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Abstract: This paper introduces a new two-degree-of-
freedom parallel manipulator producing two translations
in the vertical plane. The classical drawback of th
existing robots built to realize thosedof is their lack of
rigidity along the transversal axis. Indeed, these
architectures cannot be lightweight and stiff at tke same
time. The proposed architecture is a spatial mechasm
which guarantees a good stiffness along the transeal
axis. This parallel architecture is composed by two
actuated kinematic chains, and two passive chainsulit in
the transversal plane. The key feature of this robiocomes
from those passive chains which are linked to therdme
using coupled revolute joints. This coupling system
guarantees the functioning of the robot by constraiing
the platform to stay in one plane. The stiffness aalysis
presented in this paper shows that the robot can be
lighter and stiffer than a classical 2dof mechanism. A
prototype of this robot has been built and the préminary
tests show that accelerations of 23 g can be achéeMwhile
keeping a low tracking error.

1 Introduction

The first parallel mechanism is attributed to Gouwgth
its well-known platform [1] and Stewart [2] creatadflight
simulator few years later using a similar architeet Thanks
to actuators located close to the frame, the dyoami
capabilities of these mechanisms are high comptaraérial
robots. These machines have six degrees of fre¢dofn

However, all robotized tasks do not need siaf.
Brogardh proposed a classification [3] giving thecessary
number ofdof for different industrial tasks. Generally, pick-
and-place applications need fodof. three translations and
one rotation around a vertical axis. Neverthelessme
simple operations need only two degrees of freenfoorder
to transfer a part from a working area to anothee @.g.
conveyors). A lot of 2dof parallel mechanisms have been
developed (see 8 2), but all of them are built &nar
mechanisms, or more precisely built “in a planetweéver,
even if the robot motion is done in that plane, i@imum
stiffness has to be guaranteed in the directiopeeticular
to the plane to limit vibrations; being stiff inelhdirection
perpendicular to the plane means resisting to lbgndind
torsion effects and leads to high-inertia, high-sngarts.
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This paper presents a new architecture developed to
perform 2dof pick-and-place, that iproviding a planar
motion, but not being designed in a plafide key issue in
this work is to look for a lightweight mechanisnr folanar
motion, stiff enoughin all directionsto sustain very high
accelerations.

First of all, this paper presents a few existingd@f
parallel robots. Then, a complete description o thew
architecture is done and its modeling is preserietlly, the
prototype and the first experimental tests realingth the
robot are presented.

2 A Few Existing Mechanisms

Most 2 dof robots used in industry for pick-and-place
operations make 2 translations andintain the orientation of
the platform constant. Besides the obvious solutibserial
chain (2 prismatic joint), several solutions invialy closed
kinematic chains have been proposed, and most e th
resort to a planar parallelogram ajoint [4]") to create the
constraint which keeps the moving platform orieptat
constant.

The mechanism described by Brogardh in [5] (Figlire
has all link situated between the prismatic drives and the
end-effector. Figure 1b and 1c show two different
representations for thé&l linkage. Figure 1b shows the
complete representation, 4 cylindrical joints insgd chains.
Figure 1c shows the simplified representation eflthkage.

Equivalent mechanisms can also be created using
rotational drives instead of prismatic drives, d&®oven in
Figure 2. Figure 2-a shows a solution where a ngvin
platform is constrained by twl joints, and actuated by a
serial R-R chain (R stands for revolute joint); Urig 2-a
shows an equivalent solution where the actuatiomésle
with a planar closed chain and the constrain withaalified
set of 211 joints (aiming at singular positions avoidance).

It is also possible to actuate directly thk joints, for
example by acting on them with RR chains as in figure 3
(P stands for prismatic joint), resulting in a skmaimoving
platform but creating high bending forces in theepa

! Kinematic chain description: R stands for revoljgimt, P for prismatic
joint, andn for M joint. The joint is measured when the letter is enided,
and is actuated when the letter is in bold type.
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Finally the over-constrained mechanism proposediby
[6] usesll linkages to join the platform with two prismatic
actuators placed in vertical position (Figure 4e tihesign
concerns a machine-tool with a moving table Asds).
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Figure 1: constant orientation platform and prismatic drives
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Figure 2 : constant orientation platform and rotational drives
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Figure 4 : Over-constrained mechanism with prismatic drives

3 Planar or Spatial Mechanisms for Planar Motion?

Obviously, the easiest way to obtain a 2-transtagilanar
motion is to resort to a serid@-P chain (Al in Tablel);
however, acceleration and speed will be limited thg
capabilities of linear drives (the mechanism careroplify
anything), and the moving parts has to sustain ingrfdrces.
A serially actuatedR-R chain, together with an additional
parallel chain to create the kinematic constrair?2)(Anay
offer better speed (depending on the arms’ lendtt),will
suffer from too large moving masses (one actuasrtb be
carried; heavy parts are needed to sustain berfdirngs).
Adding one chain offers the possibility to move gexond
actuator back to the frame (A3) and shares theatiotu
between the left chain and the parallelogram; bendi
problem still exists for forces perpendicular te thlane of
motion. Finally, one may think in separating “adioa” and
“constraint”: the mechanism (A4) has a parallekéige made
of two R-S-S chains which provide the driving forces onto
the moving platform (in the plane of motion), andostraint
chain able (i) to keep the platform orientation stamt and
(i) to sustain the forces perpendicular to thenpland all
three moments (again, this last chain has to bigied with
heavy elements able to sustain bending).

TABLE 1: A few classical mechanisms able to prodifee
necessary Aof

L
X y

Al — Cartesian structure

A2 — Serial structure with embedded
parallelograms

A3 — Parallel structure with
embedded parallelograms

/A4 - Parallel structure with auxiliary
parallelograms

The cornerstone of this paper is to analyze thaipibisy

to take advantage of non-planar mechanisms forgoiegj

robots with planar motion; more precisely, the iteto look

for ways to support the 3 momenbtd,( M, M,) and the force
perpendicular to the plane of motiof,) in a different
manner. Table 2 shows a few possible solutions:

- in (B1), a chain is added “out of the motion plaraeid
supportsM, (the chain is a passive R-(SS)2, Delta-like
chain); the parts remaining “in the plane” stillveato
sustain the remaining forces and moments;



- in (B2), the left chain supports, and M, thanks to an 4  Description of solution “Par2”

outer arm made with 4 links with S joints at eacid;e All solutions of Tables 1 and 2 have not been arealyin

comparing with (A3), each element of this outer arm getaj| and it is definitely sure that other solntoexist.

works only in tension-compression and not in beggin However, a few practical considerations have leselecting
- in (B3), a Delta-like mechanism is modified: thenaon  (B5) as a good candidate for further work and tests

the right-hand side is actuated, but the two armshe First, the stiffness in the direction perpendicuarthe

left-hand side are passive, and linked togethexr $ingle plane of motion will always be a problem for allute”
actuation chain; a motion of this chain resultgdientical planar mechanisms as long as they are built forh hig
motions for both passive chains of the left-hankesi acceleration (thus: lightweight parts are mandatofhen

- in (B4), previous idea is pushed a step furthepadsive  some solutions in Table 2 can be discarded ed8ily). offers
chains arranged as for Par4 mechanisms are covpted  only a solution for supportinil, and the other components
by-two and driven by two actuated chains; herehbot i remain heavy: (B2) offers, in principle, bettsupports
passive on the left-hand side move in identical \@yd  pyt jts real capability depends strongly on thetatise
the same is true on the right-hand side); between the rods in the outer arm and a practiealgd

- finally, in (BS), two passive chains are placedt'ofithe  offering a distance large enough does not seeristiea(B3)
plane of motion” and coupled in a way that guaratk®y  should be a good candidate as far as stiffnessrisezned,
always move symmetrically with respect to the plafie pyt it is feared that its behavior will be radigalhon-
motion; those coupled chains can sus@jrandMy, and  symmetric (two arms on the left hand-side, only onethe
partly M. This can be seen as a “semi Par4”, one halfyjght-hand side); (B4) solves this problem of syrmpéut at
actuated, one half passive (and coupled). the cost of so many parts that it has been disdarde

) ) Finally, (B5), that will be called Par2 hereafteombines

TABLE 2: A few not-so classical mechanisms able to quite a rather large set of advantages:

produce the necessarydaf - the constrain system (made of two coupled passive

chains) supports almost all the moments and foesidles
the driving forces (only isM, is shared among the
constrain system and the actuation system);

- it can be designed with existing technologies aadsp
those parts can be made as light as for Delta of Pa
robots;

- it is symmetric with respect to the plane of motias
well as with respect to (y,z) plane in its centegpedition.

4.1 General description of Par2

lirmm-00305178, version 1 - 23 Jul 2008

The main characteristics of Par2 are listed below:

- the platform is a rigid body;

- only two inner arms are actuated (arms (3) in FEdy)r

- the two other inner arms (4) are linked to the famith
passive revolute joints;

- in order to guarantee planar motions alongndz axes,
the rotations of the arms (4) are coupled (cf. next
paragraphs).

V1
B2 — Specific outer arm to supporf B3- Delta-like robot, with coupling
M. andF, of two chains

B4— Par4-like mechanism, with
chains couple two by two.

B5 — Par2

Figure 5 : General presentation of Par2
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4.2 Coupling of the passive arms

The proper functioning of this twodof parallel
manipulator is guaranteed by the coupling of thation of
arms (4): this constrains the platform to stayrie plane.

The coupling means that the rotation of the arn) (da
Figure 6) in the clockwise direction involves traation of
arm (4b) in the counterclockwise direction. Vicersz the
rotation of the arm (4a) in the counterclockwiseediion
involves the rotation of arm (4b) in the clockwiigection.

(4a) A/ (4b)
W

Figure 6: Conpling of arms (4)

This coupling is obtained through an additional idev
Some examples of such devices are detailed below:

4.2.1 Gears

A possible way to produce the coupled rotation mfisa
(4) is to use gears (9) fixed on the revolute i(8). The
ratio between the two gears has to be 1.

Figure 7: Coupling of arms (4) using gears

4.2.2 BeltgPulleys

Another way to produce the coupled rotation of af#js
is to use a belt (10) and pulley (11) system. ThHeps,
which diameters have to be equal, are fixed tathes (4). A
crossed belt is fixed on the pulleys.

Figure 8 : Coupling of arms (4) using a belt/ pulley system

4.2.3 Coupling mechanism

It is also possible to couple the rotation of thms (4)
using a mechanical system built with two additiotegs.
One end of each leg is linked to the arms (4) thatk
revolute joints (13). The other ends of these lagslinked
together with a pivot joint; a prismatic joint atteed to the
frame (1) guides an axis that goes through theipuswivot
(14).

Figure 9 : Coupling of arms (4) using additional legs

The first prototype (presented in section 7) isedasn
crossed metallic belts and pulleys. Indeed, thitutem
guarantees a complete lack of backlash and friction

5  Stiffness analysis

This section aims to compare stiffness of a typipate”
planar mechanism (similar to (A3)) and of the prsgob
constrained system, in the direction perpendicutarthe
plane of motion.

5.1 Parameters

For the two studied mechanisms, the parametere e
in Figure 10 are introduced.

Ben:jlng N Bending —»

Torsion

Tension —»

(a) classical 2 dof robot (b) Passive chain of Par2
Figure 10: parameters of the stiffness study

For both cases, the arm length lisand the forearm
length is I, . A force 2F acts at point C alony axis.

Components are supposed to be made of the sameiahate
defined by its Young's modulusE . The arm’s inertia is
denoted |, for bending andl, for torsion. For the planar
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mechanism, the forearm is supposed to have the seri@s
as the arm.

5.2 Study of a classical planar mechanism
The force 2F creates bending in the forearm, and
bending plus torsion in the arm. The bending effattthe
arm creates a small displacement of point B (and
consequently, of point C):
-— F |63 1
= 3R )
When the arm is supposed to be infinitely rigide th
bending effect on the forearm creates a small aigvhent of
point C:

J—Fha 2
= 3L @
Under the torsion effects, if the shear modulusaged
G, the arm is twisted by an angig such as:
LL*F*I, s
a,=—— :
e ®
which results, under the assumption of small disgisents,
in an additional displacement of point C:

| *F*|
—a—f|f @)
t

, =
G* |
Thus, those three effects can be combined to getotial
displacement of point C along thexis:
S FI12 FI;?
5(;/ - F la + a f + f
Y BEI, G I, 3E|,

©)

5.3 Study of Par2 mechanism

The external force creates tension in the foredending
in the arm and some deformation in the couplinghaatsm
(Figure 11).

oB

OB %osﬁ

ava

Figure 11: Forces applied on the passive chains

The force 2F creates a tension force in the
forearm:F /cosf; this tension leads to the following
deformation:

FI,

o, =———— 6
" SEcosf ©

In addition, the bending of the arm creates a small
displacement of point B in the direction of theefarm:

- F |a3
JBll - (7)
3cospBEl,

If the coupling mechanism stiffness in torsion is
denotedy, and considering it is loaded with a torque equals
to F1,/cosf, an additional small displacement of point B in
the direction of the forearm can be expressed as:

Fl
=—l ®

ncosg
Finally, the deformations are in the direction dfet

forearms. It leads to a small displacement of padht
expressed as follow:

B/2

Fl F|a3 F|a2
Oy :((FIf +JB/1+JB/2)COS'B:S_fE+3_EL+ .

©)

5.4 Simplified case study

In order to compare the two previous studies, the
following hypotheses are done:

- the arm (and forearm in the case of the planar
mechanism) is a cylindrical pipe, with external antkrnal
diameters denote® and d ;

- for the proposed mechanism, forearm is made of tw
cylindrical tubes with external and internal diameters
denotedD'andd".

-, =2,

It leads to:

D*-d* D*-d*

=l === =1 =1=3, (1)
For material as steel H=2€"Pa;G=8¢°Pa) or

aluminum alloys € =6.9¢°Pa;G=2.7¢°Pa), we can

assume that:

5
E==G 11
> an

Thus, the displacement of point C in the case plaaar
mechanism can be given as follow:
FI.> 5FI° FI.> FI?
Jcly = + + =
24E1 8EI FEI EI

12)

Regarding the Par2 mechanism, the cross sectibotbf
cylinders is given by:
T2 4o
S=2—(D*-d 13
2 ) (13)
Let's assume that the cylinders for Par2 are 4 dismaller
than the one used for the classical mechanism fegsthe

proposed mechanism is well suited for high speed):
D'= 1 D and =1 d

4 4
This gives an overall cross section 8 times smaller

_T _
S‘é&“f o)

Thus, the tension in a forearm can be expressed:
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A cosf=——=—F——5= (14)

The bending is computed by the following expression
FIZ FZ° 327

0g,,COSL = = =
b1 €0/ 3El, 24EI 127E(D‘-d)

(15)

It is worth noting that:
- the effect of arm bending on the displacement dfitpo
C is 24 times smaller than the total displacemenhée
case of the planar mechanism

- the effect of forearm tension can reasonably be

neglected compared to the effect of arm bending

- it is then sufficient to select a coupling mechanis
with a correct stiffness in torsion to guarantest tihe
proposed mechanism is as stiff, or even stiffen tiee
equivalent planar mechanism.

If the coupling mechanism is a belt-and-pulley sgst
its stiffness can be analyzed, in first approxiomti as
follows:

- Deformation of the bel®l, (only the free length, that
is not in contact on the pulleys ...):
Fb lb
" §§
where F, is the force on the belt the section of the belt
and E, its Young modulus
- Resulting small angular displacement of the pulle
al

—_b
Ty

(16)

G'p:

a7

with r,, the radius of the pulley
- Equivalent stiffness:
Fr. SETr’?
p=ifo =250 (18)
a [,

Then,

p

In conclusion, the deformation of point C in theeaf the
Par2 mechanism can be expressed as follows:

5 LTI Sl PO PR o P O
Y SE 3E, n 3E|

(20)

2 Indeed, even with a forearm 8 times lighter tharttie planar mechanism,
the tension effect remains very small comparetiédending effect:

ol 12(D*-d*

_f:%, D?-(D-e)’ =2De- é = 2 D¢

%, (D?-d?),

D*-(D-€)' = D'~ ((D-¢) = D'~ DP-2Dg’ =4 D'

Jlf D ’ . _3 Jlf
—-=24 = | (if D=60e"mand|, =Im,—"<0.1)

53/1 f B/1

In order to have a numerical comparison between the

two studied cases, we propose to consider thewoilp case

study:
D =60 mm
d =50 mm
E=6.9¢° Pa
G=27¢&° Pa.

In addition, concerning the Par2 robot, we assurate t
E, =2€"Pa

S, =5€° nf (20 mnx 0.25 mix

r,=0.Im

l, =0.1m

The obtained numerical results are:
- classical planar mechanismd;,, / F =44.6s°m/N

- Par2 mechanism: Oy /F=43%°m/N

Those simple calculations show that even with Bght
parts Par2 is able to offer stiffness 10 times higheant a
classical planar mechanism.

6  Modeling of the robot

6.1 Geometrical parameters

In order to compute the models of the robot, tHiefdng
parameters are introduced:

Figure 12 : Parameters used in the modeling
The parameters are:
i : index of the kinematic chains=£ 1,2)

: length of arm$;A,

I_iforearm : length of forearm#\B;
- X, : abscissa of points Befined by the parametef3«d)
- d iength of the platforni;B,

arm
l i

6.2 Geometrical modeling

6.2.1 Inverse geometrical relationship

Let's consider that points;RBlescribe a circle having a
radius equal tol_lforea'm, which center is A The intersection
of the two circles will be determined by the system
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(x= 0, + 1 cos(@ )% 2+ E7 sin@ )= L™ o, Viy-AB =Vg AB S0
(X=(X o+ 13™cos(g, )2+ (z+ E™ sin@,, )= L™ where V, and V, are the vectors giving respectively the

velocities of points Aand B
It leads to a classical resolution:

l;.sin@; )+J .cos§ #K =0 (= 12 (22) It leads to the following result:
With : J = |: AlBl'ex AlBl'ez:| (32)
I, =221™ ;3 = (2%, - 2x= h)f™ © [AB,g, AB.e,
@ o \2 and
K; :xz+7+>ﬁz+(| ) +xh 23) ; I:(AlleplAl).ey 0 }
= (33)
-2XX, =, + 22_( lif_orearm)2 d 0 (Asz x PzAz)'(_ey)
Using the variablet; = tan(q /2)leads to the resolution 6.3 Simplified dynamic modeling
of system (21): In order to make the choice of the robot actuatitue,
-1 +\/Z torques to be delivered by the motors have to beraéned.
g; =2arcta — (24) An estimation of this torque can be obtained by jpoting a
i i simplified dynamic model of the robot [8]. Note thiis

Where 4 = 1,2 +J, 2 K 2 simplified modeling assumes that friction is neiflig and
the effects of the passive chains are neglected.
The required torque is the sum of the torques du¢hé
effects of the actuator, the kinematic chain ardptatform:
T= T act + Tin tT pla (34)
The following development includes many simplificats
that are not detailed in this document, but arelaéned in

[9].

@5) 6.3.1 Torque due to the actuator

Note that the correct solution for each joint valige
determined by selecting the one placed in the gpadirant.

6.2.2 Forward geometrical relationship
This calculation can be done by writing the sys{@®)
in the following form:

(X— Xa )2+ (Z— % )2:( gorearm) A

_ 2 _ o— [ [forearm)
(x=% )+ (2= 3 ) ( IE ) The torque due to the motor and reducer is given by
With: Toe = 1 acdl (35)
d arm d m with
Xg ==+ X+ .codq ) =-—+ X - b .coqq, ] .. - .
@ 2 7 @ , % 2 ® Z ® (26) g, vector of the joint accelerations

__jam o __@am o
Z =l sin(g ) %=-E" sin(e) | ..., matrix of inertias expressed in the frame atdbgput

. . of the reducer
The difference between the two equations of (2&Jideto:
x=az+p @n 6.3.2 Torque dueto the kinematic chain
where,

a =- "% ’
Xa =%
) xaz_ )%2_‘_ ZaL z 4( gorearm)2 _( !lforearm)
? 2%, = % )
Then, it is possible to write the first equation(®5) using
expression (27). It gives the following polynomégjuation:
¢22+w Z+A = O (29) .forearm =
Thus, z is calculated by solving equation (29). This S
resolution will give two solutions faz. The correct one will Fignre 13: Modeling of a kinematic chain
be kept by choosing the lower value. It is now f@esto '

determine the value afthanks to equation (27). The contribution of the kinematic chain on the atitn
torque is function of:

Arm inertia and mass
Tom = | an—COS(Q)M 01 ¢ (36)

2 (29

6.2.3 Kinematical modeling
The kinematical modeling consists in calculating th
jacobian matrix that can be defined by two matrisesh as:
J=31, (30)
Those two matrices can be determined by using the
equiprojectivity propriety of the velocities in tfi@rearms:

with
g, vector of the joint positiong}, (i = 1,2)
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¢ » distance between the rotation axis and the cafiterass
G

M
I

vector of the masses of the arms

arm ?

inertia of the arm

arm?
g , gravity acceleration

The mass of the forearm is split in two parts aridically

considered on both ends of the forearm, which méatfsof
the mass is transferred and the end of the armtrendther
half is transferred on the platform [10].

Tforearm forearng COS(C] ( forearn/ 3 g Iarm (37>
with

I inertia of the forearm

forearm ?

1*™, length of one of the arms (assuming th&f' =1"")

M vector of the masses of the forearms

forearm
Finally, the torque due to the kinematic chain is:
Tkin = l armq_cos(q) M armg I

38
1 foreamt = COS(q ( forearm/ 3g|arm (398

6.3.3 Torque dueto the platform (and the load) T

The torque due to the platform and the two foreasmgven
by:

Tpla :‘]T (M pla+|\/I forearm)(x-'-g) (39>
with
J, the Jacobean matrix of the robot

M .., vector of the mass of the platform (and the load)

X , acceleration of the robot in the Cartesian space

6.3.4 Total torque
Finally, the torque required to set the move to dral-
effector is:
T= l armq_cos(q) M arm g l
forearmq COS(q ( forearm/ aglafm (4())
+‘] (M pla + M forearm)(X+ g)

All those models give indispensable tools for tesign
and for the control of the robot. Thus, thanks Hotlzese
studies, a prototype of the mechanism has been and
some tests have been performed to validate the lpeloalvior
of robot running at very high accelerations.

7  Prototype and experimentations

7.1 Research of the geometrical parameters using
optimization
The design of fast mechanisms requires optimizadion
the actuation but also optimization of the mechandesign

because of huge efforts and constraints producedhby
motion of the end-effector.

The specifications of the problem are the followirg
motion with a 2 kg payload along an “Adept cyclethp of
700mm length and 25mm height, in less than 0.2%5& T
equivalent velocity and acceleration of the platfoare
respectively 8m:$and 300 m:$ (about 30G).

The chosen actuators are TPM50 Alpha motors coupled
with gears having a reduction ration of 21. Not&t tthuring a
high acceleration motion of an actuated systermaragi the
torque given by the motors is consumed by the acatbn
of the geared-motor itself. This effect has bedtenainto
account.

An optimization of the geometrical parameters hesnb
done. The aim is to determine the best dimensioninthe
robot based on the actuator characteristics andeteired
robot. The results of this optimization are given the
following figure.

L0.82510.375 D0.25 z0-0.9 Vel14.6263 T261.4288 Power (W)

02 10000 ;18
E-04 Max
> 06 5000 4924

-0.8

0
-06-04-02 0 02 04
X (m)
600 T
Max Torque 483 N.m
z .,
2 400 ’ ”‘:‘.\."
@ e,
g s
£ 200+
i
o I
0 50 100 150 200 250

Velocity (rpm)

Blue/green: torque used to accelerate the mobile structure
Red/black: torque used to accelerate the mobile structure and the
actuators

Figure 14: Results of the optimization with a pick-and-place motion
(Adept cycle 25-700-25 mm) obtained with an acceleration of 300 m.s2.

The optimized parameters are:
= Length of arms: 0.375 m
= Length of forearms : 0.825 m
= Center-to-center distance of actuators: 0.350 m
= Center-to-center distance of platform: 0.100 m
= Working height: -0.9 m

The maximum consumed power of the actuators is
4924W, which is lower than the limits given by the
manufacturer (11180W). The maximum torque involisgdch
pick-and-place motion (25-700-25 mm) is 483 N.m &mel
maximum rotational speed is about 140 rpm.

7.2 Prototype design

The robot has been designed using the charaatsristi
details previously. Figure 15 shows a CAD model.
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designed thanks to FEM analyses. This design lethéo
manufacturing of the prototype presented in Fidi8e

Figure 18 : Prototype of the Par2

Figure 15 : CAD model of the Par2 robot

A particular attention has been paid to the desifjthe 7.3 Preliminary experimental validation
coupling system. As described previously, the chose  The first validations of the robot have been dorithw
solution uses metallic belts which have to be tdnsging a  “low power” drives (i.e. peak current of 20A). Thuthe

mechanism detailed at the following figure. results detailed below are done while reaching peek
) current of the drives, which represents an Adeptechiaving
Metallic belts the following characteristics:

- size: 25/700/25 mm

- Acceleration : 230 m/s?
- Velocity: 8.5 m/s

- Cycletime:0.31s

- No payload

The following figures show the motor position esor
and the command and real position realized by thni.

0.8

0.6

Tension mechanism o4
0.2

Figure 16 : CAD model of the coupling system
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Figure 19 : motor position errors while performing a 23 g motion
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Figure 17 : CAD details of the robot
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The two actuated arms are made of carbon fiber. The

moving platform and the ball joints of the passivmins are 10 ‘ ‘ :

made of aluminum alloy. The balls used in the getia 0 500 ﬁm??,gs, 1500 2000
chains are made of titanium alloy in order to avisitigue Red: commanded position, blue: measured position
phenomenon. Note that the parts of this prototygeetbeen Figure 20 : commanded and measured joint positions
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This experimental validation shows that the motor
position errors remain small, whereas the robdiopers high
acceleration and is used with the drives closdte limits.

The next step of this validation is to implementwne
drives able to deliver the maximum current that dzn
consumed by the motors (40 A). The final goal isgach
accelerations close to 400 m/s2, with a payloat ki.

8 Conclusion

This paper has presented Par2, a new concept of two

degree-of-freedom parallel manipulator. This rolbofjt as a
spatial mechanism, produces planatof2 motions of its end
effector. It is composed by four kinematic chaihsp of
them link the actuators to the platform and aregyhin the
same plane (the plane of motion of the end effgcidre two
other ones, built in a perpendicular plane, arsipasand are
connected to the frame using coupled revolute goifthis
coupling system guarantees the functioning of it as it
constraints the platform to stay in one plane. Tbisot has
the particularity to be lightweight and stiff atetkame time.
Indeed, it is shown that, compared to the classeddting
mechanisms, a Par2 architecture can be lightetentimes
stiffer. Finally, a prototype has been built, antlet
preliminary tests show that the robot has a godiatier.
Indeed it has reached an acceleration of 23 g vikeiing a
low tracking error. This kind of acceleration alléavachieve
a cycle of 700 mm in 0.31s, and an Adept cycleQff im in
0.24s,

The future work realized on this robot will consist
reaching higher dynamics (i.e. 40g with a payloéd Q)
and to measure the vibrations involved by this kimgtions.
The final goal will be to control those vibratioms order to
improve the behavior of the robot even if it penfigrextreme
accelerations.
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