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Type Synthesis of Two DOF Hybrid
Translational Manipulators

Latifah Nurahmi, S¢phane Caro, andéBastien Briot

Abstract This paper introduces a new methodology for the type syigtedgwo
degrees of freedom hybrid translational manipulators vadémntical legs. The type
synthesis method is based upon screw theory. Three typesaldgrees of free-
dom hybrid translational manipulators with two identicad$ are identified based
upon their wrench decomposition. Each leg of the maniptdatcomposed of a
proximal module and a distal module mounted in series. TRerably conditions
and the validity of the actuation scheme are also defineallgirsome novel two
degrees of freedom hybrid translational manipulators anéhesized with the pro-
posed procedure.
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1 Introduction

At the conceptual design stage of manipulator architesfule idea is to construct
several design alternatives by following a systematic eggin. However, the in-
formation at this stage is usually qualitative and not qisatite, which makes the
design process quite difficult and challenging.

A manipulator is a mechanical system that aimsmahipulating objects. For
simple task such as pick-and-place operations, the twoedsgof freedomdof)
parallel manipulators may be sufficient. Several web-translational parallel ma-
nipulators TPM) are composed of a planar architecture that yields thdfnetis
quite low along the normal to the plane of motion [3]. Moregthose manipula-
tors are usually not composed of identical legs.

In order to increase the stiffness properties of the tlebTPM, some researchers
have proposed a new manipulator architecture named thgZRathis architecture
has the particularity to be spatial instead of planar and thstiffer along the nor-
mal to the plane of motion. Two legs amongst the four legs efrttanipulator are
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linked to each other with a rigid belt in order to constraie tbtation of the mov-
ing platform. As a consequence, it leads to a robot with a jpgouracy. To avoid
the design problems of the Par2, a new robot with spatialit@atiire and two legs
has been proposed: the IRSBot-2 [4]. Each leg of the IRSBstgbrid, i.e. it is
composed of a proximal module (PM) and a distal module (DMyinted in series,
each module containing two kinematic chains. This mechahias exhibited inter-
esting stiffness properties. Therefore, it is of interediocus on the type synthesis
of two-dof TPM by considering architectures with hybrid legs.

The subject of the paper is about the type synthesis of ofdefdiybrid transla-
tional manipulators with identical legs. Each leg is congabsf a proximal module
and a distal module mounted in series. Those modules comiaikinematic chain
or two kinematic chains mounted in parallel. These kineoeltains are called sub
legs. This research work has been carried out in the franieafothe French Na-
tional Project that aims to develop some fast and accurate robots with e tgrer-
ational workspace.

In this paper, the general approach for the type synthesisasiipulators is de-
veloped based on [5]. The screw systems used in this papadaped from [5].
The approach is decomposed into five stepsClassification of the leg-constraint
wrench system;i{) Decomposition of the constraint wrench system of a prokima
and distal module;iii) Type synthesis of the sub legsy)(Assembly of the sub legs
and legs; {) Selection of the actuated joints.

2 Two DOF Hybrid Translational Manipulators with Two
Identical Legs

The general approach for the type synthesis of dafohybrid translational manip-
ulators with two identical legs are presented using thevgtg procedure.

2.1 Step 1: Classification of the Leg-Constraint Wrench System

The moving platform of twadof hybrid translational manipulators is intended to
perform a two translational motion in plangdz). In general configuration, the twist
system of the moving-platform amounts to &.2-system. Therefore, the overall
constraint wrench system# © is a 1o — 3. —Systerd, containing one zero-pitch
wrench alongy-axis and three independent infinite-pitch wrenches. Suahipa
ulators can be obtained by a combination of any leg-comgtmiench system of
orderc(1 < ¢' < 4), decomposed as follows:

¢ =4— 19— 3Z.,—System

¢ =31y — 2{.—system, .,—system

¢ =2— 17— 1{.—system, Z.,—system

1 This work has been partially funded by the French FrenchadatiProject ANR 2011-BS3-006-
01-ARROW fittp: //arrow. i rccyn. ec-nantes.fr/)

2 £, denotes an infinite-pitch twist, namely, a pure translation.

3 Zp andZ., denote a zero-pitch wrench (a pure force) and an infinitehpitrench (a pure moment),
respectively.
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e ¢ =1— 1Jp—system, L,—system
However, only three types of twdef hybrid translational manipulators can be
properly assembled with two identical legs, namely:

e Type L ¢ =4— 1o — 3{n—System
e Type 2 ¢' =3 — 1{p— 2{»—System
e Type 3. ¢' =2 — 1{o— 1{—SYystem

Type 3 is included in this paper, since the combination of paaallel legs with
1y — 1{,—system can generate a manipulator with overall constraieahgh sys-
tem 1{p — 3{,—system from [1].

The overall constraint wrench system of one leg is deterdnnyethe intersection
of constraint wrench systems associated with the proximdldistal modules as
they are mounted in series. Therefore, the constraint iregstems associated
with the proximal and distal modules are decomposed threddote that these
constraint wrench decompositions are interchangeabledeet proximal and distal
modules.

2.1.1 Type 1:¢ =4 — 1o — 3Z—System
The overall constraint wrench system of one leg for Type 1¢'is= 4, 1o —
3¢.—system. Thus, the feasible constraint wrenches are:
Proximal module:
1. 2o —3{w—system#” = spanfo1, {02, {w1, {w2; {x3)
2. 1o —3{w—system#” = spanfo, {1, (w2, {«3)
Distal module:
1. 200 — 3{w—system,#” = spanfo1, {02, (w1, {es2, {eo3)
2. 1o —3{w—system#” = spanfo, {1, (w2, {«3)
At least onep from the constraint wrench systems described above is gtangs.

2.1.2 Type 2:.¢' =3 — 1o — 2{-—System
The overall constraint wrench system of one leg for Type 2¢'is 3, 1o —
2, —system. Hence, the possible constraint wrenches are:
Proximal module:
1. 20p — 3w—system,”” = spanfo1, {02, {w1, {w2, {x3)
2. 1o — 3{w=system# = span{o, {1, {2, {»3)
3. 2{p — 24w~Systemy = spanfo1, {02, {x1, {x2)
4. 1{p— 2{—system # = span{op, (w1, {«2)
Distal module:
1. 2(o = 24w —system,?” = spanfo1, {02, (w1, {x2)
2. 1o — 24w —system# = spanfo, (w1, {w2)
At least oney from the constraint wrench systems described above is gtangs.
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2.1.3 Type 3:¢' = 2 — 1o — 1{—system
The overall constraint wrench system of one leg for Type 3¢ is 2, 1o —
1{..—system. Hence, the possible constraint wrenches are:
Proximal module:
. 200 — 3{w—system#” = spanfo1, {02, (w1, (w2, {e3)
. 1o — 3w —system,#” = spano, {e1, {2, {e3)
. 20— 2{w—system# = spanfo1, {02, {«1, {e2)
- 1o — 2{w—system,#” = spano, {w1, {«2)
- 20— 1{w—system#” = spanoz, {o1, {)
. 1o — 1 —system,#” = span{o, {»)
Distal module:
1. 20 — 1{w—system,#” = spanfoa, {o1, {«)
2. 1o — 1{w—system# = span{o, {«)
At least onelp from the constraint wrench systems described above is glangs.

OO~ WNPE

2.2 Step 2: Decomposition of the Constraint Wrench for Proxaim
and Distal Modules

The next step for type synthesis of twdof hybrid translational manipulators is
the decomposition of the constraint wrench for proximal diflal modules. It is

noteworthy that Types 1, 2 and 3 have the following constranench systems for
proximal and distal modules:

. 20o — 3{w—system,” = spanfo1, {02, {«1, {2, {x3)

. 1o — 3{w—system,#” = span{o, {1, (w2, {x3)

. 200 — 2Lw—system# = span{o1, {02, {e1, {«x2)

. 1o — 2{w—system, " = span{o, {w1,{«2)

. 20 — 1{w—system#" = spanfo1; (o1, {«)

. 1o — 1¢w—system,#” = span{o, =)

Such module constraint wrench systems emerge from theng&ato of the subleg-
constraint wrench systems, due to the in-parallel arraegéiof two identical sub-
legs. All potential identical subleg combinations are presd in Tab. 1.

U WN P

2.3 Step 3: Type Synthesis of Sublegs

Once the different combinations of subleg-constraint wheaystems have been
achieved (Tab. 1), the kinematic chains that instantiad&ipral and distal modules

can be determined. The concept of virtual chain [5] is usepktwerate subleg types.
A virtual chain is a serial kinematic chain associated whit inotion pattern of the

proximal and distal modules. The number of joints in the sglis defined based on
the following mobility criterion [5]:

f=F+(6—c) 1)
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wheref is the number of Hof joints, F is the mobility of a single-loop kinematic
chain, anct is the order of the wrench system.

2.3.1 Step 3a: Type Synthesis of Single-loop Kinematic Chas that Involve a

Virtual Chain and Have a Specified Subleg-Constraint Wrench $stem
Type synthesis of single-loop kinematic chains is illustdsfor modules with 2 —
3»—system and Jy — 3{»—system only due to space limitation.

Module with 2{p — 3 —System

This module has Hof and can be represented by‘aRrtual chain. Let us consider

a subleg whose constraint wrench systemdig-23{.—system (from Tab. 1). The

number of joints that involves a P-virtual chain and has{ga-23{..—system is

defined as follows:

d=5 , f=F+(6-c)=1+(6—5)=2joints 2)

This single-loop kinematic chain can only be formed by oneiRtj whose di-

rection is perpendicular to the axes dpas depicted in Fig. 1.

Module with 1{p — 3{—System

This module has 2lof and can be represented by a PP-virtual chain. Let us consider
a subleg whose constraint wrench systemdig-12{..—system (from Tab. 1). The
number of joints that involves a PP-virtual chain and hag§@-12{.,—system is:

d=3 , f=F+(6-c)=2+(6=23)=5joints (3)

Such a single-loop kinematic chain contains two cases:gpelipular case and
general case. For perpendicular case, all R joint axes aadlgddo the axis oflp
and all directions of P joints are perpendicular to the aki&oln the general case,
all R joint axes are perpendicular to the directiongofand coplanar with the axis
of {p. One example of RRR sublegis given in Fig. 2 for perpendictése.

B

Fig. 1: P subleg with a P-virtual chain Fig. 2: RRR subleg with PP-virtual chain

4 P stands for a prismatic joint and R stands for a revolute joint.
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2.3.2 Step 3b: Generation of Types of Sublegs

The types of sublegs are derived by removing the P-virtualrclnd PP-virtual
chain from Figs. 1 and 2. Those types of sub legs are given lin TaNonethe-

less, several types of sub legs that contain a non-invasiaimieg-wrench system
(kinematic chains with varying wrench system) [5] are $tépt as they can pro-
duce twodof translational motions. All these types of sub legs can berabted to

generate either proximal modules or distal modules.

2.4 Step 4: Assembly of Sublegs and Legs

The assembly process of tvanf hybrid translational manipulators is performed
for Types 1, 2 and 3. Each leg of manipulator is realized bymtiag a proximal
module and a distal module in series. Then, each leg becoimdsia manipulator
and is attached to the base at one end and to the moving+ptadficthe other end.
Therefore, the assembly process consists of two steps ksregthereafter.

2.4.1 Step 4a: Assembly of Sublegs- Proximal and a Distal Modules
The proximal and distal modules can be obtained by assegtime sublegs from
Tab. 1. Nevertheless, the following conditions should Ispeeted:

1. The overall wrench system of a module should constituteddsired wrench
system, as explained in Step 1.
2. Atleast one translational twist generated by the mocdelsl lie in plane XOz).

2.4.2 Step 4b: Assembly of Legss Two-dof Hybrid Manipulator

The legs of the twadof hybrid translational manipulators are synthesized by rkoun
ing in series the proximal and distal modules derived in SA@pHowever, the fol-
lowing conditions should be fulfilled:

1. The wrench system of the leg should of Type 1, Type 2, or B/pamely, it
should be a o — 3{»—system, a o — 2{.—system, or ado — 1{.—Ssystem.

2. The linear combination of the wrench systems associaitbdre legs should be
a 1¢p — 3¢ —system.

Figure 3 illustrates a novel twdef hybrid translational manipulators with iden-
tical legs. This is a Type 1 mechanism that has been syn#esiith the proposed
approach. Each leg has 1 3(..—wrench system. Both proximal and distal mod-
ules have a&y —3{.—wrench system and are composed of two RRR legs, known as
Sarrus Linkage. This novel mechanism is named Q-Sarrus, Q standing for Quad
ple.

Figure 4 depicts another mechanism synthesized with theogedl type-synthesis
approach. This mechanism is named IRSBot-2 [4] and is of Bydés proximal
modules have ag} — 3{..—system and are made up of Bjoint. Its distal modules
have a Zp — 2{.,—system and are composed of 2-UU kinematic chains.



Type Synthesis of Two DOF Hybrid Translational Manipulators 7

Table 1: Type of Sublegs for Proximal and Distal Modules Frekmaétive Joint

c|Wrench System of PM and DNMbubleg Wrench Systefiiype Note
200 — 3w Permutation P
2{0— 2(w Permutation RR Non-invariant
5 2l0—30w 1222 Permutation RRR
07 She Permutation PRR
140 — 3w Permutation PP
Permutation RRR
10— 34w 10— 2w Permutation PRR
100 — 1w Permutation RRR |Non-invariant
Permutation PR
200~ 2 Permutation RR Non-invariant
4 Permutation RRR
1o~ 2 Permutation PRR
200 —2{w 20012 Permutation RR Non-invariant
® Permutation RR  [Non-invariant
1{0— 1w Permutation RRR |Non-invariant
22 Permutat?on RRR [Non-invariant
Permutation PRR
Permutation RRR
100 — 2 Permutation PRR
10— 2 Permutation PPR
1{0 — 1w Permutation RRR  [Non-invariant
3 2{0— 1w Permutation PR
Permutation RRR
200 — 12, 180 — 14w Permutation PRR
Permutation PRR
22, Permutation RRR
Permutation PRR
Permutation RRR
10— 12 Permutation PRR
Permutation PRR
Permutation PPR
Permutation RRRR
2 100 — 1w Permutation RRRR
Permutation RRRR
1% Permutation RRRR
Permutation PRRR
Permutation PRRR
Permutation PRRR
Permutation PPRR

2.5 Step 5: Selection of the Actuated Joints

Let assume that the condition of constraint wrench systesatisfied, namely, the
assembly of legs applies @gl— 3{»—system on the moving-platfom. In a general
configuration, a set of constraint wrench syste#f, together with an actuation
wrench systemy @, constitute a 6-system. Ultimately, the selection of atetdia
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Z > d
Platform Platform

Fig. 3: Q-Sarrus Fig. 4: IRSBot-2

joints for two-dof hybrid translational manipulators can be made in such a haty t
a basis of the actuation wrench systgff? contains at least two actuation forces.

3 Conclusion

A general approach has been introduced in this paper foyffeedynthesis of two-
dof hybrid translational manipulators with identical legseTgroposed approach is
based on the screw theory and the method described in [5]tyfwes of twoeof hy-
brid translational manipulators have been highlightedhwggard to the wrench sys-
tem associated with their legs. Moreover, many novel dobhybrid translational
manipulators have been obtained and two of them have bestrdted, namely, the
Q-Sarrus and the IRSBot-2. The comparison of the synthésimmipulators with
regard to their complexity and intrinsic stiffness is pdrtree future work.
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