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ABSTRACT

In this paper, a new family of parallel manipulators
called PAMINSA' is proposed. The particularity of these
manipulators is the decoupling of displacements in the
horizontal plane from its translation along the vertical
axis. The advantages of such an approach are discussed,
and a prototype is presented. The positioning errors of
the moving platform taking into account the elasticity of
links are determined and the performances of such a
design are shown.

1. INTRODUCTION

Mechanisms known as parallel manipulators are defined
in the terminology for the mechanism and machine
science [1] as the manipulator that controls the motion of
its end-effector by means of at least two kinematic
chains going from the end-effector towards the frame.
Such a mechanical architecture divides the manipulated
load between the several legs of the system and, as a
result, each kinematic chain carries only a fraction of the
total load. Such a structural architecture allows for the
reduction of the mass of the movable links and for the
use of less powerful actuators. However, in spite of these
advantages, there are some drawbacks, for example, a
limited workspace or a high coupling between the
different kinematic chains.

The non-linearity of the static and dynamic models of
the parallel manipulators is not attractive for industrial
applications. That’s why in the last few years new
structures of parallel architectures have been developed
for the decoupling of the kinematic and dynamic
input/output relationships [2-5]. The analysis of these
schemes shows that, in most cases, fully decoupling is
developed, i.e. the decoupling of the displacements
about all the degrees of freedom of the platform. Despite
rather-encouraging results, we would like to note that the
fully-decoupled manipulators have drawbacks also, for
example, a lack of stiffness or the increasing of the joint
number. It is obvious that it is not easy to solve the
problem of the full decoupling of the movements and to
conserve the principal advantages of the parallel
structures. That’s why we tried to find a compromise

1 PAMINSA: Parallel Manipulator of the I.N.S.A.

between the decoupling of the movements and the
architectural particularity of the parallel structures.

A new approach to the problem of the design of
decoupled parallel manipulators.

An energetic analysis shows that the work of gravity
applied on a point moving in the horizontal plane is
equal to zero (the gravitational forces are always
perpendicular to the displacements). But the work of the
same force applied on a point moving along the vertical
axis is other than zero (the gravitational forces are
parallel to the displacements). This phenomenon is used
in the design of the hand operated manipulators [6], in
which the horizontal displacements of the payload are
carried out manually and the vertical displacements are
actuated. To design a new parallel architecture, we have
applied this principle.

In our previous works [7-9] the study of a new 4-dof
parallel manipulator with decoupled motions was
developed.

In this paper we generalize the adopted approach for the
family of such manipulators from 4 to 6 degrees of
freedom, and we show the performances of the prototype
of the PAMINSA with 4-degrees of freedom.

2. THE FAMILY OF PAMINSA MANIPULATORS

The family of the PAMINSA manipulators is based on
the copying properties of the pantograph linkage, which
represents the kinematic chain between the fixed base of
the manipulator and its end-effector. Thus each leg of the
suggested manipulator is a pantograph linkage with two
input parameters. This makes it possible to decouple the
displacements between the horizontal plane and the
vertical axis. In this manner, the displacements of the
platform in the workspace are obtained by controlling
the displacements of the input points of each leg.

Figure 1 (a) and (b) represent two different versions of
the legs of the PAMINSA. For the represented cases, the
input points are A; and B; and the output point is C;. If
the point A; is displaced horizontally, we obtain a
horizontal displacement of the point C;. If the point B; is
displaced vertically, we obtain a vertical displacement of
the point C;.

The application of the pantograph linkage allows the
development of a new family of manipulators with 4, 5



or 6 degrees of freedom. It is possible to have different
architectures for the same degree of freedom,
differentiated by the number of legs between the base
and the platform of the manipulator, as well as its
actuated joints. In this paper we have only presented the
manipulators with 3 legs and we note PAMINSA-iDjL a
PAMINSA with i degrees of freedom and j legs. It
should be noted that it is possible to create PAMINSA
manipulators with 2 legs. These types of PAMINSA are
presented in our previous work [8].
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Fig. 1. Two different versions of the legs of PAMINSA
manipulators.

Table 1 shows different architectures of the PAMINSA
with three legs. For the PAMINSA-4D3L, the points A;
are actuated on the horizontal plane by 3 motors M;
which control directly the rotation of the revolute joints
Ri. The second possible version of this manipulator is the
control of the translations in the prismatic pairs S;. For
both versions the vertical displacements of the point B;
are controlled by only one actuator My,. Thus, the motors
M; control the displacement of the platform on the
horizontal plane and the motor My controls the
displacement towards the vertical axis.

For the PAMINSA-5D3L, the rotations of the three legs
allow the displacements of the platform in the horizontal
plane. Points B; of two of the three legs are linked to the
same actuator and the third leg has an independent
vertical actuation. The vertical translations are controlled

by the simultaneous vertical displacements of points B;
of the 3 legs. The orientation about two axes is obtained
by the vertical displacements of the point B; of the legs.
The PAMINSA-6D3L is a manipulator with 6 degrees of
freedom composed of 3 legs. The rotations of the three
legs allow the displacements of the platform on the
horizontal plane. The point B; of each leg is controlled
by an independent actuator. The vertical translations and
the orientation of the platform are obtained as
previously. However, in this case the platform can be
oriented about three axes.

Advantages and possible applications of the

PAMINSA.

The obvious advantages of the suggested manipulator

architectures are the following:

- The decoupling of the control powers in two parts,
making possible to raise an important payload to a
fixed altitude by powerful actuators and then to
displace it on the horizontal plane by less powerful
actuators;

- A great accuracy in the horizontal positioning because
the payload can be locked in the horizontal plane by
mechanical architecture of the manipulator, as well as
the use of the less powerful actuators for the
generation of motions on the horizontal plane (it is
obvious that the less powerful actuators with a small
load are more accurate then the powerful actuators).

- The simplification of the vertical control based on
linear input/output relationships (note that the vertical
displacement of the platform is a copy of the linear
displacement of the actuator multiplied by a
magnification factor).

Each kind of PAMINSA has its advantages and can be

used differently. For example, the PAMINSA with 4

degrees of freedom allows improving the positioning

accuracy about the vertical axis because the structure is
mechanically locked during the displacement on the
horizontal plane. We estimate in the following sections
of this paper the positioning errors for a fixed altitude
due to the structure deformations. Moreover, it allows
improving the positioning accuracy on the horizontal
plane along the x and y axes, because the loads due to
the gravitational forces of the payload on the actuators

M; (i=1, 2, 3) are insignificant (they are equal to zero

after the balancing of the pantograph linkages, see [9]).

Such a design allows the fixation of an important load in

a given altitude, then, positioning it on the horizontal

plane by displacements towards two axes and the

rotation about the vertical axis.

The PAMINSA with 5 degrees of freedom allows the

carrying out of all previous displacements with an

inclination angle y of the platform (fig.2). The angle of
the inclination  can be defined as an angle between the
normal N, to the platform and the normal N of the plane

XQy. Thus it is possible to move the platform on the

horizontal plane with any inclination relative to the

horizontal plane. In this case the inclination is defined by
the rotation of the point C; about the line C,Cs.



The PAMINSA with 6 degrees of freedom allows for any
orientation of the platform about the z axis and the
displacements of the platform on the horizontal plane.
The angle of the inclination y can be defined as for the
previous case but it can have any given value (i.e. any
rotation about C;, C, and Cs is possible).

c,tN
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Fig.2. The angle of the inclination  of the platform.

We would like to note that for the whole versions of the
PAMINSA, there is a decoupling between the
displacements on the horizontal plane and the
displacements towards the vertical axis.

The authors believe that the proposed manipulators
could be used in industrial applications for the
manipulation of heavy equipment with great positioning
accuracy. Various fields are possible depending on the
type of industrial application.

The possible application of the PAMINSA could also be
micromechanics for high-accuracy tasks. Indeed, thanks
to the magnification factor of the pantograph linkage, a
great displacement of the vertical actuators M, can be
transformed into the small displacements of the
platform.

3. THE PROTOTYPE OF THE PAMINSA-4D3L

We have developed in the I.N.S.A. of Rennes a
prototype of PAMINSA-4D3L (Fig. 3). A short
description of the developed manipulator is presented
below.

Fig. 3. The prototype of PAMINSA-4D3L developed in the
I.N.S.A. of Rennes.

This prototype is based on the scheme presented in table
1. The displacements on the horizontal plane are
obtained by actuating the revolute joint R; (Harmonic
Drive motors connected with the legs by means of the
toothed-belt transmission, Fig.4).

Fig. 4. Actuation system of each leg.

The actuator M, which controls the linear displacement
of the vertical axes of the manipulator’s legs is a linear
actuator and, for the developed prototype, the PARVEX
motor system was chosen.

The pantograph linkage has been carried out with double
rods in order to improve the stiffness of the mechanical
system. It is obvious that for an industrial application it
is attractive to create a pantograph with single links and
more rigid.

Error analysis due to the elastic deformations of the
mechanical structure.

The stiffness of the developed prototype is studied
taking into account the elasticity of the links of the
pantograph linkages (the geometry and mass distribution
parameters of the links are listed in Table 2). Two cases
were examined on the CAD model (Fig. 5): the errors
due to the deformations of the manipulator without any
payload and with a load of 20 kg.

Figure 6 shows the positioning errors due to the
deformations of the manipulator in the first case.

Fig. 5. The CAD model of the PAMINSA-4D3L.
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(f) Error caused by the rotation of the platform
about the z axis.

Fig. 6. Absolute positioning errors of the platform with orientation ¢ =0° at the altitude z=-0.6 m.



The analysis of the obtained results shows that the
position in which the structure is less deformed is the
central position. When the platform moves away from
this position, the manipulator becomes less rigid and
loses its accuracy. However, it is important to note that
the absolute errors along the vertical axis are rather
small (Zna= -0.25 mm and zn,= -0.27 mm). The
difference between these two values is less than 20 pm.
Thus, we can note that the suggested manipulator allows
moving of the platform on horizontal plane with great
accuracy. It should be also noted that the positioning
errors do not depend on the elasticity of actuator
systems. The gravitational forces are also vertical and do
not have any action on the rotating actuators.
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Fig. 7. Absolute positioning errors of the platform along the z
axis with load of 20 kg (at altitude z=-0.6 m and with platform
orientation ¢ =0°).

With a payload of 20 kg applied on the platform, the
absolute variations of the positions along the vertical
axis are Zyas= -1.22 mm and zy,= -1.36 mm (Fig. 7).
The difference between these two values is less than 140
um, which is small, taking into account that the
pantograph links are hollow tubes with a thickness of 1.5
mm. It is obvious that positioning errors for the
manipulator can be reduced with high stiffness links.

Singular configurations.

The decoupling between the displacement on the
horizontal plane and the displacement along the vertical
axis allows the decoupling of the singularity analysis
into parallel and serial singular configurations. Only the
singular configurations of the planar projection of the
suggested manipulator are represented below. It
represents a planar 3-RPR parallel manipulator (Fig. 8).
The singular configurations of the planar 3-RPR parallel
manipulator [10, 11] appear if py or p; or ps is equal to 0O,
where p; =O;C; represents the projection of the vector

BiC; on the horizontal plane. In this case, the rotation of
one of the legs of the manipulator does not allow for the
platform displacement on horizontal plane.

Another kind of singular configurations appears when

the orientation angle of the platform is equal to:
¢ = tarccos(R, /R,) or if the platform centre is located

on a circle centred on point O with radius:

R=yRZ+RZ - 2R,R, cOS ¢ ,

where Ry, is the base radius and R, is the platform radius.

Fig. 8. Projection of the PAMINSA-4D3L
on the horizontal plane.

Workspace.

The designed prototype has the following characteristics:

- Platform radius R,, = 100 mm,

- Base radius Ry = 350 mm,

- Length D;C; = 630 mm,

- Length A;D; =420 mm,

- Magnification factor of the pantograph linkage k= 3,

- Point A; can move on the prismatic joint from a
distance to the vertical axis of the pantograph between
50 mm and 300 mm,

- The angle between the links AD; et D;C; of the
pantograph linkage is defined from 30° to 150°.

The workspace of the developed prototype is shown in
Fig.9. This is the total workspace in which there are
singular configurations. The physical interpretation of a
singularity in kinematics refers to those configurations in
which the number of degrees of freedom of the
mechanical structure changes instantaneously, either the
manipulator gains some additional, uncontrollable
degrees of freedom, or loses some degrees of freedom.
Thus the workspace without the singular configurations
is smaller. In order to eliminate the singular
configurations, we think that it is reasonable to add two
complementary linear actuators. It is important to note
that these linear actuators will also be less powerful
taking into account that the loads on the actuators which
generate the displacements on the horizontal plane are
very small (quasi-zero).

Another trend, which can be interesting for the increase



of the manipulator workspace without the singular
configurations, is the optimal location of the frame’s leg
joints. In the developed prototype the legs are located
symmetrically and this assemblage of the legs is not
efficient. Such a disposition of legs was selected for
further study of the singularity in dynamics. It seems that
there can be a more efficient assemblage with an
asymmetric location of legs, for example, one leg on one
side and two legs on the other side of the platform.

Y(m) 04 - 04

X(m)

Fig. 9. Workspace of the developed prototype for a fixed
orientation angle of the platform equal to 0°.

The space limitation of this paper did not permit the
discussion of the optimal disposition of legs of the
PAMINSA manipulators. In the future, we will make all
possible efforts to provide a more detailed discussion
regarding this problem.

4. CONCLUSIONS

In this paper, we have proposed a new family of parallel
manipulators, in which the movements on the horizontal
plane and the translations along the vertical axis are
decoupled. Three types of such a decoupled manipulator
with 4, 5 and 6 degrees of freedom are proposed. They
are called PAMINSA and are divided into three groups.
Each group has its advantages, which are discussed. The
suggested structural architecture allows the application
of the linear control of the vertical displacements and the
cancellation of the loads on the actuators due to the
gravitational forces during the displacements of the
platform on the horizontal plane. The obtained results
have shown that such design ensures a great absolute

accuracy of the manipulator towards the vertical axis of
the platform.

Finally, it should be noted that the patent concerning of
the PAMINSA manipulators is pending and additional
information is available upon request.
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Table 1. PAMINSA manipulators

PAMINSA-4D3L

DOF: 3 Translations and 1 Rotation

3D view

Projection on the horizontal plane

Type of connection between the platform
and the legs: Universal (Cardan) joints

Actuated joints :
R1, R2, R3 et M,

or S1,S2,S3etM,

e N
e -
i —

PAMINSA-5D3L

DOF: 3 Translations and 2 Rotations

3D view

Type of connection between the platform
and the legs: Spherical pairs

Actuated joints :
R1, R2, R3 and M1, My,

or S1, S2, S3 and M,;, My,

i::'l.,..

PAMINSA-6D3L

DOF: 3 Translations and 3 Rotations

3D view

Type of connection between the platform
and the legs: Spherical pairs

Actuated joints :
R1, R2, R3 and M1, My,, M3

or S1, S2, S3 and My;, My, Mys

% The projection of the platform on the horizontal plane changes with the variation of its orientation.




Table 2. Dimensions and characteristics of the prototype’s links

Location Section Dimensions Location Section Dimensions
Beam @
Beam @
Control Control
[ H =50 mm
Gi —— - D =40 mm
" h =25 mm 7\
M e B L N\TT e=15mm
g e=3mm N\ \’\ .
Dy Platform ! N L = 630 mm
Pantograph '(' !* L = 308 mm
1
Control Bea’m ( ) Control
9 D =25 mm G Solid @
e=47mm | | Al == | D=25mm
L =442 mm i L=15mm
Pantograph ...
1)
Beam Control
D=25mm Solid @
e=1.5mm D =310 mm
L =210 mm o L=12 mm
Pantograph
Bea’m (1) Control Bea’m (1)
D =25mm — ; I H=25mm
e=15mm e ) h =50 mm
L =420 mm l e=2mm
L =363.5 mm
Beam @ ® Material: AU4G,
Characteristics: E = 74000 MPa, v = 0.33, p = 2800 kg/m®.
D =40 mm ) .
@ Material: Steel,
Characteristics: E = 210000 MPa, v = 0.28, p = 7850 kg/m®.
e=15mm
The masses of the joints:
L =420 mm

Mai = 0.305 kg, Mg; = 0.338 kg, Mgi = 0.233 kg, Mp; = 0.259 kg

mg; = 0.262 kg, mg = 0.28 kg, mg; = 0.214 kg




