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1 Introduction

1.1 Abstract in Italiano

Il controllo in tempo reale di un sistema robotico consente di eseguire una vasta gamma
di operazioni tramite la definizione di una sola configurazione di sistema.

Nel caso specifico di un manipolatore, € possibile ricorrere all’utilizzo di diverse tecnologie
per ottenere l'input in real-time. Tipicamente vengono utilizzate differenti tipologie di
joystick, che consentono agli operatori umani di comunicare la posizione e I'orientamento
desiderati per l’end-effector. Tali joysticks, pero, presentano alcuni significativi incon-
venienti in termini di versatilita e curva di apprendimento. Nel seguito verra quindi
presentata un’alternativa all’uso dei joysticks, consistente nello sfruttamento di un dis-
positivo ottico di nuova generazione chiamato Leap Motion.

Il Leap Motion e un sensore che si presenta sotto forma di periferica USB e che e stato
progettato per essere posizionato su di un desktop fisico, sopra al quale si muovono le
mani di un operatore umano. Esso utilizza due telecamere e tre LED a infrarossi per
osservare, fino a una distanza di 1 metro, un’area ampia fino a 150°. I dati provenienti
dalle telecamere e dai LED sono elaborati in modo tale da sintetizzare la posizione e
Iorientamento 3D delle mani che si muovono sopra di essi. Con questo tipo di approccio
¢ possibile raggiungere un livello di precisione piu elevato rispetto a quanto ottenibile con
altre tecnologie che si occupano di tracciare i movimenti delle mani.

L’idea e dunque quella di controllare in tempo reale i movimenti di un manipolatore, in-
serendo in input al sistema i dati catturati dal Leap Motion. In questo modo I’end-effector
del braccio robotico eseguira una copia speculare della traiettoria della mano umana che
si muove sopra al sensore. Considerando che il Leap Motion e in grado di acquisire i
dati di entrambe le mani dell’'uomo, distinguendo tra destra e sinistra, sara possibile con-
trollare contemporaneamente entrambi gli arti di un manipolatore a doppio braccio. Il
sistema proposto e rappresentato in Fig.1.1, dove e stata schematizzata 'interazione tra
uomo e robot.

Il presente lavoro di tesi e quindi dedicato alla presentazione delle principali problematiche
e delle possibili soluzioni relative alla realizzazione di tale tipo di struttura di controllo.
In particolare, il controllo in tempo reale tramite Leap Motion e stato testato su di una
coppia di bracci robotici a 6 gradi di liberta. Gli esperimenti sono stati condotti sia in
un ambiente di simulazione che su di una macchina reale. Il comportamento del robot
e stato infatti testato prima mediante un ambiente di simulazione personalizzato e poi
su un manipolatore dual-arm Epson C3 - A600 SR, commercializzato da Seiko. Inoltre,
al fine di interagire con il sistema robotico, ¢ stata sviluppata un’interfaccia software
che sfrutta il sistema operativo INTIME, che ¢ il sistema operativo utilizzato anche dal
manipolatore stesso.



1.2 Abstract in English

The control of robotic arms is typically performed according to one of two operating
modes. A first option consists in programming a specific task, performed by the manip-
ulator according to the relative computer code. In this case the robot will continuously
carry out the same job without any kind of variation. Otherwise it is possible to control
the robotic arm with a real-time input. In such case it will be possible to perform a wide
range of tasks by defining a single operational configuration.

Such real-time control can be realised by many means, the most popular of which is by
using specialised joysticks that allow human operators to communicate the desired posi-
tion and orientation to the manipulator. Anyway, the use of joysticks, despite the many
notable improvements during the years, still presents significant drawbacks in terms of
versatility and learning curve. In the following it will be then presented an alternative to
the use of joysticks, consisting in the exploitation of an optical device of new generation
called Leap Motion.

The Leap Motion is a sensor which comes in the form of a USB peripheral. It is designed
to be placed on a physical desktop and it uses two cameras and three infrared LEDs
in order to observe, up to a distance of 1 meter, an area that is 150° wide. The Leap
Motion manages to elaborate the data coming from the cameras and the LEDs in such
a way to synthesize 3D position and orientation of the user’s hands. With this kind of
approach it is possible to achieve a significantly higher level of accuracy with respect to
other technologies when it comes to tracking hand’s movements.

The idea is then to perform a real-time control of the manipulator’s motion by inputting
the control system with the data caught by the Leap Motion. In this way the end-effector
of the robotic arm will perform a specular copy of the motion of the hands of the human
operator that is interfacing with the robot. Considering that the Leap Motion is capable
to acquire data from both human’s hands, distinguishing among left and right, it will be
possible to control both arms of a dual-arm manipulator simultaneously.

The proposed system is represented in Fig[I.I| where the interaction between human and
robot has been schematized.



Figure 1.1: Schematization of the human-robot interaction in the proposed system of
real-time control of the dual-arm manipulator.

The present thesis work is then dedicated at presenting the main problematics that arise
when realizing such kind of control framework and at proposing effective solutions to
them. In particular, the real-time control by Leap Motion has been tested with reference
to a pair of 6 degrees of freedom manipulators. The experiments have been conducted
both in a simulation environment and on the real machine. The robot’s behavior has in
fact been tested in a customised simulation software first and on a Epson C3 — A600 SR
dual-arm manipulator, commercialised by Seiko, secondly. In addition, in order to inter-
act with the robotic system, a software interface has been developed, which exploits the
INTime operating system that is the operating system used also by the manipulator itself.



1.3 Overview of the Thesis Work

In the following, the proposed model of human-robot interaction will be explained
in all of its details.

At first the general idea will be explained by its applicative point of view, by intro-
ducing the main objectives that are desired when implementing such system and
by presenting the many possible applicative scenarios. The previous work related
to the topic and published through academic papers, will be also introduced in
chapter 2.

Subsequently, a more detailed discussion will be dedicated to the methodological
aspects underlying the research project. The main matters related with the imple-
mentation of a Leap Motion based real-time control will be analysed and discussed
with a focus on the adopted solutions in chapter 3.

After defining the context of interest from an high level point of view, the focus
will be on the implementative aspects. In chapter 4, the experimental setup will
be described, by distinguishing among the hardware and the software devices that
have been utilised.

At the end of the theoretical discussion, the experimental results will be presented
in chapter 5. The motion outcomes will be analysed taking in account different
aspects, such as the input-output temporal delay and the motion accuracy.

In conclusion, in chapter 6, the obtained results will be summarised and the pos-
sible fields of interest for a future work will be introduced.



2 The Application

2.1 State of Art

In the context of real-time control of robotic arms many studies have been conducted
with the aim of comparing the different possible technical solutions.

One of the most popular means of real-time control consists in the use of joysticks that are
meant to be moved by human operators in order to input motion data to the manipulator.
Zhang et al. [I] developed a scheme in which the position of the joysticks is evaluated
so as to proportionally determine the velocity of the end-effector of a robotic arm. In [2]
instead, a low-cost robotic system is controlled by the inputs of a force feedback joystick
in order to either assist or resist the movements of a physically impaired patients during
therapy.

Typically, it will be necessary to use two joysticks when trying to control a robotic arm
in 6 degrees of freedom. Such solution anyway, despite of allowing the control of both
position and orientation, can result in being little intuitive and in requiring a long time
to train the human operator. A possible configuration of the joysticks’ commands is rep-
resented in Fig2.1] where the left controller is responsible for the robot’s position and
the right one determines its orientation.

z-axis
motion

_X-axis
rotation

y-axis
rotation

X-axis
motion

Figure 2.1: Possible configuration of the commands set-up of a couple of joysticks con-
trolling the motion of a 6 DOF manipulator
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A natural solution that comes in mind when thinking about a more intuitive way of
controlling a robotic arm, consists in using hand’s gestures, which can be associated with
specific movements of the manipulator. There is an elevated number of research projects
in which authors adopted hands’ gestures so as to manipulate robots remotely, such as
[3], [4],[5] and [6]. In all of these projects, beside from several specific drawbacks, it was
not possible to define many different types of commands that would move the robot. In
addition, during the real-time control of the manipulator, the human operator would have
to focus on the specific gestures corresponding to the single motions forward or backward
or up and so on. It would be better for a human operator to focus on the manipulation
task instead of thinking about which gesture should be used to control the robot to move
it in a certain position. Moreover, it can be easily understood how the control through
gestures can result in being detrimental in terms of accuracy. In fact, while it would
be easy to distinguish among gestures specifying different types of motion, it would be
highly complicated to distinguish among gestures relative to the same direction of motion
but with different values of desired position, orientation or velocity.

The most convenient and efficient solution would be copying the hands’ motion instead
of codifying it into gestures corresponding to commands. That is why in the last years
an extensive use of optical tracking devices took place. Such risen in popularity is mainly
due to the release of very powerful technologies such as the Microsoft Kinect [7] and the
Leap Motion [§]. This kind of devices supports in fact the tracking of the human hand’s
motion in the 3-D space so that the operator could control the robot in a more natural
way.

Du and Zhang [9] have been among the firsts to innovatively adopt the Microsoft Kinect
for Xbox 360 to track the hand of the operator to control dual robot manipulators. They
obtained the orientation of the hands through tracking the thumb and the index fingers.
However, this method was easily affected by possible occlusions and characterized by low
precision.

The Kinect is equipped with two infrared cameras for depth detection and one standard
visual-spectrum camera for visual recognition. It can obtain the depth information and
colour images of the operator which are used to calculate hand’s position and the orienta-
tion. However, the image capture and segmentation processes of this method are of high
computation complexity. Furthermore, considering also the low accuracy and stability of
the device, the use of the Kinect does not represent an ideal solution in contexts where
high precision and small temporal delays are required.
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Figure 2.2: Schematization of the human-robot interface using the Microsoft Kinect by
Du and Zhang.

The deficiencies shown by the Microsoft Kinect can be partially solved, and surely
improved, by the usage of the Leap Motion as the optical device tracking hands’ motion.
Apostolellis et al. [10] used the Leap Motion in order to perform integral and separable
3D manipulation tasks in a stage lighting application. In [II] a human-machine com-
munication interface between the Leap Motion controller and a 6-DOF Jaco robotic arm
is developed in the context of ambient assisted living (AAL). The Jaco would assist the
elderly and disabled people in their homes, so the system included also an algorithm
to take account for hand terror and shake. Moreover, Kobayashi et al. [12] developed
a human-robot handover motion where the robot measures the position and posture of
human hand by the Leap Motion controller. Additional examples of human-robot inter-
actions supported by the use of the Leap Motion device are [13], [14] and [15].

Besides from the Kinect and Leap Motion there is a wide range of possible technologies
allowing for a contact-less and intuitive mean of tracking human’s motion. Lee et al. [16]
presented a exoskeleton robot system for human power assistance where angle sensors
and inertial sensors track user’s movements. Method [I7], which was based on vision
techniques, used some markers which were attached to the hand to assist tracking the
hand of the operator. In order to remove the probability of occlusion, several camera-
detected markers were attached on the body, making the system complex and inaccurate.
Similar kind of problematics regarded the work of Won et al. [I§], which presented a novel
methodology based on one position sensor and one inertial measurement unit (IMU) to
estimate position and orientation with the integration of two filter tools. Though this
method could obtain relatively accurate pose estimation, the computational efficiency of
orientation estimation and the operation accuracy could be further improved.

In conclusion, a concept similar to the one analysed in this thesis work, was treated by
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Kofman et al. [I9]. They tracked the hand-arm movements in the 3-D space so that it
could allow the operator to focus on the global task naturally in the same way it goes
with the Leap Motion. However, the method needed the operator to perform gestures
in a dark background, with the hands being higher than the shoulder. So not only this
method could not detect a precise gesture since suffering from lighting effects, but it also
implied an uncomfortable position for the human operator.

2.2 Research Objectives

Among the many possible improvements that are possible with the proposed human-robot
control interface, the most significant ones have been selected. According to them the
development of the manipulator control system has followed specific paths. As it will be
later explained, the functioning of the whole HRI system was experimentally verified in
a laboratory. The main objectives, which will be now introduced, were then considered
as parameters of evaluation of the achieved machine operation.

As already stated before, the most natural form of communicating even complex move-
ments to a robot manipulator is the one where it copies the motion of human hands. So
one of the main goals when tracking hands’ motion is to develop a more intuitive form
of control where the time that is necessary in order to learn how to control the machine
is considerably reduced. The idea was then to interpret the input data coming from the
Leap Motion in such a way as to have the manipulator reproducing in a specular way
all the movements performed by the human hands. In particular, in order to achieve
an high level of intuitiveness, two different configurations were taken in account. In the
cases where the human operator was in front of the manipulator, as depicted in FiglT.1]
the movements of the right hand were reproduced by the left arm while the right arm
followed the left hand. In this case we can speak of a mirror-like interaction. When
instead, the human operator was standing behind or next the robotic arms, the opposite
configuration was considered, letting the right arm copy the right hand and the left arm
to copy the left hand. With these kinds of settings the aim is to obtain a reduced learning
curve so that the manipulator can be successfully controlled even if the operator is not
an expert. In fact he would only need to focus on the task to be completed rather than
distracting himself by thinking about the specific motion of his/her hands.

One more advantage in preferring the Leap Motion to one of the classical means of real-
time control for a manipulator, stays in the fact that the motion of one single hand is
sufficient to collect all the necessary information to move one robotic arm. In fact, if we
consider a classical joystick controller, it will be capable of receiving from the human op-
erator only the data about the desired position, while one more joystick will be required
in order to define the desired orientation for the end-effector. The Leap Motion device, on
the other side, can track an operator’s hand in six degrees of freedom capturing both the
continuous 3-D position and orientation of the human hand. The main benefit coming
from this is that the user will be able at controlling dual robots through both his or her
hands operating two robotic arms simultaneously.

13



This clearly allows one to perform a wide variety of operations that require a combined
action of two robotics arms in a very intuitive way. The main motivation for controlling
two arms simultaneously in teleoperation setups is that the operator is used at perform-
ing bimanual tasks, and having two arms at the control site means that the operator’s
bimanual skills can be transferred to the robotic system.

Truth be told, there exists also some kinds of joysticks, which are widely used in many
robotic applications, that are capable of tracking hand’s motion in a 3D environment.
They are characterized by a special design allowing for the motion of the human hand in
six DOF. A popular example is the SensAble Phantom Omni [20], pictured in Fig

— Thigh

Figure 2.3: Six degrees of freedom joystick: SensAble Phantom Omni

Also using these kinds of joysticks some important drawbacks are implied. Their size
is in fact quite bulky if compared to most of the traditional joysticks, while also getting
used at maneuvering one of them could take some time. With the Leap Motion instead,
one operator can perform the six DOF motion of his hand in a contactless environment.
The devices that require contact, such as the joysticks, may prevent the human move-
ments while the contactless ones are not. Allowing the user to be completely unimpeded
in free space, it is then possible to achieve the simultaneous control of a dual-arm robot
in the most effective way.

One additional objective that is pursued when implementing the control of the manip-
ulator is the realization of an actual real-time functioning. Latency is always a critical
component in real-time operations since the robotic arm needs to be able to keep up
with the user, in case the user needs to interact or grasp an object. Ideally, the robotic
system is supposed to move immediately as soon as the human hands start moving upon
the Leap Motion controller. However, there are different components that contribute in

14



defining a significant, yet still reducible, delay between the input and the robotic motion.
Latency is first of all due to the time required by the Leap Motion to recognize and
elaborate data coming from the hands’ motion. On average it takes 50ms for the Leap
to calculate and transmit tracking data at each acquired frame. Additional delay is due
to the time required by the central computer to further elaborate the input data when
computing inverse kinematics and interpolating between consecutive joint angles. Fi-
nally, the greatest contribution to the latency is caused by the servo motors enacting the
movements of the single joints composing the manipulator’s arms. In fact, according to
the specific model of manipulator , they might take up to 500ms before starting moving
after they have been commanded to.

In the following chapters the real-time requirement will be then taken in high considera-
tion with the aim of minimizing as much as possible the input-output delay.

A further parameter that has been considered during the design and thus also the eval-
uation of the HRI system is the accuracy of the performed motion. A very accurate
reproduction of the motion of the hands of the human operator was required in terms
of position, orientation and also velocity. In order to evaluate accuracy two contribu-
tions had to be taken into account. Firstly the Leap Motion, although promising a
sub-millimeter accuracy, can influence the overall error in terms of hand’s tracking. Ac-
cording to Weicher et al. [2I] the standard deviation when moving to discrete positions
on a path is less than 0.2 mm in static setups and less than 0.7 mm in dynamic cases. In
addition the specific robotic manipulator influences decisively the precision at which the
input movements are copied by the system. In order to account for these contributions,
in the final chapters results about the obtained level of accuracy will be reported.

Finally, the real-time control of the manipulator has been designed and experimented
in accordance with the high standards of safety that are always required in research, as
well as in industrial, environments. In particular, when mapping the human’s gestures
into the robot motion, a particular attention was given in such a way as to avoid every
possibility of collision, and then of damage, among the two arms of the manipulator. Also
the position of the human operator was established with the intention of avoiding every
possible physical contact between human and robot. Furtherly, a specific limitation was
imposed to the maximum speed of motion of each end-effector and then of each joint
angle motor. This has been imposed considering the likely situation in which the human
operator could inadvertently lose control of his/her hands and then impose a very fast
and dangerous motion to the manipulator.
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2.3 Applicative Scenarios

By the applicative point of view, the technology that has been introduced up to now
could be used in most of the contexts where robotic manipulations is generally required.
Like all robotic systems, a manipulator controlled in real time is capable of performing a
wide variety of tasks ensuring precision, safety and repeatability. Anyway, the proposed
protocol of human-robot interaction, being based on the use of an optical device such
as the Leap Motion and being targeted to the simultaneous control of two robotic arms,
results in suiting particularly some kinds of applicative scenarios rather than others.
Let’s start stating that the ideal field of work for a manipulator teleoperated in real time
would not be one where it can get into physical contact with humans. Contexts such as
the domestic one could hardly fit or profit from the presented technology.

The industrial and the research fields on the other hand, seem to suit better the situation
of a robot system being teleoperated. Furtherly, it is necessary to consider that the real-
time control is not oriented towards the continuous repetition of the same routines, but
at the execution of specific and differentiated tasks. That is why repetitive works are not
considered, even if in principle they could be executed through a Leap Motion controlled
manipulator. Among the industrial scenarios of application, the ones that could mostly
benefit from the proposed technology are the highly dynamic ones that is the ones where
a different type of robotic manipulation could be required at each operation.

In addition, as already highlighted before, an especially characterizing feature is the dual-
arm simultaneous control. There is in fact a wide range of so-called cooperative tasks
where the combined use of two or more robotic arms is required. Among these tasks
we can distinguish the un-coordinated from the coordinated ones. Considering as an
example the case in which the dual-arm manipulator is working in an assembly line, an
un-coordinated motion could see the left arm welding an unrelated workpiece while the
right arm is palletizing parts. A coordinated task on the other hand would see both
arms palletizing parts into the same box. Considered that both types of task would be a
possible field of application, cooperative ones would clearly benefit more from the hand
gestures control by Leap Motion. The use of both hands in a cooperative way comes in
fact natural to humans that could then command the dual-arm manipulator straightfor-
wardly.

It is then clear how a good applicative scenario is represented by all of the cases in which
robots are expected to mimic human behaviours, acting and manipulating objects in ways
similar to humans.

In addition, also the applications requiring an high level of accuracy could strongly benefit
from the proposed Leap Motion infrastructure. In fact, as already pointed out, the Leap
Motion device notably ensures elevated standards in terms of accuracy in the context
of hands tracking. Moreover, in order to guarantee the basic safety rules for a working
place, the manipulation via Leap Motion can exclusively be performed in environments
where the position of the human operator with respect to the robot is well defined and
restricted.
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In order to report some concrete examples, it is possible to list some specific applicative
scenarios where the use of a teleoperated dual-arm manipulator was required and that
would significantly benefit from the real-time control by Leap Motion.

In 1952, American engineer Raymond Goertz teleoperated a dual-arm manipulator for
handling radioactive goods [22]. In this case the use of the hand tracking via optical
device would definitely improve the performance, considering that the robotic arms were
used in pairs with the operator controlling one with each hand.

Same kind of improvement would have been possible when teleoperated robotic arms were
used for deep-sea exploration by Fletcher et al. [23] or when they were used by NASA for
space exploration [24]. In particluar, also in the NASA’s Robonaut the robotic arms are
teleoperated by hands’ tracking, but in this case virtual-reality-based telepresence gloves

are used as shown in Fig[2.4]

g

Figure 2.4: Teleoperation of the Robonaut through the virtual-reality-based telepresence
gloves and helmet.

Some more examples can be reported with reference to a typical application field for
dual arm systems that is parts assembly. The Leap Motion interface for controlling robot
arms in real time could be in fact used in the case of gearbox assembly has described
in [25], in the case of bending of metal parts [26] and in the case of folding of cartons
into predetermined shapes [27]. It can also be considered, as concrete applicative cases,
the ones that are typically related with dual-arm manipulation and with the ability of
controlling two parts at the same time. That is the case, for example, of a typical peg-in-
hole task, where one arm is positioning the peg and one arm the hole [28§], or of a screw
assembly, where one arm is controlling the nut and the other one the bolt [29]. This last
example is pictured in Fig[2.5] where the interaction between the two arms holding the
two pieces is shown.
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Figure 2.5: Cooperation between two teleoperated robotic arms in a typical screw as-
sembly task.

One additional example proposing a solution that is relatively close to the one pre-

sented here is the ”CellPro” dual-arm manipulator by Shibuya Hoppmann’s [32]. The
CellPro is a robot isolator designed to replace human operators in sterile-manufacturing
processes that carry the risk of contaminating sensitive products or harming personnel.
The system is equipped with a built-in two-armed robot whose movements are teleop-
erated by a couple of special joysticks allowing for a six degrees of freedom copy of the
motion of the hands of a human operator.
Finally, there is also many examples of industrial dual-arm manipulators whose func-
tioning could be considerably improved by integrating the Leap Motion real-time control
system. The proposed infrastructure could be in fact implemented in relation with dual-
arm robots that are typically teleoperated in real time such as the Toyota Dual Arm
Robot [25], the Yaskawa Motoman SDA10D [30], or the ABB Frida [31].
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3 Methodology

After introducing the general idea and its applicative scenarios, the specific implementa-
tive aspects will be presented in this chapter. When developing the real-time functioning
of a manipulator, there are a series of technical issues that need to be addressed. Some
of them are classical problems dealing with the kinematics and the dynamics of a six
degrees of freedom manipulator (inverse kinematics, interpolation of input data), while
some problematics arise from the necessity of interpreting data coming from a optical
device such as the Leap Motion (coordinate systems, interpretation of input data, map-
ping). Some more issues are related with the requirement of having a real-time control
that is interfaced with the software infrastructure sustaining the whole system (configu-
ration of the leap motion command, shared memory interface). Each problematic will be
now introduced and further discussed with the aim of defining possible solutions, among
which the adopted ones will then be coherently motivated and explained.

3.1 Configuration of the Leap Motion Command

The proposed control infrastructure has been tested on a Epson C3 — A600 SR dual-arm
manipulator, commercialised by Seiko. Such a manipulator comes with a dedicated soft-
ware platform allowing for an efficient and intuitive human-robot interaction. Through
this platform it is in fact possible to select commands imposing a specific kind of motion
or task to the robot. For each of them the user will have to define also its input argu-
ments, which in most cases correspond to the final desired pose for the robotic arms.
Some of these commands are already predefined and implemented by the software itself
so that they are just ready to be tested. That is the case, for instance, of “Server ON”
and “Server OFF”  which are designed with the aim of activating and deactivating the
arms in such a way as to put them in listen for possible motion commands coming in. In
case we ask for the motion of the manipulator before turning on its servers, no kind of
movement will take place and in case we forget to turn them off at the end of each cycle of
work, dangerous behaviours could arise. The input argument for this kind of commands
will be the number corresponding to which of the two manipulator’s arms must be turned
on or off.

Apart from these built-in commands, there is also the possibility for the user to define its
own desired orders for the robot, which will be customized to his specific requirements.
That is the case of the “Leap Motion”, which is the name given to the command allowing
for the real-time control of the manipulator through hands gestures.

In order to define a customized command, a new piece of coding has been written. It
works the same way as a function does, taking some input arguments and producing a
consequent output for the robotic system. Such function gets called by the main program,
represented by the control window of the software platform, once the user has activated
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the servers of the arms he wants to move.

The “Leap Motion” in particular, is different from the other commands in the fact that
it does not require well defined input arguments prior to its calling. It in fact gets its
input information in real-time from the optical device, so that it will be called with de-
fault arguments whose value does not actually matters. One more difference stays in
the fact that it needs to be called only once by the main program, which will execute it
continuously until it is interrupted by the user itself. It is possible to stop the execution
of the real-time motion by two methods. Firstly, the human operator could get his or
her hands out of the Leap Motion’s visual range, imposing at the manipulator’s arms to
stop. Alternatively, in cases of dangers of some kind, it is possible to press an emergency
button, causing not only the sudden stop of the arm’s motion but also their servers to be
turned off immediately. Such behavior is described by the finite-state machine depicted
in Figf3.1] where three possible states are identified for the considered system.

LM Frame
(In-Range)

Leap Motion
Command

LEAP MOTION
TELEOPERATION

LM Frame
(Out-Range)

Emergency Button
/SVOFF

Figure 3.1: Finite-state Machine representing the relationships between the three possi-
ble functioning states of the System.

The code of the Leap Motion Command is responsible for all the necessary acquisitions
and computations that are performed in order to impose to the robot a specular motion
with respect to the one detected from the human operator’s hands. In particular, the
input data coming from the Leap Motion is accessed by the command from a shared
memory source as it will be explained in next section. The Leap Motion catches a lot
of information from the hands’ motion so that it must be selected and then interpreted
according to our needs. In particular, the desired pose will be considered in terms of
displacements from the initial values caught by the sensor. The command then maps
such displacements from the Leap Motion visual range to the manipulator’s motion field,
considering possible collision as a safety-related limitation. The obtained desired pose
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of the end-effectors will be then translated into desired joints angles through the inverse
kinematics equations. In addition, the Leap Motion command is responsible for the in-
terpolation among consecutive desired positions and orientations of the two robotic arms.
After all of these computations and acquisitions, this personalized command manages to
communicate with the robot itself in order to inform it about the motion that each one
of its joints must perform. In the remaining part of this chapter, all the different features
implemented through the Leap Motion command will be presented in detail.

3.2 Shared Memory Interface

It is usually relatively easy to define the motion of the manipulator in the cases when
the control is not performed in real time. In such cases it is in fact possible to specify a
priori the desired input arguments for the motion, using the software interface to define
an offline communication of the data. On the other hand, in the cases where the control
is performed in real time, it will be necessary to determine a specific communication
protocol from the input source towards the manipulator. The definition of such protocol
gets more complicated considering the quite common eventuality of a manipulator that
is interfaced with its software supply through an operating system that is different from
the one used to catch the input data. That is the case of the Epson C3 manipulator used
to test the proposed infrastructure, which is commanded through the INTime operating
system. The basic functioning of this manipulator consists in fact in a direct commu-
nication of the desired amplitude of each arm’s joint angles from the software platform
toward the INTime Kernel. The Kernel in turn provides a safe and verified access to the
manipulator’s hardware, commanding its motion.

Anyway, the considered case is not the basic one since the data will not be directly spec-
ified in the software platform but they must firstly be caught and also elaborated in real
time before being finally sent to the manipulator. In order to achieve a well-functioning
and also effective real-time control, a customized communication protocol has been de-
signed according to the scheme represented in Figl3.2]

Motion - I

SHARED MEMORY |

t i
I PROCESS1 , o _ _ PROCESS 2 | | o e e e e e e e e DD _ PROCESS 3

1 1
|4—| I(, I l/—
LEAP LEAP MOTION l INTIME ord ‘

; i A ;4 '—»r <— MANIPULATOR |'
:’\ MOTION J: 'l COMMAND | 1 :\\ KERNEL | \ ANIPU AOR/:
| (I : | I
I P ) ;| . I
| Gesture | | Gesture Motion ;| Motion I
1 Data | 1 Data Amplitude; | Amplitude I
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Figure 3.2: Schematization of the data exchange from the Leap Motion to the manipu-
lator through the Shared Memory.
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From Figf3.2] it is possible to notice the presence of three independent processes. A
first process (the one in red) performs the task of memorizing the data that is captured
by the Leap Motion device in a dedicated space of a shared memory resource. Among
the wide variety of information that is possible to retrieve from the sensor, the position
of the palms of the hands, their velocities with respect to the previous frame and the
orientations of the whole hands are considered. At the same time another process (the
one in green) is executed. It runs the Leap Motion command that has been described
in the previous section. Such command uses the gesture data that has been memorized
by the first process in order to define the necessary motion of the manipulator’s joint
angles. The amplitude by which each joint should move is then memorized in another
space of the memory that the three processes share. Such information is then directly
accessed by the kernel of the INTime operating system, which is commanded by process
three (the one in grey) to provide the two robotic arms with the desired motion in a safe
and controlled way.

The use of a shared memory is made necessary by the fact that three different processes,
with three different address spaces, are supposed to exchange information. In this way a
technique of inter process communication is being performed.
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3.3 Reference Systems

One more aspect that must be taken into account when dealing with the motion of a
manipulator is the definition of the coordinate systems by which the input data and the
motion itself are handled. In case of a real-time control by hands’ tracking, it is required
to interpret and understand the data in such a way as to make possible a specular copy
of the hands’ gestures from the human to the robot.

First of all it is necessary to establish a reference frame that is fixed with respect to the
Leap Motion device. Considering that the Leap Motion is not going to move during the
manipulator’s functioning, but that it is going to be still in front of it, it is possible to
identify the sensor’s reference system as the global one with respect to which the robotic
motion is going to happen. The chosen set of coordinate axes is reported in Fig[3.3]

4y

Figure 3.3: Reference system of the Leap Motion device.

In this case the choice was arbitrary and determined by the will of making the system
as simple and intuitive as possible. With such purpose in mind, the same reference system
used by the original system development kit of the Leap Motion has been chosen. The
hands’ tracking data are in fact obtained through the built-in functions that are provided
by the sensor’s development kit and it would be inconvenient to refer to such data with
respect to a different reference frame.
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After having introduced the global reference frame that is defined with respect to the
Leap device, it is necessary to specify two reference systems that moves together with
the end-effectors of the two robotic arms. In such way it will be possible to define the
system’s motion with respect to frames that gets located in the global one. In addition, in
order to specify the manipulator’s kinematics it is convenient to have two more reference
frames that are fixed with respect to the manipulator. Such reference systems have got
their origin at the base of the two arms, while the moving frames are located at the
two end-effectors. The coordinate systems attached to the manipulator are depicted in

Figl3.4

3

r
+Zyr +Z,

Figure 3.4: Reference systems attached to the manipulator’s arms.

While the global reference system is represented by the X,Y,Z triad, the manipulator’s
notations present the FR and EL subscripts for the right and left endpoint frames re-
spectively and the MR and ML subscripts for the frames fixed at the bases of the two
arms.
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3.4 Interpretation of Input Data
3.4.1 Displacemnts

The Leap Motion device is able to capture a wide range of data regarding the motion of
the hands that are moving upon its LEDs and cameras. Among the provided information
it is necessary to select the ones that are relevant in the control of the manipulator’s mo-
tion. In this sense, the built-in functions, which are available through the Leap Motion
developer kit, turn out to be helpful since they allow at knowing specific details regarding
hands gestures. These functions allow in fact at distinguishing among left and right hand
at each frame captured by the sensor. Subsequently, for each detected hand it is possible
to extract different kinds of data regarding specific areas of the hand. On each finger,
in fact, four focus points are provided in equidistant locations, while three focus points
are located at the wrist and one more at the center of the hand’s palm. Among these
possible hand’s areas of interest, the palm is selected as the most natural way of tracking
the hands position.
The Leap Motion’s functions provided by the developer kit are therefore capable of track-
ing the positions of the two palms of the human operator. The problem is that using this
information as it is would require the manipulator to move towards the detected positions
in a motion that would take a finite amount of time. Such interval of time would in turn
cause a delay between the moments in which the hands and the robotic end-effectors
reached the considered position. This kind of situation would not guarantee a real-time
functioning, aside from a poorly intuitive control procedure.
In order to avoid that, and to have the two arms moving together with the human hands,
it is necessary to feed the control system with the displacement by which the hands moved
from their initial position. The positions of the two palms detected by the first sensor’s
frame are going to be saved and with respect to them the motion will be described. At
the first frame captured by the Leap Motion the displacement will be null and at the
subsequent frame it will be infinitesimal. In this way, the first type of movement to be
requested to the manipulator will be small enough to be executed in an amount of time
that is close to the one that elapses between two consecutive frames of the sensor. Defin-
ing by T the time that the manipulator takes to get to the desired pose and by 77}, the
time between two consecutive frames of the Leap Motion, the real time requirement is
satisfied only in the cases in which:

T<Ty (3.1)

The satisfaction of such requirement is not 100% guaranteed and the experimental results
presented in chapter 5 are going to describe better this eventuality.

3.4.2 Orientation

In order to achieve an accurate replication of the hands movements, not only their position
must be replicated by the manipulator, but their orientation must be taken into account
as well. Also in the case of the data regarding the hands’ orientations in space, they will
be considered in terms of variation with respect to their initial value so that a real-time
functioning will be possible, according to the same reasoning introduced in the case of
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positioning data. There are various possible manners of detecting hands’ orientations in
the 3D space. The Leap Motion approach consists in evaluating two different vectors:

e Palm Normal, which has a direction perpendicular to the plane formed by the palm
of the hand and is pointing downward out of the palm.

e Direction, which is a vector laying on the palm’s plane and pointing from the center
of the palm toward the fingers.

According to the information retrieved about these two vectors, the functions defined in
the developer kit are able to describe the orientation of a hand defining the relative rota-
tion matrix. The data contained in this matrix are sufficient at defining in a unequivocal
way the hands’ orientation.

Anyway, the information contained in the rotation matrix cannot be sent to the manip-
ulator controller as it is. The INTime operating system, underlying to the functioning of
the manipulator, requires in fact the desired orientation of the robot’s end-effectors to be
expressed in terms of Euler angles instead. Euler angles are a triad of angles expressing in
a more compact form the same information contained in a rotation matrix. The three an-
gles specifically represents the three consecutive rotations that must be performed around
the axes of a fixed reference frame in order to get a new coordinate system that is normal
to the end-effector even after its motion. In our specific case it is possible to describe
the orientation of the manipulator’s end-effectors by defining the following angles with
respect to the reference frames introduced in Fig[3.4}

e 0., angle of rotation around the X, axis. After such rotation the X', Y, Z’ refer-
ence system is obtained.

e 0,, angle of rotation around the Y axis. After such rotation the X", Y, Z" reference
system is obtained.

e 0., angle of rotation around the Z" axis. After such rotation the Xp, Yz, Zp refer-
ence system is obtained.

Since the orientation of the hands is described by the Leap Motion in terms of rotation
matrices, it is necessary to obtain the Euler angles values starting from their representa-
tion by rotation matrix. To do so it is possible to consider the three rotation matrices
expressing the rotations around the frame axes by the three Euler angles just presented:

1 0 0
Rx,,(0,) =1 0 cosd, —sind, (3.2)
0 sind, cosd,

cost, 0 sind, i
Ry (9,) = 0 1 0 (3.3)

—sind, 0 cos?d, ]

cost¥, —sind, 0 |
R, (0,) = | sind, cos?, 0 (3.4)
0 0 1
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Multiplying among them these three matrices, the following manipulator’s rotation ma-
trix, function of the three Euler Angles is obtained:

cosvycosv, —costysind, sind,
R = | cosiysind, + sindysind,cost, cosvycost, — sindgysinldysind, —sind,cosv,
sinlysind, — costysind,cost, sindzcost, + costysind,sind,  cosl,cosd,

(3.5)
The matrix obtained from the Leap Motion’s built-in functions will be known and it can
expressed in the following notation

11 Ti2 Ti13
R= 1|12 7o 71 (3.6)

31 T32 T33

Comparing among them expressions [3.5] and it is possible to obtain the following
formulas expressing the Euler angles as functions of the elements in the rotation matrix:

9, = tan~! (—@) (3.7)

733

¥, = tan"* (L> 3.8
y VraF T &)
9, =tan™" (—%) (3.9)

Finally, it must be considered that the X, Yy, X3y manipulator’s reference system is
obtained from the X,Y, Z Leap Motion frame, by a counterclockwise rotation of 90 de-
grees around the X axis. For such reason, in the computation of the 6, value it will be
necessary to add a further contribution of 90 degrees, obtaining the following expression:

. = tan™ <—@) + g (3.10)

33

Equations [3.10], [3.8] must then be used in order to compute the desired orientation
starting from the rotation matrix provided by the Leap Motion.
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3.5 Mapping

One more aspect that must be taken into account when transferring the detected data
from the optical device towards the robot is the specific field of motion of the two com-
municating environments. Considering that the aim of the control infrastructure is to
replicate the movements of the hands of the human operator, it is necessary to evaluate
the size and the shape of the space in which not only the human hands, but also the
manipulator’s arms are free of moving.

In particular, the limitation to the motion for what concerns the operator’s hands is not
physically determined, but it depends on the range of view of the optical device being
used. The Leap Motion provides a field of view shaped as an inverted pyramid, as shown
in Figf3.5

Figure 3.5: Field of view of the Leap Motion device.

According to Fig3.5]the available range on the x and z axes is much smaller close to the
device than it is near the top of the range. This would imply the impossibility of reaching
points that are positioned at the bottom extremities of the manipulator’s field of motion.
Such problem is derived from the fact that the Leap Motion and the robotic arms are
characterized by spaces of action of different shapes. In particular, the manipulator used
in the experimental phase is composed of two arms fixed at the top (ceiling mounting) of
a cage-like structure, defining its safe limits of motion. As shown in Fig[3.6] the field of
motion of the robotic system posses the shape of a parallelepiped.
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Figure 3.6: Field of motion of the Epson C3 dual-arm manipulator, determined by its
mounting cage.

In order to map the two spaces of motion belonging to the human hands and to the
robotic arms, an interaction box has been defined inside the Leap Motion range of view.
It defines a rectilinear area as shown in Figf3.7

Figure 3.7: Interaction box defined inside of the Leap Motion range of view.

29



The shape of such area has been defined with the intent of avoiding any spatial distor-
tion between the two considered environments, while its dimensions are evaluated with
the aim of staying always inside of the Leap Motion field of view. Shaping the sensor’s
range in a different form with respect to its original one, will imply that the human hands
could easily be detected outside of such interaction box. In such cases, the observed coor-
dinates that are out of the admissible range will be reconducted at their specific limit. So,
if for example the interaction box ranges from 100 to 200 millimetres along the z-axis and
the detected palm position is of 250 mm at its z component, the coordinate considered
in the further computations will be of 200 mm.

Comparing Figf3.7 and Fig[3.6] is also possible to guess how the two motion ranges are
characterized by different specific dimensions. In particular the sensor’s range is way
smaller than the robot one, in a way that would imply the manipulator at exploiting
only a little part of its potential motion field. It is then necessary to decide how to scale
the Leap Motion coordinates to suit the motion of the robotic arms. The greater the
scale factor, the more affect a small physical movement on the sensor will have on the
trajectory of the manipulator. This would make it easier for the user to move the end-
effector from one side to another, but it would also make more difficult to obtain precise
positioning. It is then necessary to find the best balance between speed and precision for
the purposes of control.

The adopted solution regarding the scaling factor is due to the will of mapping the whole
interaction box into the entire safe space in which the robot moves. With such objective
in mind, a safe range of motion has been defined for both robotic arms with respect to
their reference frames, as pictured by the A,B and C indexes in Figf3.6l The dimensions
of the interaction box, on the other hand, are chosen in such a way to have the whole box
inside the inverted pyramid range of Fig3.5 The limit values on the three coordinates
of such box are reported in Fig[3.7 through the a,b and ¢ values. In order to map the abe
space into the ABC' one, the following formulas for the mapping are considered, where
the subscripts M and L are referred to the fields of the Manipulator and of the Leap
Motion respectively:

Ay — A

Ty = ——LAzy (3.11)
a2 — a1
B, — B

Y = ————L Az (3.12)
Co — C1
Cy—C

oy = —Ay; (3.13)
by — by

In these equations, the Leap Motion coordinates are considered in terms of displacement
from thei first-frame value, as explained in section 3.4. The difference between the sensor
and the manipulator coordinate systems required the flipping of the robotic y-axis and
z-axis with the z-axis and y-axis of the Leap Motion respectively. The minus sign in |3.12
is due to the fact that the y-axis in the M reference system is on the same direction as
the z-axis of the sensor frame but in opposite verse, as depicted in and
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3.6 Inverse Kinematics

Up to now we dealt with problematics related with the necessity of interpreting the in-
formation coming from an optical device such as the Leap Motion. After considering
the input data in terms of displacements and after mapping them from the sensor to the
manipulator fields of motion, the desired positions and orientations for the end-effectors
have been obtained. It is now necessary to order the motion to the robotic arms according
to the performed computations.

As always, the manipulator’s movements are performed through the change in amplitude
of the six joints composing each arm, which are in turn commanded by their own servo
motors. It is then necessary to solve the Inverse Kinematics problem for the considered
six degrees of freedom manipulator. Such problem consists in the computation of the six
joint variables corresponding to the given positions and orientations of the end-effector.
Solving the Inverse Kinematics is then of fundamental importance in order to transform
the computed specifications, assigned to the end-effectors, into the corresponding joint
space movements that allow the execution of the desired motion.

In the robot considered for the experimental purposes there is no prismatic joint since all
of them are revolute, which means that the joints and thus the variables to be obtained
are all angular ones. In addition, with respect to the specific infrastructure presented
up to now, the resolution of the Inverse Kinematics problem is included as part of the
computations performed by the Leap Motion command, which extensively elaborates the
input data before commanding the desired output to the robotic system.

As already explained, this command is continuously executed once the software platform
calls it. However, the frequency at which the command gets executed is constantly higher
than the frequency at which the Leap Motion device catches new frame and thus new
input data. Considering also that the resolution of the Inverse Kinematics is particularly
demanding from the computational and temporal points of view, it will be performed
only in the cycles where a new sensor’s frame has been detected.

Inside of the Leap Motion command the Inverse Kinematics problem is solved through
a specific function. Its input arguments are the desired positions, as expressed by the
mapping equations [3.11] [3.12| and [3.13] and the desired orientations, as expressed by the
[3.10] 3.8l and [3.9] Additional inputs for the Inverse Kinematics function are the geomet-
rical data regarding the lengths of the different links composing the two robotic arms.
According to the provided information, the corresponding angular amplitudes of the six
joints of each arm are obtained. The equations that have been computed in order to
express the joint angles as function of the input variables are not reported here since
they are long and of difficult reading. However, the procedure used to estimate them
corresponds to the one introduced by Siciliano et al. in [33]. In particular, the Epson C3
robot can be included in the category of the Manipulators with Spherical Wrist, for which
a simplified solution process can be identified. Such category comprehends many existing
manipulators, which are composed by a three-link planar arm and by a spherical wrist.
They allow to articulate the inverse kinematics problem into two subproblems, since the
solution for the position is decoupled from that for the orientation. It is in fact possible
to determine the amplitude of the first three joint angles, #;, 65 and 63, according to the
desired position of the end-effector. After that, the values obtained for the first three
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angles will be used in order to compute the amplitudes of 64, 65 and 6g that guarantee
the desired endpoint orientation. Therefore, on the basis of this kinematic decoupling, it
is possible to solve the inverse kinematics for the arm separately from the ones for the
spherical wrist.

3.6.1 Selection of Best Solution

The category of the manipulators with spherical wrist does not make any exception when
it comes to the number of different correct solutions existing for the Inverse Kinematics
problem. Actually for a six degrees of freedom manipulator without mechanical joint
limits, there are in general up to 16 admissible solutions. The number of accepted multi-
ple solutions for the real structure is however limited in the cases where mechanical joint
limits are present. In particular, in the developed case of the teleoperated dual-arm robot
system, only 8 of the 16 possible solutions are considered, since only the angular values
ranging between —m/2 and 7/2 are admitted.

Given the above, some criterion is required to select the best one among the admissible
solutions of the Inverse Kinematics problem. It is necessary that the chosen solution guar-
antees continuity with the previously performed motion , avoiding sudden and dangerous
movements of the robotic arms. To do so, all of the 8 solutions are compared among each
other in order to evaluate which one will ensure the smoothest motion. For each solution
the summation of the required motions for each joint is computed, according to:

6
> |t — Ol (3.14)
=1

where the 60; represents the actual amplitude of the i-th joint angle, while the 6, ;, repre-
sents the new desired value for the i-th joint angle according to the k-th solution of the
inverse kinematics problem. Among the 8 admissible solutions, the one minimizing the
quantity expressed in is selected as the one to be sent to the manipulator in order
to command its motion.

3.6.2 Singularity Points

One additional problem that must be addressed when solving the inverse kinematics, is the
fact that there might be no admissible solutions, in view of the manipulator’s kinematic
structure. The configurations at which no reliable solution is found are called singularities
and they can be detected evaluating for which configurations the manipulator’s Jacobian
J is not full rank.

The problem with singularities is that they constitute configurations at which the mobility
of the structure is reduced in the sense that they prevent the end-effector from executing
the imposed motion. Moreover, when the structure is in a singularity, a request for small
velocities of the end-effector could cause large and then dangerous velocities of the arms’
joints.
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Singularities can be classified into:

e boundary singularities, taking place when the arms are either outstretched or re-
tracted

e internal singularities, occurring inside the reachable workspace.

Both kinds of singularities must be avoided through specific techniques depending on the
specific practical situations.

In our case the way to avoid boundary singularities is straightforward. The Leap Motion
data is in fact mapped in a way that the boundaries are never requested by the con-
troller and thus the fully outstretched or retracted configurations are never assumed by
the robotic arms.

Internal singularities, on the other hand, are avoided through the process of selection of
the best inverse kinematics solution. Every time one of them occurs, a specific alternative
configuration, ensuring a continuous and smooth motion is selected.

To realize such methods of singularities avoidance, it is then necessary to evaluate all the
existing configurations with no admissible solutions. This is possible through the compu-
tation of the values for which the determinant of the Jacobian is null. Such computation
is generally of no easy solution, but in the cases of manipulators with spherical wrist it
is possible to decompose the problem into two easier ones. For such category it is in fact
possible to partition the Jacobian into (3x3) blocks as follows:

Jll J12
J = 3.15
[ Jo1 Jao } ( )

Through a convenient choice of the reference frames of the different links of the robotic
arms, the overall Jacobian becomes a block lower-triangular matrix, obtaining a signifi-
cant simplification in the computation of its determinant. In such case the determinant is
in fact given by the product of the determinants of the two blocks on the main diagonal.
In particular, the arm singularities, resulting from the motion of the first 3 links, are
obtained by the condition det(J;1) = 0, while the wrist singularities, depending from the
motion of the wrist joints, are computed through the det(.J52) = 0 condition.
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3.7 Joint Space Interpolation

One more typical issue that needs to be addressed when defining the functioning of a
manipulator, is the definition of its ideal trajectory. In particular, it is usually required
to impose a smooth motion to the end-effector, requesting the passage through some
assigned points. The robotic motion is in fact typically described as a sequence of desired
poses, which can potentially be distant in space in a way that the intermediate trajectory
points must be determined.

In the case under examination, the desired end-effector trajectory is fully specified trough
the motion of the hands of the human operator, caught by the Leap Motion device. Ap-
parently, there might be no need for the definition of intermediate points between the
detected ones. However, it must be considered that the frequency at which new motion
frames are captured by the optical device is constantly lower with respect to the fre-
quency at which new motion commands are sent to the two robotic arms. According to
the performed experiments, there is always between 15 and 25 cycles of the controller
among two consecutive frames of the Leap Motion. Such condition can then be exploited
in order to define a smoother motion, which is characterized by a regular interconnection
of consecutives desired poses.

The path generation can be performed by the interpolation of consecutive end-effectors
positions and orientations or also with respect to the motion of the six joint angles. Inter-
polating with respect to the endpoints poses would require to define intermediate values
according to which the corresponding joint amplitudes should be computed through the
inverse kinematics. Solving at each cycle of the controller the inverse kinematics would
clearly be demanding by the computational point of view as well as by the temporal one.
Alternatively, it will be considered a method of path generation in which the path shapes
in space and time are described in terms of the joint angles. In particular, the first step
is performed by specifying each path point through the conversion of the hand position
in the corresponding pose of the end-effector. After that, each pose is translated in terms
of angular joints amplitude through the inverse kinematics. Once the desired six joints
angles are obtained, a smooth function is found for each one of them. Such function will
be required to connect two consecutive angular values in an amount of time which cor-
responds to the interval between two consecutive frames of the Leap Motion. Moreover,
it should guarantee the desired values for what concerns the initial and final velocity of
the joint motions. The interpolation function is then required to satisfy the following
constraints:

9 (0) = 9, (3.16)
U (ty) =y (3.17)
9 (0) = g (3.18)
D (ty) =y (3.19)
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In order to satisfy four different constraints, the interpolation function must be a polyno-
mial of at least third degree, which is characterized by four coefficients. The interpolation
function is then a cubic in the following form:

19 (t) = Qo + alt + a2t2 —|— a3t3 (320)

In order to satisfy the four constraints with respect to the following expressions for
the four coefficients are obtained:

ag = 190 (321)
ar = Yo (3.22)
3
f
2 1. .
Cng—t—3 (Q?f—ﬁo)—Ft—z <79f—|—190) (324)
f !

where the initial angular amplitude 6, has been memorized from the previous iteration
and the desired final angle 6; has been computed through the inverse kinematics. The
desired value for the initial velocity 6, is established in order to have continuous velocity
from the previous frame, so it corresponds to the final velocity reached at the previous
frame. The final angular velocity 6 ¢ is instead computed in accordance with the instan-
taneous hand velocity registered by the Leap Motion. Such information is in fact used to
compute the desired velocity at each joint through the inverse Jacobian matrix. Finally
the ¢ value corresponds to the time that elapses between two consecutive frames regis-
tered by the Leap Motion.

Finally, in order to summarise the system’s functioning that has been described in this
chapter, the block diagram of Fig[3.8 is here reported.

O Only for the First Frame
O Only for the New Frames
O At Each Computer Cycle

Acquisition of Computation of Position AP.AO Mapping from Leap
Initial Hand Positon and Orientation Motion to Manipulator’s
and Orientation Displacements Space of Motion

Computation of
Inverse Kinematics
Solutions

Joints[8][6]

C d the Motion t M izati f .
omman. © Motion to .emor\za \(?n o Interpolation in Joints|6] Selection of the
the Manipulator through Joint Angles in the the Joint S Best Soluti
the INTime Kernel Shared Memory € Joint >pace est solution

Figure 3.8: Block Diagram picturing the whole system’s pipeline, from the data acqui-
sition to the robot’s motion.
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4 Experimental Setup

4.1 Hardware Supply
4.1.1 The Manipulator

The teleoperation by Leap Motion has been tested in a laboratory environment on a
Epson C3-A600 SR manipulator commercialised by Epson Seiko [34]. Such robot is a
dual-arm manipulator, conceived for being used in applications of industrial automation,
but fitting the research purposes as well. It is in fact characterised by best-in class levels
of speed and accuracy, which ensure increased levels of productivity and quality. Both
arms are able to exploit the surrounding space with high efficiency thanks to their small
elbow areas (Joint #3) and thanks to their slim bodies. The size of the two Manipulator’s
arms is in fact only 1/44 of their motion range. In addition, they feature a reduced level of
interference with peripherals, walls, and ceiling, allowing for a more compact installation
and an improved flexibility in hand design.

Arm #5 Joint #5

Arm #4

Joint #1

Base Q

e .

Figure 4.1: Links and joints of a C3’s robotic arm.
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One more fundamental property of the manipulator is in the wrists (Joint #5), which
are realized with a compact design, enabling a skilful control with wide motion range,
smooth movements and the ability to work from many angles.

The C3 Manipulator is composed by two identical robotic arms, which are free to move
in six degrees of freedom. They are both composed of six angular joints and six links as
shown in Figd. Tl From the figure is possible to identify the axes of motion of each joint,
as well as a schematic organization of the physical structure, made of six connected arms.
According to Figld.d] each joint is intuitively responsible of the following motions:

e Joint #1 : The whole Manipulator revolves.

Joint #2 : The lower arm swings.

Joint #3 : The upper arm swings.

Joint #4 : The wrist revolves.

Joint #5 : The wrist swings.
e Joint #6 : The hand rotates.

The total length of each arm is of 600 mm in case of an outstretched configuration, while
their weight is of 27 kg each. Such numbers, not only allow for a wide range of motion,
but also for a potentially dangerous human-robot interaction.

AR

Figure 4.2: C3 Manipulator used for the laboratory texting: bearing structure with the
robotic arms fixed in ”ceiling” configuration.
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In order to avoid unsafe contacts or impacts with human operators and also with the
surrounding environment, the two arms are mounted in a cage structure, defining their
limit of interaction with the adjacent space, as shown in Fig[d.2] From the figure is pos-
sible to see how the two robotic arms have been fixed to their bearing structure through
a ceiling mounting configuration. The other possible configurations for mounting would
require the fixing on the table top or at the wall’s surface. Among them, the ceiling
mounting results in being the ideal choice in a context where the robotic arms are sup-
posed to replicate the human ones in the most realistic and intuitive way.

In order to perform a real-time control of the considered manipulator, it is necessary
to acquire catalogue information related with the motion of each joint. In particular,
the movements of the six joints are limited by their maximum operating speeds, which
are in turn related with the power of their AC servo motors. In addition, in order to
prefer some solutions of the inverse kinematics problem among others, it is necessary to
consider the maximum motion range of each joint. In the following table, the maximum
operating speeds and motion ranges are reported for each joint, together with the power
consumptions of their motors and the brake equipment.

Max. Operating | Max. Motion | Motor Power Brake
Speed Range Consumption | Equipment
Joint #1 450 deg/s [-180°,4-180°] 400 W Optional
Joint #2 450 deg/s [-160°,+65°] 400 W Standard
Joint #3 514 deg/s [-51°,+225°] 150 W Standard
Joint #4 553 deg/s [-200°,4-200°] 50 W Optional
Joint #5 553 deg/s [-135°,135°] 50 W Standard
Joint #6 720 deg/s [-360°,4-360°] 50 W Optional

Table 4.1: Physical limitations and characteristics of the six angular joints of the two
arms.

In the standard configuration of the robotic arms, which is the setup utilised during
the experimental phases, the brakes were present only on the second, on the third and
on the fifth joint. The brakes are electromagnetic and in case they are ON it is possible
to move manually the manipulator in a safe way.
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One additional limitation to the motion ranges of the six joint angles is due to the ne-
cessity of avoiding any kind of interference between the two arms. In particular, in case
it is attempted the execution of a movement that would cause an impact among them,
the operations of the manipulator are restricted. It will in fact stop in the eventuality
where the joint angles of one arm are within the grey areas represented in the following
graphs.

(deg.) -10

-40

-70

-100

130 (-135, -135) (135, -135)

1110, - 110, -160
-160 4‘( 110, 159) ( ‘

-170 -100 0 100 170 (deg.)

Figure 4.3: Combinations of Joint #1 and Joint #2 amplitudes, at which the manipu-
lator stops because of possible impact between the two robotic arms.
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Figure 4.4: Combinations of Joint #2 and Joint #3 amplitudes, at which the manipu-
lator stops because of possible impact between the two robotic arms.
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The two arms composing the C3 manipulator, together with their bearing structure,
are interfaced with the human users through a computer unit in which the controller and
the software for commanding the robot are installed. The Leap Motion device is plugged
in such computer and is placed at a safety distance with respect to the manipulator.
From that position the human user is able to freely move his or her hands upon the
sensor, commanding the motion. He is also able to visualize the control software and the
graphic simulator through a monitor plugged in the main computer unit. The layout of
the experimental environment is depicted in Fig[.5]

i
o 7 A
\\|\\\\ v s o v ///I/I//
~NEa S Z 7z

#

i

Figure 4.5: Graphic drawing of the way the hardware supply is disposed into the exper-
imental space.

In Figld.5| the second computer unit, standing next to the main one, is needed to
control the different tools that could possibly be mounted at the extremity of the robotic
arms. It is in fact possible, depending on the specific applicative context, to equip the
end-effectors with suitable tools, such as grippers or robotic hands. Also the control of
such tools, can potentially be performed through hands motion, interpreting the number
of the extended fingers or in general their position, as a mean to command the extremity-
tools. However, such additional mode of control has not been developed here, but is let
open for future works.
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In order to define the kinematics of the manipulator, apart from the overall frames de-
scribed in section 3.3, six additional reference systems have been attached to each link of

the robotic arms, as depicted in Fig{4.6]

Figure 4.6: Reference systems of the six manipulator’s joints.

The reference frames are defined according to the Denavit-Hartenberg convention in
order to derive the position and orientation of each arm’s link with respect to the pre-
ceding one. Each z; axis is located along the axis of Joint ¢ + 1, putting the O; origin at
the intersection of axis z; with the common normal to axes z;,_j;and z;. The relative z;
axis is located on such common normal with direction from Joint ¢ to Joint i 4+ 1, while
y; is chosen as to complete a right-handed frame.
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Once the link frames have been established, the position and orientation of Frame i with
respect to Frame ¢ — 1 are completely specified by the Denavit-Hartenberg parameters.
Such parameters, for one arm of the C3 manipulator, have been identified and reported
in Table [£.2]

a; o d; 0;
. T
Link #1 a, ) d; 0
Link #2 a9 0 0 0,
. T
Link #3 0 ) 0 05
. T
Link #4 0 —|—§ d4 94
. T
Link #5 0 —E 0 95
Link #6 0 0 dﬁ 96

Table 4.2: Denavit-Hartenberg parameters for a arm of the C3 manipulator

In such table the a; and d; values, representing the spatial distances among the reference
frames, are refferred to the dimensions reported in Figld.1] According to the reported
parameters, the forward kinematics matrix, expressing the pose of the manipulator’s end-
effector as function of the six joint variables, has been evaluated. Such matrix allowed
subsequently at the solution of the inverse kinematics problem, as explained in section
3.6.
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4.1.2 The Leap Motion

The Leap Motion controller is a small USB peripheral device that is capable at detecting
the motion of human hands and fingers. It catches movements in the 3D space dis-
tinguishing among different trajectories and gestures. It is supposed to be placed on a
physical desktop, facing upward, and it requires no kind of hand contact or touch.

The Leap Motion is considered to be a revolutionary technology in the field of optical
sensor devices since it manages to track hands motion with a submillimetre accuracy. It
allows in fact to perform a wide range of operations, such as the control of the computer’s
cursor or the interaction with the surrounding space in virtual reality, with a hundredth
of a millimeter precision.

Figure 4.7: Example of use of the Leap Motion device.

There is a broad variety of practical applicative scenarios in which the Leap Motion
device is currently being used. Its basic functioning consists in operations that are anal-
ogous to the ones performed by a common mouse controller. It provides in fact the
possibility to comfortably navigate an operating system or to browse Web pages through
finger’s flick and to zoom in on maps and pictures trough finger pinching. Anyway, apart
from this basic usage, the Leap Motion controller has also been employed by surgeons
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and researchers for medical software [35], automotive companies for concept cars [36]
and musicians for composition [37]. Virtual Reality, in addition, is a field of application
suiting particularly well the Leap Motion, considering that the device is being mounted
on VR headsets in order to gasp commands from user’s hands, as shown in Figl4.§

Figure 4.8: Leap Motion device mounted on a Oculus Rift VR headset (a) and on a HTC
Vive headset.

Since 2013, the Leap Motion Inc. launched an app store called Airspace, where innova-

tive apps, requiring the use of the optical sensor, are being sold. The apps are all thought
and realised by developers and as of May 2014 the store had over 200 of them, the most
popular of which is a Google Earth integration [38]. Recently published applications for
3D hand’s tracking include gesture-based user interfaces, virtual clay sculpting and many
types of gaming.
These applications have different requirements in terms of resolution, speed, distance
and target characteristics. In particular, with regard to the teleoperation of the dual-arm
manipulator, the accuracy of the optical device is crucial. The Leap Motion device has
been considered in this specific applicative context taking into account its declared sub-
millimeter precision at tracking hands’ motion. In a 2013 study, a standard deviation
between the desired 3D position and the average measured positions below 0.2 mm has
been obtained for static setups [39].

Such levels of accuracy are obtained through an innovative technological setup. The Leap
Motion controller is in fact composed of three infrared lights emitters (LEDs) and two
monochromatic infrared cameras at high resolution, as shown in Fig[4.9]
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Figure 4.9: Inside view of the sensors composing the Leap Motion device (a). Graphical
scheme of the disposition of the sensors inside of the device (b).

It manages to observe a roughly hemispherical area, with the shape of an inverted
pyramid, to a distance of about 1 meter, according to Fig[3.5] The three LEDs generate
a pattern-less infrared light while the cameras can catch up to 200 frames per second of
reflected data. The actual frame rate of the device ranges between 20 and 200 frames
per second depending on the user’s settings and the available computing power [40]. The
data caught by the cameras and the LEDs is then sent through a USB cable to the host
computer, where the Leap Motion software elaborates it in order to synthesize 3D pose
information.

The precise mathematics underlying the data processing have not been disclosed by the
company, but they are based on the stereo vision concept. Such concept uses the com-
parison of the 2D frames generated by the cameras in order to determine the depth in
the observed scene. By searching points of correspondence among the two images, the
position of predefined markers in the Cartesian space is detected.

The Leap Motion is a relatively new technology considering that it has first been realized
to the public in 2012. Up to that time the most popular motion sensing device was the
Microsoft Kinect, which is more suitable for whole-body tracking in a space the size of
a living room. On the other side, the Leap Motion provides a smaller observation area
and a higher resolution. According to a study conducted in 2012, the Kinect controller
shows a standard deviation in depth accuracy of approximately of 1.5 cm [41], which is
a very large number with respect to the sub-millimeter one of the Leap Motion. That
explains the choice of using such optical device to track hands motion. The Leap can
sense motion down to the most subtle movements of a finger, which the company says is
200 times more sensitive than anything else on the market.

What makes the Leap Motion a highly valuable device, especially in the research field,
is its intrinsic open-software nature. Its company has in fact promoted the developing of
many new suitable applications by providing libraries and other precious coding resources
that would allow for the best exploitation of the sensor. After the purchase of the device
is in fact possible to install the Leap Motion SDK (Software Developer Kit), which not
only allows at using the basic applications, but provides also a simulation environment
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and a continuously updated API (Application Programmer Interface).

The simulation environment is shown in Figd.10] It allows to perform basic diagnostics
as well at evaluating the interaction volume by showing a graphic rendition of the hands
motion. In particular, it displays hands’ tracking information, including labelled axes,
field of view, current framerate, processing latency and finger tip coordinates and speed.

Figure 4.10: Simulation Environment provided by the Leap Motion SDK in order to
perform diagnostic evaluations.

The SDK comprises also a very useful API, which delivers libraries in many different
programming languages, allowing for useful operations such as gesture recognition and
mathematical elaborations of detected data. In the considered case, in which the cap-
tured data are used to teleoperate the robotic arms, the public developers functions were
used to distinguish among left and right hands, to obtain their orientation and to inter-
pret position and speed information in different mathematical structures. The API was
furtherly used to perform advanced diagnostic and to recognize the number of extended
fingers.
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4.2 Software Interface

The control of the considered Epson C3 manipulator is performed trough a customized
software interface, named iMOTIONS. This software platform allows for the communica-
tion between the human operator, using a Windows-based computer unit, and the robotic
arms, which are commanded through the INTime mediation. INTime is a real time oper-
ating system (RTOS) conceived to run time-critical operations with cycle-times as low as
50us. It runs concurrently with a general-purpose operating system, such as Windows,
on a single hardware platform ensuring for efficient use of the system. The INTime kernel
is responsible for realizing a fast and safe communication between the robotic system and
the shared memory where the elaborated data is saved.

The iMOTIONS software presents a main controller window as the one shown in Figld.T1]
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Figure 4.11: Controller window of the iIMOTIONS software.

Through this window, in the left section, is possible to control the motion of the manip-
ulator by starting or stopping the servo processing and by selecting a specific trajectory.
The trajectory generation happens by choosing a certain manipulator’s command among
the available ones. These commands can both be user-defined, such as the Leap Motion
one, or predefined, such as the ServerON and ServerOff ones. Among the pre-installed
trajectory generating commands it is possible to choose one of the followings:

47



e JointArc, which allows to directly specify the desired joint angles amplitudes, con-
necting consecutive points with a second-order polynomial.

e FEnpStr, which takes the desired endpoint poses as input argument, interpolating
among them through a first-order polynomial.

e FEnpArc, which is also inputted with the requested end-effector poses but interpo-
lates through second-order curves.

The desired input arguments can be manually specified in the dedicated space under the
definition of the command name or they can be selected among some standard ones.
Furtherly, it is possible to define sequences of commands to be sent to the manipulator
through the right section of the Controller window of the iMOTIONS software. Each
sequence, labelled with a specific name reported in the red line, can either start with
a ServerON or with a request to the reach the initial position (in such case the server
was left ON from previous operations). They usually end with a ServerOFF command
in order to avoid any possibly dangerous situation. For each line of a certain sequence,
not only the input arguments, but also the label and the will of waiting for completion
must be specified. Through this right section of the window is possible to start or stop
the execution of a sequence and to choose the number of its desired repetitions.

In addition, the blue box in Fig[.11] allows at selecting an operating mode among the
“Real Machine” and the “Simulation” ones. It is in fact possible to test the functioning of

a specific command sequence or of a newly defined command, in a dedicated simulation
environment, that is shown in Fig}d.12|
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Figure 4.12: Simulation window of the iIMOTIONS software.
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Whenever the command inputs are sent in simulation mode they will be executed in
a graphic animation where the two robotic arms are shown together with their bearing
structure and their coordinate systems. The animation is as similar as possible to the
effective movement that would arise from the input arguments. As a matter of fact, not
only the joints of the two arms execute the same kind of movement, but also the time
spent to complete the simulation is the same that would be required on the real machine.
In the simulation window is also possible to read important data regarding the motion
of the manipulator. For each arm the amplitude of the six joint angles is shown together
with the endpoint’s position and orientation, expressed in terms of Euler angles. It is
also possible to observe the graphic animation from different points of view in order to
extensively evaluate the manipulator’s motion. Besides that, the bases of the two arms
can also be moved at different mutual distances in a way to consider different configuration
and safety limits. In case a specific setup, combined with a certain motion’s input, can
cause a collision with the surrounding space, a danger notification will be displayed and
the relative motion of the real machine will not be executed.
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5 Motion Outcomes

The teleoperation of the Epson C3 dual-arm manipulator has been tested in a Laboratory
environment, where the experimental setup described in chapter 4 has been prepared. In
particular, the Leap Motion device has been plugged in the main computer unit and
located in front of the human operator standing at the control monitor.

The configuration chosen for the practical tests is then the one where the user and the
robot are placed one in front of the other during the communication. As explained in
chapter 2, it would be possible to perform the real-time control by hands’ tracking also
when the human is standing behind the manipulator. In such case it would be achieved a
direct correspondence among the right human hand controlling the right robotic arm and
the left human hand commanding the left robotic arm. However, in order to supervise the
robot operations in a more intuitive way, the face-to-face configuration is here preferred
for the testing purposes, even if in many applicative cases the opposite configuration
could also be used.

The main goal of the experimentation phase has been the evaluation of the research ob-
jectives, defined prior to the implementation of the human-robot interface and already
introduced in chapter 2.

5.1 Intuitiveness

One of the primary reasons why the Leap Motion device has been interfaced with the
manipulator, is the will of realising a more intuitive method of control of the robotic
system. The aim is to obtain a reduced learning curve so that the manipulator can be
successfully controlled even if the operator is not an expert.

During the experimental sessions, the manipulator’s arms have been successfully com-
manded by different human operators. None of them was involved with the developing of
the Leap Motion control platform and none of them needed a specific training in order to
understand the way the system works. All the different users managed to freely move the
robotic arms along the desired trajectories and to impose also the desired end-effectors
velocities and orientations. That was possible considered the relatively high order of the
polynomial used to interpolate consecutive command inputs. It ensured in fact the re-
alization of a really smooth motion, interpreting also the most impulsive hand gestures
with soft and safe movements. In this way the users were led at understanding quickly
and with minimum effort the way the control system works. In fact they only needed to
focus on the task to be completed rather than distracting their selves by thinking about
the specific motion of their hands.

20



5.2 Simultaneous Dual-Arm Control

One more objective that has been pursued during the developing of the Leap-based control
infrastructure consistes in the possibility of teleoperating the two robotic arms simulta-
neously. The Leap Motion sensor, unlike most of the basic joystick controllers, allows in
fact at defining the data about the desired position and orientation of the end-effector by
the use of a single hand. In this way it is possible to have a one-to-one correspondence
where only one hand is needed to control one arm of the manipulator. The simultaneous
teleoperation is then feasible because the Leap Motion device is capable of acquiring the
data from two hands at the same time, distinguishing among the left and the right one.
The simultaneous control of the two robotic arms has not been tested on the real machine
but in the simulation environment exclusively. This is due to a hardware malfunction on
one of the robotic arms that has prevented for a certain amount of time the use of both
links at the same moment. However, this problematic didn’t affect the processes of data
acquisition and elaboration so that it was possible to test how the system behaves while
handling the information coming from the two hands at the same time.

In particular, it was necessary to assert if the control platform was able at bearing an
amount of data that is doubled in size.The simultaneous teleoperation results in fact in
being much more demanding by the computational point of view, considering that chal-
lenging calculations, such has the inverse kinematics and the trajectory interpolation,
must be performed twice per frame.

In addition, it is mandatory to make sure that the Leap Motion sensor does not make
confusion by swapping and mistaking one hand for the other. To do so, different trajec-
tory of the human hands were tested, considering also special paths were the two hands
would be overlapped for a certain amount of time. Even the unlike, but still dangerously
plausible, eventuality in which the two hands would exchange position with respect to
their natural standings was tested. Such situation could not be tested with the real ma-
chine, considering that possible impacts, and especially overlaps, are forbidden and then
never accepted nor executed by the manipulator. However, this special trajectories are
allowed, within certain limits, by the simulator, which permits in this way to test the
robustness of the developed system also in the cases of potentially ambiguous input data.
The simultaneous control in real-time was successfully tested in the simulation environ-
ment. The doubled computational effort was well endured by the computer unit respon-
sible for the elaboration of the data detected by the Leap Motion. No major difference
was in fact noticed in terms of performance with respect to the tests conducted on the
single-hand control configuration. For what concerns the aim of distinguishing among
the two hands, no kind of confusion was ever made between he right and the left hands of
the human operator. This was possible considering the innovative technology underlying
the functioning of the Leap Motion device, which considers also previous frames in order
to differentiate the trajectories of the two hands. In particular, it was also possible to
flip one hand on its backside, in a way that the right hand could be confused with the
left arm considering the opposite mutual disposition of the five fingers. Also this kind
of probable, as well as hazardous, movement was handled with no kind of error by the
system.
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The numerous tests showed then that it is possible to have the two robotic arms si-
multaneously controlled, allowing for a wide range of bimanual tasks to be successfully
performed.

5.3 Real Time Functioning

The manipulator’s teleoperation interface has been developed with the aim of realizing
an actual real-time control. Ideally, the robotic arms are supposed to move immediately
as soon as the human hands start moving upon the Leap Motion controller, following the
hand’s trajectories with no kind of delay. However, according to the performed simula-
tions, there is almost always a more or less significant time interval between the moment
in which the human hands are in a certain pose and the time when the end-effectors reach
such pose.

The temporal delay has been observed with respect to a testing session where only one
arm of the real machine was commanded to move. In order to estimate such delay, for
each frame captured by the Leap Motion, the number of computer cycles required for
reaching the detected pose are counted. In some cases the desired pose has never been
reached by the manipulator, which, in order to follow the hands trajectories, has followed
a smoother path. In such cases the delay of the closest pose with respect to the desired
one has been computed. The obtained data about the temporal delay are reported on

the graph of Fig[5.1}
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Figure 5.1: Temporal delay between the input command and the correspondant output
motion. (1 Computer Cycle = 1004us)
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On the x-axis is reported the observation time, expressed in terms of frames of the

Leap Motion sensor. Considering a Leap Motion frame-rate of 200 frames per second,
the considered interval is of 7.5 seconds of the whole manipulator’s motion. For each
frame the relative latency has been reported on the y-axis in terms of computer cycles
required to achieve the detected pose of the human hands. On average, each computer
cycle corresponds to a time interval of 100us because of the processor frequency being of
10kHz.
According to Figl5.1] the highest peaks of delay reach a value of 2500 cycles of the
computer unit, which in turn represents time intervals of a quarter of second, considering
the average value of 50 cycles per frame. However, the average value of delay for the
observed portion of the motion of the robotic arms is of 1184 computer cycles, as computed
through the specific Matlab tool. Such value corresponds in turn to an obtained average
latency of about 0.1 seconds. It is then possible to conclude that a good level of real-time
approximation has been achieved for the developed system of teleoperation. It will be in
fact possible to control the robotic arms even in cases where the user needs to interact
with the surrounding environment with real-time requirements.

5.4 Accuracy

One of the main goals that were prefixed before working on the realization of the proposed
system of human-robot interaction, was the will to achieve a highly precise method of
teleoperation for the considered manipulator. In particular, it was required not only to
read exactly the data relative to the hands motion, but it was also requested a faithful
reproduction of the detected motion. The first objective has been satisfied immediately,
by choosing as sensor unit the Leap Motion device, which ensures a submillimeter pre-
cision at tracking hands’ motion. For what concerns the second goal, the data relative
to the trajectory of the human hands was elaborated with the intention of obtaining an
exact and specular copy of their motion.

In order to evaluate such objective, a comparison has been performed among the desired
trajectory, detected by the sensor, and the obtained end-effector motion. In particu-
lar, for each frame captured by the Leap Motion, the desired end-effector position has
been considered as computed through the mapping equations [3.11} |3.12 and [3.13] Such
value has then been compared to the actual position obtained for the end-point, after
interpolating between consecutive inputs at each cycle of execution of the Leap Motion
command. The two considered kinds of data have been depicted on the graph of Fig[5.2]
with reference to the z-axis position and to an experimental session on the real machine
where only one arm was controlled through the motion of one hand.

From the figure is possible to see how the end-effector has been following the trajectory
of the human hand in a precise way, but with evident differences. The discrepancies
between the two lines of Fig5.2] are partially due to the input-output latency that has
been already discussed, but they depend mostly on the interpolation performed on the
consecutive poses of the human hand. The red line, representing the trajectory of the
robotic end-effector, assumes in fact a much smoother form as a result of the intention
of chasing the user’s hand with a polynomial of the third order.
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Figure 5.2: Comparison among the desired position on the z axis and the obtained tra-
jectory of the end-effector.

A zoomed-in representation of the graph is reported in Fig/5.3] where a closer look is
given to one of the peaks.
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Figure 5.3: Zoomed-in comparison among the desired position on the z axis and the
obtained trajectory of the end-effector.
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From the figure is firstly possible to verify how the actual delay between the peaks
(and also between the bases of the parabolas) is of about 0.1 seconds, in agreement with
the average latency computed before. In addition, the zoomed plot allows to see how
the input data is discreetly obtained with a frequency of about 200 frames per second.
The obtained motion is instead represented by a continuous red line, which smoothly
interpolates among the detected frames.

The zoom of Figl5.3]is actually focused on the biggest distance noticed between the two
lines of Fig[5.2] It is then possible to highlight how the highest error in the copy of the
motion of the human hands corresponds to a value of about 50 mm. However the average
value of such error has been computed of being not higher than 20 mm for all of the
positional comparisons performed. The same confrontation of Figl5.2 has in fact been
done with reference to the x-axis and the y-axis data, as reported in Fig/5.4 and Fig/5.5
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Figure 5.4: Comparison among the desired position on the x axis and the obtained tra-
jectory of the end-effector.
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Figure 5.5: Comparison among the desired position on the y axis and the obtained
trajectory of the end-effector.

A similar kind of comparison among the requested motion and the one actually
obtained, has been performed for what concerns the orientation data as well. Also
in this case it has been considered an experimental session where only one robotic
arm of the real machine was moved. In particular, both the orientations of the
human hand controlling the system and the one of the manipulator’s end-effector
were interpreted in terms of Roll, Pitch and Yaw angles and reported in Fig/5.6]

Fig[5.7 and Fig5.8
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Figure 5.6: Comparison among the desired orientation and the one obtained for
the end-effector, in terms of Roll angle.
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Figure 5.7: Comparison among the desired orientation and the one obtained for the end-
effector, in terms of Pitch angle.
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Figure 5.8: Comparison among the desired orientation and the one obtained for the end-
effector, in terms of Yaw angle.
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The time interval that has been observed during the considered real-machine test is rel-
atively short, but it allows at evaluating the performance from a closer look. It is in fact
possible to see how also in this case the obtained output motion smoothly interpolates
among the input data. In all the three graphs, the red line, representing the resulting
orientation of the end-effector, follows precisely the shape of the blue one. Nevertheless,
significant differences can be spotted among the desired and the obtained motions. In
particular, looking at the Roll and the Yaw angles (Fig. and Fig it can be no-
ticed how at the beginning of the test both angles showed their maximum error, which
is standing around 150° of difference. However, it takes about 0.1 seconds for both of
them to reach a level of approximation where the two lines never differ for more than
20°. The average accuracy error in terms of RPY orientation stands at about 3° for the
Pitch and at about 16° for the Roll and the Yaw, as computed through the registered data.

In the following also the behaviours of the joint angles of one arm are shown in order
to have one additional mean of evaluation of the obtained performance. Also in this case
the time is reported on the x-axis in term of computer cycles, while the amplitudes of the
joint angles are expressed in degrees on the y-axis. The blue line represents the desired
values of the joints angles as computed through the inverse kinematics every time a new
input frame is captured by the Leap Motion.

From all of the six graphs it can be noticed how the blue input lines present an impul-
sive variation in correspondence of the 12000 value on the axis of the abscissas. This is
due to a configuration of the human hands that has led to the selection of the wrong
solution of the inverse kinematics. In such case the optimization process, responsible
for the choice of the best solution, has in fact picked a vector of joint angles that is in
discontinuity with the previous values. Such vector, although being still valid in terms of
admissible ranges of the joint angles, could worsen the performance or also lead to a dan-
gerous kind of motion and must thus be ignored. Anyway, the third-order interpolation
is effective also in this case, in the sense that it manages to determine a red output line,
which chases the desired input without taking too much into account the unwanted input.
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Figure 5.9: Comparison among the desired first joint amplitude and the one obtained on
the robotic arm.
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Figure 5.10: Comparison among the desired second joint amplitude and the one obtained
on the robotic arm.
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5.11: Comparison among the desired third joint amplitude and the one obtained

on the robotic arm.
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Figure 5.13: Comparison among the desired fifth joint amplitude and the one obtained
on the robotic arm.
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Figure 5.14: Comparison among the desired sixth joint amplitude and the one obtained
on the robotic arm.
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According to the collected data, which has been depicted in the previous graphs, the
system controlled in real-time has been linearised. Practically, the linear model which
better approximates the obtained input-output behaviour has been defined through the
System Identification toolbox of the Matlab software. In particular the Leap Motion’s
inputs and the end-effector’s outputs, in terms of x-axis coordinates, have been provided
to the toolbox, which computed in turn the linearised system. Such system has been ex-
pressed in terms of state-space matrices first and in terms of closed-loop transfer function
then. Its response in the frequency domain has been analysed through the bode diagram

of Figf5.15|

Bode Diagram
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Figure 5.15: Bode diagram expressing the frequency response of the linearised system,
which approximates the input-output behavior obtained for the x-axis po-
sition data.

From the diagram it is possible to evaluate the cutting frequency, and in turn the
bandwidth of the system. Using the Matlab’s bandwidth function, which returns the first
frequency of the SISO dynamic system model where the gain drops below -3 dB, a value
of 9.8 rad/s is obtained. Such bandwidth represents in turn the maximum ferquency of
the input signal providing the x-axis coordinates that ensures a good performance of the
control system.
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6 Conclusions

In this chapter the main results obtained during the development of the proposed control
infrastructure are presented. In particular, it will be discussed whether or not the main
project objectives have been achieved, with a focus on the major encountered problem-
atics. After that, some hints for possible future works will be proposed with the aim of
achieving a more complete and exhaustive analysis of the considered topics.

6.1 Summary of the Obtained Results

The thesis work here presented aimed at introducing the possibility of teleoperating a
dual-arm manipulator in real time by using the tracking of human hands as the only
source of input command.

In the first place, the previous works related with the considered matter has been taken
into account. They represented the primary source from which beginning the develop-
ment of the desired system of human-robot interaction. After that, some project objec-
tives have been preferred among others, in order to impose a specific direction to the
work to be done, taking into account the possible applicative scenarios.

Subsequently, it has been presented the method adopted in order to have the data elab-
orated and communicated from the hands tracking sensor to the dual-arm manipulator.
According to the available software and hardware supply, a specific protocol has been
defined to interface the different parts of the system. Three different processes are in fact
executed at the same time, using a shared memory resource allowing for the exchange of
data among them. Furtherly, after defining all the necessary reference systems, the data
input acquired through the optical sensor are interpreted in terms of displacements in
such a way as to obtain an actual real-time functioning. They are also mapped from the
sensor’s to the manipulator’s field of motion, before computing the solutions of the in-
verse kinematics, which are expressing the necessary joints angles. After that, the choice
for the adopted interpolation function, allowing for a smooth and continuous trajectory
among consecutive poses, has been explained as well.

The next step consisted in the definition of the experimental setup over which the system
development was based. In particular, after introducing the main features of the available
Epson C3 manipulator, it was justified the choice of the Leap Motion device as the sensor
for detecting the hands motion. Contextually, also the utilised software architecture was
presented.

Afterwards, a significant number of testing sessions of the developed system have been
performed using both the real machine and the simulation environment. In particular,
it has been asked to different users to attempt at controlling the motion of the dual-arm
manipulator by using the movements of their hand.
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The obtained motions have been analysed in order to evaluate whether or not the pre-
defined research objectives were satisfied. With respect to the five project goals, the
obtained results can be summarised as follows:

o [Intuitiveness: all of the different users, who have never before controlled the manip-
ulator through the developed infrastructure, managed to impose the desired motion
since their first attempt. The obtained learning curve is then remarkably reduced
with respect to the traditional hands tracking methods (joysticks).

o Simultaneous dual-arm control: the use of two hands at the same time didn’t affect
the performance of the system, which managed at bearing a computational load
that is doubled in size. Also the eventuality of hazardous movements of the human
hands was taken into account, obtaining a coherent motion of both the robotic
arms.

o Real time functioning: the system showed a certain time delay between the input
and output motions, as shown by the graph of Figf5.1, However, the average delay
observed was of about 0.1 seconds, with peaks of a quarter of second. It can be then
claimed that the system ensures a good approximation of a real-time functioning.

e Accuracy: the movements of the human hands were tracked with submillimetre
precision as guaranteed by the Leap Motion device. The output motion showed
anyway significant differences, due in part to the temporal delay and in part to the
high order of the interpolating function, which reproduces the hands motion with
a much smoother trajectory. However, the end-effector average position error and
orientation error were never higher then 20 mm and 16 degrees respectively. Such
errors values allow for a good level of accuracy in a wide range of applicative fields.

e Safety: the pre-existing manipulator’s precautions in terms of safety were combined
with specific measures adopted during the development of the considered system. In
particular, the hands trajectories have been mapped in a way that possible collisions
with the surrounding environment or among the two arms would be avoided. As a
result, none of the tests performed on the real machine (as well as the ones in the
simulation environment) presented any event of harm or danger.
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6.2 Future Works

Besides the presented research work, it is clearly possible to further elaborate about dif-
ferent aspects related with the teleoperation a dual-arm manipulator by hands’ tracking.
The reported results constitute in fact a valid framework from which is possible to process
about more specific contents. Multiple focuses could hereafter be identified, in order to
achieve a more complete and exhaustive analysis of the considered matter.

The presented research work has been focused on the motion itself and on the most effec-
tive way to transmit the desired trajectory from the human hands to the robotic arms.
Further developments could then be related to the different plausible applicative contexts
for the proposed control infrastructure. It is in fact natural, having two robotic arms si-
multaneously teleoperated, to think about them performing different types of bimanual
tasks. However, in order to evaluate the specific jobs that could be adequately completed
by the manipulator, it is necessary to furtherly test its abilities when it comes to basic
duties, such as the grabbing of objects of different shapes or the execution of operations
that require the cooperation between the two arms. Future works could then focus on the
possibility of performing these kinds of tasks with the manipulator controlled through
the Leap Motion.

Anyway, the manipulator will be able at executing these types of specific tasks only in
the cases where it is supplied with the necessary items. Although this aspect has not
been dealt with in this research work, it is possible, depending on the specific applicative
scenario, to equip the end-effectors with suitable tools, such as grippers or robotic hands,

as shown in Fig[6.1]

Figure 6.1: Example of a possible configuration of the manipulator, where the left arm
is equipped with a gripper and the right one with a robotic hand.
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Also the control of such tools can be potentially performed through the use of human

gestures, interpreting the number of the extended fingers, or in general the fingers po-
sition, as a mean to command the extremity tools. Future works could then deal with
the control of grippers and robotic hands through the Leap Motion (or through possibly
other devices), while testing their effectiveness in different sorts of bimanual tasks.
In addition, future works could investigate on the different quality of the performance
that would be obtained when preferring another kind of sensor to the Leap Motion. The
tracking of the hands of the human operator could in fact be realised through the use
of other devices such as the Microsoft Kinect or some type of joystick. In this way the
obtained trajectories for the end-effectors would be likely characterised by different levels
of accuracy or different values of input-output delay. Future developments could then
establish specific performance parameters by which comparing the motions obtained with
the use of different sensor devices. In this way a more coherent justification to the choice
of a specific hand tracking device among the others would be provided.
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