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ABSTRACT tecture made of &l linkage located between the linear actuators
This paper presents a novel two-degree-of-freedom (DOF) and the platform. A version of this robot actuated with revel

translational parallel robot for high-speed applicationsmed joints, is commercialized by Elau [6]. Another 2-DOF tramsl

the IRSBot-2 (acronym fdRCCyN Spatial Rdot with 2 DOF). tional robot was presented in [15], where the authors use tw

Unlike most two-DOF robots dedicated to planar translagbn M linkages to join the platform with two vertical prismatic-ac
motions, this robot has two spatial kinematic chains whigh-c tuators. Its equivalent architecture actuated by revqghites is

fers a very good intrinsic stiffness. First, the robot atelaiure is presented in [16]. The main common point between these-arch
described. Then, its actuation and constraint singulastare tectures is that they are all planar, i.e. all their elemangscon-
analyzed. Finally, the IRSBot-2 is compared to its two-DOF strained to move in the plane of the motion. As a result, a@irth
counterparts based on elastostatic performances. elements are subject to bending effects in the directiomabto

the plane of motion. In order to guarantee a minimum stines

in this direction, the elements have to be bulky, leadingiti h

inertia and to low acceleration capacities. In order to coare
INTRODUCTION these problems, the authors of [18] have recently proposetva
Delta-like robot named the Par2 (Fig. 1). This robot has tte f
lowing properties: all the elements of the distal parts efldgs
are only subject to traction/compression effects. Thiddea a

Several robpt architectures for high-speed operations hav lighter structure with better acceleration capacitiese @hthors
been proposed in the past decades [1-16]. Many of them haVesuccessfully built a prototype that can reach 53 G. Howewem

four degrees of freedom (DOF): three translations and ofze ro if its acceleration capacities are impressive, its acguigpoor.

tion abqut a fixed axis (Schoenflies motions [171)' NeveEth:_aI This phenomenon can be explained by the complexity of the a
some simple operations need OT"V two translational DOF 4n or chitecture composed of four identical legs among which t#vo o
der to transfer a part from aworklng areato ar.'Other(e'gvm“ them are linked by a rigid belt in order to constrain the motio
ors). Therefore, several robot architectures with twostaional of the moving-platform. As a result, this robot is more sgbje
DOF have been proposed. Among them, those that have the Cayg parasitic effects that are difficult to identify and carcidmse

paC|t|3|/ tlo fix the o|r|entat|||03%f _th_e platform via the use of arpr its accuracy. Moreover, its Cartesian workspace is ratimails
parallelogram (also calledfd joint) are necessary in nuUmerous ... \ce the robot has four legs.

operations. For example, Brogardh proposed in [14] aniarch

Since the creation of the Delta robot [1, 2], parallel robots
are increasingly used in industry, especially for Pick-&tace
operations.
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FIGURE 1. SCHEMATICS OF THE PAR2 ROBOT (COURTESY
OF THE LIRMM) [18].

Accordingly, this paper introduces a novel two-DOF trans-
lational robot, named IRSBot-2, to overcome its countegoar
terms of mass in motion, stiffness and workspace size. IRSBo
2 stands for IRCCyN Spatial Rdot with 2 DOF” and has the
following characteristics:

(i) Likethe Par2, it has a spatial architecture in which trstad
parts of the legs are subject to traction/compressiondétors
only. As a result, its stiffness is increased and its totadsna
can be reduced

(i) Itis composed of only two legs in order to reduce the mech
anism complexity and to increase the size of its Cartesian
workspace

The paper is organized as follows. First the robot architedis
described. Then, its geometric and kinematic models are wri
ten and its actuation and constraint singularities areyaedl
Finally, the IRSBot-2 is compared to its two-DOF countetpar
based on the mass in motion and stiffness.

ROBOT ARCHITECTURE

The IRSBot-2 is a new parallel robot with two translational
degrees of freedom along tRgandzg axes of the frame depicted
in Fig. 2. It is made of two identical legs linking the fixed bas
and the moving platform.

Each leg is composed of a proximal module and a distal
module. The proximal module is achieved through the use of
a planar parallelogram linkage, also call@djoint, formed by
the elementsi0 1, 2 and 3 (i = 1, 2) of axisyp. The parallel-
ogram aims to keep the planégg, and %7, parallel. The global
frame(xg, Yo, 2p) is attached to the plang.

Platform

(a) CAO MODELLING.

(b) KINEMATICS CHAIN OFi-TH LEG (i =1, 2).

FIGURE 2. SCHEMATIC REPRESENTATION OF IRSBOT-2.

Unlike classical planar robots, the distal module element:
do not move in parallel planes. However, the moving platf@m
constrained to move in the vertical plang,, zp).

The distal module is attached to (i) the elemenbBthe
parallelogram with two revolute joints of axig;; lying in the
plane#?; and (i) to the element; of the moving platform with
two revolute joints of axigy;i lying in the plane?; (j = 1, 2).
Planes??; and. %2, are parallel, sa?; is parallel to%. The axes
y11 andyqy (resp. zoy andzyy) are built symmetrically about
the plangxg, 0,zp). We can notice that elementg &nd 5; are
not parallel, otherwise the distal module would become &iapa
parallelogram and the robot architecture would be singular

The distal module may be decomposed into two identica
parts, composed of elementg,%;ji et 6; (j =1, 2). These ele-
ments are linked together by revolute joints of azgs It should
be mentioned that the axgg; andzy;; are orthogonal.
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(a) 3D MODELLING.

Base

(c) TOP VIEW IN THE HOME CON-
FIGURATION.

FIGURE 3. KINEMATIC ARCHITECTURE OF THE REDUN-
DANT DELTA ROBOT.

For a better understanding of the IRSBot-2 mobility, let us
consider the robot depicted in Fig. 3. It is a linear Deltaatob
composed of four identical legs linking the base and théquiat.
Each leg is actuated by one prismatic pair connected todiBk
with a universal joint. The other end of linkB; is connected to
the platform with another universal joint. The robot is redant
because it has four actuators and its moving platform géeera
three translational degree-of-freedom motions.

In order for the moving platform of the robot to admit a
translation movement only in the plafw), O, zy) containing the
base centeO (Fig. 3(c)), the centers of the universal joifs

Platform
@2

FIGURE 4. SCHEMATICS OFi-TH LEG OF THE IRSBOT-2
WHEN THET JOINT IS REPLACED BY A PRISMATIC JOINT.

(i=1...4) of the first and second legs on the one hand, and o
the third and fourth legs on the other hand, must have the san
Z-coordinate, i.eza, = zp, andza, = z,, wherezy, denotes the
Cartesian coordinate of poif alongzy. Accordingly, a solu-
tion for the centers of the universal joints of legs 1 and 3ffre

3 and 4) to keep the same Z-coordinate is to link them to the
same actuator. This solution is illustrated in Fig. 4. Ndaiat if

the prismatic joints is replaced by joints, then this architecture
will be equivalent to the one shown in Fig. 2.

Advantages of the new architecture
The advantages of such a robot are the following :

- as compared to planar architectures with 2-translationa
DOF robots for which each element is subject to bending
constraints along the axis orthogonal to the plane of the
movement, the elements; ®f IRSBot-2 are only subject to
traction/compression/torsion constraints. For the IRSBo
robot, all the flexion constraints are moved into the paral-
lelogram, which increases the intrinsic stiffness of the ar
chitecture. Its dynamical performances can be improved b
decreasing its mass and its precision can be improved by re
ducing the bending of its elements.

- as compared to the Par2 robot [19], the only spatial-
architecture robot with 2-translational DOF that can be
found in the literature, the IRSBot-2 (i) is simpler, andrire
fore less subject to uncontrolled parasitic effects, aijtidis
a larger workspace, since it has only two legs.

KINEMATIC AND VELOCITY MODELS

The parameters used to define the kinematic model of th
IRSBot-2 robot are depicted in Fig. 5. Lat be the actuated
joint coordinate of the-th leg ( = 1, 2), b = OA the radius of
the base|; = AiB; the length of the proximal legd; = EjiFji
the length of the spatial distal legs, anda, denote the lengths
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In this expression, it should be mentioned that the term:
“—p+agsinB” (contained inbg) and “e” are constant. In case
they vanish, Eqn. (4) is equivalent to the loop closure eqoaif
aRRRRR mechanism [20]l; being the length of the proximal
bars,l2¢q the length of the distal bars, and #he distance be-
tween the axes of the two actuated joints. Hence, one cae sol
the direct and inverse kinematic problem of the IRSBot-2i-sim
larly to RRRRRmechanism [20].

The inverse kinematic model (IKM) is expressed as follow:

BEVEATCG L, (5a)

[ 2t 1 )

a an C—A

A = —2l1(x+ 0ibo) (5b)
Bi =2l1(z+¢€) (5¢)
Gi = (x+0ibo)? + (z+€)° +1§ — I25, (5d)

FIGURE 5. PARAMETRIZATION OF THE MECHANISM.

The sign+ corresponds to the four working modes of the

robot [21].
of EiEji andFiFji, respectively. One can notice that the angle The direct kinematic model (DGM) is expressed as follow:
betweerE; Eji andyg (resp.FFji andyo) is constantand is equals
to Bjil. PointsH; andG; are defined as the midpoints Bf;Ey;
and FyjF;, respectively. By constructiort; lies in plane&?; _ C—C1—22(ag —ap) —_— —~h£/h2—jg 6
andG; in plane #2,. From the Pythagorean theorem, the length B 2(a — ax) etz= g (6a)
between pointsl; andG; is constant and equal to with
. axi = 0ibo — |1 cosy; (6b)
|2eq= \/'2— (aq — az)? cosB?. 1) az = lysing +e (6¢)
2, .2 2
cG=a;+a5—| 6d
Let ¢ be the angle between axig and the line defined b G;. | = 80 &~ l2eq ) (6d)
Finally, p = PG is the radius of the platform arelis an offset j=ci+ (c2—¢1) ax(C2 —C1) (6€)
alongzgy between the proximal and distal modules. A(ay — ax)? A1 —ax
The loop closure equation is (foe 1, 2): a1 —an)?
g:1—|—(ﬂ 22)2 (6)
— _— = — = — (aX]'_a)Q)
OP = OA + ABi + BiEi + EiHi + HiG; + GiP 2 he (2 —c1)(azn —ap) +axl(az|_—a22) (60)
2(aa — ax) a1 — ax

which yields after simplifications:

The sign+ corresponds to the two assembly modes of the
robot [21].

The velocity model is obtained by differentiating the loop
closure equation (4) with respect to time:

|26qCOSY; = X+ 0; bp — 1 cosy; (3a)
—l2eqSinyi = 2+ e+ 1 sing; (3b)

with bp =b— p—a;sing andg; = (—1)' 1.
Squaring (3a) and (3b) and summing leads to
At +Bg=0, (7a)
22, = (X+ Gibo — I1cos)2 + (z+I1sing + €)%  (4)

2|n the remainder of the papeR,stands for a passive revolute joint aRdor
1Let B denoteBy = B, thenfiy = 1+ B, Bo1 = —B andBip = m— B an active revolute joint.
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with

B [2|2eq|15in(ql —Un) 0 }
0 Azedlasin(az — yr)
(7b)
2|ze cosyn 2|ze sim,ul]
A= q a>. 7c
[2I2€qcosw2 2zeqsiny2 (7¢)
l1sing +e
where ¢ =tan! 2+ 135G + (7d)
X+ gibg — 11 cosg;
. . . f—
A andB are respectively the Type 1 and Type 2 Jacobian matri- P
ces [22],0 = [1 42" is the joint rates vector artd= [xZ" is the (a) IRSBOT-2 IN A TYPE 1 SINGULARITY
twist of the moving platform. Let us recall thgj is the angle 2
betweerxg and lineH;G;. % T
[e) O A Dy
——
SINGULARITY ANALYSIS b e 1
The main three types of singularities [22] can be determined PA Bs C
from Eqn. (7a). G i & gt
IZe HP | e €
1. if det(B) = 0, the robot loses one or more DOF and reaches W ! o |‘_,’|
a Type 1 singularity gained DOF %
2. ifdet(A) = 0, the robot gains one or more uncontrolled DOF (b) IRSBOT-2 IN A TYPE 2 SINGULARITY
and reaches a Type 2 singularity FIGURE 6. EQUIVALENT SCHEME OF THE IRSBOT-2 IN THE

3. if defA) = de(B) = O, the robot reaches a Type 3 Singu- b A\NE (4o 0,29) IN SINGULAR CONFIGURATIONS WHERE
larity. In the following, we only focus on the analysis of &, = ay sing
/= .

Type 1 and Type 2 singularities, since Type 3 singularities
are obtained from the two previous types.

Like foraRRRRRmechanism, itis possible to show that the Type  parallelogram and the spatial distal parts. We first needtb fi

1 singularities arise in the configurations where segmignEs) the equivalent twist of each part, then find the equivaleisttof

and[HiGi] are parallel (Fig. 6(a)), i.eqi = i +krr, withk € Z. each leg of the robot. Finally, we analyse the linear depecele

Such configurations correspond to the boundaries of theeCart  of the complete equivalent screw system.

sian workspace [23]. _ It is possible to show that the displacement of the par-
The Type 2 singularities arise when segmelhtsG, | and allelogram can be identified with the displacement createc

[H2G] are parallel (Fig. 6(0)), i.epy = Yo+ ki, withk € Z. In by an infinite-pitch twist#;; corresponding to the prismatic

such configurations, the displacement of the end effectorcal joint along the direction orthogonal toA@B;), i.e., #p =

the normal to the distal legs and in the plamg, O, zg) is no (0,0, 0, W , 0, w3, ) [25] (Fig. 7(a)).

longer controlled. _ . For the distal module, we need to decompose the probler
Since the robot has less than six DOF, it may also have jntg two subchains. First, one can find the reciprocal wrenct

constraint singularities [24]. Such singularities ariseew the of the unit twist of each kinematic subchain only composed

wrench system composed of all thg cons_traints applie_d to the ot the elements # 5; and §. These wrenches are denoted
platform degenerates. In these configurations, the mowaig p 271 and Z,; for each subchairj. Hence, each distal mod-
form is not constrained to have a translational motion imela |e" admits a wrench SystediZ11, %r1, #rz, H2p}. The re-
(X0, 0,20) anymore and the mechanism gains one or more DOF. ¢inrocal twist of the above system describes the motion al
The constraint singularities are analyzed below. lowed by the distal module. These twists, denoted#y and

Wy are depicted in Fig. 7(b).#4; is an infinite pitch twist,
Constraint singularity analysis using screw theory 71 = (0, 0, 0, w; , 0, wj; ), and % is a zero pitch twist, i.e.,

This section aims to determine the constraint singularitie %2 = (Wai,, 0, Wai,, 0, W%ya 0).

of the IRSBot-2 using screw theory. Each leg of the IRSBot-2 It should be mentioned that all the axes of the equiva-
robot can be decomposed into two closed kinematic chais: th lent twists each leg of the IRSBot-2 lie in the plane of motion

5 Copyright © 2011 by ASME
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(b)

FIGURE 7. EQUIVALENT TWIST OF: (a) THE PROXIMAL LINK
AND (b) THE DISTAL LINK. THE TWISTS AND THE WRENCHES
ARE REPRESENTED BY DOUBLE AND SINGLE ARROWS, RESP.
THE ZERO-PITCH AND INFINITE-PITCH SCREWS ARE REPRE-
SENTED BY CONTINUOUS AND DASHED LINES, RESP.

(xo0,0, zp) of the end-effector. As a consequence, the IRSBot-2
is equivalent, in terms of its instantaneous motions, tqtaaar
mechanism shown in Fig. 8(a). Looking at the subsystem only
composed of the two revolute joints and the platform, it $tou
be noticed that it cannot move as long as the axes of the two
virtual revolute joints intersect at a unique point. In thase,
the mechanism depicted in Fig. 8(a) can be replaced by the one
shown in Fig. 8(b) that does not have any constraint singylar
Therefore, constraint singularities appear if and onlhéd sys-
tem formed by the twist¥5,; et #5, degenerates, i.e., if these
twists are aligned (Fig. 9).

As shown in [26], the expressions of twis#, and#5; in
P, are given by:

#5 = (sinB;, 0, cosB®cosh, 0, w5, 0) ,i=1,2 (8a)
with

Wa, =0

Wa, =

(8b)

(Xp, — Xp,) COSB?COSB, — (2, — 27, )SING2  (8C)

where 6 is the angle between the axig end the lineEF
(Fig. 5).
Hence, the system composed by the twigts and %5, de-
generates if and only if
6,=6,+kmk=0,1
Wsg, = (4, — Xp,) COSB2COSO, —

9)

(zp, —zp,)siNB, =0 (10)

B, B
/
sz \ // Wpl
)
\7/m (*‘ _— 11
7/23» P f%l
(a) COMPLETE MECHANISM.
By B1
sz Wpl
Wiz P P W1
Platform

(b) IF THE AXES OF REVOLUTE JOINTS MAKE
THE SUB-SYSTEM REVOLUTE JOINTS + PLAT-
FORM BLOCKED.

FIGURE 8. INSTANTANEOUS TWIST REPRESENTATION OF
THE IRSBOT-2.

F11

FIGURE 9. TWISTS #21 AND #2, FOR A CONSTRAINT SIN-
GULARITY CONFIGURATION IN THE PLANE (Xg, O, 2p).

It was shown in [26] that the manipulator does not reach
any constraint singularity throughoutits Cartesian Wpdce for
some design parameters.

PERFORMANCE ANALYSIS OF THE IRSBOT-2

The subject of this section is about the comparison of the
IRSBot-2 with its counterparts. In this vein, we use the apph
outlined in [19] that aims to compare tfRRRRRand the Par2
robots in terms of mass and stiffness. In [19], the authoosvsh
that for a given set of design parameters, the Par2 robosin it
home configuration is lighter and stiffer along the normathe
plane of the moving platform than tiRRRRRobot. Here, a sim-
ilar comparative study is done between the IRSBot-2, th@ Par
and theRRRRRrobots.
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Stiffness modelling

As these three robots are compared based on their stiffness,

it is necessary to determine their stiffness model. The Gapr
used is outlined in [27]. Each link of the robot is replacedaby
rigid element followed by a localized spring that describeth
the linear/rotational deflection of the links and the conglbe-
tween them.

According to [27], the small displacement screw of the end-
effectordt; of thei-th leg is related to the external fortapplied
to the end-effector by the following relationship:

BN

where vectoq; includes the small passive joint displacements,
Ki6 is a matrix including on its diagonal the aggregated spring
stiffness of each virtual spring of theth leg. Jy, J; are the
Jacobian matrices relating the small displacement scretlveof
end-effectordt; of thei-th leg, to the vectod8; collecting all
virtual joint deflections, and to the vectdg; collecting all small
passive joint displacements is such as

_ ﬁ;i] Sy =Jbkb T 1)

ot;

Sti = 3480 +J6;, Iy = [ﬁ} Iy = [j—;‘} (12)
| |

The equivalent stiffness matrlg; of thei-th leg is obtained
by direct inversion of relevant matrix in the left-hand saf¢11).
The stiffness matrix of the entire robot is obtained by surmgmi
the stiffness matrix of each leg:

K n
N

wheren is the number of legs of the robot under study.

In the remainder, the proposed methodology is only detailed
for the IRSBot-2 robot. The moving platform is assumed to be
rigid. It should be noticed that each leg of the IRSBot-2 imeo
posed of two closed kinematic chains, therefore it is neagss
to find the stiffness matrix of each sub—chalﬂ‘paradenotes the
stiffness matrix of the kinematic chain constituting theghielo-
gram linkage of thé-th leg andKiSp denotes the stiffness matrix
of the spatial distal module.

The elastostatic model of the parallelogram and its stifne
matrix Kpara are not detailed in this paper, they can be found
in [27] and [28]. However, it is necessary to determine the-fle
ible model of the spatial distal module to obtain its equawdl
stiffness matrix.

The spatial distal modulé can be decomposed into two
identical kinematic sub-chains (Fig. 10) linking the elbow to

(13)

7

a o
d

—
5)
6-DOF
spring

Rigid leg 5;

Platform

6-DOF
spring

FIGURE 10.
MODULE ji.

ELASTOSTATIC MODEL OF THE SPATIAL DISTAL

the platform. Each sub-chain can be described by a serniad-str
ture that includes sequentially:

(a) arigid link corresponding to the elbow, i.e., the eletgn
(Fig. 5), described by the constant homogeneous transform:
tion matrixT}_ce eibow

(b) a 6-DOF spring describing the elbow stiffness, whichds d
fined by the homogeneous transformation matrix function
Vs(6d,....0d"), where{6]'.6{',6)'},{6],6,'.6.'} are the
virtual spring coordinates corresponding to the springdra
lational and rotational deflections;

(c) a 2-DOF passive U-joint at the beginning of the leg allow-
ing two independent rotations of angtgsabouty, ;i anda)
aboutzyji, which is described by the homogeneous transfor-
mation matrix functionVr1r2(q) , o3 );

(d) arigid "leg” linking the elbow to the mobile platform, idih
is described by the constant homogeneous transformatic
matrix T lo.;

(e) a 6-DOF spring describing the leg stiffness, which is de-
fined by the homogeneous transformation matrix function
Vs(6'..... 00}, where{6}'.6),6)'},{6] .6}, 6);} corre-
spond to the spring translations and rotations;

() a 2-DOF passive U-joint at the end of the leg allowing two
independent rotations of anglg$ abouty,ji andg} about
22, which is described by the homogeneous transformatiol
matrix functionV,3 4(a3,dj );

(9) arigid link from the robot leg to the end-effector debed
by the constant homogeneous transformation mé’qﬁaq_spa

The global homogeneous transformation matrix describing
the end-effector location from the elbow of a single kinemat
chainji may be written as follows:

T(J:Ihain :-I-gase-elbovys(edI ARRE! eéj )Vrl,rZ(qul ’ qul ) (14)
Tﬂégvs(eél Pt e]J.Il)Vrs,r‘l(qg ’ q!ll )T’g(l)ol.spa

withi=12andj =1, 2. )
In the rigid case, the virtual joint coordinaté' (with
k=0...11) are equal to zero. The passive joint coordinates ar

Copyright © 2011 by ASME



) Chain 2
‘T - - - - - - - - - = 1
| N) Parallelogram (g) Spatial distal modul:eg |
l KSara Kép l
— 4+ - - - - = = P -
§ Chain 1 é
0 i 5| |
| E) Parallelogram (g)Spatial distal modué% |
il Khaa _ _ _ K |
\ |\
FIGURE 11. ELASTOSTATIC MODEL OF THE IRSBOT-2.

obtained through the inverse kinematic model and each part o
Eqn. (14) that can be derived using standard techniquesofor h
mogeneous transformation matrix.

As shown in [27], the matrix]Je' is obtained from the dif-
ferentiation of the previous homogeneous transformatiatrismn

T . with respect to each spring parameigr
ot oV 0 ~& 4 B
. I - — )
ch_?ln = Hk 91: (elgl) HR = ® 0 —g¢ Pl/y (15)
59; 59; _(Hly @ O P
0O 0 0 O

whereHk andHR are constant transformation matrices with re-
spect to the displaceme@di andavedi/dekji (iji) corresponds
to the derivative of the elementary translation or rotatielated
to ;. In (15), the terms%,, B, P, (¢, @, @, resp.) corre-
spond to the small displacements of the end-effector dukeo t

variations in the parametéy'. Therefore, thé-th column ofJ})
takes the form:

(98], = [Poc Py P o oy ] (16)

Likewise,Jé' is obtained upon differentiation with respect to the
passive joint coordinategy, (with m=1...4).

Onced}, J§ andK} are computed, it is possible to deter-
mine the stiffness matrix of each sub-chginusing Eqn. (11)
and the global stiffness matrix of the spatial distal modude-
notedK‘sp using Eqn. (13). Finally, it is possible to model each
leg of the IRSBot-2 as described in Fig. 11.

It appears that the rank cNiSp is equal to 4 while its size
is 6 x 6, therefore it is not invertible. However, as Eqn. (11) re-
quires the inverse d{isp, using the previous presented approach
for computing the global stiffness matrix of one leg is nosgie
ble. As a result, we use the following method.

Let us consider theth chain depicted in Fig. 12. The par-
allelogram is modelled as a rigid link followed by a locatize

8

e[

T 0g | 7T [Tme dtp T

i ‘56 _ d — |'F’I:|
o= Lo e~ Lo

FIGURE 12. FLEXIBLE MODELLING OF THE LEGi OF THE
IRSBOT-2.

spring inB; of equivalent stiﬁnesKipara Then, the spatial distal
module is modelled as a rigid link followed by a localizedisgr
in B of equivalent stiffness matriK'sp. Let £ be the Cartesian

coordinates of vectds P with £ = [x, y, 7.

- 8Qk = [8qk, dwy]" denotes the small displacement screw of
nodek, dqx being the small translational screw addy the
small rotational screw arkl= {B;, P }.

- 86 = [oty, 8¢, is the small deflection screw of 6-
dimensional spring localized at nolledty being the trans-
lational deflection screw andg, the rotational deflection
screw.

- Tk = [Trk, Tmi] T is the vector of the internal virtual joint
wrench, witht, the force and  the torque.

- P = [fk,m]" is the virtual wrench exerted on the nokie
with fy the force andny the torque.

The small displacemensQ' of pointsB; and R are related to
the small deflections of spring®g, andd6j, in each node by:

5Q' = B'56; with 5Q' = Bgﬂ .60 = [ggﬂ , and
. ldsxs | Osx6 , 0 z —y (17)
B'= | lds.s B" |, ,B'=|-z0 x

O3 laaxa| “©°° y —x 0

The internal virtual spring wrencH atB;j andPR are related
to the virtual wrench exerte@g, and.#p on each node by:

i pigi v i | T8 i | 7B i _ il
r_Aﬁ,wnhr_{TPJ,/_{ng andA' =B' (18)

Finally, the small deflections of sprin@8; are related to the in-
ternal virtual spring wrench' by:

) ) ) i
7' = K}, 36, with K}y = [Kpara 0 ]
P.

0 Ki (19)

Copyright © 2011 by ASME



It is possible to rearrange equations (17), (18) and (19) to TABLE 1.
obtain a relation between the external wrench and the snsall d

placement screw of node&':

78| _ i |0Qs i i nicl [Kig Kl
[ypj_Keq[anl],wnhKeq_A KgB = Kb, Ky

The stiffness matrix of the entire leglinking the end-
effector displacement scredQp to the external wrencl¥p ex-
erted on the platform is given by:

T = Koy 0Qp With Kioy = —Kbiki; 'kl kb, (21)

Finally, the stiffness matrix of the entire robdt;:, is the
sum ofKio, andKiqt,, which allows for the computation of the
end-effector small displacement screw in all configuratiofithe
IRSBot-2.

Comparison of the IRSBot-2, Par2 and RRRRRmecha-
nisms

This section aims to compare tRRRRRPar2 and IRSBot-
2 robots. The design parameters of the Par2 an®RRiRRRare
defined in [19]. In order to deal with equivalent kinematic-pe
formances for the IRSBot-2 and tRRRRRRmechanism defined
in [19], the design parameters of the IRSBot-2 are the fdlow
I1 =0.375 m,lpeq = 0.825 m,b = 0.1375 m andp = 0.05 m
(c.f. Fig. 5). The cross section of the cylindrical tube agéirted
in [19]. Dpara= 0.06 m anddpara= 0.05 m are the outer and in-
ner diameters of the proximal bar for the Par2 andRRRRR
robots, and of the elementsfbr the IRSBot-2 (Fig. 2).

TOTAL MASS AND DEFLECTION FOR A 100N
FORCE APPLIED ON THE END-EFFECTOR ALONG THfp-AXIS
FOR THERRRRRAND THE PAR2 ROBOTS.

Robot Mass [Kg] = dypax [MM] Sypean [Mm] s, [mm]
RRRRR 5.6 1.227 1.135 0.064
Par2 5.77 1.158 0.382 0.205
TABLE 2. OPTIMUM DECISION VARIABLESX [m].
Parameters [m]
a & Dpap dpap Dsp dsp d  Debow Delbow

0.03 042 0.06 0.054 0.046 0.044 0.2 0.1 0.09

TABLE 3. TOTAL MASS AND DEFLECTION FOR A 100N-
FORCE APPLIED ON THE END-EFFECTOR ALON®-AXIS FOR
THE IRSBOT-2.

Mass [Kg]

[&yirg/Max [Mm]
1.222

[6y|R§Mean [mm]
0.941

9 rs [mm]

0.129

10.56

platform geometric center of th&RRRR mechanism,p =

(X, Z, 01, G2, |1, I2eq; b, P, Dpara Gpard is the vector of design pa-
rameters that are common to the three studied manipulatdrs a
x=[d, a1, a2, B, Dparp, dparp, Dsp, Asp, Delbow: deibow] is the deci-
sion vector of the optimization problem.

In order for the comparison to be fair, the optimization prob
lem is solved in the common Cartesian worksp&£g, for the
three robots. The deflections of the three robots are ewaluat
throughout the Par2 robot workspace as the latter is thelesshal
one. For a given wrench applied on the end-effector its disp!

Once these parameters are ﬁxed, the value of the other pa-ments of the end-effector of the three robots along the nliona

rameters of the IRSBot-2 have to be found, ide the small side
length of the parallelogram ard, a, and defined in the page 4
as the distal module parameters (see Fig phrp anddpar de-
note the outer and inner diameters of tuhe®p anddsp denote
the outer and inner diameters of tube @& dDelpow, Jelbow those
of parts composing the elbow.

their plane motion are evaluated.

For twenty configurations, the results in terms of (i) the max
imal, mean and standard deviation of the deformation ajeng
for a 100N force applied on the end-effector, and (ii) thealtot
mass, are given in Tab. 1 for tiRRRRRand the Par2 robots. It
is noteworthy that for equivalent masses, the Par2 robdidgsia

In order to find the Optimaj values for these parameters, the three times stiffer than thBRRRRrobot but its standard devia-

following optimization problem is solved:

minimize  Mrs(X,p),
over X
subjectto  [3yzs(X, P)IMax < [SygrrrARP) IMax;

[6YIRS(Xa p)]Mean < [@BRRRJQP)]Meanv

P: (22)

where nirs(x,p) is the IRSBot-2's massgyq4(X,p) is the
deflection alongyp of its moving platform geometric cen-
ter, Q,BRRR_ng) is the deflection alongyy of the moving

tion is higher.

A set of parameters for the IRSBot-2 that is close to the opti-
mum with regard to the optimization problem is fodr{@ab. 2).
For this set of parameters, the results obtained in twenty co
figurations, in terms of deflection and total mass, are shown i
Tab. 3.

The results show that, for equal deformations, the IRSBot-Z
is bulkier than th(RRRRRmechanism.

A deeper robot analysis shows that the parallelogram ®tate
around thexg-axis under the force applied on the moving plat-

3This problem was solved by trial and error.
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Parallelogram

Actuated

Platform

®

FIGURE 13. SCHEMATIC OF THE REDESIGNED IRSBOT-2.

TABLE 4. OPTIMUM DECISION VARIABLESx [m] AFTER RE-
DESIGN.
a ap Dparp dparp Dsp dsp
0.03 0.42 0.045 0.043 0.0555 0.0535
Delbow delbow Dpara dparal d
0.0285 0.026 0.049 0.0415 0.1
TABLE 5. TOTAL MASS AND DEFLECTION FOR A 100N-

FORCE APPLIED ON THE END-EFFECTOR ALONG THp-AXIS
FOR THE REDESIGNED IRSBOT-2.

Mass [Kg]  [&y;rgdmax [MM]  [dyzg/mean [MM]
4.48 0.576 0.546

9% 1rs [mm]
0.03

form. However an angular displacement of the parallelogram
induces a large displacement of the ends of the elbow, anckhen
an even larger displacement of the end-effector. Consdiguan
new design of the IRSBot-2 is illustrated in Fig. 13 to oveneo
those issues.

To minimize the rotational deflections at the end of the par-
allelogram, several solutions are possible, but the sishjae
is to replace the element af the parallelogram by two parallel
bars 1j and bj, as depicted in Fig. 13. The further these bars
are from each other, the better the elbow behaves with régard
rotational displacements.

The new design is optimized by solving the optimization
problem (22). Since the number of bars is doubled to replace
element 1, the new decision variablé3yara anddpara Which are
the outer and inner diameters of the cylindrical tubes fagitihe
elements j; et 1y are added in the optimization process.

The new set of parameters of the IRSBot-2 is given in Tab. 4
and the results obtained in terms of deflection and total ragess
detailed in Tab. 5.

Figure 14 illustrates the deflection of the robots end-eédiiec

10

z[m]

Boundaries

----RRRRR
—— IRSBot-2

-0.8f

FIGURE 14. DEFLECTION OF THE-IRSBOT-2, THE-PAR2 and
the- - RRRRR MECHANISM FOR SOME POSES OF THEIR END-
EFFECTOR.

for different poses. The deflections are proportional teleir
radii, namely,

r= % :
25Max(dy rs OyrrrRR YPare)

From Tab. 5 and Fig. 14, the IRSBot-2 is lighter and twicdestif
than theRRRRRmechanism under study. Moreover, as shown in
Tab. 1 and Tab. 5, the variation in the deflection throughiuis
smaller for the IRSBot-2 than for its two counterparts.

(23)

CONCLUSION

In this paper, a new 2-DOF translational parallel robot for
high speed operations named the IRSBot-2 was presentesl. Tk
robot has the following characteristics:

() Like the Par2, it has a spatial architecture, in which
the distal parts of the legs are subject to trac-
tion/compression/torsion only. As a result, its stiffnéss
increased and its total mass can be reduced.

(ii) 1t is composed of only two legs in order to reduce the
robot complexity and to increase the size of its Cartesiar
workspace.

Its kinematic and velocity models were developed and itgisin
larities were analysed. An elastostatic analysis of theB&RS
showed its advantages in terms of mass in motion and stifnes
with respect to the Par2 robot and tRRRRRmechanism. As a
matter of fact, the IRSBot-2 turns out to be lighter than the2P
robot and theRRRRRmechanism, whereas its stiffness is higher
than the stiffness of theBRRRRmechanism.

It should be mentioned that a patent of the IRSBot-2 is pend
ing. Finally, a deeper analysis of the constraint singtiériof
the IRSBot-2 as well as a rigorous solving of its design ojztam
tion problem are part of the future works.
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