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"Happiness can be found, even in the darkest of times, if one only remembers to
turn on the light."
"You think the dead we loved truly ever leave us? You think we don’t recall them
more clearly in times of great trouble?”
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Abstract

Nowadays, one of the most interesting and innovative topics in industrial robotics
is represented by the collaborative interaction between human operators and
robots. While in traditional robotics the manipulators are segregated into cages
for safety reasons, in collaborative robotics human workers share the work sta-
tion with robots, cooperating with them. In this way the high level of precision,
speed and repeatability of the robots is combined with the flexibility and cogni-
tive skills of human operators, speeding up the execution of the tasks, improving
the quality of product, and decreasing the human effort.

In particular, a field where collaborative robotics finds application in is the so
called physical human-robot interaction (pHRI).

Physical human-robot interaction has recently aroused growing interest among
the scientific community: assistive technologies, collaborative industrial manipu-
lators and rehabilitative robots are only few examples of this emerging technol-
ogy.

The goal of the present work is to develop a variable admittance control for
human-robot physical interaction in manual guidance applications. The task of
the robot is to actively assist the human in moving an object from a starting
load-position to a goal unload-position. In the proposed solution, the parameters
of the admittance filter are changed not only as a function of the current state of
motion (i.e. whether the human guiding the robot is accelerating or decelerating)

but also with reference to a predefined goal position. The human is in fact gently
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guided towards the target along some curved paths, properly scaling the damping
parameter to accommodate his/her motion. The developed algorithm also allows
the human to reach goals that he/she cannot directly see because of, for exam-
ple, the obstruction of his/her view caused by the bulky size of the transported
object.

Eventually, the performance of the proposed controller are evaluated by means of
point to point cooperative motions with multiple volunteers, exploiting an ABB

IRB140 manipulator.



Sommario

Oggigiorno uno dei temi piu interessanti e innovativi della robotica industriale &
rappresentato dall’interazione collaborativa tra operatori umani e robot. A dif-
ferenza di cio che accade nella robotica tradizionale che prevede la separazione
fisica tra l'operatore umano e il robot, il quale generalmente ¢ confinato in una
gabbia, nella robotica collaborativa l'operatore condivide lo spazio di lavoro con
il robot, collaborando attivamente con quest’ultimo.

In questo modo l'elevata precisione, velocita, forza e ripetibilita che caratteriz-
zano i movimenti dei robot si combinano con la flessibilita e le capacita cognitive
proprie degli operatori umani. L’esecuzione dei vari compiti viene cosi resa pii
rapida ed efficiente, la qualita del prodotto viene migliorata e lo sforzo umano
puo essere notevolmente ridotto.

Una branca della robotica collaborativa prevede l'interazione fisica tra operatori
umani e robot (pHRI). Quest’ultima ha recentemente suscitato un crescente in-
teresse nella comunita scientifica: tecnologie assistive, manipolatori industriali
collaborativi e riabilitativi sono solo alcuni esempi delle tecnologie emergenti.

In questa tesi si é sviluppato un controllo ad ammettenza a parametri variabili
utilizzabile per applicazioni di guida manuale in cui il compito del robot ¢ quello
di assistere attivamente 1’'uomo nello spostamento di un oggetto da una posizione
di carico iniziale a una posizione target di scarico. Nella soluzione proposta, i
parametri del filtro d’ammettenza cambiano sia in funzione dello stato di movi-

mento attuale dell’operatore umano che guida il robot (cioé se quest’ultimo sta
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accelerando o decelerando) sia con riferimento ad una posizione obiettivo pre-
definita. L’umano ¢ infatti guidato dolcemente verso la meta seguendo alcuni
percorsi curvi, grazie alla variazione dello smorzamento virtuale che viene op-
portunamente scalato al fine di favorire il movimento verso la posizione obiet-
tivo prefissata. Inoltre l'algoritmo sviluppato consente all’operatore umano di
raggiungere obiettivi che non sono visibili direttamente a causa, per esempio,
dall’ingombro del carico trasportato che puo causare l'ostruzione della visuale
del lavoratore.

Infine, le prestazioni del controllore proposto sono state valutate da pit volontari,

mediante movimenti cooperativi, utilizzando un robot ABB IRB140.



Chapter 1

Introduction

One of the main objectives of the industry 4.0 is to increase the automation level
of traditional industrial plants. A possible way to achieve this result consists in
the introduction of industrial robots into the production chain. In particular, it
is possible to distinguish between traditional robotics, characterized by manip-
ulators segregated into cages where humans were not allowed to enter for safety
reasons unless all machines were stopped, and collaborative robotics, in turn
characterized by an active cooperation between human operators and robots. In-
deed, even if robots were the core of many research activities and they found
applications in industrial plants since many years, before the rise of the industry
4.0 they were mostly used to cyclically perform the same operations, generally
requiring high speed and precision. However, in the last decade a growing interest
in collaborative robots arose, so that it was possible to combine their capabilities

with those of humans, obtaining the best from both of them [I4].
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Figure 1.1: Collaborative robot station

Indeed, some of the actions which must be performed into a production line
could be still too complex for a robot, while others could require a too high level
of precision and repeatability, making them not suitable for humans. Within
these application boundaries, collaborative robots can be seen, for all intents and
purposes, as co-workers which help the human in the accomplishment of a wide
variety of tasks, undertaking complementary actions [13]. Moreover, the appli-
cation of collaborative robots, namely cobots, inside plants allows to save a lot
of space since they don’t have to be segregated. In addition, they are smaller,
lighter, much more flexible and easily reconfigurable with respect to the tradi-
tional, expensive, huge and specialized ones. For these reasons, cobots are more
attractive than traditional robots.

In order to allow the introduction of manipulators into plants populated by hu-
mans, they must be designed with sensors and intrinsic safety features, such as
force feedback and collision detection, so that operators can work safely alongside
them [4]. Despite bringing new challenges and safety issues since, as previously
mentioned, humans and robots are no longer separated by a physical barrier, col-

laborative robots provide the production lines with huge benefits: mixing robots
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force, speed and accuracy with human intelligence and manual skills improves
not only the industrial processes, but also the health of the worker, whose fatigue

and alienation associated with the execution of repetitive tasks are thus reduced.

1.1 Physical human robot interaction

Figure 1.2: Example of physical interaction between a human operator and a

robot

Although the boom in the use of collaborative robots can be placed in 2017,
and therefore it is a relatively recent phenomenon [2]|, nowadays they dominate
the robot market and by 2021, the number of units in the world is expected to
grow to about 2.5 billion. In particular, all the applications involving the physical
contact between the human operator and the manipulator represent a highly
important sub-field of collaborative robotics. Indeed, as previously mentioned,

the introduction of cobots in plants brings a significant increase to both the
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automation level and efficiency of industrial production lines.

In order to better understand the fundamental role of this technology, some tasks
involving the physical interaction between robots and human operators will be
mentioned in the following, even if a complete classification (also involving non-
industrial applications) is practically unfeasible due to the large variety of cases
that may occur.

Pick and place together with packaging and pelleting are activities in which
a piece is first loaded and then placed in a different location. These kind of
tedious, highly repetitive and alienating operations, if performed by a human
operator, can often lead to mistakes and also be the cause of possible stress and

injuries due to the weight and the dimension of the object being transported.

Figure 1.3: Example of manual guidance application



1.1 Physical human robot interaction 9

In this context, the role played by hand-guidance (see Fig. , namely a
collaborative operation allowed by safety standards, is central. Its typical appli-
cation is the handling of large and heavy loads that humans are not capable of
lifting up standing alone: on the one hand, a robot compensates for the gravi-
tational load of the transported object, on the other hand the operator simply
guides the robot end-effector to the right place, overcoming the non-negligible
inertia load.

A further possible scenario of collaborative robotics application is constituted by

quality inspection of parts, depicted in Fig.

Figure 1.4: Quality inspection process using a collaborative robot physically in-

teracting with the human operator
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This process usually involves the full analysis of finished parts, the production of
high resolution images for precision machined pieces and their verification against
CAD models. Using cobots for inspection can bring to a higher-quality produc-
tion batches.

Despite being the most noticeable and well known context, the industrial frame-
work is not the only one collaborative robotics can be applied to. Physiotherapy
and rehabilitative purposes are just two examples of how wide its sphere of in-
terest is.

Among the benefits brought by the use of cobots, there is the improvement of the
ergonomics of workstations which consequently increases industries productivity
and allows for the relief of the human fatigue in terms of workload, one of
the main scope of pHRI. To better understand how much human fatigue affects
productivity in a plant, the following example could be valuable: suppose that a
human operator has to move a heavy piece from a loading point to an unloading
station, a typical illustration of a pick and place task. This kind of operation
can be tough for the worker from a physical point of view, since bio-mechanical
stresses, possibly causing injuries in the long run, are produced. Clearly these
adverse working conditions, caused by the high level of fatigue gathered by the
operators, are a disadvantage for the ergonomics of the workstation, which is
representative of the strength of the whole company production line. Therefore,
the use of articulated systems, 7.e. manipulators, compensating for the objects

weight and consequently relieving the human fatigue turns out to be essential.

1.2 Prior works

Over the last 40 years, the impact of robots on human life has significantly in-
creased: advances in mechatronics and robotics have enabled the development
of many machines capable of supporting human beings in an increasing number

of activities. The capabilities of robotics have moved from simple operations to
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more advanced and difficult tasks, leading to significant improvements in many
different fields. Nowadays, many efforts are focused on handling tasks involving
the dynamic interaction between the robot and the external environment, as they
would open up new and fascinating perspectives.

The dynamic coupling between the manipulator and the environment generates
reaction forces that must be managed correctly in order to avoid undesirable ef-
fects. Pure position control fails in such context, since the contact forces lead to
deviations from the desired trajectory the control system tries to compensate for.
As a result, an accumulation of such forces occurs, until the robot hardware or
the manipulated object breaks down. For these reasons, the interaction between
the robot and the environment cannot be managed with traditional control tech-
niques imposing a desired trajectory, but a peculiar interaction control has to be
adopted.

Hogan [15] gave a contribution of historical importance in addressing the problem
of controlling a manipulator in applications where it physically interacts with the
environment. He proposed a method based on the dynamic coupling between
robot and environment, known as impedance control. It is focused on con-
trolling the dynamic relationship between the robot end-effector position and the
interaction force exchanged with the environment, which is represented by the
human arm in the present work.

An impedance control algorithm can be implemented in two different ways, de-
pending on its application. It is possible to distinguish between the so-called
"impedance control", which takes a displacement as input and gives a force as
output, and the "admittance control", whose input and output are a force and
a displacement respectively [18]. To properly work, both these control methods
require the knowledge of the interaction force exchanged with the environment.
Such force can either be measured by means of a force/torque sensor mounted
on the robot end-effector or it can be estimated through different model-based or

data-driven approaches.
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In manual guidance applications, in order to make the robot compliant with the
force applied by the human, an admittance control is typically implemented on
the machine. This technique, as previously stated, simply converts the human
force into a reference speed and position for the robot end-effector, which are
then managed by the low level position and velocity axis control of the robot.
The aforementioned conversion is realized by the so called admittance filter,
thanks to which the end-effector of the manipulator behaves as a mass-spring-
damper system when interacting with the environment. In particular, the mass
corresponds to the one perceived by the operator when moving the end-effector
of the manipulator, the damping represents the amount of resistance that the
operator will perceive while moving the end-effector, and the stiffness term pro-
vides an attractive/repulsive contribution. In human-guidance applications, the
stiffness term is usually not needed since a desired equilibrium position is not set:
hence, only the mass and damping parameters are of interest.

Considering a one-dimensional admittance filter without the elastic term, the
reference trajectory followed by the end-effector can be described as a desired

position x4(t) and as a desired velocity #4(t), expressed in the Laplace domain as

follows:
) 1
Ta(s) = me(S) (1.1)
1
za(s) = —S(m8+d)fH<3) (1.2)

where z4(s), 24(s) are referred to the Laplace transform of the desired position
and velocity of the end-effector respectively, fy(s) is the Laplace transform of
the human force, s is the Laplace variable and finally m and d represents the
virtual mass and damping respectively, which correspond to the mass and
damping perceived by the human operator when interacting with the manipulator

end-effector.
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Linear, fixed-gain admittance filters, however, entail a trade-off in the achievable
performance: according to the related studies available in literature, [19], [17],
[9], the use of small virtual parameters leads to fast motions with low precision
and low human-effort, while large virtual parameters guarantee precise motion
but slow movements and high level of human fatigue.

Obviously, it is desirable that the control law exhibits the appropriate behavior
depending on the working situation. For this reason, several researchers imple-
mented different algorithms under the name of variable impedance/admittance
control, trying to estimate the will of human motion and changing the virtual

parameters accordingly. The underlying idea can be summarized as follows:

e During the acceleration phase, since the reduction of any resistance to
the motion is advisable, the values of both the mass and the damping

parameters are decreased;

e In case of cruise speed, a decrease of the damping parameter is advisable
since it has a predominant role with respect to the the mass. Indeed, the

higher the velocity, the bigger the resistive effect of the damping.

e During the deceleration phase, a reduction of the virtual mass and an
increase of the virtual damping is advisable. Indeed, doing so, the braking
phase is facilitated since the inertia counteracting the braking motion is
reduced while the damping, which helps it while stabilising the system, is

increased.

Generally, variable impedance /admittance control performs better than the con-
stant parameters ones: it preserves the characteristic accuracy of the high pa-
rameters admittance filters and, at the same time, it guarantees fast movements
with a lower level of human fatigue, proper of the low parameter ones.

As previously mentioned, one of the reasons related to the use of a variable

impedance/admittance control is to accommodate the human movement during
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physical interaction with robots, in order to improve his/her feeling while per-
forming a specific task (e.g. transportation of heavy loads), paving the way to
different methods of tackling the problem.

In [I2], a variable impedance control is adopted to manage the robot during the
physical interaction with the human operator. The impedance parameters were
adapted online, during the interaction, according to the human behavior, which
was inferred by measuring the end-effector velocities. The best results in terms
of stability and performance are obtained in case of a variable damping and of
a constant virtual mass set to its minimum value, compatibly with the stability
requirements.

Ikeura et al. [I6] in turn presented a very simple variable admittance control,
consisting of two different invariable admittance controls, one for low velocity
and the other one for medium and high speed.

In [I7], the researchers pointed out that in order to make robots human-friendly
it was important to design the controller considering also the human arm char-
acteristics. The most appropriate way for describing its dynamic behavior is
represented by a mechanical impedance (i.e. stiffness, viscosity and inertia).
The human arm is modelled as a pure damper and the model parameters are
fitted by means of a recursive least square procedure. The estimated relation is
then used as an admittance control for the robot.

In [22], the operation is divided into four subsequent phases, each of which is
defined by a passivity index measuring the energy transfer occurring between the
operator and the robot during the cooperation work. In case of a positive index
exceeding a given threshold, the worker gives energy to the robot. Moreover,
each phase is associated with a specific set of virtual parameters, whose assigned
values correspond to either the minimum, the nominal or the maximum.

In [23], the attention is drawn to low velocity situations, simply approximating
the human impedance by means of a spring. Furthermore, the stiffness of the

human arm is estimated online, while the damping of the robot for slow motion
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is proportional to the stiffness itself.

Duchaine et al. [8] proposed a law that varies the damping proportionally to
the derivative of the force applied by the human, projecting it along the speed
of the end-effector. A sudden increase in force magnitude along the direction of
the velocity could be interpreted as a human intention to accelerate, therefore
the damping coefficient should be reduced. On the contrary, a sudden decrease
in force magnitude along the direction of the velocity could be interpreted as an
intention of the human to decelerate, stop the movement or reverse the direc-
tion of motion, making both a high damping coefficient and a reduction of the
virtual inertia desirable. Such observations were included into the conventional
impedance control low, applying a weighting factor to the force derivative.

In [3], the damping is varied with the end-effector velocity in a inversely propor-
tional fashion.

In [19], a variable admittance control, whose parameters are changed according
to the inferred human intentions, is presented. The human will to accelerate or
decelerate is first estimated by comparing the acceleration and speed signs, the
damping parameter is then varied proportionally to the acceleration module and
the mass parameter is changed in order to keep the bandwidth of the admittance
filter constant, making the interaction more intuitive from the operator point of
view.

The topic of variable admittance control has been also faced by some more recent
works, exploiting machine learning techniques [6], [5]. The objective is to find the
best set of parameters for a specific person in order to suitably adapt to him/her
during a task along a predefined linear path.

In [20], a multi-layer feed-forward neural network, establishing the damping value
in response to both a certain end-effector velocity and a human force, is presented.
Further investigations have been conducted to select the best set of virtual pa-
rameters able to avoid the rise of oscillations at the end-effector.

According to [19], [17], [9], the human perception is mainly influenced by the
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damping parameter, while in [24] it is shown that, for a given damping, the
desired virtual mass is of crucial importance for stability reasons: to avoid insta-
bilities, the minimum achievable virtual mass has to be set approximately 6 -+ 10
times lower than the actual mass, while no maximum value is defined.
Additionally, according to [19], if the virtual mass is kept constant, as in [17],
[16], [23], [8], [22], some undesirable effects occur. On the one hand, when an
acceleration is desired, the gain obtained by decreasing the virtual damping will
be partially cancelled, since the virtual mass to virtual damping ratio will in-
crease significantly, slowing the response down. On the other hand, in case of a
deceleration, the virtual mass to virtual damping ratio will decrease due to high
damping. Therefore, depending on the current damping value, a stability zone is
experimentally identified, so that the operator can be led to work in vibrations-
free conditions.

Another possible cause of instability during the pHRI is investigated in [21] and
it is found to be due to the coupling between the robot and the human operator.
If he/she stiffens too much his/her arm, deviations from the nominal behavior
could arise, producing highly amplified oscillations which can render the interac-
tion unsafe for the user.

In [7], a frequency domain analysis is adopted to distinguish the unstable motion
due to unwanted oscillations from the voluntary one. This was possible since the
bandwidth of the human arm during voluntary motions is below 2Hz, while the
frequencies of the robot oscillations are higher and easily recognizable. An online
recursive instability index was built in order to quickly detect the amplification
of oscillations before becoming noticeable by the operator. Successively, the ad-
mittance parameters were tuned, changing them proportionally to the instability
index, until the oscillations completely disappeared. This study also focuses on
the high increase of the fatigue perceived by the operator if oscillations are dissi-
pated by increasing the virtual damping parameter (traditional method). Indeed,

if the operator interacts with the robot at a relatively steady velocity, a further
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increase of the virtual damping, representative of the dominant perceived forces,
will affect the operator’s effort during the entire motion. On the contrary, only
in case of acceleration and deceleration, an augmentation of the inertia should
be preferred since it is perceived by the operator as a higher reaction force, facil-
itating a low-effort cooperation.

The variation of the virtual parameters according to the spatial direction of the
applied force is still an unexplored field, but could be very useful in applications

where the goal position is known, which is the case of the present work.

1.3 Thesis purpose

The main purpose of the current work is the development of a variable admit-
tance control for human-robot physical interaction in manual guidance applica-
tions, where the admittance parameters are varied according to the direction of
the applied human force and of the goal end-effector position with respect to the
actual one.

This latter dependency could be obviously very functional in case the human will
is to reach a precisely known goal position. As a matter of fact, with the exist-
ing solutions the problem of directing towards a specific goal has always been in
charge of the human. This can be a challenging task if the transported object has
a big inertia and/or a big size that prevents the human from viewing the target
position.

Therefore, in this work, a variable admittance control that gently helps the human
operator in directing towards the predefined goal position, also along a possibly
curved path, is developed. This new additional function has also the classical ob-
jectives of reducing both human effort and task execution time while maximizing

the accuracy in positioning the end-effector in proximity of the target.
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1.4 Contribution

A new physical interpretation of the admittance filter is presented, extending
the classical one. This allows to implement variable admittance filters able to
overcome the classical trade-off described in literature, ensuring at the same time
an active assistance to the human beings in directing towards a specific goal po-
sition, also following non linear paths (up to now, the majority of the existing
algorithms only refer to linear paths). Indeed, in the developed algorithm, the
admittance filter parameters have been changed taking into account the current
state of motion of the human operator with reference to a predefined goal po-
sition. In this way, the human is guided towards the target, following a curved
path, thanks to a convenient variation of the damping virtual parameter. The im-
plemented algorithm also finds application in the case in which the worker must
load, transport and finally unload a bulky object in a prescribed position. In this
context, the operator’s view can be obstructed by the surface of the transported
load. For this reason, the worker could experience several issues in choosing the
right direction of motion to reach the target position. Such difficulties can be
overcome endowing the manipulators with an algorithm, as the one developed in
this thesis, that makes the worker perceive different sensations depending on the
direction of the force applied by them. In particular, the damping parameters
have been increased when the human direction of motion results to be different
from the suggested one. At the same time, the damping parameter will be also
increased if, once the goal position is reached, the operator deviates from it. By
doing so, the human worker will maintain his/her autonomy in choosing the di-
rection of motion, being however gently guided to the target position. Thanks
to the implementation of this innovative technique, not only the operator will be

assisted in the task execution but also his/her fatigue will be mitigated.
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1.5 Thesis structure

In this section, the description of the thesis structure is provided.

e Chapter 2: a review of the classical admittance control together with the
explanation of its physical meaning is provided. The concept of variable
admittance control is then introduced, highlighting the reasons why it is
of crucial importance when dealing with physical human-robot interaction.
Eventually, a first insight into the innovative interpretation of the admit-

tance control technique, which is the basis for the current project, is given.

e Chapter 3: all the preliminary steps needed to structure the proposed
algorithm are presented. Then, the various parts composing such algorithm
are faced one after the other. The idea and the procedure at its basis
are summarized: in a first instance, the most basic case of application is
explained, further discussing its improvements into details. Hereafter, the
concept of the minimum curvature path and its usefulness for the developed
algorithm are presented. The chapter ends with the explanation of the

reason why a quadratic constrained optimization problem has to be faced.

e Chapter 4: the effectiveness of the developed algorithm is shown through
the analysis of the experimental results. Firstly, the experimental set-up
is discussed. Secondly, two different experimental tests are described: on
the one hand, the algorithm is applied to a real manual guidance case with
a known goal position and its performance, in terms of completion time,
positioning precision, path length and required human energy, are compared
with traditional techniques. On the other hand, the tester is asked to move
the end-effector so as to reach, as precisely as possible, an unknown goal
which cannot be seen, only relying on the directional feedback returned by
the proposed algorithm. Finally, the results of these two experiments are

shown and analysed.
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e Chapter 5: final remarks and hints about possible future developments

and improvements to the implemented algorithm are discussed.



Chapter 2

Admittance control: a geometrical

interpretation

2.1 Introduction

As pointed out in Chapter [I} since an increasing number of activities require the
support of robots, control strategies allowing a stable interaction between manip-
ulators and the surrounding environments have long been investigated. Indeed, in
such context, pure position control fails because of the existence of the dynamic
couplings between the manipulator and the environment which generates reaction
forces that, if not managed correctly, can bring unwanted effects. This happens
since the contact forces lead to deviations from the desired trajectory that the
control system tries to compensate for, bringing, as a result, an accumulation of
such forces until the robot hardware or the manipulated object breaks down. For
these reasons, since the interaction of the robot with the environment cannot be
managed using traditional control techniques, which impose a desired trajectory,
a peculiar interaction control has to be adopted.

The compliance control refers to a family of control strategies using the force

feedback to define a target dynamic behaviour of the controlled robot instead of
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exploiting it to directly calculate the control action, as it occurs with force and
hybrid control strategies. Indeed, when the manipulator is interacting with an
unknown environment, represented by the human operator in the case of interest,
it could be not trivial to set a reference force to achieve a target interaction. For
this reason, in such applications an evolution of the previously mentioned control
strategies, represented by the so called impedance control, is taken into account
[15].

In particular, two main control strategies can be defined:
e Impedance control
e Admittance control

These two control strategies differ for the causalities of their controller, as shown

in Fig. 2.1}

k
—\/\/\/\/— m Admittance Model
] 5
— X, X
f - f
— Impedance Model
d X, X

Figure 2.1: Admittance control and Impedance control input/outputs

Indeed, considering the impedance control, the controller is represented by an
impedance (i.e. a physical system accepting a motion as input and giving a force
as output) and the manipulator is an admittance (i.e. a system accepting a force
as input and yielding a motion as output). So, basically, the use of an impedance
control implies the exploitation of positions, speeds and accelerations to control
the drives by means of torques and forces. On the contrary, in the admittance
control the controller is an admittance and the manipulator an impedance.

Moreover, it is known from literature that the impedance control is characterised
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by a stable dynamic interaction with stiff environments and poor accuracy in
free space due to unmodeled dynamics. In contrast, admittance control provides
high level of accuracy in non-contact task but its use brings to instabilities when
dynamic interaction with stiff environment occurs.

Since in this work a manual guidance task, i.e. a free motion application, is
considered, this chapter will focus on the description and analysis of the admit-
tance control, which represents the adopted control technique.

Hereafter, an innovative interpretation of such control strategy, constituting the

core of the present research, is provided.

2.2 Admittance control: an overview

In order to understand how an admittance controller operates, it is worth to
analyse the system depicted in Fig. it consists of a single degree of free-
dom system, composed by a mass M interacting with the external environment,

exerting a force f.,; on the mass itself [10].

f f ext

Figure 2.2: Example of a body with mass M interacting with the environment

The system is described by the following equation:

Ma = f+ feu (2.1)
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where M and a are the generalized inertia and acceleration of the mass respec-
tively, f corresponds to the control action and f.,; is the external force exerted
by the mechanical environment on the mass.

If a control proportional to velocity k; and position ks is applied, the following

control action is obtained:

[ =—(kiv+ kap) (2.2)

where v is the velocity and p the position of M.
Substituting Eq. into Eq. it results:

Ma + kv + kop = fort (2.3)

From equation [2.3] it is clear that the controlled system reacts to the external

force like a mass-spring-damper system (Fig. [2.3)).

=000 - fext

DO
— 1
<

Figure 2.3: A representation of a one degree of freedom mass (M) - spring (k;) -

damper (k2) system.

k1 and ko, namely the damping and stiffness coefficients, are tunable while M,
i.e. the physical mass of the system, in this case cannot be changed.
In order to make also the value associated to the physical mass of the system

tunable, it is necessary to measure the external force acting on the system itself,
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so that the following control action is obtained:

M

f = E(_klp - ]{?21) + fext) - fewt (24)

Substituting Eq. 2.4] into Eq. it results:
Mga + kv + kop = femt (25)

Hence, the mass-spring-damper system parameters are now all tunable.
Implementing an impedance or an admittance control, the end-effector of the
manipulator interacting with the environment, that in the case of interest is
represented by a human hand applying the external force f.,; at the interface,
behaves like a mass-spring-damper system and both controllers should provide
an action force satisfying Eq. [2.5] which relates the external force with system
dynamic quantities.

When dealing with impedance/admittance control, k; and ks correspond to the so
called virtual damping (Dy) and stiffness (K4) parameters, respectively. Further-
more, the virtual mass M, represents the mass perceived by the operator when
moving the end-effector of the manipulator, the virtual damping represents the
amount of resistance that the operator will perceive while moving the end-effector
of the manipulator and the virtual stiffness provides an attractive/repulsive con-
tribution.

Substituting a, p and v with the corresponding errors computed with respect to a

steady state equilibrium position of the system, the following relation is obtained:

where, as previously mentioned, My, Dy and K, are positive constants repre-
sentative of the desired inertia, damping and stiffness of the system, fy is the
external force applied by the human, é, é and e are the acceleration, velocity and

position errors respectively.
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Moreover, the position error is defined as:
e=1x— xg (2.7)

where x( represents the nominal equilibrium position at steady state.

Eq. defines a mechanical impedance relation between the forces/moments
and the position/orientation errors in the operational space, allowing to define
the system dynamic behaviour along each direction of the work space.

A deeper explanation of the admittance control technique, which is the control
strategy adopted in this work, is hereafter presented.

According to Eq. [2.1], the aim of the admittance control is to design a control force
f capable of establishing a relationship between the external force f.,; applied
by the environment, i.e. the human operator, and the deviation from a desired
equilibrium position, xg. Therefore, the admittance control converts an external

force into a desired displacement, as observable from Fig[2.4]

Position-Controlled System
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Figure 2.4: Admittance control scheme

Moreover, as shown in Fig2.4] since when dealing with industrial manipulators
a direct access to the joint torque commands is not available, it is possible to
modify the reference position relying on a stiff position control exploiting an
implicit control scheme, as the one depicted.

Since a manual guidance task (i.e a free motion application) is considered in this
framework, the virtual stiffness parameter Ky, whose function is to attract the
end-effector of the manipulator towards a desired pose, together with the starting

position xy, velocity zy and acceleration xj, are set equal to zero.
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Hence, Eq. [2.6] becomes:
Myzq+ DaZqg = fu (2.8)

Moreover, the reference trajectory followed by the end-effector can be described
either with a desired position x4 or a desired velocity 4.
Defining Eq. (2.8)) in the Laplace domain, the desired velocity can be written as:

ba(s) = fu(s) ~_ 1/Dq
MdS—l—Dd Ag—js—{—l

fu(s) = H(s)fu(s) (2.9)

Hence, the desired position results in:

zq(s) = —fH(S)
S(Mds + Dd)

(2.10)
where x4(s) and Z4(s) are the Laplace transforms of x4(t) and #,4(t), while fx(s)
is the Laplace transform of f(t).

Analyzing H(s), it is observable that the virtual damping affects the steady-state

value of the response while the virtual mass to virtual damping ratio affects the

dynamics, as it changes the pole of the first order system.

1 fext
Md SZ + Dd S

High gain motion
_ controller

Figure 2.5: Admittance control: schematised representation

Moreover, as previously explained, if during the interaction an admittance
control is applied, the human operator perceives to move a mass M, with a

damping Dy and the variation of their assigned values will also influence the
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operator’s feeling. For this reason, the wvirtual mass and wvirtual damping pa-
rameters are associated with high values when the operator wants to perform
fine and precise movements, making the robot less reactive and the interaction
smoother. On the contrary, when they are set to low values, it is easy for the
human operator to move the robot at high velocity and with high acceleration,
but precise movements are quite difficult to be performed. As a consequence,
the use of linear, fixed-gain admittance filters entails a trade-off in the achiev-
able performance which represents the main drawback of a fired admittance
control. Indeed, it is desirable that the implemented control law exhibits the
appropriate behavior depending on the working condition. For this reason, since
the early '90s, several researchers have proposed different algorithms under the
name of variable impedance/admittance control, trying to estimate the hu-
man will of motion and to change the virtual parameters accordingly. Basically,
three different phases can be distinguished in the human operator motion: the
acceleration, the cruise speed and the deceleration. During the first one, both
the mass and the damping are reduced since they represent a resistance to the
motion. In case of cruise speed, instead, a reduction of the damping parameter
is advisable, since it has a predominant role with respect to the mass. Doing
so, in both phases, the operator could move the end-effector of the manipulator
with low efforts. Moreover, in order to facilitate the braking phase, a reduction
of the virtual mass, which counteracts the braking motion, and an increase of
the virtual damping, which helps the braking action, is advisable. During the
deceleration phase, the operator will be still subjected to a lower level of fatigue
with respect to the case where high fixed virtual parameters are used, and, at
the same time, a good level of positioning accuracy will be guaranteed.

It is possible to conclude that the variable impedance/admittance control per-
forms better than the constant parameters ones. Indeed, it combines the accuracy
proper of high parameters admittance filters with the lower level of human fatigue

and faster movements guaranteed by low parameter ones.
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2.3 Admittance filter: a physical interpretation

This section introduces the concepts at the basis of the proposed extended phys-
ical interpretation of the admittance filter.
To do so, a one-dimensional admittance filter without the elastic term, for the

reasons explained in Sec. [2.2] can be taken into account:

1

where M and D are the virtual mass and damping respectively perceived by the
human when a force f is applied in correspondence of the end-effector and v is
the reference speed for the robot tool frame.

The relation expressed with Eq. can be extended to the 3-dimensional case,

adopting an admittance filter for each force component in a decoupled fashion:

1
S 92.12
Ve = s Dt (2.12)
1
o 2.13
Uy My$+Dyfy ( )
1
- 2.14
ve Mzs+szZ (2.14)

where v, v, and v, are the Cartesian components of the speed vector v and f,,
f, and f, are the ones of the applied force f.

As reported in literature, the parameters of the three filters must be set equal
the one to the other, so to preserve a natural interaction between humans and
robots. Therefore, the relationship between force and speed in a 3-dimensional

space can be re-written as follows:

v — 1
 ms+d

f (2.15)

From this equation it is possible to understand that the velocity vector will have
the same direction of the force with filtered amplitude, meaning that, if the force

f applied by the human had a constant direction (or slowly varying with time),
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the filter in Eq. 2.15] would not change it.

The idea is hence to associate each parameter characterizing the admittance filter
to the spatial direction of the human force.

The value of every aforementioned parameter can be represented by the radius of
a sphere, centred in the origin of a reference system defined at the end-effector of

the manipulator and whose axes are set parallel to those of the global reference

system (Fig. [2.6)).

Figure 2.6: Pictorial view of the space dependence of the admittance parameters

in invariable admittance control

In all the variable control techniques developed over the years, the virtual
parameters have always been changed according to scalar functions, depending
either on the intensity of the applied force, acceleration and/or speed or on the
estimation of the stiffness and damping parameters related to the human arm.
Making a parallelism with the graphical interpretation explained above, these
methods of variation of the admittance filter virtual parameters are equivalent

to the modulation of the radius of the sphere, without providing any directional
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information (Fig. [2.7). Thus, a change in the sphere radius allows to vary the

parameters characterizing the admittance filter.
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Figure 2.7: Representation of the geometrical interpretation of the mechanism
of variation of the virtual parameters in a traditional variable admittance con-
trol fashion: the variation of the virtual parameters can be seen as an increas-

ing/decreasing of the sphere radius

The aim of Fig. [2.7 is to underline the mechanism of variation of the virtual
parameters when a traditional admittance control technique is implemented.

pe represents the actual position of the end-effector of the manipulator while pg
corresponds to a target position. Mixing the provided geometrical interpreta-
tion with the variable admittance control techniques developed up to now, when
the admittance parameters are changed (for example in accordance to a veloc-
ity variation) the values associated to the virtual damping and inertia could be
computed as the intersection between the direction of the applied force and the
sphere surface, which corresponds to the length of the sphere radius.

The variation of virtual parameters, i.e. of the radius, results in two concentric

spheres: the yellow points marked on their surface are representative of the in-
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tersection points of the spheres with the direction of the human force. The value
of the parameters is then equal to the distance between the corresponding yellow
points and the origin of the sphere. Since the radius of a sphere is constant in
any direction, the corresponding virtual parameters are changed independently
from the direction of application of the human force, i.e. whether or not he/she
is moving towards the target position.

Now, considering a manual guidance application and supposing that the target
position is known, the main idea is to modulate the gains of the admittance filter
in Eq. in such a way that the human feels more comfortable when moving
towards pg, without however constraining the motion to an assigned path.
Consistently with the current geometrical interpretation, a 3-dimensional shape
has to be introduced, which depends on the relative orientation between the
applied force and the direction towards the goal position. The parameters of
such 3-dimensional volume will be used to suitably modulate the gains of the

admittance filter, as it will be explained in the next chapter.



Chapter 3

(zoal driven variable admittance

control

3.1 Introduction

In Chapter [2] the explanation of the theoretical concepts at the basis of the
developed algorithm along with an innovative interpretation of the wnvariant ad-
mittance control have been provided. The values of its virtual parameters could
be associated to the radius of a sphere (see Fig. centred in the origin of
the local frame of reference (defined in correspondence of the robot end-effector),
whose axes have the same orientation of the ones belonging to the global frame
(defined in correspondence of the robot base).

Moreover, it has been highlighted how, in previous works, the virtual parameters
of the admittance filters have been just varied according either to the inferred op-
erator’s intentions to accelerate/decelerate or to the intensity of the force applied
by the operator himself/herself to the end-effector, without considering neither
the direction of such force nor the goal position.

The need to account for these parameters becomes particularly evident whenever

a human worker carries a bulky object: its huge dimension could prevent the
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operator from having a clear view of the operating space, making the positioning
task quite challenging and hard to be performed. This is the context where the
presented interpretation of the variable admittance control technique finds appli-
cation in. Indeed, supposing that the goal position is known, the main idea is to
modulate the gains of the admittance filter accordingly. In this way, thanks to
the developed algorithm, the human will be more comfortable when moving to-
wards the goal, without however being deprived of his/her autonomy in choosing
the path to be followed to get to the target position.

In order to reach this purpose, the sphere, previously introduced in Sec. as
the geometrical shape apt to describe the invariant admittance control technique,
is then deformed in an ellipsoid.

While the sphere is characterized by three axes with the same lengths, making it
a suitable 3-dimensional shape for the representation of the invariant admittance
control technique, the ellipsoid, a particular type of quadratic corresponding to
the 3-dimensional analogue of the ellipse, is a closed second order surface with
three axes of symmetry of independent length.

The ellipsoid will be centered in the local frame of reference, as the sphere was,
but its axes will have a specific direction in the 3-dimensional space. The selec-
tion of the axes directions and lengths will allow the human operator to perceive
different efforts, depending on the direction of the applied force with respect to
the goal position. This will provide the operator with a sort of natural feedback,
allowing him /her to reach the goal even in case of obstructed view.

Adopting the described approach, the operator will thus be assisted during the
transportation and, despite the obstruction of his/her view, the positioning of a

bulky object might be performed with a good level of precision.
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3.2 Basic goal driven variable admittance control

In the proposed strategy, the admittance parameters are varied according to the
direction of the human force and of the position of the target end-effector with
respect to the one occupied by the robot.

Consequently, the space dependency of the filter parameters has been modelled

with an ellipsoid, whose axes direction and length are of utter importance.

Figure 3.1: Representation of the ellipsoid that defines the parameters space
dependency.

Taking an ellipsoid centred in the origin into account, this can be defined by

a set of points € R? belonging to its surface, satisfying the following equation:
iTAz =1 (3.1)

where A is a 3x3 positive definite matrix describing the ellipsoid.
The eigenvectors v;, with ¢ = 1, 2, 3, of matrix A are representative of the ellipsoid

principal axes direction, chosen as follows:
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e the direction of the first main axis, vy, is set coincident to the direction of
the line connecting the actual position of the end-effector p, with the goal

position pg;

e the direction of vy is set perpendicular to vy, in such a way that it belongs

to an horizontal plane parallel to the ground;

e the direction of vz is the result of a cross product between the directions of

the two previous axes.

Along with the axes direction, their lengths have to be properly set.

The main axis v; is the shortest one because it has to represent the minimum
fatigue direction, 7.e. the direction along which the virtual parameters of the
admittance filter are set to the minimum.

Hence, if the worker applies a force along vy, he/she will be subjected to low
effort. On the contrary, whenever the direction of the applied force deviates from
the direction of the main axis, higher energy levels will be required to move the
end-effector, reaching the maximum effort when the operator moves it along the
direction of v and w3, i.e. in the plane normal to v;.

Therefore, the direction of the ellipsoid principal axes are expressed as:

PG — De
v =—
HpG _peH
zZ XN
vy = — L 3.2
e <ol (3:2)

V3 = V1 X Vg
where pg is the absolute goal position, p, is the end-effector position and z is
the unit vector pointing the z-direction of the ellipsoid reference frame, which is

oriented as the global one. The eigenvectors can be arranged in a 3x3 matrix Q:

Q = [v1|va|vs] (3.3)
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Since the 3-dimensional vectors constituting the matrix @ are representative of
the spatial coordinates of the ellipsoid axes, v1, vo and v3 (computed with Eq.
3.2), and then normalised, @ also expresses the orientation of the ellipsoid prin-
cipal axes frame with respect to the frame of original definition (i.e. centred
in correspondence of the robot basis). Being @ a rotation matrix, it is also an
orthogonal matrix, i.e. its inverse is equal to its transpose (Q~* = Q7).
Furthermore, since in the considered admittance filter both the virtual mass and
damping parameters must be changed, two ellipsoids, one for mass and one for
damping, can be defined. They share the same axes directions and therefore they
are represented by the same matrix Q.

In the developed approach, the value of a given virtual parameter at a precise
time instant is set equal to the distance between the ellipsoid centre and a point
belonging to the ellipsoid surface, which is found by intersecting the ellipsoid itself
with a line directed as the applied force. Therefore, a length corresponding to the
minimum value the virtual parameters can take is assigned to the first semi-axis
(which corresponds to the minimum effort direction), while the remaining two
are associated to a length equal to the maximum value of the aforementioned
parameters.

The eigenvalues \; of A, with i = 1, 2, 3, are computed as the reciprocals of the
squares of the semi-axes length. Therefore, for a generic parameter h, represent-
ing the value to be assigned to the virtual mass or damping and characterised by
a minimum and a maximum values, h,,;,, and h,,.. respectively, the associated

eigenvalues are selected as:

( 1
A\ =
! (hmm>2
1
1
e —
\ ’ (hmam)Q

The eigenvalues can be collected inside a 3x3 diagonal matrix Ap.
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It follows that the matrix Ay, representing the ellipsoid, can be obtained as:

An = QMQ ™ = QAQT (3.5)

Hence, the ellipsoid representing the virtual mass, A,,, and the one representing
the damping, A4, will be computed according to the minimum and the maximum
values of the mass and damping parameters respectively, retrieving the length of
each ellipsoid main axis.

The value of the generic parameter h is calculated as the distance between the
centre of the ellipsoid and one of the two points resulting from the intersection
between its shape and a straight line directed as the human force vector f. Such

a value can be found through the following formula:

S (3.6)

VurTApug

where uy is a unit vector directed as the force f, while i corresponds to the value
to be assigned to the virtual mass or damping and takes into account the relative
direction of the applied force with respect to the goal position.

In Fig. a top view representation of the 3-dimensional ellipsoid (projected to
an ellipse) is reported: it is defined in a frame centred in the end-effector and
oriented as the global one. It is possible to observe that v; is pointing towards the
goal position and, along this direction, the length of the semi-axis is the shortest
one.

Instead, Fig. depicts a top view of the ellipsoid (still centered in pe) when the
end-effector position is changed along a semi-circular trajectory. Notice that vy
(i.e. the minimum fatigue direction) always points towards the goal position pg-.
The integration of this method with any of the variable admittance strategy avail-
able in literature would be rather simple: it would just require the application
of a transformation to the results of Eq. taking into account the scaling of

virtual parameters based on acceleration, cruise speed and deceleration states.
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Figure 3.2: High view - corresponding to a 2-dimensional analysis - schematised
representation of the variation of the first principal axis of the ellipsoid, vy, when

the relative position between pe and pg is changed

In the following, two improvements to the aforementioned strategy will be

discussed.
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3.3 Damping ellipsoid

According to literature, a low mass is desirable both in the acceleration phase,
when the human force is pointing to the goal, and in the deceleration one, when
the human force is pointing in a direction opposite to the target position. This
behavior is guaranteed by the symmetric structure of the mass ellipsoid, Ay,.

On the contrary, low damping is advisable when the human is pushing towards
the target, while high damping is convenient when the worker is pulling the robot
to brake in the proximity of the goal position. In this way the operator will be

helped in slowing the manipulator down.

Figure 3.3: Representation of the improved shape for the damping constituted

by the union of two half-ellipsoids.

However, to obtain this result, the ellipsoid Ay describing the damping pa-
rameter has to be defined in a different way from the one described in Sec. 3.2l In
fact, considering a plane described by its second and the third axes and normal to

v1, the main idea consists in dividing the damping ellipsoid into two half-spaces,
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identified by such plane. In particular, two different half-ellipsoids correspond-
ing to the above-mentioned plane are combined: one corresponds to half of the
ellipsoid previously described, belonging to the half-space containing the target;
concerning the second half, its orientation is defined by v, v and wvs, while the
length of the first semi-axis can be set either greater or equal to the maximum
length of the other two.

It is worth to mention that, since in literature no limitation is imposed to the
maximum value assignable to mass/damping parameters, in the present frame-
work the term "maximum" does not represent a real physical limit, but it is a
value arbitrarily chosen. In this way, the damping parameter is described by an

asymmetric spatial shape with no discontinuity (Fig. [3.3).

3.4 Ellipsoid first principal axis direction

In the previous sections, the minimum effort direction (i.e. the direction of the
first principal axis v;) was selected coincident to the one of the straight lines
connecting the actual end-effector position p, and the goal one pg. However, this
would not be the best solution if, for some reason, the actual speed direction did
not point towards the target, e.g. in case of a curvilinear path. In fact, in such a
case, the choice previously made would induce an additional effort for the human
since, in order to change the speed direction, he/she will apply a continuous
directional force profile not instantaneously directed as vy, thus entailing a high
damping value and leading to a large human fatigue. In order to avoid these
undesired effects, a better solution is that the human progressively redirects to
the target along a curve in a smooth way.

In literature, a widely adopted strategy to smoothly connect the actual position
to the goal one is represented by the minimum curvature path. In the frame
of the current work, such strategy was implemented in order to overcome the

issues previously described.
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3.4.1 Minimum Curvature path

To reproduce the ideal reaching path of the human hand in the most realistic
way, a minimum curvature path [25] was selected.

As it will be further explained, since this path is obtained minimizing the inte-
gral of a certain function over a given temporal or spatial horizon, a time-based
method appears to be unsuitable, since it would force the imposition of a limit
on the duration of each reaching motion. As a consequence, the applicability of
the algorithm would be restricted to a small set of possibilities, making it not
consistent with the purpose of collaborative operation.

On the contrary, the main focus of the developed algorithm is to impose that,
during the collaborative task, the path followed by the human operator will lead
him /her to reach a prescribed target position placed into the operating space
regardless of the time needed to reach the goal.

To obtain this result, the path p will be parameterised with respect to the natural

coordinate s € (0,1):
p=p(s) (3.7)

The desired minimum curvature path p(s) is associated with a polynomial struc-
ture of the 4th-order, since it has to satisfy four different constraints imposed on
the initial and final position, and the initial and final velocity. Moreover, p(s)

has to minimize the following cost function:
1
ntinCars = / p(s)"Tp(s)"ds (3.8)
0

where p(s)” represents the second derivative of the end-effector position with re-

0%p

spect to the natural coordinate s, 5.

In order to reproduce the constraints of the actual human motion from a generic
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initial point to the target position, the following boundary conditions were intro-

duced:
o p(s =0) = pe(k)

o p'(s =0) = pe(k)

where p'(s) denotes the first derivative of the path p(s) with respect to s, %,

Pe(k) and pe(k) are the actual position and speed of the end-effector respectively,

and pg represents the goal position. In particular:

e At time k the path must start in the current end-effector position, indicated

as pe(k);

e At time k the path must start with the current end-effector speed, indicated
as pe(k);

e the path must end in correspondence of the considered target position pg;
e the path must arrive with zero velocity at the target position.

Once the constraints are defined, a fourth order polynomial (Eq. representing
the desired path is used to solve the optimization problem, minimizing the ob-

jective function defined in Eq. and satisfying the aforementioned constraints:
p(s) = ap + a1s + azs” + azs® + ags” (3.9)

Hereafter, the coefficients of the polynomial are introduced into a vector C*,
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reported below:
_ao_
a
as (3.10)

as

C*

ay

The Lagrange multipliers method is then used to solve the constrained opti-
mization problem. This strategy is generally applied to find the local maxima
and minima of a function, in this case represented by Jafincury, Which is subjected
to equality constraints, i.e. g(C'x) = 0.

Using this procedure, it is possible to solve the optimization problem minimizing

the so-called Lagrangian expression:
IT/IinCurv (C*a )‘) = JMinCurv(C*) - )\g(C*) (311)

In the following, the whole procedure to solve the constrained optimization prob-
lem, exploiting the aforementioned Lagrangian expression, is described.

Eq. represents the first order partial derivative:
P'(s) = ay + 2ags + 3azs® + days® (3.12)

while Eq. is the second order partial derivative:
p"(s) = 2ay + 6ags + 12a45s> (3.13)

Then, substituting the set of initial conditions into p(0) and p’(0), it is possible

to retrieve the trivial expressions for the polynomial coefficients ag and ay:
® ap — pe(k)

® a — pe(k)
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Substituting the expressions of ag and ay into Jagincury, the latter can be rewritten

as:
) 1 2a9
JIMinCurv = / ( [2a2 Gas 12a4] s [1 s 32] 6as )ds (3.14)
' 52 12a,4
Furthermore, denoting with:
2a9
C = | 6as (3.15)
12a4
and
L33
B = % % % (3.16)
=
Eq. can be written in a more convenient and synthetic way:
IMinCure = C* BC (3.17)

At this point, the so-called homogeneous constraint equations are computed sub-

stituting the expressions of ag and a; into the ones of p(s) and p'(s), keeping

s=1:
a2
[1 1 1} as| — (Pc — Pe(k) — pe(k) =0 (3.18)
a4
a2
[2 3 4} az| — (—Pe(k)) =0 (3.19)
a4
Then, defining:
g |t P! (3.20)

2 3 4
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and
— pe(k) — p¥
_pe(k)

the Lagrangian expression Jygincury 15 retrieved:

XlinCurv = CT,BC + AT(EC* - a) (322)
At
where A corresponds to the column vector and:
A2
20 0
C=106 0|C (3.23)
0 0 12

In order to find the expression of the coefficients ag, ag and a4, the following

system of equations has to be solved:

(0 @azasid)T _ g
Oas -
d(J*(az.a3.aa. M1, 02) T 0
das -
d(J* (az,az.aa M 02) T 24
day - O (3 )
d(J* (az,a3,.8a, 01, 0) T 0
5281 -
d(J* (ag,a3.aa, 01, 0) T 0
\ 02 -

Eventually, the formulation of the coefficients constituting the fourth order poly-

nomial, describing the minimum curvature path, is:

ao = pe(k) (3.25)
a1 = pe(k) (3.26)
az = 3pc — 3pe(k) — 2pe(k) (3.27)
az = —(2pg — 2pe(k) — pe(k) (3.28)

as = O; (329)
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3.4.2 Minimum curvature path integration into the devel-

oped algorithm

Pc

Figure 3.4: Representation of the minimum curvature path and of the new ellip-

soid first semi-axis direction.

Once the parameters of the fourth-order polynomial are found, the minimum
curvature path p(s), expressed in the normalized coordinate s, is identified. It
represents the minimum curved path connecting the actual position of the end-
effector to the goal one, satisfying the constraints imposed on both the actual
and final positions and velocities of the manipulator end-effector.

At this point, the direction of the ellipsoid principal axis must be found. In
particular, as can be noted from figure , considering that s € (0,1) and taking
into account a point p(§) along the path, the direction of v; is selected as:

v = I@—_% (3.30)
Ip(5) — Pell

while the directions associated to the remaining two principal axes are computed

as in Eq. 3.2.

The choice of different values of 5 will influence the direction of v;. If 5 is set

equal to 1, then the principal axes directions become again equal to the ones

defined by Eq. 3.2, so that the described minimum curvature approach can be

considered as an additional generalization of the strategy initially proposed.
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On the contrary, if 5 is chosen equal to 0, then the main axis is directed as the
actual speed, thus the goal position would not be considered and the strategy
would completely accommodate whatever motion the robot is performing, pro-
viding no assistance to the operator in redirecting to the desired target.
Therefore a value of s, included in its definition range, must be selected to help
the human moving more fluidly than he/she would do if the strategy presented
in Sec. was adopted.

Usually it is desirable to have a greater freedom of motion at the beginning of
the movement, while a more precise and constrained motion is desirable at the
end of the path, when the human is approaching towards the target position.
Therefore, it was decided not to set a fixed value for 5, but to change it according
to the following equation:

_ llpe—poll

s5=1—¢ lpreral (3'31)

where p, is the actual end-effector position, pg is the goal position and pg is the
starting point of the whole motion.

In this way, at the beginning of the motion, when p, is coincident with pg, § will
be equal to zero and the human motion will thus be completely free. On the other
hand, when the human will move towards the goal, 5 will increase until it reaches
1 in correspondence of the goal position, allowing, in this way, a progressively

low freedom of motion.
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3.5 Quadratic constraint optimization problem

In the previous Section, the procedure adopted to select the direction of the
first principal axis v; of the ellipsoid was described. However, it may happen
that the operator could move the end-effector of the manipulator towards areas
out of the operating space, causing the robot to enter an error state due to both
joint limitations and its mechanical structure. Indeed, any industrial manipulator
is subjected to restrictions imposed on the joints maximum /minimum displace-
ments and velocities. These limits, expressed in [deg| and in [deg/s| respectively,
referred to the ABB IRB140, i.e. the robot used in the experimental tests, are

summarized in the following table:

Joint | Gins | Gsup | Gmaz
1 -180 | 180 | 200
2 -110 | 90 | 200
3 -50 | 230 | 260
4 -200 | 200 | 360
5 -115 | 115 | 360
6 -400 | 400 | 450

Table 3.1: ABB IRB140 joints limits in minimum and maximum allowed dis-

placements and in maximum velocities

Besides, the constitutional limits proper of the robot generate constraints
within the operating space, defining areas where the operator should not carry
the end-effector to avoid fault states, such as the singularities of the manipulator.
In order to satisfy these constraints, the procedure described in Sec. has also
to include the resolution of a quadratic constrained optimisation problem,
whose main objective is to find the direction to be assigned to vy, so to be as

close as possible to the one computed in Sec. 3.4.2]
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The resolution of the quadratic constrained optimisation problem is based on the
exploitation of a reactive approach, which only considers the area surrounding
the end-effector, the constraints proper of the work-space and the limits imposed

to the minimum and maximum joints displacements and velocities.

Figure 3.5: Representation of the operating space with some of the considered
constraints, generating a forbidden area, represented in red. The end-effector of
the manipulator must not enter into the red zones (both dashed and not) to not

go into a failure state.

The resolution of such problem was based on the exploitation of the fmincon
Matlab function, a non-linear programming solver that finds the minimum of a

problem, which is specified as:

min f(x)suchthat :== ¢ Az < b
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where b and beg are vectors, A and A, are matrices, ¢(z) and ¢, are functions
that return vectors, and f(z), is the cost function to be minimized.

For the problem at hand, consider that:

e Az = JAq, where Az corresponds to the variation of the Cartesian end-
effector position, J is the Jacobian matrix and Aq corresponds to the vari-

ation of the joint position;

e two vectors are aligned if and only if their vector product is equal to zero

and, at the same time, their scalar product is greater than zero.

The form of the implemented fmincon function, in the specific case of application,

is defined as:

4

c(Aq) <0

min [[((JAG) A Adres)|| = | — Az, (JAq) < 0

Qmin SAQ+QSQW

where Ax,s represents the direction of the first axis of the ellipsoid computed
with the minimum curvature path procedure described in Sec. [3.4.2] while JAq
corresponds to Az, i.e. the new direction of v;. Minimising the vector product
between JAq and Az,s with respect to Agq, it was possible to find the Az as more
aligned as possible to Az,es, satisfying at the same time the imposed constraints.
The output of the optimization problem is Agq, which is then used to compute

Az as follows:

JAq = Az (3.32)

Az is eventually normalised for its own norm, obtaining a unit vector in Carte-

sian coordinates that represents the new direction of v.
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Chapter 4

Experimental results

4.1 Introduction

In order to validate the developed algorithm, two sets of experiments were per-
formed involving ten volunteers.

In the first one, the developed approach (VAF: variable admittance filter) is
compared with three invariant admittance controls, whose parameters were set
to low (IAF-L), medium (IAF-M) and high (IAF-H) values respectively. For
all these techniques, the parameters were tuned to obtain the same bandwidth,
providing the operator with a more natural feeling during the manual guidance.
Moreover, the operator had the task to reach, as quickly as possible, a certain
predefined marked goal position, trying to ensure a good level of precision. The
target position was selected in order to make it unreachable by following a lin-
ear path, forcing the operator to move along a path characterised by a certain
curvature radius. Hereafter, the obtained results were analyzed in terms of task
execution time, positioning accuracy, path length and energy required to the op-
erator to complete the operation.

In the second set of experiments, instead, the operator was asked to reach a

goal whose position, selected within the robot operating space, was unknown,
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since it was randomly selected and not marked on the floor. Therefore, the main
objective was to show the effectiveness of the proposed approach in providing
the worker with a natural and intuitive directional feedback that would allow
him /her to achieve the goal position with a certain precision, even if it could not
be directly seen. This feature is of particular importance when the operator is
transporting a bulky object: due to the size of the load, his/her sight could be
obstructed. Thanks to the developed algorithm, the operator could reach the

goal simply following the direction perceived as the one with "minor fatigue".

4.2 Experimental set-up

Figure 4.1: IRB 140 manipulator equipped with a 6 axis Robotiq FT300 F/T

sensor

During the experimental campaign, the proposed control algorithm was tested
in a setup including an ABB IRB 140 industrial robot, equipped with a 6 axis
Robotiq FT300 F /T sensor, which is depicted in Fig. .
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The robot is characterised by 6 degrees of freedom, has a capacity load of 6 Kg,
a scope of 810 mm and weighs 98 Kg.
Thanks to its robust design, it can be mounted on the floor, on the ceiling, upside

down, or on a wall, at any angle of inclination, as shown in Fig.

670

Figure 4.2: Workspace of ABB IRB-140 robot.

Besides, it is equipped with integrated wiring, which makes it quite flexible,

adaptable and easy to be integrated into any robotic process.
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Figure 4.3: Architecture of the industrial robot IRB 140.

Joint | q; b; o 0;
1 70 | 352 | -I1/2 0,
2 360 | O 0 0o-11/2
3 0 0 | 1I/2 | 65+11
4 0 | 380 -1I/2 04
5 0 0 | II/2 05
6 0 | 65 | I1/2 | 6¢-11/2
Table 4.1: D-H parameters for the robot.
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The architecture of the IRB 140 [1] is shown in Fig. 4.3 where z;, y; and z; are
representative of the axis related to the frames attached to each link, while the

Denavit-Hartenberg parameters are tabulated and summarized in Table

e «; is the angle around the axis x;, defined between the axes z;_; and z; and

taken as positive counter clockwise;

e 0; is the angle around the axis z;_1, defined between the axes x;_; and
x; and taken as positive counter clockwise; in particular, it is the angular

position of each joint.

All technical specifications, documents, CAD models and videos related to the
aforementioned manipulator are available in [I].
The ABB IRB140 is endowed with an IRC5 control unit (Fig. , which was

connected via Ethernet to an external PC running under a Linux operating system

[11].

Figure 4.4: IRC 5 - Robot control unit
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It allows hard real-time operations, obtaining an open controller configuration
of the robot, where the PC serves as external control. Indeed, thanks to the
exploitation of an interface, it was possible to conceptually insert the external
PC between the IRC5 high-level control, generating the joint references, and the
IRC5 low-level control, which receives the high-level references and produces the
motors ones. Therefore, the desired reference were computed on the external PC
and fed as input to the low-level control. In particular, the desired control strat-
egy was developed using a Simulink GUI and then converted into an executable
code through the Simulink Real-Time Workshop.

Exploiting the open control interface, the executable code runs in real-time di-
alogue with the IRCH controller with a frequency of 250 Hz, feeding the joint
references, computed by the external PC, to the low-level control. Indeed, the
robot is already equipped with a position and speed controller for each joint,
whose sampling time is 4 ms.

A handle was attached in correspondence of the end-effector attachment point,
where the force sensor was mounted. Since only a positional admittance control
has been implemented, the handle keeps its orientation for the entire duration of
the movement.

Moreover, the human applies a force at the handle and the manipulator moves
in the 3-dimensional Cartesian work-space according to the corresponding end-
effector speed reference, generated by the admittance filter, which is then con-
verted in joints position and velocity references. In addition, since the target
point for both sets of experiments laid in the horizontal plane, it was possible
to think of the target as a vertical line passing through the goal, placed in any
horizontal plane independently from the height of the end-effector (red line in
Fig. .

The decision to neglect the height of the target mainly derives from the difficul-
ties that the operator would have encountered in precisely identifying the target

position if the goal had been imposed in the 3-dimensional space, but also from
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the complications that would have arisen in evaluating performances.

Therefore, to be consistent with the aforementioned experimental set-up, the el-
lipsoid defined in the 3-dimensional space (Sec. was replaced by an ellipse
in the horizontal plane. As a consequence, in all the experiments an invariable
admittance filter with constant parameters along the z-axis was adopted, while
different techniques in the horizontal plane were applied.

Before carrying out the experiments, some empirical tests were performed so to
define the minimum value which could be assigned to the virtual parameters of
the admittance filter for stability purposes. Since, according to literature, the
minimum value to be assigned to the virtual mass is 6 < 10 times lower than the
real one [19], it was set as equal to 10 kg. Then, keeping the value of the virtual
mass fixed to its minimum, the lowest possible value for the damping was selected
in order to avoid any robot oscillations in case of highly stiff human arm. To do
S0, the operator was asked to move the end-effector of the manipulator while the
virtual mass was kept constant at its minimum and the virtual damping param-
eter was progressively reduced. As a result of these experimental tests, it was
found that the minimum admissible value for the virtual damping parameter was

equal to 100 %
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4.3 First test: objectives, set-up and outcomes

In the first set of experiments, each volunteer was asked to move the end-effector
of the robot from the starting position to the target one, repeating the process
for 5 times and trying to be as quick and precise as possible. In order to make
the goal position visible for the operator, the corresponding point was marked on
the ground; a laser was mounted at the tip of the handle, pointing downwards, to
show the operator the relative position of the end-effector with respect to the final

one, thus eliminating any possible evaluation error due to his/her prospective.

N
.-‘L.{ld

4

Goal

Figure 4.5: Picture of the experimental set-up for the first set of experiments.
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During the execution of this first set of experiments, each volunteer was asked to

try all the following four techniques, in a random order:

1. Invariable admittance filter with low damping (IAF-L):

2. Invariable admittance filter with medium damping (IAF-M):

o d =250 s

e m — 25 kg
3. Invariable admittance filter with high damping (IAF-H):

o d =400 &=

e m = 40 kg

4. Variable admittance filter with the damping parameter computed by im-
plementing the developed technique, with all the discussed improvements,
while the virtual mass parameter is chosen so as to keep the bandwidth of

the filter always equal to 10 % (VAF).

Note that the virtual damping and mass used in both the invariant admittance
filters and the variable one were chosen in such a way that the bandwidth was
always equal to 10 %l, thus making the collaboration more intuitive for the op-
erators.

The main objective of this first set of experiments was to analyze the performance
of the aforementioned control techniques in terms of completion time, positioning
precision, path length and required human energy so to demonstrate the effec-
tiveness of the developed VAF over the traditional invariant control techniques.

Before the start of the experiments, in order to increase the operator awareness
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of the robot motion, each volunteer tried to move the end-effector of the ma-
nipulator first with the IAF-M control technique. Then, when the subject got
quite used and he/she felt more confident in handling the manipulator, the con-
trol technique was switched to the more reactive IAF-L. During this period of
trials, the subject can lead the robot where he/she desires, without having any
information about the operations that he/she will be asked to perform. As it can
be noticed from Fig. starting from the selected initial position the operator
could not reach the target pose following a linear path because of the presence of

the robot structure, being instead obliged to follow a certain curved path.
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4.3.1 Outcomes

In this section the performance in terms of completion time, positioning precision,
path length and required human energy obtained using the developed variable

admittance control technique are compared with those of the invariant admittance

control.
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Figure 4.6: Statistics of the time needed to complete the path with the different

control techniques.

As it is observable from Fig. [4.6] in order to complete the path with VAF
it is only necessary a 5 % more time than IAF-L. However, the variability of
the results is lower due to the ability of VAF to help the human operator in

approaching the goal position. Moreover, VAF takes almost 30 % and 70 % less
time of the IAF-M and IAF-H respectively.
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A similar comparison can be done in terms of the human energy required to

complete the path.
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Figure 4.7: Statistics of the energy needed to complete the path with the different

control techniques.

From Fig. [4.7] it is possible to understand that, from the fatigue relief point
of view, the developed technique works quite well. Indeed, given that the IAF-L
and the TAF-H are, respectively, the least and the most energy demanding con-
trol technique implementable to manage the physical interaction between humans
and robots, VAF requires a small additional effort with respect to IAF-L, while
it is much less energy demanding with respect to IAF-M and IAF-H.

In general, from the literature it is known that using a variable admittance con-

trol technique the requested energy would be comparable to the one obtained
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fixing the admittance parameters to a value between the minimum and maxi-
mum allowed ones. Therefore, the fact that the VAF outcomes are less energy
demanding with respect to the IAF-M ones is a satisfactory result.

In Fig. the positioning error performance is shown. Even though the results
are quite similar and good (less than 1 cm in average) for the different tech-

niques, VAF guarantees a higher precision than IAF-L and an almost equal one

to IAF-M.
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Figure 4.8: Statistics of the positioning precision with the different control tech-

niques.

In Fig. the statistics of the path length obtained with the different tech-
niques is depicted. From these statistical results it is possible to observe that the

VAF allows the human to complete the task along a shorter path than with all
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the other techniques, thanks to its ability of redirecting the him /her towards the
goal.
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Figure 4.9: Statistics of the path length with the different control techniques.

Another interesting feature that emerges looking at the performance of TAF
techniques is that the higher the inertia (proportional to the damping), the longer
the path. This occurs because the speed direction of a moving object is difficult
to be changed if its inertia is increasing. This justifies the need of the VAF to
help the human in redirecting towards the desired target.

In Fig. [4.10] the behavior of the damping parameter of all the analyzed tech-
niques with respect to a normalized time scale is reported, while Fig. is an
enlargement of its final part. The damping parameter of the IAF-L, TAF-M,

TAM-H are represented with the green, magenta and red solid lines respectively,
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while its mean value for the VAF is depicted with the blue solid line. The dashed
blue lines indicate the 75th and 25th percentile of VAF damping.
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Figure 4.10: Behaviour of the virtual damping in a normalised time scale for the

IAF-L, TAF-M, TAF-H and VAF with its 75th and 25th percentile.

An interesting thing to be noticed from figure is that, with the VAF, the
human is guiding the robot straight towards the path just after the 30% of the
trajectory time. This can be understood observing that, after the first 30% of
time, the damping takes the minimum value, meaning that the human is moving
straight to the target.

Moreover, because of the presence of the robot, at the beginning of the path the

operator cannot go straight and therefore the damping of VAF cannot be at the
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minimum value. After the 30% of the time, the damping starts to settle at the
minimum value and also the corresponding percentiles define a smaller bandwidth
around its mean value. Then, the VAF damping remains at its minimum value
for a 55% of the total time until the end of the path, when the human has to
brake in correspondence of the goal. Indeed in this latter phase, as it can be seen

from Fig. [£.11 the VAF mean value almost reaches the maximum damping.
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Figure 4.11: Zoom of the behaviour of the virtual damping in a normalised time

scale for the IAF-L, IAF-M, IAF-H and VAF with its 75th and 25th percentile.

After this set of experiments, all the volunteers were asked to answer two
questions in order to compare the experienced feelings when using the four dif-
ferent techniques. In particular, they were asked to give a mark (from 1 to 10)

to the experienced effort and to the ease of approach to the predefined goal.
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Fig. [£.12)shows the relative results between the VAF and the IAF techniques in
terms of perceived effort, while Fig. reports the relative results between the
VAF and the IAF techniques in terms ease of approaching the target. As it can
be observed, the VAF requires less than 20% additional effort with respect to
IAF-L, and it is more than 20% easier then the IAF-L in approaching the goal.
At the same time, the VAF requires 80% and 50% less energy than TAF-H and
TAF-M respectively. Moreover, VAF results can be considered less precise by
40% and 30% than TAF-H and IAF-M respectively. Therefore, it is possible to
conclude that, also from the operators subjective point of view, VAF is globally

better than the IAF-H and IAF-M.
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Figure 4.12: Questionnaire statistics of the effort perceived by the operators when
using the invariant control techniques compared with the one perceived when

using the variable strategy. The relative results are expressed in percentage.
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Figure 4.13: Questionnaire statistics of the easy of approaching the goal position
of the invariant control techniques with respect to the variable strategy. The

relative results are expressed in percentage.
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4.4 Unknown goal experiment: objectives, set-up
and results

The purpose of this set of experiments was to demonstrate the effectiveness of the
proposed approach in returning to the worker a natural and intuitive directional
feedback, which allows him /her to reach, with a certain level of precision, a goal
that he/she cannot directly see (e.g. because of to the size of the transported
load). During the accomplishment of this task, since the IAF techniques cannot
distinguish among space directions, only the VAF proposed technique was ap-
plied.

Each volunteer was asked to move the robot from its usual starting pose to three
different unknown targets, whose position was randomly selected within the robot
operating space. During this operation, the human had only 40 seconds and just
one shot to approach each goal position, as accurately as possible. For this type
of test, since the operator did not have to know where the position of the tar-
get was, the laser previously mounted on the tip of the handle was switched off
and the goal was not marked on the floor. If the operator had reached what
he believed to be the target before the time was elapsed, he would have to stop
the movement of the end-effector anyway. At the end of this set of experiments,
the volunteers were still asked to answer four questions in order to evaluate their
experience, assigning to each of them a mark from 1 to 10.

In the following, the topic of each question is described:

Q1: the ease of perception of guiding the robot towards the right direction;

Q2: the possibility of improving the performance with more practise;

Q3: the clarity with which they perceived to be in proximity of the target;

Q4: the confidence in having reached the unknown goal position with a

good precision.
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4.4.1 Outcomes

The statistics concerning the final position reached by the operator at the end of
the aforementioned task are reported in Fig. [£.14] for each of the three unknown
goals. Even though the volunteers had never tried such a task before and had no
experience of a physical interaction with a robot, the obtained results are very

satisfactory.

0.35 . . T

o
w
T
1

0.25

o
. o
()] N
T T
|

|

Distance from the Unknown Goal [m]

0.05

UGH uG2 UG3

Figure 4.14: Statistics of the positioning precision in reaching the subsequent

unknown random goal position.

Indeed, from Fig. [£.14] it is possible to observe that, with the first trial, the
mean error is already under 10 cm and with the third one it is under 4 cm, with

low variability. Thus, the importance of experience and practise can be clearly
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inferred just looking at the performances improvements in terms of positioning
accuracy. Indeed, when passing from the first to the third unknown goal, both
the mean value and the difference between the minimum and maximum distance
from the target was reduced.

From the analysis of the evaluation test compiled by each subject, the results

shown in Fig. were obtained.
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Figure 4.15: Questionnaire statistics about the unknown goal approaching expe-

rience.

The volunteers argued that it was easy to perceive the right direction of motion
and that, with some additional practise, the performance would surely increase.
Moreover, they state that they clearly understood of being near to the goal posi-

tion and therefore they were confident of reaching the target with a good accuracy.
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Chapter 5

Conclusions

In the present work, a new extended physical interpretation of the classical ad-
mittance control for human-robot physical interaction in manual guidance appli-
cations is proposed.

In general, the variable admittance control techniques aim at making the virtual
parameters of the admittance filters change as a function, for example, of the
intensity of the force applied by the human or of the end-effector velocity and/or
acceleration norm. However, less attention has been paid to the variation of the
virtual parameters in dependence of the direction of the applied force and the
target position. Hence, the main contribution of the present work is to enrich
the classical algorithms with the ability to help the human in directing towards a
predefined goal position. The developed strategy is based on a geometrical inter-
pretation of the admittance control techniques. On the one hand, when a fixed
admittance control is taken into account, the virtual parameters can be modelled
as the radius of a sphere centered in the origin of the local frame. On the other
hand, when a variable admittance control is considered, the radius of the sphere
has to change in accordance to the intensity of the applied force, velocity and/or
acceleration of the end-effector.

In order to modulate the virtual parameters of the admittance filter, accounting
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for the relative direction of the applied force with respect to the goal position, an
alternative geometrical 3-dimensional shape, namely an ellipsoid, is adopted. It
is centered at the origin of the local frame and both the direction and the length
of its three semi-axes are fundamental for the development of the algorithm. The
direction of the first axis, which represents the minimum effort one, is selected
through a minimum curvature path: it corresponds to the line connecting the ac-
tual position of the end-effector with a point belonging to the path, which in turn
is selected exploiting an exponential expression. This allows the operator to be
less assisted at the beginning of the motion and more assisted when approaching
the target position. Its length, for what concerns the damping ellipsoid, is set
equal to the minimum damping value, while the length of the other two semi-
axes is set equal to the maximum damping. Indeed, the virtual parameters are
computed as the distance between the centre of the ellipsoid and the point of
intersection of the ellipsoid surface with a line directed as the human force. In
this way, if the force is directed as the first principal axis, the damping value will
be set at its minimum, so that the human operator perceives a lower resistance
when moving towards this direction. Otherwise, it is increased up to its maxi-
mum, making the operator experience a higher effort.

Referring to the inertia ellipsoid, it is oriented as the damping one and the length
of its semi-axes is assigned to make the bandwidth of the admittance filter con-
stant during the execution of the task, allowing for a more intuitive interaction
for the human operator.

Moreover, since according to the literature a low damping is advisable when the
human is pushing towards the target, while high damping is convenient when
braking in proximity of it, the virtual damping ellipsoid is reshaped, dividing it
into two halves with a plane defined by its second and third axes and normal to
the direction of the first axis. The half belonging to the half-space containing the
target is the same of the previous ellipsoid; the length of the first semi-axis of the

other half can be set either greater or equal to the maximum length of the other
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two, while its orientation is still the same of the previous one.

The performance of the proposed controller are evaluated by means of point to
point cooperative motions with 10 volunteers and compared in terms of human
energy, completion time, positioning error, and path length with low (IAF-L),
medium (TAF-M) and high (IAF-H) parameters constant damping controllers.
The results show that the proposed strategy is the best compromise between the
constant low damping and constant high damping control strategies. Indeed, the
obtained statistics show that it requires a small additional effort with respect to
IAF-L, while it is much less energy demanding with respect to IAF-H. At the
same time, from the positioning precision point of view, it allows a higher preci-
sion than TAF-L, while an almost equal one to IAF-M. Eventually, the ability of
approaching completely unknown goals is tested and successfully validated. In
this case, the statistics show that the operator can reach an unknown target with
a good level of precision, i.e. a maximum positioning error below 10 cm and a
minimum one below 4 cm, thanks to the intuitive and natural feedback that this
strategy returns to the human operator. As a consequence of these results, this
algorithm might be applied even in case the operator’s view is obstructed by the

bulky dimensions of the transported object.

5.1 Future developments

Since the obtained results are satisfactory, some hints on possible improvements

can be proposed for future studies and applications.

e The developed algorithm was structured thinking of its application on ma-
nipulators characterized by huge outreach, but it was tested on the IRB 140
which is quite limited from this point of view. For this reason, it might be
interesting to understand the real potentialities of the developed method

with this type of manipulators.
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e The developed technique might be merged with those existing in literature.

Then, one could conceive of varying the length of the semi-axis of the el-
lipsoid according to the module of the force applied by the human or the

speed of movement, together with the acceleration of the end-effector.

The algorithm has been tested taking into account the presence of a single
target. A possible improvement could be its application when different
possible goals are placed in the work space. In this situation, first of all,
it would be desirable to leave the operator quite free to choose the end-
effector direction of motion, making him/her feel a low level of resistance in
any direction. Then, setting probabilistic thresholds, it would be possible
to identify the target the operator is heading to and, consequently, select
the direction of minimum effort, which corresponds to the one of the first

principal axis.

Another interesting feature to be evaluated might be the effectiveness of
the applied algorithm in case of the existence of a target orientation of
the end-effector. In the frame of the present work, the handle mounted on
the end-effector was fixed to prevent its rotations, even in case of torque
application. Hence, changing the handle type and extending the algorithm
to the rotational movements, the capability of the operator to orient the

handle as prescribed just following his/her feeling could be studied.
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