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Abstract. In this paper a new procedure for type synthesis of low-Dofajbe robots based on screw theory is presented.
The motivation of these work is that for many industrial agagions, in particular in the machine-tool field, less th@n
degree of freedom (6-DoF) may be needed to complete the Faslexample, for milling operation in the machine-tool
domain, the rotation of the platform around its normal is meded, as the spindle will manage this DoF, hence only
5-DoF are needed. Type synthesis consists basically imfijrali possible types of parallel robots capable of genegti

a specified motion pattern of the moving platform. The typmafion pattern of the moving platform is specified in
agreement with the degrees of freedom of the task to be gmdldPrevious research on parallel manipulators were
concentrated mainly on 6-DoF parallel robots, but today gl robots with fewer than 6-DoF, also called low-DoF
parallel robots, are being increasingly studied. In comipan with 6-DoF parallel robots, a low-DoF parallel robot ba
the advantages of more simpler mechanical design, loweufaaturing cost, simpler controller and, in general, rethge

the number of DoF will increase the maximum motion range efrémaining DoF increasing the workspace. The type
synthesis procedure present in this paper is developed énstieps. First, the motion pattern is defined in agreement
with the DoF necessary for task execution. Second, usirigreaal screws we define the robot twist and wrench system.
Third, the legs of parallel robot are enumerated using lineambinations of screws and the assembling of parallel tobo
is done. Fourth, as twists and wrenches are instantanebasdentification of instantaneous parallel robots is neeeg.

And fifth, a method for validation of actuated joints is prasé@arallel robots with 4-DoF and 5-DoF are synthesized and
tables are presented using a special notation. A functioglesentation of each parallel robot with 4-DoF and 5-DoF
and actuated joints are presented. The advantage this dugedn relation of others procedures based on screw theory,
found in literature, is the completeness of type synthesisess.

Keywords. low-DoF parallel robots, type synthesis, motion patteres theory, reciprocal screws.
1. INTRODUCTION

A parallel robot is one in which two or more serial kinematiams connect the moving platform to the base. Parallel
robots can offer advantages over their serial counterpateyms of rigidity, dynamic performances and accuracy. In
recent years, the research and use of parallel robot haleeeMivtom the general 6-DoF parallel robots to the low-DoF
parallel robots, which have fewer than 6-DoF. The use of ¥ parallel robots for many tasks requiring fewer than
6-DoF is attracting interest from research and mainly ofisidy. The main motivation is that for many applicationssle
than 6-DoF may be needed. For example, for milling operadtidghe machine tool domain, the rotation of the platform
around its normal is not needed and hence only 5-DoF are ddétierlet and Daney, 2008). Also, the 6-DoF parallel
robots currently used in machining suffer from their comfilesince only 5-DoF of the tool need to be controlled (Huang
and Li, 2003). Design of new low-DoF parallel robot is a gobdrrece of reducing the costs of design and manufacturing
in those applications requiring less mobility.

The characteristics of the motion of the moving platform giaallel robot with F-DoF may be of several types. For
example, a 3-DoF motion may be a 3-DoF translational mo@iDoF spherical motion or a 3-DoF planar motion. Kong
and Gosselin (2007) call each type of motion of the movin¢gf@ten of motion pattern. Thus, the type synthesis consists
in finding all the possible types of parallel robots genegat specified motion pattern of the moving platform (Kong and
Gosselin, 2007). “Type synthesis is a fundamental and itapbissue in design of parallel robots (Kong and Gosselin,
2007; Merlet, 2006; Merlet, 2000)".

Up to date, the majority low-DoF parallel robots find in |&gure has 3-DoF. Fang and Tsai (2004) present a systematic
methodology for the structural synthesis of a class of 3-BpFRerical parallel robots and Tsai (1999b) proposed an
enumeration of a class of 3-DoF parallel robots based onttiietsral characteristics. Kong and Gosselin (2004a)
presented an systematic methodology based on screw thmdsype synthesis of 3-DoF spherical parallel robots. Kong
and Gosselin (2004b) presented type synthesis of 3-DoBl&taonal parallel robots based on screw theory. Gogu (Bp04
presents a structural synthesis of translational paralteits with uncoupled motions and revolute actuatorst&tian the
fixed base. Gogu (2007a) presents the structural synthifsiysisotropic parallel wrists with three degrees ofédom.
Gogu (2008, 2009) presents a structural synthesis appafgudrallel robots based on theory of linear transformation
and evolutionary morphology (Gogu, 2005).

The number of low-DoF parallel robots with 4-DoF or 5-DoF &irlfiy small (Kong and Gosselin, 2005; Kong and
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Nomenclature

Notation | Description

Screw theory
$, $0, 5o | screw, screw of O pitch and screw®f pitch
T, W twist and wrench systems
&0, €xo twist of 0 andoo pitch

€0s Coo wrench of 0 andx pitch

Mechanical generators

R, P rotational joint (R joint) and prismatic joint (P joint)

R P rotational actuated joint (Rint) and prismatic actuated joint (Bint)
Legs of parallel robot

PRRR leg composed by a P joint and three R joints

R R joint with parallel axis within a same leg

R R joint with parallel axis within a same leg

R R joint with parallel axis within a same leg group

PRRRR PRRRR leg with two R joints with parallel axis in a directiomdstwo R joints with parallel axis in
another direction
PRRRR PRRRR with Pjoint

Parallel robot
3-PRRRR | parallel robot with three RRRR legs, the number 3 indicates three legs
3-PRRRR | 3-PRRRR legs parallel robot with fint

Gosselin, 2004c; Li et al., 2004, Li and Huang, 2003). RdgeKbng and Gosselin (2004c¢,2005,2007), Huang and Li
(2002,2003) and Gogu (2005,2007a,2008,2009) presenseehsgtic methods for type synthesis of parallel robots #th
DoF or 5-DoF. However, the methods presented are not coenguiring post-processing to complete the type synthesis
process and still, a limited number of architectures has peeposed and few were actually implemented. The types of
low-DoF parallel robots are deficient and far from the highmded in practice (Huang and Li, 2002).

The methods used for synthesis of parallel robots can bdethinto five approaches:

e graph theory; (Simoni et al. , 2007a, 2007b, 2008; Alizadd.et2004, 2007; Tsai, 2001)

e group theory; (Simoni et al. , 2009)

e screw theory; (Kong and Gosselin, 2005, 2007; Huang anddd32Fang and Tsai, 2002)

e Lie subgroups of displacements; (Hervé and Sparacino,;33&4/¢é 1994, 1999; Li et al. , 2004)

e theory of linear transformations and evolutionary morplget (Gogu, 2005,2008,2009)

The first two approaches are know as number synthesis anldrdeslast approaches are know as type synthesis in robotic
literature. Between the last three approaches one thatris appropriate for type synthesis of parallel robots andquts
a greater number of references (even poor) is the screwtlagproach.

In this paper, a systematic approach is developed for typthegis of low-DoF parallel robots using screw theory. In
type synthesis process we find all possible types of paralteit arquitetures that generate a specified motion pattezn
next step in conceptual design of parallel robot is the dsiwral synthesis (Tsai, 2001). The problem is that some type
synthesis procedure found in literature need a post-psaugbefore the dimentional synthesis. Still, a small nunhdoe-

DoF parallel robot were proposed. In view of this, there heatecessity of investigate new methods for type synthasdis a
new parallel robots. The procedure for type synthesis igldgvwnent in five steps. First, the motion pattern is defined in
agreement with the DoF necessary for task execution. Thsimg veciprocal screws we define the robot twist and wrench
systems. The legs of parallel robot are enumerated usiegrlicombinations of screws and the assembling of parallel
robot is done. As twists and wrenches are instantaneouisig¢hgfication of instantaneous parallel robots is neagssa
finally, a method for validate of actuated joints is pres@atrallel robots with 4-DoF and 5-DoF are synthesized ands$ab
are presented using the nomenclature presented abovec#oiual representation of each parallel robot with 4-Do#& an
5-DoF and actuated joints are presented. The differenceopioged procedure in this paper is the completeness of type
synthesis procedure of parallel robots via screw theosy aéw approaches are introduced in each step of method.

The remainder of this paper is structured as follows. Se@imtroduces the screw theory tools that are used in type
synthesis procedure presented in section 3. Section 4mirgsetype synthesis of 4-DoF and 5-DoF parallel robots.
Section 5 present the conclusions and final remarks.
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2. SCREW THEORY TOOLS

In this section, some relevant results of screw theory asgmted. More details on screw theory can be found in (Hunt,
1990; Ball, 1998; Davidson and Hunt, 2004; Kong and Goss2007).

2.1 Screw

In screw theory (Hunt, 1990; Ball, 1998; Davidson and Huf94), a unit screv§ is defined by a pair of vectors
(8580 xs+hs), ifhisfinite
$=(%r;3%5) = (1)
(05s), if A is infinite
wheres is a unit vector along the axis of the scréws, is a vector directed from origin of the reference frame O-to/z
any point on the axis of the screw, ahds called the pitch. There are two vector components (F-f8stecond) or six
scalar components in the above presentation of the screw.

2.2 Screw systems

A screw system of order (0 < n < 6) comprises all the screws that are linearly dependent given linearly
independent screws. A screw system of ordes also called am-system. Any set of: linearly independent screws
within an n-system forms a basis of thesystem. There are many types of screw systems, see fonaes{&iunt,
1990; Davidson and Hunt, 2004).

In this paper we uses the canonical base screws (Davidsodwamd2004). For instance,

$a =(100;hs 00), )

represent a 1-system. There are two special cases of natewloen the pitch i, = 0,i.e.$, = (1 00;00 0),

and another when the pitdh, = oo, i.e.$ = (0 0 0;1 0 0). The mechanical generators of this two 1-systems are

respectively the R and P joints.

The canonical base screws

$0=(100;h,00),
$3=(100;0 hg 0), 3)
$,=(100;00 h,),

represent a 3-system.

2.3 Reciprocal Screws

Two screws$,, and$,, are said to be reciprocal if they satisfy the following citioah:

$ao$b:$ap '$bg+$bF '$¢ls :$5H$b:0 (4)
where
_ | 0 I3
=[5 %)

wherel; is the3 x 3 identity matrix and 0O is th8 x 3 zero matrix. The operatord” is defined as the reciprocal product
of two screws.

For example, from 4, we can to see that the screws of two Psjaire always reciprocal to each other and the screws
of two R joints are reciprocal to each other if and only if treeiis are coplanar.

2.4 Reciprocal Screw Systems

Given ann-system, there is a unique reciprocal screw system of @6den) which comprises all the screws reciprocal
to the original screw system. L&t and)V denote a screw system and its reciprocal screw system.
Consider, for example, a particular case of the 1-system

T:{$=(100;000) (5)
with represent a canonical screw with infinite pitch along:taxis. The reciprocal screw system of this 1-system is the
5-system formed by the following canonical screws:

$=(100;000) $,=(000;010)
W:q¢ $=(010;000) $0=(000;001) (6)
$=(001;000)
Each screw o#V is reciprocal of the screw daf and vice-versa.
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2.5 Twist Systems and Wrench Systems

We call the screw of twistg) if it represents an instantaneous motion of a rigid bodye Tanonical twist system
representing the DoF of a moving platform of a 6-DoF parafiethanism is

€=(100;000) &o=(000;100)
T:0 &=(010000 £=(000;010) @)
€=001;000) £(e=(000;001)

The first three twists in eq. 7 denote three rotations abaut ty andz axes, respectively. The last three twists in eq. 7
denote three translations along they andz axes, respectively.

The combined constraints of moving platform of parallelobdan also be expressed by a screw system, called wrench
system, reciprocal to twist systems of moving platform. tines words, wrench system denotes a system of forces and
couples acting on a rigid body or the constrained DoF of theingpplatform. For example, if the equation 5 represent a
twist system of moving platform them the equation 6 repregesir wrench system.

A physical interpretation of reciprocal screws is given bgvidison and Hunt (2004). The relation between a twist
system and its wrench system is the virtual power developeghlp wrench along any twist is equal to zero (Davidson
and Hunt, 2004; Kong and Gosselin, 2007).

According to the prescribed motion pattern of moving platfcf the low-DoF parallel robot, a suitable subset of
twists can be selected from eq. 7 to form the twist system ofingoplatform of the low-DoF parallel robot.

3. COMPLETE PROCEDURE FOR TYPE SYNTHESIS OF LOW-DOF PARALLE L ROBOTS

In this section we present a complete procedure for typehsgig of parallel robots when screw theory is used.
The procedure is development in five steps presented Taborhe &uthors (Huang and Li, 2002; Kong and Gosselin,
2007; Fang and Tsai, 2002) already have proposed methodigf®isynthesis using screw theory, so in the Tab. 1 we
included a observation to indicate what is the differencewfproposed method and the novelty introduced.

Table 1. Type synthesis procedure proposed with differ®aod novelty introduced.

Step | Description Sec.| Source | Novelty

1 Derivation of motion pattern of the 3.1 Complete description of motion pattern of moving
moving platform platform in terms of twist and wrench systems.

2 Type synthesis of legs 3.2 | [1][2][3] | With R and P joints only. Complex joints are ob-

tained by combination of R and P joints in a later
stage of desigre.g.dimensional synthesis.

3 Assembling of legs 3.3 | [1][2][3] | -
4 Identification of full-cycle mobility | 3.4 | [2] Identification via CAD simulation
5 Identification of actuated joints 3.5 | [1] Divided into two important sub-steps.
Selection of actuated joints| 3.5.1] Is very important to select the actuated joints on
or near the fixed base, see (Tsai, 2001).
Validation of actuated jointg 3.5.2 In just two steps via CAD simulation.

Sources used in this table are shown below. The fifty colunowsthihe original contribution of each step.
[1] : (Kong and Gosselin, 2007)

[2] : (Huang and Li, 2003)

[3]: (Fang and Tsai, 2002)

The difference of proposed method in this paper is the cotapéss of type synthesis process of parallel robots via
screw theory. The main authors about type synthesis ofIphrabots via screw theory are; Fang and Tsai, Kong and
Gosselin, and Huang and Li. Fang and Tsai (2002, 2004) donesept a systematic procedure for type synthesis but
they following a few steps as shown in sources in the columifi#ab. 1. Kong and Gosselin (2004a, 2004b, 2005,
2007) present a systematic procedure but in his procedesedb not identify full-cycle parallel robots. Kong and
Gosselin (2007) present an equation to identify the mghilfitparallel robots generated in type synthesis procedutre b
the mobility obtained for those equation is usually insé@eus. Also, the validation process of actuated jointpgsed
here is different from that proposed by them. The procedurgdlidation of actuated joints proposed by Huang and Li
(2003) is distinct of proposed in step 5 on the our proceduarfallowing subsections (see column 3 in Tab. 1), each step
is described in details and examples are shown for a betteratanding.
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3.1 Step 1: Derivation of motion pattern of the moving platfam

This step is to identify the twists and wrenches related leycthmplete description of motion pattern. The character-
istics of the motion of the moving platform of a parallel roébath F-DoF may be of several types. For example, a 3-DoF
motion may be a 3-DoF translational motion, a 3-DoF sphenidion, a 3-DoF planar motion or another 3-DoF motion.

Defined the motion pattern the twist and wrench systems aieedeby equation 4. For example, for a 3-DoF spherical
parallel robot, the twist system consist of thégeand the wrench system consists of three constraint fagcdsscribed
below

€& =(100;000) Co=(100;000)
T:{ &=(010;000) W:{ ¢o=(010;000) 8)
€& =(001;000) Co=(001;000)

The difference of this step, in relation of another foundterature, is the detailed description of motion patterd an
description of this motion in terms of canonical base twisgl &rench systems.

3.2 Step 2: Type synthesis of legs

We assume that only R and P joints are used in type synthetg®f Note that a universal joint (U) is equivalent
to two intersecting R joints. A cylindrical joint (C) is emqailent to one P joint and a concentric R joint, and spherical
joint (S) is equivalent to three intersecting R joints, anda. The parallel robot are synthesized with R and P joints, i
dimensional synthesis some R and P joints can be contramteniig C, U or S joints depending the length of links.

The legs of parallel robot can be synthesized by linear coathin of twists. The type of legs will be represented by a
string of characters representing the type of joints froenitase to the moving platform in sequence, see nomenclature i
pg 2. For example, the strifRRR (see table of nomenclature in pg 2) denotes a leg with fans joelong to a 3-system.
The leg BRRR belong to a 4-system.

3.3 Step 3: Assembling of legs

Parallel robots can be generated by assembling two or mgsestethat the arranging of legs meets the design require-
ments.

In assembling of the legs the wrench system of each I&§) (ntroduce some constraint on the moving platform.
Thus, the wrench system of moving platformV] is given by linear combination of the wrench systems oftallégs.
For example, if a parallel robot is formed by two legs, a legpases restriction of rotation aboutaxis and another
leg imposes restriction of translation alongxis, the resulting parallel robot imposes the two leg i&sins in moving
platform, for instance, rotation aboutaxis and translation alongaxis.

If the mechanism expected is full-symmetiie, it meets the following conditions (Mohamed and Duffy, 19B5iang
and Li, 2003):

e has full-cycle mobility (discuss in next section);

¢ has identical legs;

e all legs are symmetrical on the base;

¢ has the same number and mounting position of actuators mlegge
than, the legs must be assembling symmetrically on the babtoae identical. If the actuators are mounted on the base
the number of legs must be equal the mobility of parallel tobo

3.4 Step 4: Identification of full-cycle mobility

One objective of type synthesis is find full-cycle parali@bots. A parallel robot that do not change their motion
pattern after a finite motion is said full-cycle parallel cdiMohamed and Duffy, 1985).

Since twists and wrenches are instantaneous, it is negessatentify whether the synthesized parallel robots are
instantaneous. A parallel robot is said to be instantanédtssmotion pattern changed after an arbitrary feasibléein
motion. For example, if a parallel robot has three transieti DoF at a moment, and has two translational DoF and one
rotational DoF at another moment, the mechanism is instaotas.

This can be done by CAD simulation of parallel robot moticihafter any feasible finite displacement the twist and
wrench systems remains unchanged, the parallel robot isnstentaneous.e. full-cycle. This step is crucial in design
of parallel robots since the main objective of type synthesocess is to find full-cycle parallel robots.

3.5 Step 5: Identification of actuated joints

This step was divided in two important sub-steps, selecimhvalidation, described bellow.
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3.5.1 Step5.1: Selection of actuated joints

The choice of actuated pairs cannot be arbitrary becauseotie can have motion uncontrolled or have over-
constrained and consequently the motion pattern desireat generated. Generally, each leg is controlled by oneasmtu
and all actuators can be mounted on or near the fixed base.e&slaof this structural arrangement, parallel maniputato
possess the advantages of low inertia, high stiffness,age payload capacity (Tsai, 2001).

The set of actuated joints must be such that the combinafiafi twists in the set result on the same twist system
of the moving platform. Thus, when the set of actuated jamtdocked the twist system of moving platform becomes a
0-systemj.e.the wrench system is a 6-system.

Note that for a low-DoF parallel robots, the set of actuatéut$ is not unique.

3.5.2 Step 5.2: Validation of actuated joints

For an F-DoF parallel robot, a set of F actuated joints isdvidlthe DoF of the parallel robot obtained from the
mechanism by blocking all the actuated joints is 0 (Kong and<glin, 2007). In other works, when all the actuated joints
in a parallel robot are blocked, the moving platform losé®aF and cannot undergo any infinitesimal and finite motion.

The procedure proposed in this paper to validation of aetutints is summarized in the following steps:

Step 1 Block all joints of set find in step 5.1.

Step 2 Apply loads in all directions an verify if the moving platfa can undergo any infinitesimal or finite motion.

If these two steps are valid, than the set of actuated joepsopriate.

4. TYPE SYNTHESIS OF LOW-DOF PARALLEL ROBOTS

In this section we apply the procedure proposed in abovesdar type synthesis of 4-DoF and 5-DoF parallel robots.
In the end of each section we present a table with severalg@a@ots and a functional representation of one parallel
robot with actuated joints. After the type synthesis praregroposed here, in design of parallel robot, we consluer t
dimensional synthesis of each structure obtained.

4.1 Type synthesis of 4-DoF parallel robots

There are many 4-DoF motion patterns, here we apply the rddtrdype synthesis of classical Schonflies motion,
generator of three translations and one rotation, also kBCARA motion (counterparts of serial robots) or 3T1R
motion. This example was chosen because the SCARA robotwidedy used in the industry (Bonev, 2001; Bonev,
2000; Merlet, 2006), the counterparts 3T1R parallel rolaatthe advantage of speed, accuracy and stiffness (Tsdi).200
So, we see great potential for industrial applications pacgal in pick-and-place task, and therefore there is a heed
explore new 3R1T parallel robots.

The procedure proposed in this section 3 will be apply stestéy by synthesis of 3T1R parallel robots.

4.1.1 Step 1: Derivation of motion pattern of the moving plaform

The motion pattern is the Schonflies motion or 3T1R motion.cdfesider that the rotational DoF is about thaxis.
The canonical twist system is easily derived and is compbsefbur twists and the wrench system is derived of
equation 4 and consists of two constraint couples deschibkxiv

o =1(000;100)
) éc=wo00010) [ ¢ =(000:100)
759 6. =(000:001) W'{Cm(ooo;om) ©)
€0 =(001:000)

4.1.2 Step 2: Type synthesis of legs

As discussed in section 3.2 the legs can be represented bylzenof R and P joints in sequence.

As the wrench system of moving platform is given by linear bamation of wrench system of legs, the wrench system
of each leg of 3T1R parallel robot must be on the maximal as?esy restricting rotations aboutandy axis. The
minimal number of 1-DoF joints (R or P) in a serial chain thatigfies the equation 9 is four. Thus, for illustrate our
procedure, we consider only legs with four and five joins aiitth wero, one and two P joints. With these restrictions,
there are six possibilities of joints allocation in the I¢igat satisfies the equation 9: 3R1P, 2R2P, 5R, 4R1P and 3RRP wi
their combinations. Based in screw reciprocity (eq. 4), iseih Tab. 2 the geometric constraints of joint axis for that
each legs generated satisfies the equation 9. The legs stexkWwith the wrench systerfig., —system and ,,—system
since the wrench system of moving platform is given by lineanbinations of wrench systems of legs.

All legs obtained after linear combinations of twists anliciwing the geometric constraints above are listed in Tab. 3
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Table 2. Geometric constraints of legs based on equation 4hau satisfies the equation 9.

Wrench Type of joints | Geometric constraints Notation
3R1P R joints with all parallel axis and the P joint cannot be perpe (PRRR)
2. —system dicular to axis of R joints
o 2R2P R joints with all parallel axis and in the minimal one P join{PFRR)
cannot be perpendicular to axis of R joints
5R four R joints with parallel axis perpendicular to anotheoi®j | (RRRRR)
three R joints with parallel axis perpendicular to another R | (RRRRR)
joints
1¢o—system 4R1P three R joints with parallel axis perpendicular to anothgoiRt | (PRRRR)
two R joints with parallel axis perpendicular to another tRg (PRRRR)
joints
3R2P two R joints with parallel axis perpendicular to another Rfo | (PFRRR)

Table 3. Legs based on geometric constraints listed in Tab. 2

Wrench Type of joints | Geometric | Legs
constraints
9., —system 3R1P (PRRR) PRRR, RPRR, RRPR, RRRP
> 2R2P (PPRRR) PPRR, PRPR, PRRP,RPRR, RPRP,RRPP
5R (RRRRR) | RRRRR, RRRRR, RRRRR, RRRRR, RRRRR

(RRRRR) | RRRRR, RRRRR, RRRRR, RRRRR, RRRRR, RRRRR,

,,,,,,,,,,,,,,,,,,,,

RRRRR, RRRRR, RRRRR, RRRRR

16, —system | 4R1P (PRRRR) | PRRRR, PRRRR, PRRRR, FRRRR []
- (PRRRR) | PRRRR, PRRRR, PRRRR [*]
3R2P (PFRRR) | PFRRR, PRPRR, PRRPR, PRRRP, RPFRR, RPRPR, RPRRP,

RRPRP,RRPFR, RRRPP
[*] - another combinations with P joints out of base.

4.1.3 Step 3: Assembling of legs

Parallel robots generators of Schonflies motion can be getbby assembling a set of legs shown in Tab. 3.

Due to the large number of Schénflies motion parallel robais; full-symmetric parallel robots are shown in Tab. 4.
In this phase, the type synthesis of full-cycle parallelatsiobeys the second and third items on full-cycle as discliss
section 3.3j.e. has identical legs and all legs are symmetrical on the base.

Table 4. Enumeration of 4-DoF parallel robot generatorsabit®flies motion from the legs shown in Tab. 3.

Type of joints | Geometric | Parallel robots withn = 2,3 or 4 legs
constraints

3R1P (PRRR) m-PRRR, m-RPRR, m-RRPR, m-RRRP
2R2P (PRR) m-PPRR, m-PRPR, m-PRRP,m-RPRR, m-RPRP,m-RRPP
5R (RRRRR) | m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR

(RRRRR) | m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR,

,,,,,,,,,,,,,,,,,,,,

m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR

4R1P (PRRRR) | m-PRRRR, m-PRRRR, m-PRRRR, m-PRRRR
(PRRRR) | m-PRRRR, m-PRRRR, m-PRRRR
3R2P (PRRRR) | m-PRRRR, m-PRPRR, m-PRRPR, m-PRRRP, m-RPFRR, m-RPRPR,

m-RPRRP, m-RRPRP, m-RRPFR, m-RRRPP

We chose the 44RRRR parallel robot for application of other steps of procedip to the authors’ knowledge this
example never been presented in details in the literature.
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4.1.4 Step 4: Identification of instantaneous mechanisms

In accordance with Hunt (1990) and Davidson and Hunt (200t is only one 4-system that is invariant with finite
displacements, this is the given by four twists of the equei. After CAD simulation, the 44RRRR parallel robot it is
shown to be full-cycle mobilityi.e. , it do not change their motion pattern by infinitesimal anddidisplacements.

4.1.5 Step 5: Validation of actuated joints

Following the procedure to validation of actuated jointspwsed in section 3.5. First, we select the set of actuated
joints on the base, we select the set of four P joints and #reiblocked. With the four P joints blocked, the moving
platform cannot undergo any infinitesimal and finite motidhus, the set of actuated joint is appropriate and the
4-PRRRR parallel robot is shown in Fig. 1.

Moving Platform Moving Platform

Figure 1. 4-RRRRR parallel robot generator of Schénflies Figure 2. SRRRRR parallel robot generator of PPPU mo-
motions. tions.

4.2 Type synthesis of 5-DoF parallel robots

There are some 5-DoF motion patterns, we apply here the pegpmethod for type synthesis of PPPU motion,
generator of three translations and two rotations. Thismgate was chosen because PPPU parallel robot is of great
interest of machine-tool domain, so called five-axis maicigi{Refaat et al., 2006; Merlet and Daney, 2008; Merlet,
2006). For example, for milling operation in the machinel amain, the rotation of the platform around its normal is
not needed, as the spindle will manage this DoF, hence oblgBare needed. So, we see great potential for applications
in machine-tool domain and therefore there is a need to exphore these PPPU parallel robots.

Applying the same procedure we obtain the parallel robatsgmted in Tab. 5, where we consider two type joints
cases; 5R and 4R1P. Some geometric constraints of legsDaf5parallel robots generators of PPPU motion is given
by line of 1{,,—system in Tab. 2. And consequently, the legs are presentatkiof 1{.,—system in the Tab. 3. The
assembling of legs must consider the axis of all legs in thgteup to be parallel to permit that the moving platform have
5-DoF, differently of 4-DoF that this restriction is not riee

Table 5. Enumeration of 5-DoF parallel robot generatorsR®B motion from the legs shown in Tab. 3 with additional
constraints.

Type of joints | Geometric | Parallel robots withn = 4 or 5 legs
constraints
in leg group
5R (RRRRR) | m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR,
m-RRRRR, m-RRRRR, m-RRRRR

(RRRRR) m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR, m-RRRRR, m-RRRR,

\ — \— N — N

4R1P (PRRRR) | m-PRRRR), m-PRRRR), m-PRRRR), m-PRRRR), m-PRRRR), m-PRRRR),
[*]

[*] - another combinations with P joints out of base.
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In accordance with Hunt (1990) and Davidson and Hunt (200d)et is not a 5-system that is invariant with finite
displacements. Thus the pattern of the particular scretesys destroyed, them either other joint-freedoms preshou
inactive begin to displace or (in the absence of such joe¢doms) the parallel robot jams. The simulated paraltebtro
generators of PPPU motion is instantaneous. Figure 2 shewSRRRRR parallel robot. The actuated joint are valid
but the parallel robot is instantaneous, when all jointsegfdroup are aligned the parallel robot jams. The dimenkiona
synthesis can to resolve this problem and can eliminate simgelarities in the workspace of robot. Up to the authors’
knowledge this robot never been presented in details irntdrature.

There is the need of explore more parallel robot that opénaaes-system, may be that, redundancy of actuation can
be improve the performance this type of robots.

5. CONCLUSIONS

This paper present a new procedure, with five steps, for typehasis of parallel robots based on screw theory. A new
procedure for validation of actuated joints also is proplosehe novelty of new procedure is the completenessthe
five steps proposed here complete of type synthesis pro&éss.the type synthesis procedure proposed here, in design
of parallel robot, we consider the dimensional synthesiagh structure obtained.

The procedure is applied to synthesize two important ctasslew-DoF parallel robots for industry applications. The
4-DoF parallel robot generator of Schonflies motions (SCAR@tion - counterparts of serial robots) has great potential
for industrial applications, in special in pick-and-plaesk. A new parallel robot is present in details in this tekte
5-DoF parallel robot generator of PPPU motion is of greariggt of machine-tool domain, so called five-axis machining
However, none parallel robot presented is full-cycle. Ire@gnent with Hunt (1990) and Davidson and Hunt (2004) there
is not a 5-system that is invariant with finite displacememtsus, the presented parallel robot generators of PPPlbmoti
is instantaneous.

There is the necessity of to investigate others methodsyfig synthesis of parallel robots generated of kinematic
chains obtained in number synthesis processes (Simoni,&2@07, 2008, 2009; Alizade et al. , 2004, 2007; Tsai 2001).
The kinematic chains obtained in number synthesis are nmmplex of kinematic chains explored here and for others
authors of type synthesis. We believe that this complexxshean solve the problem of instantaneous robots for 54syste
case.
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