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SUMMARY

This Thesis proposes definitions of novel perforoganndexes for parallel
manipulators. The first one, called Direction SelecIndex (DSI), can provide
uncoupled evaluations of robot translational cdfi@s along specific directions.
Such an index, which might be considered an extansif the traditional
manipulability index, overcomes the limitationsna@inipulability (but also of other
popular indexes such as the minimum singular vahethe condition number of
the Jacobian matrix) which just provides global lexions of the robot

capabilities that are often of limited practicaéfusness.

Afterwards, a new Task dependent Performance Irfd@&t) has been defined
based on the extended DSI formulation. TPI is aexnaimed at providing
evaluations of parallel robot performances in ekeguspecific tasks. What is
innovative in the TPI, is its accounting for rolkaematics and task geometrical
features concurrently.

The experimental investigations carried out on mroercial parallel robot have
proved the validity of the hints inferred throudje foroposed DSI formulation and
the reliability of the TPI formulation predictiorts the best relative positioning
between the robot and the task to be executed.

The TPI has also been employed as a design t@ol mptimization methodology
for choosing the lengths of some selected robéslitsuch a method as well as
the proposed indexes can therefore be appliedytparallel robot architecture, as

long as an inverse Jacobian matrix can be computed.






SOMMARIO

In questa Tesi vengono proposti nuovi indici di g@@ione per manipolatori
paralleli. Il primo, chiamato Direction Selectivedex (DSI), consente di valutare
separatamente le capacita di traslazione del labgb specifiche direzioni. Tale
indice, che pu0 essere considerato una estensiehdratlizionale indice di

manipolabilita, supera i limiti di quest'ultimo (ot a quelli di altri indici

conosciuti come il minimo valore singolare o il nenm di condizionamento della
matrice Jacobiana) che da solo delle valutazioolbal delle capacita del robot

che spesso non sono utili dal punto di vista poatic

Successivamente, e stato definito un altro indicBask dependent Performance
Index (TPI), basato sulla formulazione del DSITRI ha lo scopo di valutare le
prestazioni del robot riguardanti I'esecuzione pieafiche operazioni. L’aspetto
innovativo del TPI e rappresentato dal tener catglta cinematica del robot e
delle caratteristiche geometriche dell’'operazione.

Gli studi sperimentali condotti su un robot paidalldi uso commerciale hanno
dimostrato la validita dei suggerimenti ottenutraterso il DSI e I'affidabilita
delle previsioni del TPI nell'individuare la mighe posizione relativa tra robot e
task da eseguire.

Inoltre il TPI € stato utilizzato come strumentoptdogettazione in un metodo di
ottimizzazione per la scelta delle lunghezze dimilenembri del robot. Una volta
ricavata la matrice Jacobiana inversa del robotingdici proposti e il metodo di

ottimizzazione possono essere applicati a qualsiasipolatore parallelo.






Acknowledgments

I would like to express gratitude to my superviBoof. Giovanni Boschetti and to
Prof. Alberto Trevisani, Prof. Dario Richiedei aRdof. Roberto Caracciolo for

their kind suggestions and support.

This research has been realized thanks to the supp&SU, Fondazione Studi
Universitari Vicenza. | would like to express mynagre gratitude to the

Foundation for having sponsored my Doctoral cothsgughout the tree years.



Vi



Ringraziamenti

Prima fra tutti vorrei ringraziare mia madre chaiagjorno rappresenta per me un
esempio di forza e coraggio e mi ricorda quanto isiportante inseguire le
proprie ambizioni e i propri sogni. Poi tutta laanfamiglia, mio padre, i miei
fratelli e la mia nipotina Anna, che con caloreffetto mi sostengono nelle scelte

che la vita impone di fare. La solidita che ci geisla forza al nostro rapporto.

In questi tre anni ho potuto conoscere personenthleanno fatto comprendere
quanto sia importante impegnarsi in tutto cio chiastra questi Alberto, Dario,
Giovanni e il Prof. Caracciolo. Mettono grande jp@ss nel proprio lavoro e a

loro va tutta la mia stima.

Vorrei poi ringraziare tutti i colleghi che hannoncliviso con me questo periodo,
in particolare Gabriele, collega e amico, e ManRahgrazio tutti gli amici e tutti

coloro che credono nelle mie capacita e desideovdare Federico, grande amico
da sempre, ed Elisa, con la quale sono cresciatale devo molto. Anche se la
vita ci ha portato ora a percorrere strade diveseafo dal cuore di dover dire
grazie a Enrico, per diversi anni mi € stato vianbo avuto il piacere di crescere

insieme a lui.

..."Ciascuno di noi €, in verita, un'immagine del Gade Gabbiano, un’infinita

idea di liberta, senza limiti”.

Vi



viii



Contents

INTRODUGCTION ...ttt ittt ettt ettt et et e et e e e bt e e st e e e snbeeeesstee e e snteeesseeassseesanseeeanns 1
1 PERFORMANCE EVALUATION OF PARALLEL ROBOTS......ccociiieiiiiee e 5
1.1 LIt AtUI @ T VIBI .ottt e e e e e e 5
111, PerformanCe iNUEXES. .......cviiiiieie et 5
1.1.2. Performancelndexesadaptation for Parallel RODOLS..........ccvvveveeiiiiiiiiieeiiiiiee. 7
1.1.3. Manipulability INAEXES .......oooiiiie e a e e 9

2 DEVELOPMENT OF DIRECTION SELECTIVE INDEX FOR PARALLEL ROBOT

TRANSLATIONAL PERFORMANCE EVALUATION.....c.coovviiiiiiiiiee e 15
2.1. Direction SEleCtive INAEX (DS]) ...vueueieiiiiiiiiiiiieae et 15
2.2. DSl formulation for 4-RUU Parallel Manipulators................cooeeveccciivivvnvveennen, 18.

2.2.1. Thetrandational Jacobian matrix of an Industrial 4-RUU Manipulator .......... 18
23.  Numerical Investigation on Adept Quattro™ robot..............cceveveverevereeerieenenne 22,
231 DSIsvs. Manipulability .........cooiiiiiiiii e 22
24. Experimental Validation ..o eee e e 31
24.1. DSlsfor displacementsparallel tothethreemain axes.......cccccceevveeiieeeeeeeeennnnnnnn, 31
2.4.2. DSlsfor displacementsalong a generic direCtion.........cccueevveeiniiieeeeeniiiiieeennn, 41.

3 TASK DEPENDENT PERFORMANCE INDEX (TPI) AND OPTIMAL ROBOT

POSITIONING ... ot e e e e e e e e et e e et e e e et e e et eeeetn e ean e eanneeean 47
3.1. TPl analytical forMulation...........ceeeeiriiiiiiee e 47
3.2.  Numerical investigation on Adept Quattro™ robot ..........cccccceevvveeeeeievieeeeennes 49.

4 OPTIMAL ROBOT/TASK RELATIVE POSITIONING BASED ON TPI

MAXIMIZATION . ettt ettt e bt e e ea b et e e sbe e e e sab b e e enneesnbbeeeenneas 57
41. RObOt design OptimizZation............cooeiiiiiiii e e e 57
4.2. TPI maximization algorithm for optimal robot positioning..............cccuvveveeiiiiiinnnen. 61
4.3. TPI experimental Validation ..............eceiiiiii e 64

5 GEOMETRIC OPTIMIZATION OF PARALLEL ROBOT LINK LENGTHSBASED

ON TPI MAXIMIZATION ...ttt ettt s e e enes 73
5.1. Optimization methodologiesfor robotsdesign............cooveccciviiiiiiiie e 73
5.2. Formulation of Geometric Optimization Problem.............ccccoocviiiinnin 45
5.3. Numerical Examples and DiSCUSSION .......uuuuriiiiiiiiiiiiaaaeaaaeae e aeeeeeee e e e e e e e e e 77

CONCLUSIONS ...ttt e st et e s e e s e e e s e e snn e e s nn e e e nnnneeen 91

LiSt Of PUDIICALTIONS. ...ceeiiiiiiiiee ettt e s rnnn e s anneen e es 95

REFEIEINCES ...ttt et e e et e e e s a e s s 97






INTRODUCTION

The scope of this Thesis is to provide novel penfonce indexes specifically
developed for parallel manipulators and innovatiwethods for computing the
geometrical synthesis of robot or optimizing thealbon of tasks within the

manipulator workspace.

Performance indexes usually provide global evabmatiof robot performances
mixing their translational and/or rotational capiies. This Thesis proposes a
definition of a novel performance index, called daition Selective Index (DSI)
which can provide uncoupled evaluations of robahstational capabilities along
specific directions. Such indexes, which might basidered an extension of the
traditional manipulability index, overcome the ltations of manipulability (but
also of other popular indexes such as the minimimyutar value and the
condition number of the Jacobian matrix) which jusivides global evaluations of

the robot capabilities that are often of limitedgdical usefulness.

The DSI formulation is first presented within a gead framework, highlighting
its relationship with traditional manipulability filgitions, and then applied to a
family of parallel manipulators (4-RUU) of industrinterest. The investigation is
both numerical and experimental, and allows hidfiligg the two chief
advantages of the proposed DSIs over more conveaitioanipulability indexes:
not only are DSIs more accurate in predicting therkepace regions where
manipulators can best perform translational movesatong specific directions,

but also they allow foreseeing satisfactorily thy@amic performance variations



within the workspace, though being purely kinematidexes. The experiments
have been carried out on an instrumented 4-RUU cential robot.

The experimental investigation has been done madiagause the numerical
results highlight major differences in the bestf@@nance regions identified by
the DSIs and the manipulability indexes. The experits have been carried out
by instrumenting the robot with MEMS accelerometansl by making the robot
perform extensive tests consisting in constantttengertical and horizontal
movements of the moving platform within the wholerlsspace: the expected and
the real performances of the robot have then beepared. The results from the
experimental investigation prove the validity okthints inferred through the
proposed DSI formulation and hence its practicafulaess. In particular, as
theoretically expected, DSIs turn up to be far madescriptive than
manipulability.

Performance indexes can provide essential conipitsito such an evaluation, in
particular if they can account for the specific ktagith respect to which
optimization is carried out.

This Thesis introduces a performance index for [nmaanipulators called Task
dependent Performance Index (TPI), which explicalycounts for both robot
kinematics and task geometrical features. It isv@pdothat TPl can provide
accurate evaluation of robot performances in exegeneric tasks though being
a purely kinematic index. Hence, optimal robot/taslative positioning can be
straightforwardly achieved by maximizing the propadJ PI.

The TPI formulation is based on the one of Diratigelective perfomance Index

(DSI). In particular, the TPI definition explicithaccounts for the length and



direction of the sequence of translations to beoagpdished by a robot to carry
out a task.

As a proof of concept, the TPI formulation has besployed in a maximization
algorithm in order to optimize the location of sopiek-and-place tasks within
the workspace of an industrial 4-RUU parallel robbhe experimental results
collected provide adequate evidence of the effentgs of the proposed index
and of its usefulness in optimal robot positioning.

Considering that performances of parallel robote &ery sensitive to the
mechanism dimensions, the geometrical synthestheoimechanisms cannot be
dissociated from the analysis of performance irglicer criterions for
characterizing the behavior of manipulatdrs literature there has not been a
unified method for the robot design and it can bpronary importance to study
some useful methods which allow to understand #tationships between the
criteria and link lengths of the manipulators.

The experimental validation of DSI and TPl has teddevelop a geometric
optimization of parallel robot link lengths based | maximization.

The Thesis is organized as follows. In the firsaftier a literature review on the
performance indexes is proposed. The adaptatiopdi@llel manipulators of some
indexes firstly employed for serial ones is consde In the second Chapter the
DSI formulations suitable for displacements alohg txes of the robot world
reference frame first and then along generic doestare proposed. Moreover the
DSI definition is applied to the family of 4-RUU fadiel manipulators. The results
of a numerical investigation aimed at assessingcamaparing the shapes of the

DSIs and of manipulability indexes within the wqukse of the Quattro robot are



shown. Planar and spatial graphical representatibtiee shapes of the indexes are
provided. The experimental campaign and its resaits then presented and
discussed. Then, in Chapter 3, the proposed tgstdient index TPI is explicitly
introduced. Its definition is applied to the famdy 4-RUU parallel manipulators
and a numerical investigation is carried out tesgrthe differences between DSI
and TPI performance predictions. The optimal laragproblem is discussed in
Chapter 4. The results of the experimental testsiech out to prove the
effectiveness of TPI and of the maximization altion exploiting TPI formulation
are shown. A through comparison is performed batwaamnerical expectations
and experimental measurements. In particular, vetérence to the TPI, the time
taken to carry out several pick-and-place tasksomapared with the TPI values.
The comparison proves a satisfactory adherenceeketwhe TPl performance
variation predictions and the robot actual perforoes. It is shown that, an
optimal relative positioning between the robot artde task can be
straightforwardly achieved by maximizing the TPIhapter 5 is focus on the
optimization problem of choosing the lengths of somselected robot links
maximizing the TPI. The optimization methodologywmosed is illustrated with

examples involving the four-leg delta-like Adepta@uo parallel manipulator.

Finally, concluding remarks are provided in the Guosions.



1 PERFORMANCE EVALUATION OF PARALLEL
ROBOTS

1.1. Literaturereview

1.1.1. Performancelndexes

Performance evaluation is one of most importantessn the analysis and design
of manipulators. Indeed performance indexes mayigeouseful hints in the
design and optimization of robotSuch indexes can be defined for all kinds of
robotic mechanical systems and we focus here osetheferred to robots
manipulability and dexterity. Dexterity represethg ability of a mechanism to
move and apply forces in arbitrary directions aslgas possible.

In particular, a distinction can be made betweearall@nd global dexterity. The
local one characterize a mechanism dexterity atvangposture, while global
dexterity measures the overall dexterity of a mam.

In 1982, Salisbury and Craig firstly proposed a soea of local dexterity when
working on the design of articulated hands [SALISBU 1982A]. Such a
measure of the workspace quality is the conditiomiper of the transpose of the

Jacobian matriy:

k=cond(J") (1.1)

Some years later, Yoshikawa introduced the cone&ptanipulability, bases on

Jacobian matrix:



p=+/det(J-J") (1.2)

in order to find the best postures for manipulaf¥i®@SHIKAWA 1985].
The minimum singular value is another performamoex which can be used to

put an upper bound on required joint velocities [{lN 1987]. It is defined as:
Omin(J ]T) (1-3)

It indicates situations where excessive joint vitkes would be required, which is
a characteristic of nearness to singularities.

Subsequently, the reciprocal of the condition nuntbscussed in [SALISBURY
1982B], i.e.1/k, has been defined as the local conditioning ineRl) to
evaluate the control accuracy, dexterity and igptroof the mechanism
[ANGELES 1988]. In order to evaluate the dextertya robot over a given
workspace, the following adaptation is used by @lbssand Angeles in
[GOSSELIN 1991]. Such an index is basically angné mean of the condition

number:

Cle fw (1/k)aw
[, dw

G (1.4)



1.1.2. Performance Indexes adaptation for Parallel Robots

In [MERLET 2006] the definitions of manipulabilitygondition number, and
dexterity index have been revisited in order tapplied to parallel robots. Novel
formulations have been proposed, which are diffefrem the ones introduced in
[SALISBURY 1982], [YOSHIKAWA 1985], [KLEIN 1987], ANGELES 1988],
[GOSSELIN 1991].

Performance indexes based on Jacobian matrix maffdeted by the presence of
inhomogeneities in the velocity ratios that maydiéa ineffective results. Such a
problem was found in [ANGELES 1992] in the analysighe Jacobian matrix of
serial manipulators. It was solved by defining aarelsteristic length of the
manipulator and by proposing a weighting positivetni that allows obtaining a
homogenous Jacobian. Unfortunately such a solammot be easily extended to
parallel manipulators. The first formulation of anénsionally homogeneous
Jacobian matrix overcoming this problem for plaparallel manipulators was
introduced in [GOSSELIN 1992]. Such a Jacobianteslghe actuator velocities
to the ones of the Cartesian coordinates of twatpaf the mobile platform.
Following such a reasoning, in [KIM 2003] a new dimsionally homogeneous
Jacobian matrix was formulated by relating the eiles of three points (coplanar
with the mobile platform joints) to the actuatoresn The same approach has been
proposed in [KIM 2004] for force transmission arsatyand then it has been
reformulated in [POND 2006] for the dexterity argasyof parallel manipulators.

A simple performance index based on Jacobian mh&rsxbeen also presented in

[MAYORGA 2006]. The proposed index is derived byveeping an upper



bound on the norm of the rate of change of the klanomatrix. Such an upper
bound has a significant role in a sufficiency cadiodi for Jacobian rank
preservation. It is proved that the index proposedPOND 2006] provides
information coherent with manipulability [YOSHIKAWA985] and the condition
number [SALISBURY 1982], while being easier to cartg

In [LI 2006A] the dexterity index has been expldit®gether with a space utility
ratio in order to compose a mixed performance indexoptimizing translational
parallel manipulators. The introduction of the spadility ratio index ensures
avoiding disproportion between the reachable wak&spsolume and the structure
of the robot by using the ratio between the totalrkspace volume and the
physical size of the manipulator.

A performance investigation on translational pa&taknanipulators has been
presented in [XU 2008]. The performance index \&giby the minimum and the
maximum eigenvalues of the stiffness matrix obtdifeom the Jacobian as
proposed in [GOSSELLIN 1990]. The effectivenesshes index has been proved
by applying it to an innovative parallel manipulatehose kinematics is analyzed
in [LI 2006B].

Successively, in [MANSOURI 2009] and [MANSOURI 2Q1& kinetostatic
performance index, called Power Manipulability Haesen introduced. Power
Manipulability is related to the power within theeaihanism, and is fully
homogeneous, whether the manipulator containseagtints of different type, or
the task space combines both translation and oatatiotion.

A different approach for the computation of mangiat dexterity has been

proposed in some recent studies ((WANG 2009] andR@ 2010]), where a



generalized transmission index that can evaluaertbtion/force transmissibility

of fully parallel manipulators has been definedtlgh virtual coefficients and not

through Jacobian matrix. Contrary to the other xede such a transmission index
is frame-free (i.e. its value does not depend enrétierence frame in which it is
computed).

Moreover, it can be used to identify a good trassion workspace, where not
only is the parallel manipulator effective in termsmotion/force transmission,

but also far from its singularities.

1.1.3. Manipulability Indexes

All the aforementioned indexes provide global eatibns of robot performances
mixing the translational capabilities of robotstbe rotational ones. However in
[MERLET 2006] the concept of manipulability has besxtended to evaluate the
translational and rotational capabilities of paathanipulators. In such a case the
Jacobian matrix has been split in two submatriteand/,., evaluated separately.
The congruence equation of the position analyses pérallel manipulator can be
generally defined aB(q, x) = 0, whereq denotes the joint variable vectarthe
generalized coordinates of the end effectBr,is an n-dimensional implicit
function ofq andx, ando is the n-dimensional zero vector. By differentigtthe
congruence equation with respect to time, the viglocrelation

Jx-x—J,-q=0is achieved, wherg, = df;/0x; andJ, = —0f;/9q.



The two matriceg, andJ, are then X n Jacobian matrices of respectively the
end-effector coordinates and the joint variableghSmatrices obviously depend
on the configuration of the manipulator. From thegeations there immediately

follow the expressions gt = J;* - J, andJ~': = J;' - J, and also the solutions of

the forward £ =J-q) and of the inverseq(=J!-x) velocity kinematic

problems.

In parallel robotics forward position kinematicsusually harder to solve than
inverse kinematics. Sometimes the analytical smubf the forward problem is
not even available. Hence the analytical expressidhe inverse Jacobian matrix

J1is usually easier to achieve thian

One of the most popular performance indexes igrtheipulability index whose
formulation is reported in equation (1.2). Suchiradex was conceived for serial
robots, hence it is based on the Jacobian matrikeoforward kinematic problem.
However, as previously discussed, in parallel maaiprs the inverse Jacobian
matrix is usually available, which suggests int@idg some small changes to the
index definition. By recalling that ifi; are the eigenvalues of a generic square
matrix, the eigenvalues of its inverse ayd;, and that the determinant of a matrix
is equal to the dot product of its eigenvaluesefndion of the manipulability

more suitable to parallel manipulators can be refir

u= (1.5)

/det(,—T . ]—1)

10



By making use of such a definition, the valueg dfecome comparable with those
computed through Yoshikawa’s formulation, and beeadentical to such values
in case of square Jacobian matrices. Moreovenahes taken by are coherent

with the singularity analysis for parallel robotfided in [21].

Other measure criteria of manipulability can bedusethe performance analysis of
parallel manipulators [MERLET 2006]: manipulabilitan indeed be also defined

by means of

. . 2
« the Euclidean norm (or Frobenius norm) || - J|lp = [37_|ay;]

« the infinity norm[|J - J"|l e, = max;cicm =4 |aj|

wheregq;; are the elements of the matfixJT. By following a reasoning similar to
the one leading to Eq.(1.2) from Eq.(1.5), thedwihg further definitions of

manipulability can be provided for parallel mangtoks:

R — (1.6)
™7l
oo 1 (1.7)
S TR T '

In order to try discriminating the performancesatetl to linear and rotational
displacements of the end-effector of a robot, teBian matrix may be split into
two partsJ, andJ,. (J = [J; | J,]7), which can be evaluated separately [MERLET

2006]. The submatriy, contains the ratios between the end-effector l@tioas

11



and the joint displacements; the submajrixhe ratios between the end-effector
rotations and the joint displacements. Hence, iiffeperformance indexes can be
computed making use ¢f andJ,. Of course, such indexes still provide a global
evaluation of the performances mixing either tlamgstational capabilities of robot

in the three directions or the rotational ones.

When parallel robots are considergdand/,. are more easily computed through

inverse kinematics: consider

+ the matrixJ,,, submatrix ofJ, comprising the partial derivates with
respect to the translational coordinates of theedfettor,
* the matrixJ,,, submatrix off, comprising the partial derivates with
respect to the rotational coordinates of the emlekctdr.
In the following Eq.(1.8) the matricgs! andJ;! are then the inverse matrices

for the translational and the rotational inversiey analyses:

t_1=]c;1']xt ];1=];1']xr (1.8)

The analyses based on the Jacobian submgfrixand the values of the
performance indexes that may be computed from suchatrix, are usually
affected by the units adopted to measure the efiedtef velocities and the joint
ones. Some “normalization” criteria hence needa@tiopted to make the results
of the analyses comparable regardless of the festof the manipulator active
joints (see references [KIM 2003] and [MA 1991])s Ahe matter of fact the

coefficients off;! are the ratios between the linear velocities efehd effector,

12



and the velocities of the active joints, which ntidie either translational or
rotational. In case of fully translational jointee analysis of the matrik ! can
be directly performed and leads to dimensionledsxas. Alternatively, if active
joints are rotational, in order to keep the perfance indexes dimensionless it
may be appropriate to modify the elements of mgigixso as to relate the end-
effector translational velocities to the tangerbeties of the drive cranks, rather
than to their angular velocities. A new dimensisslenatrixJ,} can therefore be
adopted when the active joints are rotatiogig}: is obtained by pre-multiplying

J:! by a diagonal matri® made up of the lengths of the drive cranks:

Jot=D-Ji*  Jpr=J;-D7! (1.9)

By replacing/~! (and its transpose matrix) in Egs. (2), (3), atiWithJ;* orJp!
(and its transpose matrix), according to the femtuof the active joints, it is
possible to get the manipulability indexes refagrio end-effector translational

degrees of freedom. In particular, in case of fuliational active joints, it holds:

1

Uy =
Jdet(]Dt_T ']Dt_l)

(1.10)

,uF— ! 1.11
‘ ”]Dt' Dt“ (1.11)

13



1

'uoo
BT

(1.12)

Hence, the obtained manipulabulity indexes permistinguish the end-effector

translational degrees of freedom from the rotationas.

14



2 DEVELOPMENT OF DIRECTION SELECTIVE
INDEX FOR PARALLEL ROBOT
TRANSLATIONAL PERFORMANCE
EVALUATION

2.1 Direction Selective Index (DSI)

The direction selective index (DSI) allows evalogti independently the
translational capabilities, and hence the perfosaanof a parallel manipulator

along the axes of its world reference frame.

The idea behind DSIs relies on further splittingtmcas J;* or J,1 into three
column vectors in order to analyze robot perforneanalong specific directions.

As an example the following holds in case of fultyational active joints:

ot = Ux' Iy 1JZ'] (2.1)

The meaning of these column vectors is apparentetamplej;! contain the
velocity ratios between translations along ¥axis of the world reference frame
and rotations of the joints. In other words, it aéses the effect on the joints of
displacements along th¥ axis. Keeping this in mind, the DSI can then be

straightforwardly defined by replacigg? (and its transpose matrix) wifij (and

its transpose vector) in Eq.(1.5):

15



1
J det(J5T - J51)

Ho = (2.2)

Wherep can be any directiok, Y or Z of the world reference frame

The DSIs uy,uy and u, are here proposed to evaluate independently the
translational capabilities of a manipulator alohg taxes of its world reference

frame.

The performances along any other relevant directian be straightforwardly
evaluated by suitably rotating the world referefraene so that one axis coincides

with the selected direction.

Let us consider a generic direction of moti®(see Fig. 2.1)

:XR

Zr Ye

Fig. 2.1 Schematic representation of the worldresfee frame and of a rotated reference frame

with the Xy axis parallel to the generic directiBn

Let us introduce a reference fram¥;( Yz, Zgz) with the Xg axis parallel to the

direction of motiorR, and the other axis arbitrarily oriented.

16



Let us denote withR the rotational matrix that describes the orientatdf the

reference frameX, Yz, Zz) with respect to the world reference frarieY, 2).

Starting from the solutions of the forward € J - ¢) and of the inversaj(= J ! -
x) velocity kinematic problems, we can consider #rat translational velocity,
of the end-effector along th¥, axis can be expressed in the world reference

frame by means of the following relation:

X, = R ip (2.3)

Moreover for linear displacement we can write:

q=J;' % (2.4)

where vector, is the translational part af (x := {x7|xL}7).
Afterwards, by definingj, = D - ¢ the following velocity equation can be written:

ap =Jpi * X¢ (2.5)

The dimensionless matrik;} can be adopted when active joints are rotational.

Equation (2.5) can hence be rewritten in the form:

dp =Jpt "R~ xg (2.6)

where the column vectors of the matfj - R can be denoted as follows:

17



Joi - R:=Uxg | Jvz | Jzk] (2.7)

Jx+ contains the velocity ratios between an end-effettanslation along the

generic directiorR and the congruent joint rotations.

There immediately follows that the DSI formulatiep accounting for translations

along a generic directidris:

_ 1 (2.8)
VdetUxg - Jx%)

Ur

2.2. DSl formulation for 4-RUU Parallel Manipulators

2.2.1. The trandational Jacobian matrix of an Industrial 4-RUU
Manipulator

In order to assess the capability of the proposééexes to foresee manipulator

performance variations along selected directioms,definitions provided fop,,

anduy have been applied to a generic 4-RUU parallel mdator.

4-RUU manipulators are four-leg and four-degredér@édom parallel
manipulators conceived for performing high-speedi lsigh-acceleration pick-and-
place operations. The kinematic and dynamic mofiglghis family of parallel
robots is reported in [COMPANY 2009]. Due to thaichitecture these robots can
produce Schoéenflies motions (i.e. translations glie X, Y andZ direction and a

rotation about th& axis), which are required in most pick-and-plaperations,
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including packaging, picking, packing and palletgitasks.Figure 2.2 shows
picture of the robot and schemally depicts its architecture, its workspace,
location of its world reference frame and the wpdee chief geometric
parameters. In Fig.2.2(b) it has been highlighted he location of the center
the mechanical interface (and consequently ool center point (TCP) in case
tool is defined or connected to the interface)fiset from the center of the movii
platform by a distance equal p in the positiveX direction As a result of th
platform design, the relative position betweendénter of the platform and that
the mechanical interface does not change aftesla@ons or rotations. All th
numerical and experimental analyses carried ouhisywork are referred to tt
tool center point, being such a point of chief iaggs fo the robot use The robot
moving platform takes the shape of a rhombus wiside has lengtli2d. The
platform is connected to the fixed base by founta®l RUU serial chain legs, i.

legs with one revolute (R) and two universal (Uhis (see Fig.2).

Fig. 12 Picture andchematic representation the Adept Quattr™ and ofits workspace
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The values of the workspace and geometrical passetre collected in Table

2.1.

Table 2.1 Geometrical parameters of the Quattrotrabd of its workspace

Values
[mm]
275
375
825

75

780
220
200
700

1140
30.8

Symbol

T3 SQ 0D Q0 OT®

Let {x,, Vo, Zo, 0o} be the end-effector pose, afugl, 0, 3, .17 the active joint
coordinates. In order to compute the performandexas for the studied family of
parallel manipulators, since the active jointsalleotational, the following

formulation of the translational matrfy; is used:
Jot =Jg" D Jxe (2.9)

Matrix]g1 is the inverse of the Jacobian mafijxand is defined as follows:

— 0 0 O
]‘h
0 ! 0 O
o Ja, (2.10)
a - 1
0 0 — O
JQ3
1
0O 0 0 —
JQ4—
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with:
Jg; =Db [zo cos @; + (a — Xg — dTﬁ —d cos (% — 00)) sin (pi] (i=1,3)

Jg; = b [zo cos@; + (a — Yo — de/§ + d sin (% - 90)) sin(pj] (=2,4)

Matrix J,. is the translational part of the Jacobian mafrixand is defined as

follows:
Xo+A+B—-C, y,+D-—-B zo — E;
| x+4-B yo+D+B—C, zy—E, (2.11)
Jor = xo—A—B+C; y,—D+B zy — Ej
xo—A+B Yo—D—-B+Cy zy—E,
where:

A=dcos(%—00), Bzdg, Cy, = a + b cos ¢y, D=dsin(%—00), and

Ey = bsing, (k=1,...,9.

Finally, matrix D takes the following formD = b - I,, wherel, is the identity

matrix of size four and is the crank length.

The DSlu, can be computed through the Egs. (11), (12), 28y by simply

extracting the column vectofg?, J;* andj;* fromJp1:

T
-1 _ -1, Xg+A+B—-C(;, x +A—B, xO—A} _
S =14 { —B+Cy xg—A+B b (2.12)
T
-1 _ _1. yO+D_B, y0+D+B_C2, yO_D} .
]El 2151'{20_51; zy — Ey, zy — Ej3, ZO_E4}T'b (2.14)
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2.3. Numerical | nvestigation on Adept Quattro™ robot

2.3.1. DSIsvs. manipulability

A numerical investigation has been carried out pgly@ng the theory developed
above to an industrial 4-RUU manipulator (the Ad€utattro). The goal of the
investigation is to point out the different sugg@ss provided by the DS|sy, uy,

andpz and the manipulability indexes, in terms of regiah the workspace where
the robot performances should be optimal. In orterachieve exhaustive
predictions of the robot performances over its Wirkspace (shown in Fig. 2.2),
it has been necessary to discretize the workspaoagh a regular and thick grid.
The grid has been constructed by selecting 12 Bgspaced horizontal planes,
located atz, (u=1,...,12 in the robot world reference frame. Half the @an
belong to the upper cylindrical region of the waq&se, half to the lower
truncated conic region. Each plane contains 11 emnic circles of radius,

(v=1,...,10. Each circle is split into 36 points with polangde 6,, (w=1,...,36.

Hence, the grind comprises 396 points spread tlrdhbg entire volume of the

workspace.

The cylindrical coordinates of each poibf the grid have been transformed into
Cartesian coordinates in the robot world frame gisthe following basic

expressions:

Xp =1,C0s0,, (2.15)
Yp =1,Sin 6,
Zp = Zy,

22



The performance indexes in all the grid points hifvem been computed by setting
X9 = Xp, Yo = Yp andz, = zp. The rotation of the end-effectof,) has instead

been set equal to zero in all the grid points.

Figures 2.3 through 2.8 show the values taken bynilanipulability indexesu;,
(Fig. 2.3),uf (Fig. 2.4), u (Fig.2.5) and by the DSlgy (Fig. 2.6), uy (Fig. 2.7),

andu; (Fig. 2.8) over the robot workspace.

In these figures a spatial view of the shapes efittiexes is given. So as to
simplify the comparison among the predictions @& thdexes, regardless of each
index values and range of variation, the best pexdnce regions take dark red

color in all the figures, while the worst perforncarregions take dark blue color.

085
08
075
800
107
900 - 1065
£ -1000- 100
N 1055
1100
105
1200 045
500 04
035

500 -500

X [mm]

Fig. 2.3 Manipulabilityindex u; .
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Fig. 2.4 Manipulabilityindexuf .
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Fig. 2.5 Manipulability indexu{°.
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Fig. 2.8 DSlu,.

It may be immediately recognized that the maniglitabndexesyu,, uf and u°
have similar shapes: these indexes depict sphdikealand concentric
iIsomanipulability surfaces. The indexes always tiesr best values in the inner
regions of the workspace, which are hence idedtibs the best performance
regions. The vertical position of such regions delseon the formulation chosen.
The index values then decrease in the regions rclos¢he boundaries of the
workspace. The shape shown by the manipulabildigxes is rather intuitive: the
best manipulator performances seems to be acheeidde to the center of the
manipulator workspace. However, considerably dgfférhints comes from the
DSIs uy, uy, anduy, i.e. when considering the expected performances f

translations along different directions.
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Let us first consideuy and u, (Figs. 2.6 and 2.7), whose shapes are nearly
identical, apart from a rotation byv2 radians about theZ axis. The
isomanipulability regions are no longer spherided-land concentric, but rather
half-oval in the best performance regions and tatlblike elsewhere.
Additionally, the best performance regions are located at the center of the
workspace but they are close to the boundariessgminetrical across the axis
orthogonal to the selected direction (e.g. orthedtm axisY in the case ofiy, see

Fig. 2.6). The worst performance regions are immsteéa ones which are furthest

from the symmetry axis.

As far asu; is concerned, Fig. 2.8 shows that the best vatdigbe index are
found in a ring-like region surrounding the uppertpof the workspace. Less

satisfactory values are instead computed for tiveldgart of the workspace.

A better understanding of the shapes of these exlean be obtained by plotting
the values they take on some significant sampleeslaA few examples are shown
in the figures from 2.9 through 2.13, where isorpalability curves are shown.

These figures allow highlighting better the difieces between DSIs and
manipulability. Since the shapes of the three maalplity indexes are alike (see
Figs. 2.3, 2.4, and 2.5), and are very differeatrfrthe ones of the DSls, in the
following analyses and figures only the manipuiépindex u, will be compared

with the DSIs.
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Fig. 2.9 Manipulability index; in theXY plane Z=-900).
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Fig. 2.11 DSluy in theXY plane Z=-900).

Figures 2.9, 2.10, and 2.11 show the values takehelXY plane with coordinate
Z=-900 by the manipulability indep,, and by the DSIgy anduy. Such figures
clarify the abovementioned differences between ltlest performance region
predictions. It is apparent that the usgiposeems to lead to conclusions that are in
misleading: for example the existence of four Ipestormance regions rotater?
radians with respect to each other, is in contrast the results provided by the
DSIs, where two best performance regions rotategith respect to each other
appears close to the workspace boundaries and dyiceiig displaced across the

direction orthogonal to the selected direction otion.

The values taken in théZ plane with coordinat¥=0 by u,, and by the DSk, are
instead plotted in Figs. 2.12 and 2.13. The maalglity index u, (Fig. 2.12)
reaches its best values in a region located clmgbe middle of the axi¥, and

close to the bottom (i.e. to low values &f of the this planar slice of the
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workspace. The manipulability values decreaseeratieas close to the boundaries

of the workspace and take the less satisfactoryegadt the top of the workspace.

Conversely, Fig. 2.13 shows tha} takes its best values in a curved region
crossing the planar slice of the workspace andeasty the very best values at the
upper right and left boundaries. The region clas¢he bottom of workspace is

where the less satisfactory values are computed.
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Fig. 2.12 Manipulabilityindexy, in theYZplane K=0).
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24, Experimental Validation

2.4.1. DSlIsfor displacementsparalle to the three main axes

The numerical results shown demonstrate that taeresignificant discrepancies
between the predictions made by manipulability xedeand the DSIs. In order to
assess experimentally which indexes provide theé freslictions, some relevant

experimental tests have been carried out on th@tAgeattro manipulator.

The experiments have been carried out with twoabijes:

» evaluating the velocity performances of the robotimg platform within

the workspace
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» verifying whether any comparison can be made beiwbe measured
performance variations and the predictions inferted the indexes

analyzed.

The moving platform of the Quattro robot has beaetrumented with an uniaxial
PCB MEMS accelerometer model 3741 (see Fig.2.1téyredtively employed to
measure accelerations along the X and the Z ax¢keofobot world reference
frame (see Fig.2.1). The adopted accelerometeahmsasuring range of = 30 G
and a frequency range between 0 (DC) and 2 kHz.H&M MGC signal
conditioner with  ML10 modules has been used to powee MEMS
accelerometer and to filter its output signals ¢av-pass filter having a
Butterworth characteristic and a cut-off frequen€®00 Hz has been employed).
The filtered data have been acquired and loggethégns of an LMS Pimento
analyzer. Finally, experimental data have beengs®sed (high-pass filtered and
integrated numerically) and compared to the perforwe index values using

Matlab-Simulink.

The experimental tests have been carried out penfigr several repetitions of
either straight horizontal displacements or striaigintical displacements in all the
grid points into which the workspace has been ,splitd where performance

indexes have already been computed.
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Fig.214(a) The MEMS accelerometer (in the dotted circle¢di on the moving platfori
(b) The experirental setuj

As far as the Adept V+ software program writtemuo the robot is concerned, it

worth highlighting tha

- the “continuous path” feature of the robot congolhas been disabled

avoid modifications of the desired path duringtieniptlator motion

- the “speed” command has been set equal to 100%n{.epeed limitatio

has been introduced in path planni
- the sharpest acceleration profile (sq-wave) has been adopt

As far as the horizontal (along thX direction) displacementsre concernec
around each grid point the e-effector has been made perform a sequence «
30 mm straight forward displacements and five 30 mimaight backward
displacements. The pe-to-peak amplitude of the displacements is 60 mm.
midpoint of tlese displacements coincide with the grid point w©@med. The
repetition of identical displacements has beenvat#d by the need of checki

the repeatability of the measured accelerai
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Similar tests have been carried out with verticapldcements (along th&
direction): at each grid point the robot TCP hasrbmade perform a sequence of
six 30 mm straight upwards displacements and fi@enfn straight downward
displacements. The peak-to-peak amplitude of teplaliements is again 60 mm,

and the midpoint of these displacements coincidke thie grid point considered.

The acceleration data collected during the test® Heeen processed in order to
gather the maximum horizontal and vertical veloeithieved by the robot TCP at
each grid point. Maximum velocities are necessaelyched at the midpoints of
the displacements (i.e. at the grid points of gd&s). As previously mentioned,
velocities have been computed from accelerationsuoyerical integration. Signal

detrending has been obtained by filtering the @&taébn signals through a second

order Butterworth highpass filter with passbandjiéiency at 0.2 Hz.

A sample plot of the horizontal velocities computedshown in Fig. 2.15. The
same figure also shows the displacements comphtedgh double integration:
the mentioned 60 mm peak-to-peak amplitude of tigplatements can be
recognized. By comparing the two plots it can bsoalerified that maximum
velocities are reached at about the mid point®piaths. The same considerations

hold for the vertical velocities (see Fig 2.16).

For each direction of motion (horizontal or verfjcand for each sequence of
displacements (i.e. for each grid point), the vemgximum absolute value of
velocity achieved during the repetition of the thgements has then been detected
and related to the grid point. For example, theueslcomputed for the points
belonging to the horizontal half-plaér at Z=-900 mm and to the vertical plane

YZ at X=0 mm are plotted respectively in Fig. 17 (b) andrig. 18 (b) (at the
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bottom of the figures). Velocity values have beemmalized in order to take 1 as

the maximum value.

Figures 17 and 18 also show the values taken bgttlted performance indexes
in the same planes: manipulability indexis shown in Figs. 17 (a) and 18 (a), the

DSlIsuy andu, are shown in Figs. 17 (c) and 18 (c) respectively.

[m/s]

[mm]

I
I
I
I
I
I
1 i
| |
500 1000 1500 2000

Fig. 2.15 Sample horizontal velocities and disptaeets of the robot TCP measured at a grid

point of the workspace.

[m/s]

[mm]

2000

Fig. 2.16 Sample vertical velocities and displacetsief the robot TCP measured at a grid point

of the workspace.
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It can be immediately recognized that in both cakegproposed DSlgy andu,
show shapes very similar to the normalized maxinvetocities. Not only do the
best performance regions predicted by the DSlwédil with the experimentally
recorded data, but the performance variations éeredy DSIs seem to be in good
agreement with the recorded velocity variations.a¥Vis more important, the
predictions provided by DSIs are considerably naweurate than the predictions
provided by the manipulability index,, which, in the case of horizontal
displacements (Fig. 2.17), suggests four inexidbest performance regions, and
in the case of vertical displacements (Fig. 2.X&8)mpletely misses the best

performance region locations.

As final evidence of the usefulness of the suggeBt8ls, in the figures from 2.19
through 2.22u;, uyx, and u, have been related to the normalized maximum
velocities achieved at each grid point of the waftand horizontal planes shown in
Figs. 2.17 and 2.18. Generally speaking, thoughdefitions of the adopted
indexes are purely kinematic, it would be informatifor good performance
indexes to provide satisfactory estimates of dyngmrformance variations within
the workspace. In other words, a performance indexid be practically useful if,
for example an increase of the robot velocity cobkl predicted through a
corresponding increase of the performance indegurEs 2.19 and 2.21 show that
this is not the case when manipulability is consde there seems to be no
meaningful correlation betwean, and the TCP velocities in the horizontal and
vertical directions. On the contrary, Figs. 2.2@ &i22 prove that data are less
scattered when the DS|sy, and u, are considered: a satisfactory correlation

appears between the DSIs and the velocity values.
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2.4.2. DSlIsfor displacementsalong a generic direction

In the following experimental campaign the accealeraof the robot TCP has been
measured by two uniaxial DC accelerometers (one R@ilel 3741 with
measuring range + 30 G and frequency range DC-2 &htk one PCB model 3711
with measuring range £ 2 G and frequency range BC-Biz). Absolute
acceleration has been computed as the resultartbrvet the acceleration
components detected along the two orthogonal meamnt directions of the DC

accelerometers (see the accelerometer mountingdosan Fig. 2.23).

Fig. 2.23 The DC accelerometers (in the dottedesjdixed on two orthogonal surfaces of the
moving platform.

The workspace has been discretized through the sagutar and thick grid of

4752 points presented in subsection 2.4.1. At gachpoint the robot TCP has
been made perform a sequence of five 30 mm striogliard displacements along
a selected direction and five straight backwardsgpldcements along the same
direction. The peak-to-peak amplitude of the disphaents is 60 mm. The

midpoint of these displacements coincide with theé goint considered.
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The features of path, speed and trajectory planadapted in the experiments of

subsection 2.4.1 have been used in this investigati

The very maximum velocity achieved during the rijoet of the displacements
has been associated to the grid point and comparbe ., value computed at the

same points using Matlab-Simulink.

Figures 2.24 and 2.26 show isolines gf referred to two different directions
(discussed below), while Figs. 2.25 and 2.27 shbes normalized velocities

recorded along the same directions. The velocityegahave been normalized in
the sense that they take 1 as the maximum valueisbtines have been obtained

by interpolating the values referred to the 396 gwints belonging to the plane.

In particular, Figs. 2.24 and 2.25 refer to disptaents in the horizontal plaxey
at z=-900 mm and along directions parallel to ¥Xyeaxis of the reference frame
obtained rotating about thaxis bya = 70° the world reference frame. In such a
case, the rotational matriR takes the following simple formR = R,(a) =

sina cosa Of.

[cos a —sina O]
0 0 1

In Fig. 2.24 it can be seen that the best perfoomaagions (bordered by the lines
in darker colors which are related to highgrvalues) have approximately an half-
oval shape and are located close to the workspawedaries, symmetrical across
the axis orthogonal to the selected direction. Binmesults have been obtained
experimentally: by comparing Fig. 2.24 with Fig22.it can be noticed that the
performance variations foreseen jgyare in good agreement with the normalized

velocity variations recorded at the same grid [goint
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A second comparison between index predictions aswbrded velocities is
proposed in Figs. 2.26 and 2.27. It refers to dispinents along the direction taken
by the Xg axis when the reference fram&g( Yz, Zz) is rotated by an angle
B = —70° about theY axis of the world reference frame. Hence, makritakes the
cosf 0 sinp

formR = R,(B) = [ 0 1 0
—sinf 0 cosp

. DirectionR lies in theXZ plane, hence

only its projectiorR, on theXY plane is shown in the Figs 12 and 13.

In detail, Fig.2.26 shows the; isolines computed in the horizontal plaXey) at
z=-900 mm.uy reaches its best values in a region bordered thycobor lines
located close to the right boundary of the platiae ©f the workspace and takes
the less satisfactory values on the opposite gatteoplane. The isolines inferred
from the normalized velocity values recorded atdame grid points are shown in
Fig. 2.27. Again, it can be recognized that thded#ént performance regions
predicted by the DSI fit well with the experimemgatecorded data: the DSI
isolines show shapes very similar to the ones ef tlormalized maximum

velocities.

In conclusion, the comparison among the values SisDnanipulability, and the
normalized maximum velocities experimentally re@ordperforming horizontal
and vertical movements in a large number of pdras demonstrated that DSls
can better foresee the best performance regiomsnwiie workspace and that the
performance variation predictions made throughDisds are in good agreement

with the recorded velocity variations.
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3 TASK DEPENDENT PERFORMANCE INDEX (TPI)
AND OPTIMAL ROBOT POSITIONING

3.1 TPI analytical formulation

The proposed TPI index is task dependent in theestrat the index computation

takes into account the sequence of movements &zdmmplished by the robot to
carry out a complete task.
In order to infer the general TPI formulation, et consider a generic robotic task

from a start point (sp) to an end point (ep) whps¢gh comprises a series of

straight-line segmentsconnected by via points (ypas depicted in Fig. 3.1 (a).

VPj+1

VPj+2 Upi i
Vp‘%JVp\ Ri HRi
/ ) / l

li li

®----
®----

®----
®----

D
®----

i
1
° p
s

P @ (b) ©)

Fig. 3.1 The path related to a generic task (ag. Sdme path split into a series of segments (b) or

sub-segments (c).

Generally speaking, when uncoupled DSIs are aveaifab horizontal and vertical
movements, they may be usefully adopted to forpsermances on those tasks

(e.g. the pick-and-place task), which consist aftcmous sequences of vertical

and horizontal displacements.
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Once the directions of the path segments are knawsingle DSI 4z;) can be
computed at eachth segment midpoint: see Fig. 3.1 (b). Afterwaristhe basis
of the lengthl; of eachi-th segmenbf the path, the weighted average of all the
DSiIs along the path can be computed. The weigbkts@nputed by comparing the
lengths of the segments to the total length oftés& path. Such an average leads

to the following TPI definition:

Yicibgi i (3.1)

n
i=1 li

TPI =

wheren is the number of segments into which the patlplis s

More accurate TPI values can be achieved by fudpétting the segments into
sub-segments of either identical or dissimilar tangee Fig. 3.1(c)). At each sub-
segment midpoint it is possible to compute the R&ue and then replicate the

averaging procedure leading to TPI computation.

It is important to underline that the analytical | Tékpression in Eq. (3.1) is
invariant with respect to the choice of the fixeterence frame and can be used to
evaluate the performance of a robot in a spe@sk bf interest. Additionally, as it
is discussed below, it can be usefully employeddtermine the optimal relative

position between a robot and an assigned task.
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3.2. Numerical investigation on Adept Quattro™ robot

In order to validate the effectiveness of the pemgabTPI index and to show its
straightforward applicability to parallel robot opal positioning, the theory
above has been applied to the execution of a pickpdace task by the industrial

parallel robot Adept Quattfy.

The tasks evaluated are pick-and-place ones, wdrielvery popular in industry,
and in particular in the typical fields of applicat of parallel robots, such as
assembly and packaging operations, palletizingditep and unloading of

conveyor belts, etc.

Pick-and-place operations are commonly related path which takes the shape
depicted in Fig. 3.2: it consists of a first strdigertical motion at the pick-up
location (from the starting point sp to the viargovp,), followed by a straight
horizontal motion (from vpto vp) and by another straight vertical motion at the
placement location (from ypo the end point ep). The lengths of the threscdi

segments are denoted respectivelylhy, L;, andL,,; L,; andL,, are often

identical.
vpf o I. vp:2
sp ep

Fig.3.2 The pick-and-place task path and its mangetrical parameters.
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Figure 3.2 also shows the location of the refergainat rp associated to the path.
Since the task path is symmetrical, the midpoirthefsequence of movements is

the preferred choice for placing rp.

Table 3.1 collects the total length{). of the pick-and-place path considered in
this investigation, as well as the lengths of égreentsI(,,, L,,, andL,,) and of
the sub-segments)(into which it has been split. Indeed, so as tphagthe TPI
definition in Eq. (3.1), the pick-and-place taskhpaas been split into 71 sub-
segments characterized by an equal lehgiee the representation in the oval in
Fig. 3.2). Such a length has been selected in eodeave a significant number of

segments leading to an accurate TPI estimation.

Table 3.1 Lengths of the pick-and-place path, adégments and sub-segments.

Symbol Valuegmm|
| 25
Ly 305
Ly, 25
Liot 355
li 5

The whole workspace has been considered for thienaptelative positioning
between the task and the robot, clearly, in casaddfitional constraints (e.g.

introduced by obstacles), a subset of the workspaakl be considered.

In order to achieve exhaustive predictions of ot performances over its full
workspace, it is necessary to discretize the wagsghrough a regular and thick

grid. Therefore the workspace has been discretizenigh the same regular and
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thick grid of 4752 points presented in subsectighl2 The reference point of the
pick-and-place path has been made coincide with gadpoint in order to find
the best relative positioning between the robottaedask. Such an operation has
also allowed checking whether or not the path carefitirely executed keeping
the robot TCP within the workspace. Hence a realistapping of the robot
performances has been achieved: the points at wihiehtask could not be

executed have been neglected.

In detail, two pick-and-place tasks have been dmmed in two separate

investigations:

-Test 1. a pick-and-place task carried out withldmgest segment of the path

parallel to theX axis of the world reference frame;

-Test 2: a pick-and-place task carried out withldmgest segment of the path

parallel to theY axis of the world reference frame.

Though in each test a complete path is definedo¢dang to the scheme in Fig.
3.2), it makes sense investigating whether DSI a@Rd provide similar or

different predictions of the best performance ragicClearly, DSI computation
can only be done along a single direction and isamrelation with the length of
the displacements. The much higher ratiflLls: than Lyi/Liot Or Lyo/Lir makes

computing the DSI along the longest segment (he.Horizontal direction) the
most reasonable choice to try comparing DSI an gé&tformance predictions.
However it is also informative observing the préidics provided by the DSI

computed along the direction of the shortest seggn@e. the vertical direction).
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Figures 3.4 (a) and 3.5, 3.6 (a) and 3.6 (b) shmwésults of such a comparison
in, respectively Test 1 and Test 2. In particuldg. 3.5 shows the TPI values
computed over the robot workspace. Figure 3.4 I{ajvs instead the DSI values
Uy computed for translations along tKeaxis of the world reference frame). The
best performance regions are those in dark coldrde the worst ones are in light

colors.

Let us consider the isomanipulability regions gf in Fig. 3.4 (a). The best
performance regions according to the DSI are chkose¢he lower workspace
boundaries and symmetrically displaced across éntcal plane translated hy
from theYZ plane with coordinate=0 in X positive direction and orthogonal to
the direction of the longest task segmeny).(The worst performance regions are
instead identified as the ones which are furtheshfthe just mentioned plane of

symmetry.

The best performance regions for the TPI in Figa@ébnot located as the ones of
Uy but appear in the inner upper part of the workspatd placed near the vertical
axis of the robot reference frame. These also yreretrical across the vertical
plane translated by from the YZ plane with coordinatex=0 in X positive
direction and orthogonal to the selected direcfmygy. orthogonal to the direction
parallel to axisY in the case of TPI for displacements parallel be X
axis).Moreover the TPI takes its worst values ia thgion closed to the upper

part of the workspace and then in the lower part.
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Fig. 3.5 TPlin Test 1

It is apparent that the use of TPl seems to leatbtelusions that are in contrast
with the results provided by the;. In fact, for calculating DSI, its definition is
applied to the reference point and only considethmg direction of the longest
segment of pick-and-place. While the TPI definittaking into account the entire
sequence of movements, hence the direction and efjepmot only of the
horizontal trait of pick-and-place task but also the vertical ones. As a
consequence, bothy and u, values influenced the TPI computation and the
location of the best performance regions. Thereioig important to understand
how the robot performances change within the re@lmrkspace in executing more
complex tasks than a single translation. As fapuass concerned, Fig.3.4 (b)

shows that the best values of the index are fonradring-like region surrounding
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the upper part of the workspace. Less satisfactalyes are instead computed for

the lower part of the workspace.

-500 Y [mm]
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(@)

XK [mm]
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500

500
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Fig. 3.6 Test 2. DSiy (a) vs. TPI (b).
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Similar considerations for Test 1 can be drawrtlerinvestigation carried out in
Test 2, whose results are collected in Fig.3.5: Bi§ (a) shows the DSI values
over the robot workspage,while Fig. 3.5 (b) shows the TPI values. The shapes
of the DSIs and TPIs in Test 2 are nearly identicahe ones in Test 1 apart from
a rotation byrv/2 radians about th# axis. This is due the choice of the direction
along which the sequence of translations are chrowt. In fact, the longest
segment of path is parallel to thé axis of the world reference frame with
obviously a difference oft2 radians from the direction studied in the Test 1
where the pick-and-place task is instead carrigdwath the longest segment of
the path parallel to th¥ axis. Moreover in Test 2 the plane of symmetryas
longer the one in Test 1, but it is the verti¥a plane with coordinatg=0. As
seen in Test 1, also in Test 2; values withuy ones influenced the TPI
computation. Since fou, the values computed over the robot workspacehare t

same of Fig.3.5, such a figure is not repeatetdismxdomparison.

In conclusion, the numerical investigation has pwan expected result: TPI,
though being based on DSI, can provide performgmeslictions that differ
significantly from those of any DSI employed in teemputation. This is a
consequence of both using DSI in the TPI formufatad explicitly considering
the length and direction of the sequence of tréiosia into which the task path
can be split.

Hence, two aspects need to assessed experimenielgeneral meaningfulness
of DSI predictions and the task-specific correcsn@sTPI predictions. These two
issues have been addressed through the experimalidation discussed in

Chapter 4.
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4 OPTIMAL ROBOT/TASK RELATIVE
POSITIONING BASED ON TPl MAXIMIZATION

4.1. Robot design optimization

Robot design optimization plays a crucial role lve tever-continuing effort to
improve robot performances and increase their mtbdty. Several approaches
have been proposed to address performance optiomzatoblems, they usually

focus on the following issues:

« optimization of the design configuration of a givemanipulator
([GOSSELIN 1989], [MAYORGA 1997], [KHATAMI 2002],

[MAYORGA 2005], [FATTAH 2002]),

* improvement of the workspace reachability in an immment with
obstacles or maximization of the workspace volufG#¢HEDMAIL 1996],

[STAN 2008]),

» optimization of robot architecture by consideringveral criteria

simultaneously ([STOUGHTON 1993], [STOCK 2003], R004]),

» optimization of the scheduling and the robot camfagion for some task
points in order to minimize the trajectory run tin(PETIOT 1998],

[ZACHARIA 2005]),

e optimization of robot positioning (base placemeifat) prescribed tasks

[MITSI 2008].

57



As far as the first approach is concerned, somearekers have addressed the
optimization of the dexterity characteristic of abot ([GOSSELIN 1989],
[MAYORGA 1997]) or of kinematic isotropy ([KHATAMI2002], [MAYORGA
2005], [FATTAH 2002]) in order to obtain an optimdésign. A simple index
based on the upper bound for a standard conditiomber of the Jacobian matrix
has been proposed in [MAYORGA 1997] and appliedht® kinematic design
optimization of a planar redundant manipulator [KIFHATAMI 2002] a genetic
algorithm has instead been developed by exploitiegGlobal Isotropy Index in
order to find optimal link lengths of the best remic robot configurations at
optimal end-effector working points. Some year®rain [MAYORGA 2005]
another index has been derived from a homogenigettopy condition of a
properly weighted Jacobian matrix. A general ddterfor kinematic design
optimization has then be developed in order to tiflerthe optimal design

configuration of a given manipulator.

As previously mentioned, another chief robot chi@stic which can be
optimized is the workspace. Workspace highly affebe tasks to be performed,
especially when the environment is complex, demsduttered. In [CHEDMAIL
1996] a genetic algorithm has been used to estathiesbase position and type of a
manipulator optimizing workspace reachability in emvironment with obstacles.
Several years later, a genetic algorithm-basedoappr has been presented in
[STAN 2008] for workspace optimization of six-doénallel micro robots. The
objective of such a study was to evaluate optinmkl lengths which maximized

the workspace. The effort towards workspace opttion makes sense mainly in
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parallel robots which usually have a workspace mauwusmaller than the that of

serial robots.

A few works also addressed the optimization probleynconsidering several
criteria simultaneously ([STOUGHTON 1993], [STOCK@3], [LI 2004]). In
[STOCK 2003] an optimal kinematic design methodtahle for parallel
manipulators has been developed. The solution df sun approach is a design
which represents the best compromise between mabifity and a new
performance index, named space utilization, whadgevreflects the ratio between
workspace size and the physical size of the rapottsire. Li and Xu in [LI 2004]
developed a mixed performance index using the spélity ratio for kinematic
optimization of manipulators. This index is a weggh sum of Global Dexterity
Index and a space utility ratio: it is helpful iptmmizing the architecture of parallel

manipulators.

Other works have been focused on the concurremhizattion of robot scheduling
and configuration: in some industrial operatiomsthese cases, a primary problem
for robotized cell designers is the optimal schedulof the task point order
minimizing the task execution time. This problemrésniniscent of the classic
Travelling Salesman Problem (TSP), but the quartttybe optimized is time
instead of distance. A simultaneous research obghienal scheduling and of the
optimal choice of the configurations of the robot £ach task point has been
presented in [PETIOT 1998]. In order to minimize tinajectory run time of the
robot the elastic net method (ENM) has been usadhapermits to minimize an
energy function using a modified gradient methodcd&ise of the considerable

computer time cost it is very difficult to use sughmethod in the case of robots
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with more than three degrees of freedom. A methaskd on genetic algorithms
has instead been proposed in [ZACHARIA 2005] teedatne the minimum cycle
time of a manipulator visiting several task poiexsictly once. Both the task point
visit order and the multiple solutions of the imserkinematic problem are
considered. Such an algorithm can be applied toramyredundant manipulator

with up to six-degrees of freedom.

Regarding the determination of the optimum baseation of a robotic
manipulator, a hybrid heuristic method has beesgmted in [MITSI 2008]. Such
a method combines a genetic algorithm, a quasi-blewdlgorithm and a

constraints handling method.

This Chapter focuses on an optimization problemilainio the one tackled in
[MITSI 2008]. In particular, it addresses the issifieseeking the optimal relative
position between a robot and a generic task conapokan arbitrary sequence of
straight line movements. The optimization probleniranslated into the problem
of selecting the relative position maximizing atably defined performance index,
which explicitly accounts for both the robot kindma and the task geometrical
features. The performance index introduced in Wk has been specifically
developed for parallel robots (as all the indexssu$sed in [MERLET 2006]) and
represents an evolution and a generalization obDihextion Selective performance
Index (DSI) first presented in [BOSCHETTI 2010]. D&llows obtaining

uncoupled evaluations of the horizontal and vdrticanslational capabilities of
parallel robots along selected directions. So fa@ DSI definition has been
restricted to directions coinciding with the axdshe world reference frame. In

this work a more general definition is achieved.(a definition holding for any
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direction in the Cartesian space) and then empléoyeatkvelop a task-dependent
performance index, i.e. an index also accountimghfe sequence of movements to

be accomplished by the robot during the task.
Hence, there are two main motivations for this Gaap
* Introducing a TPI-based method for optimal robskteelative positioning.

* Proving the practical usefulness of the proposedhote by means of

experimental tests on a parallel robot.

As a proof of concept, the TPI formulation has besployed in a maximization

algorithm in order to optimize the location of sopiek-and-place tasks within the
workspace of an industrial parallel robot. Suctakyorithm has been implemented
using Matlab. The industrial parallel manipulatoonsidered is the Adept

Quattrd", which belongs to the family of four-leg deltadik (4-RUU)

manipulators.

4.2. TPl maximization algorithm for optimal robot positioning

The search for optimal robot/task positioning, ilee computation of the optimal
relative position between a robot and a task todsged out, can be translated into
the problem of selecting the relative position maxing the TPI related to the

robot and the task assigned.
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Fig. 4.1 Flow chart of the maximization procedure

A maximization algorithm/procedure exploiting th@ITformulation has therefore
been developed. The procedure, represented ifiothiehart in Fig. 4.1, assumes
that the robot base is fixed while the task locat®varied within the whole robot
workspace in order to find the optimal location I@rations) where the task should
be executed. In practice the result achieved ley algorithm is the optimal

robot/task relative positioning, which can be ekplb to either optimally locate

the task within the robot workspace, or, if thektlgation cannot be modified, to

identify the best robot base location within a waalk
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The data needed to execute the procedure can beasized in the following

three input parameter:

1. Workspace boundaries (defining the constraints hef tobot reachable

workspace).

2. Environmental constraints (caused, for example, thy presence of
obstacles reducing the reachable workspace, or Iogduption

specifications).

3. Task definition (comprising the exact definition thfe task path, of its
reference point, and of the segments into whiclp#ta should be split for

TPI computation).
4. Analysis resolution (i.e. how fine the workspacscdetization should be)
The procedure consists in the following five steps:

e On the basis of inputs 1, 2 and 4 the workspaadissretized into grid

points whose coordinates are computed and enurderate

« Among all the grid points, those which can becoreasible reference
points are selected on the basis of inputs 1 andl fference points is
marked “feasible” if its task is completely retaineithin the workspace

restricted by the environmental boundaries.
* TPl is computed at each feasible reference point.

* TPl maximization is performed and the referencengs) with the highest

value(s) of TPI is/are detected.
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 The optimal robot/task reference position(s) is/@stimated as the

position(s) where maximum TPI value(s) is/are agie

4.3. TPl experimental validation

Three independent sets of pick-and-place tasks bhaea carried out: two with
the L, segment parallel to th¢ axis of the world reference frame (Test 1 and Test
2), the other with the L.segment parallel to the axis (Test 3). In Test 1 and 3
performance variations along vertical directionvehdeen evaluated, while in
Test 2 variations along an horizontal direction éndeen considered. In all the
tests the analysis has been restricted to 21 puiitks each of which the path
reference point has been made coincide during xpergnents. In particular, in
Test 1 and 3 such points belong to fhexis and have the following Cartesian
coordinates::

(Xep)k =0

(:Vrp)k =0 4.1)
(er)k = (er)l —20*(k—1)

where(z,,); =-780 mm and = 1, ..., 21. The subscript rp has been introduced

recall that these are the coordinates progressgiegn to the path reference point
during the tests. In Test 4, instead, the Cartes@ordinates of the 21 points

investigated are:
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(Xrp)k = (rp)1 — 50 % (k—1)
(yrp)k = 200 (4.2)
(er)k = -900

where(x,p); = 500 mm and, once again= 1, ..., 21.

Spatial views of the 21 pick-and-place task paétated to each test are shown in
Fig.4.2(a) for Test 1, in Fig.4.3(a) for Test 2dan Fig.4.4(a) for Test 3. In

Fig.4.3(a) some of the paths are drawn in dottedslito show that those tasks
cannot be executed, since at least one of themtpaloes not belong to the
workspace (whereas their reference points do). &grrning to the algorithm

described in paragraph 4.2, the reference poitdseceto such paths are marked
as unfeasible: in the enumeration they are thedimd last sets of three reference
points (i.e. those with k =1, 2, 3 and k = 19, 20). Conversely, Test 1 and 3 do

not possess unfeasible reference points.

The TPI values computed in th& plane ¥ = 0) for Test 1, in th&Y plane Z =
-900) for Test 2, and in thiéZ plane K = 0) for Test 3 are depicted by means of
isolines in, respectively, Fig.4.2(b), Fig. 4.3(ahd Fig.4.4(b). The isolines have
been created by interpolating the values computéleagrid points belonging to
the planes analyzed. The same figures also showpdiséions taken by the

reference points during the tests.
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In Fig. 4.2(b) it can be observed that TPI readtebest values in the elliptic-
like region borderedy the darkest color line close to the coordinatezs = -940

mm. Less satisfactory values are achieved abovéelogv such a coordinate, t
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worst being at the upper and lower boundariesnéilar shape of the TPI isolines
can be noticed in Fig. 4.4(b), which refer to TésClearly, a different expected
behavior can be recognized in Fig.4.3(b) for Tesw® best performance regions
with elliptical-like shape appear in the inner pafrthe robot workspace, along the
Y axis. Lower TPI values characterize the areaseclds the workspace

boundaries.

It should also be remarked that, as a straightfmweonsequence of the
geometrical symmetry of the robot kinematic chaitfse TPI isolines are
symmetric with respect to the axis x=p in Test iy(B.2(b)), to the axes x=p and

y=0in Test 2 (Fig. 4.3(b)) and to the axis y=0rast 3 (Fig. 4.4(b)).

In Table 4.1 the task execution times measurechénthree tests at the points
investigated are compared to the computed TPI salliee highest TPI values
and the shortes execution times (i.e. the best atgge and measured
performances) are highlighted by bold and undedlifent. The execution times
collected in Table 4.1 refer to five complete pankd-place tasks (comprising five
movements from sp to ep and five movements ep teapied out about all the
investigated points. They have been computed byagigg the times recorded in

four independent repetitions of the same set @f flick-and-place tasks.

It can be noticed that the TPl values provide mtsahs coherent with the
measured times: in general, the higher the TPlegsmlhe shorter the execution
times. Moreover, in all the tests, rises and falisthe execution times are in

excellent agreement with the opposite trends ofvERIes.
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Table 4.1 Measured execution times vs. TPI values

Test 1 Test 2 Test 3

k Coro )i ex-le-izlt(ion TPI Gerpi ex-le-izlt(ion TPI (oo ex-giﬁlt(ion TPI

[MmM]  time [s] [MM]  time [s] [Mm]  time [s]
1| -780 4876  0.709% 500 - - -780 4876  0.7101
2 -800 4.792 0.7447 450 - - -800 4.852 0.7455
3 -820 4.792 0.7785 400 - - -820 4.792 0.7794
4 -840 4.748 0.8111 350 4.740 0.8276 -840 4785 1218
5 -860 4.708 0.8424 300 4.740 0.8577 -860 4.708 4358
6 -880 4.708 0.8726 250 4.740 0.8830 -880 4.708 7388
7 -900 4.708 0.9017Y 200 4.716 0.9033 -900 4.708 0309
8 | -920 4.668  0.9297 150 4700 0.9185 -920 4.674 3129
9 | -940 4.668 0.9320 | 100 4620 0.9285| -940 4664  0.9320
10| -960 4.664 0.9108| 50 4620 09332 | -960 4.674  0.9092
11| -980 4.664 0.8896 0 4620 0.9326| -980 4.668  0.8880
12| -1000 4.668 0.870p -50 4.620 0.9267| -1000 4.668  0.8683
13| -1020 4.688 0.851f -100 4.688 0.9154 -1020 4.69D.8500
14| -1040 4.688 0.834f¢  -150 4.712 0.8990 -1040 4.708.8329
15| -1060 4.708 0.8189 -200 4.752 0.8476  -1060 4.708.8170
16| -1080 4.708 0.8042 -250 4.748 0.8312 -1080 4.748.8023
17| -1100 4.750 0.7906  -300 4.760 0.8199 -1100 4.752.7886
18| -1120 4.762 0.7782  -350 4.784 0.7833 -1120 4.75D.7761
19| -1140 4.772 0.7669  -400 - - -1140 4.792 0.7647
20| -1160 4.796 0.7569  -450 - - -1160 4.852 0.7545
21| -1180 4.836  0.7483 -500 - - -1180 4952  0.7456

The TPI based seek for the optimal robot/task mwsitvould lead to the selection
of rpg in Test 1 and 3, and of ipin Test 2. In Test 2 and 3 the same choice would

be made by considering the experimental execuiioest In Test 1 the slight
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discrepancy between the best expected and megseirfedmances would lead to

the selection of an adjacent point just 20 mm beloevcomputed optimum (1g).

Table 4.2 Time differences and time reductions

Test 1 Test 2 Text 3
Tooe o 0212 s 0.164 s 0.288 s
Performance 4.45% 3.55% 6.17%
|mpr0V€ment

Finally, Table 4.2 highlights the differences betwdhe maximum (Jf.) and the
minimum (Tynin) execution times recorded in each test and théoqmeance
improvement that can therefore be achieved by yasying the task position
within the workspace. Such a performance improveéroan be appreciated better
by translating it in terms of increase in picks-pgnute (ppm): a key
performance indicator for industrial 4-RUU paraliebots. For example, by
referring to the results obtained in Test 3 if thbot could operate at 120 ppm in
the worst performance region, productivity coulel loosted to a level of 127
ppm in the region with maximum TPI. If the roboteoates three shifts per day it
means that as much as ten thousand further piakdgyecan be performed, by

just selecting the best robot/task relative posipoedicted through the TPI.
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5 GEOMETRIC OPTIMIZATION OF PARALLEL
ROBOT LINK LENGTHSBASED ON TPI
MAXIMIZATION

5.1 Optimization methodologiesfor robots design

Parallel robots have remarkable advantages for ragplications over the serial
ones in terms of rigidity, accurate positioninggthivelocities.

The performances of such robots are very sengiiviee mechanism dimensions.
Consequently, the geometrical synthesis of the ar@sims cannot be dissociated
from the analysis of performance indexes or cotsifor characterizing the
behavior of manipulators. Several optimization rodtilogies have been
proposed for design purposes. Such methods ust@iigern robot topology (e.g.
joint layout) or the sizing of a given robot (eligk lengths).

Some approaches have been presented in Chaptethey, fbcus on the
optimization of the design configuration of a givaranipulator ((GOSSELIN
1989], [MAYORGA 1997], [KHATAMI 2002], [MAYORGA 206], [FATTAH
2002]) and on the optimization of robot architeetusy considering several
criteria simultaneously ([STOUGHTON 1993], [STOCRQ3], [LI 2004]).

There are other optimization methodologies worthgnention. Among these, the
atlases of GCI used in [GAO 1995B] and [GAO 1998 dptimizing the link
lengths of 2-DOF planar parallel manipulators. Amstone has been analyzed in
[GAO 1995]. In such a paper the solution space anipulators has been used to
study various performances of robotic mechanismd #@n select optimum

manipulators.
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In 2000, Carretero et al. proposed the architectoptimization allowing
minimization of parasitic motion, i.e., motions ihe three unspecified motion
coordinates [CARRETERO 2000]. In the same yeardtial. applied the concepts
of dexterity and stiffness for optimizing the linkngths of manipulators and
analyzing the behavior of 3-DOF spatial parallelnipalators on the reachable
workspace [LIU 2000].

Subsequently, in [OTTAVIANO 2001] a formulation foptimum design of a 3-
DOF spatial parallel manipulator was developed ideo to obtain designed
parameters of a robot whose position workspaceitaldy prescribed. In [RYU
2001] by minimizing the error amplification and swtering the workspace,
architecture singularity, and design variable lgrét design optimization of the
HexaSlide type parallel manipulator had been paréat. Some years later, the
architecture optimization of a 3-DOF translatioparallel mechanism has been
carried out on the basis of a prescribed Cartegiarkspace with prescribed
kinetostatic performances in [CHABLAT 2003]. A meth to maximize the
stiffness has been suggested in [KIM 2003] in otdaninimize the deflection at
the joints caused by the bending moment. Succdgsive optimal dimensional
synthesis of the 2-DOF translational parallel rolats achieved in [HUANG
2004] by minimizing a global and comprehensive ¢maing index subject to a
set of appropriate constraints. A different apphoéar the optimization of the
kinematic optimization of parallel robots has beeoposed in [MILLER 2004].
In this work Miller combined two performance indscen order to obtain
architectures which yield an optimum compromisenreein manipulability and

the space utilization index. In [LOU 2005] an op#iation algorithm has been
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proposed to maximize the regular workspace of f@redbots. In recent years
genetic algorithms and artificial neural networkatelligent have been
implemented for the dimensional synthesis of thatiapsix degree-of-freedom
(DOF) parallel manipulator [GAO 2010]. Moreover ohet al. exploited the least
number method for variables in order to optimize tag length of a spatial
parallel manipulator for the purpose of obtainingexterous workspace [ZHAO
2007].

In [TSAI 2010] the global condition index has beapplied for optimizing
architecture of the 3-UPU manipulator.

In literature there has not been a unified metluwdte robot design and it can be
of primary importance to study some useful methwtigh allow to understand
the relationships between the criteria and linlgtas of the manipulators.
Therefore, this Chapter addresses the problemeos$itting of a given robot (e.qg.
link lengths) by translating the optimization preil into the problem of choosing
the lengths of some selected robot links maximiziagsuitably defined

performance index.

5.2. Formulation of Geometric Optimization Problem

The proposed optimization methodology is based o TPI maximization

accounting for the task that has to be carriedbguthe robot. Some of the most
important features of such an index are brieflycdesd here (refer to Chapter 3
for a complete description). Basically, the TPHé&fined as a weighted average of

the DSI values related to eacith elementary displacement (i.e. straight-line
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segment) of lengtly into which the path of the task can be split. Weights are
computed by comparing the length of thélh segment to the total length of the

task path. Such an average leads to the followtnagghtforward TPI definition:

izq Mg+ 1 (5.1)

n
i=1 li

TPI =

wheren is the number of straight-line segments into wthitoh path is split. This

analytical expression is invariant with respecthe choice of the fixed reference
frame.

The optimization approach is based on the seartheoiengths of the robot links
which maximize the TPI. The corresponding objecfiugction is:

max (TPI) (5.2)

Whereas, when the task is composed by a sequensebtdsks about different
positions, the objective function becomes:

max (TPI,) (5.3)

where TPJ is the average of the TPIs related to each sulaadkeferred to the
subtask reference points.

Moreover, in the optimal geometric design of paalnanipulators a set of
appropriate constraints should be considered ierai@ ensure that the resulting
structure is practical. Such constraints could rédar example the workspace,
the range of the links lengths or the actuatorsaddethe range of the design

parameters should be established according tootinesponding limits.
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The proposed method can therefore be applied tgargilel robot architectures,
as long as an inverse Jacobian matrix can be cau@utd parameters constraints

can be expressed.

5.3. Numerical Examples and Discussion

The optimization methodology is illustrated withaexples involving the four-leg
delta-like Adept Quattro parallel manipulator, whitas been already presented in
Chapter 2. Table 5.1 collects the chief geometpeaameters of the Quattro robot

and of its workspace (refer to Fig.5.1 for the megmf each parameter).

Fig. 5.1 Schematic representation of the Adept @ufdtand of its workspace.
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Table 5.1 Geometrical parameters of the Quattrotrabd of its workspat.

Values
[mm]
275
375
825
75
780
220
200
700
114(
30.¢

Symbol

T 3ISTQ -0 Q0 TQ®

The identical lengthc of the Quattro eight connecting rods (four twingptave
been optimized with respect to tasks based on itigpst of the converonal
“pick-andplace” movemen

The choice of optimizing the lengc of the connedng rods is a consequence
the practical evidence that in most d-like industrial robots connecting rods
the links that can be most promptly replaced ifessar (seeABB IRB 340
manipulator or IRB 3€). Indeed, the procedure for attaching antaching the
twin rods of the Quattro robot to the platform aodhe crank arms is very fe

and simple

Fig. 5.2 Crank arm baltuds.
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Let us consider, for instance, the attaching ofctrenecting rods to a crank (re
to Figs. 5.2 and 5.3). Sucodsarepreviouslyassemble in pairs witt two springs

at eachend. Moreove the rodshave a ball joint socket at each , wherea the

crankarmshavemating pairs of ball stuc

Fig. 5.4 Installing ball joint

Ball joint socket &=

Ball joint insert

Crank arm

Twin rods
-—_ Twin rods
o Springs

Ball joint stud

Fig. 5.2 Twin rods and crank arm completely asseml|
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Each ball joint socket has to be slipped over theesponding ball, as can be
appreciated in Fig. 5.4.

The same procedure has to be repeated for congecair of rods to one of the
four pairs of ball studs on the platform. It mustfoted that no tools are needed
for the abovementioned operations.

In the optimal geometric design of the parallel ipatator under consideration, a
set of appropriate constraints have been takeraictount.

The first one is related to the design variabl&uch a parameter is characterized
by discrete variations, according to prescribegss{® mm), and is constrained so
that: Cmin < € < Cmax (With cmir= 550 mm andtnax = 950 mm) in order to ensure
technically feasible solutions.

Typically, a parallel robot is designed to be medinabove a work area suspended
on a frame. Such a mounting frame is usually coostd of welded steel
members so that the structure can be adequatélyostiold the robot rigidly in
place while the robot platform moves around thekspace. Obviously, once the
frame has been manufactured and positioned in duption line and the robot
has been mounted, the frame cannot be changed.

For this practical reason, some physical spaceti@ns have been considered in
the maximization problem. In fact, the TPI or TRklues are studied within the
Quattro workspace characterized by the nominal sgake parameters (seef,

g, h, mparameters in Table 5.1).

In addition to the just mentioned constraints, oractical constraints regarding

the actuators limitations can be included in thinogation problem.
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For every end-effector posexy(y,,zo, 6y), using the inverse kinematics, the

active joint coordinateg; can be mathematically expressed as follows:

Pmin < 901'(960, Yo Zo, 90) < Pmax (5-3)

wherei = 1, 2, 3, 4 an@,,,;, and¢,,,, are respectively lower bound and upper
bound fori-th actuator due to actuator limits and/or mechalnioterference
between links.

The lower and upper joint angle limits are setpgt,= -150° andg,,,,= 75°.
Referring to the Fig. 5.5 the angleassume positive values when the coordinate

of the Universal joint (U) is positive, i.a,> 0, and negative whexy < 0.

N

o U
a 1
M ’ XorY

¢'”

b

U

Fig. 5.5 Schematic representation of the aggle’> 0 andp'/< 0.

The standard pick-and-place task considered coewgrisvo identical short
vertical straight line translations and a longerizemtal one (in detail, }s=

Lv2=25mm, L,=305mm, [;=5mm).
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In order to locate the pick-and-place path in thekspace and hence to check
whether or not it can be entirely executed keephrgy end effector within the
workspace, a reference point rp has been definech & point can be chosen
arbitrarily (either belonging to the path or nddpwever, in case of symmetrical
paths, the path midpoint of the sequence of movésrieran intuitive and simple
choice, which has been adopted in this work.
Two sample optimization test cases have been asdhlgnd are discussed. They
differ in the features of the task to be carried ou
. Test 1: a single pick-and-place task ;
. Test 2: a task composed by a sequence of twogmdkplace subtasks
about two different positions.
Six independent tests for optimizing the robot getsynhave been computed and
discussed. Three with the kegment parallel to th¢ axis of the world reference
frame (Test 1A, Test 2A and Test 2B), the othetth wie L, segment parallel to
theY axis (Test 1B, Test 2C and Test 2D). In all tretstehe performance index
values have been evaluated in one path referenice (Iest 1) or two path
reference points (Test 2). The Cartesian coordsnatehe path reference points
(in millimeters, and referred to the robot worlderence frame) and the results of
the test cases analyzed are shown in Table 5Pefstr1 and in Table 5.3 for Test

2.

Table 5.2 Locations of the reference points andlitesfiTest 1.

Test 1 A B
rp1 (-300, 200, -780)| (-50, -100, -1000)
Optimized
valueof c 740 950
[mm]
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Table 5.3 Locations of the reference points andltesii Test 2.

Test 2 A B C D
rpy (0, 50, -790) (400, 0, -800) (400, 200, -830)  (4®®0, -850)
rpz (-50, 10,-900) | (100, 30, -950) (400, 200, -920)-100, -300, -980)
Optimized
valueof ¢ 610 760 820 885
[mm]

Figures 5.6, 5.8, 5.10, 5.12, 5.14, 5.16 show &asematic scheme of the robot
(in blue before optimization, in pink after optiration) and the paths of the task
analyzed. All the tasks considered in the tests lmarexecuted, since all their
points belong to the robot workspace. Consequentlytests do not possess
unfeasible reference points. In Fig 5.6 the reductdf the length ofc after
optimization with respect to the nominal one canobserved. The difference
between the two lengths is equal to 95 mm. In Big@s.5.9 the variation of the
TPI values computed atrjare related to admissible lengthin Figs 5.11, 5.13,
5.15, 5.17 the TPAs(the mean between the values computed aamgd rp) are
related to admissible length The optimal values for each test can be easily
inferred from the plots and it can be noticed thel@ion of the index by varying
the connecting rods length. Clearly, the optimagté is in correspondence of the
maximum value of the index.

This study seeks a good formulation for optimaligiesf a four-leg delta-like

parallel robot, but it can be applied to any patalbbot architectures.
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Fig. 5.6 Spatial view of one task path of Test 1fobeoptimization (in blue) and after

optimization (in pink).
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Fig. 5.7 Connecting rod length)(vs. TPI of Test 1A.
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Fig. 5.8 Spatial view of one task path of Test 1Bi@eoptimization (in blue) and after

optimization (in pink).
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Fig. 5.9 Connecting rod length)(vs. TPI of Test 1B.
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Fig. 5.10 Spatial view of two subtasks of Test 28 ahthe manipulator before optimization (in

blue) and after optimization (in pink).
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Fig. 5.11 Connecting rod lengtb) (vs. TPk of Test 2A.
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Fig. 5.12 Spatial view of two subtasks of Test 2B ahthe manipulator before optimization (in

blue) and after optimization (in pink).

TP,

0_68 L 1 1 1 L 1 1
550 600 650 700 750 800 850 900 950

¢ [mm]

Fig. 5.13 Connecting rod lengtb) vs. TPj of Test 2B.
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Fig. 5.14 Spatial view of two subtasks of Test 2@ afithe manipulator before optimization (in

blue) and after optimization (in pink).
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Fig. 5.15 Connecting rod lengtb) (vs. TP} of Test 2C.
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Fig. 5.16 Spatial view of two subtasks of Test 2B afthe manipulator before optimization (in

blue) and after optimization (in pink).
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Fig. 5.17 Connecting rod lengtb) {vs. TPh of Test 2D.
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CONCLUSIONS

In this Thesis novel performance indexes for paratianipulators are presented.

The experimental investigation carried out on dafly instrumented Adept Quattro
commercial robot has proved that the proposed DaecSelective Indexes (DSIs)
formulation can provide reliable predictions of tt@bot performances in making
movements along specific directions. Overall thedptions made through the DSls
are considerably more accurate than the predictimesided by manipulability
indexes.

So far, the effectiveness of DSIs has been assessedsingle family of parallel
manipulators (4- RUU) but the results achieved #reught to have a general
relevance: DSI definition just recourse to vectexsracted by the inverse Jacobian
matrix and includes no constraints accounting forsgecific parallel robot
architecture. The proposed indexes can thereforappiied to any parallel robot
architecture, as long as an inverse Jacobian medrxbe computed. DSIs, though
being purely kinematic indexes, may provide usdfts in foreseeing the robot
dynamic performances along relevant directions ofion within the workspace. At
robot design, installation or programming stageshsnformation could be usefully
employed to optimize the robot geometrical featutbe robot location within a
workecell, the location of the target frames witspect to the robot, and also the robot
end-effector paths. All these considerations mdiee DSIs a useful tool for robot

designers, manufacturers and programmers.
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Afterwards, a new Task dependent Performance I§GBX has been defined based
on the extended DSI formulation. TPI is an indexed at providing evaluations of
parallel robot performances in executing specédgks. What is innovative in the TPI,
is its accounting for robot kinematics and taskngewical features concurrently. This
is a consequence of both using DSI in the TPI foatman and explicitly considering
the length and direction of the sequence of traiosisa into which the task path can
be split.

Hence, TPI is an index which can be successfullypleyed in optimal robot
positioning: by seeking for the task position withthe workspace providing the
maximum TPI value it is possible to infer the besative position between a robot
and a task. Such a result can be exploited toreihtemally locate the task within the
robot workspace, or, if the task location cannoirwalified, to identify the best robot
base location within a workcell.

The experimental investigations carried out on anroercial parallel robot have
proved that the proposed TPI formulation can previliable predictions of the best
relative positioning between the robot and the taske executed. In particular, TPI
validation has been carried out through independeperiments, by supposing to
have to accomplish different pick-and-place taskseld on a typical benchmark
motion pattern. The execution times recorded taycaut the selected tasks at
different locations within the workspace have beempared with the TPI values
computed at the same locations. In all the experimjesuch a comparison has
highlighted a very good correspondence between bibst relative positioning

inferable by seeking for the maximum TPI value #relactual behavior of the robot.
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Not only do the results achieved show the effecess of the method and its
capability to provide unique and global optimaluimins, but they also highlight its
wide applicability to different mechanical desigsks. Clearly the versatility of the
proposed approach.

The results achieved are believed to have a gemalidity which goes beyond the
test cases and the manipulator proposed here, veneho be considered as mere
examples.

The TPI has also been employed as a design t@oi mptimization methodology for
choosing the lengths of some selected robot lifike results discussed refer to a
single parallel robot family and to specific tagks they are believed to prove the

effectiveness of the method and its generalityppliiaability.
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Formulation of the Direction Selective Index forr&lkel Robot Performance
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G. Boschetti, R. Caracciolo, R. Rosa, A. Trevis&Bieometric optimization
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