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Sommario

La crescente complessita delle applicazioni robotizzate
puo essere efficacemente affrontata mediante un
maggiore utilizzo di agenti cooperanti: per esempio, le
nuove architetture ibride, basate sulla separazione
funzionale dei compiti a seconda della struttura
cinematica, possono consentire il raggiungimento di
prestazioni superiori anche con soluzioni pitt semplici.
Ovviamente questi risultati sono piu facilmente
conseguibili qualora la progettazione di tali sistemi sia
condotta con un approccio meccatronico integrato, che
porti definizione di macchine modulari e riconfigurabili.
Il presente articolo mostra, a titolo di esempio, come
una tipica operazione di assemblaggio a sei gradi di
liberta possa essere realizzata da due macchine
cooperanti, ciascuna a mobilita limitata e dotata di un
sistema di controllo delle forze di interazione.

Abstract

A growing use of cooperating robotic agents can help to
successfully deal with more and more complex
automated applications: the new hybrid architectures are
based on the functional splitting of robotic tasks among
the autonomous agents according to the specific
kinematic structure and can lead to the accomplishment
of higher performances in spite of the use of simpler
solutions. An integrated mechatronic approach can
greatly simplify the design of such innovative systems,
also leading to the definition of modular and
reconfigurable machines. The paper shows, as an
example, how a typical six dof’s assembly operation
can be carried out by two cooperating machines, with
limited mobility and equipped by proper interaction
control.

1 Introduction

In last few years advanced robotics has seen the
advent of new research paradigms, based on higher
levels of cooperation for the execution of more and
more complex tasks. As a matter of fact, the robots
operating in a certain environment are not seen any
more as single entities designed to accomplish
autonomously their specific tasks, but they are better
considered as autonomous agents belonging to a wider

and complex community, where every entity shares its
own resources to pursue a common goal, out of the
reach for every single agent. Such agents, that are
simultaneously autonomous but also characterised by
advanced communication capabilities, can generally
behave in a cooperative or concurrent manner to
successfully achieve a common goal, thus exploiting at
the best the global resources available in the system.

The present work describes a mechatronic system
for assembly operations composed by two cooperating
parallel kinematics machines (PKM’s), whose
innovative architectures are complementary and
singularly under-dimensioned for the execution of the
global task; the “peg-in-hole” operation is considered in
the paper as a reference simulation benchmark and is
carried out by the two agents with the use of variable
compliance schemes [1-3].

It is noted that in the case of PKM’s, the cooperation
issues underlying the agency concept are even more
important than for other application fields: in fact, the
high potential performances of PKM’s (e.g. low cycle
times, high stiffness, good accuracy, etc.) are often
counterbalanced by a difficult design and control,
caused by the complex kinematic and dynamic
relations; a possible way-out is the use of (several)
simpler architectures, each one characterised by fewer
degrees of freedom and reduced motion capabilities.

Therefore, a successful approach to the design of
parallel kinematics robotic systems for the execution of
complex tasks, such as assembly, is based on the
cooperation of simple reduced-mobility agents, whose
design must be guided by the usual concurrent approach
of mechatronic design.

2 Description of machines kinematics

Hybrid kinematics machines (HKM’s) [4] are based
on the concept of separating the assigned full mobility
6-dof’s operation into a 3-dof’s position task and a 3-
dof’s orientation task, that are accomplished by a
position mechanism and an orientation mechanism,
respectively. These two types of mechanisms can be
connected in series to form a conventional HKM or in
parallel to form a cooperating machine, as for the case
described in the following paragraphs. A proper
mechatronic design, that necessarily integrates the



mechanical and control points of view, can lead to a full
exploitation of the advantages of both PKM’s and serial
kinematic machines (SKM’s), while their disadvantages
can be minimized; for instance, the workspace of a
HKM is potentially larger than that of a comparable 6-
dof’s fully parallel kinematic machine. It is noted that
one conventional HKM, the well-known Tricept robot
by SMT Tricept (presently distributed also by ABB), is
already available in the market.

The schematic diagram of a cooperating machine for
assembly operations is shown in Fig. 1. In this case the
position mechanism is a 3-dof’s parallel manipulator
with its moving platform possessing preferably only
translational motion; the orientation mechanism may be
a serial or parallel spherical machine having from 1 to 3
degrees of freedom (in the example case discussed more
on, another 3-dof’s spherical PKM is used for the task).
In this way, hybrid kinematic machines can be
constructed with various degrees of freedom, leading to
a modular and reconfigurable machine architecture: of
course, the mentioned decoupling of the motion is not
strictly necessary, provided that the needed degrees of
freedom are possessed by the whole cooperating
system; nevertheless, if the position and orientation of a
HKM are decoupled, the kinematics, dynamics, and
control of such machines are greatly simplified.

The multi-agent robotic system is described with
more details in the following paragraphs: both machines
are characterised by innovative architecture and are
capable by pure translations and pure rotations
respectively: their kinematics has been study already [5-
6] and they are presently being designed and realised at
the Department of Mechanics of the Polytechnic
University of Marche in Ancona.
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Fig. 1. Architecture of the cooperative multiagent
robotic system

2.1 Translation platform

The translational robot, Fig. 2a, is composed by the
fixed frame (0), the mobile platform (7) bringing about
the end-effector and by three identical legs connecting
the two triangular platforms. Every limb consists of an
upper link (4, 5, 6) and a lower link (1, 2, 3), connected
by a cylindrical pair (C); each limb is connected to the
mobile platform by another cylindrical pair (C) and to
the fixed base by a revolute joint (R): due to the
commented topology, the present architecture is called
3-RCC, which indicates the sequence of the joints in the
3 legs, starting from the frame and moving towards the
moving platform. Fig. 2b shows a virtual prototype of
such machine built in the ADAMS simulation
environment.

In the general case, the described mechanism has 3
degrees of freedom of complex spatial motion, where
translations and rotations are tightly coupled; however,
if the following geometrical conditions are satisfied,
such mechanism is characterised by pure translations:
(i) the axes of the two end joints of i" limb must be

Ei , for i=1, 2 and 3 and
(i) the limbs must be arranged so that fi *t ; for i (i,

parallel to the same unit vector

j =1, 2 and 3). To obtain maximum modularity and a
symmetric workspace, the three legs are identical and
two equilateral triangles of heights a and b are formed
on the fixed base and the travelling platform
respectively (see Fig. 3). The platform can be properly
actuated by directly mounting rotary motors on the base
revolute joints or, as hereby assumed, by controlling the
limbs’ lengths by means, e.g., of ball screw actuators.

(b)
Fig. 2. Functional description (a) and virtual prototype
of the 3-RCC mechanism (b)



Both position and differential kinematics have been
worked out in closed form, by using the notation
introduced in Fig. 3. Inverse position kinematics
provides joints coordinates d;, that are variable limbs’
lengths, as functions of the end-effector position

p=[p. p, P, 1" located at the centre of the platform:

d; =i\/(px0¢i +pys4 —e)’ +p, )
with e= a-b.

Fig. 3. Definition of geometrical parameters

Direct position kinematics, on the other hand,
specifies all robot poses that correspond to assigned
joints’ variables:
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As for differential kinematics, it is governed by the
Jacobian matrix J; that maps cartesian velocities v, to

joint space rates d :
Jyv,=d 5)
For the robot under consideration it assumes the
following expression:
s =lay ar arf ©
which clearly shows the singular configuration of the
mechanism; it must also be stated that such architecture
is free from constraint singularities, that is in no
configuration it is liable of infinitesimal rotations. The
expression of limbs’ unit vectors can be easily found to
be:
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2.2 Orientation platform

Turning to the spherical robot, three identical serial
chains connect the rotating platform to the fixed base:
each chain is composed by two links, connected to the
frame by a cylindrical pair (C) and to the mobile base
by a universal pair (U) and linked together by a
prismatic joint (P); for this reason, this architecture is
called 3-CPU. Fig. 4a shows the robot in a typical view.

(b)

Fig. 4. Structure of the 3-CPU platform (a) and
geometry of a single limb (b)

Making reference to Fig. 4b, the axes of cylindrical
joints (A;) intersect at point P (centre of the motion) and
are orthogonal to the first member of their own link (1).
The axis of the prismatic pair (D;) lies on leg’s plane
and is perpendicular to cylindrical joint’s axis:
therefore, the second link (2) of the leg is set parallel the
said cylindrical pair. The universal joint (Bj) is
composed by two revolute pairs with orthogonal axes:
one is perpendicular to leg’s plane while the other
passes through the centre of rotation P; in particular, if
it is chosen an initial condition such that the constant
length c (that is the same for all the legs) is equal to the
linear displacement &; of the cylindrical joint, such a
universal joint will be aligned both with the centre of
rotation P and with the axis of the cylindrical pair of
next limb. It can be shown that such an architecture is



characterised by motions of pure rotation around the

fixed point P provided that the following singular

conditions are avoided:

e the planes containing the three legs are
simultaneously perpendicular to the base plane;

e such planes are coincident with the base plane

(configuration not reachable);

e at least two out of the three aforementioned planes
admit parallel normal unit vectors.

Therefore, it is chosen a configuration with mutual
orthogonal planes, which is the most far from
singularities.

In order to develop position kinematics, two frames
are defined at the point P: the fixed frame O(Xyz) has
the three axes coincident with the axes of the cylindrical
joints, while the frame P(uvw) is attached to the mobile
platform and its orientation is described by the rotation
matrix R, defined in function of the Euler angles «

(rotation around the u axis), f (rotation around the v
axis) and y (rotation around the w axis).

Also in this case, the relative simplicity of the
selected architecture provides closed-form solutions for
both inverse and direct kinematics. In fact, inverse
kinematics relations are given by:

a, =c+d-(cpsy)
- (10)
a,=Cc+d-(sacph)
a, =c+d-(+caspcy —sasy)
while the corresponding relations of direct kinematics
are given by:
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with the following positions:

K :c—al K :C—a2 K :c—a3 (14-16)
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Differential kinematics, in this case, is expressed by
the mapping:
J,-o=a (17)
where the Jacobian matrix J; has the following
structure:

0 —CasfSy —sacy CacCy —SasSfSy
J, =d- cacf 0 —sp
—sasficy — cacBsy 2s’acfcy 0
(18)

3 Architecture of a cooperative
interaction control
The present work aims at studying how to exploit

machines characterised by simple kinematics in
complex tasks, in view of the new trends of distributed

control for multiagent autonomous systems. In
particular the feasibility of the cooperative approach has
been assessed for the typical test case of “peg-in-hole”
assembly. Of course, the shape of the mating parts is
very important and also the presence of a chamfer,
whether in the peg or in the hole, must be considered,
leading to the four cases shown in Fig. 5. In the
following sections, reference is made to rigid parts and
cylindrical pegs without any chamfer, which is the most
challenging case.

Fig. 5. Linear and smoothed chamfers for pegs and/or
holes

The assembly is divided into two separate phases:
during “gross motion”, the peg moves unconstrained in
the space to reach the mating position, so a conventional
positional control is suitable. Afterwards, the so-called
“fine motion” assembly requires the capability of
controlling both positions and contact forces with high
accuracy: it develops through the five phases shown in
Fig. 6: approach, chamfer crossing, one-point contact,
two-points contact, linear contact.

As it is well known, the “peg-in-hole” task in the
general case is characterised by 6 dof’s, some of which
are to be controlled in position while others must be
controlled in force. In the paper it is supposed that such
a task has been split a-priory by an assembly planner
between the two cooperating parallel kinematics
machines that have been described in previous section:
in particular, the translating 3-RCC platform realises
peg positioning in the space, while the 3-CPU spherical
wrist can properly orient the other mating part, so
aligning the hole with the peg.

Each machine can be considered as an autonomous
agent, governed by an embedded controller whose
variable structure changes its behaviour according to the
relative distance between the two machines, thus
commuting from gross motion mode to fine motion
control (see Fig. 7); proper communication channels are
established to exchange data about the relative location
of the two agents.

Fig. 6. The five different phases of fine-motion assembly
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Fig. 7. Scheme of control structure of the cooperating machines

During the “free motion” of the peg in the space, a
positional controller brings both architectures close
together with small alignment errors: such control is
based on a Cartesian space PID algorithm with gravity
compensation. Then, during “constrained motion”, an
impedance controller compensates the positional and
orientation errors that cannot be avoided by a pure
positional scheme: the underlying concept of the
impedance control consists in masking the real end-
effector elastic behaviour with a different behaviour,
pre-defined on the base of the task to be executed and of
the elastic characteristics of the interaction
environment, therefore turning the interaction control
into a problem of positional control, following the idea
already outlined in [7] and then developed in [8].

In its general form, impedance control for a parallel
robot is expressed by Eq. (19):
7=9(q)—J T [Kpe+Kpe] 19)
where e and € are respectively the (linear or angular)
position error and its rate of change in Cartesian space,
J is the Jacobian matrix, defined according to (5) and
(17) respectively for the two structures, g(q) are the
gravitational forces (or torques) and F are the actuation

forces (or torques) applied by the motors. The error e
and the Jacobian matrix J are usually evaluated in a

properly defined task frame, whose main directions
allow the definition of natural and artificial constraints,
i.e. the directions to be “controlled” either in position or
in force: in this case, the task frame is assumed with the
z axis aligned with the hole and origin located on hole’s
front plane. The constant K, and Ky matrices can be
seen as stiffness and damping matrices respectively:
they are diagonal and characterised by low gains in the
interaction direction and high gains in the other motion
controlled directions.

During the first phase of the assembly, the two
robotic agents perform gross motions that should
eventually allow the aligment of the parts. The spherical
platform rotates so as to have hole’s axis parallel to
peg’s axis, whose (theorical) orientation is fixed and
known in the global frame: Fig. 7 shows that such
orientation values (e.g. a proper set of Euler angles)
constitute a kind of set-point for the PID controller
governing the orientation of the 3-CPU agent. At this
point the wrist can easily compute the position of the
hole on the front plane of the female part; such
information is communicated to the other 3-RCC agent,
that moves towards the mating point governed by
another PID controller.

When the two agents are close enough (a
programmable swith is set on the mutual z distance) the



second phase of the assembly begins, characterised by
fine motions. During the constrained motion, the X and y
components of the relative displacement between the
hole and the peg are controlled in position (i.e. high
stiffness), while the translations along the z direction
and the two pitch and yaw rotations must be
“compliant” enough (i.e. low stiffness) to grant the
successful mating of the parts. It is noted that in the
commented example the wrist’s roll is not controlled,
due to the cylindrical shape of the mating surfaces: of
course, in case of prismatic parts also the relative roll of
the two agents should be properly position controlled.

With reference to Fig. 8a and 8b, that highlight the
internal structure of the two adaptive blocks in Fig. 7, it
is seen how the previous PID controllers, used for the
navigation phase, can be turned into impedance
controllers within a more or less smooth transition
phase, governed by a proper activation function f. For
instance, the position controlled translations of the 3-
RCC agent along the z direction turn into a motion
control law characterised by programmed stiffness K’p,
and damping K’p, along the same direction, and the
same holds for the pitch and yaw directions of
revolutions of the 3-CPU robotic agent.
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Fig. 8. Schemi di adattamento del controllo di
posizine/cedevolezza per 3-RCC (a)e 3-CPU (b)

The function f is “activated” when the relative
distance between the parts reaches a programmed value
(10 mm in the following test cases) and progressively
enforces a corrective action that is fully enabled when
its value is eventually 1. Such a function is an important
control parameter that regulates the mode and the
promptness of the control system in reacting to the
impact. In the present case, it has been merely assumed:

£(p,) = 0 if P,>0.01 20)
=01 it e, <001

but other smoother funtcions can be profitably used.
Therefore the control law of the 3-RCC agent is

given in task space by:
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00 0 (e ][00 © e
+00 0 ||&[+00 0 |[le [t
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that, in constrained motion mode, reduces to a
compliance control in the z direction and to a position
control in the other two unconstrained directions (X, Y):

Fx = prex + deéx + Kixjex (22)
F,=K,e, +Kye, +K;[e (23)
F,=K,'e, +Kg'€, (24)

The same kind of law can be worked out for the 3-
CPU agent: attention should be paid to the possible
occurrence of task geometric inconsistencies due to the
dependance of the rotational stiffness upon the actual
part orientation; such a drawback can be overcome by
the use of the equivalent angle-axis or even by the Euler
parameters, that are a singularity free representation of
orientation [2].

4 Simulation results

To this aim, a virtual prototyping environment has
been developed to study by computer simulation the
performances of the cooperative robotic system, Fig. 9:
the direct dynamics model of the two cooperating
machines has been modelled by means of the multibody
code VisualNastran, while the variable-structure
controller has been written by MATLAB/Simulink,
duly interfaced to previous package.
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Fig. 9. Modular structure of the virtual prototyping
environment

The following figures show some results of the first
simulation tests, that have been performed in simplified
operating conditions (e.g. really low stiffnesses have
been chosen for both impedance control and the
environment, only little initial misalignments have been
set between peg and hole axes, low values are used for
friction coefficients, etc.). Fig. 10, for instance, displays
an animation of the final phases of the assembly, clearly
showing the relative accomodation of the peg into the
hole, allowed by the compliant behaviour of the two
robotic agents.

(a) \ﬂq (b)

Fig. 10. Simulation of the peg-in-hole assembly:
global (a) and close-up (b) animated views

The mutual position error of peg and hole is
displayed by Fig. 11 in the task frame: it is noted that,
after the transient period during which the mating has
been fulfilled, the relative error vanishes in the position
controlled directions, while it is kept at a constant value
in the vertical direction, as required by the pre-fixed
compliant behaviour. Fig. 12 shows that trajectory of
peg’s insertion depth in the same global frame: it is
noted how the accomodation movements of the
compliant wrist cause a relative disengagement of the
peg for a short time span, before completing the
assembly.
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Fig. 11. Peg/hole mutual position errors in task frame
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Fig. 12. Peg’s height during mating with the hole

Fig. 13 plots in the task frame the contact forces
between the two parts during mating, showing that, due
to the low friction coefficient and to the compliant
control scheme, only the vertical component of the
forces is significant: any desired value of the vertical
thrust could have been obtained by changing the
reference height or the related control stiffness,
provided that environment’s stiffness could be
estimated as well. The actuators’ efforts during mating
are shown in the last picture, Fig. 14.
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Fig. 13. Contact forces during assembly in task frame
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5 Conclusions

The paper has shown the results that can be
(potentially) achieved when the new paradigm of multi-
agent robotic sytems is applied to the solution of
complex tasks: the integrated mechatronic approach can
lead to the solution of problems that would remain
otherwise unsolved or, as in the case of hybrid
kinematics machines, would require more complex
mechanical and/or control solutions.

In the proposed case, two cooperating robotic agents
are able to accomplish a complex peg-in-hole operation
with very simple mechanical and control architectures,
based on the concepts of uncoupling and cooperation. A
3-RCC robotic agent performs pure translations while a
3-CPU agent is capable of pure rotations: they are
equipped with conventional compliant controllers, to
give the desired (and planned) behaviour during parts’
mating.

Only preliminary simulations have been run so far to
check the feasibility of the cooperating system: the first
results show that the cooperating agency is able to
accomplish the peg-in-hole assembly, even if in
simplified operating conditions (low environment
stiffness, low control gains, little misalignments
between peg and hole axes, low friction, etc.). Other

tests are being currently performed to tune the
parameters and to check the validity of the scheme in
more general operating conditions.
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