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Abstract— In pratice, parallel kinematic machines are kinematics of most parallel kinematic machines are only
not always as accurate as expected. Consequently , we pro-defined by the end-effector pose and velocity [7]. By ex-
pose a discussion on methods improving the tracking per- trapolating this property, the dynamics can be defined by
formances. It is shown that a Cartesian space Computed the end-effector pose, velocity and acceleration. Segpndl
Torque Control, associated with an adapted dynamic model due to the closed kinematic structure, a dynamic coupling
and a good identification, is particularly relevant for pdra between legs exists. Consequently, a linear single-axis co
lel kinematic machines. Experimental results show that im- trol can not compensate for the machine dynamic behaviour
provements in tracking performances can be noticed even with homogeneous efficiency [8]. Actually, a linear PID

at machining speeds, yet considered as quasi-static. controller with constant gains ensures good performances
Keywords: Parallel Kinematic Machines, Dynamic modeling, Dy with linear systems, which is only achieved very locally for
namic control, Dynamic identification the dynamics of a parallel kinematic machine. Therefore,
it results in a lack of tracking accuracy except in a small
I. Introduction part of the work space, already small for a parallel kine-

matic machine. Many solutions considering the dynamics
are proposed like non-linear controller gains or non-linea
feedforward [9], [10]. However, the dynamic decoupling
is not ensured, making the behaviour still non-linear. In
addition, the machine effective motion represents a distur
bance, thus imposing robust techniques to ensure good ac-
curacy and stability [9]. In this way, the well-known Com-

Last years trend, parallel kinematic machines are spread-
ing in industry. Indeed, their stiffness, accuracy, higaexp
and high load capacities are generally admitted [1]. Conse-
quently, parallel kinematic machines seem to be perfectly
suitable for two major applications: High Speed Machining
and pick-and-place. Considering the latter, recent demon-

strators, like the PAR4, allow for a 17052 maximal ac- d lis a di ke i
celeration [2]. However, the experience shows that pdralle pute Torq_ue CO”‘TO IS & direct way to take into account
’ ' the dynamic behaviour and to ensure a complete dynamic

Ic(::gﬁmiitllt—:limr? ;h'zgz Eli/rlgcz(i);iis ?g]cu|rr?é|i:ds ?ﬁge;ésg;a?pedecoupling [11]. Nevertheless, this control scheme is-occa
claty gn >p g o] o Y sionally used for parallel kinematic machines. In fact,-sev
is limited by the presence of numerous joints and assembly

o . : . . 7 eral numerical transformations are used as developed fur-
errors [4]. This issue is generally improved by a kinematic . . .
) A . . : - . ther down, thus degrading stability and accuracy. In addi-
identification which ensures reaching a desired position in

the Cartesian space with accuracy [1], [5]. As machin- tion, dynamic modelling errors generate disturbances lead

. . . . ing to instabilities [11]. In this case, robust techniqueas c
ing operations are generally supposed to be qua5|-stat|c,be employed, like predictive .. control [12], [13]. A
a simple linear single-axis control associated with a good lighter way ca'n be the use. in afi?;t time ofag;)od d.ynamic
kinematic identification is often considered as sufficiemt f R '

) ; . model and a dynamic identification.
the required accuracy, thus increasing the effects of small Actually, dynamic modeling errors come from different
accelerations. Nevertheless, speeds and accelerations cu

. e .~~~ sources: unmodeled phenomena, frictions or complexity of
rently used during machining processes are not negligible: 4o assembly for instance. A dynamic identification allows
20m.min~" and 3n.s~2. In addition, machines are heavy

. . . . ; for minimizing the modeling errors influence [14], [15].
since an important stifiness is required. Consequently, ca Furthermore, the modeling method choice is important in

the machining process still be considered as quasi-stitic* a control context. It is generally admitted that a Newton-

EOt’ the C(I)(ntr°| schemes have to be improved to ensure ag 1o hased method is more adapted for control since it re-
etter tracking. ) ) , _quires less computation than Lagrange based methods [16],
Indeed, the dynamic behaviour of a parallel kinematic [6]. In addition, in most cases met in literature, the dy-

machine is complex and non-linear [1], [6]. Firstly, it de-  amic model is written as a function of the joint variables
pends, in most cases, on the pose of the end-effector, alsoyng their time derivatives, contradicting assertions abov
called mobile platform. Actually, it has been shown that the Therefore, transformations between joint space and Carte-
“E-mail: Flavien. Paccot@lasmea.univ-bpclermont.fr sian space are implicitly included in the model. Frequgntly
tE-mail: Nicolas.Andreff@ifma.fr these transformations have not a closed-form expression fo

fE-mail: Philippe.Martinet@lasmea.univ-bpclermont.fr the parallel kinematic machine contrary to the serial one.
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It enters into the difficulties of numerical estimation such

as numerical stabilities, accuracy and reliability. Cense

quently, improving accuracy and stability of a Computed Xa Tt T a
Torque Control can be first achieved by decreasing com- m ¥ ‘ 9
putation with an adapted modeling and a dynamic model
written as a function of the end-effector pose. Neverthe-
|ESS, the latter is on|y useful with a control in the Cartasia Flg 1. Single-axis control with PID controller and feed-forward
space with the advantages and drawbacks explained in fur-
ther paragraphs.

In this paper, we propose a reformulation of a recent dy-
namic modeling method. We show that the obtained model
can be expressed as a function of the end-effector pose an
its time derivatives. The method is then applied to a pdralle
kinematic machine with decoupled motion, the Isoglide-4
T3R1 [17]. A second contribution is a discussion on the
dynamic control of parallel kinematic machines. We show
that a Computed Torque Control in the Cartesian space is
perfectly relevant for these machines. Finally, experimen
tal results are provided. First results concern the dynamic
identification of the Isoglide-4 T3R1. Then, a comparison
between a linear single axis control and a Computer Torque
Control is proposed.

This article is organized as follow: Section Il deals with
dynamic modeling, Section Il concerns control, Section IV
presents the Isoglide-4 T3R1 and its dynamic model and
Section V gives experimental results.

onto the active joints is realized{; is first projected in the
link between leg and the end-effector with the Inverse In-
tantaneous Kinematic matrix of the le§(g:)). Then, the
result is expressed in the end-effector frame with the Jaco-
bian matrix ¢/,,;(X)), linking the Cartesian coordinates of
the end-effector to the Cartesian coordinates of the teaimin
point of the legi. And finally, it is projected in the active
joint space withD;,,,,(X). The last term[" ¢, concerns fric-
tion depending on active joint variables in the general case
At first glance, this model does not depend only on
the end-effector pose. However, in most cases, parallel
robots have quite simple legs with few joints (three or four)
Thus, linking passive joint variables to the end-effector
pose is easy with trivial trigonometry. Furthermore, the ac
tive joint variables are linked to the end-effector posenwit
the algebraic Inverse Kinematic Model depending on the
end-effector pose. Consequently, each term depends al-
gebraically on the end-effector pose. In most cases, this
Il. Dynamic modeling method should lead to an Inverse Dynamic Model suitable

Achieving a performant dynamic control requires an for Cartesian space Computed Torque Control

adapted inverse dynamic model. In this way, Khalil pro-
poses a modeling method suitable for control and working
in the general case [6]. It consists of expressing in the ac-  In most cases, industrial parallel kinematic machines use
tive joints both the contribution of each leg dynamics, con- & linear single-axis control with PID controller and feed-

sidered as simple stand-alone serial kinematic machines,forward (see Figure 1). The implementation of this control

and the end-effector dynamics. However, the approach ex- is €asy. Tuning of the constant gains is well-known. Such a
presses the model in the joint motions entering into the dif- controller can be used as well for serial kinematic machines
ficulties of numerical estimation listed above. In fact, the as for parallel ones. Consequently, there is no improvement

Ill. Dynamic control

Inverse Dynamic Model can be formulated as: of skills required to ensure a correct maintenance. Fur-
o . o thermore, accuracy is acceptable. Thus, this controller is
I'X,X,X)=D,,, (X)F,(X,X,X)+ widespread in the industry.

However, a parallel kinematic machine has a non-linear
dynamic behaviour. Therefore, the dynamic behaviour is
n 7 . T oL (1) not compensated for with a constant efficiency along the
2 i1 Do (X) 15 (X) I (4:) Hi(gis G, Gi) +T 5 whole workspace [8]. It results in a lack of accuracy, in-
creasing with speed.
There are lots of methods including machine dynamics

Contribution of the

end—effector

Contribution of

h 1 . . .
s in the control scheme, to increase accuracy. The most di-
wherel are the active joint torques or forces. rect way to compensate for the machine dynamic behavior
The first term in this expression concerns the dynamic is to include it in the control loop. The so-called Computed
behavior of the end-effectoF{ (X, X, X ), which trivially Torque Control is widespread for serial manipulators. It

depends only on the end-effector motion). It is projected encloses an Inverse Dynamic Model depending on joint po-
onto the active joints via the Inverse Instantaneous Kine- sitions, speeds and accelerations (see Figure 2 and [11]).
matic matrix (0;,.,(X)). This matrix depends only on the  Notice that, in this case/ K M is a numerical solution to
end-effector pose [7]. Then, the projection of the dynamics the inverse kinematic problem, obtained by numerical in-
of each leg {;(q;, ¢:, i), seen as a single serial machine, version of the closed-form forward kinematic model.
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Fig. 2. Joint space Computed Torque Control for serial kinematic ma
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Fig. 4. Cartesian space Computed Torque Control for parallel kiagen
machines
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Fig. 3. Joint space Computed Torque Control for parallel kinematiz-

chines
Fig. 5. Cartesian space ensures correct end-effector refereramkitig

contrary to joint space control
This control ensures excellent tracking performances
with a perfectly identified model. However, its transposi-
tion to parallel kinematic machines is harder than for the
linear single-axis controller. Computed Torque Control of
parallel machine met in literature is generally done in the
joint space, since actuator encoders are the only reliable
and accurate measure [12]. Thus, numerical transforma-
tions from joint space to Cartesian space are required lead-
ing to a complex control scheme (see Figure 3). By consid-
ering the numerical estimation issues, one can easily under
stand why the Computed Torque Control is rarely used for

parallel kinematic machines. . trol use occasional. Nevertheless, in a few of cases, pérall

In order to reduce the cqntrol scheme complexity, we kinematic machine have closed-form Forward Kinematics
propose here to use @artesgn space Computeq Torque | nstantaneous Kinematics, like the Isoglide-4 T3R1. In
Contro_l (see Figure 4). In this case, two numerlcal_tran_s- these cases, the Cartesian space control can be employed
formations are r.emoved frgm the control scheme in Fig- easily. In the other cases, several works propose algorithm
ure 3. Computation cost gains allow for a faster and a more for the Forward Kinematic Model [18], [23]. Otherwise, the

&ccgatte c_ontrol. In a?](.j'ﬂqn’ traje”ctc:rr:es are, ptlankned n metrological redundancy can be used to decrease Forward
€ Lartesian space, which Is usually IN€ users task Spacey;,omatics complexity and the number of solutions [24].
Thus, a Cartesian space control is more natural. More-

over, Cartesian space control is adapted for parallel kine- . Application to the Isoglide-4 T3R1
matic machine according to the following structural con-
siderations. Firstly, a better end-effector trajectonck-
ing is ensured. Indeed, one joint variables configuration  To validate the above discussions, we propose to apply
may lead to several end-effector poses [18], [19]. In the the proposed modeling and control scheme to the Isoglide-4
worst cases, a disturbance on joint trajectory can thus shif T3R1. This parallel kinematic machine is a fully-isotropic
the end-effector position without changing joint configura  one with decoupled motion (see Figure 6 and [17]). It is
tion. This can happen especially in the neighborhood of a four degrees of freedom machine with three translations
singularities or on cuspidal machines [20]. After such adis and one rotation. This machine is designed for High Speed
turbance, the Cartesian space control brings back the end-Machining. Hence, stiffness requirements impose an im-
effector to its reference Cartesian trajectory contrajgittt portant weight: 3%¢ per leg and 14¢ for the end-effector.
space control (see Figure 5). A desired maximum acceleration of 20s~2 associated
Secondly, servoing each actuator separately can createwith heavy weight creates an important dynamic coupling
parasite moves conflicting with end-effector moves. Two between the legs. This test-bed is well suited to the vali-
types of defaults appear, uncontrolled parasite endteffec  dation of the approach, since its weight prevents us from
moves or internal torques if these moves are impossible, neglecting the dynamics. Moreover, its closed-from kine-
degrading passive joints. Like two-arms machine control, matic models remove from the control problem the troubles

Cartesian space control can minimize, or cancel in the best
cases, internal torques [21]. Consequently, Cartesiazespa
control is particularly relevant for parallel kinematic ma
chines.

Nevertheless, these advantages are only conceivable with
a reliable measure of the end-effector pose and velocity.
The technological advances make such a measure realistic
in a near future [22]. At the moment, the presence of For-
ward Kinematics and Instantaneous Kinematics in the con-
trol scheme is the main issue making Cartesian space con-

A. Machine description
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Fig. 6. Global view of the Isoglide-4 T3R1

associated to kinematic non-linear couplings [25]. They
also compensate for the current technological lack of re-

End-effector

Body 4 \

s

Fig. 7. Details of one leg

influence of gravity compensators mounted onto legs 3 and

liable and accurate high-speed sensor of the end-effector4.

pose.

B. Dynamic model

The modeling method presented in Section Il is applied
to the Isoglide-4 T3R1. A closed-form model is obtained.
As the global expression is huge, only the main terms of
Equation 1 are given. The first term concerns the end-
effector:

MpX.+MpXp (s(;é - 0992)
M5V,
Mp (Ze —g) —MpXp (ce§+soé2)
YYpl+MpXp (59X€—6926+399)
)

whereM p is the platform mass\y/p X p is the first moment
around X axis,g is the acceleration of gravity and) =
sin 6.

FP(XaXa)Z) =

V. Experimental results
A. Dynamic Identification

In order to minimize the influence of modeling errors, a
dynamic identification is realized (See [14]). The exciting
trajectory is composed of fifth degrees linear motion axis by
axis, with accelerations ranging from @52 to 5m.s 2.

By considering the structure of the Isoglide-4 T3R1, this
trajectory seems to be sufficiently exciting. Indeed, the
torques recorded on a moving axis allow for estimating in-
ertia of the concerned legs. The torques recorded on steady
axis allow for determining the remaining terms. In addi-
tions, frictions are estimated at low speed since they are
preponderant. Table | summarize the results of the identi-
fication process. Parameters are identified with closeness
with a relative standard deviation of 0.43% to 5.9%. Let
us remark that two paramete®[r Xp» andYYp, are not
identified. In fact, the end-effector is lighter than thedgeg

Then, the second term concerns the inverse dynamic thys having little influence on dynamics at used accelera-

model of the leg (see Figure 7 for details):
M RyGqq

ZZ Rooi + M X Ryds (c3iGoizi — $3i3;3;)
ZZ Rz + Madads (C3iGoi + 53:4%;)

H; (%Qi@i) =

where)M R, is the mass of the leg,; are the joint variable
(g1; = ¢, are the active joint variablesy,ix; = ¢ji + qis
ZZ R, andZZ Rs are the inertia of the arms and the fore-
arms, M, is the mass of the fourth bodyz andd, are the
length of the arms and the forarms.

In Equation 3, the gravity influence is not mentioned.
The latter can be expressed as :

g[O (M4+M3)d3821 M4d482131]T for Ieg 1
gl0 (My+Ms)dscon Mydicarss]” forleg 2
g[—M Ry +Mcomp; 0 0] for leg 3 and 4

(4)

where M3 is the mass of the third body/ comp; is the

tions. In addition, the ternd/ X R3 can not be estimated
since it has nearly the same influenceZdsR; andZ Z R,
parameters. Thus, seperating each influences is difficult. A
wider range of accelerations can be an answer. However,
for design issues, it is impossible at the moment.

B. Dynamic control

To emphasize the improvement of dynamic control over
linear single-axis control, a translation straightnesasnee
is performed with &12 x 512 camera as exteroceptive mea-
sure running at 258z. This provides us with a measure of
the end-effector trajectory instead of an estimation éaint
with modeling error and deformations. In order to prove
the camera accuracy, a comparison between the latter and a
laser interferometer is proposed (See Figure 8). According
to Figure 9, the camera has an average accuracy @f,26
validating further results.

For a fair comparison, both the single-axis and Computed
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CAD Identified )

Parameter values values Units (%)
MXR3 3.235 0 kg.m

ZZR3 1.787 1.0213 kg.m? 3.3182
ZZRo 4.642 4.3601 kg.m? 0.7069
My 1.181 0.6808 kg 2.5695
M3 7.053 8.2193 kg 0.5115
M, 45.011 45.2624 kg 0.5308
Mpg1 31.4380 | 43.2893 kg 0.4296
MpXp 2.059 0 kg.m

YYp 0.411 0 kg.m

M comps 45,9606 kg 0.5256
Mcompy 35.2540 kg 0.5457
Fs; 7.8167 N 5.8923
Fso 17.4868 N 3.3235
Fs3 14.7795 N 3.9876
Fsy 24.8595 N 1.8696
Fu, 43.4432 N.s.m™* 3.8255
Fug 117.0161 N.s.m™*! 2.3587
Fus 58.1136 N.s.m™! 4.8226
Fuy 79.5603 N.s.m™t 3.0498

Observation matrix condition number: 398.7728
Number of samples: 16351

TABLE I. Dynamic identification results

Interferometer

(a)Calibration pattern and in-
terferometer mounted on the
end-effector

(b)Camera and laser

Fig. 8. Straightness measure with an high speed camera and a laser
interferometer
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3
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(a)Deviation on Y-axis (b)Error between laser interferome-

ter and camera measures

Fig. 9. Comparison between laser interferometer and camera
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Fig. 10. Comparison between single-axis and CTC controller measure
with an high speed camera on a 20@n XY square
[ | single-axis] CTC |

Segment 1 733 154
Segment 2 2255 330
Segment 3 3318 443
Segment 4 3143 293

TABLE Il. Measured straightness jmm on square segment with an high
speed camera

mal acceleration is used. The trajectory is executed segmen
by segment. According to Figure 10, it can be noticed that
great improvements are realized. Indeed, due to heavy in-
ertia, the dynamic coupling between legs is not negligible
even at 3n.s~2. Using Computed Torque Control improves
tracking, straightness errors are divided by 7 for X-axss di
placements and 10 for Y-axis displacements (see Table I
where segment 1 is the left edge of square, segment 2 the
right edge, segment 3 the bottom edge and segment 4 the
top edge). Furthermore, there is no overshoot at the end of
travel with the Computed Torque Control (see Figure 10).

It can be noticed that the trajectory is followed with typ-
ical high speed machining accelerations. Consequently, it
seems that machining can not be considered as quasi-static
for a heavy parallel kinematic machine, even with simple
structure. With a 100m maximal tolerance on straightness
as generally required in machining, a linear single-axis co
trol is unsuitable. However, the Computed Torque Control
used above does not improve enough the straightness. Nev-
ertheless, this seems be attributable to defects on steuctu
and assembly. To prove it, we propose a simulation with-
out taking into account these defects, with realistic noise
dynamic parameters (10%) and measurenflwith used
encoders). Simulated and experimental behaviours are sim-
ilar but values are smaller in simulation. In this case, we
focus only on the control scheme. We propose to study the
influence of the speed on straightness. Simulation shows

Torque control schemes have the same gain tuning with that a linear single-axis control can not ensure a;&00

same cut-off frequency.(.) of 5H 2. Nevertheless, deriva-

straightness above arils~2 acceleration, contrary to the

tive gains in the single-axis controller can not be set at the Computed Torque Control which ensures a#8straight-
theoretical value because the linear actuators do not copeness under a 20.s~2 acceleration (See table IIl). It seems

with noise, even filtered. Figure 10 shows a comparison

that High Speed Machining process imposes a Computed

between single-axis and Computed Torque controls. The Torque Control to meet tolerance requirements. Neverthe-

reference trajectory is a simple 100mn square in the XY
frame. A fifth degree path generation with a3 ~2 maxi-

less, Figure 11 shows the influence of acceleration on iner-
tia, dynamic coupling on moving and steady legs and fric-
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Acceleration fn.s—2) 0.5 1 5 10 20 [5]
Single-axis 55 | 124 | 758 | 1520 | 3483
CTC 11 12 20 31 78

6
TABLE Ill. Simulated straightness jam for segment 1 (6]

90| [Minertia

[MCoupling influence on moving leg
80l Coupling influence on steady leg
[Frictions

(7]

@
-
T

(8]

Torque {N)
N @ A
3 & 8

°

ik

06 08 1 12 14 16
. Acceleration (m/s?)

| 9]

Fig. 11. Influence of acceleration on different dynamic phenomena

1.8

~

[10]

tions. This allows us to nuance our assertions. In fact,
frictions are not negligible at such speeds. Moreoverythei
modeling is difficult at low speed. Consequently, we can
not ensure that our dynamic model is efficient at such low
speed.

[11]

[12]

VI. Conclusion [13]

In this paper, we propose a discussion on how to en-
hance tracking performances of parallel kinematic machine
through adapted control schemes. The well known Com-
puted Torque Control brings great improvements on accu-
racy. We show that the latter is particularly relevant for
parallel robot when it is performed in the Cartesian space,
associated with adapted modeling and good identification. [16]
Experiments show that improvements are noticed even at
high speed machining speeds, even considered as quasi{17]
static. Nevertheless, our study has to be deepened. Fastly
better friction model has to be employed, especially at low
speed. In addition, frictions in passive joints can be abnsi  [19]
ered. Secondly, structure and assembly defects can be taken
into account in the control schemes either in a more com- [
plex Forward Kinematic Model [25] or by replacing this
model by an exteroceptive measure. In the latter case, the
influence of these defects on dynamics have to be studied. [21)

[14]

[15]

(18]

VII. Acknowledgements

This work was supported by European Community [22]
through the IP projet NEXT number 0011815.

References

[1] J.P. Merlet.Parallel Robots Kluwer Academic Publishers, 2000.
[2] V. Nabat, M. O Rodriguez, O. Company, S. Krut, and F. Pierro
PAR4: very high speed parallel robot for pick-and-place.lHREE
International Conference on Intelligent Robots and SystdROS)
pages 1202-1207, Edmonto, Canada, 2005.

J. Tlusty, J. Ziegert, and S. Ridgeway. Fundamental corsparof
the use of serial and parallel kinematics for machine todisals of
the CIRR Vol 48(1):351-356, 1999.

J. Wang and O. Masory. On the accuracy of a stewart platfor
part i: The effect of manufacturing tolerances. IEEE Interna-
tional Conference on Robotics and Automation (ICR*ges 114—
120, Atlanta, USA, 1993.

[23]

[24]

[25]
(3]

(4]

D. Daney. Self calibration of Gough platform using leg riityp
constraints. InVorld congress on the theory of machine and mecha-
nisms pages 104-109, Oulu, Finland, 1999.

W. Khalil and O. Ibrahim. General solution for the dynamicaeé
ing of parallel robots. INEEE International Conference on Robotics
and Automation (ICRA)pages 3665-3670, New Orleans, USA,
April 2004.

T. Dallej, N. Andreff, Y. Mezouar, and P. Martinet. 3d ogisual
servoing relieves parallel robot control from joint sewsinin In-
ternational Conference on Intelligent Robots and SystdRO$)
Beijing, China, October 2006.

B. Denkena and C. Holz. Advanced position and force adron-
cepts for the linear direct driven hexapod PaLiDATHe fifth Chem-
nitz Parallel Kinematics Seminapages 359-378, Chemnitz, Ger-
many, 2006.

M. Honegger, R. Brega, and G. Schweitzer. Applicatioraafon-
linear adaptative controller to a 6 dof parallel manipulatoin
|IEEE International Conference on Robotics and AutomatiGiR@),
pages 1930-1935, San Francisco, USA, April 2000.

P.R. Ouyang, W.J. Zhang, and F.X. Xu. Non linear pd adritr tra-
jectory tracking with consideration of the design for coehtnethod-
ology. InIEEE International Conference on Robotics and Automa-
tion (ICRA) pages 4126-4131, Washington, USA, May 2002.

W. Khalil and E. Dombre.Modeling, identification and control of
robots London, 2002.

A. Vivas, P. Poignet, and F. Pierrot. Predictive fuontial control
of a parallel robot. IMEEE International Conference on Intelligent
Robots and Systems (IRQfages 2785-2790, Las Vegas, USA, Oc-
tober 2003.

S.H. Lee, J.B. Song, W.C. Choi, and D. Hong. Control giesor

a stewart platform using small workspace characteristinSEEE
International Conference on Intelligent Robots and SystdROS)
pages 2184-2189, Hawaii, USA, October 2001.

M. Gautier and P. Poignet. Extended Kalman filtering amighted
least squares dynamic identification of rob@ontrol Engineering
Pratice, 9(12):1361-1372, 2001.

M.M. Olsen and H.G. Peterson. A new method for estimatiag p
rameters of a dynamic robot mod#éEEE Transactions on Robotics
and Automation17(1):95-100, 2001.

J.Y.S Luh, M.W. Walker, and R.C.P Paul. On-line compota!
scheme for mechanical manipulator$ransaction of ASME, J. of
Dynamic Systems, Measurement, and Conlio2(2):69-76, 1980.
G. Gogu. Fully-isotropic T3R1-type parallel manipulet. On Ad-
vances In Robot Kinematicgsages 265-272, 2004.

J.P. Merlet. An algorithm for the forward kinematics adreeral 6
d.o.f parallel manipulator. Rapport de recherche, INRIAQ.9

M.L. Husty. An algorithm for solving the direct kinematof the
Gough-Stewart platforms.Rapport de recherche TR-CIMS-94-7,
Universié de McGill, Montéal, Canada1994.

P. Wenger. A new general formalism for the kinematic asialyf
all non redundant manipulators. IEEE International Conference
on Robotics and Automation (ICRA)ages 442-447, Nice, France,
1992.

P. Dauchez, X. Delebarre, and R. Jourdan. Hybrid cbofra two-
arm robot handling firmly a single rigid object. 2md International
Workshop on Sensorial Integration for Industerial Rob@&&(R),
pages pp 67-62, Zaragosa, Spain, November 1989.

O. Ait Aider, N. Andreff, J.M. Lavest, and P. Martinetinfultaneous
object pose and velocity computation using a single view feom
rolling shutter camera. IBuropean Conference on Computer Vision
(ECCV) pages 56—-68, Graz, Austria, May 2006.

J.P. Merlet. Solving the froward kinematic of a Gougpeyparal-
lel manipulator with interval analysisThe International Journal of
Robotic Researct?23(3):221-235, 2004.

F. Marquet.Contributiona I’ étude de I'apport de la redondance en
robotique paralele Phd, Universié Montpellier Il, 2002.

R. Rizk, N. Andreff, J.C Fauroux, J.M. Lavest, and G. @odPre-
cision study of a decoupled four degrees of freedom panadlat
including manufacturing and assembling errors. International
Conference on Integrated Design and Manufacturing in Meatal
Engineering (IDMME) Grenoble, France, May 2006.



