
HAL Id: hal-01966655
https://inria.hal.science/hal-01966655

Submitted on 21 Nov 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Contribution to generic modeling and vision-based
control of a broad class of fully parallel robots

Tej Dallej, Nicolas Andreff, Philippe Martinet

To cite this version:
Tej Dallej, Nicolas Andreff, Philippe Martinet. Contribution to generic modeling and vision-
based control of a broad class of fully parallel robots. Robotica, 2018, 36 (12), pp.1874-1896.
�10.1017/S0263574718000784�. �hal-01966655�

https://inria.hal.science/hal-01966655
https://hal.archives-ouvertes.fr


Contribution to generi modeling and vision-based

ontrol of a broad lass of fully parallel robots

Tej Dallej⊳ ,Niolas Andre�⊳⊲ and Philippe Martinet⊳�

⊳ Institut Pasal, UBP/CNRS/SIGMA, Clermont-Ferrand, Frane.

⊲ Institut FEMTO-ST, Univ. Franhe-Comté/CNRS/ENSMM/UTBM, Besançon,

Frane.

� IRCCYN, CNRS/LS2N, Nantes Cedex, Frane.

)

SUMMARY

This paper deals with a generi modeling and vision-based ontrol approah for a broad

lass of parallel mehanisms. First, a generi arhiteture representing several families

is proposed. Seond, inspired by the geometry of lines, a generi di�erential inverse

kinemati model aording to the proposed generi struture is introdued. Finally, based

on the image projetion of ylindrial legs, a kinemati vision-based ontrol using legs

observation is presented. The approah is illustrated and validated on the Gough-Stewart

and Par4 parallel robots.

KEYWORDS: Visual Servoing; Control; Modeling; Parallel Robots; Kinematis.

1. Introdution

The oupling between visual servoing tehniques

1�3

and parallel robots is beoming

inreasingly important and has been the subjet of several studies. Essentially, kinemati

vision-based ontrol generates a Cartesian desired veloity, whih is onverted into joint

veloities by the di�erential inverse kinemati model. The latter is usually an analytial

model in the ase of parallel robots. The di�erential inverse kinemati model also depends

on the Cartesian pose,

4, 5

whih needs to be estimated.

Authors in refs. [6, 7℄ have been among the �rst to introdue vision-based ontrol for

parallel robots. The interesting point of the aforementioned approahes is the use of vision

in the feedbak ontrol for regulation.

8

However, the used parallel robots are designed

with partiular mehanial strutures to have an analytial forward kinemati model.

Consequently, the di�erential inverse kinemati model turns out to be dependent on the

end-e�etor pose estimated using the forward kinemati model and joint values.

In atuality, the formulation of the parallel robot forward kinemati model

9

is generally

di�ult to solve and gives several possible poses for the end-e�etor.

10

To make the ontrol

robust with respet to modeling errors, vision replaes the forward kinemati model in

the feedbak with a amera measurement. This method an also be used to simplify

di�erent models of the ontrol sheme.

8

Amongst the various visual servoing tehniques,

3D pose visual servoing

11, 12

an be applied to parallel robots. In ref. [13℄, a generi 3D

pose visual servoing of six degrees of freedom (DOF) Gough-Stewart platform (Fig. 1)

was proposed. In this kinemati ontrol, the end-e�etor pose, indiretly measured, was

used in the feedbak ontrol and in the di�erential inverse kinemati model.

Image Based Visual Servoing (IBVS) was also applied to parallel robots

14, 15

using end-

e�etor observation. This method does not require the model of the visual target or the

end-e�etor pose. However, the method has di�ulties with large rotational motion.

16

The main limitation of visual servoing of parallel robots foused on the observation of a

visual target is that it requires the estimation of the end-e�etor to tool transformation,

the world to base transformation and the entire kinemati parameter set. Moreover, it is
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Fig. 1. From left to right: the Gough-Stewart platform (Institut Pasal), the H4 and the Par4 robots

(LIRMM).

Fig. 2. From left to right: the Orthoglide (IRCCyN), the Isoglide-4 T3R1 (IFMA) and the I4L (LIRMM)

robots.

not wise to onsider observing the end-e�etor of a mahining tool. It may be inompatible

with various appliations.

It is notieable that the state of a parallel robot is any representation of the end-e�etor

pose. A new way to use vision whih gathers the advantages of redundant metrology

17, 18

and visual servoing was presented in ref. [19℄. This method was proposed to ontrol the

well-known six degrees of freedom (DOF) Gough-Stewart platform using legs observation.

This proposed approah has a redued set of kinemati parameters and does not require

any visual target. The orientation of the robot's legs was hosen as visual primitives. The

ontrol law was based on their reonstrution from the image whih might not be very

aurate for intrinsi reasons. To improve the pratial robustness by servoing the legs

in the image, it was proposed in ref. [20℄ to servo leg edge rather than leg orientation.

The proposed method was extended to Par4

21

and I4L

22

robots (Fig. 1 and Fig. 2). In

ref. [23℄, the authors suggested a dynami ontrol via leg edges of a parallel robot taking

into aount all relevant aspets of leg edges observation.

The notion that the legs an ontain the state of a parallel robot leads the way towards

an innovative approah in whih modeling, alibration

24

and ontrol are interlaed. In

addition, it an permit a better representation of a parallel robot. Referenes [25, 26℄,

show that observing the diretion of the parallel robot's legs involves ontrolling the

displaement of a hidden robot. The latter has up to eight assembly modes that are

di�erent from those of the real live robot. First, the method shown in ref. [19℄ was used for

ontrol. Afterwards, based on the kinemati modeling of the hidden robot, the singularity

problem of the ontroller was studied and ontrollability information of the parallel robot

was given.

In our opinion, a generi solution for ontrolling any parallel robot should take into

aount the spei� kinemati properties of parallel robots and the observable kinemati

elements. This solution does not require any additional visual target. The terminology of a

kinemati element was �rst introdued in ref. [27℄ in order to �nd geometri and kinemati

properties whih an be applied to many parallel robots. The indiated representative

kinemati hain is made up of at least one kinemati element whih is omposed of two

rigid bodies linked by a Prismati joint (�xed or moving joint).



Generi modeling and vision-based ontrol of parallel robots 3

The notion of a kinemati element is then fully formalized in ref. [28℄ and an interesting

mathematial model of a kinemati element was given. The proposed method gives a

linear dynami modeling of parallel robot from observable kinemati elements. It relies

on a body-oriented representation of observable retilinear kinemati strutures. However,

the modeling and ontrol of parallel robots on a kinemati level were not learly and fully

studied. In addition, the proposed modeling method in ref. [28℄ was illustrated on a

simple 2 degrees of freedom (DOF) �ve-bar mehanism whih is an RRR-RR struture

planar parallel robot. Some disussion about the extension to a broad lass of parallel

mehanisms would have been more interesting, omplete and generi.

Con�dent that one an fuse kinematis and projetive geometry into a projetive

kinemati model for ontrol and inspired by the geometry of lines and the image projetion

of ylindrial legs, this paper has three main goals:

r
to propose a generi struture of the kinemati hains and the naelle

29�31

(an artiulated

set of elements having �xed length and ontaining the moving platform). It is a general

way to �nd generi parallel robot struture orresponding to a broad lass of fully

parallel robots, e.g. the Gough-Stewart Platform, the H4,

29

the I4R,

30

the Par4

31

(Fig.

1) and the I4L

32

(Fig. 2).

r
to provide a thorough study of modeling and kinemati vision-based ontrol derived

aording to a generi methodology taking into aount the proposed generi parallel

robot struture. The edges of the last elements (referent elements) attahed to the

naelle are used in the servo loop and in the kinemati visual servoing law. We will

on�rm that, measuring by vision the referent elements edges, one an easily measure

a projetive kinemati model for ontrol without proprioeptive sensors, whih might

simplify the robot design.

r
to present a oherent representation of a broad lass of fully parallel robots, in whih

one an fuse a generi arhiteture, the kinemati modeling and referent elements

observation.

The paper is organised as follows: Setion 2 presents a omparative study of some

existing parallel robots. The aim is to �nd similar points and to introdue a generi

arhiteture. Based on some assumptions and the strutures of di�erent parallel robot

families, setion 3 presents a generi arhiteture of a broad lass of fully parallel robots

with one atuated joint. It is omposed of the kinemati hains arhitetures and the

naelle inluding the moving platform. Setion 4 introdues the onept of the observable

referent kinemati elements. The projetion of ylindrial elements in the image gives the

visual primitives used for the edge-based ontrol. Setion 5 explains the generi di�erential

inverse kinemati model aording to the proposed generi struture. A kinemati vision-

based ontrol using referent elements observation is then presented in setion 6. Setion

7 presents experimental validations on the Gough-Stewart platform and the Par4 robot.

A disussion and onlusions are presented in setions 8 and 9, respetively.

2. Struture of some parallel robot families

As we plan to propose a generi arhiteture whih uni�es several families of parallel

robots, spei� kinemati properties of a broad lass of parallel robots must be found.

The generi uni�ed method must be able to be used for more than one type of parallel

robot to prove the validity of the proposed approahes. Consequently, this setion deals

with a omparative study of some existing parallel robots. The main objetive is to �nd

a ommon representation and to introdue a generi arhiteture for a broad lass of

parallel robots. This lassi�ation is based on the presene or absene of a Prismati joint

in eah kinemati hain.

24, 33

Throughout the paper, the notations given in Table I will be used.

2.1. First family

The �rst family inludes robots whose atuated Prismati joint is loated between two

rigid bodies of the kinemati hain. For example, the Gough-Stewart platform (Fig. 3)
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is a six degrees of freedom parallel mehanism. It has 6 kinemati hains [A1iA2i] with
varying lengths L(r1i) = r1i, i ∈ 1..6 due to the atuated Prismati joints loated at P1i.

The kinemati hains of a standard Gough-Stewart platform are attahed to the base by

Universal joints (loated at points A1i) and to the moving platform by Ball joints loated

at points A2i. The moving platform of the Gough-Stewart robot is made up of a single

element S attahed to eah kinemati hain at point A2i.

A1i

A2i

P1i

r1i .

.E

S

Fig. 3. A real Gough-Stewart platform and its representative Sketh.

Table I . Notations.

r
Boldfae haraters denote vetors or matries. Unit vetors are underlined.

r iTj =

(
iRj

itj
0 1

)
is the homogeneous matrix assoiated to the rigid transformation from frame

Fi to frame Fj .

r iv is vetor v expressed in frame Fi.
r K is the matrix of the amera's intrinsi parameters.

r q0i de�nes the �rst atuated joint of kinemati hain i.
r q de�nes the vetor of all atuated joints.

r j
τ i =

(
jVi

jΩi

)T
is the Cartesian veloity (linear and angular veloities) of Fi expressed in and

with respet to Fj . It an be minimally represented by

i
Vj when the omponents of the Cartesian

veloity are less than 6.

r M+
is the pseudo-inverse of M.

r M̂ is the estimation of M based on measurements.

r [a]× is the ross-produt matrix of vetor a.
r
An element with onstant length of a kinemati hain is equivalent to two rigid bodies linked by

a �xed Prismati joint (Fixed joint).

r
A kinemati element is onsidered as two rigid bodies linked by a Prismati joint (�xed or moving

joint).

r
Eah kinemati hain an be omposed of one or more kinemati elements.

r i = 1..n denotes the kinemati hains (legs), m = 0..1 denotes the kinemati elements whih

form the kinemati hain and j = 1..2 denotes the edges of eah observable ylindrial kinemati

element.

r
Fb = (O,xb,yb

, zb), Fe = (E,xe,ye
, ze), Fc = (Oc,xc,yc

, zc) and Fpmi =

(Pmi,xpmi,ypmi
, zpmi) denote the base, end-e�etor, amera and ith kinemati element

referene frames, respetively.

r
The amera frame is �xed with respet to the base frame.

r
A naelle

29�31

is made of an artiulated set of kinemati elements (with a �xed length). Only one

of these elements is onsidered as the moving platform of the robot.

r
In some ases, a naelle an be omposed of one element (with a �xed length) whih is the moving

platform.

r
The assoiated variables for eah joint are rki for Prismati joint , αki for Revolute joint, (αki, βki)
for Universal joint and (αki, βki, γki) for Ball joint, with k = 0..2.
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2.2. Seond family

The seond family inludes robots whih have one or two kinemati elements with a �xed

length and an atuated Prismati joint between these elements and the base. It inludes,

for instane, the Orthoglide robot,

34

the Isoglide-4 T3R1

35

and the I4L

32

(Fig. 2).

2.2.1. The Orthoglide robot. The Orthoglide is a 3-DOF translational parallel

manipulator. It onsists of three idential kinemati hains attahed to the base at points

P0i by three atuated and orthogonal Prismati joints.

Upon analyzing in more detail the arhiteture of the Orthoglide (Fig. 4), one an

onsider a �rst kinemati element [A0iA
1
1i] with variable length l(r0i), i ∈ 1..3. It is

onneted to the artiulated parallelogram omposed of two elements [A1
1iA

1
2i] and

[A2
1iA

2
2i] with a �xed length L(r1i) = L (Fig. 4).

Fig. 4. Sketh of the Orthoglide.

2.2.2. The I4L robot. The I4L robot is omposed of 4 atuated Prismati joints. Eah

linear motor loated at P0i moves the kinemati element [P0iA
1
1i]. One an onsider

a �rst element [A0iA
1
1i] with variable length l(r0i), i ∈ 1..4. Eah kinemati element is

onneted to an artiulated parallelogram (forearm) equipped with ball joints (A1
1i,A

1
2i)

and (A2
1i,A

2
2i) (Fig. 5). The state of the forearm an be de�ned using points A1

1i or A
2
1i

and A1
2i or A

2
2i, respetively.

The rotation of moving platform S is due to the relative displaement of the two naelle

parts S01 = S02 and S03 = S04 (Fig. 5), using two rak-and-pinion systems. The relative

translation T is transformed into a proportional end-e�etor rotation θ = T/K, with K
as the transmission ratio. It should be observed that eah kinemati hain i is attahed
to a naelle element S0i whih is diretly attahed to moving platform S at D0 or D1.

2.3. Third family

In the third family, there is no atuated Prismati joint in the kinemati hains. It inludes

the H4, the I4R and the Par4 (Fig. 1). All these robots have only atuated Revolute joints.

H4, I4R and Par4 robots are based on four idential kinemati hains (Fig. 6, Fig. 7, Fig. 8

and Fig. 9). Eah revolute motor loated at A0i moves arm i with a �xed length l(r0i) = l,
i ∈ 1..4. Eah arm is onneted to a forearm (parallelogram) made up of two strutures

equipped with ball joints (A1
1i,A

1
2i) and (A2

1i,A
2
2i). The axis passing through the two

upper ends (or the lower extremities) of this parallelogram keeps the same diretion. The

state of the forearm an be de�ned using points A1
1i or A

2
1i and A1

2i or A
2
2i, respetively.
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L
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.
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.
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A12
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A13 A14
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r04
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A23
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1A23
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..A22 A21

2A21

1A21

1A22

2A22

D0.

S03;S04
D1

.

Guidance system

.
E

xeye

Fig. 5. Top view of the I4L robot (left) and its naelle (right).

Eah forearm is onneted at eah end to the artiulated naelle. The end-e�etor frame

loated at E an be translated in three diretions and rotated around a �xed axis

cze.

A0i

P1i

L

P0i

l

A2i
2

A1i
2

���

A1i
1

A2i
1

Fig. 6. H4, I4R and Par4 kinemati hain parameters.

2.3.1. The naelle of the H4 robot. The naelle of the H4 (Fig. 7) is omposed of two

lateral parts and a entral rod S = [D24D21]. The enter of this rod is the end-e�etor E
whih has 4 DOF (3 translations and 1 rotation).

O xb

yb

xp02

A02
xp01

xp04

xp03

A01

A04

A03
zp03

zp01

zp04

zp02

Fig. 7. Top view of the H4 robot (left) and its naelle (right).

2.3.2. The naelle of the I4R robot. The naelle of I4R robot is made up of 3 artiulated

elements. The relative displaement of the two plate parts S01 = S02 and S03 = S04 (Fig. 8)
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indues the rotation of the end-e�etor loated at the enter of S = [D0E]. The relative
translation T is transformed into a proportional end-e�etor rotation θ = T/K.

)
zb

xb

yb

O

α
A01

xp01zp01

.

. .

A02

A03
A04

xp02

xp03
xp04

zp02

zp03

zp04

. γ
..

. .
T

.

xeye

)θ xb

yb

h0

A22

A23
A24

A21

2A21

1A21

1A22

2A22

2A23

1A23

2A24

1A24

D0.

S

E

S01;S02

S03;S04

Fig. 8. Top view of the I4R robot (left) and its naelle (right).

2.3.3. The naelle of the Par4 robot. As shown in ref. [31℄, the Par4 naelle (Fig. 9) is

omposed of four parts: two parts de�ned by [D21D22] and [D23D24] and linked by two

rods [D21D24] and [D22D23] with revolute joints.

The artiulated naelle is equipped with an ampli�ation system (Fig. 9) to transform

the relative rotation θ = ±π

4
of the end-e�etor at E = D24 into a proportional rotation

(β = −κθ, κ = 3) of a new end-e�etor at E1. However, this ampli�ation system is not

very signi�ant from a kinemati point of view. Consequently, one an hoose D24 = E
as the end-e�etor position linked to the element [D21D24].

)
zb

xb

yb

O

α
A01

xp01zp01

.

. .

A02

A03
A04

xp02

xp03
xp04

zp02

zp03

zp04

.

E1

D21D22

D23

A21

)

d

 h

A23

A22 A21

A24

..

. .

xe
ye

D24

(E)

1

A21
2A22

1

A22
2

A23
1

A23
2 A24

1

A24
2

)
Xe

Ye

Fig. 9. Top view of the Par4 robot (left) and its naelle (right).

3. Contribution to a generi arhiteture of a broad lass of fully parallel

robots

To join together a broad lass of fully parallel mehanisms in the same generi

arhiteture, a ontribution to a generi struture of the kinemati hains and a generi

representation of an artiulated naelle will be disussed in this setion. Only the

manipulators having the following harateristis will be onsidered:
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r
Fully parallel robot: the number of ontrolled degrees of freedom of the end-e�etor is

stritly equal to the number of kinemati hains and just one atuator exists in eah

kinemati hain.

5,36

r
There are only two elements in eah kinemati hain. Eah element is omposed of two

rigid bodies linked by a Prismati joint (�xed or atuated moving joint).

The majority of existing parallel mehanisms are designed with a redued number of

kinemati hain elements ompared to serial strutures. Sine eah kinemati hain

is usually short and based on the omparative study of some existing parallel robots

shown in Setion 2, we will restrit the proposed generi arhiteture to four serial rigid

bodies (two serial kinemati elements as de�ned in Table I) in eah kinemati hain. It

is su�e from our point of view to desribe a broad lass of fully parallel robots.

r
The joint between two kinemati elements of the kinemati hain must be a Ball,

Revolute or Universal joint.

The main reason for this assumption is due to the fat that eah kinemati element an

be omposed of two rigid bodies linked by a Prismati joint. Consequently, the standard

joints (Ball, Revolute, Universal and Prismati joint) are therefore represented in eah

kinemati hain.

r
The joint between the last element and the naelle inluding the moving platform an

be a Ball, Revolute or Universal joint.

This is motivated by the fat that a Prismati joint diretly attahed to the naelle is,

generally, exluded. An atuated Prismati joint mounted at or near the �xed base (and

not the moving platform) is more interesting for rigidity and high-speed. Additionally,

a passive Prismati joint attahed to the naelle is di�ult to ontrol.

r
The joint between the �rst element and the base an be a Revolute or a Fixed joint.

Either joint an ensure rigidity and good kinemati behaviour of the robot beause we

have introdued enough degrees of freedom between the two kinemati elements (Ball,

Revolute or Universal joint), between the last element and the naelle (Ball, Revolute

or Universal joint) and between rigid bodies of eah element (Prismati joint).

r
Eah kinemati hain of a parallel robot has at least one Prismati joint whih must be

a �xed or atuated joint.

A passive Prismati joint should not be used beause it is di�ult to ontrol. In addition,

a fully parallel robot does not inlude a kinemati hain with two atuated joints (in

some ases, two atuated Prismati joints).

3.1. Contribution to generi arhiteture of the kinemati hains

Based on the previous assumptions and strutures of parallel robots presented in setion

2, a representative arhiteture of a broad lass of fully parallel robots is shown in Fig.

10. The artiulated naelle is onneted to the base by n kinemati hains. Eah hain

[A0iA2i] is omposed of 2 serial kinematis elements [AmiA(m+1)i], (m = 0..1 and i =
1..n). In suh onditions, this arhiteture is omposed of:

r
4 rigid bodies, in eah kinemati hain, [A0iP0i], [P0iA1i], [A1iP1i] and [P1iA2i].

r
5 groups of joints shown in Table II: two joints (Prismati or Fixed joint) at Pmi, two

joints (Ball, Universal or Revolute joint) at A1i and A2i and one joint (Revolute or

Fixed joint) at A0i.

The generi arhiteture in Fig. 10 uni�es several families of parallel robots. As shown in

Table II, one an easily �nd the Gough-Stewart platform by taking l(r0i) = 0 (the length

of the �rst element of eah kinemati hain) and an Universal joint at A1i = A0i. The

Prismati joint with an axis passing through P1i provides the variation of the length

L(r1i).
Based in the harateristis of several families of parallel robots, following onstraints

must be satis�ed:

r
The atuator of eah kinemati hain is loated at A0i or P0i or P1i. The two other

passive joints are �xed.
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Fig. 10. A generi kinemati hain arhiteture of a broad lass of parallel robots.

This is due to the fat that the atuated joint mounted at or near the �xed base (and

not the moving platform) is more interesting for two reasons. First, this on�guration

redues the moving platform mass assoiated with the atuation. Seond, it is also a

more onvenient way to design a parallel robot with low inertia, high load and high

speed.

r
For eah kinemati hain, the atuated joint at A0i or P0i or P1i will be denoted q0i. It
may be a Prismati or a Revolute joint.

Fully parallel robots are designed with only one atuated joint in eah kinemati hain.

The onventional atuators are revolute or linear joint mehanisms.

Table II . Illustration of the generi struture.

Generi Arhiteture Gough-Stewart platform

A0i Revolute or Fixed joint Fixed joint

P0i Prismati or Fixed joint Fixed Prismati (Fixed) joint

A1i Ball or Revolute or Universal joint Universal joint

P1i Prismati or Fixed joint Prismati joint

A2i Ball or Revolute or Universal joint Ball joint

l(r0i) l(r0i) or onstant onstant

L(r1i) L(r1i) or onstant 6= 0 L(r1i)

Par4/I4R/H4 Orthoglide/I4L

A0i Revolute joint Fixed joint

P0i Fixed Prismati (Fixed) joint Prismati joint

A1i Ball joint Ball joint

P1i Fixed Prismati (Fixed) joint Fixed Prismati (Fixed) joint

A2i Ball joint Ball joint

l(r0i) onstant l(r0i)
L(r1i) onstant onstant

Therefore, one an write the atuated joint q0i as:

q0i = λi α0i + λi (µi r0i + µi r1i) (1)

where

r µi = 1− µi and λi = 1− λi.

r µi = 1 if joint at P0i is atuated .

r µi = 0 if joint at P1i is atuated .
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r λi = 1 if joint at A0i is atuated .

r λi = 0 if joint at P0i or at P1i is atuated .

In the ase of an unatuated joint at P0i and P1i, µi an take the value 0 or 1. This

on�guration is denoted by

⊗
. It denotes an indeterminate value.

3.2. Contribution to a generi representation of a naelle

The majority of existing parallel robots are designed with a naelle omposed of one rigid

body, whih is a ompat solid ontaining the end-e�etor E and the moving platform S
(Fig. 11). It is linked to eah kinemati hain at A2i (e.g. the ase of the Gough-Stewart

and the Orthoglide robot). The naelle an be also omposed of several elements

29 S0i

and S (Fig. 11). Several researh studies have proven that ombining a parallel robot and

an artiulated naelle (e.g. H4,

29

I4L,

32

the I4R

30

and the Par4

31

) is a good alternative for

high-speed pik and plae operations and obtaining unlimited rotation of the tool around

one �xed axis.

In order to propose generi representation of a fully parallel robot naelle, let us

onsider the following lassi�ations:

r
First family:

This family inludes naelles omposed of one rigid body (e.g. Gough-Stewart,

Orthoglide

34

, Agile Eye,

37

the Hexapteron

38

). This family also ontains the naelle

of the fully-isotropi parallel robot.

35

r
Seond family:

In this family one an �nd artiulated naelles of parallel robots with Shoen�ies

motions

39, 40

(also alled 3T1R parallel robots or SCARA motions). The used naelle is

made up of at least 2 artiulated bodies (e.g. H4,

29

I4L,

32

the I4R

30

and the Par4

31

).

In general ases, artiulated elements of the naelle are restrited to be oplanar. The

naelle has only translational motion. However, the relative motion of the artiulated

elements of the naelle turns the moving platform around an axis of �xed diretion,

using an ampli�ation system.

E

A
2i

S0i

D
0i

S

A
1i

A
0i

Joints

Articulated Nacelle

E

A
2i D

0i
S

A
1i

A
0i

=

Fig. 11. Generi representation of the artiulated naelle (left) and the naelle omposed of one rigid

body (right).

The proposed study is limited to a naelle made up of n bodies S0i (i = 1..n) and one

entral rigid body S. For eah kinemati hain i, the �rst element S0i ontains A2i and

the seond one S ontains the end-e�etor E. Table III presents naelles of a broad lass

of parallel robots aording to the generi representation in Fig. 11.

As shown in Fig. 11, one an write:

cA2i =
cE+ c−−−→ED0i +

c−−−−→D0iA2i (2)
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Table III . Illustration of the generi arhiteture of the naelle.

The Gough-Stewart platform

Kinemati hain i S0i S D0i

1 [A21A21] [A21E] A21

2 [A22A22] [A22E] A22

3 [A23A23] [A23E] A23

4 [A24A24] [A24E] A24

5 [A25A25] [A25E] A25

6 [A26A26] [A26E] A26

The H4 or the Par4 robot

Kinemati hain i S0i S D0i

1 [A21D21] [D21D24] D21

2 [A22D21] [D21D24] D21

3 [A23D24] [D24D21] D24

4 [A24D24] [D24D21] D24

The I4R robot

Kinemati hain i S0i S D0i

1 [A21D0] [D0E] D0

2 [A22D0] [D0E] D0

3 [A23E] [ED0] E

4 [A24E] [ED0] E

The I4L robot

Kinemati hain i S0i S D0i

1 [A21D0] [D0E] D0

2 [A22D0] [D0E] D0

3 [A23D1] [D1E] D1

4 [A24D1] [D1E] D1

The hoie of an appropriate joint between S0i and S entered at D0i an be made

taking into aount the rigidity and a good kinemati behaviour of the parallel mehanism.

Thus, a movement of the solid S0i must generate a movement of S, at least aording
to a well-de�ned axis (the rotation based on the Shoen�ies motions). A Prismati joint

has to be avoided, sine a movement of S0i along the axis of the joint does not move

S. Consequently, the rotational movement of S0i may only be linear depending on the

rotation of the moving platform S (ase of gears, pulley and belt, hain and gears or side

by side movement transmissions).

Taking into aount the harateristis of the naelle, one an write in the �xed amera

frame Fc:





cVD0i∈S = cVD0i∈S0i

cΩ0i = ̺cΩe

(3)

where ̺ is the transmission ratio between the two rotational veloities of S and S0i.

It should be noted that:

r ̺ = 1 if the naelle is representing a single and ompat solid (

cΩ0i =
cΩe).

r ̺ = 0 if there is no rotational movement of S0i with respet to �xed amera frame Fc

(

cΩ0i = 03X1).

Applying the veloity omposition law expressed in Fc, one an formulate:

{
dA2i

dt
= cVA2i

= cVD0i∈S0i
+ cΩ0i ×

c
−−−−→
D0iA2i

dD0i

dt
= cVD0i∈S = cVe +

cΩe ×
c
−−−→
ED0i

(4)
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From (3) and (4), one an ompute:

cVA2i
= cVe +

cΩe ×
c−−−→ED0i +

cΩ0i ×
c−−−−→D0iA2i (5)

Consequently, using (3) and (5), one an write the following generi relation:

cVA2i
=

(
I3 −[c

−−−→
ED0i + ̺c

−−−−→
D0iA2i]×

)
c
τ e = G1

2i
c
τ e (6)

where:

G1
2i =

(
I3 −[c

−−−→
ED0i + ̺c

−−−−→
D0iA2i]×

)
(7)

Two signi�ant ases an be dedued:

r
The kinemati elements of naelle S and S0i are rigidly �xed to a single and ompat

solid (the ase of Gough-Stewart platform and the Orthoglide robot), whih is the

moving platform (̺ = 1). One an write:

cVA2i
=

(
I3 −[c

−−−→
EA2i]×

)
c
τ e (8)

r
There is no rotational movement of S0i with respet to �xed amera frame Fc (̺ = 0).
However, S has a rotational movement with respet to �xed amera frame Fc (in the

ase of the naelle of H4, Par4, I4R and I4L robots). Consequently, one an write:

cVA2i
=

(
I3 −[c

−−−→
ED0i]×

)
c
τ e (9)

4. Vision-based kinemati using referent edges observation

The majority of existing parallel mehanisms are designed with slim and ylindrial legs

between their base and their moving platform. Thus, one an onsider these legs as

straight lines for kinemati analysis.

5

In this setion, we will show that referent elements

an be observed to extrat, diretly from the image, the edges used as visual primitives.

Aording to the nature of visual primitives, we will also show that one an have an

optimal representation of the state of a parallel robot.

4.1. Line representation

Let L be a 3D line (Fig. 12). A point-independent representation of this line is the Plüker

oordinates (u,n)41 (also known as normalized Plüker oordinates sine us u is a unit

vetor), where u is the diretion of the line and n enodes its position. However, notiing

that n is orthogonal to the so-alled interpretation plane de�ned by L and the origin,

one an split it into two parts: the unit vetor n de�ning the interpretation plane and its

norm n whih is the orthogonal distane of L to the origin.

4.2. Projetion of the ylindrial referent element in the image

The losest element i to the naelle is hosen as the referent element of eah kinemati

hain. By observing eah referent ylindrial element, one an extrat the edges n
j
i with

j = 1, 2 assoiated to the lines' projetions in the image plane (Fig. 12). The line's

image projetion ould be represented by the normal vetor n
j
i (j = 1, 2) to the so-alled

interpretation plane assoiated to eah edge j.
Suh a projeted line in the image plane, expressed in the amera frame Fc, has the

following equation:

cn
j
i

T cp
j
i = 0 (10)
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where

cp
j
i represents the oordinates in the amera frame of any point in the image plane,

lying on the edge onsidered as a straight line.

Fig. 12. Projetion of a ylinder in the image (Left) and a projetion of a 3D line representation.

With the intrinsi amera matrix K, (10) an also be expressed in the image frame as:

imn
j
i

T imp
j
i =

imn
j
i

T
Kcp

j
i = 0 (11)

Using (10) and (11), one an easily obtain the onversion from the line equation in the

amera frame

cn
j
i to the same onversion in the pixel oordinates

imn
j
i :





imn
j
i =

K
−T c

n
j

i

‖K−T cn
j

i
‖

cn
j
i =

K
T im

n
j

i

‖KT imn
j

i
‖

(12)

Consequently, one an dedue the diretion

cui of eah ylinder

42

from (12):

cui =
cn1

i ×
cn2

i

‖ cn1
i ×

cn2
i ‖

(13)

Moreover, onsider point Pi lying on the ylinder axis i (Fig. 12), the edge j of eah

ylinder is de�ned by the following onstraints, expressed in the amera frame:





cn
j
i

T
cui = 0

cn
j
i

T
cn

j
i = 1

cn
j
i

T
cPi =

cn
j
i

T
(cpj

i +
c
−−−→
p
j
iPi) =

cn
j
i

T
(cpj

i + λjR
cn

j
i ) = λjR

(14)

where λ1 = λ2 = ±1 and R is the radius of ylinder i.
The last onstraint means that the edges are loated at a distane R from the ylinder's

axis (Fig. 12).

4.3. The observation of the referent element and the state of a parallel robot

Two edges an be extrated using ylindrial referent element observation. These edges

are diretly used in the ontrol loop and in a di�erential kinemati model.

This referene element is haraterized by the referene diretion ui and a length L(r1i)
whih an be either variable L(r1i) or onstant L(r1i) = L, but never zero. A1i andA2i are

the lower and upper extremities of this element. The lower extremity an be de�ned using

all joint positions of the kinemati hain A1i(α0i, r0i, ξgeom), where ξgeom is a kinemati

parameter. The upper extremity depends on the pose X of the end-e�etor A2i(X, ξgeom).
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The referent element [A1iA2i] of the kinemati hain i an e�etively represents the

state of parallel robot. Thus, using the onstraints (14) applied to point A2i, one an

write the following formula:

{
cn

j
i

T
cA2i(X, ξgeom) = λiR

cA2i =
cA21(X, ξgeom) + c

−−−−→
A21A2i(X, ξgeom)

(15)

The end-e�etor X an be represented by the axis-angle representation (

cue,
cθe) of a

rotation

cRe and the translation vetor

cte. Consequently, one an solve a system with 7

unknown variables represented by

cue,
cθe and

cte omponents.

A unique solution of the following system an be omputed using onstraints in (15)

applied to at least 4 kinemati hains:





cn1
1
T cA21(X, ξgeom) = λ1R

cn2
1

T cA21(X, ξgeom) = λ1R
cn1

2
T
(cA21(X, ξgeom) +

c
−−−−−→
A21A22(X, ξgeom)) = λ2R

cn2
2
T
(cA21(X, ξgeom) +

c
−−−−−→
A21A22(X, ξgeom)) = λ2R

cn1
3

T
(cA21(X, ξgeom) +

c
−−−−−→
A21A23(X, ξgeom)) = λ3R

cn2
3
T
(cA21(X, ξgeom) +

c
−−−−−→
A21A23(X, ξgeom)) = λ3R

cn1
4
T
(cA21(X, ξgeom) +

c
−−−−−→
A21A24(X, ξgeom)) = λ4R

cn2
4

T
(cA21(X, ξgeom) +

c
−−−−−→
A21A24(X, ξgeom)) = λ4R

(16)

5. Generi di�erential inverse kinemati model

Aording to the generi arhiteture presented in setion 3, the main objetive of this

setion is to fuse kinematis and projetive geometry into a generi projetive di�erential

kinemati model for ontrol, whih an have the following form:



q̇
u̇
ṅ


 =




Dinv
e

Minv
e

Linv
e


 τ (17)

whereDinv
e ,Minv

e and Linv
e are the joint kinemati matrix, the Cartesian kinemati matrix

assoiated to the diretions and the Cartesian kinemati matrix assoiated to the edges,

respetively.

The kinemati hains' losure around the referene element [A1iA2i] (Fig. 10) yields,
for eah kinemati hain i, the following kinemati model in generi vetor form:

L(r1i)ui =
−−−−→
A1iA2i = A2i(X, ξgeom)−A1i(α0i, r0i, ξgeom) (18)

where X is a representation of the end-e�etor pose.

Assuming that the kinemati parameters ξgeom are onstants, time di�erentiating of

the kinemati model (18) gives:

L̇(r1i)ui + L(r1i)u̇i = (19)

d

dt
(A2i(X, ξgeom))−

d

dt
(A1i(α0i, r0i, ξgeom))
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Time di�erentiating of L(r1i), A2i and A1i provides:





d

dt
(L(r1i)) =

∂L(r1i)

∂r1i
ṙ1i

d

dt
(A2i) =

∂A2i

∂X
LXτ

d

dt
(A1i) =

∂A1i

∂α0i
α̇0i +

∂A1i

∂r0i
ṙ0i

(20)

where LX is the matrix relating time di�erentiating of the Cartesian pose to the Cartesian

veloity.

4

One an rewrite (19) as:

L(r1i)u̇i = G1
2iτ +G0

1iα̇0i +G1
1iṙ0i +G2

1iṙ1i (21)

where

r G1
2i =

∂A2i

∂X
LX is the interation matrix assoiated to the 3D point A2i expressed in (7)

(see Setion. 3.2 for more details).

r G0
1i = −∂A1i

∂α0i
, G1

1i = −∂A1i

∂r0i
and G2

1i = −∂L(r1i)

∂r1i
ui are joint kinemati matries.

5.1. Di�erential inverse kinemati model assoiated to the atuated joints

In the ase of a parallel robot with one atuated joint q0i in eah kinemati hain, the

vetor of the joint veloities q̇ is obtained from the individual joint veloity q̇0i. The
di�erential inverse kinemati model assoiated to all atuated joints expressed in the

amera frame Fc an have the following formula:

q̇ = Dinv
e

c
τ e (22)

Assuming that only one joint variable (α0i, r0i or r1i) is used in (21), one an write:

L(r1i)
cu̇i = (23)

G1
2i

c
τ e +G0

1iα̇0i +G1
1iṙ0i +G2

1iṙ1i ≡ G1
2i

c
τ e +G1iq̇0i

where G1i depends on q0i (see setion 3.1 and (1)) and has the following generi equation:

G1i = λiG
0
1i + λi(µiG

1
1i + µiG

2
1i) (24)

Sine

cuT
i
cu̇i = 0, (23) gives the di�erential inverse kinemati model assoiated to q0i:

q̇0i = −
cuT

i G
1
2i

cuT
i G1i

c
τ e = Dinv

ei
c
τ e (25)

where Dinv
ei is the individual matrix (row vetor) of Dinv

e .

5.2. Di�erential inverse kinemati model assoiated to diretions

Using (23) and (25), the di�erential inverse kinemati model assoiated to diretions ui

an be written as:

cu̇i =
1

L(r1i)
(I3 −

G1i
cuT

i

cuT
i G1i

)G1
2i

c
τ e = Mi

c
τ e (26)

where Mi =
1

L(r1i)
(I3 −

G1i
c
u

T

i
cuT

i
G1i

)G1
2i is the individual matrix of Minv

e .
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5.3. Di�erential inverse kinemati model assoiated to edges

The time derivative of onstraints in (14) applied to point A2i indues a �rst di�erential

inverse kinemati model assoiated to the edges expressed in the amera frame and has

the following equation:

20

cṅ
j
i = (Rj

1iG
1
2i +R

j
2iMi)τ = cL

j
i
c
τ e (27)

where





R
j
1i = −

(cu
i
×c

n
j

i
)cnj

i

T

cAT
2i
(cu

i
×cn

j

i
)

R
j
2i = −(I3 −

(cu
i
×c

n
j

i
)cAT

2i

cAT
2i
(cu

i
×cn

j

i
)
)cui

cn
j
i

T

cL
j
i = R

j
1iG

1
2i +R

j
2iMi

(28)

where Mi is de�ned in (26) and G1
2i is de�ned in (7).

This proves that the movement of the platform depends linearly on the variation of

the movement of A2i represented by G1
2i and on the di�erential inverse kinemati model

assoiated to diretions Mi.

A seond di�erential inverse kinemati model assoiated to edges expressed in the

image frame an also be omputed. As a results one needs to present the interation

matrix

imL
j
i relating the Cartesian veloity

c
τ e to the time di�erentiating of the edge

vetor of eah referent element

imṅ
j
i expressed in the image frame:

imṅ
j
i =

imL
j
i
c
τ e (29)

where

imL
j
i is the individual matrix of Linv

e .

imL
j
i an be written as a produt of two matries:

imL
j
i =

imJc
cL

j
i (30)

where

imJc is assoiated to the amera-to-pixel hange of frame:

imṅ
j
i =

imJc
cṅ

j
i (31)

Aording to ref. [20℄,

imJc an be written as:

imJc =‖ KT imn
j
i ‖ (I3 −

imn
j
i
imn

j
i

T
)K−T

(32)

6. Visual servoing using referent elements observation

6.1. Error to servo

The generi ontrol law is based on the observation of referent elements and the extration

of the visual primitives s
j
i =

imn
j
i used for regulation. We hoose to minimize the error e

j
i

between the edge in the urrent position

imn
j
i and the edge in a desired position

imn
j
i

∗
.

First, the ontrol law gives the Cartesian veloity aording to the error. The di�erential

inverse kinemati model assoiated to the joints will then provide the joint veloities.

The error to servo

20, 21

is:

e
j
i =

imn
j
i ×

imn
j
i

∗
(33)

Taking into aount that the proposed generi arhiteture is omposed of n kinemati

hains, the vetor of all errors is e =
(
e1
1

T
e2
1

T
... e1

n

T
e2
n

T
)T

.
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6.2. Generi ontrol law

Time derivative of (33) gives:

ė
j
i =

imṅ
j
i ×

imn
j
i

∗
= −[imnj

i

∗
]×

imṅ
j
i (34)

Using (29), one an ompute:

ė
j
i = N

j
i
c
τ e (35)

where

N
j
i = −[imnj

i

∗
]×

imL
j
i (36)

Taking into aount an exponential behaviour of the error (ė = −λpe), (35) gives:

c
τ e = −λpN̂

+e (37)

where N is a ompound matrix from the assoiated individual interation matries N
j
i

and λp is a onstant parameter.

Inserting (37) into (22) delivers the �nal generi ontrol law:

q̇ = −λp
ĉDinv

e N̂+e (38)

7. Experimental validations

7.1. Experimental ontext

The proposed approahes are validated on the Gough-Stewart Platform and the Par4

robot. By providing an interfae with Linux-RTAI, the kinemati ontrol of the Gough-

Stewart platform and the Par4 robot is ensured using ViSP library

43

for extrating

edges, traking and matrix omputation. Eah robot is observed by a perspetive amera

(1024x780 pixels, IEEE1394) �xed with respet to the base referene frame. The amera

is plaed in front of the robot legs so that it an over the robot workspae (Fig. 13 and

Fig. 14).

Fig. 13. A photograph of a Gough-Stewart platform (left) and a urrent on�guration seen from the

amera (the desired on�guration is in the bakground).

7.2. Experimental validation on a Gough-Stewart Platform

7.2.1. The Gough-Stewart platform model aording to the generi struture model. In the

ase of the Gough-Stewart platform, the two extremities of the referent element are A1i

and A2i (see Fig. 3 and Fig. 10). Notie that A1i is a onstant parameter (

d(cA1i)

dt
= 0).
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Fig. 14. A photograph of the Par4 robot (left) and a urrent on�guration seen from the amera (the

desired on�guration is in the bakground).

The length of the referent element [A1iA2i] is L(r1i) = r1i. The kinemati model in vetor

form (18) an be written as:

r1i
cui =

cA2i −
cA1i (39)

Table IV gives the harateristis of the Gough-Stewart platform models dedued from

the proposed generi model (see setion 3 and setion 5).

Table IV . The Gough-Stewart models.

Atuators in eah kinemati hain 1

µi 0

λi 0

q0i r1i
A1i A1i = A0i = P0i

̺ 1

Naelle Compat solid (rigid body) (

cΩe =
cΩ0i)

G0
1i 0

G1
1i 0

G2
1i −cui

G1i −cui

G1
2i (I3 −

c[
−−−→
EA2i]× )

7.2.2. Image-based visual servoing results. To evaluate the ontrol approah, the Gough-

Stewart platform is asked to reah a desired pose (Fig. 13) obtained from an initial

on�guration. Therefore, Fig. 15 presents the evolution of the unit-less errors in the

image and the Cartesian veloities.

The errors onverge exponentially to 0 with a perfet deoupling from an initial position

to the desired one. The onvergene errors are essentially due to the auray level of the

edges' extration. The position of the vision sensor (Fig. 13) does not allow the same

preision on all referent kinemati elements, whih generates measurement sensitivity.

7.3. Experimental validation on the Par4 robot

7.3.1. The Par4 model aording to the generi struture model. As shown in Fig. 6, eah

forearm i onsists of two kinemati elements [A1
1iA

1
2i] and [A2

1iA
2
2i]. We hoose to observe

only the �rst referent element [A1
1iA

1
2i] with length L(r1i) = L (see Fig. 6 and Fig. 10).

The kinemati model (18) an be written as:

L

cui =
cA1

2i −
cA1

1i (40)
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Fig. 15. Visual servoing of the Gough-Stewart platform: edge errors and Cartesian veloity.

The diretion

cxp0i of eah arm is a unit vetor. Eah arm has a rotational movement

around

czp0i, with angle q0i = α0i.

It should be noted that:

r cA0i and
c
−−−−→
A2

1iA
1
1i = −Hczp0i are onstants.

r l(r0i) = l.
r cA1

1i =
cA0i + lcxp0i +

1
2
c
−−−−→
A2

1iA
1
1i.

One an ompute:

d(cA1
1i)

dt
= l

d

dt
(cxp0i) = q̇0il

cy
p0i

(41)

where

cy
p0i

= czp0i ×
cxp0i

Table V presents the Par4 models aording to the generi model (see setion 3 and

setion 5).

7.3.2. Experimental results. The par4 robot is asked to reah the desired pose (Fig. 14)

obtained from the initial on�guration by a translation along the three axes and a rotation

around the

cz axis. Fig. 16 shows that the edge errors and the Cartesian veloities onverge
to 0. An experimental test was performed using approximately 15-20 FPS, IEEE1394

amera. This is largely su�ient to prove the validity of the proposed approahes. As

shown in Fig. 16, one an see that the maximum speed is approximately equal to 0.012

m/s in translation and 0.042 rad/s in orientation. Notie that one an use a high speed

amera (e.g. Rolling Shutter Camera) to ahieve a high-speed vision-based ontrol

44

and

to improve speed and aeleration values. Reently, the real-time vision-based ontrol, the

analysis and the real-time trajetory traking ontrol validated on a real parallel robots,

e.g.

45�47

, have attrated more interests.
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Table V . The Par4 models.

Atuators in eah kinemati hain 1

µi 0 or 1

λi 1

q0i α0i

A1i A1
1i

̺ 0

Naelle Artiulated elements and

cΩ0i = 0

G0
1i −lcy

p0i

G1
1i 0

G2
1i 0

G1i −lcy
p0i

G1
2i (I3 −[c

−−−−→
D24D0i]× )
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Fig. 16. Visual servoing of Par4 robot: edges errors and Cartesian veloity.

In the kinemati modeling of the Par4 robot shown in Table V, one needs to estimate

points A1
1i. The �rst option is to use redundant sensors to measure q0i = α0i and to

ompute

cA1
1i =

cA0i + lcxp0i +
1
2
c
−−−−→
A2

1iA
1
1i. This method is not always tehnially feasible.

It has been shown in ref. [48℄ that these parameters an be measured using only vision

in the ase of the I4R robot. Moreover, it was shown that one an get rid of the joint

values in the same movement. In this paper, the same method is used in the ase of

Par4 robot. The edges and onstraints (14) deriving from the image projetion of the

ylindrial referent elements are used to measure

cui and A1
2i. Finally,

cA1
1i an then be

dedued from (40) without proprioeptive sensors.
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8. Disussion

It should be noted that the observation of the ylindrial referent kinemati elements by a

single perspetive amera auses a self-olusion problem sine the legs in the bakground

of the image may be hidden by those in the foreground (Fig. 13). Moreover, the perspetive

projetion of some referent elements appears nearly parallel in the image, whih is a noise

sensitive on�guration for the diretion extration. In ref. [44℄, a way to solve the olusion

problem is to turn to an observable portion of the line representing the ylindrial leg

edge whih an be enough for visual traking. Omnidiretional amera an also overome

these problems sine it provides a 360 degree �eld of view of the surroundings. Plaed

between the legs, it provides a more onvenient observation of the lines.

49, 50

An alternative

solution is to observe only the mn observable legs among the n legs of the parallel robot

(mn<n).19 As shown in ref. [26℄, the minimal number of observed legs (mn) should be,

for 3D unit orientations vetors, an integer greater than n/2.
Let us now onsider the ase of a referent kinemati element having another shape

suh as a parallelepiped, a portion of a one, square pyramid or uboid. Di�erent points

an be disussed here. The �rst step is to hoose the visual primitives (edges, lines,

faes) and the vision system (perspetive, omnidiretional or stereo amera) to use in

the ontrol. Afterwards, the onstraints in Setion 4 (Eqs. (10), (13) and (14)) should be

modi�ed and adjusted to �t eah shape and an then be used to ompute the diretion

and the di�erential inverse kinemati model assoiated to visual primitives. In some

ases, di�erent edges and faes of shapes are not observable. Di�erent tehniques like

shape detetion or traking using ontours an be used to avoid this problem.

The previously mentioned issues an be the subjet of several future studies. One

these points are studied, they an improve our approah and make it even more generi.

9. Conlusion

This paper presented a generi modeling and vision-based ontrol of a broad lass

of parallel robots designed with ylindrial legs and one atuated joint. A generi

arhiteture omposed of a generi representation of the kinemati hains and the naelle

was �rst introdued.

Based on the geometri spei�ations of eah kinemati hain and the naelle, a generi

projetive kinemati model was examined. Inspired by the geometry of lines, this model

relies on the kinemati spei�ity of the last kinemati elements (referent kinemati

elements) attahed to the naelle. This modeling method turns out to be dependent

on the mobile platform position and the orientation of referent elements. Aording to

the same generi methodology whih is applied to the geometri and kinemati model, a

vision-based ontrol was introdued. The image projetion of the referent element of the

robot was used as feedbak signal.

The main advantage of the proposed approahes is that modeling and ontrol are

uni�ed aording to a oherent representation of parallel robots, in whih one an fuse

a generi arhiteture, the kinemati modeling, referent kinemati elements observation

and ontrol, for several types of parallel robots. Furthermore, we do not require the use

of an additional visual pattern to alibrate the relative pose of the latter with respet to

the end-e�etor.

The proposed generi arhiteture is based on the harateristis of di�erent parallel

robot families and some assumptions, suh as an atuated or passive joint, the number of

atuators and the number of kinemati elements in eah kinemati hain. Despite these

assumptions, we proved that a broad lass of parallel robots (setion II) an be inluded

in this arhiteture. The modeling and ontrol proved to be well founded in experimental

validations on two di�erent families of parallel robots (Gough-Stewart platform and a

Par4 robot) presented in this paper.

The proposed generi ontrol is based on the referent kinemati elements observation.

Three Cartesian kinemati matries are omputed in generi form: the joint kinemati

matrix, the Cartesian kinemati matrix assoiated to the referent kinemati elements'

diretion and the Cartesian kinemati matrix assoiated to the edges (see setion V
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for more details). We do agree that studying the onvergene properties of this ontrol

algorithm ould be very signi�ant. The goal is to �nd the region of attration of the

ontroller (global or loal), sine this is a pure pseudoinverse ontrol law. Authors in

ref. [26℄ studied the ontrollability of parallel robots using only the visual servoing of leg

orientation in Cartesian spae. In this ase, the Cartesian kinemati matrix assoiated

to the edges shown in Setion 5.3, was not onsidered in the ontrol law. Based on the

Hidden robot onept, authors proved that a global di�eomorphism between the Cartesian

spae and the leg diretion spae does not always exist. They also erti�ed that the robot

did not onverge to the loal minima, through the appliation of tools developed for the

singularity analysis of robots.

However, researh studies in ref. [20℄ have proven that servo edges might be very

aurate than servo orientation for intrinsially geometrial reasons. In this paper, a

generi representation of the approah in ref. [20℄ was proposed. The mapping between the

edges and the observed elements' diretions (the Cartesian kinemati matrix assoiated

to the edges) is shown in Setion 5.3. Hene, part of our future studies will be dediated

to the extension of the approah to other lasses of parallel robots and to the study of

the ontrollability of parallel robots using edge-based visual servoing in image spae.
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