-PRRR Parallel Manipulator
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(a) Displacement along X-axis

(b) Displacement along Y-axis

(c) Displacement along Z-axis

Figure V.3

Sti ness Analysis in CATIA
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Table V.2  Stiness of 2 dof Parallel Manipulators (CATIA)

No | Manipulator X y z Sx Sy Sz Sglobal
(mm) (mm) (mm) (N/mm) (N/mm) (N/mm) (N/mm)

1 | 2-PP 0.0098| 0.0051| 0.0110| 1016.26| 1953.13| 909.09 2382.00
2 | PP-RRR 0.0144| 0.0115| 0.0187| 694.44 | 869.57 534.76 1234.65
3 RPR-PRRR 0.4830| 0.0375| 0.2670| 20.70 266.67 37.45 270.08
4 | RRR-URU 0.1640| 0.1800| 0.0125| 60.98 55.56 800.00 804.24
5 | 2-RPR-URU 0.0362| 0.0255| 0.0008| 276.24 | 392.16 | 12987.01| 12995.87
6 | 2-UPU-RRR 0.2560| 0.0786| 0.0140| 39.06 127.23 714.29 726.58
7 | 2-PRRR-RRR 1.5200| 0.1170| 0.6950 6.58 85.47 14.39 86.92
8 | 2-UPU-2-RPR 0.0265| 0.0170| 0.0008| 377.36 | 588.24 | 12422.36| 12442.00
9 2-PRRR-2-RRR 0.0149| 0.0710| 0.0144| 671.14 | 140.85 694.44 975.97
10 | 2- 0.0088| 0.0800| 0.0058| 1133.79| 125.00 | 1724.14 | 2067.30
11|  -RRR 0.0065| 0.0587| 0.0040| 1540.83| 170.36 | 2506.27 | 2946.96
12 | RR-RRR 0.2800| 0.1910| 0.1740| 35.71 52.36 57.47 85.55
13 | 2- UU-RR 0.0267| 0.1100| 0.0144| 374.53 90.91 694.44 794.22
14 | 2- RR-RRR 0.3580| 0.6750| 0.0670| 27.93 14.81 149.25 152.57
15 | 2-RRR-2-R RR 0.0083| 0.0480| 0.0018| 1212.12| 208.33 | 5434.78 | 5572.21
16 | 2- RR-2-UU 0.0315| 0.0772| 0.0099| 317.46 | 129.53 | 1014.20 | 1070.59
17 | D-Sarms 1.2700| 0.0014| 0.2750| 7.87 | 7352.94| 36.36 | 7353.04

(4-actuators)

D-SarruS
18 1.3800| 0.2840| 0.2920 7.25 35.21 34.25 49.65

(2-actuators)
19 | 2-(2-RRR)-(2-RPR) 1.4000| 0.1140| 0.2810 7.14 87.72 35.59 94.93
20 | 2-P(2-RRR) 0.0454| 0.0301| 0.3870| 220.26 | 332.23 25.84 399.45
21 | 2-_(2-RRR) 0.0650| 0.0516| 0.5270| 153.85 | 193.80 18.98 248.17
22 | 2-P(2-RPR) 0.0359| 0.0247 | 0.2990| 278.55 | 404.86 33.44 492.56
23 | 2- (2-RPR) 0.0538| 0.0459| 0.4590| 185.87 | 217.86 21.79 287.21
24 | 2-P(2-RRP) 0.2420| 0.2890| 0.0013| 41.32 34.60 7936.51 | 7936.69
25 | 2- (2-RRP) 1.8200| 1.8700| 0.0021 5.49 5.35 4716.98 | 4716.99
26 | 2-P(2-UUV) 0.0023| 0.0168 | 0.0028| 4424.78| 595.24 | 3558.72 | 5709.42
27 | IRSBot-2 0.0151| 0.0381| 0.0067| 662.25 | 262.47 | 1485.88 | 1647.82

V.3 Stiffness Analysis by Considering All Forces and Moments

The sti ness analysis in CATIA is not entirely reliable, sirce at the conceptual design stage of a
manipulator, the information about material properties aml dimensions are not available. How-
ever, by considering the material properties of all kinemat chains and dimensions are similar,
the sti ness behaviour can be computed based on their strugte at least in the comparative
sense.

The sti ness is basically a capacity to resist the deformadin in response to an applied force.
Hence, a new formulation is proposed by considering the re¢i@ao forces and moments acting
on a kinematic chain in order to perceive their in uences athe conceptual design stage. The
structure of a kinematic chain comprises several links, inhich sti ness measures the number
of links subject to certain amount of reaction forces and moemts. The link becomes sti er as
it is subject to the least number of reaction forces and momen

A link as a rigid body is undergoing the reaction forces and meent at the static equilibrium.
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The number of forces and moments induced by one link to anothare di erent based upon the
joint con gurations to which it is connected. Link UU having two reaction forces and moments
is sti er than link RR.

The number of reaction forced= and momentsM emerged from various links are sum-
marized in Table. V.3.Fg and Mg shown in Table. V.3 are respectively bending forces and
bending moments. Accordingly, the sti ness for one link isigen by:

n:link

Seol = JF+ M)+ 1

(V.5)

where:
Siegi IS sti ness of a legi.

n:link is number of links which build a leg.

~

n(F + M) is number of reaction forces and moments from Table. V.3.

The addition with 1 in denominator is intended to avoid in nite sti ness due to the division
with zero value. The sti ness of a parallel manipulator thencan be stated as the sum of ak
leg sti ness:

X
S: S|eg| (V.6)
i=1
Since the hybrid manipulator(HM) has particular architecure, in which each leg is constructed
by two Parallel Kinematic Chains(PKC) connected in seriesthus sti ness for one leg is:

1
SIegHM = Pﬁ (V.7)

J=1 Spkc;

Table V.3  Reaction Forces and Moments Acting on the Link

Link n(F + M) n(Fg + M)
P 5 4

RR

PP

RP(parallel)
RP(collinear)
RP(perpendicular)
uu

UR

uP

RINDNWRARINWS
O|IO|OIN|R~O|INN

V.3.1 Application to 2 DOF Manipulators

The RRR-URU parallel manipulator, shown in Fig. V.4 is composed of twoehs. Revolute
joints in RRR and URU leg are actuated, hence link for 1st legiRR and UU for 2nd leg. The
total sti ness for this parallel manipulator is:

1

1
Sieg1 = 5 v Seg2 = (v.8)
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Overall sti ness value for 2dof manipulators nally are computed and listed in Table. V.4.
The revolute joints on the base for D-SarruS are actuated inMo ways; no.17 in Table. V.4
shows D-SarruS with 4 actuators, while no.18 is D-SarruS witonly 2 actuators (Table. V.4).

Figure V.4 R RR-URU Parallel Manipulator

V.4 Stiffness Analysis by Considering Bending Forces and Momen ts

It is desirable to have some ideas regarding the bending etedo the sti ness of manipulators,
since the manipulators are less rigid if subject to bendindh&an subject to tension-compression
e ects. By considering this reason, a sti ness analysis iauggested in order to quantify the
number of links a ected by the bending forces and moments.

All manipulators are recalled and evaluated concerning tdeir sti ness due to the bending
forces and moments. The calculation is based upon the formaslintroduced in Eqg. V.5, V.6,
and V.7. The number of bending forces and moment$§ and Mg) can be selected from
Table. V.3.

V.4.1 Application to 2 DOF Manipulators
The similar 2 dof parallel manipulator is recalled here, namely RR-URU, as depicted in
Fig. V.4. Revolute joint in 1st RRR leg is actuated. Likewisgrevolute joint in second leg,
URU, is actuated. Thus, the sti ness value is stated as:

1 1
Sieg1 = 3 ; Seg2 = 1 (V.10)

Accordingly, the sti ness value based upon the bending foes and moment are obtained in
Table. V.5.
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Table V.4  Stiness of 2 dof Parallel Manipulators (All Forces and Moments)

No | Manipulator S

1 | 2-PP 0.333
2 | PP-RRR 0.367
3 | RPR-PRRR 0.422
4 | RRR-URU 0.533
5 | 2-RPR-URU 0.800
6 | 2-UPU-RRR 0.889
7 | 2-PRRR-RRR 0.695
8 | 2-UPU-2-RPR 1.733
9 | 2-PRRR-2-RRR 0.946
10 | 2-_ 0.462
11 | _-R RR 0.431
12 | _RR-RRR 0.453
13 | 2-_UU-RR 0.897
14 | 2- RR-RRR 0.680
15 | 2-RRR-2-R RR 0.871
16 | 2-_RR-2-UU 0.990
17 | D-SarruS (4-actuators) 0.421
18 | D-SarruS (2-actuators) 0.433
19 | 2-(2-RRR)-(2-RPR) 0.471
20 | 2-P(2-RRR) 0.889
21 | 2-_(2-RRR) 0.276
22 | 2-P(2-RPR) 1.143
23 | 2-_(2-RPR) 0.296
24 | 2-P(2-RRP) 0.889
25 | 2-_(2-RRP) 0.276
26 | 2-P(2-UU) 1.333
27 | IRSBot-2 0.308

V.5 Comparison of Stiffness Analysis

The sti ness values from all 2dof manipulators will be examined to distinguish their sti nes
behaviour and sti ness di erences according to; A.C.Rao, BTIA, reaction forces and moments,
bending forces and moments.

V.5.1 Comparison of Stiffness Indices

In order to make a fair comparison among 4 sti ness analysigll sti ness values enumerated
previously for 2 dof parallel manipulators and 2dof hybrid manipulators S are transformed
into relative sti ness index S; 2 [0; 1], formulated as follows:

S =1 exp( gS) (V.12)
where:
S, is the relative sti ness index.

~

S is the sti ness values computed from Section.V.1-V.4.
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Table V.5  Stiness of 2 dof Parallel Manipulators (Bending Forces and Moments)

No | Manipulator S

1 | 2-PP 0.400
2 | PP-RRR 0.533
3 | RPR-PRRR 0.733
4 | RRR-URU 1.333
5 | 2-RPR-URU 2.667
6 | 2-UPU-RRR 2.400
7 | 2-PRRR-RRR 1.333
8 | 2-UPU-2-RPR 4.667
9 | 2-PRRR-2-RRR 1.867
10 | 2-_ 0.857
11 | _-R RR 0.762
12 | _RR-RRR 0.829
13 | 2-_UU-RR 2.429
14 | 2- RR-RRR 1.244
15 | 2-RRR-2-R RR 1.556
16 | 2-_RR-2-UU 2.000
17 | D-SarruS (4-actuators) 0.727
18 | D-SarruS (2-actuators) 0.765
19 | 2-(2-RRR)-(2-RPR) 0.727
20 | 2-P(2-RRR) 1.600
21 | 2-_(2-RRR) 0.471
22 | 2-P(2-RPR) 1.600
23 | 2- (2-RPR) 0.471
24 | 2-P(2-RRP) 1.143
25 | 2-_(2-RRP) 0.421
26 | 2-P(2-UU) 4.000
27 | IRSBot-2 0.571

Os the resolution parameter.

The resolution parametergs provides an appropriate resolution for the sti ness at hand
Since the foregoing formulation is intended to compare théi siess within 27 kinematic chains,
the kinematic chain with maximum sti ness index will posses 0.9.

8
< IOD for S >0
A max (V.13)

"0 for Smax = 0

The overall sti ness indicesS, for 27 manipulators is presented in Table. V.6. The analysis
based upon A.C.Rao does not consider the actuated joint, thefore it has only 26 manipulators
in Table. V.6 (D-SarruS is attributed as no.17 and no.18 at th same time). These indices
afterwards are plotted into graphs in order to emphasize thsti ness di erences between the
manipulators.

Figure V.5 reveals that the increasing number of joints, nubrer of legs, and number of loops,
the A.C.Rao Index will augment since the sti ness matrix beeames bigger. The sti ness index
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Table V.6  Stiness Indices of 2 dof Parallel Manipulators

. CATIA

No | Manipulator SRao 5. S, 5. S Sail Sgend

1 | 2-PP 0.229| 0.418| 0.469| 0.154| 0.356 | 0.358 | 0.179
2 | PP-RRR 0.229| 0.308| 0.245| 0.094| 0.203 | 0.386| 0.231
3 | RPR-PRRR 0.345| 0.011| 0.082| 0.007| 0.049 | 0.429| 0.304
4 | RRR-URU 0.270| 0.032| 0.018| 0.137| 0.1375| 0.508 | 0.482
5 | 2-RPR-URU 0.506 | 0.136| 0.119| 0.900| 0.899 | 0.655| 0.732
6 | 2-UPU-RRR 0.458 | 0.021| 0.040| 0.123| 0.125 | 0.693| 0.694
7 | 2-PRRR-RRR 0.618 | 0.004 | 0.027 | 0.003| 0.016 | 0.603 | 0.482
8 | 2-UPU-2-RPR 0.616| 0.181| 0.173| 0.900| 0.900 | 0.900| 0.900
9 | 2-PRRR-2-RRR 0.731| 0.299| 0.044| 0.120| 0.164 | 0.715| 0.602
10 | 2-_ 0.515| 0.452| 0.040| 0.272| 0.317 | 0.458 | 0.345
11| _-RRR 0.411| 0.557| 0.053| 0.369| 0.418 | 0.436| 0.313
12 | _RR-RRR 0.538 | 0.019| 0.017| 0.011| 0.016 | 0.452| 0.336
13 | 2- UU-RR 0.833| 0.015| 0.005| 0.027| 0.028 | 0.696| 0.698
14 | 2- RR-RRR 0.713| 0.180| 0.029| 0.120| 0.136 | 0.595| 0.459
15 | 2-RRR-2-RRR 0.828 | 0.476| 0.065| 0.641| 0.649 | 0.685| 0.536
16 | 2- RR-2-UU 0.896 | 0.155| 0.041| 0.170| 0.178 | 0.732| 0.627
17 | D-SarruS (4 actuators) 0.890 0.004 | 0.900| 0.007| 0.731 | 0.428| 0.302
18 | D-SarruS (2 actuators) ' 0.004 | 0.011| 0.006| 0.009 | 0.437| 0.315
19 | 2-(2-RRR)-(2-RPR) 0.890| 0.004 | 0.028 | 0.007| 0.017 | 0.465| 0.302
20 | 2-P(2-RRR) 0.740| 0.110| 0.102| 0.005| 0.071 | 0.693| 0.546
21 | 2-_(2-RRR) 0.846 | 0.078| 0.061| 0.004| 0.045 | 0.307 | 0.207
22 | 2-P(2-RPR) 0.740| 0.137| 0.122| 0.006| 0.087 | 0.781 | 0.546
23 | 2- (2-RPR) 0.846 | 0.094 | 0.068 | 0.004| 0.052 | 0.325| 0.207
24 | 2-P(2-RRP) 0.740| 0.022| 0.011| 0.758| 0.757 | 0.693| 0.431
25 | 2- (2-RRP) 0.846 | 0.003| 0.002| 0.584| 0.584 | 0.307| 0.188
26 | 2-P(2-UU) 0.810| 0.900| 0.175| 0.482| 0.647 | 0.830| 0.861
27 | IRSBot-2 0.900| 0.296| 0.081| 0.240| 0.262 | 0.336| 0.246

will increase gradually and reach the maximum value 0.9 fohé 27th manipulator, namely
IRSBot-2. The IRSBot-2 is the sti est among all manipulatos.
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Figure V.5  Stiness Index by A.C.Rao
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On the contrary, the kinematic chain which is least sti is the 2-PP parallel manipulator with
index 0.229, de ned as the 1st manipulator. It happens becaa the 2-PP parallel manipulator
has minimum number of joints and minimum number of legs. In tns, the connectivity will
decrease and ultimately makes the sti ness matrix smaller.

The sti ness evaluation in CATIA is accomplished in three dierent axes respectively x-axis,
y-axis, and z-axis. Figure. V.6a, V.6b, and V.6¢ show this igtess distribution value within
27 manipulators. The maximum value of sti ness along x-axiand y-axis are correspondingly
obtained by 2-R2-UU) and D-SarruS with 4 actuated joints. While along z-ais is achieved by
two parallel manipulators, namely 2-RARR-URU and 2-UPU-2RFR.

It can be seen from Fig. V.6d that the sti est manipulator is 2UPU-2-RPR since it has a
great sti ness performance along z-axis, although the oth@alues are modest. The sti ness of
IRSBot-2 is considerably low about 0.262.

Due to 4 actuated joints in D-SarruS, its sti ness is nearly liree fold greater than IRSBot-
2, about 0.731. It is caused by a very small displacement alpiy-axis. Oppositely, when only
2 joints in D-SarruS are actuated, the displacements are dailarge. Hence, it reduces the

sti ness value.
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Figure V.6  Stiness Index by CATIA

The sti ness performance within 27 manipulators due to the @action forces and moments
acting on a rigid boy, are demonstrated in Fig. V.7. While FigV.8 presents the sti ness of
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manipulators due to the bending forces and moment. These twoaphs possess almost identical
slope. The maximum sti ness value either from Fig. V.7 or FigV.8 is obtained by 2-UPU-2-
RPR parallel manipulator because link UP has the fewest reaot forces and moments.

The D-SarruS has greater sti ness value than IRSBot-2, eitltr with 2 or 4 actuated joints.
However, the sti ness value for D-SarruS with 2 actuated jaits is slightly higher than with 4
actuated joints. It happens due to the di erent number of reation forces and moments acting
in the proximal module. When four revolute joints are actuagd, the number of link for each
sub leg in the proximal module is equal to one. Thus, the stiass of proximal module will
decrease.

0 0
12345678 9101112131415161718192021222324252627 12345678 9101112131415161718192021222324252627
i-th Manipulator i-th Manipulator

Figure V.7  Stiness Index with All Re- Figure V.8  Sti ness Index with Bending
action Forces and Moments Forces and Moments

V.5.2 Relationships between Stiffness Indices
The stiness indices generated in Table V.6 are categorizddom 1st to 27th ranking. The
manipulator in the 1st ranking shows the greatest sti ness @formance, with index 0.9. Whilst
the lowest sti ness value is presented by the 27th ranking.
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Figure V.9  Stiness Ranking Comparison
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Suppose stiness index in CATIA Scatia) is a reference index among others, since the
analysis is quite comprehensiv&caia then is sorted in ascending order, as depicted in Fig. V.9.
The other indices follow this order and they are plotted in tie similar graph. In order to perceive
the impact of the number of loop in the manipulator towards tle increase of sti ness, the loop
complexity K is also sketched in Fig. V.9.

Both sti ness indices Sgeng and Sp (shown by light blue and green) possess similar slope
sinceSgeng is computed as part of the reaction forces and moment actinga link. Likewise, the
similarity of sti ness distribution is exhibited between gi ness index Srao and loop complexity
K. On the other hand, those sti ness indices do not have idemtal order as CATIA index.
However, the relationship between four other stiness indies with the CATIA index, as a
reference, must be further investigated. This phenomenagsumerated based upon the sti ness
ranking di erences4 . The smallest value o4 implies a good relationship with reference index,

namely CATIA index.
P . .
jn:1 JSrank:ij Srank:ref:j J
n

4 =

(V.14)
where:
" 4 s stiness ranking di erence.

Srankij IS sti ness ranking from indexi, assigned to manipulatoy].

Srankerefj 1S Stiness ranking from reference index, namely CATIA inde, assigned to
manipulator j.

n is the number of manipulators, which is 27 manipulators.

According to the description above, the sti ness ranking derences between each index to
the CATIA index can be calculated as follows:

4 Al = 8.741
- 4 Bend = 8.963
- 4 Rao = 9.778

Obviously, the results reveals that the fewest value of sthess ranking di erence4d is
obtained by sti ness index with all reaction forces and monms, about 8.741. Accordingly,
this index has a good relationship with CATIA index, which ca be useful to compute pareto
optimal solution in the next chapter.
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Pareto Optimal Solution

The actual design problems are commonly characterized bydlpresence of several con icting
objectives. For instance, maximize the sti ness while tryig to minimize the complexity perfor-
mance of manipulators. Thereby, the engineering design fmlems naturally appear as pareto
optimal solution where the designer requires consideringrae design criteria simultaneously.

In general case, trade-o0 exists among the objectives, wheeimprovement in one objective
cannot be reached without deteriorating another. A pareto mtimal solution rarely produces
a single optimal solution, alternatively, produces a set adqually valid solutions. Admittedly,
this chapter will determine and propose a set of manipulatsrwhich minimize the complexity
and at the same time maximize the sti ness by using pareto ophal solution.

Typically, there is no single global solution19], and it is often essential to determine a set
of points that comprises non-dominated pareto optimal setNon-dominated set is de ned as a
set of all solutions that are not dominated by any other solubn in the design space. It yields
to:

1. For any two solutions,x; and X», X; is said to dominatex; if these conditions hold:

X1 IS not worse thanxs in all objectives.

X1 is strictly better than x, in at least one objective.
2. If one of the above conditions does not hold,; does not dominatexs.

All pareto optimal points lie on the boundary of the feasibleriterion space 19 and create
the Pareto Frontier, as performed in Fig VI.1

Figure VI.1 Pareto Frontier
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Pareto Set of 2 DOF Manipulators

The goal of the pareto optimal solution in the type synthesiof 2 dof manipulators is to
minimize the complexity and at the same time to maximize thetsness performance. The
sti ness index which is used in this optimization processsithe sti ness index with reaction
forces and moments. In order to ease the computation procefise sti ness is converted into
compliance, given by:

cC=1 s (VL)
where:
C is the compliance.

S is the sti ness index.

Therefore, the pareto optimal solution will minimize eithe the complexity or the compliance
at once, as depicted in Figure VI.2.
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Figure VI.2 Pareto Optimal Solution of 2 dof Manipulators

Figure VI.2 demonstrates 8 points which lie on the pareto frdier. These 8 points correspond
to the optimal 2 dof manipulators which are recommended for the later design pess, they
are manipulator 1st, 2nd, 4th, 7th, 8th, 9th, 22nd, and 26th.
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The 1st and 2nd manipulator are 2-P and PP-RRR. They have simplest design among
others yet the sti ness is considerably low. On the contrarythe 8th, 22nd, and 26th manipu-
lators (respectively are 2-UPU-2-RR, 2-P(2-RPR), and 2-P(2-UU)) possess signi cantly high
value of complexity but they exhibit great sti ness performances. The 2-FP2-UU) is an vari-
ant of IRSBot-2, where P joint is modied by in IRSBot-2. The preferable values either
for complexity or sti ness, are obtained by the manipulator4th, 7th, and 9th (RRR-URU,
2-PRRR-RRR, and 2-PRRR-2-RRR).

Either D-SarruS with 2 or 4 actuators and IRSBot-2 are not inkuded in the pareto set.
However from Fig. VI.2, D-SarruS (with 2 and 4 actuators) is peferable than IRSBot-2 because
D-SarruS is not dominated by IRSBot-2, namely D-SarruS higr sti ness and less complex.

All 27 manipulators are summarized in Table. VI.1, attributed with their complexity value
and sti ness index.

Table VI.1 2 dof Manipulators with Complexity and Sti ness Values

No Manipulator K S
2-PP

1 0.392 0.358
PP-RRR

2 0.424 0.386
RPR-PRRR

3 0.511 0.429
RRR-URU

4 0.480 0.508
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Pareto Optimal Solution

Table VI.1 ~ Continued
No Manipulator K S
2-RPR-URU
5 0.612 0.655
2-UPU-RRR
6 0.680 0.693
2-PRRR-RRR
7 0.556 0.603
2-UPU-2-RPR
8 0.738 0.900
2-PRRR-2-RRR
9 0.591 0.715
2-_
10 0.560 0.458
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Table V1.1~ Continued
No Manipulator K S
_-RRR
11 0.475 0.436
_RR-RRR
12 0.564 0.452
2-_UU-RR
13 0.750 0.696
2- RR-RRR
14 0.655 0.595
2-RRR-2-R RR
15 0.628 0.685
2-_RR-2-UU
16 0.776 0.732
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Pareto Optimal Solution

Table VI.1 Continued

No Manipulator K S
D-SarruS (4-actuators)
17 0.710 0.428
D-SarruS (2-actuators)
18 0.710 0.437
2-(2-RRR)-(2-RPR)
19 0.763 0.465
2-P(2-RRR)
20 0.658 0.693
2-_(2-RRR)
21 0.707 0.307
2-P(2-RPR)
22 0.705 0.781
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Table VI.1 Continued
No Manipulator K S
2- (2-RPR)
23 0.759 0.325
2-P(2-RRP)
24 0.705 0.693
2- (2-RRP)
25 0.759 0.307
2-P(2-UV)
26 0.704 0.830
IRSBot-2
27 0.761 0.336
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Conclusions and Future Works

Summary

In this thesis report, 2 dof translational parallel manipulators were designed accairt to the
screw theory in [L7]. Various type of legs which have speci ed leg-wrench systewvere produced.
These type of legs were assembled to be parallel manipulatpeither with 2, 3, or 4 legs.

The existing type synthesis method based upon screw theorftexwards were developed in
order to discover novel 2of hybrid manipulators with two identical legs. Each leg is comosed
of proximal and distal modules. While for each proximal and idtal module consist of two
sub legs. By following the type synthesis process, numerotygpe of sub legs were created.
The hybrid manipulators were generated in spatial archité¢are but have translational planar
motions.

Once the type synthesis process was accomplished, the camfiy of manipulator con g-
urations were studied according to7]. The evaluation involved available information at the
conceptual design stage, for instance type and number of jt8, number of loops, and link
diversity.

Subsequently, the sti ness performances were examined ttugh several methods. The rst
sti ness analysis was done by using a method proposed by AR&0 [1]. All manipulators then
were investigated in CATIA regarding to their sti ness behaiour. New sti ness index was
introduced based upon the reaction forces and moments adion a link, in order to approach
the sti ness performance at the conceptual design stage.

Ultimately, several manipulators have been selected amory manipulators by employ-
ing pareto optimal solution. The pareto optimal solution ains to minimize the complexity of
manipulator and meanwhile to maximize the sti ness perforrances.

Major Contributions of the Thesis

The major contributions of this master thesis report are stizzd as follows:

1. Type of Legs for 2 dof Parallel Manipulators
According to the virtual chain approach proposed by1[7], the exhaustive list of type of
legs for 2dof parallel manipulators were provided in Chapter Il. Furthemore, these type
of legs were synthesized intensely to produce 7 type of legsieh are invariant leg-wrench
and free of inactive joint. These 7 type of legs eventually arvery valuable for designers
who intend to build another new 2dof parallel manipulator.
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2. New 2 dof Parallel Manipulators Based Upon Screw Theory
In Chapter Il, several new architectures of 2iof parallel manipulators were proposed with
2, 3, and 4 legs. The type synthesis process is based uponsctieeory which has not
been reviewed yet by Xianwen Kong and Clément Gosselin ih7]. Finally, this chapter
gives contributions and completes the type synthesis prain [L7].

3. The Screw Theory Method for Designing 2 dof Hybrid Manipulators with
Two ldentical Legs
In Chapter Ill, the screw theory for type synthesis of hybridnanipulators was developed.
This method was derived from Chapter Il which allows to:

Classify two types of 2dof hybrid manipulators with two identical legs.
De ne the wrench system for legs and sub legs.
Synthesize type of sub legs which are free of inactive joint.

De ne new conditions for the assembly process of df hybrid manipulators with
two identical legs.

Design IRSBot-2, which was invented by IRCCyN, Nantes.

4. Sti ness Analysis Based Upon the Reaction Forces and Mome nts
Chapter V develops new procedure to compute the sti ness germance of a manipulator
by considering the number of reaction forces and moments agj on a link. This method
allows to include the tension-compression e ects and pradithe sti ness at the conceptual
design stage. This idea could be a foundation for future resehes.

VI1.3 Future Works

Following the type synthesis of Zof translational manipulators described in this master thesi
report, a number of open problems could be taken up in the futa as follows:

1. Implement the type synthesis method (based upon screw thry) de ned in Chapter Il
to create other lower-mobility hybrid manipulators with various motion patterns.

2. Further re nement of type synthesis method proposed in Cipter Il

3. Deeper analysis of type of sub legs which are non-invaridag wrench system de ned
in Chapter Ill. An attempt should be made to synthesize, whdter they will be kept or
neglected.

4. Extending study of D-SarruS robot, since it is quite integsting. D-SarruS is assembled
only by revolute joints, in which each sub leg is invariant lg wrench system. Moreover,
it does not contain redundant twists and its complexity is laver than IRSBot-2.

5. Further improvement of sti ness index based upon the redion forces and moments pro-
posed in Chapter V. Measurement and experiment are requirdd con rm the results.
Hence, the results could represent the sti ness performam®f manipulators at the con-
ceptual design state.
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