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Introduction

During the last decade, interaction (with humans and with the environment) has be-
come an increasingly interesting topic of research within the field of robotics. Cur-
rents trends in robotics foster research in the development of capabilities and skills
which can make robots autonomous and safe (i.e. not dangerous). The evolving sce-
nario indeed requires the human and the robot to coexist within a shared unstructured
environment, to interact and perform cooperative or independent tasks precisely and
safely. Many research fields are addressing these objectives from different perspec-
tives: some examples are rescue robotics, home robotics, medical and rehabilitation
robotics, just to cite few. Also in humanoid robotics the goal is to guarantee safe in-
teraction between humans and robots. Moreover, within this field, the main goal is to
create an autonomous system, which is capable of adapting to a continuously changing
environment. A humanoid robot, in fact, is a mechatronic system which is capable of
autonomously adapts to variations in the surrounding and learn from its own experi-
ence, without the supervision or guidance of a programmer or user. In this context, the
programmer builds software modules that are properly interconnected in order to de-
fine the cognitive behaviors. These modules allow to exchange information, that come
from the sensori-motor system and from their processing within the modules themself.
From experience and its senses, the autonomous robot thus become able learn, adapt
and take decisions about the action to perform. These behaviors are the result of the
exploration process, which is achieved through the employment of a great variety of
sensors. Proprioceptive, visual, aural, haptic sensors are required for the creation of
the cognitive system. This thesis focuses on the exploitation of force information with
the goal of creating a framework for the exploration process. The main aspects that
have been analyzed are the increase of the perceptual capabilities of generic robotic

systems which mount distributed force/torque sensors embedded within its links, and
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artificial skin, and the exploitation of these information to achieve active compliance

for the humanoid robot iCub.



The Role of Force Perception and
Backdrivability in Robot Interaction

As human started to think at robot, safety was already one of the most important issues
to achieve. It was the 1942 when Isaac Asimov introduced the laws of robotics in his
Runaround story.

It was the 1981 when a 37-year old maintenance engineer at a Japanese Kawasaki
plant, while working on a broken robot, died beaten by the robot itself.

Weng et al.|(2009) reported:

In 1981, a 37-year-old factory worker named Kenji Urada entered a restricted
safety zone at a Kawasaki manufacturing plant to perform some maintenance on
a robot. In his haste, he failed to completely turn it off. The robots powerful
hydraulic arm pushed the engineer into some adjacent machinery, thus making

Urada the first recorded victim to die at the hands of a robot.

It is now widely diffused in robotic research the concept that an autonomous robot
must be capable of safely interact with the environment and with humans to carry on
common duties. Currents trends in robotics foster research in the development of ca-
pabilities and skills which can make robots autonomous and safe (i.e. not dangerous).
These capabilities cover an incredible variety of behaviors that the robot should per-

form in order to cope with uncertainties, noises and unpredictable events. The robotic
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scenario indeed requires the human and the robot to coexist within a shared unstruc-
tured environment, to interact and perform cooperative or independent tasks precisely
and safely.

The tasks the autonomous system is required to perform are dependent on the research
field that is taken into consideration. Depending on the framework and the scenario
the robot is embedded in, the word safety takes different meanings.

If we consider the case of an autonomous mobile robot, fault-tolerant methods (see
Lussier et al.| (2005)) have the goal to detect and limit the consequences of hardware
and software problems (see [Sisbot et al.| (2006)). Danger index can be used to de-
fine the motion of the robot, to avoid collisions or dangerous situations Kulic & Croft
(2005). Collision avoidance solutions, i.e. control strategies where commonly the end-
effector trajectory or the manipulator configuration is changed during motion so as to
avoid collisions with the surrounding or the self have been extensively studied in lit-
erature, but they still represent an open issue in robotics (see Kulic & Croft (2007);
Minguez et al.|(2008)); Sisbot et al.| (2010)).

More in general, the autonomous system relies on its sensor system and it becomes of
primary importance to provide to the robot as many information as possible. Through
perception the robot creates its own knowledge of the surrounding. The sensor sys-
tem of robots can in general be constituted by sensors that are exploited to define high
level control (we classify these types of sensors as high-level sensor system), and other
which give a measurement of the state of the robot (which we classify as low level sen-
sor system). The firsts allow to obtain a wide representation of the surrounding envi-
ronment. Their measurement is very informative, but the interpretation is complicated
and computationally expensive. Part of this category are cameras, laser, proximity
sensors, radar. On the other side, low level sensor give a detailed measurement of the
state of the robot. Their information is typically localized but can be easily processed.
Force/Torque sensors, joint torque sensors, artificial skin, proprioceptive sensors are
classical example of this kind of sensor system.

In general, all the possible sources of information (cameras, proximity sensors, pro-
prioceptive sensors, etc.) must be included to improve the representation of the robot
workspace, in order to fulfill its tasks while preserving safety. Uncertainties and noises

may reduce the reliability of its perceptual representation, and lead to misbehaviors. In
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these cases, unsought and potentially dangerous contacts might occur between the hu-
man and the robot. An interesting analysis of the effects of possible impacts of robotic
manipulators on humans can be found in|Haddadin et al.| (2008alb).

In this framework, new generation mechanical design, novel actuators but, in partic-
ular, force information become of primary importance. Within this opening chapter,
a brief overview of these mechanical choice that allow to reduce the risks that might
consequence from the failure in the representation of the interaction scenario which
rely on the high level sensor system, will be presented. Particular attention will be
given to back-drivable systems and finally, on the mechanical choice of the sensors
that allow to retrieve the information about the physical interaction of the robot with
its surrounding. It will be shown the necessity to have the wider representation of the

interaction and one possible solution that achieve this issue.

1.1 State of the Art on Physical Human Robot Interac-

tion: Mechanical Solutions

1.1.1 Light Weight Design

It has been shown in Desantis et al. (2008) and Alami et al.| (2006) that among the
possible criterion that limit injuries that can be caused by collisions, weight reduction
and lower inertia of the moving parts is fundamental. In Haddadin et al.| (2007) an
evaluation of the risks and the damages that can be produced to a human in case of
crash with a light weight robot are shown. The DLR-III Lightweight robot is composed
of light but stiff materials. Its motor gearboxes are harmonic drives which are compact
but with high reduction ratio and efficiency. Torque sensors are placed at joint level,
as will be shown in next section. It has been shown that lightweight robot have the
intrinsic capability to reduce the moving inertia, but the high reduction ratio of the
gearboxes, which is required to reduce the overall weight of the motors, introduces the
problematic of the reflected inertia. The overall inertia sensed on the load side, and
which is due to the inertia of the load, and to the inertia of the motor, whose energy is

transmitted by the gearbox to the load side, is infact:

Jall :n2Jm—|—Jl (111)
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Figure 1.1: Left (1.1(a)): exploded view of the joint of the lightweight DLR-III devel-
oped at the German Aerospace Agency (DLR). Right (LI(b)): crash test involving the
lightweight robot DLR-III

1.1.2 Tendon Driven System

Another effective solution to reduce the weight of the moving parts is to employ cable
transmissions. Motors are typically the major source of weight for robots moved by
electro-magnetic actuators. One possibility, whose major example is constituted by the
Barret Whole Arm Manipulator (WAM) [Inc. (2010), [Townsend| (1988) and [Salisburyl|
(1988), is to place the motors at the base of the robot. This solution allows to

employ smaller motors, or to reduce the reduction ratio of the gearboxes. Since motor

are not be moved together with the links, for they are placed on the robot base, the
overall power necessary to move the system is in fact slightly reduced.

This mechanical solution, a part from reducing the moving inertia of the robotic struc-
ture, present another advantage that is o primary important in human-robot physical
interaction. The employment of small reduction and small motors, have the intrin-
sic advantage to obtain a robotic mechanism which is also backdrivable. 1t will be
shown in Section[I.1.3|the importance meaning and the importance of backdrivability

characteristic in robotic mechanisms that interact in unstructured environments.

1.1.3 Backdrivable systems

Backdrivability is a term which refers to the easiness of transmission of movement
from the output axis, to the input axis, as a consequence of an externally applied force.
Different definition have been given in literature by Townsend| (1988)), [Salisbury ez al.|
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(a) (b)

Figure 1.2: Left (1.2(a)): sketch of the tendon based transimission of the lightweight robot
from developed by [Townsend (1988). Right (I.2(b)): Whole Arm Manipulator (WAM)
from Barret Technology (2010))
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(1988), but also by Ishida & Takanishi (2006) in their study on the development of
improved actuators for the Sony SDR robot.

When the robot operates in unstructured environment, where also human are present,
backdrivability is essential for safe robotic-arm operation. With backdrivable manipu-
lators the stability of the system during interaction control becomes less critical.

The advantage of nonbackdrivability instead is that it allows the motors to be de-
energized when the robot is in a fixed position for a long periods. Nevertheless, on
the contrary with respect to backdrivable systems, stability issues become more crit-
ical when non backdrivable mechanisms are employed. Frictional problems increase
the difficulty in the control, for example, of Cartesian forces. The control of non back-
drivable systems do not allow to rise the gains of the controller, because of the limited
bandwidth that digital control can achieve. Moreover, there are passivity related prob-
lems which further limit the gains of the controllers, as shown by (Colgate (1988) and
Hogan & Buerger (2004). In this cases, a possible solution to obtain good perfor-

mances of the controlled system, is to implement feed-forward model based control.

1.1.4 Series Elastic Actuators and VIA

Another possibility to reduce injury risks in physical human robot interaction is to add
compliance. Compliance can be added to the exterior part of the robot (e.g. soft cov-
ers) to limit the effect of impact with rigid surfaces, but this aspect does not solve the
issue of reducing the problems related with the reflected inertia at impacts.

One solution that allows to mechanically decouple the large reflected inertia of the
motors from those of the links. Compliant transmission may ensure safe interaction,
since the intrinsic elasticity stores the energy of impacts into the springs that allow to
convert the kinetic energy of the moving links into potential energy of springs. Ex-
ample of similar systems are the Series Elastic Actuators (SEA), designed at MIT by
Pratt and Williamson, which proposed the first prototype in 1995 (Pratt & Williamson
(1995)). The SEA are characterized by an elastic interconnection element between the
motor and the load.

This solution reduce the admittance of the system thus resulting to be safe. Neverthe-
less, problems in the transmission of energy and motion between the motors and the

links become difficult. SEA have been employed for the design of robotic mechanisms
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such as for the humanoid robot COG, developed by Brooks et al.| (1999)). More re-
cently, the same systems have been developed to design ither humanoid robots, such
as DOMO (Edsinger-Gonzales & Weber (2004)) and TWENDY-ONE [Iwata & Sugano
(2009).

A more recent solution to the problem related with SEA, is to give to the system
the possibility to vary its own internal joint stiffness. This is the case of Variable
Impedance Actuators (VIA) (see |Bicchi & Tonietti (2004)), where the stiffness of the
joint can be mechanically varied in order to have improved motion performances while
moving (high stiffness), and safe interaction when contact occurs (low stiffness). Nev-
ertheless, recent studies have shown that certain solutions present an undesired effect
that may lead to unsafe behaviors. Elastic elements, especially if combined with actua-
tors can store great amounts of potential energy which, once released, can be extremely

unsafe, as recently shown in|Haddadin et al.|(2010a).

1.2 Force Perception for Active Compliance

Conversely, when active compliance is employed, the robot behavior is grounded on
the sensory system. Through force information, the autonomous system can build its
own epistemology of the interaction, and subsequently performs its action. Current
measurements, joint torque sensors or 6-axis force/torque sensors (the latter typically
placed at the end-effector), are required to measure the interaction of the system. Ex-
ploiting the sensors information, the robot can carry out force regulation, react safely to
contacts and also take decisions about the tasks (see |[Fumagalli ef al.|(2010); |[Haddadin
et al. (2010b)); |Lucal (2006); Mistry et al.|(2010); Siciliano & Villani (1996).

1.2.1 Current Control

Current measurement of electric motors can be exploited to have an estimation of the

torque that the motor transmits to the load through the electro-mechanical coupling:

10+ fot fa=Tm—T (1.2.1)
I 2.
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1. THE ROLE OF FORCE PERCEPTION AND BACKDRIVABILITY IN
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this equation is valid for ideal backdrivable systems. More specifically, assuming an
ideal control of the current, the method is meant to cancel the dynamic of the electrical
part, such that ¢ = 74.4;q- By doing this, it is possible to directly command and
regulate the torque transmitted to the motor.

Nevertheless, if the mechanical part presents sources of dissipation in the motor or in
the transmission (i.e. coulomb friction f. and dynamic friction f;), the actual torque
that is transmitted to the load is reduced by these factors. Moreover, limitation in the
controller design previously neglected, and limitation due to the current capability of
the motor reduce the effectiveness of this approach.

It is remarkable that the lower the reduction ratio, the more effective is the approach.
Direct Drive systems (DD) are the most significative example, where the reduction
ratio between the motor side and the load side is 1 : 1. On the other side, even if
DD systems do not suffer from the problematic of the reflected inertia, they require
bigger motors with high torque capabilities, which are not ideal for safe application.
Low reduction gearboxes with high efficiency instead allow the controlled system to
use smaller motors, maintaining high torque transmission, but limited reflected inertia.
This solution have been used in fact for the whole arm manipulator (WAM) proposed
by [Salisbury ez al.|(1988), already presented in Section[I.1.2]

Generally speaking, when high torque capabilities are required, high reduction ratios
are employed and the measurement of the current does not allow to properly represent

the torque that is acting at the load side.

1.2.2 Force Control

The information of 6-axis force/torque sensors give the most complete knowledge of
the interaction. Force sensors in fact directly measure the generalized force that is
applied at the sensor frame. These sensor have been widely employed for the control
of the interaction in manipulation tasks. They have been classically employed for
research in the control of the interaction of industrial robots (see|Sciavicco & Siciliano
(2005a)) and Siciliano & Villani| (2000)).

Classical applications place this powerful source of information at the end-effector of
the manipulator structure. The reason for this, is that we are interested in retrieving

a direct measurement of such information at the point that we want the interaction to
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1.2 Force Perception for Active Compliance

occur. Given the measurement at the tool level, we can think of projecting it at the joint
level through the transpose of the Jacobian of the manipulator, and thus perform joint

level torque control.

r=J'F (1.2.2)

Nevertheless, this limitation might be valid in an industrial scenario. When the robot is
working in an unstructured environment, the possible point of interaction is not known
a priori. Other sensors can work together to prevent interaction at other levels (such
as cameras or proximity sensors), but they cannot give any sort of representation of
the actual interaction and transmission of generalized force between the robot and the
object or human. In this situation a different framework is required. A method to

obtain a more distributed measurement of the interaction is necessary.

1.2.3 Joint Torque Control

Joint torque sensors are a possible solution to the problems that remain unsolved given
the approaches previously mentioned.

Torque sensors are typically placed on the load side of the joint. They allow to have a
reliable information of the interaction that occur, without being influenced by problems
related to friction to which current measurements are subjected to. On the other side,
they are distributed along the kinematic chain, thus solving the problem of measuring
the interaction at other points of the robotic structure.

Nevertheless, they do not allow to obtain a precise, rather than complete, representa-
tion of the interaction. Joint level torque sensors measure the torque that is working
along the joint axis. They can be projected in the Cartesian space through the inverse
of the relationship presented in Eq. It is remarkable here that this operation suf-
fer from singularities of the Jacobian, and the reliability of the retrieved information

becomes configuration dependent.
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1.3 Significance of the Project

Recent robotic trends and future perspective of robotics are defining new guidelines of
robotic research. Autonomous robots should be capable of coexisting with humans in
an environment which is dynamically changeable. Their skills and behaviors should be
dominated by processes that are capable of adapting to different situation and unpre-
dictable events. Their actions should be the consequences of events, but events should
also be the cause of the adaptation process that allow the autonomous system to create
its knowledge and representation of the action and reaction itself.

Enaction is one of the possible ways of organizing the knowledge of the autonomous
system. It is one of the form of knowledge that start from the interaction with the
world. Bruner (1968) gave the first definition of Enaction. Later, Varela and Maturana
(see Maturana (1970, 1975, [1980); Varela (1979)) gave a second definition in which
they expressed that enactive knowledge is knowledge that comes through action and it
is constructed on motor skills, such as manipulating objects, riding a bicycle or playing
a sport. In other words, the enactive knowledges of entities are the ones acquired by
doing.

Sandini et al.|(2007) reported:

The enactive stance asserts that cognition is the process whereby an autonomous
system becomes viable and effective in its environment. In this, there are two com-
plementary processes operating: one being the codetermination of the system and
environment (through action and perception and contingent self-organization) and
the second being the co-development of the system as it adapts, anticipates, and

assimilates new modes of interacting.

They were affirming that a developmental cognitive architecture must be capable of
adaptation and self-modification. It must be able to adjust its parameters that defines its
phylogenetic skills through learning and modification of the structure and organization
of the system itself. Through adaptation, it is capable of altering its system dynamics
based on experience, to expand its repertoire of actions, and thereby adapt to new cir-

cumstances. The development should be based on explorative behavior. Without force
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1.3 Significance of the Project

exploration, and thus through haptic and force information, the cognitive system can-
not be able to have haptic experience, necessary for learning and adaptation. In other
words, it cannot be able to make its own representation of the surrounding.

Cognitive processes have been classically studied as abstract theories, mathematical
models, and disembodied artificial intelligence. Nevertheless, the cognitive processes
are strongly entwined with the physical structure of the body and its interaction with
the environment.

Intelligence and mental processes are deeply influenced by the structure of the body,
by motor abilities and especially skillful manipulation, by the elastic properties of the
muscles, and the morphology of the retina and the sensory system. The physical body
and its actions together play as much of a role in cognition as do neural processes, and
human intelligence develops through interaction with objects in the environment and
it is shaped profoundly by its interactions with other human beings.

In other words, the cognitive and physical interaction, are not independent: physical
interaction help in setting rules for cognitive evaluations of the environment during
interaction tasks, while cognitive aspects improve the physical interaction by setting
suitable control interaction parameters. As a simple example, haptics is used to un-
derstand the characteristics of an environment (soft or rigid), while cognitive-based
inference rules can be considered for compliance control of manipulators physically
interacting with humans (if the person is a child, then the compliance should be high).
Therefore, an improved analysis of the problems related to the physical interaction
with robots becomes necessary. This topic must be addressed considering together the
design of mechanism, sensors, actuators and control architecture in the special per-
spective for the interaction with humans.

Force perception plays a fundamental role in robotics. Since it is impossible to model
every action in an unstructured anthropic environment, the intelligent connection of
perception with action of robots implies the presence of autonomous behavior to solve
real problems. This work has been aimed by the need and requirements of force per-
ception to define the basis of a framework in which the iCub humanoid robot (see
Tsagarakis et al. (2007b)) is able to perceive generalized external and internal forces,
in order to allow the robot to have an haptic measurement during its explorative be-
havior. Starting from the assumptions and the studies previously shown, that robot

interaction has been hypothesized to be at the basis of cognitive processes (see |[Sandini
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et al. (2007)), through interaction, cognitive systems create their own knowledge (their
epistemology) of the surrounding environment.

While exploring, the robot should be equipped with low level basic behaviors that
allow to have a complete perception of the interaction, in order to control it, in a con-
tinuously evolving environment.

Through the exploitation of force information, proper control strategies can be adopted.
As an example, active compliance allows to reduce the admittance of the system, thus
resulting in a more backdrivable behavior of the robot, when interaction occur.
However, measuring the interaction using localized sensors, as proposed in previous
sections, might not allow a full perceptual representation of the interaction scenario, in
terms of forces and torques which rise over the whole structure.

Even if, among the different approaches shown in Section torque sensors are the
more distributed over the entire structure of the robot and can reliably measure the
internal dynamic as well as the interaction occurring on their link, their measurement
lack of completeness and depending on the configuration of the robot, they suffer from
null projection on the joint angles.

This work focuses on methods to enrich the perceptual capabilities of force of the iCub
robot, through the exploitation of a distributed set of FT'Ss over the entire structure of
the robot. The method have been implemented, with the goal of designing a software
architecture that allow to give to the robot the possibility to perceive the interaction,
wherever it occurs and control it. This work is necessary to create a basic low level
sensor system, that will allow to perform the exploration and to create its own repre-
sentation of the surrounding.

The manuscript will be organized as follows:

e Chapter [2| gives a brief overview of the iCub humanoid robot. Here, a descrip-
tion of the main parts constituting the iCub, the sensors it is equipped with and
briefly the electronic and the basic software architecture will be presented. Apart
from the description of the mechanical structure, emphasis will be given to the
description of the sensors that have been fundamental to carry out with this work:
an inertial sensor placed in the head of the robot, and a total of four force/torque
sensors distributed along the kinematic tree, one for each limb, placed in a prox-

imal position.
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1.3 Significance of the Project

e Chapter 3| will present the basic concepts of multi-body system dynamics, with
particular emphasis on the recursive Newton-Euler algorithm. A graph formula-
tion which embeds information of internal sensors will be presented. This for-
mulation, which have been called Enhanced Graph Formulation, allows to easily
represent the flow of kinematical and dynamical information along the mechan-
ical structure. The method has the main advantage to exploit force/torque sensor
measurements and artificial skin, that allow to represent dynamically the inter-
action forces that arise on the links, during an interaction scenario, in a non

pre-determined position.

e Chapter[d]shows the specialization of the method that will be shown in Chapter [3]
to the iCub humanoid robot. A summary of the steps necessary to build generic
EOGs will be presented. Examples that shows the generality of the method will
also be reported. Finally an EOG representing the graph structure of the iCub
will be defined. Here the method will also be validated through experiments
which show the effectiveness of the method for internal dynamic estimation,

virtual external wrench and also virtual joint torque measurement.

e Chapter [5] shows the study of force control of generally coupled transmission
system. An inverse dynamic control approach will be proposed, which allow
to decouple the dynamic of motors from the dynamic of the joints. The model
based approach allows to assign to the control variable an input command to the
motors, that gives the possibility to directly control the joint acceleration, as if
motor and joints live on the same axis of rotation. Possible control strategies will
be introduced, which allow to perform compliant control and joint impedance

control of the iCub joints.

e Chapter [6] will finally define the software architecture which allows to perform
the calculation of the iCub dynamic, and the framework that have been imple-

mented to perform low level compliance control.
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2

Platform

In this chapter, the main platform which has been used to carry out with this work
is introduced, the iCub robot. This platform is a humanoid robot that have been de-
veloped at the Italian Institute of technology and university of Genoa, for research
in embodied cognition. More precisely, the iCub robot is the result of a research
project for the study of developmental capabilities of cognitive systems, which has
been funded by the European Commission through Unit ES Cognitive Systems, Inter-
action & Robotics (see Metta et al.| (2008); Sandini et al.| (2007); Tsagarakis et al.
(2007a,b) and (robotCub.orgl, 2010)). In the framework of embodied cognition, per-
ception is a fundamental tool for robot learning and development, which are the result
of the continuous interaction with the environment, and not the outcome of abstract
reasoning. To achieve learning capabilities and self development and reasoning, an-
thropomorphism, compliance and sensorization are fundamental. These aspects are
necessary to study human and humanoid development. To allow the robot to become a
self-reasoning system, the basic perceptual aspects of human become requisites of the

design process of a humanoid platform.

2.1 The iCub Platform

In this Section, an overview of the iCub humanoid robot is briefly described. The de-

scription reported here, does not cover all the aspects of the robot design, which are
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necessary to the final goal of the research on humanoid technologies. It is shown here,
in fact, a brief overview of the sensori-motor system and the some design choices,
which are preparatory to fully understand the goal of this thesis. The following sec-
tions, in fact, show the main characteristics of the design of this robotic platform, from
the point of view of its motion capabilities, motors and sensors placement, but also
give a brief overview of the electronic and software components (which instead will be
described in detail in Chapter [6)).

2.1.1 Opverview of the iCub Robot

The iCub humanoid robot has been designed with the goal of creating an open hard-
ware/software robotic platform for research in embodied cognition, as expressed in
Tsagarakis et al. (2007b)). Its design has been mainly developed within RobotCubE] a
European funded project with the goal studying natural and artificial cognitive systems
(see for example Metta et al. (2008))). As a major design specification, the iCub should
be capable of interacting with humans and environments using its sensors to react in
response to external events. At the current state, the iCub robot has a total of 53 degrees
of freedom (DOF), 6 in each leg, 7 in each arm, 6 in the head, 3 in the waist and 9 for
each hand. The iCub employs brushless and brushed DC motors equipped with high
reduction gearboxes. The reduction gearbox employed to increase the torque capabil-
ity of the electric motors mounted on the robot are harmonic drivers, which are mainly
employed with the brush-less DC motors (1:100 or bigger reduction), and planetary
gearbox for the reduction of most of the brushed DC motors (from 1:256 to 1:1024
reduction ratio). This solution allows compact designs but makes the robot passively
non back-drivable. Employed motors can be divided into two broad categories: brush-
less and brushed DC motors. Typically brushless motors have been employed in the
bigger articulated joints (shoulders, elbows, hips, torso, knees) while small brushed
motors actuate the distal degrees of freedom (hand joints, neck, eyes). Remarkably,
non standard mechanical choices have been used to rise the torque/volume ratio as will
be briefly shown in next subsections. Particular attention will be given to the shoulder
mechanism in sections Section [2.1.1.1] and also in Chapter [5] where force feedback

control will be discussed.

'RobotCub project IST-FP6-004370.
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2.1 The iCub Platform

Figure 2.1: A CAD view of the iCub humanoid robot
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Figure 2.2: Sketch of the 7 degrees of freedom arm of iCub.

2.1.1.1 Arm

The iCub arms are 7 DOF open kinematic chains. Their upper part is commanded by
four brushless motors, three for the shoulder movements and one for the elbow. The
shoulder joint is a cable differential mechanism with a coupled transmission system
(see Figure [2.3). Three coaxial motors (brushless frameless motors, RBE Kollmor-
gen series, with harmonic drive reductions, CSD series with 100:1 ratio) housed in
the upper-torso move pulleys to generate the spherical motion of the shoulder (see
Parmiggiani et al.| (2009); Tsagarakis et al. (2007b)) for a more detailed description
of the shoulder universal joint). This design is evidently non-standard. Standard hu-
manoids limb (e.g. the HRP-2 arm Kaneko et al.|(2004)) have the shoulder motors in a
serial configuration, with a single motor directly actuating a single degree of freedom.
Tipically, in the HRP-2 arms, a pure pitch/yaw/roll rotation can be obtained by simply
moving one motor and keeping the others fixed. In iCub, instead, a first bigger actuator
(Motor 1 in Fig. is capable of delivering 40/ Nm and two medium power motors
(Motor 2 and Motor 3) provide 20 Nm each. Motor 1 of Fig. [5.2]is directly connected
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2.1 The iCub Platform

Figure 2.3: The iCub shoulder. A CAD view of the shoulder joint mechanism showing
the three motors actuating the 3 degrees of freedom universal joint.

to the first joint (shoulder pitch), whereas Motor 2 and Motor 3 actuate two pulleys
that are coaxial with Motor 1. The transmission of the motion from motors to joints
is achieved through idle pulleys. Joint positions are measured by Hall effect based
digital encoders with custom made electronics, (see http://eris.liralab.it
(2010)). Motor 1 and Motor 3 mount the encoders directly on the motor shaft, while
Joint 2 (actually the joint performing the yaw movement) mounts the encoder on the
joint axis. Motors and joint movements are thus coupled with tendons and pulleys

through a quasi-static relationship 7;,,; which can be represented as follows:

1 00
O = Tinib; Twi= | —r r 0], 2.1.1)
—2r r r

where 7 is a constant value which depends on the radius of the pulleys, Hm = [éml, émg, Gmg] T
is the vector of motor angular velocities and 6; = [fpitch, Oroir, Oyaw] | is the vector of
joint angular velocities. The generalized dynamic of coupled system will be analyzed
in Chapter [5] The elbow flexion/extension, is actuated by an independent frameless
brushless motor, located in the upper arm. The joint is commanded with tendons in
push-pull configuration, moving an idle pulley. The wrist is provided with 3 DOFs,
namely pitch, roll and yaw (0., 0.y, 0uy), Which correspond respectively to wrist
flexion/estension, adduction/abduction and rotation. The roll movement is achieved by

a single brushed motor directly coupled to the forearm. The pitch and yaw movements
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Figure 2.4: Particular CAD view of the iCub hand. 21 joints are actuated with 9 motors
through tendon driven mechanisms. Tactile sensors are present on the palm.

instead are accomplished by two motors which move a semi-differential mechanism
through tendons. Brushed motors (Faulhaber) have been employed for the wrist joints.
Positions are measured through magnetic incremental encoders mounted on the mo-

tors.

2.1.1.2 Hand

The iCub hand has five fingers actuated employing tendon driven mechanisms. Each
finger has four joints, but the hand has a total of 9DOF. Seven motors are placed re-
motely in the forearm and all tendons are routed through the wrist mechanism. This
solution allows locating most of the hand actuators in the forearm rather than in the
hand itself, where strict size and weight constraints are present. Two only motors are
mounted directly on the hand: one of the motors controls the thumb abduction and

the other actuates the fingers adduction/abduction. Moreover, the hand has a total of
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3 DOF Orientation
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Figure 2.5: The 7 DOF head of the iCub robot. A 3 DOF Orientation Tracker is mounted
at the top of the head.

17 joints. Both these joints mount tiny Hall effect position sensors. Finger positions
are measured using 15 Hall effect sensors directly mounted on the phalanxes (three for
each finger). The adoption of these solutions allow a design with very limited dimen-
sions: the palm is 50mm long, 34mm wide at the wrist and 60mm wide at the fingers.
The overall thickness of the hand is only 25mm. On the palm is mounted a tactile
array, which is a capacitance based touch sensor, which employs soft silicon rubber as
dielectric material see Cannata et al.| (2008a)); Maggiali ef al.| (2008]). On the tip of the

fingers, a similar sensor is positioned, one for each finger (see [Schmitz et al.|(2010)).

2.1.1.3 Head and Waist

The head is equipped with two eyes, which can pan and tilt independently (4 DOFs),
and is mounted on a 3-DOF neck, which allows the movement of the head as needed
in the 3D rotational space (pitch, roll and yaw movements). The eyes exploit three
brushed DC motors to control independently the pan and to simultaneously control
the tilt. The eyes mounts two cameras which represent the iCub vision system. The
neck is a 3 DOF serial kinematic chain which is moved with brushed DC motors and
planetary gearboxes. On the head a PC104 is mounted, which is the core of the iCub
motion control system. It allows the communication with other PC and the user, as

will be shown in Section [2.2.2] The waist mechanism is a 3DOF kinematic chain (see
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N

Waist Differential
Mechanism

Figure 2.6: Sketch of the 3 DOF torso. A particular differential mechanism allow to rise
the torque to volume ratio of the motors.

Tsagarakis et al.| (2007alb)). It makes use of a tendon-driven differential mechanism
for pitch and yaw movements using two brushless motors. This configuration allows
a better distribution of the joint torque on the motors, thus allowing a reduction of
the mechanism dimension. Similarly to the shoulder actuation, the motor velocities
O = (1, Oma] " and the joint velocities ; = [pich, Oyaw] | are kinematically coupled

by the linear relation:

ém = Twéj Ty =

T T
] : (2.1.2)
—-r T

where 7 is a constant value which depend on the dimension of the pulleys. The roll
movement is actuated independently by a frameless brush-less DC motor with har-

monic drive reduction (1:100).
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Figure 2.7: The 6 DOF leg of the iCub humanoid robots.

2.1.1.4 Legs

Legs are 6DOF serial kinematic. A detailed description of these mechanisms can be
found in [Tsagarakis et al.| (2007a,b)). All the six motors are frameless brushless (RBE
Kollmorgen series) equipped with harmonic drive reduction of 100 : 1 (CSD series).
Absolute encoders directly measure the motor angles.

On the legs, proximal 6-axis force/torque sensors are mounted, one each leg.

2.1.2 Electronics and Sensors

In this section, a brief overview of the iCub electronic and sensors will be given. A
detailed description will be shown in Chapter [6] where the software and hardware ar-
chitecture of the robot will be discussed. The iCub robot is equipped with a rich set of

sensors, either commercial products or devices specifically realized for this platform,
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which enables the robot to exploit visual, proprioceptive, kinesthetic, vestibular, tactile
and force sensing.

A gigabit Ethernet interface allows the PC-104 to communicate with an external net-
work, typically used for intensive data processing. CAN-bus lines are employed for
the communication between the boards and the PC104 (see Sec. Section[2.1.1.3). The
PC104 board has the principal role of collecting and synchronizing all the sensory and
motor data. To achieve this, a CFW2 board is directly connected to the PC104 as the
hardware interface between the overall 8 can-bus networks and the PC104. Motors are
commanded with custom electronic boards mounting a Freescale 5S6F807 DSP. Two
main control board have been employed, the BLL (BrushLessLogic unit) which con-
trol two brushless motors each board and the MC4 (MotorControl4) for the control
of four DC motors for each board (seehttp://eris.liralab.it (2010)). The
control rate of these boards is 1ms. Force sensors embed an home made electronic
board for strain data acquisition (Strain board). The associated circuitry samples and
amplifies up to 6 analog channels which can be used to measure the voltage across 6
strain gauges in a Wheatstone bridge configuration. The analog to digital converter
(AD7685, 16 bit, 250 Ksps, SPI interface) is multiplexed (ADG658) on the 6 chan-
nels and amplified with a standard instrumentation amplifier (INA155). In our specific
case, the sampling rate is 1 kHz. The Strain Board has a CAN-bus interface which
allows its connection directly on the CAN-network. A more detailed overview of the

low level hardware connection will be detailed shown in Chapter [6]

2.1.2.1 the Force/Torque Sensor

Force/Torque sensors are the main source of information which will be discussed wi-
thin this manuscript. Force/torque sensors allow to measure the interaction of the robot
through a localized information about the internal generalized forces acting on the sen-
sor position. This kind of sensor is very important while studying interaction tasks,
and the position of the sensors along the kinematic chain of a robotic structure defines
which information can be measured. All the four iCub limbs are equipped with custom
made F/T sensors (see |[T'sagarakis et al.|(2007a)). In the arms these sensors are placed
in the upper part, in between the shoulder and the elbow; in the legs the sensor are

located in between the hip and the knee (see Figure [2.8). These F/T sensors employ

26


http://eris.liralab.it

2.1 The iCub Platform

(b) (©)

Figure 2.8: The custom F/T sensor. Left (2.8(a)): Picture of the sensing elements where
the strain gages are placed. Center (2.8(D)): the embedded board from which the mea-
surements exits with sampled digital signal directly over a CAN-bus line, with a rate of

1ms. Right (2.8(c)): The assembled sensor.

semiconductor strain gauges for measuring the deformation of the sensing elements.
The signal conditioning and the analog to digital converters are embedded in the sensor.
The data processing is performed on a 16 bit DSP from Microchip (dsPIC30F4013).

The just described F/T sensor position differs from the classical distal configuration at
the end-effector. Placing 6-axis F/T sensors at the tool level is a typical choice adopted
in industrial robots, where the tool level is where it is required to measure the interac-
tion (see [Siciliano & Villani (2000)). Specifically, the iCub F/T sensors are mounted

proximally in each limb. This solution has different advantages:

e The F/T measurements give information about the arm internal dynamic.

e External forces applied on the arm (e.g. not only forces applied at the end-

effector) can be sensed.

e Information about the actual joint torques can be extracted from the the proximal

F/T sensor.

Chapter [3] will show a formulation that allows to estimate internal wrenches, but also
externally applied generalized forces given a set of distributed FTSs. Chapter 4| shows
instead example of the application of the method, with particular attention to the iCub

humanoid robot.

2.1.2.2 the Inertial Sensor

Figure [2.9 shows the position of the Xsens MTx-28A33G25 (see for de-
tails) which is mounted on the head of the iCub robot. This sensor allow to apply the

27



2. PLATFORM

Inertial Sensor

Figure 2.9: 3d dissection of the iCub head, which shows the brain of the robot, focusing
on its vestibular system (the Inertial sensor (XsensMTx| (2010))).

method presented in Chapter 3] to the iCub robot, in a general floating base configura-
tion. A 3-DOF orientation tracker, in fact, allows to have a measurement of the linear
and angular acceleration, and also of the angular velocity of the terminal link of the
head. Given these measurements, it will be shown that it is possible to propagate the
information along the links to perform the computation of kinematic quantities neces-

sary to suddenly compute the inverse dynamic of the system.

2.2 The iCub Software

In this section, a brief overview of the software architecture which allow to command
the robot is introduced. Again, the information that are presented here, have the goal
to introduce the reader to the work which is presented within this thesis. A detailed
description of the framework and the software and hardware architecture is reported in
Chapter [6] where also the implementation issues regarding the computation of virtual
Jjoint torque measurements and the paths the information follow to suddenly perform

control are addressed.
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2.2.1 Overview of the Hardware Components

A cluster of Blades and standard PCs are interconnected through a 1GB Ethernet and
constitute the core of the brain of iCub. These machines are dedicated to the high-level
software, which is more computationally demanding (e.g. coordinated control, visual
processing, learning), while the low-level motor control is implemented on the DSPs
embedded in the robot body.

2.2.2 the Yarp Framework:

All the softwares which constitute the iCub high level sensori-motor system and cogni-
tive architecture has been written using YARP (Metta et al..[2006). YARP (Yet Another
Robot Platform) is an open-source software framework that supports distributed com-
putation under different operative systems (Windows, Linux and Mac OS) with the
main goal of achieving efficient robot control. YARP facilitates code reuse and mod-
ularity by decoupling the programs from the specific hardware (using Device Drivers)
and operative system (relying on the OS wrapper given by ACE (Gamma et al.,|1994;
Schmidt, [2003)) and by providing an intuitive and powerful way to handle inter-process
communication (using Ports objects, which follows the Observer pattern (Schmidt &
Huston, [2002)). Furthermore, YARP provides mathematical (vectors and matrices op-
erations) and image processing (basic Image class supporting IPL and OpenCV) li-
braries.

This software architecture allows to construct the virtual force/torque sensors frame-
work and the subsequent joint torque control (that will be presented in Chapter [3|and
Chapter 4], and Chapter [5 respectively) of the iCub as a collection of interconnected
independent modules, running on different machines and exchanging data and control
signals. All these notion will be discussed more in detail in Chapter[6] The choice of an
architecture of this form is simple and practical: one single CPU, although powerful,
can never be enough to cope with more and more demanding applications. From here,
the necessity of dividing the processes between more calculators connected together
on the same local network. Moreover, exploiting the modularity of the framework, it
is also possible to generate behaviors that come out from the communication of the

modules which allow a transparent diffusion of the information.
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2. PLATFORM

2.2.3 The iCublInterface:

The PC which is directly interfaced with the CAN-BUS runs a program (namely, iCu-
bInterface) to communicate with the motor control boards.

The iCublnterface manages the YARP modules (see Metta et al.| (2000)) that allow the
communication between the robot interfaces and the user.

In the specific case, the iCublnterface allows to retrieve measurements from encoders,
inertial sensor, FTs and in the future also of distributed tactile sensors over the entire
body. Moreover, as will be shown in details in Chapter [6] it allows to send to the

motor-control boards virtual joint torque measurements computed on the blades.
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3

Propagation of Force Measurements
Through MBSD

This chapter focuses on methods for building the dynamic model of single and mul-
tiple branches robotic mechanisms. The goal of this chapter is to give an overview
of the formulation which has been used for the computation of the inverse dynamics
of the iCub platform, presented in Chapter [2] The proposed method can be exploited
for the computation of wrenches along the structure of generic serial mechanisms.
In particular, the method allows to embed in the formulation, measurements of sen-
sors attached to the robotic structure, in order to have a more reliable representation
of internal generalized forces during robotic tasks, but also allows to retrieve virtual
force/torque measurements of externally applied generalized forces. The chapter will
be structured as follows: Section |3.1] introduces the reader to the basic concepts of
rigid body dynamics; in Section classical methods that are typically employed to
model the kinematics and dynamics of articulated mechanisms are briefly introduced.
Among different methods that allow to model and represent multiple links kinematic
chain, more effort will be given to the Newton-Euler approach, as its recursive formu-
lation can be easily exploited to perform the computations within graph formulation,
as proposed in Section [3.3] Here a formulation for the computation of robot dynamic
using graph theory is presented. It will be shown that this formulation, beyond the
intrinsic recursive structure, that permit a very simple representation of the dynamic
of multi-branched manipulators like humanoid robots, also allows to define virtual

measurements of the internal dynamics by exploiting inertial and force/torque sensors.
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3. PROPAGATION OF FORCE MEASUREMENTS THROUGH MBSD

Experiments which prove the effectiveness of the method, applied to the iCub robotic

structure, will be presented in Chapter

3.1 Introduction to Rigid Body Dynamics

The kinematics and dynamics of robots is generally described by set of elements, con-
strained together, which are characterized by parameters and intrinsic properties of
length, mass and inertia. These elements are typically called rigid bodies. A rigid
body is the basic element for the description of the dynamic of a rigid system. The
relative and absolute motion of a set of rigid bodies (or links) is defined through joint
constraints. A joint constraint defines a set of constraint equation which allow the
kinematic and dynamic description of a link, in terms of relative displacement and
constraint forces. The type of constraint equation which allows a mathematical for-
mulation of joints depends on the mechanism which connects the links. It is shown in
Cheli & E.Pennestri (2006) different but detailed formulation of methods adopted for
multi-body system dynamics. Some of these methods are cited in Section and in
Section [3.2.3] where general methodologies for the description of the kinematics and

dynamics of mechanisms are briefly introduced.

3.1.1 Kinematics of the Rigid Body

A rigid body can be defined as a set of points whose relative position does not change
in time. It is in fact sufficient to describe the position and orientation of one of these
points, with respect to a reference frame (generally indicated with (-)), that we can
have the entire knowledge of the position and orientation of all the other points defin-
ing the rigid body.

In other words, the position and orientation of a rigid body, i.e. of all the points con-
stituting the rigid body, is described by a point p; € R? (actually the z, y and z coor-
dinates with respect to a frame (j)) and angles ¢; with respect to the j — th frame of
reference (see Sciavicco & Siciliano|(2005b) for more details). The position and orien-

tation of a rigid body, defined by frame ¢, with respect to frame 7, can be described by
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3.1 Introduction to Rigid Body Dynamics

Figure 3.1: Sketch of a rigid-body link.

an homogeneous transformation. An homogeneous transformation is a matrix repre-
sentation, in R***, which defines the roto-translation matrix of one frame, with respect
to another.

More specifically, an homogeneous transformation between two frames of references

through a wide number of notation and conventions, with the form of matrix 7' € R***:

Qg ba:y Cer X
TJ _ oy byy Cyz Y — R'.:j pf (3 1 1)
! Qrg bay €2z 2 0 1
o 0 0 1

where R’ ¢ R**® represent the rotation matrix of {7} with respect to (¢}, and p! ¢ R?

is the distance vector from the origin of {2} to {7}
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3. PROPAGATION OF FORCE MEASUREMENTS THROUGH MBSD

3.1.2 Dynamics of the Rigid Body

Let us consider a rigid body whose points P; are characterized by a mass m; (i =
1,2, ..., N), where the relative distances between the points does not change in time,
and with a center of mass in a point C' = [C,, C}, C.]". The overall force acting on the

rigid body is given by:

al erZ d ro
Zmi 12 = dtQ Zfzmt_'_z.f]eact Zflemt ezt (312)
=1

The equation describes the linear motion of a rigid body. In particular it shows that
the motion of a set of points of mass m;, rigidly constrained together, is equal to
the motion of one body of overall mass M = ) .m,, subject to one external force
Fewt =Yy fewt,n being { feui } a set of external forces acting on different points of the
rigid body.

Similarly, the angular momentum balancing follows:

o d2R<o> d([w)
MT<C> dt? + dt2 :ZT<0>»i:T<o>,ext (3.1.3)

being (o) a generic frame of reference with origin in (o), and I the inertia tensor of
the rigid body.

3.2 Dynamics of Serial Mechanisms

The dynamic of manipulators is described by means of rigid bodies, connected to-
gether through joints. The term link is used to refer to a rigid body, characterized by
a frame of reference defined on a point » moving with respect to another frame a and
whose relative position can change according to the definition of the joint constraint.
A manipulator, or multiple-link chain, is a set of links connected through joints. Here
we limit the treatment to revolute joints. A revolute joint is a set of five scalar equa-
tions which defines a constraint between two links a and b, on the point p,, where the
joint is located, and p,. With reference to figure Fig. a revolute joint introduces

a constraint that forces the position p, of the origin of frame (b) and p, of the origin
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3.2 Dynamics of Serial Mechanisms

Figure 3.2: Sketch of a link with revolute joint.

of frame (b} to have a constant distance vector 78 (which correspond to three scalar
equation W?(p,,p;) = r°) and the orientation of z, of frame {(a) and z;, of frame (b)
to have the same direction (which correspond to two scalar equation U#(z,, z) = 0).
The overall number of relative degrees of mobility of the kinematic couple of the two
links is thus one, and refers to the relative angular position of z, of frame {a) and z;
of frame (b}, that we call 6.

Remarkably, different joints introduce different constraint equation. In this book, rev-
olute joints are considered. For the definition of other kinematic couples, the interested
reader should refer to|/Cheli & E.Pennestri| (2006)

3.2.1 Notation

Let us introduce the notation of symbols that will be used to denote kinematic and
dynamic quantities. With reference to figure Fig. we call:

{-) generic Cartesian reference frame, where {z) refers to the reference frame
attached to the :-th joint
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3. PROPAGATION OF FORCE MEASUREMENTS THROUGH MBSD

fi

Hi

fi

fi—H

Hit1

Figure 3.3: Notation for the i-th link of a kinematic chain.

the angle associated to the i-th joint. The vector of joint coordinates of the

manipulator is denoted § € R”

€ R3, denotes the linear acceleration of frame i-th

0; € R3, the angular velocity and acceleration of (i)h

: given v € R™ a generic n-dimensional vector, v, is v expressed in (a)
the SO(3) rotation matrix from (a) to (b)
distance vector r from (a) to (b).

€ R3 the coordinate vector of the center of mass of link i-th, with respect
to (7)

; z-axis of (7) h, aligned with the axis of rotation of joint 7

. mass associated with the i-th link

€ R3*3, defined with respect to the center of mass oriented as the frame

(i), represent the inertia tensor of the i-th link

€ R3, represent the forces applied on (i), that link 7 + 1 exert on the i-th
link

€ R3, represent the moment applied on (), that link 7 + 1 exert on the i-th
link
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3.2 Dynamics of Serial Mechanisms

7; € R the joint torque, i.e. the component of y; along z;

w; € R3 the wrench (or generalized forces) w = (/Jj) applied on (i), that link

7+ 1 exert on link 7

This notation allows to better understand the frames to which the quantities are re-
ferred. The formulation of the dynamics of multi-body systems requires the definition
of these quantities, independently from the method used to compute the dynamics. In
general, there are a lot of formalisms which allow to have a description of multi-body
system dynamics, from the point of view of both the kinematics and dynamic char-
acterization of the system. Section [3.2.2] shows some of the methods to describe the
kinematics of manipulators, while Section gives an idea on different formulations
to describe the robot dynamics. In this chapter a general formulation which addresses
the kinematics and dynamics computation for multiple branched robotic system, adopt-
ing graph theory, will be presented in Section The formulation allows to define
the robotic kinematic and dynamic structure of robotic mechanisms. It will be shown
how sensors measurements can be exploited to enhance the representation of the graph
structure of a multi-body system. In particular, the formulation allows to represent
both known quantities (i.e. information coming from sensor measurements) and un-
known quantities (i.e. the result of the computation) as will be shown in Section[3.3.1]
Even though the formulation is generic from the method adopted for performing the
computation of the unknowns, Section [3.4] specializes the recursion of kinematic and
dynamic quantities exploiting the classical Newton-Euler formulation.

Moreover, in order to cope with external wrenches applied at continuously changing
locations, graph representation of kinematic chain allows to define a theoretical, but
also practical, framework which dynamically adapts to the contact locations. Classical
pre-order and post-order traversal of this dynamically evolving graph allow to com-
pute whole-body dynamics and external wrenches estimations. It will be shown that,
under suitable conditions, a maximum of N + 1 external wrenches can be estimated
from NV force/torque sensors, when each of the NV + 1 externally applied generalized
forces refer is applied uniquely to a subgraph, bounded with known wrenches. The
result of this formulation is a method which allows to enhance the perceptual capabili-

ties of a robotic system in a physically interactive scenario, exploiting the information
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3. PROPAGATION OF FORCE MEASUREMENTS THROUGH MBSD

of the available kinematic and dynamic model in combination with the measurements

coming from the distributed sensors.

3.2.2 Kinematic Description: the Denavit-Hartenberg notation

The kinematic of manipulators can be described with a wide number of notation and
conventions. Some methods that can be employed for the definition of a multi-link

kinematic chain are:

o the method of constraint equation: the link is described with 6 rigid body equa-
tion in free space (or 7, depending on the angular representation). Depending
on the joint which connects the links, constraint equation are defined to reduce
the number of degrees of freedom of the body. An example of the representation
of kinematic constraints has been proposed in Section [3.2] for the definition of

revolute joints.

e the method of natural coordinates: allows a simple representation of rigid bod-

ies in the absolute frame of reference.

o the Denavit-Hartenberg notation: procedural and easy. It allows the descrip-
tion of links kinematic by employing four parameter, which define the relative
position and orientation of sequential reference frames. It introduces constraints

on the choice of reference frames.

These and other methods can be exploited for the representation of the kinematic of
multi-branched robotic mechanisms.

In this chapter we define the structure of kinematic chains exploiting the Denavit-
Hartenberg notation (see Sciavicco & Siciliano (2005b)). As previously mentioned, it
allows the description of the position and orientation of each link relatively to the pre-
vious link, with a set of four parameters representing the relative distance and rotation
angles between the reference frames. Particular links are the base link and the final
link, whose frames of reference lack of a unique definition.

The method consists in defining one frame for each link, according to some rules (see
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3.2 Dynamics of Serial Mechanisms

Sciavicco & Siciliano| (2005b)) which allow the kinematic representation of the link in

the form of an homogeneous transformation:

cos(6;) —sin(0;)cos(a;)  sin(f;)sin(cy)  a;cos(6;)

(0
Ti-1 _ sin(0;)  cos(0;)cos(cy;)  —cos(0;)sin(a;) azsin(6;)

)

. 3.2.1)
sin(ay) cos(a;) d;

0
0 0 0 1

being, when revolute joints are considered, ¢; the relative rotation around the joint axis
z; of frame ¢ with respect to frame + — 1. «;, a; and d; are fixed parameters describing

the link kinematic

3.2.3 Dynamic Description: the RNEA

The dynamic description of a mechanical system can be achieved adopting different
methods. Some relies on energetic formulation and conservation theories, such as
the Lagrange formulation, while others relies on the balancing of the forces and mo-
ments acting on the rigid bodies, as the Recursive Newton-Euler Algorithm (RNEA).
In the first case, the formulation gives origin to sets of equation in closed form that
can be mainly employed for the analysis of control scheme and system properties. The
latter instead are mostly used for implementation, due to the intrinsically recursive
formulation, which allows fast numerical computation of the inverse dynamic, which
is essential for real-time control systems. In this section, the analysis focuses on the
RNE algorithm. We show the formulation of the classical method, and its adaptation
to graph formulation.

The analysis of systems dynamic typically consists in two main steps: first, kinematic
quantities, actually the linear position and orientation of frames, and corresponding
velocities and accelerations of the links must be determined; secondly the computation
of dynamic quantities is performed.

The classical Newton-Euler algorithm performs these computation through a recursion
in two directions along the kinematic chain. A forward recursion allows to determine
the kinematic quantities referred to the links’ frame of reference, actually their posi-

tion, velocities and acceleration. A backward recursion instead performs the compu-
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3. PROPAGATION OF FORCE MEASUREMENTS THROUGH MBSD

tation of wrenches acting on the frame of references of the links. In the backward
recursion, forces and moments acting on each link are determined through equations
which consider the balancing of these quantities on the rigid body (as already intro-
duced in Section |3.1.2)).

The classical RNE equation follows here: adopting the Denavit-Hartenberg notation
(once again refer toSciavicco & Siciliano| (2005a)) for details), define a set of reference
frames (0), (1), ..., (n) attached at each link. Considering a grounded manipulator,
set the velocities and acceleration of the base frame as: jy = —g, wo = [0,0,0] and
wo = [0,0,0]. The Newton-Euler kinematic step consists in the propagation of ve-
locity/acceleration information from the base to the end-effector (forward kinematics),
considering the relative velocities and acceleration between subsequent links, induced

by joint motion:

Witr1 = wi + 01 2i41,
Wig1 = Wi + 012001 + 01w X 2441, (3.2.2)

Pir1 = Pi + @i X Tiip1 +wWipr X (Wig1 X Tiiq1),

where z;,, represent the z-axis of frame ¢ + 1. Measuring 6;, éi, 9; the above equations
can be iterated to retrieve the ¢-th link angular velocity and acceleration (w;, w;) and
linear acceleration (p;).

Considering that the system is moving freely (i.e. without interacting with the environ-
ment), the robot dynamics is computed starting from the end-effector (where f;,; and
Wi+1 are set equal to zero) to the base. For each link, the force and torque components

on joints which allow the maintenance of the system equilibrium are the computed as:

fi = fixa +miPe,,
pi = piy1 — fi X ric1ot (3.2.3)
+ fivr X i, + L +w; x (Lw;),

where:

4

Do, = Py + Wi X i o+ w! X (Wl X 1) (3.2.4)
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3.3 Dynamics of Multiple Branched Mechanisms: a Graph Formulation

Assuming the system dynamical parameters are known (m;, ]; ri—1,c;» Tic,), wrenches

are thus propagated to the base frame of the manipulator so as to retrieve f, and .

3.3 Dynamics of Multiple Branched Mechanisms: a Graph

Formulation

Graph theory has been extensively used to represent mechanical systems (see Feath-
erstone & Orin| (2008); Wittenburg| (1994)) and kinematic chains, producing compact
and clear models, in matrix forms with beneficial properties (e.g. branch-induced spar-
sity, shown in |[Featherstone (2010))) when the connectivity among its elements is ex-
pressed. There is not a unique choice for a graph representing a chain: for example, in
Featherstone (2007) graphs are undirected, nodes and arcs represent bodies and joints
respectively; the resulting graph is undirected (i.e. non-oriented), but nodes are “la-
beled” according to a “regular numbering scheme”.

This section presents the theoretical framework of the Enhanced Oriented Graphs
(EOG), applied to the computation of both internal and external wrenches applied to
single and multiple branches, generally non-grounded, kinematic chains. The pro-
posed method is independent on the equation exploited for performing the calculation.
Here, an extension of the classical RNEA (see |[Featherstone & Orin| (2008)); Sciavicco
& Siciliano| (2005a) for details on the RNE algorithm) will be adopted. Within this
manuscript the recursive Newton-Euler algorithm will be employed, but it is remark-
able to underline that this choice is not the unique that can be addressed for computing
the inverse dynamic, adopting the graph formulation that will be presented in next sec-
tions. Here the classical RNEA will be rearranged to allow its application in a versatile
framework for performing the computation of kinematic quantities and wrenches ex-
ploiting sensor measurements. More specifically, kinematic chains are represented as
graphs. Differently to classical approach for inverse dynamic computation exploiting
graph theories, the graph is enhanced with specific nodes representing both known and
unknown (kinematic or dynamic) variables. As a consequence to the fact that within
this formulation sensors will be considered in order to perform a more reliable esti-
mation of the internal kinematic and dynamic quantities, nodes representing sensors

placed along the kinematic tree, and nodes representing virtual sensors (e.g. unknown
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3. PROPAGATION OF FORCE MEASUREMENTS THROUGH MBSD

Figure 3.4: Example of multiple branched graph structure. When the graph is visited in
pre-order, from the root A the visited nodes are B, D, E, F, G, C. When post-order, the
visiting order is ', G, E, D, B, C'and A

external wrenches acting on a certain link), will be added to the formulation. Remark-
ably, not all the unknowns will be specified a-priori (e.g. contacts at arbitrary locations
might appear and other contacts might be removed) and therefore the graph structure
will be adapted accordingly.

The computations of the system dynamics are performed through a pre-order and a
post-order traversal visit of the graph itself, depending on the quantity to be computed,
as will be shown in next sections. As a matter of completion, pre-order traversal visit
of a graph means that from the root starts the propagation of the information to all the
leaves of the tree. On the other side, post-order traversal refers to the way of visiting
a graph, in which the propagation of the information starts from the leaves and sub-
branches, to finally visit the root. Figure[3.4describe these two possibilities for visiting
a graph. It is remarkable here that, within this context, FTS, Inertial sensors, encoders
and tactile arrays play a crucial role. More specifically, Inertial sensors provide infor-
mation of the root leaves of the graph representation of kinematic quantities (as will be
shown later on). Force/torque sensors allow to have an estimation of multiple external
wrenches, but also a representation of the same internal quantities. Encoders are nec-
essary for the propagation of the information along the structure, which passes from

one edge to the others through the links, while distributed tactile sensors are primarily
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3.3 Dynamics of Multiple Branched Mechanisms: a Graph Formulation

€o,1 €1,2 €n—1n
————— —>

(0) {1 (n)

Figure 3.5: An open chain represented as a graph.

used to compute the presence and the location of externally applied wrenches. The
resulting graph will thus allow to dynamically represent the unknown quantities (both
kinematic and dynamic) of a link.

The resulting evolving graphical description of the chain modifies the way the graph
is visited during the recursion, thus changing in particular the direction along which
the information is propagated in the graph. In order to cope with this evolving rep-
resentation another difference with respect to previous graphical representations is in-
troduced. The kinematic chain will be represented as an oriented graph: the direction

along which edges are traversed will determine the recursion formula to be employed,
as will be shown in Section and Section

3.3.1 The enhanced graph representation

Let us consider an open (single or multiple branches) kinematic chain with n DOF
composed of n 41 links. The i-th link of the chain is represented by a vertex v; (some-
times called node). A hinge joint between the link ¢ and the link j (i.e. a rotational
joint) is represented by an oriented edge e;; connecting v; with v; (see Figure [3.6).
The orientation of the edge can be either chosen arbitrarily (it will be clear later on that
the orientation simply induces a convention) or it can follow from the exploration of
the kinematic tree according to the “regular numbering scheme” (Featherstone & Orin
(2008))), which induces a parent/child relationship such that each node has a unique
input edge and multiple output edges. As a convention, it is here assumed that each
joint has an associated reference frame with the z-axis aligned with the rotation axis;
this frame will be denoted (e; ;). In kinematics, an edge e; ; from v; to v; represents
the fact that (e; ;) is fixed in the i-th link. In dynamics, e; ; represents the fact that
the dynamic equations will compute (and make use of) w; ;, i.e. the wrench that the
i-th link exerts on the j-th link, and not the equal and opposite reaction —w; j, i.e. the

wrench that the j-th link exerts on the ¢-th link (further details in Section 3.4). In
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edge between two links

vertex link

vertex sub-link

kinematic unknown

kinematic known

dynamic unknown

dynamic known

¢ O «4<O0O |

Figure 3.6: The notation introduced to represent nodes, sub-nodes, edges, known and
unknown kinemaric and dynamic variables in graphs.



3.3 Dynamics of Multiple Branched Mechanisms: a Graph Formulation

order to simplify the computations of the inverse dynamics on the graph (as will be
shown in Section [3.4), kinematic and dynamic measurements have been explicitly rep-
resented through additional types of nodes (see Figure [3.6). In particular, the graph
representation has been enhanced with a new set of graphical symbols: a triangle to
represent kinematic quantities (i.e. velocities and acceleration of links), and a rhombus
for wrenches (i.e. force sensors measurements within a link), as shown in Figure [3.6]
Moreover these symbols have been further divided into known quantities to represent

sensors measurements, and unknown to indicate the quantities to be computed.

3.3.2 Kinematics

Kinematic variables can in general be measured by means of gyroscopes, accelerom-
eters, or simply inertial sensors. When attached on link i-th, these sensors provide
angular and linear velocities and accelerations (w, w, p and p) at the specific location
where the sensor is located. We can represent these measurement in the graph with
a black triangle (V) and an additional edge from the proper link where the sensor is
attached to the triangle. It is to be underlined here that, according to the kinematic
convention previously mentioned, an edge e; ; is fixed on the i-th link. Therefore a
sensor fixed in the i-th link, will be represented by e, ;, i.e. an edge from the link to
the sensor (see Figure and Figure [3.7(b)). Also in this case, the reference frame
associated to the edge corresponds to the reference frame of the sensor. Similarly, an
unknown kinematic variable is represented with a white triangle (V) with an associated
edge going from the link (where the unknown kinematic variable is attached) to the tri-
angle. The reference frame associated to the edge will determine the characteristics of

the retrieved unknown kinematic variables as it will be clear in Section

3.3.3 Dynamics

Similarly, we introduce two new types of nodes with a rhomboidal shape (see Fig.
3.6): black rhombi (#) to represent known (i.e. measured) wrenches, white rhombi
(O) to represent unknown wrenches which need to be computed. The reference frame
associated to the edge will be the location of the applied or unknown wrench. Remark-

ably, there is not a fixed rule to determine the orientation of the edge connecting the
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(@)

(©)

Figure 3.7: Top(3.7(a)): sketch of a serial robofic structure with a FTS placed at the end-
effector; kinematic quantities are known at the base of the robot, where wy = wg = 0

and go = g. Center(3.7(b)): graph representing the kinematic EOG of Figure

Bottom(3.7(c)): graph representing the dynamic EOG of Figure
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Inertial

(@)

(d

Figure 3.8: Top:sketch of a serial robotic structure with a FT'S placed on a proxi-
mal link; an inertial sensor is placed on the n-th link. Bottom(3.8(b)): graph representing
the kinematic EOG of Figure Bottom(B3.8(c)): graph representing the dynamic
EOG of Figure before the division into two subchains. Bottom(@8({d)): graph
representing the two dynamic EOGs of Figlik consequence of the division of the
link mounting the FI'S into two sublinks; In this case, two unknown wrenches can be
determined, one for each subchain.
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(@)

Figure 3.9: A representation of an FT'S within the ¢g-th link. Note that the sensor divides

the link into two sub-links, each with its own dynamical properties. In particular, it is
evident that the center of mass (COM) of the original link, C;, differs from Cf, C’f‘, ie.
the COM of the two “sub-links”.

rhombi to the graph: according to our convention for representing the wrenches, the
edge can be either directed from the rhombus to the link or vice versa depending on the
variable we are interested in representing (i.e. the wrench from the link to the external
environment or the equal and opposite wrench from the environment to the link). It
is important to point out that, whereas the position of 4 is static within the graph (be-
cause sensors are fixed in the manipulator), the location of {} instead can be dynamic
(contact point locations are dynamically detected by the distributed tactile sensor). If a
contact moves along a chain, the graph is accordingly modified. This rule shows a big
benefit of the EOG, which dynamically adapts in response to the location of the un-
known external wrenches. Within this representation, embedded FTS can be inserted
by “cutting” the manipulator chain where the FTS is located and creating two virtual
“sub-links” from the link hosting physically the sensor. The EOG is then split into two
sub-graphs, where black rhombi (4, i.e. known wrenches representing the FT'S mea-
sures, one per graph) are introduced and attached to the sub-links. In practice, suppose
that an FTS is placed in the ¢s-th link (see Fig. [3.8(2)). Let (s} be the frame associ-
ated to the sensor. The sensor virtually divides link 75 into two “sub-links” (herecafter
denoted forward v; g, and the backward v; 5, sub-links, as shown in Figure [3.8(d)).
The sensor therefore measures the wrench exchanged between the “forward” and the
“backward” sub-links (this will be represented by two rhomboidal nodes). Under these
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considerations, the FTS within a link is represented by splitting the node associated to
the link into two sub-nodes (with suitable dynamical properties, see Fig. [3.8(d)). Two
known wrenches in the form of black rhombi are then attached to the sub-nodes, with

suitable edges whose associated reference frame is (s) for both edges.

3.4 Exploiting the RNEA for EOG

The graphical representation proposed in Section [3.3] can be adopted to represent the
flow of information within kinematic chains, which are necessary to perform the sub-
sequent computation of the internal dynamics of a (floating) kinematic chain provided
with sufficient tactile, proprioceptive, haptic and inertial sensors. In particular, in this
section we describe how to compute both kinematic and dynamic variables, associated
to the edges of the graphical representation, for the general case of (floating) multi-
ple branches kinematic chains. The method shown hereafter adopts the Newton-Euler
formulas, but any other recursive formulation might be employed to perform the com-
putation.

A first recursion on the graph (pre-order traversal) will compute the linear acceleration
(p) and the angular velocity and acceleration (w, w) for each of the reference frames
associated to the edges of the graph. This procedure practically propagates the infor-
mation coming from a single inertial sensor to the entire kinematic chain. At each step,
the values of (p, w, w) for a given link are propagated to neighbor links by exploiting
the encoder measurements and a kinematic model of the chain. A second recursion
(post-order traversal) will compute all the (internal and external) wrenches acting on
the chain at the reference frames associated with all the edges in the graph. In this
case, Newton-Euler equations are exploited to propagate force information along the
chain. At each step, all but one wrench acting on a link are assumed to be known and
the remaining unknown wrench is computed exploiting a dynamic model of the link
and the output from the kinematic recursion.

When computing wrenches, it cannot in fact be performed the computation the com-
putation of more than one unknown for each subchain. Practically speaking, each
chain represents one 6-dimentional equation, where at least one 6-D unknown can be

determined. If more than one unknown is present on a subchain, an infinite of solu-
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flow
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Figure 3.10: The basic operation for propagating information across an EOG. Given v; we
assume to know w;, w;, f;. This information can then be propagated to all the connected
nodes. If vy is connected to v; by €; 1 (i.e. the edge is directed from v; to v;) then we can
compute wy, wy, P using (just replace ¢ + 1 with k). If v is connected to v; by
eg,; (.e. the edge is directed from vy, to v;) then we can compute wy, Wy, Pg using
(just replace ¢ — 1 with k). Similar considerations can be done for dynamic variables.

tion can be found, and thus the method cannot be applied without introducing some

assumptions on the contacts.

3.4.1 Kinematics

We here describe the basic equations for propagating the kinematic information within
the graph. The proposed notation might seem a little bit too general, especially if com-
pared with the classical computations where the major simplification is the assumption
that kinematics are propagated in the kinematic tree along a constant path. In our case
instead, we are interested in a formulation capable of exploiting multiple (dynamically
inserted) inertia sensors to propagate the kinematic information from the sensors to the
surrounding links. Therefore the flow of kinematics cannot be predefined but needs
to be dynamically adapted to the current structure of the EOG. The basic step here
described consists in propagating the kinematic information associated to an edge con-

nected to a node v to all the other edges connected to v. As usual, for each edge ¢

we consider the associated reference frame (7). Referring to Fig. [3.11(a)}{3.11(c)| we

assume that knowing the linear acceleration (p;) and the angular velocity and accelera-
tion (w;, w;) of the reference frame {j ) we want to compute the same quantities for the
frame (7) sharing with (7} a common node v. Fig. [3.11(a)|represents the case where

the edge ¢ exits v but the edge 7 enters v; recalling the kinematic meaning of the edge
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3.4 Exploiting the RNEA for EOG

directions, the sketch in Fig. represents a situation where (i) is attached to v
while () is rotated by the joint angle #; around z;. The situation is exactly the one we
have in the classical Denavit-Hartenberg forward kinematic description and therefore
we haV (seeSciavicco & Siciliano (2005a))):

w; = wj + éjzj,

Wi = w; + 0,2 + jw; ¥ zj, (3.4.1)
Pi = D +wi X 155+ wi X (wi X 15,),

where z; and 6; indicate the rotational axis and the angular position of the joint asso-
ciated to the edge j. Similarly, Fig. [3.11(b)| represents the case where the edge i enters
v but the edge j exits the node; therefore Fig. represents a situation where ()
is attached to v while (7) is rotated by the joint angle ¢;. The situation is exactly the

opposite encountered in classical Denavit-Hartenberg so that we have:

W; = Wj — éiZi,
w; = C;Jj — 912’1 — éiOJj X Zi, (34.2)

Pi = Dy — wj X Tij — wj X (wj X 735).

Finally, Fig. [3.11(c)|represents the case where both (i) and () are attached to the link

represented by v. In this case, continuity formulas are obtained putting 0; = 0 and

0; = 0 in Equation (or equivalently Equation :

Ww; = Wy,
W =, (3.4.3)

Di :p] _'_Wz X T + w; X (wi X T’jﬂ').

These rules can be used to propagate kinematic information across different edges

'In the classical recursive kinematic computation (as in |Sciavicco & Siciliano (2005a)) there is
a one-to-one correspondence between links and joints (see Figure [3.3) thus resulting in a kinematic
equations slightly different from Equation[3.4.1] Classically, the i-th link has two joints and associated
reference frames (i) and (i — 1), respectively. Only (i) is attached to the i-th link while (i — 1) is
attached to the link ¢ — 1. The rotation between these two links is around the z-axis of (i — 1) by
an angle which is denoted 6; and therefore the analogous of Equation in [Sciavicco & Siciliano
(2005a) refer to 91 in place of 9j and z;_; in place of z;. In our notation, we get rid of this common
labeling for joints and links by explicitly distinguishing the link represented with the node v and the
attached joints represented with the edges i, j, ... and associated frames (i), (j), ... whose axes are
therefore z;, z;, ... with associated angles 0;, 0;.
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(a)

(b)

(c)

Figure 3.11: The three cases accounting for the exchange of kinematic information.
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3.4 Exploiting the RNEA for EOG

connected to the same node. The only situation which cannot be solved is the one
where all edges enter the node v, i.e. none of the associated reference frames is fixed to
the link v. We can handle these cases a posteriori by defining a new arbitrary reference
frame (v) attached to the link. In our formalism, this is achieved by adding a kinematic
unknown (V) and an edge from v to V with associated frame (v). It is remarkable here
that, if the edge directions are chosen according to a “regular numbering scheme” as
proposed in Section [3.3.1} each edge will have a unique ingoing edge and multiple
outgoing edges.

The only nodes with no outgoing edges will be the ones corresponding to the leaves
of the kinematic tree (typically the end-effectors). For these nodes, we will add a
kinematic unknown (V) and an edge from v to V with associated frame (v) (typically

the end-effector reference frame of the classical Denavit-Hartenberg notation).

3.4.2 Dynamics

We here describe the basic equations for propagating the dynamic information within
the graph. Also in this case, the flow of dynamical information cannot be predefined
because the graph structure continuously changes according to the position of the ap-
plied external wrenches (as detected by the distributed tactile sensor). The basic step
proposed in this section assumes that all but one wrench acting on a link are known
and the remaining unknown wrench is computed by using the Newton-Euler equations.
Using the graph representation, a node v with all its edges represents a link with all its
joints. As proposed in Section at each edge e, ,, we can associate the wrench
we, , that u exerts on v. At each edge e, , we can associate the wrench we, , that v
exerts on u. The Newton-Euler equations for the link v can therefore be written as

follows:

Z fel_ Z feo:mvp.Cm

er€6r(v) e0€%6o (v)

Z (Hey + fer X Ter ) (3.4.4)

er€%r(v)

- Z (:ueo + feo X Teo,Cv) = ZTzwz + w; X (I_iwi)v

eo€%o(v)
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‘if:)j ('L‘)

(b)

Figure 3.12: The two cases accounting for the exchange of dynamic information.
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3.4 Exploiting the RNEA for EOG

wherd}

Do, = Pi + Wi X 1o, +wi X (Wi X 15.0,), (3.4.5)

and where %7 (v) is the set of ingoing edges, %o (v) is the set of outgoing edges and
where the index i refers to any edge in 6 (v) (necessarily non-empty in consideration
of what we discussed in Section[3.4.1). In other terms, recalling the kinematic meaning
of outgoing edges, 7 is an edge associated with any of the arbitrary reference frames
(i) fixed with respect to the link v. As anticipated, Equation can be used to
propagate the dynamic information across the graph. Assuming that all but one wrench
acting on a link are known, the remaining unknown wrench can be computed with
Equation Let us denote with 7 the edge associated with the unknown wrench. If
i € ¢1(v), then the situation is the one represented in Fig. and we have:

fi:_ Z f8]+ Z feo +mvjj0va

e €6 (v) eoecfo(’v)
er#i
pi = —fi Xric, — Z (ke + fer X Ter ) (3.4.6)
e €6 (v)
er#i
+ Z (Hep + feo X Tep,c) + Lio; + w; X ([_iwi)-
e0€%o(v)

If i € o(v), then the situation is the one represented in Fig. [3.12(b){and we have:

fi: Z feI_ Z feo—mvﬁcm

er€%6r(v) eQ€EECH(v)
eoF#i
pi = —fi xric, + Z (ke + fer X Terc0) (3.4.7)
er€%6r(v)
- Z (Meo + feo X Teoﬁu) - I_Zwl —w; X (]_Zw,)
e0€ECG (v)
eoF#i

Note that, with reference to Equation [3.4.643.4.7, if only one edge is connected to the
generic node v, then €7 (v) U%o(v) = {i}. Hence, the sums ) _ fi, > (fu + fx X 760,

(being k the generic index for the edge) are null and the equations are basically simpler.

'With slight abuse of notation we indicated with r, ¢, the vector connecting the generic frame (x)
to the one placed on the center of mass C', of the v-th link.
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This case is peculiar, and its significance will be clear later on when the solution of the
EOG is discussed in detail.
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4

Building EOG for Computing
Dynamics and External Wrenches of
the iCub Robot

Chapter [3| has shown a dynamic formulation for the computation of externally applied
wrenches along kinematic trees. The method makes use of a graphical formulation
which employs graph theories for performing the computation of both kinematic quan-
tities (i.e. angular velocities of the center of mass of links, but also linear and angular
acceleration), and dynamic (internal forces and moment on the connection elements
between the links, but also externally applied wrenches). A classical graph formula-
tion has been adapted to the case in which distributed inertial sensors and force/torque
sensors are embedded within the links. It has been shown that, given N FTSs, N + 1
external wrenches can be computed, one for each subchain resulting from the employ-
ment of FTS measurements in a link. With reference to the classical approaches(see
Featherstone & Orinl (2008))), two main modification have been added: new nodes have
been added to embed sensor measurements in the computation, and edge orientation is
exploited to define the kinematic representation of reference frames on a link.

The chapter shows the application of the method presented in Chapter[3] applied to the
dynamic formulation of the iCub humanoid robot (see Chapter [2). It will be briefly
summarized in Section the steps required for building the kinematic and dynamic
model of robotic mechanisms. The application of the method will be shown for dif-

ferent simple robotic structures, and will then be applied to the modeling of the iCub
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robot. Some results will be reported in Section 4.3.2] where the validation of the in-
verse dynamic algorithm and the model is addressed through the comparison of com-
puted and measured internal wrenches at the sensor reference frame. Two other ex-
periments show the comparison of externally applied forces measured with an external
FTS, with virtual FTS exploiting the proposed method. Also a comparison of external

torques on the joints will be performed.

4.1 Summary of the EOG Definition on Robotic Struc-

ture: Case Studies

Section[3.4.T]and Section [3.4.2] presented the basic steps for propagating kinematic and
dynamic information across a graph representing a kinematic tree. This flow of infor-
mation can be used to determine unknown (actually non directly measured) quantities
along the kinematic tree. In particular, it is possible to have a virtual measurement
of both kinematic quantities (w;, w; and p; for each link ) and dynamic (f; and ;).
In particular, the discussion addressed in this chapter will mainly focus on the virtual
force/torque sensor method, exploiting the dynamical model of the robotic structure,
to have an estimation of both internal wrenches that the links reciprocally exchange
on joint connections, and externally applied generalized forces at any location of the
kinematic structure. For the kinematic quantities it will be addressed only the case in
which one only Inertial sensor is present on the structure, as it is sufficient to have an
estimation of the kinematic quantities along all the structure. Case studies of robotic
mechanisms which employ one or more distributed FTSs, instead, will be analyzed
(e.g. the iCub robot). It is remarkable to underline that, given NV FTS distributed along
the kinematic chain, N + 1 virtual measurement of externally applied forces (one for
each sub-chain) can be performed. Moreover, in case the point of application of the
external wrench is known (practically speaking, if an artificial skin covers the robot
structure), the unknown leaves can be dynamically moved along the graphs, thus re-
sulting in a non fixed path followed by the information flow during the computation,
as already mentioned in Section [3.3]

This section summarizes the basic steps to compute the whole-body dynamics, with

specific attention at getting estimates for the externally applied wrenches (denoted with
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4.1 Summary of the EOG Definition on Robotic Structure: Case Studies

0).

Hereafter follows the steps for the definition of the graph structure:

1. Create the graph representing the kinematic tree; define a node for each link and
an edge for each joint connecting two links. The edge orientation is arbitrary

and in particular it can be defined according to a “regular numbering scheme”.

2. For each inertial sensor (measuring the linear acceleration and the angular ve-
locity and acceleration) insert a black triangle (V) and an edge from the node
v to the triangle, where v represents the link to which the sensor is attached.

Associate to the edge the reference frame (s) corresponding to the sensor frame.

3. For any node v with only ingoing edges, add a white triangle (V) and an edge

from v to the triangle. Associate to the edge an arbitrary reference frame (v).

At point 2, it should be noticed that kinematic chains are often grounded and therefore
there exists a base link with null angular kinematics, w = [0,0,0]", w = [0,0,0]"
and gravitational linear acceleration p = g, being g the vector representing the gravity
force (as an example, g = [0,0, —9.81] if the base frame has the z-axis oriented as
the gravity component. Any other condition is obviously allowed, and depend on the
orientation of the base frame).

These steps define the kinematic EOG which can be used to compute the kinematics of
the entire chain. Specifically, if this graph contains a single inertial sensor (represented
by a ¥ node), the associated measurements can be used to compute the linear accelera-
tion and angular acceleration and velocity for all the edges of the graph. Computations
can be performed following the procedure in Alg. [T} that is a pre-order traversal of the
tree with elementary operations defined by Eq.[3.4.1] Eq.[3.4.2]or Eq.[3.4.3] If multiple

V¥ nodes (i.e. inertial sensors) are present in the graph, each path between two of these

nodes corresponds to a set of three equations containing the measurements:one for the
linear accelerations, one for the angular velocity and one for the angular accelerations.
These equations can be used to refine the sensor measurements or to give better esti-
mates of the joint velocities and accelerations (typically derived numerically from the
encoders and therefore often noisy), as reported in Appendix [6.3.3]

Figure {.1] shows an example of a floating base multiple branches mechanism which
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Figure 4.1: Top (4.1(a)): an example of generic floating, multiple branches kinematic
chain subject to external forces; The chain mounts two F1Ss and one inertial sensors.
Center ({.I(b)): Classical representation of the graph structure; The direction of the edges
represent the kinematic conventions for the definition of the kinematic of the chain. Bot-
tom left (4.1(c)p: enhanced graph representation of the kinematic of the chain. Bottom
right .I(d)): rearrangement of the kinematic EOG to underline the way to visit the graph,
actually a pre-order traversal; starting from the root node, the computation is performed in

the following order: 5, 6, unknown leaf, 4, 1, 0, 2, 3, unknown leaf.
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mount one inertial sensor and multiple FTSs, represented in Figure . The kine-
matic of this chain has been defined starting from link 0, as shown in Figure 4.1(b)|
The enhanced graph associated to this mechanism takes the form of the graph shown
in Figure which can be rearranged as in Figure It is clear that the way to
visit the graph is a pre-order traversal. It is remarkable here that the visit order is not
related to the edge direction, since the latter only affects the recursive equations that
must be used to propagate the variables, as was already shown with Fig. [3.10] Once
velocities and accelerations have been computed for all edges, a new series of steps

needs to be performed on the EOG to obtain the dynamic enhanced subgraphs.

1. For each FTS embedded in the link v cut the graph into two subgraphs according
to the procedure shown in Figure @ Divide v into two nodes v; s, and v; g,.
representing the sub-links (with suitable dynamic properties); define two black
rhombi () and add two edges from the rhombi to the nodes. Associate to both

the edges the same reference frame (s) corresponding to the sensor frame.

2. If there are other known wrenches acting on a link (e.g. sensors attached at the
end-effector), insert a black rhombus (4) and an edge from the rhombus to v,
where v represents the link to which the wrench is applied. Associate to the
edge the reference frame (s) corresponding point where the external wrench is

applied.

3. If the distributed tactile sensor is detecting externally applied wrenches, insert a
white rhombus () for each externally applied unknown wrench. Add an edge
connecting the rhombus with v, where v represents the link to which the wrench
is applied. The edge orientation is arbitrary depending on the wrench to be
computed (i.e. the wrench from the link to the external environment or the equal
and opposite wrench from the environment to the link). Associate to the edge
the reference frame (c) corresponding to the location where the external wrench

is applied.

After these steps have been performed, the dynamic enhanced subgraphs are obtained,
each of which can be considered independently. Wrenches can be propagated to the

unknown nodes () if and only if there exists a unique unknown for each sub-graph.
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(b}

Figure 4.2: The figure refers to the floating, multiple branches kinematic chain subject
to external forces shown in Figure {.1(a)] Top {#.2(a)): enhanced graph representation of
the kinematic of the chain. Two known quantities are present (4), which represent the
FTSs, together with the three unknowns representing the external forces ({); nodes 4 and
2 will be divided into two sub-nodes, giving origin to three sub-chains. Bottom (.2(b)):
rearrangement of the dynamic EOGs to underline the way to visit the graph, actually a
post-order traversal; starting from the leaf nodes, the computation is performed in the
following order: (case 1(left)) 45, 5, 6, unknown leaf, (case 2(center)) 4, 0, 25, 1,
unknown leaf, 2 7, 3, unknown leaf.
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If this is the case, then for each unknown we can define a tree with the node ¢ as root.
Wrenches can be propagated from the leaves to the root following the procedure in
Alg. 2| which is basically a post-order traversal of a tree(see Cormen et al.| (2002)))
with elementary operations defined by Eq. or Eq. Figure show the
graph associated to the mechanism of Figure In this case, since there are 2
FTSs in the chain, which correspond to 2 known quantities in the enhanced graph (see
Figure[d.2(a))), an overall of 3 external forces can be determined, which correspond to 3
unknown nodes in the enhanced graph. To perform the computation, the graph should
thus be splitted into 3 subgraphs, as in Figure[d.2(b)| each of which allows to detect one
external wrench ¢. If there is no { node in a subgraph (i.e. no external forces are acting
on the subgraph), then the post-order traversal of this graph produces two equations
(one for forces and the other for wrenches) with no unknown These equations can
be used to estimate on-line the dynamical parameters of the corresponding kinematic
sub-tree exploiting the linearity of these parameters in the equations ( see|Sciavicco &
Siciliano| (2005a))).

Remarkably, in the considered cases (one ¢ per subgraph at maximum) each edge in
the subgraph is visited during the post-order traversal. As a result, all internal wrenches
are computed and therefore a complete characterization of the whole-body dynamics
is retrieved.

It is now clear that, as a consequence of what has been shown, given N FTS distributed
on a chain, NV + 1 sub-graphs are produced and therefore a maximum of N + 1 external

wrenches can be estimated (one for each sub-graph).

4.2 Performing the Computation

With reference to figure Figure [4.2] in order to clarify how to exploit computation of
wrenches on an EOG, different situation are hereafter reported. Once again, the reader
should note that the employment of the Denavit-Hartenberg notation for the definition
of the kinematic structure of the links, and the RNEA for the definition of the dynamics

of the system, are not mandatory. Custom choices can be adopted.

"Practically, these equations can be obtained by defining an arbitrary ¢} connected to an arbitrary
node. A post-order traversal of the graph with { as root determines the equations by simply assuming
that the wrench associated to the edge connected to ¢ is null.

63



4. BUILDING EOG FOR COMPUTING DYNAMICS AND EXTERNAL
WRENCHES OF THE ICUB ROBOT

Algorithm 1 Solution of kinematic EOG exploiting a tree

Require: EOG, wy, wy, Po
Ensure: w;,w;, p;, Vv,
1: Attach a node V¥ for every kinematic source (e.g. inertial sensor)
2: Set wo, wo,p.o inv
3: Re-arrange the graph with a ¥ as the root of a tree
4: KinVisit(EOG,Vp01)

KinVisit(EOG,v;)
1: Compute w;,w;, p; with Eq. [3.4.1] or 3.4.2] or [3.4.3] according to direction of the
edges 7, j connected to v

: for all child v, of v; do
KinVisit(EOG,v;,)

end for

Ll B

Algorithm 2 Solution of dynamic EOG exploiting a tree

Require: EOG, w,V FTS
Ensure: w;, Vv,
1: For every FTS, attach a node 4 to the corresponding link

Set w, in each ¢
For each ¢, split the graph and create two sub-graphs (see text for details)
Attach a node ¢ to each link where a contact is detected: if there is no contact in a
subgraph, choose an arbitrary position and attach a fictitious <>E]
Re-arrange each sub-graph with a ¢ as the root of a tree
for all subgraph do

DynVisit(EOG,v;001)
end for

s

DynVisit(EOG,v)
1: if v has children then
2:  forallchild e, € €(v), e, # i do
3: We, , = DynVisit(EOG,h)
4:  end for
5: end if
6: Compute w; with Eq.[3.4.6/or Eq. according to the direction of the edges
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When passing from one vertex to the other, Eq.[3.4.6|or Eq.[3.4.7]is used. This equa-
tion provides the computation of both internal and external forces, depending on the

definition of known and unknown variables on the graph. With reference to figure
Fig. 4.2(b), when the flow of the information is along the same direction of the edge,

fi of Eq. or Eq. is to be computed. One of the forces among the ) fi
otherwise, depending on which of the £ links the unknown is located.

4.2.1 Single-Branched Open Chain

In the case presented in Fig. left and right side, a single open chain exists, for
the links in between the sensors and the final links. In this situation, when the flow of
the information is along the same direction of the edge, f; of Eq. of Eq.
otherwise. Next sections show the case which demonstrate the generality of the EOG

method also for open, multi-branched kinematic chains.

4.2.2 Multiple-Branched Nodes and External Forces

With respect to Fig. we point out that the unknown ¢ attached to the base is used
if a contact is detected on that link (e.g. if the artificial tactile skin reveals a contact at
the base). In absence of contact (as in the case of node 0), the node ¢ is not needed.
More in general, if f.,; is not present, it is possible to write the recursive equations
as a compact set, where all the dynamic variables are known: this formulation can be
exploited to obtain, for example, a better estimate of the rigid-body model parameters,
e.g. links mass.

On the other side, external forces may be acting in other locations different from the
end-effector (e.g. on an internal link in between the base and the end-effector), as a
consequence of contacts with the environment. In such cases, the application point
(or the centroid of the contact region) must be known. Also in this case, Eq. or
Eq. holds. Note that one external force can be determined if, and only if, all the
other wrenches flowing through the edges connected to the link can be determined.
Consider the general example of one link connected to /V other links, N > 2 (i.e. node
1 of Fig. [4.2). The graph associated to a similar situation instead is the central one of
Fig. The first step consists in setting the unknown wrenches given the quantities
that have flown from the known leaves. These quantities can in general be measured
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by FTS within a link. Secondly each of the links 47, 0 and 25 connected to 1 per-
form the calculation (using Eq.[3.4.6/or Eq. necessary to define the information
passing through the edge which connect them to link 1, according to the direction of
the edge. Then vertex 1 preforms again the evaluation of the force transmitted through
the edges connecting 4, 0 and 25 to 1, to perform the computation of the quantities
flowing through the unknown edge, again from Eq. [3.4.6 or Eq. according with
the direction of the edge e;;. Note that in this example, the assumption that f,; is the

only unknown must hold.

4.2.3 Virtual Joint Torque Sensors

In case the Denavit-Hartenberg notation has been employed for the definition of the
kinematic of the structure, an estimation of the joint torque can be performed, once the
i-th wrench is known:

T = MZTZ@'—1 4.2.1)

where z;_; is the z-axis of the reference frame (i — 1) as in Fig. (see [Sciavicco
& Siciliano| (2005a)). The method shows that it is possible to have an estimation of
joint torques, which can be used, successively, for joint torque control. Moreover, this
is not the only information that it is possible to extract from the method. Joint torques
are here found as one component of the wrenches flowing through the edges. These
wrenches allow having a better representation of the possible contact situation, which
can be used as a virtual measurement, to perform every kind of tasks involving force
detection and control. It is necessary to note that the more 6-axis FTS are employed,

the more accurate will be the estimation.

4.3 A Case Study: iCub dynamics

The method described in Sections Section [3.3] has been implemented on the 53 DOF
humanoid robot iCub. More specifically, the hands have been considered as a unique
rigid body, assuming that the motion of the fingers does not contribute to the variation
of FT'Ss measurements. The same assumption has been considered for the eyes. The
resulting overall number of degrees of freedom of the dynamical model of the robot is

32: 7 for each of the two arms, 6 for the legs, 3 for the torso and 3 for the neck. In
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Inertial Sensor

Figure 4.3: Section of the iCub head, to show once more the position of the 3 DOF
Orientation Tracker.

this section it is analyzed the graph which refers to the kinematic and dynamic of the
iCub. The sources of information are reported in Section [4.3.1] while Section {.3.2]
show the results obtained which validate the dynamical model and that allow to carry
on the overall goal of this thesis, which is to improve the perceptual capabilities of the

humanoid platform and consequently design force control for the iCub robot.

4.3.1 sensors

As shown in Chapter[2] iCub is equipped with one inertial sensor (Xsens MTx-28A33G25
XsensMTx| (2010)) at the top of the head (see Figure {.3)), and four custom-made
6-axes F/T sensors (see [Fumagalli et al| (2010)), one per leg and arm, each placed
proximally. Excluding the hands DOF from the model, 32 DOF have been taken into

account. The structure of the enhanced graphs required for the computation of the

robot kinematic and dynamic quantities are reported and described in Section 4.3.1.1]

andd.3.1.2
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In this section it will be given a detailed description of the information that can be

retrieved on the iCub robot, given the set of sensors that will be shown hereafter.

4.3.1.1 the inertial sensor

The inertial sensor provides angular velocities and linear and angular acceleration at
the reference frame of the sensor. When connected to a link, these quantities can be
propagated to the entire link, with Eq.[3.4.3] or to the connected links through Eq.[3.4.2]
or Eq. depending, in the graph framework, on the direction of the edges that con-
nect the nodes. The graph associated to the propagation of these information, actually
of velocities and acceleration of all the links, is shown in Figure The structure of
the enhanced graphs which is required to perform the computation of the robot kine-
matic quantities thus results to have one single known input (V), which is placed at
the final node of the head, and four unknowns (V) each placed on the end-effectors
of the limbs, and whose edges represent the frame of reference of the links they are
connected to. These symbols have been positioned at the terminal points, because it
is required the entire knowledge of the quantities flowing through all the edges of the
graph representing the robot, which means that it is necessary to know the velocities
and acceleration of the reference frames of all the links constituting the robot. Other-
wise, the computation of wrenches cannot be performed. It is noticeable that all the
proprioceptive information are required. In case of lacking of encoder measurement, a
single inertial sensor would not be sufficient to propagate the information. On the other
side, more inertial sensors might be employed to perform an improved estimation of
the joint velocities and acceleration, as reported in Appendix

and joint torques is shown in Figure 4.9 Notice that the dynamic enhanced graph is
divided in five sub-graphs as a consequence of the application of step 2, in the proce-
dure described in Section 4.1} Unknown wrenches (white rhombi) have been statically
attached to hands and feet. However, this choice is totally arbitrary and depends on the
application.

Moreover, it is to be underlined the importance of the inertial sensor, which allows to
perform the Newton-Euler computations without a fixed base frame (as it is usually
assumed in its classical applications). A clarifying example can be the case in which

the iCub crawls as shown in Figure 4.5
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®

GO G6
(D-O~®

E-C

<

46

Figure 4.4: Representation of iCub’s kinematic graph, using the notation of
Fig. A complete description of the iCub kinematics can be found in
the online documentation available on the iCub website wiki, at the page:
http://eris.liralab.it/wiki/ICubForwardKinemnatics.
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Figure 4.5: The humanoid robot iCub performing the crawling task. The task stimulates
all the sensors, from the externally applied reaction forces of the floor.

()
(i—1)

Figure 4.6: A representation of an F/T Sensor within the ¢g-th link. Note that the sensor
divide the link into two sub-links, each with its own dynamical properties.

4.3.1.2 the force/torque sensor

As previously expressed in Chapter [3] and summarized in Section 4.1} a sensor em-
bedded in a link (see Figure @) allows to divide the link into two sub-links, where
the equilibrium is guaranteed by assigning to the edge, connecting the sub-links, the
measure of the FTS. Practically it correspond to dividing the graph into two sub-graphs
and introducing two black rhombi (i.e. two known wrenches), one on each sub-graph.
More specifically, the sensor measures the wrench exerted by the “forward” sub-link
to the “backward” sub-link (this will be represented by a first rhomboidal node). How-
ever, a wrench equal and opposite to the sensor measurement is also exerted by the
“backward” sub-link to the “forward” sub-link (this will be represented by a second

rhomboidal node). Under these considerations, the F/T sensor within a link will be
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6 axis F/T sensor

Figure 4.7: The iCub arm. A CAD view of the iCub arm to put in evidence the presence
and the position of the F/T sensor.

represented by splitting the node associated to the link into two sub-nodes (with suita-
ble dynamical properties, see Fig.[3.9(a)). On each sub-node, we have a known applied
wrench which will be represented with black rhomboidal nodes. Figure 4.9 shows the
graph corresponding to the iCub dynamic model. As represented in Figure and
Figure 48] the iCub robot mounts a set of four distributed FTSs. Each FTS is placed
in a proximal position, within the limb. The FTSs of the arms are placed right after the
3-DOF shoulder universal joint, while the FTSs of the legs are placed after the first 2
joints of the hip. The corresponding graph can thus be divided into 5 sub-chains. Four
chains are serial, single branched kinematic chain, while one is a multiple branched
kinematic tree. The resulting graphs show that it is possible to detect a total of 50,
one for each sub-chain. It should be noticed once more the importance of an artificial
skin, which allows a dynamical allocation of unknown contact points, through sets of

distributed tactile sensors, currently under development |Cannata et al.| (2008b). As

soon as the tactile feedback will be available, the graph structure will be defined on the

fly, based on the point of contact positions.
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6 axis F/T sensor

pyo 7
w7/

\?/ W
W4

@

™/ 7
o

3%

)

Figure 4.8: The iCub leg. A CAD view of the iCub leg to put in evidence the presence
and the position of the F/T sensor.
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Figure 4.9: Representation of iCub’s dynamic enhanced graph. Notice that all the limbs
are divided into two sub-graphs in correspondence of the the F/T sensors located as

sketched in Figure [4.7]and Figure
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4.3.2 Experiments

The aim of this section is to validate the theoretical method presented in Chapter [3]
The experiments have been conducted on the iCub, where a dynamical model with
the form of the graphs represented in Figure and Figure has been built. A 3D
Orientation Tracker Xsens MTx placed on its head allows to measure w, w, p for the
head link. Encoders are used to measure all the joints positions and joint velocities and
accelerations are derived from position measurements through a least-squares algo-
rithm based on an adaptive window Janabi-Sharifi et al.| (2000). Force/torque sensors
mounted proximally in the limbs as in Figure[4.7|and Figure 4.8 allow to measure also
forces acting in between the sensor and distal joints.

The method has been tested through three experiments. As first, the validation of the
dynamical model is performed by comparing measurements from the F/T sensors with
the prediction of these measurements based on the dynamical model only (actually
the limbs where moving freely, without interaction of externally allpied forces). Sec-
ondly, we exploited a commercial F/T sensor to produce a known external wrench on
the robot and to compare the external sensor measurement with the external wrench
computation obtained as described in Section Finally, we tested our procedure for
computing joint torques (4.2.1) by comparing our joint torque estimation with a joint
torque measurement obtained by projecting a known wrench (once again measured

with an external sensor) on the joints.

4.3.2.1 Validation of the Dynamical Model

In a first experiment we tested the validity of our dynamical model of the iCub limbs.
To this purpose, the measurements w, from the 4 six-axes F/T sensors embedded in the
limbs have been compared with the analogous quantity w, predicted by the dynamical
model only. Sensor measurements wg can be predicted assuming null wrench at the
limbs. extremities (hands or feet) and then propagating forces up to the sensors. Data
presented in this section were recorded under this assumption. Table {.1] summarizes
the statistics of the errors w,; — w; for each limb during a sequence of movements. In
particular, the table shows the mean and the standard deviation of the errors between
measured and predicted sensor wrench during the movements. More in particular, Fig.

4.10| plots w, and w, for the left arm during the same sequence of movements.
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Figure 4.10: Left arm: comparison between the wrench measured by the FT sensor and
the one predicted with the model, during the “Yoga” demo.
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. A A~
right arm: € = W, g4 — Ws RA

€fo €f1 €fa €uo €uq €uo
-0.3157 -0.5209 0.7723 | -0.0252 0.0582 0.0197
o. | 05845 0.7156 0.7550 | 0.0882 0.0688 0.0364

M|

A ~
left arm: € = Ws 4 — Ws 1A

€fo €f1 €t €uo € €pa
€ -0.0908 -0.4811 0.8699 | 0.0436 0.0382 0.0030
o. | 0.5742 0.6677 0.7920 | 0.1048 0.0702 0.0332

. A A~
rightleg: € = W5 g, — Ws RL

€fo €f €fa €uo € €z
-1.6678 3.4476 -1.5505 | 0.4050 -0.7340 0.0171
o. | 3.3146 2.7039 1.7996 | 0.3423 0.7141 0.0771

M|

A~
leftleg: € = W5 11, — Ws 1L

€fo €h €fo €uo € €po
€ |0.2941 -5.1476 -1.9459 | -0.3084 -0.8399 0.0270
o. | 1.8031 1.8327 2.3490 | 0.3365 0.8348 0.0498

.o Bon oy —
CE=W W= [€f07€f17€f276#076M17€M2]

*: SIUnit: f: [N],p: [Nm)].

Table 4.1: Errors in predicting F/T measurement (see text for details)
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Figure 4.11: Left arm: comparison between the external wrench estimated after the FT
sensor measurements and the one measured by an external FT sensor, placed on the palm
of the left hand.

4.3.2.2 Estimation of external wrench

In a second experiment, we tested the effectiveness of our procedure for measuring
unknown external wrenches as described in Section In order to validate our mea-
surement we generated the “unknown” wrenches with the help of an external six-axes
F/T sensor so as to have a ground truth of the applied wrench. Experiments in this case
were conducted only on the left arm. An external wrench w” was applied at the left
hand and measured with the external F/T sensor. Its value was then compared with wP,
the estimation of the external wrench obtained by propagating the internal F/T mea-

surements from the left arm sensor to the frame where w” was applied. Propagation
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Figure 4.12: Left arm: comparison between the torques computed exploiting the FT sen-
sor and the ones obtained by projecting the external FT sensor on the joints.

was performed according to the left arm enhanced graph in Fig. A plot of w¥ and
w¥ for various values of the stimulus is given in Fig.

4.3.2.3 Estimation of external torques

In a third experiment we tested the validity of our procedure for estimating joint torques
from the embedded F/T senso Let this estimation be 7. In this case, given the

difficulties in generating known torques at the joints, we proceeded as in the previous

!Torques estimation from embedded F/T sensors can be obtained using (#2.1) with the y; com-
puted propagating the F/T sensor information within the graph according to the procedure presented in
previous sections.
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experiment generating a wrench w” and computing the corresponding torques 7% at

the joints with the following formula:
8 = Jpw®, (4.3.1)

where Ji € R%%" is the Jacobian for the given wrench application point. The torques
7 at the joints generally differ from 77 since we have 7 = 7/ 47, where 7/ represents
the vector of joint torques due to the system internal dynamics. Keeping the robot fixed
and assuming w? null, we have 7=7' and we can use 7 to obtain an estimation of 7/,
denoted 7/. Keeping the robot in the same configuration but letting w? # 0, we can

then estimate 7% with the following formula:

1

=77l

Figure shows a comparison between 72 and 7¥ obtained with the procedure just

described.
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5

Active Compliance Control

The 1Cub robot shoulder mechanism is constituted of three motors with parallel axis
moving idle pulleys that cooperate together to move a universal 3DOF joints. This
mechanism allows compactness and wide range of movements, similar to that of hu-
man shoulder. Moreover, the arm are lightweight because of the allocation of the
motors in the torso link. Nevertheless, the control of such mechanism requires to be
analyzed. In this section, an analysis of the dynamic of such mechanism is conducted.
This chapter highlights the problematics related to coupled mechanisms during their
motion control. In particular it will be shown how the decoupling of the 1Cub shoul-
der joint has been performed within this work. What will be shown here will allow to

control joint movements while directly actuating the motors.

5.1 Dynamics of Coupled Mechanism

The shoulder mechanism can be considered as a reduction box which connects the
motors and the joints through relationships that will be reported hereafter. Generally
speaking, the shoulder mechanism allows the transmission of the motion and torque
between the two side of the mechanism, the motor side and the load side. In this
treatment, the system will be considered as ideal, i.e. without energy loss. It will be
shown in Section the conservation of power between the two input/output of the
transmission, actually the load side and the motor side. In the particular case of the

iCub robot, on one side the three motors are placed, with parallel axis. On the other
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side, a 3 D.O.F. mechanism is connected, actually the shoulder of the robots. Here we
define as motor the motor side and its dynamic, and joint the load side, actually the
side of the transmission where links and joints are placed. The two systems, the motor
and the joint are linked through kinematic relationships which couple the dynamic of
the two systems. The motor and joint dynamic, indeed, cannot be studied separately.
The motors should thus cooperate together to perform pure joint movements. Moving
one joint means actuating more than one motor, accordingly to the kinematic of the
transmission. In this Section, a complete analysis of the system is conducted. Sec-
tion [5.1.1] shows the dynamic of the motors and of the joints separately. In Section
the equations of the transmission are defined, which dynamically couple the two
sides. Section [5.1.3]instead describe the overall system dynamic. This relationship
will then be used to derive the control strategies of the decoupled system, as presented
in Section[5.2

5.1.1 Dynamic of motors and links

In this paragraph, the formulation of the dynamic of the motors and the joints is de-
rived. The two sides are here considered separately, even though it is put here in evi-
dence the toques that the two subsystems exert reciprocally. The reason for this is that
the two system are connected through a transmission system, which will be presented
in[5.1.2] Step by step, through the following paragraphs, we will converge to the over-
all formulation of the coupled system. The dynamic of the motors can be in general
described through its mechanical and electrical equations. The way the equations are
derived is not the target of this Chapter. The motor side equation of motion is reported
in equation (5.1.1):

L0 4 DB = Ton — T (5.1.1)

where given a system actuated with N motors, I,, and D,,, € RY*¥ represent the di-
agonal inertia and damping matrices of the motors. The variable 7,,, € RY is the vector
of motor torques, which is the input variable of the mechanical system. Particular at-
tention is required for term 7,,; € RY. This vector represent the torque vector which
the joint side of the transmission system exchange with the motor side, represented on
the motor side. In other words, this term represent the overall torque that the joint side

passes to the motor side, through the transmission mechanism. The mechanical and
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5.1 Dynamics of Coupled Mechanism

electrical dynamic are linked together through electro mechanical interactions. Let us

generally consider the electrical dynamic of the motors as:
Lml + fimZ - ‘/m - %emf (512)

being L,,, R,, the motor inductance and resistance of the spires of the motor and
Veemsr = k:w@m Back Electro-Motive Force generated by the relative motion of the
magnetic field and the spires of the motor.

The overall torque that the magnetic field can generate on the motor shaft can be de-
rived, for this kind of model as:

Tm = kit (5.1.3)

being ¢ the current passing through the spires of the motors and k; the torque constant
diagonal matrix. The knowledge of the electric dynamic of the motor is necessary for
determining the current which flows into the wires, given an input voltage V;,, € RY.

The dynamic of the joint side of the transmission, actually the dynamic of the robotic
system, can be described as shown in Chapter 3| The only difference that is reported
here is that the input torque to the link side of the manipulator is not directly the motor
torque T,,,, but it is the torque that the transmission system generates on the joint side

T;m- In general, the joint equation of motion can thus be written as:
I](ej)ej+C](9],9])9]+G](9]) =Tjm — Tj (514)

where 1;(6;), C;(6;,6;) and G,(6;) represent the Inertia matrix of the manipulator and
the centrifugal and Corioli’s term and gravitational contribution to the transmission
system, 7; is the external joint torque vector. For ease of treatment, hereinafter the
gravitational and centrifugal terms will be included in a single term 7;, which also
includes possible external joint torque components. The overall equation of motion of

the joint side of the transmission thus becomes:

1;(0,)0; = Tjm — 7; (5.1.5)
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5.1.2 Kineto-Static Equation of the Transmission

As mentioned in Section the transmission system couples the dynamic of the ma-
nipulator (actually the joint side of the transmission system) to the dynamic of the
motors. In this treatment, we consider only the case of rigid transmission. Elasticity
of the transmission elements is not here introduced for it is not inside the scope of this
manuscript. The main reasons of this choice are the difficulty in the identification of
the stiffness of the elastic elements (mainly the tendons), the variability of the stiff-
ness due to the tendons preload (which is not controlled during the assembling of the
robot), the lack of sensors on the two sides of the transmission, the high nonlinearity of
tendon stiffness and the complication which follows from the introduction of an elastic
element in the low level software implementation of an appropriate control strategy.
Moreover, we consider here a linear and non dissipative transmission system, which
allow us to assume that the power at the joint side P; and the power at the motor side
P, is conserved. In this section the relationships which couple the dynamic of motors
to that of joint is presented. First a kinematic analysis of the mechanism is presented,
then the coupling of torques is also analyzed. The treatment of these concept in this
paragraph is conducted for quasi-static condition. Nevertheless, the assumptions does
not affect the generality of the approach and, in next paragraph, the case is extended to
dynamic conditions.

The kinematic of the load side of the mechanism can be in general described as a

function of the motor variables:

0; = f(Om) (5.1.6)

being f(.) a general function which describes the relationship between the motor coor-
dinates 6,, and the joint ¢;. Deriving equation (5.1.6) with respect to time follows that
the kinematic coupling between motor angular velocities 0., and joint velocities 9]- can

be described with a linear operator of the form:
0; = Ty (010 (5.1.7)

where T7,,(6;) € R™*™ represents in general a non-linear operator (a Jacobian) which

relates the velocities in the motor space 0., € R™ to the velocities of the joint space
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é’j € R". This relationship shows the contribution of motor velocities to joint veloci-
ties. As an example, the velocity of joint £ depend on the velocities of the motors as
Uf = [r1Um1 + fe2Um2 + -+ fronUmn.

The inverse relationship 7,,;, which relates motor velocities as a function of joints ve-
locities as v/ = 2-7_11 vj1+ fi;l Vjot- -+ fl.jllvﬂ can be derived as follows: let us assume

that an inverse operator exists, which relates motor velocities to joint velocities:
O = Trnj(0,)0; (5.1.8)
substituting in we obtain:
O = Ty (0,) T (Or)Br (5.1.9)
If we now bring both the terms to the left sides of the equation:
(I = Tyj () Ty (01)) 6 = O (5.1.10)
which, for every vector of motor velocities is verified if:

T, 1 (0;) = Tjm(0rm) (5.1.11)
The inverse relationship exists whenever det(T,,;) # (ﬂ

If we now take into consideration the work that the motor and the load generates in

quasi-static conditions:
Wy = T 00, = 7,00,
. (5.1.12)
6Wj = T]T(Sej = T]-ngét
that, in the hypothesis that the transmission is not dissipative and rigid, the overall
instantaneous power P4t (or virtual work W, being W = Pdt) is conserved, which
means that 0W,,, = 0W; it follows:

700, = TjTéQj

(5.1.13)

! As will be shown in section the coupling matrix of the iCub shoulder mechanism is triangular,
with constant values and non-null elements on its diagonal. Given these consideration, the inverse
relationship exists.
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In non static condition, assuming that the hypothesis are still valid, the variables which

are the input/output to the transmission system are no longer the motor torque 7,,, and

joint torque 7;, but the torques which are effectively transmitted from the motor to

the load and viceversa. These quantities, that are 7;,, and 7,,;, are the overall torques

which are input/output of the transmission mechanism and which take into account

also the dynamic of the two sides. In non quasi-static condition equation (5.1.12)) thus

becomes: _

Piot = 7,1,,00; = 7} 0,0t

and dividing by d¢ both the members:

P = 703

Pj - Tj—;nejm
and considering again that P,, = P}, it follows that:
T Q.

TH
ijOm = Tjmb

Let us now substitute (3.1.8)) into (5.1.16))

- . -
Tong Tmi(03)0; = Tjm0;
which is true for every non zero joint velocities if:
T
Tnj(05) Timj = Tjm

here again, the inverse relationship exists and is given by:

Tinj = Tng(05) ™ Tjm = Tjm(0m) " Tjm

where A~ indicates the transposed (pseudo-)inverse of a matrix A.
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5.1.3 Dynamics:

Given the consideration of the previous paragraph, let us now couple the motor side

and the joint side through equation (5.1.19). If we now consider the dynamics of the

coupled joints, the equation of motion of the coupled mechanism become:

IOy + D0 = Ty — T

. T ’ (5.1.20)

Ij‘gj =N 71]771 ij — Tj

where n € R™*™ is the diagonal matrix of reduction ratio of the gear boxes. T},
represents the coupling matrix of (5.1.7)).

Combining 7,,,; of equation (5.1.20), considering (5.1.9) the motor side equation of

motion become:
LBy + Dy = T — Tt ™' (75 + Lin ™ Ty (5.1.21)
which can be rearranged as:
(I + Tppn™ "L Tjn) O + Dy = T — Ty ' 75 (5.1.22)

Equation (5.1.22) represents the equation of motion of the rigid system. Equation
(5.1.22) shows the dependency of the coupled system dynamic from the motor torque
and from the external torque on the joint side. The resulting system dynamics thus
become:

n2

0L Tm) \ - .
T = (Im + M) Om + Dy + Tjrn™ 75 (5.1.23)

5.2 Control

In section[5.1.1]it has been introduced the dependency of motor torques from the motor
and load dynamics, through dynamical relationship which are kinematically coupled
together through a transmission transmission element which does not allow to have
a direct correspondence between one motor and one joint. Moreover, Eq. [5.1.2] have

shown the dependency between the electrical dynamic and the mechanical dynamic.
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Considering the electro-mechanical generation of motor torque, as shown in (5.1.3),
and considering the coupled dynamics of joints and motors, in terms of motor torque
balancing represented by Eq.[5.1.23] the overall system dynamic becomes:
. (T30 Tm) \ 4 : T, -T
Lui + Ri = Vi, = kil

n2

(5.2.1)

The goal of this section is to define a proper control strategy which allows to control
pure joint movements, by assigning a control input to the motors. If we consider the
system dynamic, the control input that allows to generate motor torque is the input
voltage to the motor spires V;,,. Setting V;,, # 0 cause the rise of the current 7,, flowing
through the motor spires which, on the mechanical side, generates motor torque.

If we consider, for ease of treatment, that the electrical dynamic is much more fast
than the mechanical dynamic, it is possible to neglect the transition of the current,
and thus the term L,,i of Eq. If this assumption is verified, the dynamic of the

electro-mechanical coupled system can be written as:

I = ) Om + Dol + Ty ' 7; (5.2.2)

where, as previously mentioned, V;,, is the input voltage that we can directly control to
generate motor torque. Let us consider the goal of controlling pure joint movements,
in the sense that we are interested in assigning a proper control input to the motor, such
that dynamic of the transmission becomes invisible from the point of view of high level
commands. To achieve this issue, we can assign to the input voltage V;,, a control input

u of the form:

Tl T, : B
(Im + (jn+)> NLjmy + (Do + ki) O + T;nn TTj (5.2.3)
If the control input u is dimensionally consistent with the input voltage V;,, we can
directly assign u = Vj,, in order to obtain a dynamic of the controlled system of the
form of:

O =0T,y (5.2.4)
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which, considering Eq. represent the decoupled dynamic of the system, where
y 1s a new control input which allows to directly control the joint accelerations in the
joint space:

b, =y (5.2.5)

It is remarkable here to notice that, when implemented on motor-control boards, we
cannot typically consider to perform operation with floating point quantities. The float-
ing point operation, in fact, require a dedicated unit (FPU, Floating Point Unit). If not
present, the software is in charge of simulating this unit, but this requires a lot of re-
sources that cannot be employed with DSPs when they are also required to perform
real-time control. In this case, v and V;,, will be scaled of an integer quantity «, which
allows to convert the quantities necessary for control into machine units. the controlled

system becomes:

TT LT, .
<fm + LinliTin) ) Tjuy + (D + ko) + T 7| (5:2.6)
n

In the following sections will be defined the new control input such that the system
takes the desired behavior. In particular, starting from the definition of position control

law, also torque control and impedance control will be defined.

5.2.1 Position Control

The control of the position can be achieved by assigning a control input y of the form:
y =00+ Kq(09 — 6;) + K,(67 — 6;) (5.2.7)

The control of Eq. requires the knowledge of the position error (e = 0? —0;) and
its derivative. Moreover, it requires the desired acceleration of the system theta, as a
feed-forward term. If substituted to Eq.[5.2.5] the overall controlled system dynamics

takes the form of:
€+ Kqe+ Kpe =0 (5.2.8)

Eq.[5.2.8] shows that if the dynamic of the system is perfectly known, it is possible to

ideally obtain a second order dynamic of the tracking error, which is asymptotically
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stable for Ky > 0 and K, > 0.

If the model of the system is not perfectly known, another kind of controller is pre-
ferred, such that the disturbances introduced by model errors become negligible. When
errors are present in the inverse dynamic compensation of the system, in fact, the feed-

back linearization brings to a dynamic of the form:
b, =y+¢ (5.2.9)

where ( takes into account all the disturbances due to the presence of errors in Eq.
Different strategies can handle this issue, such as the robust control shown in [Sciav-
1cco & Siciliano (2005a)). Here is presented the effect of the integral component of the
position error.

If we assign y of the form:
y—@+K¢+&ﬁ+m/£ (5.2.10)

and if we change variables such that z = [ e, the overall system dynamics takes the
form of:
T+ Kyt + Ko+ Kix = (5.2.11)

Which shows that at steady-state, the disturbance ¢ influences the term /;x, while &

goes to zero. Considering finally that x = e, we have obtained a null steady state error.

5.2.2 Torque Control

When instead we are interested in assigning to the controlled system a behavior that is
compliant to externally applied forces, it is possible to define a control input y of the
form:

y =11 — 7)) = 1;' Dat (5.2.12)

This control input allows to obtain a controlled system which behave as a damped
mass. Practically speaking, when an external generalized force is applied to the robot,
the system accelerates as if we are applying the same force to an inertial system, with

inertia along the joint direction /;. At steady state, the system moves with a velocity

1

that depends on the term D, as 935 = p;6r
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A control input y as the one proposed in Eq. allows, in fact, to obtain a controlled
system behavior of the form:

Idéj + Ddéj =T; — Td (5213)

J

It is remarkable here that 7, is a torque reference, which needs to be tracked. Looking
in details at Eq. [5.2.12} the torque error e, = 7']4 — 7; is controlled through a pure
proportional gain Kp = Id’l. We can in fact here write Eq.[5.2.12]as:

y = K,(m — 7;) — K407 (5.2.14)

where Kg = I} 1D,. If we are interested to control the torque error, i.e. we are inter-
ested in obtaining a null steady state torque error, the control strategy can be modified
as follows:

y = K,(1¢ - 1;) + K, /(Tj — 7 — K07 (5.2.15)

J

where the integral term guarantees null torque error at steady state.

5.2.3 Impedance Control: classical

A pretty classical approach to impedance control exploiting feedback linearization is
presented here. Implementing impedance control means that we want to assign to
the controlled system a behavior of a mass, spring and damping system which moves
connected to a desired trajectory. When a force acts on this virtual mass, the system
dynamically respond to this disturbance accelerating, moving to a new equilibrium
position which depends on the applied force as e = % being F.,; the externally
applied force, and K the stiffness of the virtual spring.

In practice, to achieve this behavior, it is possible to assign a controlled input of the
form:

= 01+ 171 (Da(0 = 0;) + Ka(0] — 0;) + (1, — 7)) (5.2.16)

This controlled input does not differ from the one of Eq. a part from the addition

of a force feedback term which allows to obtain a compliant behavior to the application
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of external forces. By applying y, the controlled system takes the form:
Idéj + Ddé]’ + Kdej = €r (5217)

being e, = 7; — Tjd. Another possibility to achieve the same behavior which, from an
implementation point of view, allows to reuse part of the code which performs torque
control expressed by Eq.[5.2.14] It is possible in fact to assign the spring and damping

behavior through the control input 7;. We can in fact define:

= I_l d— ]
v =1i ﬂd% Tj)-d ‘ ) ) (5.2.18)
7 = 1407 + Dd<9j —0;) + Kd(ej —0;) + 74

where 7; becomes a new torque reference which can be used, for example, to compen-
sate for the gravitational term.

Also in this case, model errors can give origin to disturbance terms that does not allow
to perfectly achive null steady state error. Another possible solution to this problematic

can be achieved by the exploitation of Eq.[5.2.15]as will be presented in next section.

5.2.4 Impedance Control: the role of integral

Let us now consider a torque regulator of a form similar to the one presented in
Eq. 5213,

J

y =K, — 1;) + K; /(T;? — 1) — K K,0% (5.2.19)
where Kp = I;'. Let us define the desired torque 7, of the form of:
7 = 1.6} + Da(6F — 0;) + Ka(0 — 6;) + 74 (5.2.20)

If we substitute this control input in Eq.[5.2.19)and y in Eq. we obtain a dynamic

of the error of the form of:

[déj+Ddéj+Kd€j+KiDd/éj‘i‘Kin/@j :€$+/€++Klld/0;l—KzKp6;l+C
(5.2.21)
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and if we change the variable name, such as x = |[ ¢;, the resulting dynamics takes the

form of:

The stability of this system depends on the eigenvalues of the third order system, but
it is not here analyzed. It is remarkable to notice that the overall stiffness of the con-
trolled system become dependent on both the desired value /4, but also on the integral
gain of the torque regulator and on the desired damping of the impedance relationship.
Moreover, the coupled dynamics may introduce oscillatory behaviors that are due to
the presence of the integral of the torque error and on the integral of the position error
that, due to possible errors in the model of the system, might be in contrast. Depending
on the dynamic (the gains) of the controlled system, stable behaviors can achieved.

Nevertheless, it is important to notice that the presence of un-modeled effects, such as
coulomb friction, might induce to cycle limits that do not allow to properly control the

system position at steady state.

5.2.5 Considerations

From equation and the control strategies presented in the chapter, it is possible
to define different situation which are important for an easy implementation on the

control boards.

. . . TT ‘T'm. j -t
e In case of high reduction ratio n of the gear boxes, the term J; % can be

neglected.

e The back-emf compensation contributes to the rising of the performances for

both the torque control and also impedance control.

e When impedance controlled, the damping gain D, give an important contribu-
tion to the tracking of position trajectories. When the stiffness is set to a low
value, small errors lead to noticable errors in the tracking of the trajectory. An

high damping gain on the derivative of the position error allows to reduce the
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Figure 5.1: Plot of the dependence on the back-emf and desired damping Iy, of the
norm of the trajectory error H9 — BdH. The plot refers to the motion tracking of one joint
controlled through the impedance relationship of Section[5.2.3]

tracking error during motion tasks. Moreover, low damping is not desired be-
cause it introduces overshoots. Figure shows the effects of the back-emf
and of the damping gain ); on the norm of the tracking error, given a desired

trajectory.

5.3 a Case Study: The iCub Arm

In this section is presented the case of the iCub arm, which have been taken into ac-
count as the most significant example of coupled mechanism of the iCub robot. Other
coupled mechanisms that are present in the iCub are the wrists and the torso. The
wrists present a tendon driven semi-differential mechanism that perform the pitch and
roll movements of the hand. The third joint, actually the yaw movement of the hand,
is achieved by a third motor housed in the forearm, proximal to the elbow link.

Similarly to the wrist, the torso joints movements are performed through a similar
mechanism which employ two motors in a differential configuration to move the roll
and the pitch joints. A third motor actuates the yaw movement. It is to be noticed that
the choice of these mechanisms are the result of two different requirements: the wrist

employs a semi-differential mechanism to minimize the dimension and weight of the
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wrist joints (it will be better presented later); the torso instead adopt this solution to
obtain an higher torque to dimension ratio. The two motors actuating the torso mecha-
nism, in fact, work together to move the whole mass of the iCub robot. As an example,
when the 1Cub is on its support structure, the torso joints have the task to move the
entire upper part of the robot. A serial solution would have required bigger motors in
order to handle with the requisites of torque necessary to carry the load of the upper
part (upper torso, head and two arms).

The shoulder mechanism have been designed to achieve a similar task. The requisite
of low weight and small dimension of the platform, have conducted the choice of the
shoulder mechanism to the design of a differential mechanism, where three motors,
housed in the upper torso, cooperate together to actuate a universal 3DOF mechanism.
While performing the motion of the shoulders, the motors are not moved. The shoul-
der joint is a cable differential mechanism with a coupled transmission system (see
Fig. [5.4). Three coaxial motors housed in the upper-torso move pulleys to gener-
ate the spherical motion of the shoulder (see Parmiggiani etz al.| (2009); Tsagarakis
et al.| (2007b) for a more clarifying explanation). Figure shows a bi-dimensional
schematic representation of the transmission of the motion from the motors to the
joints. It is remarkable here the complication that follows for the control of the motion
of such mechanism. More specifically, considering the control strategy presented in
Section [5.2] it is remarkable to show the sensors that are present within this mecha-
nism. Absolute hall effect based sensors measure the angular position of the joints,
after the reduction gearboxes. The resolution of these sensors is 4092 tics per round.
Motor position are measured instead with the hall effect sensors that are placed inter-
nally, in the spires of the brushless motor. These sensors are used to commutate the
current flowing through the spires of the motor. 3 hall effect sensors measure 8 changes
in the magnetic field of the rotor while moving, corresponding to 48 ticks (on/off sig-
nals) per round. This value should be multiplied for the reduction ratio of the gearbox,
to make a comparison with the joint encoder resolution (the reduction ratio is 1:100,
for a total of 4800 tics per round). Motor encoders are not only used for performing
the commutation of the phases, but also to perform the compensation of the back-emf
torque of the motor.

The motor groups are brushless frameless motors (RBE Kollmorgen series) with har-
monic drive reductions (CSD series with 100:1 ratio) Tsagarakis et al.| (2007b). These
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Axis 1
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Figure 5.2: Particular of the iCub shoulder. A CAD view of the shoulder joint mechanism
showing the three motors actuating the joint and the pulley system.
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Figure 5.3: Sketch of the working principle of the mechanism of Figure

96




5.3 a Case Study: The iCub Arm

Figure 5.4: The iCub arm. A CAD view of the shoulder joint mechanism showing the
three motors actuating the joint and the pulley system, the F/T sensor, the elbow and the
hand.

motors are located in the torso frame. A first bigger actuator (Motor 1 in Fig. [5.4) is
capable of delivering 40/ Nm and two medium power motors (Motor 2 and Motor 3)
provide 20N'm each. The first motor actuates directly the first joint (shoulder pitch),
whereas the second and third motors actuate two pulleys that are coaxial with the first
motor.
The elbow joint has an independent frameless brushless motor. The joint is com-
manded with tendons in push-pull configuration, moving an idle pulley. Also in this
case, the position of the joint is controlled through an absolute hall effect based en-
coder placed on the joint side, while hall effect sensors placed inside the motor spired
are employed to perform the commutation and to compensate for the back-emf com-
ponent.
The wrist is a 3DOF manipulator. The roll movement (i.e. the movement competing
for the pronosupination of the wrist) is achieved by a single brushed motor directly
coupled to the forearm. The pitch and yaw movements instead are accomplished by
two motors, which move a semi-differential mechanism through tendons.

The iCub shoulder kinematic coupling matrix is constant and depends on the ratio

among the radius of the pulleys moved by each motor. This operator takes the form of

97



5. ACTIVE COMPLIANCE CONTROL

M1 M2 M3
R[] 0.664 0.698 0.698
iG] 0.0410 | 0.0236 | 0.0236
ko [2Z22] | 0.0410 | 0.0236 | 0.0236
In[Kgm?] | 92¢—6 | 92¢e—6 | 9.2¢ — 6
D,, [N 12.09¢ — 6 | 9.18¢ — 7 | 9.18¢ — 7
N 100 100 100
h[ 2] 33.25 33.25 33.25
y[Ee] 651.9 651.9 651.9

Table 5.1: Datasheet parameters of the motors actuating the shoulder mechanism.

5.3.1]
1 0 O
Tnj= |1 a 0], (5.3.1)
0 —a a

where a is a constant value which depends on the dimension of the pulleys. For the
iCub shoulder @ = 40/65 ~ 0.6154. The inverse relationship is:

1 00

Tpj= |—r r 0], (5.3.2)

-r r r

being r = 1/a = 1.625.
Tab. shows the parameters retrieved from the data sheet of the motors present in

the shoulder.

To implement the inverse dynamic on the coupled mechanism, as shown in[5.2] it is
convenient to group the single quantities and evaluate each terms. Let us define a

control input of the form:

U= IUy + DU@M + TTTJ’ (533)
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Figure 5.5: Torque control: desired (green line) vs. actual (red line) external joint torques.
It is here shown the torque regulation resulting from the application of the controller pro-
posed in Section[5.2.3] The method has been applied to four joints of the iCub right arm.
The desired torque 7y derives from the impedance regulator as described in Eq.

being
[ T 0 0 w
_ | _ o NRyL.o NERy Lo
Iy = e el 0 (5.3.4)
_aNRSImS aNRsfms aNRSImSJ
k‘ig,ﬂ. kig,ﬂ'. k‘i_ga
1 Bi(Dmi+kwi) 0 0
Y ki1
Dy = 0 L Ro(Drmathuy 0 (5.3.5)
K ez Rz(D k
0 0 1 2 (Dmztkuz)
¥ kiz

After this compensation, the system is capable of behaving as preferred. It can be a
stiff system, as proposed in Section It can behave as a damped mass, as shown
in Section Or it can simulate a mass, spring and damper system, as in the case
of Section

The control strategy emploved to present some of the results obtained with the iCub
robot is the one of Section shown in Eq. This control strategy imple-
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Figure 5.6: Impedance control: desired (black solid line) and measured (red solid line)
stiffness resulting from the application of the impedance controller Eq. to four dit-
ferent joints of the iCub right arm in g¢; = [—30, 37, 6, 73}T. The measured line is the
result of linear fitting the measured data points (represented by green dots). A 95% confi-
dence interval for the measured stiffness is represented with red dashed lines.

ments both torque control, and assigns a reference torque such as the overall behavior
of the system is the one of a mass, spring and damper mechanism. Figure [5.5]shows
the torque tracking while the robot is interacting with the environment.

An external force is applied at the end-effector of the robot and is measured with the
FTS embedded in the third link of the arm, just after the shoulder. The torques are
measured through the algorithm of Chapter[3|and Chapter[d, These virtual joint torque
measurements are used as feedback to perform the control.

The control is performed on the motor control boards at the rate of 1k Hz. Chapter [0
will show how these information are computed, and the path the information follow
in order to obtain a measurement to perform feedback control on the motor control
boards.

The commanded torques of Figure [5.5] depend on the desired impedance behavior of

the system. In particular, they refer to the stiffness control reported in figure Figure[5.6]

100



5.3 a Case Study: The iCub Arm
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Figure 5.7: Impedance control: desired (solid lines) and measured (dashed lines) stittness
resulting from the application of the impedance controller Eq. on four joints of

the right arm in ¢; = [—30, 37,6, 73}T. Three different stiffness have been simulated:
kg — 0.1% (black lines), k; — 0.3% (red lines), kg — 0.6‘:%l (green lines).

Referring to Eq. a desired K; have been set for the shoulder and elbow joints
equal to K, = 0.6[%}. Rearranging the points of Figure together with encoder
data, the validation of the method has been performed.

In Figure the experiment have been repeated assigning different values to the de-

sired stiffness ;. It is remarkable the possibility to vary this parameter through high
level software commands.
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6

Hardware and Software Architecture

6.1 YARP

YARP (Yet Another Robot Platform) is an open-source software framework that sup-
ports distributed computation under different operative systems (Windows, Linux, Mac)
with the main goal of achieving efficient robot control (Metta et al., [2006). Yarp is a
set of open source, OS-independent libraries that support hardware and software mod-
ularity.

Hardware modularity is obtained by defining interfaces for classes of devices in order
to wrap native code API. In this way, a change in hardware requires only a change in
the API calls. In this sense, YARP facilitates code reuse and modularity by decoupling
the programs from the specic hardware (using Device Drivers) and operative system
(relying on the OS wrapper given by ACE (Schmidt, 2003}, [Schmidt & Huston, 2002)).
Yarp supports also software modularity, providing an inter-process communication
protocol based on ports, which allows the user to subdivide the main task of the
robot in simple, reusable modules, each of them providing specific functionalities (e.g.
object tracking, grasping etc). It provides an intuitive and powerful way to handle
inter-process communication (using Ports objects, which follows the Observer pattern
(Gamma et al.,[1994)). The user application is then obtained by interconnecting at run-
time these software modules, which can also run on different machines on a common
network, in order to obtain more complex behaviors.

Moreover, achieving visual, auditory, and tactile perception while performing elabo-

rate motor control in real-time requires a lot of processor cycles. The only practical
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way to get those cycles at the moment is to have a cluster of computers.

Furthermore, YARP provides mathematical (vectors and matrices operations) and im-
age processing (basic Image class supporting IPL and OpenCV) libraries.

This software framework helped us to construct iCub virtual force sensors and control
system as a collection of interconnected independent modules, running on different
machines and exchanging data and control signals. The first reason to do so is a prac-
tical one: one single CPU, although powerful, can never be enough to cope with more
and more demanding applications. Then, smaller subsystem are easier to be maintained
and updated, and their employment makes the overall system cleaner. Moreover, when
general enough, a single module can be connected to multiple modules, and reused in

different contexts.

6.2 iCub

This section presents the electronic hardware components of the iCub robot (which has
been introduces in Chapter [2). The main hardware components are presented section
in[6.2.1] while the way the software is interconnected is shown in section6.2.2]

6.2.1 The iCub Hardware Architecture

A cluster of standard PCs (Intel Core2 Q9550@2.83Ghz) and a Blade system (Primergy
RX200 server with 6 additional blades, Intel Xeon @2.00GHz) are interconnected
through a 1GB ethernet and constitute the core of the brain of iCub. A server (Intel
1630 with double xeon5520@2.26Ghz) allows the connection between these comput-
ers and user PCs. These machines are generally dedicated to the high-level software
computation, which is more demanding (e.g. coordinated control, visual processing,
learning, cartesian interfaces). Low-level motor control is implemented on the DSPs
embedded on the boards which are present on the robot body. All the high level soft-
ware have been written using YARP (Metta et al.| [2006), as will be shown in section
Low level code runs on Freescale DSPS6F807 which is built with Freescale
CodeWarrior Development Studio, which is a complete integrated Development Envi-
ronment (IDE) that provides a highly visual and automated framework to accelerate the

development of embedded applications (Freescale, 2010). Table @ shows the main
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hardware components constituting the i1Cub sensori-motor syste

Motors and encoders are connected on the motor control boards, which provide the
current necessary to move the motors, acquire the encoders position and allow the ba-
sic calculation for precise motion control (e.g. the coupling of the motors of the iCub
shoulders, shown in Section [5.3] is performed on the DSP). The motor control boards
and the force/torque sensors are connected through CAN-bus lines. In particular, seven
CAN-Bus lines allow the communication between the motor control boards, force sen-
sors (if present), and a central control unit. This network of CAN lines converges to
an electronic board, namely the cfw2. This board manages the flow of information be-
tween the sensori-motor system of the robot, and its central control unit. In particular,
the cfw2 board is characterized by a set of 10 can bus connections, 2 firewire ports and
2 microphone signal conditioning, whose information flow on a unique pc104 stan-
dard. It implements a fast CAN communication (full send and receive bandwidth: 6-8
messages/Ims). The custom CAN protocol used by the DSP boards provides sanity
check messages. Every fixed amount of time (currently 5 seconds) each DSP board
is expected to broadcast a message describing its current state (sensors status, exter-
nal faults, communication failures, overloads etc. etc.) thus allowing the main control
unit, the PC104 to have a complete description of the entire sensori-motor system. The
cfw2 boards also provide ports for the acquisition of camera data and for the 3DOF ori-
entation tracker, through Firewire ports.

A PCI interface allows the communication between the cfw2 and the PC104. The
PC104 board mounts the central control unit of the robot, actually an Intel Core 2Duo
@2.16 M hz. Here runs the low level software interface to the ¢fw2, and thus to the
data flowing through the CAN networks and the Firewire ports. The YARP interfaces
for the devices are here used to allow the communication with the boards, as will be
shown in [6.2.2] Finally, the pc104 is connected to a network of cluster and computers
to allow the communication between the robot and the user, where an Intel 1630 per-

forms server operation.

' Table. 1] shows only the main hardware components (motors and sensors) which have been used
within this work, and the main components of the of the robot perceptive system
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Main Specifica-

Sensor/Actuator| Brand Model Position )
tions
Brushless DC | | RBE-0I1210-A igouwer’ LeEl' Te = 0.115Nm,
motor & Frameless W &s: Ic=541A
Torso
Motor Control 2 DC Brushless
otor fontro Custom IIT | BLL - BLP Torso, Legs motor control
Board
boards
DC Micromo- Motor, gear box,
Brushed  DC Faulhaber tors 12xx...G | Hands, Head encoder; 0.2 —
Motor )
Series 0.6mNm
Motor Control Custom IIT | MC4 - MCP Torso, Arms, 4 DC Brushed
Board Head
Hall effect sen-
Absolute ) ) sor, 8.TmA,
Encoder Honeywell | SS495A1 Joint Axis L5 — 105Vec
p.1.3mm
) MTx - Minia-
3 POF Orien- Xsens ture 3D inertial | Head 12bits, 1.7 — 5g,
tation Tracker
tracker
16bit, Microchip
6-Axis 16Fxx Micro-
Force/Torque Custom IIT | - Arms and Legs | Controller,16 bit
Sensor A/D converter
@1kHz
DR2-03S2C-
EX-CS -
Cameras Point Gra Videocam eves 1640x480, 1/3,
y Dragonfly2 y CCD

color extended
version

Table 6.1: The hardware components of the iCub sensori-motor system.
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Figure 6.1: iCub robot hardware architecture.
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6.2.2 The iCub Software Architecture

The iCub software architecture comprises a set of YARP executables, typically con-
nected by YARP ports. Each executable, which is called YARP Module, or just module,
runs on a PC, a blade or on the pcl04, which is connected to the same local network.
The 1Cub software architecture is a repertoire of modules which communicate through
ports, to constitute the cognitive architecture of the robot. At the basis of this cogni-
tive architecture, one module is dedicated to the communication and the sharing of the
information with the robot hardware.

As shown in[6.2.T] the robot iCub is constituted with a repertoire of very basic motion
and sensing capabilities, such as encoders, 3DOF Orientation Tracker, Force/Torque
sensors, cameras, motors. The motion of the motors and the measurement of the sen-
sors are interconnected both from the low and high level. On the low level, the hard-
ware connection and the DSP boards define the correspondence between the motor
and its associate encoder. On an higher level, a module called iCublInterface wraps the
information coming from the motor control boards into the parts of the robot. As an
example, the robot can associate the motor to move and the encoder to read directly on
its motor control board, while the iCublnterface, defines that the information of motor
1, coming from the CAN network j, moves the joint A of the part k. In this sense, the
iCublnterface manages the information which flow through the c¢fw2 board and opens
ports to share these information with the user and other modules. It allows the user
to monitor the state of the boards, to send commands and to read these information.

Through these ports, the user can communicate with the robot.

6.2.2.1 iCub Modules

The software architecture of the iCub robot is made of YARP modules. A module is an
executable that performs a specific task. Moreover, its interface is defined in terms of
YARP ports. YARP allows to connect networks of modules, which constitute the be-
haviors of the robot. Figure|6.3|depicts an example of robot software architecture. The
immediate purpose in developing the software architecture is to create a core software
infrastructure for the iCub so that it will be able to exhibit a set of target behaviours

for an Experimental Investigation (see http://eris.liralab.it (2010)). This

108


http://eris.liralab.it

6.2iCub

@

F/T Sensor

read thread
5ms, buffered

encoder

read thread
@5ms, buffered

encoder

iCublinterface
Multi-threaded interface for robot control

COMMAND PORT

read thread

@5ms, buffere

encoder

d

read thread
@5ms, buffered

encoder

read thread
@5ms, buffered

Figure 6.2: Software interface, namely iCublnterface that allows the communication with
low level devices (API) and allows the communication with the user through interfaces.
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picture refers to the last version of the iCub software architecture and is here reported
to give an idea of the incredible possibilities given by the YARP framework. Next sec-
tions show how we have adopted the modularity granted by the YARP middleware, to
enlarge the sensorial system of the iCub. We in fact defined a set of modules to perform
force control and gravity compensation. More specifically, this framework enlarge the
perception of the interaction forces, allows to obtain virtual joint torque measurements
and, through low level implementation of appropriate control strategies allow to obtain

compliant behaviors of the platform, while performing tasks.

6.3 Force Control

It has been shown in Chapter @ that the iCub robot, version v1.0 to v1.3 is not pro-
vided with joint level torque sensors. Starting from version v1.1, proximal F/T sensors
have been employed, one for each arm and leg. These sensors allow a great variety
of information, and enlarge the tasks the robot can perform, but in particular improve
the perception of the robot of the outer world. It has been shown in Chapter (3| and
4 how proximal FTSs can be exploited, together with the information of an artificial
skin (see /Cannata et al. (2008a)) to have a precise, rather than complete and distributed
information about the interaction occurring during the tasks the robot performs. More-
over, from these information, it is possible to retrieve torque measurements. Torque
measurements at joint level is very important for robots. They allow to obtain active
compliance. Active compliance is of fundamental importance for a humanoid robot.
A humanoid robot, can not be purely position controlled. It is supposed to perceive its
surrounding environment, in terms of force and touch perception. It should be compli-
ant when it explore its surrounding. In this framework, in fact, it is necessary that the
robot regulates its motion behavior at joint level, as a function of the perceived force
input.

In this section, we show that the framework which has been introduced in sections
and|[6.2] can also be used to build and improve the perceptual architecture, where possi-
ble, from an hardware and software point of view, but also from a computational point
of view. It has been used the 1Cub software framework to create an architecture which
enlarge the perceptual capabilities of the robot, in terms of touch and force perceptual

capabilities. We have thus built modules for:
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Figure 0.4: Hardware architecture with specification of the modules and devices involved
for the implementation of virtual joint torgue measurements and control.

these

contact detection: the robot should detect critical situation of contact with the

environment.

virtual joint torque measurements: joint torque measurements allow the imple-

mentation of joint compliance and torque regulation.

gravity compensation: necessary to improve the performances of motion and

reaching tasks in terms of trajectory tracking and steady state position error

modules are described in next sections in terms of implementation issues, as-

sumptions, reliability and performances (timing and delays).

6.3.1 Contact Detection

Contact detection is the basic perceptual behavior the robot is supposed to have. Basic

contact detection is achieved by defining a threshold on the robot model error whichas-
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sures that the robot is not interacting with the environment. Different algorithms have
been developed in literature to achieve this kind of task. Most of them are complex
algorithms which have the goal to reduce the interval over which the probability of a
contact is high.

The 1Cub robot has been provided with a basic contact detection algorithm which is
based on a threshold which represents a confidential interval, determined by a statistics
of the difference between the model and the actual measurements of the FTSs, such
that:

(6.3.1)

if meeasured - wmodelH >n=¢=1
if ||wmeasu7”ed - wmodel” < n = 5 =0

being £ a boolean number defining whether a contact occurs (¢ = 1) or not (§ = 0).

6.3.2 Providing Virtual Torque Measurements

The iCub versions from v1.1 to v1.3 mount 6-axis F/T sensors on each arm and leg.
Their position is proximal with respect to the position of the end-effector. As an ex-
ample, the F/T sensors which are mounted on the arm are placed immediately after the
3DOF spherical joint of the shoulder. On the legs, it is placed close to the 2DOF
revolutionary joint of the hip.

The aforementioned versions of the iCub lack of joint torque sensors, and thus, a vir-
tual torque measurement should be provided in order to send this information to the
user and to the control boards.

We define here a virtual measurement, a data which flows through the CAN-bus net-
work of the robot, whose source of information is not one of the sensors of the robot
(actually a joint torque sensor, in this case) but it is predicted outside the actual robot
hardware architecture, through software estimation. The virtual measurement is thus
not directly acquired by one hardware component which is dedicated to perform the
measurement of physical quantity. These sets of value, in fact, are directly related to
one or more measurements which are performed by real sensors, which are part of the
robot hardware architecture. In other words, these sensors does not give a direct in-
formation about the quantity to be estimated. Nevertheless, through these sensors and
through an estimation of the robot parameters, it is possible to have an estimation of

the actual quantity which lacks of a proper sensor measurement.
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Virtual joint torque measurements follow this principle. In chapter [3| we have shown
the formalism and the assumptions which are at the base of this method. In short,
starting from the measurements of a 3D O F' orientation tracker and joint encoders, we
can obtain the virtual measurements of links frame velocity and acceleration, given the
links length. On the other side, exploiting the measurements of 6-axis F/T sensors and
with an estimation of the links dynamical parameters (e.g. through a CAD model), we
can address the problem of the estimation of the actual joint torque, through a model
based approach based on enhanced oriented graphs (see section [3.3)).

The computation of the torques of a humanoid robot requires, of course, a lot of effort
in terms of CPU demand, and also require an abstract layer to reduce the complexity
of the code. These calculation cannot thus be performed on DSP, where only C code
is allowed, and whose resources in terms of performance and .... are limited. We thus
decided to perform these calculation on the blades which are physically connected to
the robot through a 1GB Ethernet network. Moreover the virtual measurements, which
are evaluated in a module running outside the pcl04 (see section have a direct
connection to the CAN-bus network through a dedicated connection with the iCublin-
terface, through YARP ports.

The iCublnterface module runs a thread which interacts with the low level CAN APL
This thread generates the CAN messages to send to the boards through the CAN-
Network. The messages contain both the ID of the board which sends the messages
and the ID of the board which will receive it. It is this only required to the motor con-
trol boards to know the ID of the measurement they have to exploit, that the approach
becomes independent on the sensor employed to perform the measurement. In other
word, if a joint torque sensor is present, a data acquisition board will send through
the can bus a message with a proper ID. Otherwise, a module running on an external
machine will send the virtual measurement to the iCublnterface, which will convert
this message to a CAN bus message with proper ID.

It thus become sufficient that the motor control boards which receive the messages
have knowledge of the ID of the board which sends the message they are waiting for,
in order to have the torque data. In this way, the method become transparent at the
sensor level, from the point of view of the boards. This means that if the sensor is
actually present, the motor control board will read its measurement, and no need to

have a virtual torque measurement. 1f the robot lacks of the actual sensor, the virtual
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Figure 6.5: Scheme of the software architecture that allow to perform the enrichment of
the iCub haptic sensory system. The wholeBodyTorqueObserver module takes information
from the inertial sensor and FI'Ss to perform the computation of joint torque to send to the
motor control boards, that perform the control. The low level software architecture allows
to chose the messages to read between the virtual measurements and actual measurements
from joint level torque sensors.

measurement employed.

The Whole Body Torque Observer The YARP module which perform the virtual
torque estimation has been called WholeBodyTorqueObserver Fumagalli| (2010). This
module employs the methods provided by the iDyr Ivaldi et al.| (2010) library to per-
form the computation of the virtual joint torque measurements, so to provide an esti-
mation of the actual joint torque on 32 over 53 degrees of freedom of the iCub robot.

The iDyn library is a set of classes which follow the rules presented in section [3]to esti-
mate torques, to calculate gravity contribution and, more in general. to perform inverse
dynamic calculation. This library also provides classes which specifically wrap the
joints of one part of the robot (e.g. the iCub arm), more parts together (e.g. the upper

torso joints, which include the head and the two arms), and even the entire structure
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of the robot (two 6 DOF’ legs, two TDOF arms, a 3DOF torso and a 3DOF' head).
It allows inverse dynamic calculation performed over multiple branched chains, and
specifically it provides classes for the iCub robot, as reported in section 4.3]

As previously mentioned, the wholeBodyTorqueObserver module performs the esti-
mation of the actual joint torques, employing methods for inverse dynamic calculation
which have been adapted to multiple branched chains of links. Moreover, it uses data
from the 3DOF orientation tracker placed on the iCub head to initialize the kinematic
flow of information. The inertial sensor in fact, is necessary to have a measurement of
the absolute Cartesian velocity and acceleration, both linear and revolutionary, to cal-
culate the other links kinematic quantities. On the other hand, the module take the data
from the four F/T sensors to perform wrench computation, and thus also to compute
the virtual torque measurement.

The evaluated torque data are then sent to the iCublnterface, which provide specific
ports dedicated to the wholeBodyTorqueObserver module for virtual torque data ac-
quisition.

Finally, the iCubInterface module send the information to the motor control boards, as

presented previously in section [6.3.2]

6.3.3 The Gravity Compensator

Another module which is required to achieve high level position tasks with force feed-
back is the so called gravityCompensator. This module has the task to perform an
estimation of the gravitational component of the robot dynamic. The estimation of
this quantity is required to improve the performance of the position control when force
feedback is activated. In particular it reduces the steady state position error when the
robot joints control modality is the impedance control mode, following the formulation
presented in section[5.2.3]

In this context, the gravitational component is given to the low level control boards
as a reference torque the controller should track. To allow this, encoder values rather

then the absolute orientation of the robot position (which is obtained by the values of a
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iCub robot.
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3DOF orientation tracker) are required. Considering the equation of a manipulator:
= M(0)6+n(6,0) (6.3.2)

being M (0) the matrix of inertia of the manipulator, and 7(0, §) the vector of centrifu-
gal, Corioli’s terms, and which also includes the gravitational component.
The gravitational term can be found by Eq. by substituting 0 = 0. This quantity
can thus be used to obtain an estimation of the gravitational term to be used as a refe-
rence to the control strategies presented in Section[5.2.2][5.2.3]and Section[5.2.4]
Following this procedure, the gravitational component thus become a reference torque
of the form:

Ta =T, = 1(0,6;) (6.3.3)

being 7) the estimation of the gravitational, centrifugal and Corioli’s vector of Eq.
From the point of view of the software/hardware architecture, the reference gravita-
tional component is calculated on a blade. The control modalities allow to use methods
which communicate with the control boards through ports of the iCublInterface. These
values are then read by the boards and interpreted as reference torque of specific con-
trol modalities (e.g. impedance and torque modes)Also here, the software connection
is presented in figure Figure[6.6| where the yellow boxes are connected together through
yarp ports. The module which performs the estimation of the gravitational component
runs on a blade Intel Xeon @2.00GHz, where each computation is performed with a
rate of 10ms.

When applied to active compliance control strategy, the low level control performs the
tracking of the reference torque considering also the torque necessary to contrast the

gravitational component.
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Conclusions

During the last decade, trends in robotics foster research in the development of capabil-
ities and skills which can make robots autonomous and safe (i.e. not dangerous). The
human and robot coexistence in the same physical space require exploration, adapta-
tion and learning of the autonomous system in order to create its knowledge of the
effects of an action. The representation of the environment and the perception of the
interaction are fundamental in this framework. Force information are of primary im-
portance during the learning phase, as they become part of the experience of the au-
tonomous system. Moreover, these information are necessary during the exploration
process, also to prevent dangerous situation due to collision, through control.

In this thesis it has been shown a method which allows, through distributed proximal
force sensors, inertial sensors and artificial skin, to increase the perceptual capabilities
of the robot iCub. It has been shown that, under some assumptions, the method allows
to have an estimation of the external force on any point of the robotic structure and,
moreover, it allows to have an estimation of internal forces. These quantities have been
used for control purposes. Impedance control and torque control at joint level has been
implemented. Backdrivability performances have been risen through a model based
approach that canceled the main source of dissipation of the iCub motors.

The software architecture and the modules that allow to perform excellent basic low
level compliant behaviors has also been presented.

The lack of the artificial skin over the robotic structure did not allow to perform quali-
tative experiments of the dynamism of the method. This point will be achieved in near
future works.

This thesis focused on the exploitation of force information with the goal of creating
a framework for the exploration process. The work shown here is meant to supply for

the necessity of increasing the perceptual capabilities of generic robotic systems for
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research in autonomous cognitive systems, but also for extending the representation of

the generalized forces that arise in a physical human robot interaction scenario.
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Improving the Estimate of
Proprioceptive Measurements

In this respect, a possible algorithm for computing the better estimate of the kinematics,
given the multiple sources, is briefly reported in Alg. 3| Basically, given a set of K
kinematics sources ¥, which for brevity we name «1, . . ., K, Alg.[I]is solved K times.
At each time k, ky is the only kinematic source which is not being removed from the
EOG, and then the only V¥ in the graph. The solution of the EOG K times yields
a set of conditional estimates wji,,, . . .,Wj|x,, VJ (analogous considerations hold for
w and p), which can be used by classical filters to provide the better estimate (e.g.
maximum likelihood filters, Kalman filters etc). The analysis and evaluation of the
possible filters has not been analyzed in this thesis, but future works might deal with

this sort of estimation and improvement of internal robot perception.

Algorithm 3 Fusion of multiple kinematic sources

Require: EOG, r = [wg, Wk, ), k=1,..., K
Ensure: o;, &, })7, Vi

1: forallk =1: K do

2 Attach a node V¥ for sy

3:  Compute wj, , Vi

4: end for
5: Compute w; = filter* (wijx,, - - -, Wil )

* filter is a generic filter for data fusion from multiple sensors
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