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Kurzfassung

Obwohl die Vielfalt der in der Industrie verwendeten Robkiteematiken in den letzten Jahren
gestiegen ist, bieten die Roboterhersteller doch nur eigeshete Anzahl an unterschiedlichen
kinematischen Strukturen an. Aufgrund dieser geringereAhan Strukturen sind viele Roboter,
vor allem in Industrieanwendungen, fur ihre Aufgabe Ubmethsioniert sowie Uberaktuiert und
daher nicht optimal.

Bei der Entwicklung neuer Robotermanipulatoren sind sow@hBtruktur- als auch die Mal3syn-
these zu berilicksichtigen. Wahrend die StruktursynthesBetigmmung der Strukturen mit den
gewinschten Freiheitsgraden am Endeffektor erméglicketden die Robotersegmente in der
Maf3synthese optimiert. Beide Verfahren werden heutzued@ch getrennt durchgefuhrt. Das
fuhrt dazu, dass bei der Mal3synthese in der Regel nur eingeiSizruktur optimiert wird, ohne
die vielzahligen moglichen kinematischen Alternativerbeuiicksichtigen. Aus diesem Grund ist
der aus diesem Prozess ermittelte Roboter nicht notwenadggse fir seine Aufgabe optimal.

Ziel der vorliegenden Arbeit ist die Entwicklung einer neldethode zur Synthese aufgabenspez-
ifischer serieller Kinematiken unter Berucksichtigung deimér geeigneter Strukturen. Durch
die Ermittlung des Rangs deardoBi Matrix und der Endeffektorgeswindigkeit jeder, im Sinne
der Spezifikation, méglichen Kombination dee®AvIT HARTENBERG Parameter werden im
ersten Schritt alle aufgabengeeigneten Strukturen sdwee @ptimierungsparameter bestimmt.
Der Algorithmus benutzt anschlieRend die Abhangigkeitsziwen den gewinschten Endeffektor-
freiheitsgraden und den geometrischen Parametern déit@®n zur Erkennung moglicher Iso-
morphismen. Infolgedessen wird die Anzahl an Strukturesh @ptimierungsparamter drastisch
verringert, was die Optimierung samtlicher aufgabengestgn Mechanismen ermdglicht. Um
sowohl kinematische als auch dynamische Leistungsmeekimatechnen zu kénnen, werden
die Kinematik und Dynamik der generierten Strukturen miegiélund ausfihrbarer Code fur
jede einzelne Struktur automatisch erzeugt. Dank dieseneisRechenaufwand der Dynamik
im Vergleich zu ublichen numerischen Verfahren geringeie Du der gewiinschten Aufgabe
passenden Leistungsmerkmale bilden anschlieRend diemfasktion und die Randbedingun-
gen der Mal3synthese. Der aufgabenoptimale Manipulatabtesgch schliel3lich aus der ge-
ometrischen Optimierung samtlicher geeigneter Struktukéit dem dargestellten Ansatz kdnnen
Manipulatoren mit bis zu 6 Freiheitsgraden optimiert wardBa der Grol3teil der Methode au-
tomatisch durchgefuhrt wird, ermdglicht dies eine ertatdiReduktion des Entwicklungsaufwan-
des zur Auslegung neuer Roboter.

Schlagwdrter: serielle Kinematiken, Struktursynthese, MalRsynthesealéMierung.



Abstract

Although the diversity of robot kinematic structures thigg ased in industry has increased in the
recent years, robot manufacturers still offer only a limiteimber of architectures. As most of the
robots, especially in industrial applications, are chdsem a few different kinematic structures,

they are oversized as well as overactuated and thus notalptiitin respect to their task.

To develop new robot manipulators, two processes have tohsdered, namely the structural

and the dimensional synthesis. The former allows for deteéng the kinematic structures that

fulfill a given number of degrees of freedom at the end effiecho the second, the dimensions
of the robot links are optimized with respect to a desiredguerance index. However, these

processes are actually performed separately. In the dior&isynthesis, only one structure is
usually optimized without consideration of possible fertmechanisms that are able to perform
the desired task. Consequently, the obtained manipulatwtiaecessarily optimal with respect

to its application.

This thesis presents a new approach for the synthesis o$pesific serial manipulators consider-
ing all suitable structures. Initially, the task suitabieistures as well as their optimization param-
eters are automatically determined from akNnvIT HARTENBERG parameters combinations
by inspecting the rank of theadoBIAN matrix and the end effector velocity in symbolic form.
Afterwards, isomorphisms are detected through the depeyds the desired degrees of freedom
with respect to the geometric parameters. As a result, thebeu of structures and optimization
parameters is significantly reduced allowing for the optation of all task suitable structures. In
order to be able to calculate kinematic and dynamic perfaomandices, the generated robotic
structures are modeled and executable code is automgtgealierated. This code is individual
for each architecture and offers a reduced computatiof@it @ mpared with numeric methods.
The performances indices are used to constitute the olgeftinction and the constraints of the
optimization problem. The task specific manipulator restribm the geometric optimization of
all suitable structures. The approach can synthesize aptimanipulators up to six degrees of
freedom. As most of the method is automatically performieid,a powerful tool for reducing the
effort during the conceptual design phase of a robot. Adiily, it allows for the comparison of
the performance between the structures as well as for thesgitsvity with respect to changes in
the optimal geometric parameters.

Keywords: serial kinematics, structural synthesis, dimensionalls®sis, modeling.
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Nomenclature

Symbols and characters that are only used in one sectionardrequation are described exclu-
sively in the text.

General conventions

Body capital letter (bold)B
Scalar lowercase letter (italic):
Vector lowercase letter (bold and italid):

Matrix capital letter (bold and italic)R

Latin characters

a; length of the link:
a; length of the link: different from zero
b Rodrigues vector
Coriolis and centrifugal effects vector
CN, constraint of the optimization
C; i-th link’s center of mass
d; offset of the link:
d; offset of the link: different from zero
e, unit vector inz-direction
el unit vector inz-direction of (RF),
e, unit vector iny-direction
e unit vector iny-direction of(RF);
e. unit vector inz-direction
eV unit vector inz-direction of(RF);
E skew symmetric matrix associated with thaxis
F contact forces vector
g gravitation effect vector
gk gravity acceleration vector
h, friction effects vector (related to the gearboxes output)
h objective function

(Ci)IZ(.Ci) inertia tensor of the-th link described ifRF)c,



X Nomenclature

i robot link, particle of the particle swarm optimization

I identity matrix

Jj robot link

J JACOBIAN matrix of the manipulator

J translational part of theaC oBIAN

J, rotational part of theAcOBIAN

J homogeneousat OBIAN matrix

()Jj+1,n  JACOBIAN of the last(n — j) joints

Jikk JacoBIAN matrix for the inverse kinematics

kpso iteration of the PSO algorithm

Kot step in the structural synthesis

k iteration of the inverse kinematics

Kdof iteration of the structural synthesis algorithm

kpso iteration of the particle swarm optimization

K, diagonal matrix to modify the step size of the inverse kingerelgorithm when
the pseudoinverse ofy ;, is used

K, diagonal matrix to modify the step size of the inverse kingerelgorithm when
the transpose afjy ; is used

L. characteristic length

Liinks average length of the robot links

M mass matrix

m; mass of the-th link

n total number of links of a serial manipulator

Ny, number of architectures obtained from the structural ®sith

NP number of architectures obtained from the structural sithwhose first axis
is parallel to ther-axis

NY number of architectures obtained from the structural ssgithwhose first axis
is parallel to they-axis

N number of architectures obtained from the structural ssgithwhose first axis
is parallel to thez-axis

Niask number of poses of a required task

P prismatic joint

p optimization parameters vector

Dw optimization parameter

P optimal geometric parameters vector

Prming, minimum value of the parametgy, during the sensitivity analysis

Pmaxy maximum value of the parametgy, during the sensitivity analysis

q joint coordinates vector

Qi joint coordinate



Xi

q joint velocities vector

Gi joint velocity

G, @ velocity of the motor before the gear train

6 TP position vector of the poirP described iNRF);

HTB position vector of RF)g described inRF);

O TP homogeneous position vector

Tio1 relative position vector betwedRF), ; and(RF);

TEE position vector of the reference frame fixed to the end effect

(W) T'pose, end effector position of the required task

R revolute joint

‘R; rotation matrix of(RF), with respect tqRF);

R, («) rotation matrix for a rotation angle aboutz-axis

s pose of the required task

S skew-symmetric matrix

"T; homogeneous transformation matrix(&fF); with
respect tqRF);

Rex rotation matrix of the end effector reference frame witlpezs to the robot basis

‘Rq rotation matrix of(RE)gg+ with respect tdRF)gg

Trr homogeneous transformation matrix of the end effectoreefse frame with
respect to the robot basis

u rotation axis associated to the rotatfd®y

v, linear velocity of the end effector

Vreq, required translational motion vector of the end effector

TER pose of the end effector

(W) Ttask, end effector pose of required task

TER* desired end effector pose of the inverse kinematics

TEE & current end effector pose during the inverse kinematics

Greek characters

o twist of the links

At, time required to move the end effector frof) T ., 10 (w)Trask, .,

Axy, error vector between the desired end effector pose and thentpose during the
inverse kinematics

A, orientation error between the desired end effector posetendurrent pose during
the inverse kinematics

o) rotation angle associated with the rotati@?y

w)Prask,  €nd effector orientation of the required task
K condition number off



Xii Nomenclature

KIK condition number off 1

Kik threshold value of;k to determine the closeness to a singularity during the sever
kinematics algorithm

0; joint angle of the linki

T vector of generalized forces associated to the genergbaetdcoordinates

T vector of actuators’ generalized forces

Wh angular velocity of the en effector

Wreq, required rotational motion vector of the end effector

w; angular velocity if thej-th link

I3 velocity of the end effector

€req required motion vector

&req, i-th element of the required motion vector different fromazer

£§§21 required motion vector for manipulators whose first joinsag parallel toz-axis

£§221 required motion vector for manipulators whose first joinsag parallel toy-axis

£§§21 required motion vector for manipulators whose first joinsag parallel tor-axis

Coordinate systems

RF); reference frame fixed to bodyor link :

RF); reference frame fixed to bodyor link j

RF)p reference frame fixed to body

RF)gg- desired end effector reference frame in the inverse kinemalgorithm

RF)rer  current end effector reference frame in thth iteration of the inverse kinematics
RF)w world reference frame

Abbreviations

EE end effector

DOF degrees of freedom

CRS combined robot synthesis
DH DENAVIT-HARTENBERG

PSO particle swarm optimization



1 Introduction

According to the international federation of robotics (IFEe mechanical structure of industrial
robots can be classified in four groups [IFR17]: articulatebots, SCARA robots, Cartesian
robots, and parallel robots. The mechanical structure @fied architecture) of a robot concerns
the number, the type, and the arrangement of the joints. Asxample of two different architec-
tures, figuré_1l1 presents a SCARA robot and an articulated KIBKA KR 16 with six degrees
of freedom (DOF). The SCARA robot (figure 1.1(a)) consists eé¢hconsecutive revolute joints

» ! o
| A " ‘/RQ‘R R R
. | P b

b

(a) SCARA robot (b) Graphical repre-  (c) Industrial robot KUKA (d) Graphical representa-
[adelT] sentation of the KR 16 [Kuk17b] tion of the KUKA
SCARA robot KR 16

Figure 1.1: Example of two robots with different architectures. The graphical sgption is according
to VDI 2861 [VDI]|

and one prismatic joint. All joint axes are parallel to eatieo as shown in figurle 1.1(b). In the
case of the KUKA KR 16 (figuré_1l1(c)), its structure is formmdsix revolute joints. The first
joint axis is vertical, the second and third axes are pdraleach other but perpendicular to the
first one. The last three joint axes intersect in one commant pad form the wrist of the robot.

The number of architectures employed in both industrialsardice robotics has increased in the
last years. Among others, examples in industrial field agelfBR iiwa [Kuk174a], the UR serie
from Universal Robotd [Unil7], the Franka [Fral7], the Yuium17] and the Baxter [Bax17].
A similar trend can be observed in the development of rolstatems for medical applications
[Hag1l,[BM03,, RDM 99, [Cyb17], space applications [DLR17], and personal serfdeel7,
Prol7| marll7, LWA17a].

The development of robots with new architectures has bertly f@ored by the (also increasing)
offer of modular robots [Sch1¥c, Sch17a, LWA17b, igul7,JHgsIn addition, open sources so-
lutions [PLC17/ ROS17] as well as improvements in rapid gyging technologies such as 3D
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printing [Fis10] allow for a rapid evaluation and constiantof new kinematic concepts. How-
ever, there is still a lack of methods to determine the mopt@piate architecture for a given
application. Such an approach can be useful in the indu§trid to chose the most appropriate
architecture for a given task from a set of predefined roldeusthermore, it can be applied in the
design of user-tailored or task-customized robot solstion

The usual conceptual robot design includes the structurdltihe geometric synthesis [Meri06,
SKOE]. The structural synthesis aims to find the architestuhat fulfill a predefined number of
DOF. In the latter, the dimensioning of the links (basic#ilg links lengths) is determined in order
to perform a task in the best possible way regarding givenirements. Previous works related
to the structural synthesis as well as the geometrical sgighare reviewed in section lL.1. At the
end of the chapter, sectign IL.2 introduces the goal of theeptevork as well as its organization.

1.1 Previous work

The present section summarizes previous works relatecetstthctural synthesis (sectibn 1]1.1)
followed by the approaches for the geometric synthesisti(ged.1.2) of serial manipulators.
Approaches that have considered the modification of thataathre as part of the robot synthesis
are introduced in sectidn 1.1.3.

1.1.1 Structural synthesis

The goal of the structural synthesis (also called topologitype synthesis) is to find the architec-
tures that fulfill the necessary DOF to perform a given taskstwf the existing approaches have
been developed for parallel manipulators, but they cantasapplied to serial manipulators. They
are based on graphs theory, the characteristic equatioositign and orientation, screw theory,
the Lie groups, and evolutionary morphology.

Graphs can be employed to describe mechanisms, and in tleeveaynthey can be manipulated
through the adjacency matrix to discover new mechanismagpes [Tsa99, PC08, PCO5, HC15,
LY17]. The approach helps to calculate the number of DOFeaetid effector (EE) but not their
type or direction([Mer06]. Due to the description methodpiotwo different mechanisms can
be represented by the same graph (isomorphisms)). In [KLZ#3]ral networks were applied to
identify these isomorphisms. An evolutionary approach p@aposed in[[GWXQO09] to modify
the topology of serial and parallel mechanisms in order td &rchitectures that fulfill a set of
required DOF. In this process, the movement charactesistiche generated kinematic chains
were identified using graph theory. Lu [LLO5] proposed th@egation of embryonic graphs
to generate new topologies. In addition, graphs have alea heed in the synthesis of hybrid
mechanisms [CBHO8].
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In the position and orientation characteristic (POC) equdtYLJ"09, YLS™13], the relations be-
tween the joint axes are represented by symbols indicatingllplism, perpendicularity, or other
conditions. With them, a matrix representing the mechammtion output is established. Thanks
to special predefined operators between the kinematic ghaymthesis (inverse approach) and
analysis (direct approach) of mechanisms can be carrieeveut for reconfigurable mechanisms
[MLSYQ9].

Through the screw theory [Hunl73], it is possible to desctil®motion type (twist) and the re-
strictions (wrench) of a given mechanism [KG07a]. An adagetof this description is that the
screw can show which DOF are rotational and which are tréosk. In addition, relations
between the links of the same mechanism can be studied. @tmnsynthesis, predefined oper-
ations between screws of kinematic chains are performedderdo generate new mechanisms.
A known drawback in this case is that the calculated mechan®bility is instantaneous and,
therefore, can change inside the workspace [Mer06]. Howavé¢Dail2] and [PGMO0G], mech-
anisms were analyzed and synthesized using finite dispkestrews. Kong and Gosselin
[KGO6, [KGO7bh] proposed the use of a virtual kinematic chardéscribe a desired EE move-
ment. Then several kinematic chains were combined in alpheathitecture to generate the
same movement. With this procedure, many parallel configursiup to 5 DOF have been pro-
posed[Glal0, Kon03, KGOVa, KGO7b, Kom13]. Kuo [KD10], oduced several configuration
rules to assemble serial kinematic chains considering/pes of joints (revolute, prismatic, cylin-
drical, universal, spherical, flat). The rules were derifreth the evaluation of the EE twist over
the full motion rang of the joints.

Since the group of rigid body displacements can be treatad @&sgroup, Hervé [Her99, HS91,
SH93, LMXLO03] suggested the use of the Lie groups theory toycaut the type synthesis of
parallel mechanisms. Therein, the movement of each kiriernh&in was described by a dis-
placement subgroup and the movement of the EE was calcudatdtk intersection set of these
displacement subsets. For a serial chain, the displacegnemp of the EE results from the union
of the links displacement subgroups. An important advantaghe group displacement is that
the mobility of a mechanism is not instantaneous. Several$€KPA1Q0,[Her99, LHO9] as well
as parallel[LHO9, LH10, LHHO4, MLLO7, RHNTO06] structures tgp5 DOF have been proposed
through the method. Recently, Cafo [CKPA10] introduced séveatas to generate Schonflies
motion generators based on the groups of displacement. dMerehe evaluated the generated
mechanisms with regard to their complexity [KCAPO7]. Nekieless, additional comparison be-
tween the structures has not been considered.

Through the evolutionary morphology and the theory of Iimte@nsformationg [Gog04, Gog(05b],
serial and parallel architectures can be automaticallgaad [Gog08, Gog09a, Gogl10, Gogl2,
Gog14]. In[Gog0R2], several six DOF serial manipulatordwanly revolute joints were presented
and classified with respect to their singularities in sixedént families. This methodology has
been also used in the synthesis of isotropic [G0g04, GagBbgD6¢| Gog06h, GogO6a, Gog07]
as well as decoupled parallel robats [RAF,[Gog09D].
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Since the approaches based on POC equation, screw theojeagrdups are emphasized to pro-
vide architectures that fulfill a set of DOF, they do not pd&vinformation about the performance
of the generated architectures with respect to other @itéurthermore, in order to connect the
structural and the geometric synthesis, it is necessargtermmine the modifiable geometric pa-
rameters of each architecture that can be used as optionzaéirameters. However, they can
not be straightforwardly obtained with these approachesthé usual design of robot manipu-
lators, the geometric synthesis, is performed only for aditecture [MerO5b, MD0O&, SK08].
Consequently, the variable geometric parameters areamilyitthosen by the designer.

Evolutionary morphology, in turn, allows for extractingriable geometric parameters of the gen-
erated architectures. However, the methodology does tmw d&br an exact control over the
direction of the joint axes because the direction of coneatjoint axes is only defined as perpen-
dicular or parallel. Additionally, it requires a high contptional effort.

1.1.2 Geometric synthesis

The goal of the geometric synthesis (also known as dimeakgymthesis) is the determination
of the robot links dimensions in order to optimize the robetfprmance regarding a set of given
requirements[[Mer06, SK08]. As robot manipulators are mgadesigned considering several
criteria, multiobjective optimization is commonly usedtims process. However, some examples
of optimization regarding one single performance criteigan be cited.

The workspace has been considered as a design criterioBid2)Go determine the dimensions
of a planar parallel manipulator and a Stewart Gough platfior[Mer97]. An additional example
is the dynamic isotropy proposed by Jiang [JHT10] to optentiee dynamic behavior of a Stewart
Gough platform. Many examples of synthesis using sever&bpeance criteria can be found in
the literature[[COCQ8, RKL12, LMRD10, HM05, MerQ5a, Kir00, KC412

The fulfillment of the requirements is evaluated througHgrenance indices. Some of the most
commonly used indices are related to:

* robot size[[PS15h, WGLZ12, HSKCI12, KK93],

 robot workspace [CCGCO07, VWT86, KBO5],

 robot manipulability[[Mer05a, PS15c, VWTE6, KK93, KB05],dn
 robot dynamics [PS150b, DGPC02, CCGCO7, SKK02, WBH15, JSFO7].

Detailed surveys about further performance indices anddlassification can be found ih [PS15a,
SK08,WGLZ12, MSC 12a/COC0r7].

To deal with several performance indices, two techniquaset® fronts and weighted functions,
have been employed [Wei09, GC00]. A Pareto front [Kir00, LLGOMRSP 11,[LMRD10,
AHSAQQ9] is specially useful for antagonistic requirementonetheless, the maximum number
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of parameters that can be visualized is three. In additismapplication would be laborious for
both the analysis and comparison of several architectures.

Weighted functiond [ZN10, PSML.2,[Mer05b] are composed by the weighted sum of several per-
formance indices. They allow for the combination of severdices in one single value. However,
the weight factors are arbitrarily assigned by the designdrthe result of the optimization is very
sensitive to their selection. A further issue is the mixtafalifferent physical units, which can
lead to expressions without physical meaning or the netyesSintroducing additional scaling
factors.

To solve the multiobjective optimization problem, diffateapproaches have been applied. The
minimax method was used in [COCO07] to optimize one serial arel marallel manipulators
using several scalar objective functions which considerksmace size, presence of singulari-
ties within the workspace, and manipulator stiffness. Tppr@ach attempts to minimize the
worst-case value among the objective functions. In additieighting factors are used in or-
der to scale the functions and make them dimensionless. had/erlet [HMO5] divided the
design requirements into compulsory and relaxable. Thengétes that satisfy all compul-
sory requirements simultaneously were found using inteawalysis [HMO5]. Afterward, a
compromise for the relaxable requirements was determiryeexploring the solution regions.
Simulated annealing was also applied/in [CHe98, PS14] tonipdi the geometry of several se-
rial manipulators. The most widespread optimization apphes are genetic algorithms (GA)
[Kir00, RSP"11,[LMRD10,/KCZ12]. As result, a Pareto front is obtained araldblection of the
best solution is made by the designer Until now, all propag®dnization algorithms have shown
appropriate performance, however, there has been no c@opdretween them.

Even though the type of architecture has a close relatiohgé@erformance of robot manipula-
tors [NA89, SK08/ PS15h, PKPM6,[CBLW16], the dimensional synthesis is usually carried
out for only one architecture. This is done under the assiomphat a good optimization of the
geometric parameters is enough to achieve adequate riidet850, MDO08]. Only a few publi-
cations, which will be introduced in the next section, addesl the optimization of manipulators
considering several architectures.

1.1.3 Robot optimization considering modification of the architec ture

Many of the studies considering changes of the robot arthite have been carried out for mod-
ular robots. Brandstotter introduced the ‘curved manipuidBH15, BAH15, Bral6], which is

a modular serial manipulator with six revolute joints (6Rattban be reconfigured according to
a given task. This robot can be adapted to an individual tagksssembling predefined links in
different order and orientation.

Fischer [Fis10] used a set of predefined modules to build sagled robots. His goal was to
provide a tool for rapid prototyping of robot systems. Thedmes were constructed using 3D
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printing technology. Some of the modules were equipped mitors in order to provide an active
prototype. The arrangement of the modules was determingdrmtion of the joint positions and

the order of the modules. The performance of the suitabldéigumations was presented in a
graphical interface for a ‘manual’ evaluation.

In [RSP11], a GA was used to determine the geometry of a manipularomfiintenance op-
erations in a tunnel boring machine. The manipulator waspmamded of rotational joints and
straight links. The orientation of the joint axes was lirdite x-, y- or z-direction and the links

length was limited to a set of predefined discrete values. réqaired task was defined with a
trajectory. The tracking error, the number of DOF, the rdleogth, and the collision with the
environment were considered as indicators for performamakiation.

Patel [PS14, PS15b, PS15c], by his part, proposed the usenofased annealing to optimize
the geometric parameters of several six DOF manipulatarsgecific tasks considering joints
limits, manipulability and robot size. In the studied mangiors, the last three joint axes crossed
each other forming a wrist joint. Therefore, the inverseekmatic problem could be separated
into a position and an orientation problem. The positiorbfgm was solved for the first three
joints and the orientation problem for the last three retjoints using the PSO optimization
algorithm. As shown in[[Plul6], this optimization stratedig not provide satisfactory results
in manipulators with reduced mobility because the solusipace is significantly constrained for
particular architectures.

In [CR96, Che98] GA were used to determine the links lengthsattieitecture type and the robot
basis position to perform a given task while avoiding oldstac The architecture was selected
from a predefined set of robot types. An identifier was assigo@ach robot type and considered
as an optimization parameter. The results showed that therelominant mechanism to which
all solutions converge after several iterations. In thelishbd results, the robot types were not
compared to each other.

Type synthesis and subsequent link optimization was inited in [YBPG14] for linkages design.
The method was applied on two spatial linkages with singleé=Diherein, finite position kine-
matic synthesis [PGM06, MS11, YMPG2] was performed to find the joint axis. Then, in order
to satisfy additional task requirements, the link lengtiesexmodified by sliding the anchor points
along the joint axes. Finite position kinematic synthesis been also applied in the synthesis of
tree topologies [SSPGI14]. Graph representation of theudated system was used to determine
the topologies that can be paired with the task for the sywgh@&his idea has been applied on the
design of hands for manipulation tasks [TPGP16, HMKPG16Ek graph-based method was also
used in[PC13] to enumerate the topologic alternatives afgléinkages (with a single DOF) for
body guidance tasks.

As shown in this section, several approaches have beenogeekefor the structural synthesis of
manipulators considering the required DOF. The geomeymthesis has been addressed using
different performance indices and optimization procedufairthermore, some authors addressed
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the modification of the architecture as part of the robotlsgsis. In spite of the appropriate results
of these works, they only considered specific types of maaipts.

1.2 Goal and organization of this work

As introduced in the last section, there exists a variety efhrods for the structural as well as
the dimensional synthesis of robot manipulators. Howethes are carried out independently. It
means, the dimensional synthesis is usually performedavithsingle or even a couple of archi-
tectures which are arbitrarily chosen. Therefore, posdienefits of other suitable architectures
are ignored and the optimized manipulator is not neceggael best option for the required task.
Although the problem has been addressed in the design dedd@QF linkages for body guid-
ance tasks [PC13] and in the finite position synthesis, thetbads are not directly applicable
in the optimization of robot manipulators. To perform a robptimization considering all pos-
sible structures, it is necessary to define the set of strettapable of performing the task. For
each of these structures, the extraction of the optimiagtarameters as well as the kinematic
and dynamic modeling have to be automatically performedthemmore, the optimization algo-
rithm have to be able to deal with any type of structure. Anitamlithl comparison between the
performance of the structures has to be considered as well.

This work presents a combined robot synthesis (CRS) appraacefial manipulators up to 6
DOF (figure[1.2), which aims to obtain the best suitable malatpr for a required task. The
desired degrees of freedom of the end effector (EE DOF) dableshed as part of the require-
ments. Then, in thstructural synthesisall architectures that exhibit the DOF are determined
without isomorphisms allowing for an efficient considevatiof all suitable architectures. The
suitable architectures are described using the Denaviehlaerg parameters. This allows for the
identification of the geometric parameters that can be neatifiithout altering the EE DOF. The
parameters are taken into account in thedelingphase which is automatically performed for
each architecture. As a result, the equations for the eéifiigal kinematics and the dynamics are
obtained in closed-form. Additionally, executable codeNJMAB ® and C) is automatically gen-
erated for their calculation improving the computationfiteency. Once the kinematics and the
dynamics modeling are available, they can be used to caédcilia necessary performance indices
according to the task requirements. Afterwaedch architecture is optimizedith respect to a
main optimization criteria using the established georogiarameters as well as the position of
the robot base as optimization parameters. Remaining peafore requirements are considered
as constraints in the optimization. In the next step,task optimal manipulator is selectednsid-
ering the results of the optimization. In order to evaluatsensitivityof the chosen solution, the
variation of the main performance index due to variationthefgeometric parameters is studied
for a set of architectures with the best performance in tred §tep.
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The detailed description of each stage in the CRS is presentbiiwork, which is divided as fol-
lows: chaptel2 presents the fundamental concepts applige iCRS. Based on the position and
orientation description of rigid bodies (sectlon]2.1), filnevard kinematics of a serial manipulator
(sectior 2.R) is introduced. An efficient way to systemattirerobot kinematics calculation and to
describe the robot links geometry is thefaviT HARTENBERGformalism shown in sectidn 2.3.
The modeling of the differential kinematics (sectionl 2.4 eell as the dynamics (sectibn P.5) of
a general serial manipulator are then explained.

A new approach for the structural synthesis of serial mdatpts is introduced in chapter 3. The
required DOF are used to determine the architectures thatde to perform the task as explained
in sectior 3.1L. The set of suitable architectures is redtaadninimum set of mechanisms without
isomorphisms according to the criteria in secfiod 3.2. Tiee@dure is illustrated step by step in
sectior 3.B through the synthesis of an exemplary architect

The next chapter (chaptel 4) addresses the optimizatiategyr of the suitable structures (sec-
tion[4.1). It explains how the required task is defined to bedus the CRS and formulates the
geometric optimization problem in sectibnl4.2. The optetian parameters include the geomet-
ric parameters of each architecture (which were obtaingohasof the structural synthesis) as
well as the position of the robot base as presented in sééfhnThe particle swarm algorithm,
summarized in section 4.4, is used in the CRS as optimizatiategly. This section includes
the procedure to find the optimal solution as well as the ¢aficun of the objective function and
the handling of constraints. Since the CRS can consider kitieisaad dynamic requirements, an
important aspect of the CRS is the kinematic and dynamic muogleli the manipulators. The in-
verse kinematics and the automatic generation of the ropw@rdics are introduced in sectionl4.5.
The inverse kinematics is calculated with a proposed nunagproach which combines the pseu-
doinverse and the transpose of thedsIAN matrix. In order to reduce the computational effort,
executable code is automatically generated for the calonl@f the manipulator dynamics. A
further characteristic of the CRS is the possibility of anadgzthe sensitivity of the obtained
solutions as explained in section4.6.

The next chapter validates the capability of the CRS througdetbxemplary optimizations. Sec-
tion[5.1 presents the first two examples using 4 DOF maniprdatn the first case, the optimiza-
tion is performed with respect to a kinematic performandein In the second case, the same task
is employed to obtain the optimal manipulator with respedc tlynamic performance index. In
order to show the capability of the CRS to deal with manipukatgr to 6 DOF, in the third exam-
ple (section 5.12), full kinematics manipulators are optieai with respect to a kinematic criterion
to perform a different task.

The work finishes with the conclusions and a brief descnptbfuture research topics derived
from the results.
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2 Modeling of serial robot manipulators

The present chapter describes the theoretical backgroesuied for the modeling of serial robot
manipulators. These concepts will be used in the subseghapters to develop the CRS. Sec-
tion[2.1 presents the position and orientation descrigif@rigid body in the space using homoge-
neous transformation matrices. This theory is used inae&iR2 to express the end effector pose of
a general serial manipulator in terms of its joint positi&nswn as forward kinematics. Theeb
NAVIT HARTENBERG convention in section 2.3 is a well-known approach to desdtie geome-
try of a robot as well as to simplify its forward kinematicdatdation. Furthermore, the differen-
tial kinematics and the dynamics of serial manipulatorseiction 2.4 and sectidn 2.5 respectively
complement the tools necessary for the modeling of a geserial manipulator. Additional infor-
mation about the modeling of serial manipualtors can be fori§K08, SSVO09, DKO7, Cra05].

2.1 Coordinates transformation

The spatial pose of a rigid bod$ is represented through the body fixed reference fraRi® g,
which is attached tB as shown in figure 2l 1. The position vectgrs € R® describes the relative

Figure 2.1: Pose description of a general rigid baBy

position of(RF)g with respect to a reference frarfieF);. The orientation ofRF)g with respect
to (RF); is represented by the rotation matrix

'‘Rp = ((i)e(B), (i)eéB), (i)e,(zB)) € S0(3), (2.1)

T
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whereg e, yel?), and,e!™ are orthogonal unit vectors in a righthand system and, fiwere

fulfill the following properties:

lexll, = lleyll, = llexll, =1, (2.2)
ele,=ele, = e;fez =0, (2.3)
e, xe, =e,. (2.4)

Hereafter, the unit vectoks,, e, ande, are depicted in red, green, and blue color, respectively.

Position and orientation can be combined to form the homeges transformation matrix

i _ ‘Rgp
TB_(O 0 0

(")IB > € SE(3) (2.5)

of (RF)g with respect tqRF),.

The relative position vectqg)rp describes the position & with respect to the origin ofRF)g
in terms of(RF)g. Itis used to determine the position vecigrp of point P, belonging to the
rigid bodyB expressed ifiRF); as follows

@Tp = »TB + 'Re ®)TP = ()TB + (1)TBP - (2.6)

Vectors;rp andgrp can be expanded with a fourth homogeneous coordinate totfainomo-
geneous position vectors

* T * T
\Tp = ((7;)7‘;—5, 1) and B)Tp = ((B)’I‘g, 1) . (2.7)
Equation [2.6) can now be rewritten in terms of the homogesd¢@nsformation matrix and the
homogeneous position vectors as

*

e ="TB®T - (2.8)

Rigid transformations can be concatenated. Therefore,dardo describe successive transfor-
mations, homogeneous transformation matrices, as wetitaion matrices, are multiplied. As
shown in figuré 22, the pose of the reference fraRiE),, with respect to a fixed reference frame
(RF), is described through the successive transformations fti), to (RF),,:

or, =T ‘1y.. "2, "iT,. (2.9)
Similarly, the resulting rotation matrix of successiveatains is calculated as

‘R,=°R,'R,..."?R,_1""'R,,. (2.10)
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Figure 2.2: Successive rigid transformations

2.2 Forward kinematics

The model of a general serial manipulator considered invioik is composed by: joints and

n + 1 links (each joint connecting two links) as shown in figlre. Z28ly revolute (R) and pris-
matic (P) joints are taken into account. The parametersritdésg the geometry of a link are
depicted in figuré 2]4 and explained in secfion 2.3. The joaurdinatey; of the i-th joint rep-
resents the joint rotational anglein the case of a revolute joint, or the joint displaceménin
the case of a prismatic joint. The base of the robot is reptedeby the link) with its reference
frame(RF)y. Then-th link with its reference framéRF),, corresponds to the EE. The reference
frame(RF); is rigidly attached to the-th link in order to describe its pose.

The relation between the robot joint coordinates and the pdthe EE is called the forward
kinematics of the robot. This can be expressed as

xee = f(q) , (2.11)

with
q= (qh qo, ... 7Qn)T (212)

being the joint coordinates vector anglz the pose of the EE. The successive transformations
shown in [2.9) can be used to find the homogeneous transfiommattrix T'gg, of the EE refer-
ence framgRF),, with respect to the robot base reference frdiRg),:

Ter(q) = "Th(q) ="Ti(q) 'Taqe) ... " Ti(q) ... " Th(gn) - (2.13)

It has to be noted that the homogeneous transformationxmatf’;, which defines the transfor-
mation between the reference fran{®¥"),_; and(RF),, is a function of the joint coordinaig.
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°T;_,

link O

Figure 2.3: Location of the body fixed reference frames in a general serial matgpula

As T'gg(q) in (2.13) presents the same structure showf in (2.5), tliootmatrixRer and the
position vector g, of the reference frame fixed to the EE can be extracted fIgs(q) using

Rgg(q) ‘ ree(q) | _
( 0 0 0‘ 1 ) = Trr(q), (2.14)

whereT g, Rgp, andrgg are used instead 61y, "Ry, andy rgg just to simplify the notation.

2.3 DENAVIT HARTENBERG parameters

In this work, the classical BNAVIT HARTENBERG (DH) formalism [Pau81] is used to describe
the geometry of a general robot link. According to this cartian, the reference fram&F);, is
located as shown in figute 2.4, fulfilling the next conditions

+ the origin of the reference fram{&F); is located in the intersection of joint axis+ 1 with
the common normal between joint axesnd: + 1,

* the axise, of (RF); must be pointing in the direction of the joint axis- 1,

* the axise, of (RF),; must be pointing in the direction of the common normal betwjet
axes; andi + 1.

Following this considerations, theENAVIT HARTENBERG parameters can be defined as:

« joint angled; — the angle betweea! " ande!’ measured about the axis " (i-th joint

axis). If the jointi is a revolute (R) jointd; corresponds to the joint coordinatg

* link offset d; — the distance betweesl, , (intersection of joint axig with the common
perpendicular between joint axés- 1 and:) and Dy, (intersection of joint axig with the



2.3 DENAVIT HARTENBERG parameters 15

jointg — 1 L
joint ¢

jointi + 1

(D - =
=

a; (7)
O Z
! ()
P
Dx. W (RF)Z
(i—1) SNi
. €z ol D)
di Y
» 97
5 egcz'—l)
Niet (RF);—y
Figure 2.4: Location of the reference frame fixed to the robot lirdccording to EENAVIT HARTENBERG
convention
common perpendicular between joint axesd: + 1) measured alongﬁf’l). If the jointi is

a prismatic (P) jointg; corresponds to the joint coordinaig

« link lengtha; — the distance betweery " ande!” measured in the direction ef’,

(i—1

« link twist a; — the angle betweesl’ " ande!”’ measured abouwt!’ .

The transformations due to the joint angleand the link twisty; can be expressed as

0;  cb; i TSy

Ty = [ % 00 and T = |V T O (2.15)
0 0 1 0 0 SQ; CQy; 0
0 0 01 0 O 0 1

wherect; = cos(0;), ca; = cos(q), s; = sin(6;), andsa; = sin(q;) with the purpose of
simplifying the notation. Further, the transformation doi¢he parameters andd; is represented
by

1 00 a;
01 0 O
0 00 1
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The transformation betwedRF),_; and (RF); can be calculated using the successive transfor-
mationsT,_(6;), T(a;,0,d;), andT,, (;):

cl; —sb;coy sO;s0, a;ch;

ST, T, (0) T, 0,d) T (o) = | 07 0o —Chaa sl g 49)
sy coy d;
0 0 0 1

which is the homogeneous transformation matrix ofitiie link.

2.4 Differential kinematics

The differential kinematics describes the relation betwte joint rates (also called generalized
joint velocities)q = (¢; - - . qn)T and the velocity¢ of the EE. The first three components f
correspond to the linear velocity, of the origin of reference fram@F),. The last three com-
ponents represent the angular velocity of (RF),,. The EE velocity can be determined from the

joint rates as follows
€= (”n> —Jgq. (2.18)
W

Bothwv,, andw,, are represented in this case with respe¢RiB),. The variableJ is the ACOBIAN
matrix of the manipulator

J = Jt _ J‘tl cee -7.%' T J'tn . (219)
Jr Jrl Jri Jrn

In (2.19), 7., represents the effect gf on the linear velocity of the EE angl the effect on
the angular velocity. The matrices € RR3*" andJ, € R**" are called the translational and
rotational part of theAlcOBIAN, respectively[[SSVO09, Tsa99]. Using the description show
figure[2.3, the-th column of the ACOBIAN can be calculated (in case of a P joint) as

J el
=% (2.20)
' eV xri i,
o) = M (2.21)
r; eZ

Hereafter, the simplified notatian_, ,, will be used instead qfyr;_; ,, to indicate that the vector
r,_1, is described ifRF),. The same holds true fgf)eﬁf_l), which will be written ag’ ™ only

for simplicity.

and (in case of a R joint) as
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The unit vectoreii’l), which corresponds to theaxis of (RF),_4, is collinear with the axis of the
i-th joint. This vector can be obtained using the homogen&ansformation matriXT;_;:

0
(i-1)

e 0 0
=07, , 2.22
(47)-n ! -

0

with

o, =T, 'T, ... 72T, . (2.23)

The relative position vectat,_, ,, from the origin of(RF),_, to the origin of(RF),, is given by

Ti-in="Tn —Ti-1, (224)
with
0 0
") Zop | ana [Tt} =om,, | (2.25)
1 0 1 0
1

As it can be seen in(2.20) arld (2.21), the physical unit§.afiffer from the units of7,. In some
cases, as will be shown in subsequent sections, a dimeligibnenogeneousALCOBIAN matrix
J must be calculated by means of the characteristic lehgfRAGPP95]:

1
(=T,
J=| L , (2.26)

T

with

n
. 2
i—1
§ :Heg ) % Ti—LnHz
=1

n
Further approaches to calculate the characteristic leagthell as to avoid the dimensional in-
homogeneities problem can be found in the literature [AhdQ8292, AC00, RAGPP95, Gos92,
MSPC16/ LJOB], however, the evaluation of these methodstipard of this work.

Le =

(2.27)

2.5 Dynamics

The dynamics equations of a serial manipulator can be dkrging the IAGRANGE formal-
ism [SSVO09], the BwTON-EULER formulation [SSVOO0B9], methods based on the virtual work
[CBCP13], or the Kane’s equatioris [KL85, LLLOQ].
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In the LAGRANGE formalism, the Lagrangiain of a system is calculated using the difference of
the kinetic energy” and the potential enerdy:

L=T-U. (2.28)

From (2.28), the dynamics of a general serial manipulattn wjoints can be described as

d (0L oL
)%

wherer € R™*! corresponds to the vector of the generalized forces aseddiathe generalized
joint coordinatesy. The vectorr includes the contribution of the actuators’ generalizedéds,
the joint friction generalized forces, as well as the joiehgralized forces induced by external
loads on the EE (contact forces, payload). If the manipulatks are considered as rigid bodies
and the elasticity in the actuators and gearboxes is negleetjuation[(2.29) yields the equation
of the inverse dynamics:

TL=M(q)G+c(q.q)+9g(q)—J (@)F +hy(q,q) (2.30)

being T, € R"™*! the actuators’ generalized forces vectdd, (q) € R™ " the mass matrix,
c(q,q) € R™! the Coriolis and centrifugal effects vector, agpdq) € R™*! the gravitational
effect vector. The vectaF € IR6*! represents the contact forces exerted by environment on the
EE. The friction effects related to the joint side (gearbaipat) are gathered ih, (g, ¢) € R"*".

To calculate[(2.30), the physical properties of the linkre defined according to the variables
depicted in figuré 2]5. The origin of the reference fraiR€'), is located on the center of maSs

of the link: and has the same orientation(&3");, which was defined through the DH parameters
in sectior 2.B. The position @f; is described through the position vectar;:

OTC; _ o, @re: ) (2.31)
1 1

The matrix"T; can be found analog t6(2.5):

'R, ‘ r; 4
o, — O L, e Y SV 2.32
( o0 ol 1 11Ty (2.32)

The mass matrixV! (q) is calculated using the mass; of the i-th link and the inertia tensor
ents () relative to its center of mass:

n

M (q) = Z (miJ?(Ci) oo+ i) Ri (Ci)Iz('Ci) ‘R} Jr(ci)) ; (2.33)

i=1
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with
[acz [zy Ixz
o' =1, 1, 1.]. (2.34)
Izm Izy Izz
ValuesI,,, I,,, andl,, denote the moment of inertia of the linkabout the axes, y, andz of

(RF)c,, respectively. Entrie$,,, ..., and/,, are the products of inertia with respect to the same
axes of(RF)c;.

T

(RF)o

Figure 2.5: Simplified description of the link

The matrices/;(c,) € R*" andJ,c, € R* in (2.33) correspond to the translational and
rotational part of the AICOBIAN that maps the joint rates into the linear and angular vejaxit
(RF)c,, respectively:

Jiey = (35 350 4% 0 o) (2.35)
Jeco= (3 30 @ 0 . 0). (2.36)

Ji(c,) and J, ,) are calculated in a similar way ds (2.20) ahd (P.21), butrrefeto (RF)c,
instead of(RF),,. It means, for a P joint

©) =3 (2.37)

Ty ’

(C; . .

for a R joint
Y =eli D xp, o and O = . (2.38)

z

Thei-entry of the vector corresponding to the Coriolis and cérgsl effects is calculated as

_ N~ (OMy; 1OMy;Y ..
¢i(q,q) = ZZ( 0 2 8q;]) Qd; » (2.39)

j=1 =1

wherel,.. represents the element in theh row andc-th column of the mass matrixf (q).
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Similarly, thei-th entry of the gravitational effect vector is computed by:

n

0 (gt oyre.
g (q) = — Zm%, (2.40)

j=1
wheregy, is the gravity acceleration vector.

In order to calculate the motor forces/torques, the fricedfects related to the motor sideis
used instead of the friction effects related to the joinegdig. Each entry:; of h is the sum of the
viscous friction torqué,, and the @uLomB friction torqueh,,

h; = TVinIi + TCz'Sign (qu) ’ (241)
h h,

7 3

wherer,, andr., are the viscous and@LoMB friction coefficients, respectively. Considering
the gear reduction ratip;, the velocity of the motor before the gear train is given by

anvg = Pidi - (2.42)

The gear reduction ratio of all joints can be grouped in th&ima

1 1
p = diag <—, . ,—) . (2.43)
P1 Pn

In addition, the inertias of the complete drive tramglz(lzwi) are grouped in

B, = diag (p1 iy IS - pn uy I8 (2.44)

zz

to determine the motor forces/torques veetgr through

rv=p (M(@)a+c(a.q)+9(@ - (@F)+h(q.q+Bug. (245
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3 Structural synthesis

The first step of the CRS is obtaining a set of architectures(akso called structures) that are
able to perform a required task, i.e. with the necessary EE.M0rthermore, the geometric
parameters that have no influence on the EE DOF need to bemile¢er for each architecture.
These parameters are used as optimization parametersdmibasional synthesis of each archi-
tecture. The determination of the set of task-suitableitactures as well as their corresponding
optimization parameters is the focus of the present chaf@ection 3.1l deals with the genera-
tion of all suitable structures described using the DH catiea. Similar mechanisms (called
isomorphisms) have to be detected within the set of all blatarchitectures (sectién 8.2) and are
grouped in order to reduce the number of structures beingidered. In the same step, additional
geometric parameters used as optimization parameterdeartified. An example of the synthesis
as well as some results comparing the obtained structutesawd without the detection of iso-
morphisms are shown at the end of the chapter in section 2R.eSf the results introduced in
this chapter were previously published(in [RKO15b, RKO15a].

The general procedure of the structural synthesis, showigime[3.1, begins with generating
structures having 1 DOF, which correspond to the first linkthe suitable architectures. Then,
the isomorphisms in this set are detected and grouped i todend a reduced set of suitable
architectures with 1 DOF. In a second stage, single linksadded to the first mechanisms to
generate suitable architectures with 2 DOF. The isomonphiare detected again in this set to
form a reduced set with 2 DOF. The process is repeated uetiteauired number and type of
DOF are achieved.

3.1 Generation of suitable architectures

The required DOF of a given task can be defined through thersstjmotion vector

Vre T
€req = ( qn> = (éreqla grqu ) greqy greqy greqsa éreq(a) € ]RG ) (3-1)

req,,
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s L
Generation of ’ Detection of

Ereq suitable architectures ' isomorphisms Reduced
Set of suitable set of suitable
architectures architectures
(1 DOF) (1 DOF)
Generation of { > Detection of
suitable architectures ) : isomorphisms
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|_architectures (2 DOF) | | architectures (2 DOF) |

Generation of
suitable architectures
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| architectures (n DOF) | | architectures (n DOF) |

Figure 3.1: Proposed approach for the structural synthesis

where the first three entries describe translational mstainthe EE alonge-, y-, and z-axis,
respectively. The last three entries represent rotatior@lons about:-, y-, and z-axis. The

vector§,, corresponds to the motion vectpdefined in[(2.1B):
Uy,
5 = W = (51752a§37€47€57£6)T : (32)

n

Elements of,, being zero §.,, = 0) indicate that there is no required motion in this direction
For instance, a manipulator with the required motion vector

T
Ereq - (greql > greqza freq37 0,0, greqﬁ) (33)

possesses at the EE three translational DOF and one r@bb@F about the:-axis. The total
required DOF in total are the number&f,. # 0, which is four in this case.
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Since the manipulators are described using the DH converttie first joint axis is always parallel
to thez-axis and, hence, all structures will have a motion alonghoudit. Sometimes this motion
is not needed. Therefore, the required motion vector candmbfied using:

EQ) =€, (3.4)

€(y) _ Ra—ﬂ/?) O(3x3 ¢ 5(@ _ Rg(71‘/2) Op33] ¢ 3.5)
req 0[3><3] Rg‘(_ﬂ-/2) e s 0[3><3] RS(W/Q) e

whereg(?), €%, and¢!?) are the required motion vectors for manipulators whosejéirstaxes are
parallel toz-, y-, andz-axis, respectively (see figure B.2). The matriggg—n/2) andR, (7 /2)
are rotation matrices for a rotation angle-of /2 andr /2 aboutz- andy-axis:

0 0 01

1], R/(m/2)=10 1 0]. (3.6)
0 -1 0 0

This modification (rotation) of the required motion vectdiows, additionally, for considering
several orientations of the robot base in the subsequeimtiaption (see sectidn 4.3).

(RF)w
(a) parallel to thez-axis (b) parallel to they-axis (c) parallel to thex-axis

Figure 3.2: Possible orientations of the first joint axis for exemplary architectures.

The suitable architectures are generated from a discretf §H parameters (see sectibn|2.3).
Since only P and R joints are considerdd= g; if the joint: is a P joint and); = ¢g; in the case
of a R joint (see figuré 213 and figure 2.4). Furthermore, ealdhpBrameter is limited to two
possible values:

0; ={0,7/2} , d;={0,d;}, a;,={0,a]}, «a;={0,7/2}. (3.7)
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The notationd; = d} as well asy; = o} indicates that the parametefsanda; are different from
zero. Since in real robots subsequent joint axes are uguaidflel or perpendicular, the values of
«; are chosen to reflect this fact. Parameter= 0 represents parallel axes meanwhile= 7 /2
represents perpendicular axes. The egse — /2 is not considered because the results are the
same as using; = 7 /2. All 16 possible parameter combinations for thi link are enumerated

in table[3.1, 8 combinations for a P joint and 8 combinatiarsfR joint.

These possible links will be used to generate the architestul' he suitability of an architecture
is evaluated through the following two conditions:

1. the entries of the required motion vectr, that are zero must also be zero in the motion
vector of the evaluated architectfgi. e. if (.., = 0 then¢; = 0 for the samé

G=0V1={1...6|&eq =0}, (3.8)

2. the rank of theAlcoBiAN J for the evaluated architecture must be equal to the number of
DOF in each iteratiort,,; (see figuré 311), i. e.

rank (J) = kgor - (3.9

These conditions have to be fulfilled for agyandg. Hence, they are evaluated in symbolic form.

Table 3.1:List of possible DH parameter combinations for thih link

R/IP|O; d; a; oy RIP| 0, d; a; oy RIP|O; d; a; o R/IP|O;, d; a; «;
PO g O O Pln/2 ¢ 0 O Rl¢g 0 0 0 R|g¢g df 0 0
Pl0 ¢ 0 7/2 P(m/2 ¢ 0 /2 Rlg 0 0 w/2 R|g df 0 7/2
P10 ¢ af O P (7/2 ¢ af 0O Rlg 0 a 0O R |g df af 0
P|0 ¢ af /2 P |7m/2 ¢ af w/2 Rl¢g 0 af 7/2 R ¢ df af 7/2

3.2 Detection of isomorphisms

The concept of isomorphisms has been treated in the stalsignthesis of mechanisms by means
of graph theory to identify different graphs that descritbe $ame mechanism [Mer06, Tsa01]. In
this work, different set of DH parameters describing theesanshitecture are called isomorphisms.
An example of such isomorphisms is shown in figure 3.3. Reggrthe architecture shown
on the left hand of figureé 3.3, the parameters of the first lirkda = 0 anda; = a7, while in
case of the architecture given on the right hahd= 7/2 anda; = 0. As it can be seemn,
anda; can take any value without influencing the motion directiohthe EE. Therefore, both
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manipulators can be considered as particular cases of the aechitecture, in which; anda;

can take any value including zero. The variables fulfillihig tondition will be labelled, ,6-, . . .,
dy,ds, ..., aj,as, ... OF aq,a9, ... in the description of the structures (e.g. appendix A and ap-
pendixB) As part of the structural synthesis, the isomorpbiare gathered in groups that can be
represented by a common DH parameters matrix in order teeetthe computational effort during
the optimization, and to determine the parameters that earséd as optimization parameters.

During the detection of isomorphisms, the influence of eathpgarameter on the motion direc-
tions of the EE is evaluated using the conditions explaimetthé following sections. These are
based on the linear independence between the requiredmubtections and the direction each
DH parameter is measured along.

R/P 07, dz a; Qg R/P 01 dz a; Qg
P 0 q aj 7/2 P |m/2 ¢ 0 7/2
R | 0 0 7/2 R|g 00 7/2
R g3 0 0 7/2 R|g 0 0 7/2
Rig 00 0 Rig 00 0

-~

R/P 91 dz a; o4
P 91 g1 aj 7T/2
R | 0 0 7/2
R |¢gs 0 0 7/2
Rlg 00 0

Figure 3.3: Example of two isomorphisms wit}., = (0, 0, &req, §req4,£req5,§req6)T

In the next sections, several conditions to establish théal independence are analyzed for the
link j of figure[3.4. It is worth noting that subindexrepresents the link under consideration,
while 7 is used as index in the summation to indicate any other link.

3.2.1 Conditions for the link offset (  d)

To analyze the influence of the paramete;j-th link in figure[3.4) on the EE motion direction,
equation[(Z.18) can be rewritten as

n (i-1) (i-1)
Un A €z X Ti—in ;| €z
§= (wn> = ; [@ ( el ) +dz’< 0 )] ; (3.10)
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Figure 3.4: Location of the reference frames for the detection of isomorphims

wheree! ™ andr;_, ,, are defined in sectidn 2.4 and depicted in figuré 3.4. For arﬂ,ﬁzi: Gi
andd; = 0, while for a P jointd; = 0 andd; = ¢;. The position vector;_, ,, can be expressed as
the sum of the relative position vector of each link

Tiin="Ti—1i TTiit1+ ...+ Tu_1n, (3.11)

and replaced i (3.10) obtaining

n (i—1) (i-1)
- Z . X (Pic1i+Tijg1+ oo+ Toin) [ ex
i=1 #

The term accompanyingj can be divided into two part$:< j and: > j, then

0. <€gil) X (Pt + ...+ Tn—l,n))

egi—l)

. el o o S -
_ g <ez X (rz_l,zo—l— . +rj_1ﬁj)> +é, (ez X (rer(lile). . +’rn17n)) . (3.13)

Combining [3.1R) and (3.13) leads to

)

. ZJ: lel (egz’—l X (ri_l’i0+ oot 'l“j_1,j)>
i=1

(i-1) (i-1)
- [ e X(r;i1+...+7"n_1n : >
+02 ( ( JJ;‘(li_l) 1, )) + dl (e . )]

n (i-1) (i-1)
j : . [ €z X (ri—l,i +...+ Tn—l,n) i [ €z

i=j+1 €:



3.2 Detection of isomorphisms 27

From this equation;;_, ; can be factorized:

¢ A [((0@9 +.+ Qie,(zi_l)> X m_l,,)] N <<éle§0) +.+ éje(zj_l)> X "“j—l,j>

= 0

: egiil) X (rj7j+1 + ...+ ’rn—l,n) ; egi_l)
0; oD +d; 0

n (i-1) (i-1)
Z o P X (Pic1i+ o+ Tpo1n) ;[ ez

i=j+1

J

=1

If the j-th joint is a prismatic jointd; corresponds to the joint coordinate, consequently;tie

link is not evaluated with respect t§ (see tablé 312 at the end of this section). In the case of a
rotational joint,dj = 0. Moreover, in[(3.1B)r;_1 ; represents the position vector from the origin
of (RF);_; to the origin of(RF);, which can be calculated using the parametgrandd; of the

j-th link:

aj O
71y ="Ri... "R TR, (6;)| 0| +°Ry..7TPR; VTR, (0;) | 0| . (3.16)
0 d;
CL]‘ e:(pj) dj egj_l)

Additionally, the angular velocitw; of the j-th link is
wij=0e" 4. +6;el7V. (3.17)
Using (3.16) and (3.17), the term containing ; ; in (8.15) can be rewritten as:
(91 eV 4 ... +6; egj_l)) X715 =w;xajed) +w;xdjel V. (3.18)
Regarding[(3.18), the product
9, =w; xdjel™ € R? (3.19)

can be considered to establish two cases in which the the wdld; has no influence on the
motion direction of the EE. Firstly, i, is parallel toe? ", 9¥; = 0 regardless of the value df.
Secondly, the components 6f are included irg .., i. €. if {q, = 0 foranyl =1...3, thel-th
element of¥; must also be zero. If one of these conditions is fulfilled,gaeametet; of the j-th
link can take any value without changing the motion dirattid the EE (see table 3.2).
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3.2.2 Conditions for the link length (  a)

The influence of the link length; on the EE motion can be studied using the figuré 3.4 again. If
the j-th joint is a prismatic jointéj = 0. In this case[(3.15) can be rewritten as

i1 RO ) Gi=1) o
¢ - [((016,2 + ...+ 6;e; ) X rz—l,z)]

=1 0

5 (0) G- 1
()

0

. egi_l) X (’T‘j’j+1 + ...+ rn—l,n) . eg_l)
e; 0

n (i-1) (i-1)
j : ) € X (ri—l,i +...+ 'rn—l,n) 7 €z

i=j+1

j—1
2
i=1

The term containing;_; ; can be reformulated using a similar simplification as presgm sec-
tion[3.2.1:

(91620) + ...+ éj_legj_2)> XTj_1;=Wj-1 X ay egcj) + w1 X dj egj_l) . (321)

link j &
el
ef(ji & ey
/linkj—lg /lmk]—l
wWi—1 : Wwj—1
(a) Collinear or intersecting axesa (= 0) (b) No intersecting axesif # 0)

Figure 3.5: Possible link length in a link with P joint

Considering the product
7.9]' =Wj_1 X a; eg) c IR3 (322)

from (3.21), the value of; has no influence on the motion direction of the EE in two cases.
Firstly, if w,_, is parallel toel’, 9, = 0 regardless of the value of (see figuré 315). Secondly,
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the components af; are included irg, ., i. €. if §.q, = 0 foranyl = 1...3, thel-th entry ofd,
must also be zero. If one of these conditions is fulfilled,gaeameter:; of the j-th link can take
any value without changing the motion direction of the EE (&bld 3.R).

link j — 1

(a) Two revolute joints with collinear axes (b) Two revolute joints with parallel axes and
(a; =0) a; #0

(c) Revolute and prismatic joints with perpen{d) Revolute and prismatic joints with perpen-
dicular axes and; = 0 dicular axes and; # 0

Figure 3.6: Possible configurations of two consecutive joints being the first joint a R join

The second case to be studied is whenytitiejoint is a revolute joint. In this caséj # 0, dj =0,
and, therefore, equation (3118) can be considered agaie. pidductw; x a; eV is different

from zero because! " is perpendicular te! (see figuré_316). This relation can be observed

comparing the vectorgu; cos (6;), a;sin (6,),0)" and(0,0,1)" in (.23) and[(3.24), which are
perpendicular as well:

a; a; cos (0;)
a;e) =°Ry .. 7R /'R, (0,)| 0 | ="Ry... IRy [ aysin(8;) |, (3.23)
0 0
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0

eV V=R, .. 7R, 0] . (3.24)
1

It is important to underline that fag; = 0 the j-th joint's motion leads to a rotational motion
around the vectoe! " only. In contrast, ifa; # 0 the joint motion results in an additional
translational motion in a plane perpendiculareéé‘l). The aforementioned effect of the value
a; is clarified in figure 3.6. If the axes of both consecutive faraevolute joints are collinear
(a; = 0 anda; = 0), the kinematic chain has just one redundant DOF (figurea.6(n contrast,
if a; # 0, the mechanism has two independent DOF (figure 3.6(b)). ©wotther hand, if there is
a perpendicular prismatic joint after the revolute joing(fie[3.6(c) and figuie 3.6(d)), the amount
of independent DOF is affected not only by. The DOF of the EE also depend, in this case, on
the parameters of thg + 1)-th link anda; does not necessarily have to be different from zero.
This condition, i. e. if the parameter has (or does not have) to be different from zero, can be
checked analyzing the rank of the figst- 1 columns of the dcoBIAN J. Let

.((ZjZO) .(a]‘:O)
Jﬁjl:()) _ ( 't e -7'tj+1 ) (3.25)
Jrl cc Jrj+1
be the AcoBIAN matrix of the manipulator including thg + 1)-th link with a; = 0 and
. .(aj=a*) .(aj=a")
T = ( b ) (3.26)
I R

be the sameAtoOBIAN matrix witha; # 0, the following conditions can be inferred:

if rank (Jgfﬁfo)) < rank (Jﬁ‘jﬁf“*)) thena; must be different from zero,

if rank (Jg.‘jflzo)> = rank (Jgf‘gl:“*)> thena; can take any value including zero.

As well as in the case of prismatic joints, if the componerit® pin (3.22) are included i
the value ofz; has no influence on the motion direction of the EE (see faBle 3.

req’
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3.2.3 Conditions for the link twist ( )

In order to analyze the link twist;, the calculation of the EE velocity can be separated into two
parts: one considering the links 1 fothe other including the linkg + 1 to n (see figuré_314).
Equation [(3.1I0) can therefore be rewritten as

J (i-1) (i-1)
Z , (S X rifl,n 7 €z
:1 z
n (i—1) (i-1)
- [ e X Ti_in N
+ > |6 iy T ]| B27)
i=j+1 €z

The first part includes the firgtjoints. Their axis orientations are not influenceddy(see figu-
re[3.4). The second part consists of the fast j joints. Their axis orientations are dependent on
Oéj.

The vectore!' ™ in (3.27) represents the orientation of thth joint axis. This can be expressed
fori > jas

el =R, I 'R.IR, R, /'R, (j)egi—l) ' (3.28)

= o O

As the orientation of thg-th reference frame with respect to the{ 1)-th reference frame results
from the rotatiory; aboute! " followed by a rotatiorn; about the new axigl )" (figurel3.7),
the rotation matrix

TRy =7""'R,_(0;)V"VR, (o)) (3.29)

depends om;.

(RF)o
(0)

o

Figure 3.7: Rotation of the reference frames dueffaanda;
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Hence, equatio(3.27) can be rewritten using (3.28) inrdaifactorize the produ¢R,; ;' 'R;:
e— (V)4 (B TR Owa )
wj Opxy  “Rj-177'R;

n . . e(i_l) X T 1 . . e(iil)
N 7 A I B . (3.30)
i=j+1 (j)€z 0

Furthermore, theALOBIAN (;)J ;11 ,, for the last(n — j) joints can be defined as
i1 = (T T2, - ) a) € RO, (3.31)

being;J; determined (with > j) as

(i-1)
N X Ti—1n

idi = W (i—1) ! (3.32)

(4) €=

for a rotational joint and
(i-1)

. ez

0di = (m 0 ) (3.33)

for a prismatic joint. The first three rows gfJ ;. , represent the effect of the last { j) joint
rates on the linear velocity of the EE:

N G = (I[3><3] 0[3><3]) S j+1n - (3.34)

The last three rows define the effect on the angular velocity:

(j)J§'+1,n = (0[3x3] I[3><3]) i j+in - (3.35)

Therefore, equation (3.B4) arld (3.35) can be used to write

Gj+1
(HYj+in | _ 0 3‘+1,n : , (3.36)
() WitLn 0L j1n q'
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Finally, combining[(3.30) and (3.86) leads to
0 j—1 t 41
P AN R /"R; Opxy 0N jr1m :
w;j 033 R /'R | \ (p T q.'

A "R TR, (677 R, () goen (3.37)
wj ‘R, \77'R,_(0;)7 "R, (o) ()wWjtin

ijl

It can be inferred fron{(3.37) thatifnk ((;J5,,,,) = {0,3} andrank (;yJ%,,,) = {0, 3}, the
motion directions of the EE are not affected by the rotatioglec;. Whenrank ((;)J},,,,) = 3

orrank ((j)J;H’n) = 3, the linear (or angular) velocity generated by the last(;) joints leads to
a motion of the EE in the-, y-, andz-direction. This condition is not affected by a variatiormgf

Furthermore, this variation has no effect on the motiondtioas of the EE ifank ((;)J',,,,) =0
orrank ((;J7,,,) = 0 (see tabl€3]2).

3.2.4 Conditions for the joint angle (  0)

If the j-th joint is a revolute joint, the value éf corresponds to the joint coordinate Hence, for
the next analysis, only the case of a prismatic joint is abergd. Similar to the case of(see sec-
tion[3.2.3), equatiori (3.87) shows thatifuk ((;)J',, ) = {0,3} andrank (;J7,,,,) = {0, 3},
the motion directions of the EE are not affected by the rotatingled; .

Additionally, if ;; = 0, the matrixX """R,, | (a;) = Ij3x3) in 3.29). The vectors! ™' ande] are
parallel (see figure3.4) and
TR, (0;) el = el (3.38)

Hence, equation (3.28) can be rewritten as
‘Ri-"7'R,_(0;)""R,, (a;)er ! =R el (3.39)

Inserting [3.3B) in[(3.37) leads to

Gj+1
_ [ v Ri 1 Opxs \ ()51 . 3.40
€_ + 0 ()R JE . . ( ' )
wj [3x3] j—1 (N j+1n i

From (3.40) can be concluded thawif = 0 the matrix’ 'R, (6;) has no effect on the motion
directions of the EE.
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Further conditions can be extracted frdm (3.21)w}t; is parallel toe " the product
w; 1 xdj eV =0 (3.41)
and, therefore, equation (3]21) results to
<91 ego) + ...+ éj,l egj’2)> X Tj 1, =Wj_1 X @, egj) ) (3.42)

Moreovere? Yis perpendlcularte” Y and, regardind (3.23) and (3124), itis also perpendicular

to e . Consequently, the result

a;
9 =w; 1 xR, 7R, (6;) | 0 (3.43)
0
lies on the same plane as the result of
a;
’l?j =Ww;_1 X ORj,1 0 . (344)
0

In this case the value &f; does not affect the motion direction of the EE.

Table[3.2 summarizes the conditions (see section]3.2.1ctmr&.2.4) to be evaluated for each
DH parametet!;, a;, o, 6; of the j-th link.

Table 3.2: Summary of the conditions for isomorphims detection

Parameter Joint Condition Possible values
d R w; x d;ed” 1)—0\/wj><de]1)€£req d; € R
a; P wi_1 xa;ed =0V w;_ | xa; el GEreq aj € R
o R rank <J§+1 )> < rank <J]+91_a )> a; # 0
R wi_y xa;ed) e €req aj € R
a; R, P rank ((;yJ5,,) = {0,3} A rank ((5J5,,,,) ={0,3} a; €R

P rank ((;)J%,,,) = {03} A rank (;J%,,,) = {0,3} 0; € R
= _OVw]xde(j R
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3.3 Obtained structures

The complete algorithm for the structural synthesis isgmésd in algorithmi 3]1. The input is the
required motion vectog,.,. Then &%) and¢(?) are calculated. The structural synthesis is carried
out for each of these three vectors. In the first step, thelljessombinations of DH parameters
shown in tablé 3]1 are used as "possible links". ThAeaBIAN and the motion vector of each link
are calculated in order to evaluate its suitability as @rgldin sectiom_3]1. The links that fulfill
the two conditions of suitability (set of suitable architeesS A) are then evaluated with regard to
the presence of isomorphisms (tabld 3.2). The resulting stored in the reduced set of suitable
architecturesRSA. The links in the reduced set of suitable architectures aesl o generate
mechanisms with 2 DOF by adding one link from table 3.1. Th&ablity and the presence of
isomorphisms are evaluated again for each of these artihiésc This process is repeated until
the desired DOF are achieved. The example below illusttaegeneration of one architecture
with

Ereq = (0,0, Eroqy Ereay Eveays Ercay) - (3.45)

The four different links shown in figure_3.8 represent theurst set of suitable architectures
obtained from the evaluation of the first links,{ = 1). Exemplary, the DH parameters of
figure[3.8(a) result from the two set of parameters

and : (3.46)
P10 ¢ a7 O P|10g 0O

which are chosen as suitable architectures (with 1 DOF) tadte[3.1. Indeed, the motion vector

for these links is
0

0
@

. 3.47
! (3:47)
0
0

0

O O O = O O

Comparingg from (3.47) with§, ., from (3.45), it can be seen that the first two entries are zero
in both cases, i. €§; = &oq, = 0 aNd&, = &eq, = 0. Hence, both links of (3.46) are considered
as suitable structures. Additionally, the+ 1)-th link corresponds to the ground aad_; = 0.
The conditionw,;_; x a;e%’ = 0 is fulfilled (table[3:2 fora,). Therefore, both structures are
considered as isomorphisms and can be described usingrdragtars given in figule 3.8(a).

For the structures shown in figurles13.8(b] td 3.8(d) the saweedure was applied.
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Algorithm 3.1: Structural synthesis algorithm

Input: &,
1 &8 = req
2 calculatefl(pgg1 and&fpfg1 /1 equation (B5)
s foreach¢ (s € (1), €2, €1 do
4 for kgor = 1to DOF do
5 Links < possible_links /1 fromtable B
6 if kaot = 1 then
7 foreach L € Links do
8 J <« Jacobia(l) /1 equation (Z_I9)
9 E=Jq /] equation (2Z_I8)
10 ifg,:ovzz{1...6\55221‘}:0} then /1 equation (B B)
11 ‘ SA <+ {SA,L} /'l set of suitable architectures
12 end
13 end
14 RS A + detect_isomorphisng§' A) /1 see section B2
15 else
16 foreachrobot € RS A do
17 foreach L € Links do
18 robot* «+ add_link_to_robdtrobot, L)
19 J «+ Jacobiafrobot™*) /'l equation (ZZI9)
20 E=Jq /1 equation (Z_I8)
21 if §=0VI={1...6]&eq =0} then /'l equation ([3_8)
22 if rank (J) = kqor then // equation ([39)
23 | SA* « {SA* robot*} /1 architectures with kg DOF
24 end
25 end
26 end
27 end
28 RS A + detect_isomorphisng§ A*) /'l see section B2
29 end
30 end
Output: RSA /'l reduced set of suitable architectures

31 end

The architectures found in the second stadgg (= 2) are shown in figure_3l9. For explanation rea-
sons, the architecture shown in figlrel 3.9(e) is taken as jgheafsee figure 3.10). The considered
architecture results from the combination of two isomospis:

P10 q ap 0 and P10 q a; O (348)
R g d5 0 /2 Rilg 0 0 n/2
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RIP|O; d; a; a; RIP|O; d; a; oy RIP| 0, d; a; o RIP| 0; d; a; oy
PO ¢ ap O P10 ¢ ap /2 P(n/2 ¢ a; O P (7/2 ¢ a1 7/2
() (b) () (d)
Figure 3.8: First links obtained from the structural synthedig.¢ = 1)

The first two entries of the motion vector are zero ag,ip (see [(3.4b)):

0 0 0

0 0 0

) 10 G G
=Jg= = ) 3.49
£=Jq 00 (@) 0 (3.49)

0 0 0

0 1 g2

For both isomorphisms, the conditiasn, x ds e,(zl) = 0 is fulfilled becausev, is parallel tOeQ).
Therefore, the parametés can take any value including zero.

PO g ai 0 P00 ¢ a; m/2 Pl7n/2 ¢t ay O P(7/2 ¢1 ax 7/2
R q2 dg 0 0 R q2 d2 0 0 R q2 d2 0 0 R q2 d2 0 0

@) (b) (©) (d)
RIP|0;, d; a; o RIP|0;, d; a; o RIP| 0, d; a; «; RIP| 0, d; a; o
Pl0 ¢ a O P|l0 ¢ ap m/2 P|m/2 ¢ ay O PI|m/2 ¢ aq /2
R g d 0 7/2 R g d 0 7/2 R| g d 0 /2 R| g d 0 /2
(e) ® ) (h)
Figure 3.9: Architectures with 2 DOF

Carrying out the same procedure, the structures shown inefigdrl are obtained in the third
stage kqor = 3). For the architecture in figute 3]11(e), raak = 3 and the first two entries of
the motion vector are again zero:

00 0 0
00 0 i 0
. 10 0 ! 1
=Jg= , | = o ) 3.50
¢ 9 0 0 sin(go) 22 g3 sin(qz) ( )
0 0 —cos(qz) ’ —(3 cos(q2)
01 0 o
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Figure 3.10: Sketch of the architecture in figure B.9(e)

RIP\O;, d; a; «; RIP\O;, d; a; «; RIP| 0, d; a; oy RIP| 0, d; a; oy
P10 g a; O P10 ¢ ap m/2 P|7/2 ¢1 a; O Pl7/2 1 ay /2
R |g d 0 7/2 R|g d 0 7/2 R | g d 0 7/2 R | g d 0 7/2
Rls 00 0 Rls00 0 R|lg 000 Rlg 00 0

@) (b) (©) (d)

R/IP\O;, d; a; «; R/IP\O;, d; a; «; R/IP| 0, d; a; oy RIP| 0, d; a; o
0 gp ap O 0 ¢ a1 7/2 P|7/2 ¢1 a1 O P(m/2 ¢ ay 7/2
g2 do 0 m/2 R g do 0 7/2 R| g d 0 «/2 R| g d 0 7/2
Rigs 0 07n/2 Rilgs 0 07n/2 R|g 00n/2 RJg 0 0 7/2
(e) () (9 (h)
Figure 3.11: Architectures with 3 DOF

o
o

Py

It has to be noted, that the structures in figure 13.11 resut the architectures in figures B.9(e) to
[3.9(h). For the other structures (figures| 3.9(d) td 3.9{tyyas not possible to find any additional
link fulfilling the conditions in [3.8) and (319).

Finally, for structures in figures 3.111(a) fo3.11(d), it wast possible to find additional links.
However, the architecture in figure 3112 is obtained by agittie links

and (3.51)
Rig 0 0 7/2 Rigt 000

to the structures in figurés 3]11(e) to figlire 8.11(h) and tletacting the possible isomorphisms.
Figure[3.1B shows tha, a;, a1, d2, anday have no influence on the manipulator's EE DOF.
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RIP|O;, d; a; oy
b @1 a1 o
@ do 0 7/2
g3 0 0 7/2
g2 0 0 ay

O X0 A0 T

Figure 3.12: Example of an architecture wig,, = (0,0, grqu,{req4,§req5,§req6)T, the optimization vec-
tOr iS Py = (01, d2, a1, a1, )"

Therefore, these parameters can have any value and candasusptimization parameters of the
architecture. In the motion vector

0 0 0 0 0
00 o0 0 i 0
1 0 0 0 G2 q1
£= S| = .. , 3.52
0 0 s(q) —c(qs3) as g2 — Gac(qs) ( )
0 0 —c(g2) clg2)s(gs) G4 43s(qa) + dac(q2) s(gs3)
. 0 1 s(q2) s(q3) g das(q2) s(q3) — gz c(q)

it can be observed that rafl) = 4 and the first two entries & are zero. This is one of the two
architectures obtained for the required motion vectol id§Band was used as example.

In order to observe the importance of the isomorphisms tetedable[ 3.8 presents the number
of architectures found for several motion required vectov§”, N, and N are the number
of architectures whose first axis is parallel with the,, andx-axis, respectivelyN,, represents
the total number of architectures. As it can be noted, thebmuraf architectures is significantly
reduced through the detection of isomorphisms. Theretbeegeometric optimization can now
be performed for all suitable architectures.



40 3 Structural synthesis

(RF)o
(a) Initial state (b) Variation of 6, (c) Variation ofay

(RF)o
(d) Variation of g (e) Variation ofds (f) Variation ofay

Figure 3.13: Variation of the modifiable geometric parameters for the exemplary architecture

Table 3.3: Number of architectures generated with and without isomorphisms detection

Without With
isomorphisms detection iIsomorphisms detection

€req N NY NP N, NP NYNY N
(0,0,Ere44,0,0,Ereq, )™ 12 0 0 12 2 0 O 2
(&recr 10,0,0,0,eq,) " 0O 0 4 4 0 0 1 1
(&veq, sEreqy,0,0,0,0) T 0O 8 8 16 0o 1 1 2
(0,&reqy Ereqs»0,0,Ereqq) " 8 24 0 32 1 2 0 3
(&reqy sEreay:0:0,0,Ereq,) T 112 64 64 240 4 3 3 10
(0,0,0,6req, :Ereqs Ereqs) - 2 2 2 6 1 1 1 3
(&veq, »Ereay sEreay:0,0,0) T 32 32 32 96 1 1 1 3
(0,0,Eveqy Ereqy sEreqs sEreqs) - 20 0 © 20 2 0 0
(&req, sEreay sEreas »0,0,Ereqq) 1984 704 704 3392 17 9 9 35
(0, reqy Ereqy sEreqy sEreas sEreqs )T 220 220 388 828 7 5 11 23
(Ereqy Ereay Ereqy sEreqy Ereas sEreq) T 11,272,192 33,816,576 326 326 326 978
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After the generation of the task suitable structures erpldin chapterl3, the next step in the CRS
is their geometric optimization as introduced in secfioh 4The goal of this optimization is to
determine the geometry of the optimal manipulator for aréesiask, which is defined besides
the formal optimization problem in sectién ¥4.2. The optiatian parameters correspond to the
geometric parameters of the suitable structures as wehagpasition of the robot base (sec-
tion[4.3). A short summary of the particle swarm optimizatadgorithm, which is employed to
solve the optimization problem, is presented in sedtioh 4.4

In a usual dimensional synthesis, only one architecturgtisnized and, therefore, the modeling
process is performed for this single architecture. Howewes is not the case of the CRS. Here,
a general modeling is mandatory, which involves the forywemeerse, and differential kinematics

as well as the robot dynamics. The forward and differeniianatics were previously addressed
in chaptef 2. The inverse kinematics, which represents Hecige for serial kinematic chains,

is solved by means of a numeric method. This approach as weltditional elements to be

considered in the general dynamic modeling are introducseédtiori 4.6

An important feature of the CRS is the comparison of the perdmite for several structures and
the postprocessing of the results as shown in section 4 €&enhe sensitivity of the manipulators
with the best performance is analyzed.

4.1 Optimization strategy

After the structural synthesis, every obtained architects optimized as depicted in figure 4.1.
Prior to the optimization, each architecture is modeledsmaring the optimization parametgss
For this purpose, a MATLAB class calledSerialChainwas programmed. An object of this class
represents an architecture and contains the informationtahe type of joints, the geometry of
the robot (both fixed and variable parameters) as well aseébessary functions to calculate the
forward, inverse, and differential kinematics. These fioms are formulated for general serial ma-
nipulators with up t@® DOF. The forward and differential kinematics are computeth&oduced

in sectior 2.2 and sectidn 2.4, respectively. The inverserkatics is solved using a numeric ap-
proach which is explained in sectibn 4J5.1. FurthermoreSgrialChainclass includes functions
to evaluate the kinematic and dynamic performance of a néatir.

Due to the capabilities of th8erialChainclass, several performance indices can be evaluated
for any serial manipulator up t6 DOF. They are one way to quantify kinematic and dynamic
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[ Task ] (%
e
( I
[ Structural synthesis ]
Architecture 1 Architecture 2 Architecture N,
= (a1,a2,d1...) p=(01,a2,d2...) p=(01,02,d1...)
Modeling Modeling Modeling
Robot < SerialChain(p) Robot < SerialChain(p) Robot « SerialChain(p)
Y Y Y :
(1)<}
3
T=Mig+ci+g;+... T=M2g+ca+gy+... ee. |T=Mp,g+cn, tgn,, t+--- g
Optimization Optimization o .. Optimization
p= (a a2, dy .. 917a2,d2 p=(01,02,d ..
. J
Task optimal
manipulator
p=C(.)
[ Postprocessing ]

Figure 4.1: Proposed strategy for the optimization of the suitable structures

characteristics of a given robot. Robot manipulators arallysaptimized regarding several per-
formance indices [SK08, COCD08]. This multiobjective optiatisn problem can be addressed
by determining a Pareto front or by calculating the objexfinction as the weighted sum of the
desired performance indices [Wei09]. Pareto fronts dentia@@nalysis of each structure and are
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impracticable in the combined robot synthesis (CRS) due tditdje number of architectures to
be considered. In the weighted sum of indices, for its phaetjndices included in the sum usually
have different physical units, e. g. workspaa€eY and manipulability (no physical unit). This pro-
duces values of the objective functions that are difficuibterpret or without physical meaning.
Additionally, the weight factors are often subjectively@n by the designer, which leads to a high
user-dependency of the results. Further information aperformance indices that have been ap-
plied in synthesis of manipulators can be found in [PS150&KVGLZ12, MSC 12a,COCO07].

In the practical design of robot manipulators, the userirequents are usually established as a
principal attribute to be optimized and a set of boundarg#igations. These are given as thresh-
old values that have to be achieved by the robot and are @yesichs constraints. Hence, the
optimization in the CRS is carried out regarding one main ate i. e. the objective function is
calculated with one single performance index.

Due to the characteristics of the geometric optimizatiabfgm, the minimax method [COCO07],

and global optimization techniques as simulated anne§§d4] and genetic algorithms (GA)

[LMRD10] have been employed to solve it. When the robot archite is considered as part

of the optimization problem, the joints type selection esgnts a discrete problem in which it is
not possible to establish a gradient between several sokitiTherefore, the characteristics of GA
have been exploited in previous works [CR96, R$F|. However, since GA is a heuristic method,
it does not ensure that all possible architectures are deredd [Plul6]. The structural synthesis
introduced in chaptér 3 allows for avoid this problem andveots the whole optimization problem

(including the choice of architecture) into a continuousiypem. Here, the adjustable geometric
parameters are the minimum parameters that ensure thevactgat of the given task.

The PSO algorithm has shown good performance when the algidahction presents local min-
imums [Kotl3, EKG12]. Furthermore, the method can explog& advantages of parallel com-
puting. In this case, each particle can run on a differematireducing the computational time.
PSO has been previously applied in robot optimization gnaisl, e.g. in the dimensioning of
robots with variable geometry [Kotl3, KAOHO9] or in the patlanning of industrial robots
[HIMO12, HEKO14,/[HKO14]. This algorithm is used in this wot& solve the geometric op-
timization of each architecture (see figlrel4.1). Since thgvalence between PSO and other
global optimization methods for solving problems with doaobus search space has been dis-
cussed before [SL13, ES98, Plul5], a comparison betweemadeptimization techniques is not
part of this work and will not be further discussed.

During the optimization, a swarm is generated for each tachire. Each patrticle of the swarm
represents the dimensions of the architecture. Due to thglexity of the constraints, penalty

values are applied to deal with the constraints violationonder to facilitate the analysis of the

results and improve the performance of the optimizatioffiedint penalty values are assigned to
each constraint.
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With the purpose of avoiding stagnation in a local minimuhreé criteria have been proposed
in [Ber02]: maximum swarm radius, cluster analysis, and ahje function slope. Even though

the first two methods outperform the function slope [Ber022e®\ EB09], the latter is used in

this work due to the inhomogeneities and diversity of themjziation parameters. The objective
function slope restarts the algorithm after a predefinedberrof iterations without improvement.

The PSO stops when the change in the objective function afltel best particle after restarting

is less than a given threshold.

As result of the optimization, the vectpr containing the optimal geometric parameters and the
optimal position of the robot’s base, is obtained for eaahiéecture. The architecture with the
best performance accompanied by its optimal geometriopatiers corresponds to the task opti-
mal manipulator. Afterwards, the sensitivity of the bestatectures is analyzed (postprocessing)
through a Monte Carlo simulation. The sensitivity of the aesttures with the best performance
is a useful tool to be taken into account in the robot desigcgss.

4.2 Definition of the optimization problem

The required task is defined by a set of POSESL,ose, » (W) Epose,» - - - » (W) Epose, that have to be
passed by the EE at the timg Beginning fromzx,,..,, the manipulator should move t@,.,
within the timeAt,, thenz ., in At,, etc. Each posgy) .., iS defined with respect to the
global reference frameRF)yw (see figuré 412). It is composed by the position vegign,os.,
and an orientation descriptioR) P s, -

W) T pose,

(W)Lpose, = <( )@p > ’ (41)
(W)* pose,

with

T
(W)Tpose, = ((W)Tr (W)Tys (W)T2) (4.2)

T
W) Ppose. = (WP, (W) Py, WD) (4.3)

The orientationw)®,.s., of each pose is defined in this work using thg'z” EULER angles
representation [Cra05]. OtherUEER angles representation as well as fixed angles (e.g. roll-
pitch-yaw) can be also used. At the end of the task, the métgueturns to the start posg.,

(see figuré_4]2). Between the poses, point-to-point (PTPjom®are generated using fifth order
polynomials in the joint space [BM08].

The geometric optimization problem in the CRS is formulatedefich architecture as

p=argminh(p) , (4.4)

p
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(W)ZLpose, / Atn_1

(W)ZTposey

Figure 4.2: Exemplary task specification

subjected to
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cn. (p)
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with p_.. andp, .. being the lower and upper boundsmfespectively. The objective function
h (p) and the constraints, (p) ... cn, (p) correspond to performance indices that quantify the
performance of a robot with respect to the task requireméigsal criteria to evaluate this perfor-

mance are, for instance, workspace size, robot size, dgxtaanipulability, obstacles avoidance,
required torque at the actuators, or energy consumption.

4.3 Optimization parameters

In the usual optimization of manipulators, only the geometira given robot is optimized. In
the CRS in contrast, the position of the robot basis is alsoidered allowing to determine its
optimal location in a cell or with respect to the desired taBkanks this feature, the CRS can be
also used to position and compare a set of predefined matopld he reference frame of a robot
(RF)y is, therefore, used to describe the position and oriemtatiadhe robot base with respect to
the global reference fram@&F ). The transformatio® T’y between both frames is given by (see

figure[4.3)
L R (L Lowro ) (4.6)
000 1
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The rotation matriX'R, represents the orientation GRF), with respect tq RF)w. The vector
w)To € R? is the position of the robot base.

EE

Figure 4.3: Location of the robot base with respect to the global reference ft&heyw

Since the position of the EE has to be described with respg® 1K), equation[(2.13) for the
forward kinematics is modified as

WTpp = VT "Ter(q) = VT 'T1(q1) ' Ta(g) ... " Th(qy) - 4.7)

The structural synthesis generates architectures witlerdiit orientations (see sectidn13.1).
Hence, the orientation of the robot base is evaluated tlirdhg consideration of these archi-
tectures. The rotation matri¥ R, in (4.8) corresponds to the identity matrix in architecture
whose first joint axis is parallel to the-axis of (RF)w, hereafter referred to asoriented ar-
chitectures. In the case of architectures whose first joiist ia parallel to they-axis of (RF)w
(y-oriented architecturesY R, results from rotating-r/2 around ther-axis. Similarly,'VR, is
calculated rotatingr/2 around they-axis if the first joint axis is parallel to the-axis of (RF)w
(z-oriented architectures), i. e.:

WRy = Ipses if ¥ is parallel toe(") (4.8)
1 0 0
WRy=R,(-7/2)=[0 0 1 if e(”) is parallel toe{"") , (4.9)
0 -1 0
0 01
WRy=R,(7/2)=| 0 10 if ¥ is parallel toe™") . (4.10)
-1 0 0
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In the optimization, the position coordinates of the robatdoare considered as additional opti-
mization parameters. Therefore, they are included in thienigation vectorp. For instance, the
optimization vector for the 4 DOF architecture presentefibure[3.12 is given by

p=(01,dy,0a1 1, Qy, (W)Tg )T . (4.11)

-~

Y geom

4.4 Optimization algorithm

From manipulators geometry to path planning, the optinopadf robotic systems has been ad-
dressed in several workis [Mer05b, COCO7, P$15a, Kir00]. Isyinéhesis of robot manipulators,
a manipulator is usually evaluated regarding one or morfepeance indices. These performance
indices are employed to form an objective function (alstecatost function or fithess function),
which is minimized by means of an optimization method. Thiedtive function is often too com-
plex to be expressed in an algebraic equation. Additionialban exhibit several local minima and
the search space is not easily defined due to the constraiptsed by the requirements. Since
global optimization methods do not depend on the initialdibons and have shown adequate
results solving this kind of problems, they are preferredrédot optimization problems. Some
examples of the application of these algorithms are thetgealgorithms [LMRD10| KirQ0] and
the particle swarm optimization (PSO) algorithm [Kdt13, ®A09].

The PSO algorithm is based on the behavior of animals liumg group (swarm). In this way,
they can enhance the ability of seeking food or defendingnagaredators. In a swarm, the in-
telligence is spread over the whole group instead of beimgeatrated on each member. In PSO,
the swarm is represented Bipso particles, each one having a positipﬁSO and a velocitwfjlfso
The position of a particle corresponds to the optimizatiecterp containing the optimization pa-
rameters. Each particle represents thus a possible sohftihe optimization. Given an objective
function h (p), the functions: (p), ce, (p), the matricesA, A.,, and the vector$ andb.,, the
optimization problem [EKG12] is defined as:

min i (p) , (4.12)
p
subject to:
Ap<b
AP = b
c(p) <0 (4.13)

Ceq (P) =
Pmin <P < Prax -
The lower and upper boundaries of the optimization pararsete contained in the vectapsg,;,
andp,,,.. Constraints: (p) andc., (p) are nonlinear functions describing implicit equality and
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inequality constraints, respectively [CTS$S04]. They arealigudistinguished from the linear equal-
ity and inequality constraintl and A.,. In the case of the CRS, several inequality constraints
have to be considered as introduced. in(4.5).

The objective function is calculated for the position ofe@article. The goal of the algorithm is
to find the position that results in the minimum valug:0p). In order to seek for lower values of
the objective function, the position of a partiélen the iteration stefpso is updated in the step
kpso + 1 using its velocityu,(jgSO L1 (see figuré 414):

(2) _ @ (1)
pkpso+1 - kaso + kaso+1 ) (4-14)

where the new particle vc—:‘locihy@SO+1 is calculated using:

0 0 o (D) (@ _
’U/(i:pso-i-l = kaSO ’U/(i:pso + ClPSO dla’g <71 > (pb - pg@PSO)

+ Cope,, diag (fyé“) (pg - p,(jgso> . (4.15)

Variablesvgi) andvg") are vectors of random values uniformly distributed betw@and1 [EBOS].
Vectorpff) is the personal best position of th¢h particle andp, is the best position of its neigh-
borhood up to the current step. The particle’s neighborhsadksubse$ of the swarm whose size
is controlled by the neighborhood sige< ¢ < 1. Wheno = 1, the neighborhood corresponds
to the whole swarm ang, is the global best position. Depending on the neighborhopdlogy
[SIim13,[JJ18], there are several ways to define which pestite included.

Search space
Py
¢ (0
. pkpso+1
(1)
g ) _.pb
co diag (’)’9) (Pg - PJSQS())
(i)
Pipso
Wkpso vgs() c1 diag (,ygz)) (Pl(;) . pggso)

Figure 4.4: Representation of a particle’s position change in the PSO

Furthermore, the parameters,,, ci,.,, andcs,, are called the inertia weight [JJ13], the cog-
nitive learning rate and the social learning rate, respelgtiRac09/ Sim13]. The inertia weight
helps to dampen the velocity preventing the algorithm froqpl@ding. High values oty
improve the exploration of the algorithm but reduce its @gence rate. On the other side, the
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algorithm can stagnate in a local minimum if the valuewf,, is too low. A common practice

is to decrease the value of,.., over the algorithm iterations [Sim13, ZZLCO09]. The explayat

of the algorithm is also enhanced whep,, > c,.., due to higher influence of the personal
best position. Otherwise, whef,,, < ca.,, there is more influence of the neighborhood best
position producing faster convergence and lower explonatin order to ensure stability of the
swarm, two conditions are suggested in [Sim13, PB0O7]:

0 < Clpgo T Copgo < 4 (4.16)

and
Clpso + C2pso

5 — 1 < wppg, < 1. (4.17)

Some methods for dealing with the constrainis (4.13) in P&Opanalty functions, absorption,
and nearest position [Rad(09, EKG12]. Details about theseoappes as well as variations of
the PSO can be found in [EKG12, EE09, Eve09, KESO01, ES98, MHHEBJh this work, con-
straint violations are managed by assigning penalty valuéise objective functiork. Different
penalty values are used for each constrajrip) ... cn. (p). This facilitates the analysis of the
optimization results. Thanks to the different values, ipassible to recognize which constraint
is more difficult to overcome for each architecture. Addiadly, different values for constraints
violation are useful in the postprocessing to identify tbastraints that are more influenced by
the changes in the geometric parameters. Furthermoraasexperiments showed that the use
of different penalty values provides a faster convergericbeoPSO. Assigning the highest value
to the penalty valué, in figure[4.5 helps the particles to restrict quickly the exation to the
valid search space (solutions that are able to reach alktpskes).

Figure[4.5 shows the procedure to calculate the objectwetion /. For each architecture, a set
of vectorsp is generated in the PSO. Each vector defines the geometnharizhse position of
a manipulator under evaluation. Firstly, the inverse kiagos is calculated for the poses defined
in the task. If any pose can not be reached by the maniputa®penalty valué.,, is assigned
to A and no further evaluations are performed. Secondly, tHeipatlanned in the joint space for
the given poses. In this work PTP motions are generated astath order polynomial interpola-
tion but other type of interpolations can be used as well. rtfento improve the computational
efficiency and obtain results with adequate accuracy, tteepolation step width is varied during
the optimization. In the beginning, a large step width isdusdélowing for finding geometries that
fulfill the optimization constraints in short time. In thestabptimization iterations, the step width
is reduced to promote a more accurate comparison betweemathipulators. After path planning,
the first constraint is evaluated. If it is not fulfilled, themalty valueh,,; is given toh. If ¢; (p) is
satisfied, the next constraint is evaluated. If all constsaare fulfilled,, is calculated to evaluate
the robot with respect to the main optimization criteria.eThethodology can be applied to syn-
thesize manipulators regarding any performance index manipulability, kinematic accuracy,
etc.
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e N
One iteration for one
particle within PSO

p=(01,a2,dz2...)
All poses .
reachable? Path planning
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h

Figure 4.5: Evaluation of the objective function within the optimization

4.5 Modeling of general serial kinematics

As several architectures are considered in the optimizagach one with different optimization
parameters, it is necessary to employ a general methoddddtiematic and dynamic modeling
of the manipulators. Kinematics modeling includes the Bmahkinematics, the inverse kinemat-
ics, and the differential kinematics. The first was expldiimesections 2]2 and 4.3. The inverse
kinematics, addressed in section 4.5.1, is solved througwenumeric approach. As the method
uses the Rodrigues parameters to represent the orientatamoé the EE, this requires thend
COBIAN matrix derived in section 4.5.2. The differential kinergatis calculated as introduced
in section(2.4. An important aspect to be considered in th®trgynthesis is the absence of
collisions during the task execution. This is evaluatedulgh the approach introduced in sec-
tion[4.5.3. Furthermore, the calculation of dynamic perfance indices demands the automatic
dynamic modeling of the architectures as shown in setiibd4.
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4.5.1 Inverse kinematics

The inverse kinematics calculates the joint coordingtésom the EE posecpr. Considering
(2.11), it can be written as

q=F"(zes) . (4.18)

Closed-form solutions ofl_(4.18) have been proposed for sgmeeific manipulators like the
SCARA robot [Cra05b], the Puma robat [WL89], or robots with spectiructural characteristics
[AKO6! Pie68]. Algebraic manipulation of the forward kinatits equation in terms of the homo-
geneous transformation matricés (2.13) has been usedéntrdeduce the order of the resulting
nonlinear equations$ [Cra05, RR93]. In [Gro15], the nonlinepragions of the inverse kinematics
are represented as multivariate polynomials and solvetyubke equivalent eigenvalue problem
[RR93,(KO93]. Furthermore, the application of the Study patams [GfrO0] has allowed the
development of the algebraic calculation of the inversekiatics of 6R manipulators without
structural simplificationd [HPSO7, BAH15, APBH13]. Howeyvas the geometric parameters of
the manipulators are not constant during the CRS (link lermtikdgoint orientations), they should
be considered as variables and the algebraic manipulatitrec&kinematic equations would be
unfeasible. Hence, numerical methods are preferred inntbik for the solution of the inverse
kinematics.

Some numeric approaches are based on learning algorithiaB06], artificial neural networks

[KAQQ], as well as on usual optimization methods [WC91, Bor1&98]. However, the most
extended method is the Newton-Raphson method [GEF85, Ahgis; BKO5, Corlil, SSVOO09],
in which the solution of[(4.18) is approximated stepwise as

4.1 = q;, + Ag,, (4.19)

until the error vector\x, between the desired EE pasgg- and the current EE pose

zeer = f(qy) (4.20)
in the iteration step is smaller than a threshokd

The error vectorAx;, is composed by two parts, one corresponds to the positian eector
w)Ary, the other to the orientation error vectan A, , i. e.:

Ar
Agp = W7k (4.21)
’ <(W)A‘/’k

with the position error
(W)A’Pk = (W)TEE* — (W)rEE,k (qk) . (422)
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Vector w)rgg- represents the desired EE position angryy, ;. (g;) the current EE position vector
calculated usind (417).

To express the orientation error of the EE,(IRF )gg- be the desired reference frame representing
the desired EE pose (see figlrel 4.6) &Rd')xr , the EE reference frame in the stegcurrent
pose). The rotation matrix

Tin T2 Ti3
c EE,k _ _ WpT W
Ry = Rgg- = [ro1 rop 1mo3 | = REE,k Ry (4.23)

31 T32 T33

represents the orientation ORF)gg- with respect to RF)gg . The notatiorfR4 will be used
below only to improve the readability.

Figure 4.6: Representation of the desired and the current EE pose for the inveesadtics

Several possibilities to express the orientation errohefEE have been proposed, e. g. through
the BULER angles[[GBFE85] or through invariants in the rotational pdrthe closure equations
[Ang85]. Using the latter approach, equatién (4.18) preduan overdetermined nonlinear alge-
braic system with seven equations. In order to avoid thed®termination and employ a more
meaningful expression of the orientation erranp,. is defined in this work by means of the Ro-
drigues vectob [Dail5,[Bon15]:

by
EENAY, =b=|Db, | =tan (—) u. (4.24)

The quantities,, b,, andb, correspond to the Rodrigues parameters associated’®jth The
vectoru is the unit vector parallel to the rotation axis‘®i,, the angley is the associated rotation
angle (axis-angle representation).
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The invariant vector ofR4 [Ang85, Ang04], defined as

T'32 — T23
vect (CRd) = 5 T3 —T31 (425)
T21 — 712
is related tou using
vect (‘Rq) = w sin (¢) . (4.26)

Additionally, the trace of R4 exhibits the property
tr (‘Rq) = 1+ 2cos(¢) . (4.27)

Using the half angle identity [Stel12]

¢\ _ sin(¢)
tan (§> ~Treos(0)’ (4.28)
equation[(4.26) and (4.27) can be combined With {4.24) toesspss 1) A, as

1
(EE)) Ay, = tan (%) —) vect (“Rq)

(4.29)
= ————vect (‘R
T+t (Ry) Vot (Fa) s
which is the orientation error vector expressedR¥)gg ;. To write this vector with respect to
(RF)w, the following equation applies:

2

WAV T Ry

VR, vect (‘Ra) . (4.30)

In order to solvel(4.18) by means 6f (4.19), it is necessadefne the ACOBIAN Jy , deriving
(4.21)

0 (w)A’I‘k
0Axy, 0q
Jkr=—7"-= 4.31
dq

This ACOBIAN Jyi , is related to theAoBIAN of the manipulator as defined in(2119) by means

of
J
Jikr = (Q‘;r) ) (4.32)
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where@ € R3*3 is determined using

4 . c T
Q= (11t (R ))2 WREEJC (vect (‘Rq) vect (WREE* R} WREE*) >
d

—1

+ HT(C_Rd) <WREE* CRd WREE* - WREE* CRE WREE*)

—1

gy Bees (Do (RY) — RI) VRL: . (433)

The detailed deduction df (4.83) is presented in se¢tio®4.5
The differencegq,, in (4.19) is calculated using
Aqk = Kps JITKJ{; (qk> Az, ) (434)

beingJITKyk the pseudoinverse dfik ;, [SK08]

1

T v = Tikw (T Ii) (4.35)

and K, a diagonal matrix that can be used to modify the step sizenduhe algorithm or to
adjust the influence of the translational and the rotatipaal of Axy.

The pseudoinverse allows for handling manipulators witkolipDOF. In the case of manipulators
with 6 DOF, me becomes the inversgy, . Although the approach usually shows a fast conver-
gence rate, it does not work whef ;. turns singular. A possibility to overcome this problem is
the use of the transposk ;, in (@.32):

Ag;, = Ky, JI?(,k(‘]k) Axy, . (4.36)

In this case, the inversion of theadoBIAN is not necessary, but the transpose leads to lower
convergence rate of the algorithm [BKO5]. The utilizatiortloé transpose can be justified using
virtual forces [WE84| Bus09, SSVO09, Corll]. The diagonal mak;, allows for adjusting

the step size [GBF85, BK05] and the weight of the translatiamal the rotational part chx,
[SSVO09], similarly as the matri¥, in (4.34).

A way to exploit the advantages of these two approaches iwitolsbetween[(4.34) and (4.136)
depending on the distance to a singularityJgf ;, and on the algorithm’s convergence. This pro-
posed strategy begins usitig (4.34). Whkg, is "near" to be singular or the algorithm diverges,
the approach switches {0 (4136) in order to overcome theukanity or the divergence phase. Once
Jik i is not "close" to a singularity and the algorithm convergesmgquation(4.36) is employed
again to provide higher convergence rate.
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The condition number of the manipulator ACOBIAN matrix J is one of the most common
methods used in robotics as a metric of the proximity to awdarify [LA16]. This concept can
be extended to singularities detection #k ;. The condition numbes;k is defined in this case
as the product of the norm of the homogeneous mattiges andJ_I;k [LA16|SK08,/SC82]. If
the 2-norm (spectral norm) [Mey00] is used, the condition numéguals the ratio between the
largest and the smallest singular values.( ando,,;,) of J_IKk [ALC92]:

_ Omax (']_IK,k) (437)

KIK (J_IKk) = HJ_IKkHZ Hjl%lk’ 2 Ouin (jIKk:) ’

wherel < ki < 00, Kig = oo corresponds to a singularity d_‘IK,k. Due to the dimensional
inhomogeneities offik x, the use of the dimensionally homogeneous mafﬂagk is mandatory
to calculatexk in (4.37). This can be achieved through the characteristigth L., as shown
in [2.26) and[(2.27). Experiments with several manipukatafrdifferent DOF have shown that
appropriate threshold values for switching ae@ < xx < 600.

Other norms can be applied to calculate the condition nurmbé4.37), e.g. the Frobenious
norm, the 1-norm, or theo-norm [ALC92,[KHO12, Mer0B]. However, taking into accoungeth
equivalence of norms in finite dimensional vector spaces\eit is expected that they produce
similar results. For this reason, the use of other normstistualied in this work.

The proposed approach to solve the inverse kinematicsqmotsl introduced in algorithin 4.1. A

6 DOF manipulator and a randomly generated desired EE pesgsad as example to show the
capability of the proposed approach. The DH parameterseoétemplary manipulator are listed
in figure[4.7. The homogeneous transformation matrix

0.5754  0.8033  0.1537  0.0208
0.4873 —0.1858 —0.8532 —0.0028
—0.6569 0.5658 —0.4984 1.3158
0 0 0 1

0
Ter =

(4.38)

represents the desired EE pose, which is within the robait&kspace.

For this example, the threshold valug; is set toxj = 500. The matricesK,s and K, are
established as
K, = K, = diag ()\) , (4.39)

where the initial value oA = 1 is modified during the algorithm in the same way as in Corke’s
robotics toolbox/[Corl1]:

0.5\ when ||Azi| > ||[Axp_1] ,

1.09N\_1  when [|Az| < ||Az_i| .
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Algorithm 4.1: Solution of the inverse kinematics for a general serial manipulator

N

© 00 N o 0 b~ W

11
12
13
14
15

16
17

18
19

InpUt: 4o, TEE*, €, Hf}{

k=0
Tego = f (qo)
Azo = (Arf, Aypd) "
while Az, > e do
if & (Jik,k) < Kig then Il see (BZ37)
if HAa:kH < HAwkflu then
‘ Agqy, = Kps JITK’]C (qi) Az, /'l see (E-34)
else
‘ Ag, = Ky Jg{,k(‘]k) Az, Il see (A3%)
end
else
| Agy, = Kiy Jii i (qr) Azy, /1 see (Z_38)
end
41 = 9, + Aqy, Il see (E_19)
ZTppk+1 = f (qu) /1 see (EZ20)
Ampyy = (ArT Ayl )T /I see (BEZT), (E22), and (E_Z9)
k=k+1
end
9calc = dk+1
output: g

R/P|0; inrad d;inm a;inNm «;inrad

R ¢ 0.128 0.170  7/2 .

R ¢ 0.000  0.600 0 ‘

R| ¢  —0128 0550 0 Z0a3s

R Q4 0.128 0.000 —m/2 " 1.52
-0.2

R ¢ 0.128 0.000  7/2 . "

R 6 0.090  0.000 0 0.019
Jinm 029 09 T in m

Figure 4.7: Manipulator used as example for the inverse kinematics

The initial values for the joint coordinates is exemplay ®©40° (0.6981 rad) for all joints:

g, = (0.6981,0.6981, 0.6981,0.6981, 0.6981, 0.6981)" in rad . (4.41)

The joint coordinates obtained with the proposed approeeh a

Qo = (1.4774,1.8058, — 0.4353, — 0.8333, — 1.3362, — 0.9979)" in rad. (4.42)
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Figure 4.8: Evolution of the position errof Ar;||, and orientation errop throughout the solution of the
inverse kinematics problem

The performance of the approach is illustrated in figuré 8igure[4.8(a) and figure 4.8(b) the
convergence rate increases after tBeth iteration. The position error in figufe_4.8(a) and figu-
re[4.8(c) is quantified through ti#enorm (euclidean norm) of the position error veciiaxr,||,
(seel(4.2R)). The orientation error is quantified in figu&() and figuré 418(d) using the angle
from the axis-angle representation (dee (4.24)).
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Figure[4.8(c) and figurie 4.8(d) demonstrate how the algorigtagnates when onlyITK,k is used
to solve the inverse kinematics problem. This occurred itkespe reduction of the step size
within the algorithm modifying\ (see figuré 419(b) as well as equatibn (4.34), (4.39), ardjx1.
Using J&k the algorithm can overcome the singularity as shown in figu
however the convergence rate is too slow in comparison Wwelpseudoinverse.

2.3

: .
| using the

| pseudoinverse
|

|

~< 1.15¢

using the
transpose

0 10 20 30
Step
(a) Evolution of A using the proposed method

0

2.3 . . 2.3
1m 41 IO
~< 115} 1 ~< 115
0 . 0 : .
0 10 20 30 0 500 1000
Step Step
(b) Evolution of A using onIyJITKk (c) Evolution of A using onIng(’k

Figure 4.9: Evolution of A throughout the solution of the inverse kinematics problem

Figure[4.10 presents the evolution of the condition numibek@;, when the proposed approach
is used. Although the method begins using (#.34), it swit¢bé4.36) in the first iteration because
ki (Jikk) > ki In thel2-th iteration, after the algorithm converges and (Jix ) < ki, it
switches to usd (4.34) improving the convergence rate (gaeefi 4.B(a) and 4.8(b)).

4.5.2 Derivation of the J ACOBIAN matrix for the inverse kinematics

In order to obtain theALOBIAN for the inverse kinematicgy,, , shown in [4.31), equation (4.22)
and [4.3D) have to be derived with respect to the joint coatiisq. The derivation of[(4.22)
corresponds to the EE linear velocity, however, derivin8@# does not results in the EE angular
velocity. Hence, this section addresses the derivatioh@Rodrigues vectaky)Ap,. First of
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Figure 4.10: Evolution of x (J_IKk) throughout the solution of the inverse kinematics problem using the

proposed approach

all, the following matrices properties are useful for thenasion of Jy .. They are proofed in
[Ang85].

For a vecto® = (4,,6,,9.)" , its associated skew-symmetric matrix is

0 -6 4,
S =45 0 -05]. (4.43)
5, 6, 0

For the rotation matrix 'R, describing the orientation ¢dRF); with respect tqRF);_; in link :

ai_lRi
0g;

—E"'R,, (4.44)

whereE is the skew-symmetric matrix associatedte- (0,0,1)" ,

—1

0
E=|1 0 (4.45)
0 0

o o O

because the joint axisis collinear with thez-axis of (RF);_;.

Additionally, the following matrices properties are vdiat a rotation matrixi?, a skew-symmetric
matrix W, any matricesd, B € IR**3, any vectorsr € R"*!, b ¢ R"*!, ¢ € R"*!, the identity
matrix I € IR3*3: .

S (vect (R)) = 3 (R—R") . (4.46)

W vect (R) = —S (vect (R)) vect (W) . (4.47)
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tr (B) =tr (B") and tr(AB)=tr(BA). (4.48)

vect (A) = —vect (A") . (4.49)

(a®b) c= (ca®) b. (4.50)

tr (SB) = 2 (vect (S))" vect (BT) = —2 (vect (S))" vect (B) . (4.51)
vect (R BR") = Rvect (B) . (4.52)

vect (S B) — % (Itr(B) — B)vect (S) , (4.53)

For reasons of clarity, equatidn (4130) is repeated:
2

A, = —— W ‘Rq) - :
WAy, 1+ tr (Ry) REE,k vect (‘Rq) (4.54)
Deriving the last expression with respecigto
0 (w)A 0 2 .
% = a_q ( HT(C_Rd) WREE,k vect ( Rd) ) . (455)

The terms), A, andc are used in this section only to enhance the readability.

For each elemeny; of g, the last expression is written as

6(W)A¢k . 8() 8A 80
—8qi _ainchbaqichbAaqi.

(4.56)

Each term in[(4.56) is individually calculated below.

To calculate 9b/0q;:

ab 0 2
0¢;  O0gq; \ 1+ tr (‘Ry)

—2 8 (tI‘ (CRd> )
(1+tr(‘Rq))?  Ou

-2 <80Rd)
= 3 tr
(1+ tr (<Rq)) 0g;
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db —2 d wor w )
= tr R R ..
8(]1 (1 + tr (CRd))2 ((9q2 ( EE,k EE )
= 2 5 tr (i ("R} ... “Ry WREE*)) (4.57)
(1+tr(‘Ra))” \94
— , i-1pT
= 2 S tr (“RE ZR;fHa R IR WROTWREE*)
(1 +tr (“Ra)) 9q;
Using (4.44):
ob —2

n

— ("R} .. RL, (B'R)" RL, . VR Ry )
0gi (1+ tr(‘Ra))” o ) : v

—2 i— i i n— T
:(1+tr(cRd))2tr<(WRo... R, \E'"'R,'R,,, ...""'R,) WREE*>

ab —2 W i—2 W i—2 Tw
= t R, . ""R,,E("R,...""R, R, ...
0gi (1 +tr (“Rq))’ (B i v( - ) H
w
LR WREE*>
—2
- 5 tr ((W WREE,k)T WREE*) (4.58)

(14 tr (“Rq))

Equation [(4.4B) can be employed to rewrite the last equaison

ab —2
0gi (1+tr (Ra))’

tr(W "Ry, VR )

SinceW is a skew-symmetric matriX, (4.51) can be used in order tainbt

ob —2
96 (1+tr (°Ry))

(—2 (vect (W) )T vect (VRgg, VRig-) ) (4.59)
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The vector invariant of the matrid/ can be calculated using (4]52):

vect (W) = vect (WRO ... "R, \E (“R, ... i_QRi_l)T>
= VR, ... R, | vect (E)
= WRO e iizRi_l (i,l)e(i) (460)

z

This is replaced in (4.59) to obtain

ob 4 W i—2 _ N\ T W WpT
i (1+tr(°Ry))* (( Ry ... "R -nel) veet ("R, REE))

T

8%‘ (1 + tr CRd))

. (vect (VRu, VR (VR .. R, (H)e@)) (4.61)

z

9b 4
(

To calculate dc/0g;:

de 0
0g; B 0q;

(vect (‘Rq) ) = 8' <Vect (“Rig ), "R ) )

- 8?]. (Vect (nfle .. YRy WREE*) ) = vect (% (nilRT .. "Ry WREE*)>

This can be solved in the same way adin (4.57) and(4.58) torobt

Jde
0g;

— vect ((W YR ) WREE*> — vect ((W YRy RT) WREE*)
= vect (CRd VYRE WT WREE*)

Using [4.49), the last equation is modified as

Jde
dq;

= —vect (VREp- W VR ‘R

SinceVRL,. W VR,.. is skew-symmetric, equation (4]53) can be used to obtain

8c_
dq; B

— (Tt (RY) < RY) veet (VR W " Ry)
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Applying (4.52) and[(4.60), it results

gqc N _% (I'tr (Ry) = “Rq) " Rggevect (W)
1 A A
=—5 (It (RY) - °Ry) "Rig- ("R . Ry y) gonel’. (4.62)
To calculate 0 A/ dq;:
0A 0 1w
a% 8_%( REE,k)
0

=W WREEJC (4.63)

Now, the first term of the sum il (4.56), can be calculated:

ab 4 . | |
Ac= (Vect YRew VR (VR, .. 2R, opyeld )
dg; (1 +tr (‘Ra))? ("R " Fer)” ("R Hi-ne?)

WREE,k’ VeCt (CRd)

Using the property presented [n_(4.50):

0b 4 T
Ac= VR vect (‘Ry) vect (WR VR .
3% (1 + tr (CRd)>2 EEk ( ( d) ( EE,k EE ) )

(WRO ce i_QRi_l)(Z',l)egj)

0b 4 T
Ac= YR vect (“Ry) vect (WRuw ‘RY WRT .
0g; (1+tr(Ry)* ~ " (veet (Fa) veet ("R B} VB )" )

("R, ... 7°R,_,)i-1el) (4.64)
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For the second term of the sum in_(4.50):

DA 2 w .
b aql C — Htr—w %4 REE,k vect ( Rd)
2
T 1+t (Ry) W ¥ Ry vect (" Ry R )

Applying (4.52) results

0A 2
8(]2‘ N 1+tr (CRd)

W WpT W WpT
b erct( REE’k REE’k Ryp- REE’k)

2
~ i u(Ry W vect (VRgg “Rig )
Using (4.46) and (4.47)
DA 2
DB = T (R ( — 8 (vect (VR VRE,,)) ) vect (W)
2 (1 (WR WRT  —WR.. VRI ) vect (W) (4.65)
1+t (Ry) 5 EE* EE,k EE,k EE* .

Applying (4.60), it can be rewritten as

0A —1

b—ece= —
8qz ¢ 1+tr (CRd)

<WREE* WREE,k - WREE,k WREE*) (WRO e iiQRi—l)(i—l)eg)

—1

= 1 + tr (CRd> (WREE* CRd WREE* - WREE* CRE WREE*> (WRO Ce i_zRi—l)(i—l)egi)

(4.66)

For the third term of the sum ih (4.50):

dc 2 1 . .
A = i e (_§> (I'tr (‘RY) — “RT) VR,
(WRO N i_QRifl) (i_l)eg)

-1

iy Res (Tt (RD) = R VR ("R R el

(4.67)
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Replacing[(4.64)[(4.66), and (4167) [n_(4.56) results

0 w)Arp, _
0g;
4
(14 tr(°Ryq))

5 WREEJc <Vect (‘Rq) vect (WREE* ‘R WREE*)T>

—1

—1 c c
iy o (e )

(WRO . i_zRifl)(i_l)e(i)

z )

which corresponds to the expression[in (4.33).

4.5.3 Collision evaluation

Besides reachability, a basic requirement in robot syrghieghe absence of collisions between
the links during the execution of the path. Since the robotisgsis is carried out in an early design
stage, the geometry of the links is not completely defined)geaing the evaluation of possible
collisions. Nonetheless, numerous experiments have shiwatra simplified collision evaluation
helps to produce more feasible results. For this purpogseg#dometry is approximated using
cylinders as illustrated in figure 4111 and the method intoedi in [MeyO1] is applied to determine
collisions between links. Although the approach was depadidfor parallel manipulators [Kot13,
Kob15], it can also be applied to serial mechanisms. Mornedhés provides a computational-
efficient method that can be used during the optimization.

Figure 4.11: Simplification of the robot links geometry for collision evaluation
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Given two cylinders; andj, with radiusr; andr; respectively, the problem is reduced to deter-
mine the minimum distance between the cylinders aéégé)s The collision occurs when

195 <ty (4.68)
The detailed procedure to calculaﬁéfl) is explained in[[Mey01, Kot13, Kob15]. Further collision

detection methods can be found in [MD06, Mer06] and will netdiscussed here because their
comparison is not part of the present work.

Possible collisions are evaluated during the task exetutie. not only in the desired poses, but
also in the path between them. Given a robot configuratiomjition (4.68) is evaluated between
all non-sequential links, i. e. for

i#j, i#j+1, and i#j—1. (4.69)

In order to include the collision evaluation in the optintiaa, the functione..; is used as con-
straint in the optimization. This is defined as

—1 ifno collision is found,
Ceoll (p) = (470)

1 if any collision is found.

The introduced approach for the detection of collisionsveen links can be extended to handle
external obstacles or place restrictions, e. g. walls otinas in the neighborhood.

4.5.4 Dynamics

Several toolboxes to calculate the dynamics of serial mdaiprs have already been developed
[DLNK12]. Nevertheless, they can not be used to model theggad architectures because they
are based on numeric computation or are intended for maatgosl with constant geometric pa-
rameters. Another alternative is the calculation of theasgits equations in closed-form. This al-
lows, compared with numeric computations [Cor17], for a Bigant reduction of the calculation
time [TK11, KB0O6, TKHOQ9]. However, existing symbolic conmtption tools for robot modeling
[DLNK12, Wal07, CB17] are able to generate dynamic equatiomg for a single architecture.

In the modeling phase (see figlrel4.1), the closed-form emsadf the forward kinematics (2.1.3),
the AcoBIAN J (2.19), and the inverse dynamic¢s (2.30) (2.45) are detextnior each architec-
ture using symbolic calculations. The resulting symbokpressions are stored as properties of
the SerialChainclass. Then, the MATLAB code for these equations is automatically generated.
The generated inverse dynamics function is used in the ggttran to reduce the computational
effort when the dynamic performance has to be evaluated.tH®ifunction, the optimization
parameters of each architecture are included as argumesittels the information related to the
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desired trajectoryq, q, q), the friction coefficients, the gear ratios, and the plglgitoperties of
the robot links (mass, inertia, and center of mass).

Current commercial robots with variable geometry have shinerfeasibility of modular manip-
ulators construction. Figure figure 4112 shows an examptbeefobolink W from the company
igus [1gul7] and the Dextrous Lightweight Arm LWA 4D [LWA1f&om the company Schunk.
Since different structures are considered during the the @R8,physical properties have to be

(a) robolink W [igul7] (b) LWA 4D [LWA173a]

Figure 4.12: Exemplary commercial modular robots

parametrized. Hence, the construction of the robot linkapisroximated to standard aluminum
profiles and the actuators to commercial linear and rotatiorodules as shown in figuke 4]13.
Each link is assumed to be formed by two segmeAtgndD, and a motor-gearbox assembly
M. In the case of prismatic jointdyI is the motor-gearbox assembly ahdthe rail of the lin-
ear actuator. Due to its mass, the motor-gearbox assemsblg geeat influence on the physical
properties of the link [ZBH12, ZBH11] and, therefore, is calesed in the modeling of the link.
Even though the position of the motors essentially dependkefinal construction, in the present
work, the actuator of the joint+ 1 is assumed to be attached to the linjsee figuré 4.13). The
reference framefRF); and(RF),_; are placed in the-link as shown in figuré 4.13 and defined
in sectior 2.B. The origin of the reference fra(i&"), coincides with the link’s center of mass
C; and is parallel tgRF);. The inertia tenso(rci)Igci) is described ifRF)c, .

To determine the suitability of a motor-gearbox combinafior thei-th joint, its characteristics
are compared to the required actuator torque/foicé&) and the required motor torque/force
v, (t) using the following conditions [RIWO0G, Pet08, POO09]:
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d;

g
| (RF)i
Figure 4.13: Parametrization of a robot link [Sch17b, Schi17d]

1. the allowed peak torque/force of the gearbpx,,, and motorry; .., must be grater than
the maximum required (actuator and motor ) torques/forces,

i e 2 max (71, (0)] ) @.71)

TN peak = TAX < Jave (t)|> ; (4.72)

2. the nominal torque/force of the gearbgx ,,, and motorry; ., must be greater than the
rms value ofr, (t) andny, (t),

1 tn—to
TI:k nom > 7 / TI% (t) dt ) (473)
) tN tO k3
]_ tNtask
T nom = A — / T (t) di; (4.74)
) tN tO 13

3. the maximum allowed speed of the gearbhgx .., and the mototy, .., must be greater
than the maximum required joint raggt) and motor ratej,, (),

WG peak 2 MAX ( \di(t)l) : (4.75)

it pesc = max (Javs, (1)) ) (4.76)
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In the optimization process, the actuators are chosen frgnoap of predefined rotational and
linear actuators. From this group, the components thatl f{@fi/1) to (4.76) are selected and the
gearbox-motor combination (hereinafter called actudtoriach joint must be selected consider-
ing the optimization criteria.

Since the goal is to show the influence of the architecturehendynamic performance, addi-
tional analysis about the motor-gearbox efficiency is natied out. Friction effects are neglected
because they strongly depend on the final construction.

4.6 Postprocessing

As a consequence of construction limitations, it is not gmedo realize a manipulator with ex-
actly the same parameters as resulted from the optimizaliberefore, the deviation of the ob-
jective function due to variations of the optimization parders is studied applying Monte Carlo
simulation.

For this analysis of the obtained results, each optimingtarametep,, is randomly varied with
uniform distributionlf (pumin,, , Pmax,, ) Within the minimum and maximum valu@s,i,, andpax,, -
For length parameters, they are defined as

ﬁminw = ﬁw —0.05 Z_—Jlinks s

. - - 4.77)
Pmax, = Pw +0.05 Llinks )
where L. is the average length of the links given by
7 - i d;
Llinks - ZZ:l |a | + | | (478)

n

The boundaries are set relative to the size of the robot iaracdemploy them in any manipulator.
The factor 0.05, corresponding to a variation of 5%/gf., can be chosen depending on the
application. However, this value is suggested and was ustgtiexamples shown in this work.

Optimization parameters representing angles are noercklat the size of the manipulator and,
therefore, the values fQr.;,,, , Pmax,, are established as

Pmin,, = Pw — 0.02787,

4.79
Pmax, = Pw + 0.02787, ( )

where0.02787 ~ 5°. In the case of the parameters representing the positidmeafabot’s base,
their distribution boundaries are
ﬁminw = ﬁw —0.05m ,

4.80
ﬁmaxw = ﬁw +0.05m. ( )
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In this point is worth mentioning that varying the robot’'skgosition is equivalent to shifting the
complete task. Therefore, the value OOt use in the examples of this work but can be modified
according to the application.

The objective function is evaluated as explained in sedidh Since different penalty values
are used to deal with the constraints, the sensitivity amlgrovides two types of information.
The first is the performance variation of the manipulatoffliing the constraints. The second
is the quantity of manipulators that do not fulfill the coastts and which constraint is the most
problematic due to geometric variations.

Although the sensitivity analysis is not part of the optiatian process, its results are useful to
evaluate the robustness of the optimized manipulatordgiraymore information in the selection
of the most appropriate architecture for the desired task.
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5 Validation examples

In order to demonstrate the capability of the proposed CRSpitbsent chapter shows three ex-
amples of its application. The first two examples in sediidhdeal with the same task, however,
in the first one, only kinematic performance is consideredthe second optimization, minimal
kinematic performance is considered as constraint, whéemtanipulator’s cost function is with
respect to dynamic performance. In both cases the task @ik by a 4 DOF manipulator.
As final example, 6 DOF manipulators are optimized in sedfighwith respect to a kinematic
performance index.

5.1 Mechanisms with reduced number of DOF

The task shown in table 8.1 is used in this section as an exaofpghe CRS for applications
requiring less than 6 DOF. For this task, two manipulatotkbgisynthesized: the first considering
kinematic performance, the second considering dynamiopeance.

Table 5.1: Coordinates of the desired task (4 DOF)

Pose W)z in m (W)T'y in m (W)T'z inm (W)@z in° (W’)¢y in° (W”)@z in° At, ins

(W) Epose, —0.5 0.5 0 0 0 90 2
(W) Epose, 0.5 0.8 0.7 0 0 0 1
(W) Epose, 0.5 0.3 0.7 0 0 0 1
(W) Tpose, 0.5 0.2 0.1 0 0 —90 2

Due to the distribution of the task poses, three translatid®OF are required. Additionally, the
EE should rotate about an axis parallel to thaxis, i. e. only one rotational DOF is needed. Thus,
the required motion vector for the task is

T
greq = (éreqla frqu ) Srqup 07 07 greq6) . (51)

As result of the structural synthesis, 35 suitable archites are obtained for this required motion
vector. Their DH parameters are listed in appemndix B. In otdesimplify their designation, the
architectures are labeled using numbers. Architectutesl7 arez-oriented, architectureks to

26 arey-oriented and architectur@g§ to 35 arex-oriented. They are illustrated in figures]5.1 to
5.3.
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Figure 5.1: Sketches of the architectures 1 to 7ofiented)

357 ol pit g el

(a) Architec. 18  (b) Architec. 19 (c) Architec. 20 (d) Architec. 21 (e) Architec. 22

Pl 00 ot

(f) Architec. 23 (g) Architec. 24 (h) Architec. 25 (i) Architec. 26

Figure 5.2: Sketches of the architectures 18 to 26ofiented)

All suitable architectures can be associated with the &tras reported in [CKPA10], where the
structures are described through the arrangement of thegres. As it can be seen from appen-

dix Bl the modifiable geometric parameters are additionaduo define the architectures. This
is a significant feature of the CRS.
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Figure 5.3: Sketches of the architectures 27 to 35qfiented)

The suitable architectures are optimized in sedtion b.%idgua kinematic criterion and in sec-
tion[5.1.2 with respect to dynamic performance. In bothisast the performance indices used as
objective function as well as constraints are explainecetaid

5.1.1 Optimization with respect to a kinematic criterion

Kinematic performance indices evaluate the motion tragsiom between the joint and the EE, i. e.
the ability of a manipulator to transform joint velocitiasto velocity at the EE [MSC12a]. A
common issue considered in the kinematic performance atiaiuis the presence of singularities.
The most frequently used indices to detect singular cordigums are minimal singular value of
the ACOBIAN , manipulability, and condition number of thecloBIAN [Yos85,/ALC92]. Nev-
ertheless, the latter can not only detect if the manipulistar a singular configuration, but also
works as a metric of the proximity to the singularity [LA16].

The condition numbex of the homogeneoussdoBIAN J, defined in[(2.26), is calculated as

0= o], [, - 2=, 52

whereo,,., is the largest and.,;, the smallest singular value of. As J depends on the joint
coordinategy, ~ depends also og and, therefore, is a pose dependent index.
Instead of the condition number, the local conditioningeixd

B 1

& (J ()

is more commonly used as performance index in robot syrgfi8&IC92, MSC"12b,[LA16]. To
verify that the robot does not reach any task pose in a singafdiguration, the local conditioning

n(q) (5.3)
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index is calculated for the joints positiogs, q,, . . . ,qy,,_, corresponding to the poses of the task.
The minimum of these values is then used to find the minimunditioning index during the task.

Nmin = Min (77 (q1).n(as) .- 1 (an,.,) ) - (5.4)

In the optimization process, the valuesgf,, has to be maximized. However, the PSO algorithm
attempts to minimize the objective function. Therefore,dbjective function for this optimization
is establish as

h(p) =1~ Nmin , (5.5)

which can take values between 0 and 14 (fp) = 1, at least one pose is reached in a singular
configuration. Ifh (p) = 0 all poses correspond to isotropic configurations [RAGPPJ3]e
upper bound of the function allows the use of penalty valoeaanage the constraints violations
as explain in section 4.2.

As basic requirement of the optimization, all task pose®hawe reached. For a given pose, if
no solution can be found for the inverse kinematics, it isstdered that the pose is not reachable.
Furthermore, collisions between the robot links are navald during the task execution. The
collision evaluation is performed as explained in sediidn3} The penalty values assigned to the
objective function in case of constraints violation (seetisa[4.4) areh,, if any required point
can not be reached arg, in case of collision.

The minimum values of the objective functi@robtained after the optimization of each architec-
ture are visualized in figure 5.4. The four best results aghlighted and their corresponding
valueh is presented. The architectures are labeled accordinguceih.l td 5J3. Although all
architectures are able to perform the task, for architec@rthe algorithm could not find any com-
bination of geometric parameters fulfilling the given coastts (no bar in figure 5l4). As it can be
seen, the lowest objective function is achieved by the techire 18. The DH parameters as well
as an illustrative sketch of the manipulator with the bestqumance are presented in figlrel5.5.
The length parameters are reported in meters, the anglmptees are reported in radians.

As explained in sectidn 4.6, an additional feature of the CRI$&ipossibility to study the variation
of the objective function due to changes in the optimizapanameters. For this example, the
postprocessing was performed for the four architecturds the best performance namely 18, 1,
28, and 19. The geometric parameters of the best manipsihattr these architectures are shown
in figured 5.5 t¢ 5)8.

The Monte Carlo simulation is performed for each architectuith 1,000 samples. The obtained
frequency distribution of the objective functiégnis depicted in figures 5.9 {0 5.12. The plots on
the left side show the frequency distribution of the samgihes fulfill the constraints. The red
lines identify the lowest and highest valueshobbtained from the Monte Carlo Simulation. The
dotted blue line represents the minimum valué obtained in the optimization. As it can be seen,
the four architectures exhibit similar deviation.
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Figure 5.4: Optimization results for the suitable architectures. Architectures 1 to 17-arented, archi-
tectures 18 to 26 arg-oriented, architectures 27 to 35 areriented
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Figure 5.5: Manipulator with the minimum objective function of architecture 18 (PPPR)

R/P{6; inrad d;inm a;inm «;inrad

0.9

Pl 1570 ¢ 0770 1570
P L5T0 g 0631 1570 E o
P| 0000 ¢ 0770 1570 =
R ¢ 0743 —0.021 —3.120

09430 0.7208
w)To = (0.036, — 0.008, — 0.250)" in m HO -0.6903

yinm -0.2086 -2.1014 zinm

Figure 5.6: Manipulator with the minimum objective function of architecture 28 (PPPR)
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Figure 5.7: Manipulator with the minimum objective function of architecture 1 (PPPR)

1.3820
R/P|6; inrad d;iInm a;inm «;inrad
P| 1570 ¢ 0619 1570 Z s
P 1.570 Qo 0.699  1.570 "
P 0.149 q3 0.774  0.000
-0.7589 |
R (o 0.482 —0.027 1.420 1.0269

-0.2209 0.7274
-0.0304

yinm -1.4686 -0.7883 rinm

wyTo = (0.102, —0.272,0.059)" in m

Figure 5.8: Manipulator with the minimum objective function of architecture 19 (PPPR)
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Figure 5.9: Frequency distribution of after the Monte Carlo simulation. Architecture 18 (PPPR)
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Figure 5.10: Frequency distribution of after the Monte Carlo simulation. Architecture 1 (PPPR)
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Figure 5.11: Frequency distribution of after the Monte Carlo simulation. Architecture 28 (PPPR)

The plots on the right side show the distribution of all 1,8@Mples. The labél(p) represents
samples fulfilling the constraints. The laldg}, corresponds to manipulators for which collision
during the task execution was detected. Lakglidentifies manipulators which can not reach alll
task poses. From figurés 5.9(b)ta5.12(b) it can be infetnatdrchitecture 1 present collision
issues when the geometric parameters are modified from timalonfiguration. For the other
three architectures, the reachability and the absencellidion are practically not affected by
variations in the optimal manipulator.

5.1.2 Optimization with respect to a dynamic criterion

As an example of dynamic performance, the present sectmnussthe application of the CRS in
the minimization of the energy consumption for the same liagid in tabld 5.11. The standstill
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Figure 5.12: Frequency distribution of after the Monte Carlo simulation. Architecture 19 (PPPR)

time in each pose as well as the energy consumption of thé&dbeerl the electric supply are not
considered. The specifications of the profile used for tharpatrization of the links, as well as
the characteristics of the actuators are listed in appd@dix

In order to calculate the objective function, the requiredjtie/force of the motar calculated in

(2.45) can be rewritten as

7L (T N
v, (1) = Lp( ) + (Mﬂﬁ‘f” Gi(t) pi - (5.6)

This expression is used to determine the mechanical powsuoaptionP;(¢) of the motor as

P (t) = 1w, (t) pidi (1) (5.7)
= () + 00 T2 Gl0) 92) i (1) (58)

Besides mechanical power, electrical losses in the drivesti@notors, inverters, power supply,
etc.) represent a significant power consumption [HIMO12Jevéttheless, the topic is out of
the goal of this work and the manipulators will be optimizedarding the mechanical power
consumption. Since (specially in industrial robots) theehs are usually connected over a com-
mon DC-bus, electrical power exchange can be consideredCHR]. The resulting total power
P, (t) is determined as

Pam (t) = Z P (1) . (5.9)

To calculate the energy consumption, only positive values’.Q,, (¢) have to be considered
[HKO13]. For this purpose, the Heaviside functi®ris used to set the negative valuesif,, (¢)

to zero:
0 if Pom <0,

O = ] - (5.10)
1 if Poymw > 0.
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The energy..., consumed during the motion from,.q., t0 ..k
over the timef, | — ¢,

... Is obtained using the integral

t5+1
Etasks - / © Psum (t) dt. (511)
ts

The total energy for the task is calculated as

N
Etotal = Z Etasks s (512)

s=1

which is used as objective function in the optimization @& suitable architectures,

h(p> = Eiotal - (513)

As further requirements, the following aspects are comsitte
* all posesw) o, have to be reached,
* the task posegy)x,.s., are reached in a non-singular configuration.
« there are no collisions during the execution of the tasi(iding the path betweeq)x o, ),

The first requirement is fulfilled if the inverse kinematidigmn exists for all task poses. When
this condition is not fulfilled, the penalty valug,, is assigned to the objective function. The sec-
ond requisite is evaluated through a threshold value fdh) (3:rom the last exampl@,,;, = 0.25
(seel(5.b) and figufe 5.4) can be achieved for most of theldeiachitectures. Therefore, for this
example, the local conditioning index in each pose is camtkid to be larger than 0.25. If this
condition is not fulfilled,h,, is assigned to the objective function. The third constrem@valu-
ated using[(4.68) and using the penalty valliye Additionally, in order to consider the actuators
capability as a constraint of the optimization, the funetig., is defined as

—1 if actuators for all joints could be found from the predefirsed,
Cact (D) = (5.14)

1 if one or more actuators could not be found from the predefastd

If caet (p) = 1, the the penalty valug,; is given to the objective function.

Figure[5.1B summarizes the results of the optimization fuatable architectures. Although all
architectures are able to perform the task, for some agthites (without bar), the optimization
could not find geometric parameters that fulfill all consttsi In the plot, it is worth underlining
the difference between the performance of the architestuwvbich confirms the significance of
the kinematic structure in the manipulators design. Theipudaor with the minimum energy
consumption corresponds to the architecture 12 (see figlle s geometric parameters are
listed in figured 5.14.
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Figure 5.13: Optimization results for the suitable architectures. Architectures 1 to 17 ariented, archi-

tectures 18 to 26 arg-oriented, architectures 27 to 35 ar@riented
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Figure 5.14: Manipulator with the minimum objective function of architecture 12 (RPRP)
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Figure 5.15: Manipulator with the minimum objective function of architecture 29 (PPRP)
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Figure 5.16: Manipulator with the minimum objective function of architecture 8 (RPPP)

R/P{6;, inrad d;inm a;inm «;inrad 0.9
P 1.570 1 0.000  1.570
1.570 G2 0.100  1.570 g 035
q3 0.093 0.100  0.000
—1.496 q4 0.000 —0.030 0.2

0.9992 0.7206
WwW)To = (—03457 0.170, 0467)T inm 0.4494 -0.0394

yinm  -0.1004  -0.7994

Z1n m

T AU T

T in m

Figure 5.17: Manipulator with the minimum objective function of architecture 21 (PPRP)

The four architectures with the best performance in fiqui& are highlighted. For these manip-
ulators the sensitivity analysis was performed as expthinsectiori 4.6 with 1000 samples. The
histograms with the variation of the objective function sihewn in figure§ 5.18 {0 5.P1. As in the
last section, the plots at the left side show the values oblipective function for the manipulators
that fulfill all constraints. The plots at the right side shttve number of manipulators fulfilling
the constraints (labeled ds.:.;) as well as the manipulators that violate any constrairte(ked
with the corresponding penalty valiigs to hyy).

Considering only manipulators fulfilling all constraintéietarchitectures 12, 29 and 21 (figu-
res’5.18(a), 5.19(a) and 5121(a)) exhibit a similar digparand, therefore, a similar sensitivity to
changes in the geometric parameters. In the other handieaitiie 8 present higher sensitivity
to geometric modifications.

From the sensitivity analysis for the architectures 12 ahdfigured5.18(b) and 5.21(b)) it can
be seen that the most of the samples present collision wieepptiimal geometric parameters are
modified. However, this condition can be avoided in a subsefdetailed design stage. For its
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Figure 5.18: Frequency distribution af after the Monte Carlo simulation. Architecture 12 (RPRP)
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Figure 5.19: Frequency distribution of after the Monte Carlo simulation. Architecture 29 (PPRP)

part, when the optimal manipulator of architecture 8 is rfiedj many of these modifications can
lead to local conditioning index values under the estaliisbshold. It means, the manipulator
is closer to a singularity as allowed. In the case of architec29, most of the samples fulfill

the constraints. Only a small set present problems due tisiook and a few due to the local
conditioning index.

5.2 Mechanisms with 6 DOF

In order to demonstrate the generality of the proposed @&gpra more complex task (talhle]5.2)
is considered in the following example, in which the miniatin of the manipulator size will
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Figure 5.20: Frequency distribution of after the Monte Carlo simulation. Architecture 8 (RPPP)
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Figure 5.21: Frequency distribution of after the Monte Carlo simulation. Architecture 21 (PPRP)

be used as main requirement. A minimum value for the locaditimming index as well as the
absence of collision during the task execution are chosed@itional requirements.

The task coordinates for this example are listed in table Bh2y correspond to the four vertices
of a square. The EE must be positioned on each point with ardiit orientation. For this task,
6DOF manipulators will be used. Therefore, the requiredonotector is in this case

T
€req - (freql ) greqy greq?,; freq‘ly 5req5; fre%) . (515)

A total of 978 architectures were found as result of the stmat synthesis. From this group,
326 arez-oriented architectures, 32@oriented, and the other 326oriented. The number of
architecturesVi_found for each joint sequence is listed in tabl€ 5.3. Sindeat three R joints
are required to achieve three rotational DOF of the EE, thezeno architectures with less than
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Table 5.2: Coordinates of the desired task (minimization of the robot size)

Pose (W)Tz in m (W)T'y in m (W)T'z inm (W)l/JZ in° (W’)wy in° (W”)¢z in°
W) Tpose, —0.2 1.4 0.8 75 ~105 0
W) pose, 0.2 14 0.8 105 —90 0
(W) Tpose, 0.2 1.4 1.2 105 —75 0
W) Tpose, —0.2 1.4 1.2 75 —75 0

three R joints. To facilitate the analysis of the results, dinchitectures are grouped according to
their joint sequence. The joint sequence of a manipulatticates the order of the joints in this
manipulator. For instance, the joint sequence for a maaipuivhose first two joints are prismatic
and the last four are revolute joints is PPRRRR. The number oftacttires found for each joint

sequence is listed in talle 5.3.

Table 5.3:Number of architectures found for each joint sequence. The categodeked with £) are

chosen for the optimization

Joint

Joint

Joint

Joint

sequence Ngr sequence Ng‘r seqguence NEJ“ sequence NZJ“
PPPPPP 0 | PPPPPR 0 | PPPPRP 0 | PPPPRR 0
PPPRPP 0 | PPPRPR 0| PPPRRP 0 | PPPRRR 3
PPRPPP 0 | PPRPPR 0| PPRPRP 0 | PPRPRR 3
PPRRPP 0 | PPRRPR 6 | PPRRRP 6 | PPRRRR 9
PRPPPP 0 | PRPPPR 0| PRPPRP 0 | PRPPRR 9
PRPRPP 0 | PRPRPR 21| PRPRRP 18| PRPRRR 21
PRRPPP 0 | PRRPPR 15| PRRPRP 15| PRRPRR 24
PRRRPP 9 | PRRRPR 24 | PRRRRP 18 | PRRRRR 18
RPPPPP 0 | RPPPPR 0| RPPPRP 0 | RPPPRR 15
RPPRPP 0 | RPPRPR 24| RPPRRP 24 | RPPRRR 24
RPRPPP 0 | RPRPPR 24| RPRPRP 30| RPRPRR 39
RPRRPP 24| RPRRPR 36 | RPRRRP 36 | RPRRRR 33
RRPPPP 0 | RRPPPR 15| RRPPRP 15| RRPPRR 33
RRPRPP 15| RRPRPR 42 | RRPRRP 42 | RRPRRR 42
RRRPPP 3 | RRRPPR 30 | RRRPRP 36 | RRRPRR 45
RRRRPP 27 | RRRRPR 39 | RRRRRP 36 | RRRRRR 30

Without loss of generality, the marked)(architectures are exemplarily chosen to be considered
within the CRS. The DH parameters of these architectures awersim appendik A. As in the last
examples, they are labeled with numbers. The chosen groapgbeajoint sequences RRRRRR
(6R), PRRRRR (1P5R), and PPRRRR (2P4R). The first group correspondsrimogt common
architectures used in 6 DOF industrial robots. They haven lpgeviously studied in [Gog02],
where they are classified in six families according to thigigslar configurations. Nevertheless,
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additional comparison between these architectures caldenfound in the literature. The group
1P5R can be understood as a 5R manipulator mounted on ar#ile tase of the 2P4R architec-
tures, a 4R robot is mounted on two rails. Similar conceptsaatually applied to increase the
robot workspace [ABB17, Clo17b, Clol17a], however, in most cése8R robots.

Each architecture is optimized as explained in se¢tion®hé.threshold of the condition number
and the link radius for the collision evaluation are respett

n*=0.1and

, (5.16)
r; =r; =0.05m for all links.

The minimum values of the objective function obtained after optimization are visualized in
figures[5.2R t6 5.24. The correspondence between the labeltha direction of the first joint
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Figure 5.22: Optimization results for 2P4R architectures. Architectures 7 to 3-améented, architectures
333 to 335 arej-oriented, architectures 659 to 661 areriented
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Figure 5.23: Optimization results for 1P5R architectures. Architectures 68 to 73-areented, 394 to 399
arey-oriented, 720 to 725 are-oriented
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Figure 5.24: Optimization results for 6R architectures. Architectures 317 to 326-areented, 643 to 652
arey-oriented, 969 to 978 are-oriented

axis for the architectures (see secfion 4.3) is presentable5.4.

Table 5.4: Orientation of the selected architectures
First joint axis orientation  figule 5.22 figure 5123  figlres.2

z-oriented architectures 7-9 68 -73 317 - 326
y-oriented architectures 333-335 394 - 399 643 - 652
z-oriented architectures 659 - 661 720 - 725 969 - 978

Although all architectures are able to perform the tasktherarchitectures 317, 320, 643, 646,
696, 972, 975 (without bar in figute 5124), the optimizatidgoaithm could not find any combi-
nation of geometric parameters fulfilling the given conistia The best results of each group are
highlighted and their corresponding vallés presented in the figures. From the selected groups,
the architecture with the best performance is the 399. Tlengtric parameters of the optimal
manipulator is shown in figuie 5.25.

The postprocessing was performed through a Monte Carlo atranlwith 5,000 samples. As in
the last two examples, the four manipulators with the bedbpeance were considered, namely
the architectures 399, 73, 973, and 398. Their sketches &hpabameters are presented in figu-
red5.2b t@ 5.28. The frequency distribution obtained froemMonte Carlo simulation is depicted
in figured5.2P t0 5.32.

The plots on the left side show the frequency distributiorthef objective function for manip-

ulators fulfilling the optimization constraints. Considwyithe architecture 398 (figure 5132(a)),
although lower values were found through the Monte Carlo Etran, these are still higher than

the minimum values of architecture 399.
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Figure 5.25: Manipulator with the minimum size index of architecture 399 (1P5R)
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Figure 5.26: Manipulator with the minimum size index of architecture 73 (1LP5R)
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Figure 5.27: Manipulator with the minimum size index of architecture 973 (6R)
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Figure 5.28: Manipulator with the minimum size index of architecture 398 (1P5R)
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Figure 5.29: Frequency distribution of after the Monte Carlo simulation. Architecture 399 (2P4R)
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Figure 5.30: Frequency distribution aof after the Monte Carlo simulation. Architecture 73 (1P5R)
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Figure 5.31: Frequency distribution of after the Monte Carlo simulation. Architecture 973 (6R)
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Figure 5.32: Frequency distribution of after the Monte Carlo simulation. Architecture 398 (1P5R)

The plots on the right side show the distribution of all 5,8@0nples. The labels correspond to
the penalty values used for the constraints violation:

* hg,. — mManipulators fulfilling all constraints,

* hyy —collisions are detected in the path execution,

* h,1 —local conditioning index is lower than allowed,

* hyo —one or more poses of the task can not be reached,

From figurd 5.20(b) and figure 5132(b) it can be inferred thafdrincipal inconvenience regarding
the variation of the geometric parameters in architect8®&sand 398 is the collision between the
links. However, this issue mainly depends on the final coctittn and could be solved with
an adequate design of the links and joints. Architecture(8@8re[5.31(b)), for its part, mainly
exhibits dexterity problems when its geometric parametgeesmodified. Since the conditioning
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index is a kinematic characteristic, it can not be modified metailed design stage. In the case
of architecture 73 (figure_ 5.80(b)), there is not a clear pneidant effect due to variations in its
geometry.

From the four presented architectures, the 399 presentewlest deviation of. and the largest
amount of manipulators that fulfill the constraints desfiie variation of its geometry. Further-
more, it does not present inconvenience due dexterity ahedality.
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6 Summary and future work

The increasing development of task-specific robots with aevhitectures has been favored by
the offer of modular construction systems, modular soféveiutions, and developments in rapid
prototyping technologies. In the design of new manipuatero aspects have to be taken into
account, namely the architecture and the dimensions ofaibet.r Existing methods are able to
address each of these issues separately. However, thegtdsoonnected in a single synthesis
method. The structural synthesis addresses the geneddiiwohitectures fulfilling a set of DOF.
Meanwhile, the dimensional synthesis is dedicated to fiedftimal dimensions for a single pre-
defined structure. Since the performance of several stegts not considered in the dimensional
synthesis, the obtained manipulator is not necessariiynapfor the required task.

The goal of the present work is the development of an efficdentbined (structural-dimensional)
robot synthesis for serial manipulators, which is able tosider all suitable architectures in the
synthesis of task-specific manipulators. Furthermorenteéhod allows for comparing the per-
formance of several architectures with respect to the tagkirements. Executable code is au-
tomatically generated for the kinematic and dynamic madetif each architecture. Hence, the
combined robot synthesis is able to optimize task-specifinipulators with respect to kinematic
and dynamic performance.

6.1 Summary

The first step of the CRS is the generation of all architecturasexhibit the required DOF. The
robot architectures and their geometry are described uken®H notation. Therefore, identical
architectures represented by different DH parameters@sphisms) are identified and grouped.
The isomorphisms detection is based on the dependency &etive direction of the EE-DOF
and the direction in which each DH parameter is measurechkd@ this procedure, the number
of architectures decreases drastically. This allows tinebtoation of the structural and geometric
synthesis due to the reduction of the search space in thmiaption. Furthermore, the geometric
parameters that can be modified without affecting the EE-R@Fdetermined for each architec-
ture. These are used as optimization parameters in thequdrsedimensional synthesis.

Besides the geometric parameters of each architecture ohtom and orientation of the robot
base is considered. The position is evaluated through trosi#ion coordinates. Robots with dif-
ferent base orientation are considered, however, as @ifferchitectures due to the modification
of the EE-DOF orientation. Considering the modified positonl orientation of the manipulator
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base, the inverse kinematic is calculated using a numepmaph for a general serial manipula-
tor. Unlike current methods, the orientation error is clted using the axis-angle representation.
This provides a meaningful expression and avoids oventhéteted equation systems. The nu-
meric algorithm is based on the Newton-Raphson method. Hamoeder to overcome singular-
ities of the ACOBIAN matrix during the algorithm execution, both the transpos# tae inverse
are employed according to the distance to a singularity.

The forward kinematics and the dynamics are calculatedyrim in symbolic form individually
for each architecture. The determination of the closedifequations allows for the automatic
generation of MATLAE® and C code. Thanks to the automatic modeling of each arthitsc
several performance indices can be efficiently evaluatddeach architecture can be optimized.

Due to the characteristics of the optimization problem,RI&® algorithm was chosen to solve it.
The optimization is performed with respect to a main requért and additional requirements are
considered as constraints. The constrained optimizatimol@gm is handled through static penalty
values for each type of constraint.

The capability of the CRS is demonstrated through three uvadidl@xamples. In the former, 4
DOF manipulators are synthesized with respect to kinenpatiftormance. The local conditioning
index in the task’s poses is used as main requirement. Tdéxinan be considered a metric of
the distance to a singularity. As a further requirement,rtiet must execute the task without
collisions. In the second example, the synthesis is peddrfor 4 DOF manipulators considering
dynamic performance. The energy consumption during tHeemscution is chosen as objective
function. Threshold values for the local conditioning ir@es well as the absence of collisions are
used as constraints. Compared with the evaluation of kinemetformance, the calculation of the
objective function is in this case significantly more conxpliele to the consideration of the robot
dynamics. The considerable difference between the pedoce of the optimized architectures
verifies the relevance of the manipulator structure in th®taesign. In a third example, 6 DOF
manipulators are synthesized and optimized with respettteio size. As further requirements
(constraints), the manipulator cannot be in a singular gandition when it reaches each required
pose. Additionally, the robot must execute the task witlumliisions.

For the three examples, the sensitivity of the architestwih the best performance is studied
through a Monte Carlo simulation. This determines the dmnatf the objective function when
the optimization parameters are varied with an uniformritistion. Moreover, it is possible to
investigate which constraint becomes critical when thenggtdc parameters are changed. The
sensitivity analysis allows for identify the most robustusions for the required task as well as
determining whether the critical constraint can (or caphethandled in subsequent design stages.
Collisions between the links, for instance, can be handledsnbsequent step, since they greatly
depend on the links final geometry. Meanwhile, singular cumétions depend on the joint axes
arrangement which cannot be modified without changing therkiatic structure. The comparison
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between several architectures with respect to their pmdace as well to their sensitivity is one
of the main features of the CRS and represents an innovationsagaisting works.

Summarizing, the present work presents a new methodolagth&synthesis of task-specific
robot manipulators. Thanks to a new structural synthesistla@m automatic individual modeling
of the manipulators, all suitable architectures can beidensd in the optimization process. The
strategies and methods developed and successfully \edidatthis work allow for the perfor-
mance evaluation as well as the sensitivity analysis ofra¢agchitectures simultaneously with
low effort for the designer.

6.2 Future work

The combined robot synthesis provides a powerful tool ferabnceptual design of serial robots.
Its results can be employed in the automatic generation of BA§ed initial prototypes as can
be observed in [Thol6], where the automatic CAD generatiodifedrent kinematic structures
was explored (see figuke 6.1). This kind of tools can signifigaaccelerate the conceptual de-
sign stage. Alternatively, the methods can be used to déagks optimal robots from existing
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.

Figure 6.1: Automatic CAD generation of kinematic structures [Tho16]

construction modules or to choose the most suitable roboa fiask from a set of predefined
robots. The automatic generated code can be used in a quigk eethe control and an easy
implementation of several control strategies.

The extension of the CRS to parallel mechanisms is a meaniregaarch subject. The synthesis
of parallel mechanisms is known as a challenging topic duenly to the modeling but also to
the large number of possible architectures. However, lghisttuctures offer several advantages
against serial mechanisms as e. g. higher stiffness andityelo
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A Architectures with 6 DOF

A.1 2P4R Architectures

RIP| O, d; a; oy RIP| O, d; a; oy RIP|O, d; a; oy
Ploh ¢ a1 o Ploh ¢ a1 o Pl0h ¢t a1 o
PO g2 as PO ¢2 as P 0y ¢ as
R |gs d3 az 7/2 R |q3 d3 a3 7/2 R |q3 d3 a3 a3
R |qs dy ag 0 R (g dy ag 7/2 R |qs dy ag 7/2
R |g5 ds5 a5 7/2 Rlg ds as 0 R |g¢s ds a5 7/2
R (g ds as ag R (g ds ag ag R g ds ag ag
(a) Architecture 7 (b) Architecture 8 (c) Architecture 9

Figure A.1: Architectures 7to 9

RIP| O, d; a; oy R/IP| O, d; a; o R/IP|O;, d; a; «
Pl ¢t a1 oy Pl ¢t a1 oy Pl 1 a1 oy
POy 2 ax POy @ ax P |0y g2 ax o
R |g¢s d3 az 7/2 R (¢ d3 ag 7/2 R |q3 d3 a3 a3
R gy dy as 0 R |q dy ay /2 R |q4 dy ay /2
R g5 d5 a5 /2 R g ds a5 O R |¢gs ds a5 7/2
R |g ds as ag R g de as ag R g ds as ag
(a) Architecture 333 (b) Architecture 334 (c) Architecture 335

Figure A.2: Architectures 333 to 335
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RIP|O, d; a; oy RIP|O;, d; a; oy RIP|O;, d; a; oy
Ploh g a1 oy Ploh g a1 oy Ploh g a1 oy
P |0 g2 az P |0 g2 az P |0 g2 az o
R |qs d3 ag 7/2 R |gs d3 ag 7/2 R |q3 d3 a3 a3
R |qi dy ag O R |qs dy ag 7/2 R |qs dy ag 7/2
R |gs ds a5 7/2 R |¢gs d5s a5 O R |gs ds a5 7/2
R g ds ag ag R g ds ag ag R g d¢ ag ag

(a) Architecture 659

Figure A.3: Architectures 659 to 661

(b) Architecture 660

(c) Architecture 661
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A.2 1P5R Architectures

R/IP|O;, d; a; o RIP|O;, d; a; o
Plth ¢t a1 o Plth ¢t a1 o
R g dy as 7/2 R g dy as 7/2
R g3 d3 a3 0 R |gs d3 a3 0
R |q dy ag 0 R |q dy ag 7/2
R |¢gs d5 a5 7/2 R |g5 d5s a5 O
R |g ds as s R |g ds as s
(a) Architecture 68 (b) Architecture 69

Figure A.4: Architectures 68 to 69

RIP O; d;i a; «; RIP\O; d; a; «; RIP|0O; d; a; «;
Pl ¢t a1 oy Pl ¢t a1 o Ploi g a1 o
R |q dy ay 7T/2 R |q dy ay R g dy ay
R |gs d3 ag 7/2 R (g3 d3 ag 7/2 R |g3 d3 ag 7/2
R |qs dy ag 0 R |qs dy ag 0 R |qu dy ay /2
R |gs d5s a5 0 R |¢g ds as 7/2 R |gs d5s a5 0
R (g ds as g R (g ds as g R g des ag g
(a) Architecture 70 (b) Architecture 71 (c) Architecture 72

Figure A.5: Architectures 70 to 72

R/IP|O;, d; a; « R/IP|O;, d; a; «
Ploh ¢t ax o Ploh ¢ a1 o
R (g dy ay s R g dy as 7/2
R |gs d3 a3 a3 R g d3 a3 0
R |qu dy ag 7/2 R|q dy ag 0
R g ds5 a5 7/2 R |gs ds a5 7/2
R |g ds as s R |g ds as s

(a) Architecture 73 (b) Architecture 394
Figure A.6: Architectures 73 and 394
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RIP|O, d; a; oy RIP|O;, d; a; oy RIP|O;, d; a; oy
Ploh g a1 oy Ploh g a1 oy Ploh g a1 oy
R |q dy as 7/2 R |q dy as 7/2 R |q dy as an
R |g3 d3 as 0 R |gs d3 ag 7/2 R |gs d3 ag 7/2
R |q dy ag 7/2 R |qs dy ag O R |qs dy ag O
R |¢gs d5s a5 O R |¢gs d5s a5 O R |gs ds a5 7/2
R g ds ag ag R g ds ag ag R g d¢ ag ag

(a) Architecture 395 (b) Architecture 396 (c) Architecture 397
Figure A.7: Architectures 395 to 397

Pl ¢ a1 oy Pl g1 a1 oy Pl g1 a1 oy
R g dy ay ap R g dy az ap R g dy az ap
R |qs d3 ag 7/2 R |q3 d3 as o3 R |gs d3 ag 7/2
R |qs dy ag 7/2 R |qs dy ag 7/2 R |qs dy ag 7/2
R |gs ds a5 O R |¢s d5 a5 7/2 R |¢gs d5 a5 7/2
R g ds as as R |gs ds as as P |0s g as s

(a) Architecture 398 (b) Architecture 399 (c) Architecture 719
Figure A.8: Architectures 398 to 719

RIP| O, d; a; oy R/IP|O; d; a; o«
Pl ¢t a1 oy Pl ¢t a1 oy
R |q dy as 7/2 R |q dy as 7/2
R g d3 as 0 R |g3 d3 ag /2
R |qu dy ag /2 R |qs dy ag 0
R (g5 ds a5 O R (g5 d5 a5 O
R (g ds as g R (g ds as s

(a) Architecture 721 (b) Architecture 722

Figure A.9: Architectures 721 to 722
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RIP|O, d; a; « RIP|O, d; a; o RIP|O, d; a; o
Ploh ¢t a1 o Ploh ¢ a1 oy Pl0h ¢t a1 o
R g dy az R g dy az R |q dy az
R |gs d3 az 7/2 R (g3 d3 ag 7/2 R |q3 d3 a3 a3
R|qs dy ag 0 R (g dy ag 7/2 R |qs dy ag 7/2
R |g5 ds5 a5 7/2 Rlg ds as O R |g5 ds a5 7/2
R (g ds ag ag R (g ds ag ag R g ds ag ag
(a) Architecture 723 (b) Architecture 724 (c) Architecture 725

Figure A.10: Architectures 723 to 725
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A.3 6R Architectures

RIP\O;, d; a; «; RIP\O;, d; a; «; RIP\O;, d; a; «;
R |qg dy ag /2 R |q dy ag /2 R |q dy ag /2
R (g2 dy ao 0 R (g2 dy ap 0 R (g2 dy ap 0
R |g3 d3 a3 0 R |g3 d3 a3 0 R |g3 d3 a3 7/2
Rlqs dy ag 0 R |qs dy a4 /2 Rlqs dy ag O
R|g ds 0 7/2 Rlgs ds a5 0 R lgs ds a5 0
Rlg 0 0 ag R |g6 ds as g R |g6s ds as

(a) Architecture 317 (b) Architecture 318 (c) Architecture 319
Figure A.11: Architectures 317 to 319

RIP|O;, d; a; «; RIP|O;, d;i a; «; RIP|O;, d;i a; «;
R|q di ap 7/2 R ¢ diar oy R g diar oy
R |q dy ag /2 R |q2 dy ay /2 R |q2 do ay /2
R g3 d3 az 0 R g3 d3 az 0 R g3 d3 az 0
Rlqs dy ag O R |qs dy ag O R |q dy aqy m/2
R |gs d5s a5 0 R |g5 d5 as 7/2 R |gs d5s a5 0
R g6 de as s R g6 ds as s R g6 ds as s

(a) Architecture 320 (b) Architecture 321 (c) Architecture 322
Figure A.12: Architectures 320 to 322

RIP| O, d; a; «; RIP| O, d; a; «; RIP|O;, d; a; «;
Rilq di a1 oy Rlqg di a1 oy Rlqg di a1 oy
R |q2 dy ay 7T/2 R |q dy as R |q dy as
R |gs ds a3 7/2 R |gs ds a3 7/2 R |gs ds a3 7/2
R gy dy ag 0 R gy dy ag 0 R |qs dy ay /2
Rlgs ds a5 0 R |g5 d5 as 7/2 Rlgs ds a5 0
R (g ds ag s R (g ds ag s R (g ds ag s

(a) Architecture 323 (b) Architecture 324 (c) Architecture 325
Figure A.13: Architectures 323 to 325
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RIP|O; d; a; o RIP O, d; a; «; R/IPO;, d; a; «;
Rlqg di a1 o R ¢ di ay 7/2 R|¢ di ag 7/2
R g dy az R g dy az 0O R g dy az 0O
R |gs d3 a3 a3 R |gs d3 as 0 R |gs d3 as 0
R |qs dy ay 7/2 R |qs dy ag O R |qs dy ay 7/2
R |g5 ds a5 7/2 R g ds 0 7/2 R |¢gs d5 a5 O
R g ds as s Rilg 0 0 ag R g ds as as
(a) Architecture 326 (b) Architecture 643 (c) Architecture 644
Figure A.14: Architectures 326 to 644
RIP|6; di a; «; R/IP O, d; a; «; R/IP O, d; a; «;
R |qg di ay /2 R|qg di ay /2 R|qg di a1 o
R |qg dy ap 0 R g2 dy ag 7/2 R g2 dy ag 7/2
R |qs d3 ag 7/2 R g3 d3 a3 O R g3 d3 a3 O
R |qs dy agy O R |qgs dy agy O R |qgs dy agy O
R |gs ds a5 0 R |¢gs d5 a5 O R g5 ds a5 7/2
R |gs ds as g R |gs ds as g R |gs ds as g
(a) Architecture 645 (b) Architecture 646 (c) Architecture 647
Figure A.15: Architectures 645 to 647
RIP|O; d; a; o R/IP|O;, d; a; «; R/IP|O;, d; a; «;
Rl di oy oy Rl di oy oy Rilg di oy oy
R g2 dy as 7/2 R g2 dy as 7/2 R |q2 dy as ao
R |g3 d3 a3 0 R |gs d3 ag 7/2 R |gs d3 ag 7/2
R |qu dy a4 /2 R |q dy as 0 R |q dy as 0
R |gs ds a5 0 R |gs d5s as 0 R ¢ ds a5 7/2
R g dg ag s R g dg ag s R g dg ag s

(a) Architecture 648

(b) Architecture 649

(c) Architecture 650

Figure A.16: Architectures 648 to 650
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RIP\O;, d; a; «; RIP\O;, d; a; «; RIP\O;, d; a; «;
Rilg di a1 oy Rilg di a1 oy R|q di aq 7T/2
R g dy ay R g dy ay o R g dy az 0
R |gs d3 a3 7/2 R g3 d3 as as R |g3 d3 a3 0
R |qs dy ay /2 R |qs dy ay /2 Rlqi dy ag 0
Rlg ds as 0 R |g5 d5 a5 7/2 R g5 d5 0 7/2
R (g ds as as R (g ds ag s Rig 0 0 ag
(a) Architecture 651 (b) Architecture 652 (c) Architecture 969
Figure A.17: Architectures 651 to 969
RIP\O;, d;i a; «; RIP\O;, d;i a; «; RIP\O;, d; a; «;
R |qg dy ag /2 R |q dy ag /2 R |q dy ag /2
R gy dy ap 0 R gy dy ap 0 R |q2 do ay /2
R lg3 d3 a3 0 R |g3 d3 a3 7/2 R g3 d3 a3 0
R |qs dy aq /2 Rlgs dy ag 0 Rlqs dy as 0
R g5 ds a5 O R g5 ds a5 O R g5 ds a5 O
R |g6 ds as g R |g6 ds as g R |g6 ds as g
(a) Architecture 970 (b) Architecture 971 (c) Architecture 972
Figure A.18: Architectures 970 to 972
RIP|O;, d;i a; «; RIP| O, d;i a; «; RIP\O;, d;i a; «;
Rlqg di a1 oy Rlqg di a1 oy Rlqg di a1 oy
R |q2 dy ay /2 R |q2 dy ay /2 R |q2 dy ay /2
R lg d3 a3 0 R g d3 a3 0 R |gs ds a3 m/2
R |qs dy ag 0 R |q dy aqy m/2 R |qs dy ag 0
R |g5 d5 a5 7/2 R |gs d5s a5 0 R |gs d5s a5 0
R (g de ag s R (g de ag s R (g de ag s

(a) Architecture 973

(b) Architecture 974

(c) Architecture 975

Figure A.19: Architectures 973 to 975
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RIP|O; d; a; o RIP O, d; a; «; R/IPO;, d; a; «;
Rilgn di a1 oy Rilgdi a1 oy Rl di a1 oy
R |q dy ay R |q dy ay R g dy ay
R |qs d3 ag 7/2 R |qs d3 ag 7/2 R |g3 d3 a3 a3
R |qi dy ag 0 R |qs dy ag 7/2 R |qs dy ay 7/2
R |g5 ds a5 7/2 R |¢gs d5 a5 O R |g5 ds a5 7/2
R g ds as s R g ds as s R g ds as s
(a) Architecture 976 (b) Architecture 977 (c) Architecture 978

Figure A.20: Architectures 976 to 978
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B Architectures with 4DOF

R/IP| 0, d; a; oy RIP|O; d; a; « R/IP|O; d; a; o«
PlO ¢ a 7/2 Pl 1 a1 /2 Pl6p 1 ag w/2
P (7/2 ¢ as 7/2 P10 g ay m/2 Pl0 g ay w/2
P |7/2 g5 ag m/2 R |g3 d3 ag /2 R g d3 as 0O
R|q dias oy P10y qu ay oy R (g dy ay
(a) Architecture 1 (b) Architecture 2 (c) Architecture 3

Figure B.1: Architectures 1to 3

R/IP| 0, d; a; oy R/IP|O;, d; a; oy R/IP|O;, d; a; oy
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P (7/2 q3 ag 7/2 P10 g3 a3 m/2 R |gs d3 a3 7/2
Plbs quas oy R |q dy ay ay P10 gu as ay
(a) Architecture 4 (b) Architecture 5 (c) Architecture 6
Figure B.2: Architectures 4 to 6
RIP\O;, d; a; o RIP| 0, d; a; « R/IP|O;, d; a; «
P10 ¢ ai O Rig dag o Rlqg dyap O
R g dy as O PO g ay /2 P 0y g2 ay w/2
R |g3 d3 az 0 P (7/2 g5 ag 7/2 P10 g3 a3 m/2
R |qu dy ag ay Pl O, quar ay R |qu dy as oy
(a) Architecture 7 (b) Architecture 8 (c) Architecture 9

Figure B.3: Architectures 7 to 9
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RIP|O, d; a; oy RIPO;, d; a; oy RIP|O;, d; a; oy
Ri¢g di ag 7/2 Rl¢gi di ap O Ril¢g dy ag 7/2
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P 0 qg3 az O R |gs d3 ag 7/2 R |¢g3 d3 ag 0
R lqu dy as ay P10 qu as ay P10 qu as ay

(a) Architecture 10

(b) Architecture 11

(c) Architecture 12

Figure B.4: Architectures 10 to 12
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R |q dy ay ay P10y qa as ay P10y qu as ay

(a) Architecture 13

(b) Architecture 14

(c) Architecture 15

Figure B.5: Architectures 13 to 15

RIP\6O; d; a; o, RIP|O; d; a; oy
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R |qg dy as 0 R (g dy as 0O
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(a) Architecture 16

(b) Architecture 17

Figure B.6: Architectures 15 to 17
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(a) Architecture 18

(b) Architecture 19

(c) Architecture 20

Figure B.7: Architectures 18 to 20
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RIP| 0, d; a; oy RIP|O;, d; a; «o RIP|O, d; a; «
P(7/2 ¢ a1 7/2 P10 ¢ a 7/2 P10 ¢ a 7/2
P |7/2 g as m/2 P[0y g2 as O R g dy ap 0
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(a) Architecture 21 (b) Architecture 22 (c) Architecture 23

Figure B.8: Architectures 21 to 23
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(a) Architecture 24 (b) Architecture 25 (c) Architecture 26

Figure B.9: Architectures 24 to 26
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Figure B.10: Architectures 27 to 29
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(a) Architecture 30 (b) Architecture 31 (c) Architecture 32

Figure B.11: Architectures 30 to 32
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RIP|O, d; a; oy RIPO;, d; a; oy RIP|O;, d; a; oy
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(a) Architecture 33 (b) Architecture 34 (c) Architecture 35

Figure B.12: Architectures 33 to 35
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C Specifications of the elements used in the dynamic

optimization
Table C.1: Rotational modules [SchunkPR1]
Reference GPAO01-2S 06IN41 GPA01-2S 09HN41
T peake NN 70 170
T peak IN N 3.5 11
T nom NN 40 126
T nom 1NN 1.5 3.8
W& pear INTAd /3 14.24 10.47
Wit peak 1N TAd /3 419 419
pi 28 35
m; in kg 7 15
(Mi)lg/[i) in kg m? 0.000042 0.00023
I..inkgm? 0.028233 0.0564

Table C.2: Linear modules [SchunkLDN1]

Reference PLS 110/ MCS06141 PLS 110/ MCS09H41
T e INN 1099.56 3455.76
Tt pea NN 3.5 11
T vom NN 471.24 1193.80
inom iN N 15 3.8
W peak INTad /3 1.33 1.33
Wi peak 1N TAd /3 419 419
Pi 314.16 314.16
m; in kg 3 7
o 12 in kg m? 0.000042 0.00023
I, inkgm? 0.023 0.04
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Table C.3: Standard aluminum profile [SMT]

Characteristic Value

Area moment of inertia aboutaxis inm* 134.06 x 10~%
Area moment of inertia aboytaxis inm?* 134.06 x 1078
Linear density irkg/m 5.33
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