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Abstract

This PhD thesis is focused on modeling and control of multi-arm systems
equipped with robotic hands. Multi-arm systems have had a huge expansion
during the last years in a very wide and heterogeneous range of fields, such
as industry, surgery, and space applications.

In industrial environments, robots are currently employed in such a way
to improve the productivity and the quality of technological processes. The
emergence of more sophisticated perception and control systems allows to
confer to the robot higher degrees of flexibility, dexterity and safety. This, in
turn, makes possible, not just a robot-human replacement but a more reliable
and efficient human-robot interaction. Indeed, it is now possible to design a
robotic working cell in which a multi-arm system is capable to execute several
tasks that involve a certain grade of interaction with human coworkers.

Multi-arm systems are needed in surgery applications to carry out non-
invasive, or minimally invasive, operations by resorting to laparoscopic tech-
niques.

Regarding space applications, robotics has always played a key role in
terms of planetary exploration mission as well as service intra/extra vehic-
ular operations. In space applications, the tendency is that of using multi
arm systems having a high degree of dexterity: robotic hands are exploited
to accomplish manipulation task in a very human-like fashion. The National

Aeronautics and Space Administration (NASA) has been using a humanoid



robot, called Robotnaut 2 (R2) for a wide number of missions, including
human-robot and robot-robot cooperation. R2 is actually a permanent mem-
ber of the International Space Station’s crew (ISS). The Deutsches Zentrum
fiir Luft- und Raumfahrt (DLR), Germany, has designed and realized a hu-
manoid robot, Justin, with high dexterity tendon driven hands, able to move
with high autonomy, by means of a suspended wheeled mobile platform.

The thesis is organized as follows:

e Chapter 1 introduces multi-arm system equipped with robotic hands,
with a detailed description of modeling and control challenges; the
analysis is then focused on multi-arm systems employed for space ap-

plication.

e Chapter 2 deals with modeling of multi-arm systems equipped with

robotic hands, in terms of kineamtics and dynamics.

e Chapter 3 describes a planner able to handle redundancy in such a way
to guarantee multiple task fulfilling, by establishing a priority among
them, without violating mechanical and environmental constraint; a

parallel force/control strategy is presented as control law.

e Chapters 4 presents a control architecture, based on the concepts of
direct force control and impedance control at object level. The aim is
that of safely handle the object while ensuring compliance in the case

of an unexpected collision with the external environment.

e Chapters 5, differently from Chapter 4, considers each arm/hand sys-
tem, not as a unique mechanical structure but made up of two different,
interacting, subsystems in which the hand is force controlled, to achieve
a stable grasp, while the arm is controlled via an impedance controller,

so as to make the whole system compliant.
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Chapter 1
Introduction

Multi-arm systems consist of two or more robotic arms which are able to
cooperate, in a coordinate fashion, to accomplish a given task. The arms
could be mounted on different separate platforms or on the same, which, in
turn, could be fixed or mobile. Multi-arm cooperative systems are usually
employed when complex tasks should be performed with high precision and
dexterity, and/or when large or heavy payloads are to be manipulated.
Multifingered robotic hands could be modeled as multi-arm systems: each
finger can be treated, from a control point of view, as a manipulator. The
main advantage of using a robotic hand as end effector, instead of classical
grippers, is due to the possibility of grasping a very large number of objects,
with arbitrary shapes, without any reconfiguration or tool changing. A co-
operative system made up of multiple manipulators, equipped with robotic

hands, allows to achieve a high level of dexterity and flexibility.

1.1 Multi arm/hand systems

Service robotics applications are day by day increasingly relying on multi

arm/hand object manipulation with multi-fingered mechanical hands.
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The first issue is the complex dynamics of such systems: some mutual
effects must be taken into account since the dynamics of one manipulator
affects the others through the grasped object and/or the common mobile
base.

A multi arm system equipped with robotic hands, is often a kinematically
redundant structure. The redundancy is generally a desirable feature for
a robotic system, since it allows to execute multiple tasks, arranged in a
suitable priority order.

There are two ways to exploit redundancy:

e at the motion planning level, via suitably designed inverse kineamtics

algorithms with task priority;

e at the control motion level, via control algorithms designed directly

into the cartesian space.

The former solution is easier since redundancy is naturally defined at kine-
matic level and the planner can be tuned offline.

Execution of grasping and manipulation tasks requires motion synchro-
nization of arms and fingers, so as to guarantee the desired behavior of the
manipulation system and control of the interaction forces. More in detail, as

concerns force control, two level of interaction forces should be considered:
e Contact forces between the fingers and the grabbed object, which can

be further classified in

— internal contact forces, which do not contribute to object’s motion
and represent stresses applied to the object (e.g., squeezing of the

object);

— external contact forces, which generate the motion of the object.

e Environmental interaction forces, due to interaction between the object

and the external environment.
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Internal contact forces need to be controlled in order to make the grasp sta-
ble. As concerns environmental interaction forces, they should be always
minimized, enforcing a compliant behavior of the manipulation system, un-
less they are functional to the given task. The control of external contact
forces is not needed if the grasped object does not come in contact with
the external environment. The kind of systems considered in this thesis are
multi-arm systems equipped with robotic hands, mounted on a fixed base,

for space applications.

1.2 Space robotics

Space robotics deals with the design of artificial systems that could assist
human operators or replace them at all, both for the execution of routine
operations or tasks in dangerous scenarios. A way to achieve these objec-
tives is that of developing and implementing space robotic systems capable
of accomplishing complex tasks, such as parallel management, supervision
and execution of experiments and extra vehicular activities, with a certain
degree of autonomy. Those kind of complex scenarios also require high dex-
terity: multi-arm systems equipped with robotic hands represent the perfect

candidate to fulfill those requirements.

1.2.1 Intra-vehicular operation

The International Space Station (ISS) gave an impulse to the design of robotic
systems devoted to the execution of tasks inside orbiting structures. The
objective of such robotic systems is to guarantee the effective execution of
scientific experiments and maintenance tasks.

The reference mechanical structure, adopted by several existing systems,

is composed by two or more arms, even mounted on wheeled or legged bases,



Chapter 1. Introduction 4

often equipped with robotic hands capable of performing manipulation tasks
in a human-like fashion. The arms are generally anthropomorphic with at
least 6 Degrees of Freedom (DOFs). If more then 6 DOFs are available,
the system is redundant and the redundancy can be exploited to improve
dexterity and/or other suitable performance indexes.

In order to ensure high flexibility to the whole system, a robotic hand
could be installed as grasping tool: a gripper needs to be reconfigured or
changed if the object size and/or geometry change, while a humanoid hand
can adapt its shape to grab a large number of bodies.

Exteroceptive sensors, i.e. sensors through which a robot gets informa-
tion about the state of the external world, play a key role in human-robot
and robot-robot cooperation. Since the robotic system should cooperate with
crew’s members, sensing becomes crucial to ensure safe human-robot inter-
action: a vision system must be able to detect the presence of people in the
workspace and avoid them during task execution, while force/torque sensors
are needed to make the manipulation system compliant in the case of an un-
expected interaction or collision. More in detail, visual systems allow robots
to achieve a high degree of flexibility and autonomy. As concerns flexibility,
the robotic manipulation system becomes able to work in an unstructured
environment, subject to changes of the operating scenario, and/or the state
of the surrounding of the environment. As concerns autonomy, the actual
orientation is the so called interactive autonomy: the robotic system is able
to actively interact with a human operator in the sense of a tight cooperation.

A humanoid robot, made up of a dual-arm system, equipped with robotic
hands, able to move via a mobile base, becomes the natural candidate for
intra-vehicular activities: it has an infinite workspace, a high degree of redun-
dancy, high dexterity, together with the possibility of manipulating object in
the same way humans do, which means, in turn, that the robot is able to use

tools (like hammers, handles, screws, etc.) designed for human operators,
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further enforcing the logic of tight human-robot cooperation.

1.2.2 Extra-vehicular operation

Robotic systems dedicated to service activities for orbiting systems are de-
signed to be installed on mobile platforms. Hence, such systems, called FTS
(Flight Telerobotic Systems), are equipped with propulsion devices, like noz-
zles. FTSs can executes many servicing tasks without being physically con-
strained to the served orbiting structure.

FTSs can perform operations of external maintenance, exploration to
acquire information about the external environment, as well as small satel-
lites retrieving. In general, F'TSs should accomplish all those extra-vehicular
tasks, which are extremely dangerous or impossible for for a human astro-
naut.

Due to the nature of the illustrated applications, FTSs must have almost
the same dexterity of a human astronaut wearing the heavy suit, high grade
of local autonomy, if they are teleoperated, or intelligence, if they are au-
tonomous. Again, a viable choice is the use of a multi-arm system equipped
with robotic hands mounted on free-flying or free-floating platforms. One of
the main issue of this kind of robots is that the platform weight is of the same
magnitude of the manipulation system weight: when the arms are moving,
reaction forces are transmitted to the flying base. In a free-flying solution the
vehicle attitude is controlled, both when the system is moving and when it is
operating, by using the propulsion system. This solution is fuel consuming.
In a free floating configuration, the attitude of the system is controlled only
when the system is moving: during the operation the mobile platform could
float in the space, the controller of the manipulation system should act in
such a way to minimize the forces transmitted to the base. This solution is,

as it can be immediately recognized, fuel saving.
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1.2.3 Exploration

Exploring missions are aimed at acquiring information, in order to achieve
a detailed knowledge of the solar system, by sending fully automated space
systems on other planets. The objective of such systems is that of gathering
all the elements needed to allow stable human permanence on extraterrestrial
locations of the solar system, first of all the Moon and Mars.

The first effort for robotics is that of designing unmanned autonomous ve-
hicles (rovers), capable to travel long distances in unstructured environments
and, at the same time, analyze the surrounding environment.

The second effort is that of building highly dextrous manipulation sys-
tems, eventually multi-arm, to drill, collect samples and eventually recovery

and /or repair the rover in the event of faults.

1.3 Examples of arm/hand manipulation sys-

tems for space applications

In the following an overview of some notable arm /hand manipulation systems

is carried out.

1.3.1 ROSED

The RObotic SErvicing Demonstrator(ROSED), shown in Figure 1.1, is a
robotic cell set up at the Italian Space Agency (ASI), in Matera. ROSED
offers a test environment for space robotics. The cell is composed of two CO-
MAU robots: a 6-DOFs SMART S2 anthropomrphic arm, with non-spherical
wrist, and a 6-DOFs SMART S4 anthropomrphic arm , with spherical wrist.
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Figure 1.1: The layout of the ROSED cell

Tt

Figure 1.2: The COMAU SMART 2 S, on the left, and SMART 4 S, on the

right side

Both the manipulators are equipped with a gripper and a force/torque

wrist sensor, in order to allow force control, which becomes crucial in coop-

erative tasks.
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1.3.2 Justin

Justin [6] is a humanoid robot developed by the German Aerospace Center
(DLR): it is composed by two light-weight arms and two four-fingered dex-
terous hands. Photonic Mixer Device (PMD) sensors and cameras allow the
3D reconstruction of the environment and make Justin able to perform tasks
autonomously. In order to extend Justin’s workspace, a mobile platform car-

ries the humanoid and allows it to lift up. The robot model is a tree-like

Figure 1.3: The DLR humanoid robot Justin

structure with 3 branches - the torso, the right and the left arm. The torso is
connected via a flexible element to a mobile base, having 4 wheels attached
to extendable legs. The mobile base has 3 DOFs for motion in the plane and
4 active DOFs to extend the legs.

The arms consist of 2 7-DOFs DLR-LWR-III [1| manipulators with inte-
grated torque sensors in each joint.

As concerns the hands, 2 four-fingered DLR-Hand-II [7] are used in a
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Figure 1.4: The DLR Hand II mounted on Justin

right-handed and a left-handed configuration. The DLRHand-IT is equipped
with joint torque sensors and a 6-DOFs force/torque sensor at each finger
tip. Each hand has 3 DOFs per finger and a reconfigurable palm, offering

configurations for power grasp and precision grasp as well.

1.3.3 Robonaut 2

Robonaut 2 or R2 [21], is a dexterous humanoid robot built and designed in
collaboration by NASA and General Motors (GM). It has been built to help
human workers or replace them in risky missions. R2 can perform dexterous
manipulation using tools designed for human workers. R2 robotic system
includes: optimized overlapping dual-arm dexterous workspace, elastic joint
technology, miniaturized 6-axis load cells, redundant force sensing, ultra-high
speed joint controllers, high resolution camera and Infra-Red (IR) systems.
The humanoid is composed of two 7-DOFs arms, two 12-DOFs hands, a 3-
DOF neck and a single DOF waist, the system includes 50 actuators with
low-level joint controllers embedded throughout. The system also integrates
built-in computing and power conversion inside its backpack and torso.

As concerns the manipulation system, 5 DOFs of each arm come with
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I !
Figure 1.5: The Robonaut 2 built by NASA and GM

the upper arm: brushless DC motors are used to drive the system together
with elastic elements. The use of series elastic actuation have been shown
to provide improved shock tolerance, beneficial energy storage capacity and
a means for accurate and stable force control, via the custom planar torsion
springs integrated into each arm actuator.

The five-fingered, 12 DOF hand and the forearm form a completely self-
contained unit: the fingers are divided into a dexterous set, used for manipu-
lation, and a grasping set, used to maintain stable grasps while working with
large tools. The dexterous set consists of two 3-DOF fingers (the index and
middle) and a 4-DOF opposable thumb. The grasping set consists of two 1-
DOF fingers (the ring and little fingers).

1.3.4 Dextre

Dextre [19] is made up of a headless torso, fitted with two 3.35 meters, 7
DOFs, robotic arms.  The 3.5 meters long body has a grapple fixture at one
end that can be grasped by the larger Space Station Arm, called Canadarm2,
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Dexterous set

Grasping set ;
N Y

¥

b

Figure 1.6: Robonaut’s hand

(which is is 17.6 meters long 7-DOFs, fully actuated, robotic arm): it allows
Dextre to be positioned at the various Orbital Replacement Unit (ORU)
worksites around the Space Station. The other end of the body has an end
effector identical to that of Canadarm2, allowing Dextre to be stored on
Space Station grapple fixtures. At the end of Dextre’s arms are ORU/Tool
Changeout Mechanisms (OTCMs). The OTCM has built-in grasping jaws, a
retractable socket drive, a monochrome TV camera, lights, and an umbilical
connector that can provide power, data, and video to/from a payload. The
lower body of Dextre has 2 orientable cameras with lights, a platform for
stowing ORUs and a tool holder. SARAH (Self-Adaptive Robotic Auxiliary
Hand) is a hand attached to the end of Dextre’s arm. SARAH [57] is a
reconfigurable hand with three self-adapting and orientable fingers. Each of
the fingers has three independent phalanges automatically adapting to the
shape of the grasped object. An additional DOF is provided to rotate the
fingers, to better match the general geometry of the object. SARAH includes
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Figure 1.7: The Dextre robotic manipulation system

only passive mechanisms that are actuated by the OTCM.

1.3.5 Ranger 8DOFs Dextrous Space Manipulator

Ranger [46] is designed for on-orbit servicing of spacecraft and satellites,
and, more in general, for task requiring multiple manipulators to grapple
a satellite or component, provide video feedback to operators and perform
tool-based operations on components being serviced.  The robot consists
of a central body, which houses the main computers and all the electronics
and serves as a base platform for the manipulators. Ranger has two 8-DOFs
dexterous manipulators for object manipulation and a 7-DOFs manipulator

carrying the vision system. It also has a 6-DOFSs positioning leg that anchors
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Figure 1.8: The SARAH robotic hand

it to a fixed base, which could be modified to enable grappling or docking to

a spacecraft.

1.3.6 ETS-VII

The ETS-VII [32], or Engineering Test Satellite No. 7, is a satellite devel-
oped and launched by the National Space Development Agency (NASDA) of
Japan. The ETS-VII is equipped with a 2 meters long robotic arm, which
can be used to carry out rendezvous and docking tasks, as well as dexterous
manipulation, by using the Advanced Robotic Hand of the Japan Ministry of
International Trade and Industry (MITT) [47]. It was the world’s first satel-
lite to be equipped with a robotic arm, and also the first unmanned spacecraft

to conduct autonomous rendezvous and docking operations successfully. The
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Figure 1.9: The Ranger robotic manipulation system

satellite was controlled remotely by a ground station. Communication be-
tween the onboard robot system and the ground control system is achieved
by using a data relay satellite (NASA’s TDRS) in the geo-stationary Earth
orbit.

1.4 Related work

It has been recognized that many tasks are very difficult, or even impossible,
to be accomplished by using a single robot, while they become feasible if
more than one manipulator are involved in a cooperative way. Such tasks
may include manipulation of large or heavy payloads, grasping objects and
assembly of multiple parts. The use of cooperative manipulators often re-
quires the adoption of tools and/or grippers designed ad hoc for the specif

task they are involved in. This low flexibility can be overcome by using
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Figure 1.10: The ETS-7 arm mounted on satellite

robotic hands as grasping tools, for two main reasons: a robotic hand can
adjust itself to a wide number of object shapes, without the need of any
reconfiguration, and it can handle tools designed for human operators. The
latter consideration becomes more important, when space mission should be
performed: it is impossible, due to space and/or payload limitation, to carry
all the possible specialized tools that could be required.

In the literature there are several works dealing with control of multi-arm
systems [8, 10, 4, 5] or robotic hands [31, 36, 52|, but none of them is focused
on control of multi-arm systems equipped with robotic hands; moreover, only
a few works have considered the kinematic redundancy of such systems and
the possibility to adopt redundancy resolution approaches with task priority,
which has been successfully applied to robotic manipulators [2| and visual

servoing [34].
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When a cooperative multi-arm system is employed for the manipulation
of a common object, it is important to control both the motion of the object
and the internal forces not contributing to the object motion, acting as inter-
nal stresses. A suitable definition of the parmetrization of forces/moments
on the object has been recognized to be helpful in achieving these goals.
Force decomposition, studied by Uchiyama and Dauchez [68, 69], Walker et
al. [70] as well as Bonitz and Hsia [4], suggests that a geometrically clear
parametrization of the internal forces/moments acting on the object is a key
issue; Williams and Khatib have given a solution to this [71, 59].

Recent control framework for cooperative systems is the so-called syn-
chronization control [67, 56[; in this class of approaches the control problem
is formulated in terms of suitably defined errors, accounting for the motion
synchronization between the manipulators involved in the cooperative task.
As for the nonlinear control of cooperative manipulation systems, efforts have
been spent on intelligent control (see, e.g., [33] and [24], where fuzzy control
is exploited to cope with unmodeled dynamics, parametric uncertainties and
disturbances) as well as on the investigation of control strategies in the pres-
ence of partial state feedback [23]. Other approaches, rely on impedance con-
trol in order to keep interaction and contact forces bounded. More in detail,
when the held object interacts with the environment, large contact forces may
arise if the planned trajectory is not consistent with the geometry of the envi-
ronment. In order to achieve bounded contact forces, an impedance behavior
can be enforced between the object’s position/orientation displacements and
the contact force/moment (external impedance). On the other hand, even
when the object /environment interaction does not take place, the interaction
between the manipulators and the object may lead to internal forces and mo-
ments, which may cause damage to the system and overloading of the actua-
tors. To counteract building of large values of internal forces, an impedance

behavior can be enforced between the position/orientation displacements of
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each manipulator and the end-effector force/moment, contributing solely to
the internal loading of the object (internal impedance). The two impedance
approaches have been applied separately [61],[5] while in [11], by following
the guidelines in [9], they have been combined in a unique control framework,
aimed at controlling both the contact forces due to the object/environment
interaction (external impedance) and the internal forces due to the manipula-
tors/object interaction (internal impedance). Papadopoulos and Moosavian
focused on modeling and control of free flying cooperative robots [49, 41] for
space operation like satellite chasing and repair. Sabelli at al. [58|, designed
a control strategy to dynamically select the impedance parameters of multi-
arm space manipulators. A key issue in robotic grasping is controlling the
forces arising from the contact between the fingertips and the grasped ob-
ject, in such a way to prevent slippage and /or excessive stresses. At the same
time, coordination of arms and fingers motion must be ensured to achieve
tracking of the planned trajectory of the object. On the other hand, in the
field of object manipulation via multi-fingered hands the focus has been put
on manipulability analysis [3] and constrained kinematic control [25, 40].
Impedance control [26, 27] is one of the most adopted control laws for
robot manipulators in contact with the external environment. The same
approach has been, in turn, employed in object manipulation with multi-
fingered hands. An impedance control approach for an arm-hand system is
presented in [44]. The passivity property of impedance control is used in [65]
to design an Intrinsically Passive Control (IPC), that can be used both in
free space (i.e., when the fingers approach the object) and for grasping (the
fingers apply forces to the object). In detail, a virtual object is defined,
which is connected to each finger via a variable rest length spring, and to
a virtual point via another spring; all the springs are 6-dimensional spatial
springs [8, 66]. Further developments of IPC control for grasping can be found

in [72, 73]. An impedance control scheme is adopted also in [60], combined
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with an algorithm for grasp forces optimization, that allows the execution of
different phases of a manipulation task, including the re-grasping one.
However the execution of object grasping or manipulation requires con-
trolling also the interaction forces so as to ensure grasp stability [48]. To
this end, an alternative to the impedance control could be the adoption of
a hybrid force/position control [54, 63|, especially if force and position are
measured and the corresponding control actions are properly decoupled. The
approach proposed in [43] starts from the consideration that the force on the
fingers can be seen as the sum of two orthogonal components: the manip-
ulation force, necessary to impose object motion, and the grasping force,
necessary to fulfill friction cone constraints. An alternative approach based
on feedback linearization is proposed in [20]. A decentralized control law is
proposed in [55], where each finger is independently controlled via a hybrid

force/position control scheme.

1.5 Objectives of the thesis

The contribution of this thesis rely on the development of a control frame-
work for multi-arm systems equipped with robotic hands. The control frame-
work will ensure kinematic redundancy resolution [12], via task sequencing
techiniques and control of internal and external forces, as well as interaction
forces limitation, via impedance control.

The first effort to achieve those goals is modeling: kinematic and dynamic
models have been devised by considering each arm/hand system as a tree-
structured open chained manipulator.

As concerns redundancy, several tasks, not always compatible, have been
considered: they are aimed at tracking of the planned trajectory for the ob-
ject, improving dexterity and ensuring grasp robustness. Those tasks have

different priorities and could be dynamically deactivated and/or activated.
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Beside tasks, some constraints, either mechanical (e.g., joint limits) or en-
vironmental (e.g., arising from workspace sharing with other robots or hu-
mans), have been taken into account. Since the constraints must be always
satisfied, when a task is responsible to bring the system close to violate one
or more constraints, it is deactivated, and reactivated as soon as the system
is judged far from any dangerous configuration. Suitable metrics are defined
in order to perform such deactivation and reactivation actions.

A fine internal force control is needed in order to achieve a stable grasp:
that becomes more challenging when fingers should slide on the object sur-
face in such a way improve grasp stability. A non-model-based parallel
force/position controller has been considered, the stability of closed-loop the
system has been theoretically proven [13]. A model-based direct force con-
troller has also been used, by assuming knowledge of the dynamic model of
the overall system.

In order to optimize the quality of the grasp, a set of virtual forces is
introduced. Those fictitious forces act in such a way to reach the desired
value when a suitable defined cost function, associated to some performance
indexes, is minimum; a theoretical convergence of such algorithm has been
also proven.

The impedance controller is in charge of computing the external forces
references to impose the desired dynamics to the object (compliance in case
of interaction, accurate tracking features otherwise).

A total different approach is that of considering arm and hand separately.
The hand is controlled in such a way to achieve the desired internal contact
forces, while the arm is made compliant by adopting an impedance controller.
The forces to be taken into account in the arm control law are those acting
on the wrist, net of the dynamic coupling effects due to the presence of the
hand and the grasped object. The model of the coupling effects has been

explicitly computed by considering, instead of the whole arm/hand system,
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a dynamically equivalent one, made up by the same robotic hand, able to
freely move in 3-D space, on which the action exerted on it by the arm is
included trough an external wrench acting on the wrist. This wrench is the
same exchanged between the arm and the hand which vanishes, by virtue of

the second fundamental law of dynamics, in an overall formulation.



Chapter 2

Modeling

This chapter deals with modeling of multi-arm systems equipped with robotic
hands: such complex systems are thought as tree-like structures since hands
are generally multifingered.

The forward kinematics has been derived in order to relate joint config-
uration to operational space configuration. Differential kinematics, i.e. the
map between joint velocities and contact twists, of the whole system has
also been computed. At this point, contacts kinematics has been analyzed
to establish a relation between joint velocities and grasped object twist.

Following the Lagrangian approach, the dynamic model of an arm/hand
system has been derived, as well as, a specific model of a robotic hand
mounted on a floating base: this is useful to understand the dynamic ef-

fects and forces exchanged between the arm and the hand at wrist level.

2.1 Kinematics

Let n, be the number of robotic arms composing the system, and > a world
frame, i.e. a reference frame common to all robots. Let %, the base frame

of manipulator 7 and 3,, the palm frame attached to the base of the ith

21



Chapter 2. Modeling 22

robotic hand. Moreover, it has been assumed that the wrist frame on the
arm and the palm frame are coincident. The forward kinematics of the ith
manipulator, from the base to the wrist, can be expressed via the following

homogeneous transformation matrix
R of
b; _ a; a;
Tai(qai) - [ T 1 ] ) (21)

where g, is the vector of arm’s joint positions, Rzl is the rotation matrix

b is the po-

representing the orientation of frame 3, with respect to %, o

sition of the origin of frame ¥, and 0, is a @ x 1 null vector. As concerns
the hand, a reference frame, ¥y, . attached at the distal phalanx of finger j
belonging to hand 7, could be defined and, thus, the kinematics of the 7th

finger, with respect to the palm frame, becomes

a; a;
0= | e % | 22
where gy, is the vector of joint positions of finger j, belonging to hand i,
R;ﬁf,j is the rotation matrix representing the orientation of the finger frame j
with respect to palm frame, o‘}:’j is the position of the origin of frame ¥, ..
The kinematics of the finger with respect to world frame can be computed

as

Ty, (4;;) = ToTo(q,)T5 (a5.,), (2.3)

where T, is the constant homogeneous transformation between Y, and X,
g, ; is the vector of joint positions of the whole arm/hand system.

In order to derive the differential kinematics, it is useful to represent

the velocity of Xy, . with respect to ¥, by the (6 x 1) twist vector vl}ij =

T

b ) . b b, . ..

[oz’i_T, wz’fT] , where oy | and w y denote the linear and angular velocities
2y 2y s s

of the finger frame with respect to the fixed base frame, respectively. It is

worth noting that Rfi,]- = S(wy,, )Ry, ;, where S(-) is the skew-symmetric
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operator representing the vector product [63]. Hereafter, only for notation
compactness, the index i labeling the arm is dropped. The differential kine-
matics equations relating the joint velocities to the velocity of frame Xy, can
be thus written as

b _

JIJ)Dj(qJ')
Uy =

] qj' = J%]-(q]')"]ja (2.4)

T

where q; = [an qﬂ , J%j is the Jacobian of the arm, ending with finger 7,
J

and J S’Dj and J l(’)j denote the Jacobian linear and rotational part, respectively.

The detailed expression of J%j in (2.4) is

Tr, = [GaT(ij,h)JZ(qa) R(q,)J% (a;)| (2.5)

where J? is the Jacobian that maps the joint velocity of the arm, g,, to the
velocity of the frame ¥, R, = diag{R’, R"}, R. € SO(3) is the rotation
matrix denoting the orientation of ¥, with respect to the fixed base frame,
;j is the Jacobian that maps the joint velocity of the jth finger, gy, to the
velocity of 3y, expressed with respect to ¥, o} , = o} — o} and GaT(ol}’cM)
is given by
Gl(o),) = [I‘”’ - “’39"“)] ,
O3 I

where I, and O, denote a (« X «) identity and null matrix, respectively.

Therefore, the differential kinematics equations of the whole arm-hand

system can be written in the form
= ). (2.6)

T T
where ¥} = [vl}’clT v?ﬂ , q = [qT qj, -+ dqj,| »and J is the
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Jacobian of the overall arm-hand system, whose detailed expression is

GT (04, )Tt (a,) Ro(a,) T (ay) - o)
Gl(o% )J(q, o O

J(q) = <f21) () . . . :
G (o4, ) Th(q,) o) o R(q) 5, (ay),

where O denotes a null matrix of appropriate dimensions. The differential
kinematics of the ith arm/hand systems, in terms of common world frame
coordinate becomes

6; = Ji(q;)q;

Ji(q;) = RbiJ?i(Qbi) ’

where R, = diag{R,,, R;}, R, is the rotation matrix representing the

(2.7)

orientation of ¥, with respect the inertial common reference frame.

2.2 Contact modeling

Contact allows to impose a desired motion to the object or to apply a desired
force trough the object. Hence, all possible grasping actions are transmitted
trough contacts, whose modeling and control is crucial in grasping. The
three models of greatest interest in grasp analysis are known as point contact
without friction, hard finger, and soft finger.

The point contact without friction (PwoF) model is to be considered when
the contact area is very small and the surfaces of the hand and object are slip-
pery; only the component of the translational velocity normal to the object
surface on the contact point is transmitted to the object. The two compo-
nents of tangential velocity and the three components of angular velocity are
not transmitted. Analogously, the normal component of the contact force
is transmitted, while the frictional forces and moments are assumed to be

negligible.
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A hard finger (HF) model is used when there is significant contact friction
and the contact patch is small. When this model is considered, all three
translational velocity components of the contact point on the hand and all
three components of the contact force are transmitted through the contact.
Angular velocity components and moment components are not transmitted
through the contacts.

The soft finger (SF) model is adopted when contact surface, due to finger
deformation, is not negligible: friction moment around the contact normal
are significant. The three translational velocity components of the contact
on the hand and the angular velocity component about the contact normal

are transmitted.

2.3 Contact kinematics

Both the object and the robotic fingers are often smooth surfaces and then,
depending on the contact type, manipulation involves rolling and/or sliding
of the fingertips on the object’s surface. If the fingers and object shapes are
completely known, the contact kinematics can be described by introducing
contact coordinates defined on the basis of a suitable parametrization of the

contact surfaces [39, 42].

2.3.1 Contact kinematics from the object point of view

By assuming that the hand grasps a rigid object, it is, thus, useful to intro-
duce a frame, >, attached to the object, usually chosen with the origin in
the object center of mass. Let R, and o, denote, respectively, the rotation
matrix and the position vector of the origin of ¥, with respect to the base
frame, and let v, denote the object velocity twist vector. Let Y. be the

contact frame attached to the object with the origin at the contact point,
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o.,. Notice that, instantaneously, the object contact point o.; and the finger
contact point oy, coincide. One of the axes of ., e.g., the Z axis, is assumed
to be the outward normal to the tangent plane to the object surface at the
contact point.

The position of the contact point with respect to the object frame, Op., =

O

07 —0g, can be parametrized, at least locally, in terms of a coordinate chart,

c;:U; C R? — R3, which maps a chart’s point £ = [uj ’Uj:|T € Uj to the
point 07 . (§;) on the surface of the object [39].

By assuming that ¢ is a diffeomorphism and that the coordinate chart
is orthogonal and right-handed, the contact frame Y., can be thus chosen as
a Gauss frame [39], where the relative orientation, expressed by the rotation
matrix B¢, has the following expression

(] CO CO

o
C, . ) X C).
Uj vj Uj Uj

R’ (§) =

“ Tl Tl Te, xerll) >
and hence it is computed as function of the orthogonal tangent vectors
¢, = 0c}/0u; and ¢ = 0cj/dv;. Function ¢§(§;(?)) denotes a curve on
the object’s surface parametrized by the time variable ¢t. Hence, the corre-
sponding motion of Y., with respect to the base frame can be determined
as a function of the object motion, the geometric parameters of the object
and the curve geometric features. Namely, computing the time derivative
of equation o, = 0, + Roc?(ﬁj), which provides the position of the object
contact point in the base frame, yields

%
0&;

where the first two terms on the right-hand side specify the velocity contri-

0, = 0, — S(R,C(E,))w, + R,

J

&, (2.9)

bution due to the object motion, while the last term represents the finger
velocity relative to the object surface. On the other hand, for the angular

velocity, the following equality holds

We; = W, + Rowy, (2.10)

0,c57
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o
0,¢;

where wj .. is the angular velocity of ¥, with respect to ¥,, that can be

expressed as

wo., = C(&)§;, (2.11)

where C'(§;) is a (3 x 2) matrix depending on geometric parameters of the
surface [42]. Matrix C' is not necessarily full rank (e.g., is null in the case
of planar surfaces). In view of (2.9), (2.10) and (2.11), the velocity of the
contact frame can be expressed as

We,

Ve, = locj] = G{ (&)vo, + J ¢, (§))E;, (2.12)

where G, (§;) and J¢,(§;) are (6 x 6) and (6 x 2) full rank matrices, respec-

tively, having the following expressions

oc?

I, —S(R,c2(&))) R,

GT(gy= |3 JAS (£ = OE .
& (63) [03 I ] Tele) ROC(Z-)

2.3.2 Contact kinematics from the finger point of view

It is assumed that the fingertips are sharp (i.e., they end with a point, denoted
as tip point) and covered by an elastic pad. The elastic contact is hence
modelled by introducing a finger contact frame 3, attached to the soft
pad and with the origin in the tip point og,, and a spring-damper system
connecting oy, with the origin of 3.  This last frame is attached to the
rigid part of the finger (w.r.t. Fig. 2.1) and has the same orientation of ¥
The displacement between ¥y and ¥, due to the elastic contact force, can

be computed as
oy, — ok, = (I — Al;) R,n°(§), (2.13)

J

where [; and 0 < Al; < [; are the rest position and the compression of

the spring, respectively, and n’ is the unit vector representing the outward
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Figure 2.1: Local parametrization of the object surface with respect to 3,

normal to the object’s surface at the contact point, expressed with respect
to 2.

The contact can be modeled with an unactuated 3-DOFs ball and socket
kinematic pair centered at the origin oy, of ¥,. This origin is, in general,
fixed to the soft pad of the finger, but it may also move on the surface if sliding
is allowed. Therefore, the relative orientation of ¥, with respect to 3, RZJ,',
can be computed in terms of a suitable parametrization of the ball and socked
joint, e.g., Euler angles or angle-axis representations. If the parametrization
in terms of XY Z Euler angles is adopted, a vector 8; = [(91], 02, ng]T
can be considered; thus, R’jjf = R’j;(Hj). In detail, 6;;, and 0, parametrize
the so-called “swing” motion, aligning axis Z of a moving frame to axis Z of
the contact frame, while 03, corresponds to the “twist” motion about axis Z
of the contact frame. Singularities occurs for ¢y, = £m/2, but they do not
correspond to physical kinematic singularities.

Notice that, in the presence of a contact force, tip elasticity allows mutual
translation of X, with respect to Xy, according to (2.13), while the mutual

orientation does not change. Therefore, RZ’ = Rfj Moreover, the angular



Chapter 2. Modeling 29

velocity of X, relative to Xy, can be expressed as wg o = D(6,)6,, where
D is a transformation matrix depending on the chosen parametrization [63].

: . fi :
In view of the decomposition w., = wy, + Ry,(q;)wy . and equation (2.4),

the angular velocity of 3., can be computed also as a function of joint and

contact variables in the form

we; = Jo, (q]')‘ij + Ry, (qj)D(0j>9ja (2.14)

with Jo, defined in (2.4). Moreover, since the origins of X, and X, coincide,

the following equality holds
o.; = oy, = o5, — (l; — Al;) R,nj(§;), (2.15)
while the time derivative of (2.15) yields

0., = Jp(a;)d; + ALRAI(E;) +

on;(¢;)
O€,

+ (lj - Alj) S(Ra'ﬁ']o‘(sj))wo - R, éj ) (2'16)

with Jp, defined in (2.4).
By considering (2.14) and (2.16), the velocity of the contact frame can

be expressed as

Jl&j (5]-, Alj)‘sj - Gilj (£j7 Alj)vo, (2.17)

where Jp, is defined in (2.5), Jy, is a (6 x 3) full column rank matrix

0, ]
Ry (q,)D(6;)]

Jay; is a (6 x 1) vector
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J¢, is a (6 x 2) full column rank matrix

onj(§;)

l—Al)R,
( ]) ag] :

/ —
J&j -
O3><2

where O3y is the (3 x 2) null matrix, and Gilj is the (6 x 6) matrix

Al =

v |05 (AL —1;)S(R,n(E;))
O; O;

Therefore, from (2.12) and (2.17), the contact kinematics of finger i can

be expressed as
JFj (q]')qj‘ + J"]j (nja q;, Alj)ﬁj + JAlj (g)AlJ = G}r(m, Alj)vo, (2.18)

T
where n; = [,SJT Oﬂ is the vector of contact variables,

J,, = [—(Jsj +Jg) J"J‘] ’

is a (6 x 5) full rank matrix, and G; = G¢, + Gy, is a (6 x 6) full rank grasp
matrix.

Equation (2.18) can be interpreted as the differential kinematics equation
of an “extended” finger corresponding to the kinematic chain which includes
the arm, the finger joint variables (active joints) and the contact variables
(passive joints). Moreover, notice that (2.18) involves all the 6 components
of the velocity, while grasping constraints adopted in the literature usually
consider only those transmitted by the contact [40, 42].

Depending on the considered contact type, some of the parameters &;
and 6; are constant. Hence, by assuming that such contact type remains

unchanged during the task, the variable parameters at each contact point

are grouped in a (n., x 1) vector, n,, of contact variables, with n., <5.
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Differently form the classical grasp analysis, in this thesis the elasticity of
the soft pad has been explicitly modelled, although using a simplified model.
This means that the force along the normal to the contact surface is always
of elastic type. The quantity Al;, at steady state, is related to the normal
contact force f,. by the equation Al; = f, /k;, being k; the elastic constant
of the soft pad of finger j.

2.4 Dynamics of the arm/hand system

In the following the analysis will be focused on a single arm manipulator
equipped with a multifinger robotic hand; here, different from the previous
sections, the index 7 no longer indicate a particular arm/hand system.

The lagrangian formulation, according to [63], is chosen to have a compact
and not recursive description of the system dynamics. As first step, the
computation of the total energy, given by the sum of the kinetic and potential
energy, of the system needs to be performed. It is worth pointing out that
all the vectors and the matrices are expressed in terms of the manipulator

base frame coordinates.

2.4.1 Kinetic energy

The kinetic energy, associated to the arm, can be computed as
1
Ko==> mplp, +wl Mw,, 2.19
: 2 Pl D; + (2.19)

where m; and M, are, respectively, the mass and inertia tensor of link 7 of
the arm, p;, € N3, w; € N3 are the linear and angular velocity of the frame
attached on the center of gravity (CoG) of the link i.

The generalized CoG velocity of the ith link belonging to the arm can be



Chapter 2. Modeling 32
further expressed as
J ; (q;)

. [ P ] _
Z Wi Jf)(qi)

where p; is the CoG position of the ith link, J!(q;), J,(q;) are computed

4, (220)

according to [63]

J(a;) = [Tu(@) Jha(@) - J(a) 0], (2.21)
Jf)(qi) = [nyl(ql) Jfﬁ(q2) JZoz(Qz) Oa—i}a (2-22)

where ¢, = [¢ @2 ... ¢]", J;Z-(qj) (J%;(q;)) is the contribution of joint j to
the linear (angular) velocity of link 7. Equations (2.21), (2.22) represent the
contribution of all joints, up to the ith, to the linear and angular velocity of
the CoG of link 1.
The kinetic energy associated to the fingers can be expressed as
1 M Ji - o
Ky=3 Z Zm?pi P tw Mjw;, (2.23)
j=1 i=1

where mg , M{ are, respectively, the mass and inertia tensor of link 7 be-
longing to finger 7, pf € R3, wg € R are the linear and angular velocity of
the frame attached on the center of gravity (CoG) of the link i belonging to
finger j, f; is the number of links composing finger j.

The velocity of the CoG of each link of the jth finger can be computed as

vl = Gliv,+vl,, (2.24)
where i = 1,2,...,n;,
o I, —S(p
sz (pga) _ 3 (pz,a> ’ (2.25)
’ ’ O; I

v, = [PE waT]T € R° is the generalized velocity of the palm frame ¥, (which

2,a

T
coincides with the arm end-effector frame), v, = [p{va w } , P, € R s
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the relative position of the CoG of link ¢, belonging to finger j, with respect
to the palm frame, wia € N3 is the relative angular velocity of the CoG of
the link 7, belonging to finger j, With respect to the palm frame. Linear and

angular relative velocities p{ s

]
j y 2
Via = i =
’ J
wi,a

where qg = [q{ ,q% s qf], qf is the position of the ith joint belonging to
the jth finger, while J;’j, J% can be formally obtained via (2.21), (2.22) by
replacing g; with qg , Qr With qi and h with f;. The kinetic energy of the

wj , could be further expressed as

J4 (g’ .
O (2.26)
739(q])

system is given by

K=K,+Ky,
which, in turn, could be rewritten in a more compact form, by considering
equations (2.23)-(2.45), as

1, .
K= 34" Blg)q, (2.27)

where g = [an, qﬂT, q, € R, q; € R~ are the vectors of arm and fingers’
joints, respectively, B(q) is the block matrix

mm>mmq
B.(q) Byslq) |’

whose elements have the following expressions

B(q) = [ (2.28)

Bu(e) = Y (mid (a)dia) + I, (@) M. (a)) +

i=1

-

i
qa pz a)M]G]T(pz a)Ja(qa)> ?

JT
1
i
ZJT qa pza)MJJZJ(qf)
1

i=
j=11i=
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N o T

Br(a) = Y3 (TH(a.)GLp)MITF (a,) . (2.29)
j=1i=1

Bi(a) = D> (midy (@) Ty(a))+ T (a)) MITi()).
j=11i=1

where J, € R™*" is the geometric Jacobian of the arm and Mf = diag{m/Is, M7}.
The block matrices B,y and By, in (2.29) are coupling terms which take into
account the dynamic effect of the hand on the arm and viceversa. The fol-

lowing properties hold:
1. mutual symmetry of B, and Bfa, ie. By = Bfa,

2. B is symmetric and positive definite.

2.4.2 Potential energy

The potential energy of the arm can be written as
h
To=—) mig,p; (2.30)
i=1

where g, = [0, 0, —g]T is gravity acceleration, while for the hand the poten-
tial energy is given by

N fj

=Y. mig,pl, (2.31)

j=1 i=1

where p/ can be further expressed as
P! =P, +Pla (2.32)

and thus, the potential energy of the overall system is

N f] N f]

ZmZgapz szzgapa szjggpg] (233)

7j=1 =1 Jj=1 i=1
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2.4.3 Lagrangian equation

The Langrangian of the mechanical system is given by the difference between

the kinetic and the potential energy
L=K—-T, (2.34)
while the Lagrangian equation could be expressed as
d (oc\"  [oc\'
— (=) (=) = 2.35
dt(é’Q) (8q> & (2:3)

where £ is the vector of the generalized forces acting along the generalized
coordinates g. By substituting (2.27), (2.28) and (2.33) in (2.35), after some

computation, the ith component of (2.35) becomes

Z bii(@)d; + Y ii(a, @)d; + 9:(a) = &, (2.36)

j=1

where n is the total number of DOFs

N
n:h—f-ij,
j=1

b;j is the element ¢, j of the inertia matrix B, while a possible choice for the

element ¢; ;(q,q) of C(q, q), according to [63], could be the following

Cij= 2.5 -+ e : 2.37
=3 (G G ) o
g:(q) is the ith element of
oT\" S NE
9(q) = (a_q) ==Y mJilg,~> Y mlI{ g, (2.38)
=1 j=1 i=1

where j}’j = [ZGg,a(pg’a) Jj;j} and Z = [I3 O3]. The generalized force &
is the resultant of the actuation torques, 7, and the torques due to external

generalized contact forces (wrenches), h., acting on the fingers

E=1—Jlh,,
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where J. the geometric jacobian mapping joint velocities into contact point
twists; if the grasp involves only fingertips, then J. = J°. Finally the dy-

namic model of the overall system can be written as

B(q)g+C(q.q9)q+g(q) =7—J h. (2.39)

2.5 Dynamic model of the floating base hand

The model of the coupling effects between the hand and the arm, could
be computed by considering, instead of the whole system, a dynamically
equivalent one, made up by the same robotic hand, able to freely move in
3-D space, on which the arm’s action has been considered by means of an
external wrench acting on the floating wrist.

Let us define the state of the wrist as

z=|p7 or | (2.40)

where p, is the vector pointing at the origin of the wrist frame X,, Q, is is

the unit quaternion

Qa == {naa €a}7

representing the orientation of 3, with respect to the base frame 3J,. In order
to determine the dynamics of the floating base hand, a set of lagrangian

generalized coordinates is chosen as

T
x = [ x, qf } ; (2.41)

where g, is the vector of finger joint positions. Following the Lagrangian

formulation the total energy of the system needs to be computed.
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2.5.1 Kinetic Energy

The kinetic energy of the system can be computed as follows

N f]
1
JT nord J
K= 5 vIM v, + = g g vl" M, (2.42)

jlzl

T
a

(which coincides with the arm end-effector frame), M, = diag{m,Is, M},

where v, = [p, w ]T € RO is the generalized velocity of the palm frame ¥,
mg, and M, are the mass and the inertia tensor of the wrist, respectively, v
is the generalized velocity (twist) of the frame attached to the CoG of link ¢
belonging to finger j, Mf — diag{m/I5, M?}. The twist of the CoG frame
of each link belonging to the jth finger can be computed as

'v"z — G‘]T’Ua —I'— ’UZ a’ (243)
where .
. I. —S(p
G]T (pz a) _ 3 (pl,a) 7 (244)
O; I
: T
v, = [fz wfﬂ , P, € R is the relative position of the CoG of link 4,

belonging to finger j, with respect to the palm frame, w{,a € N3 is the relative

angular velocity of the CoG of the link 7, belonging to finger 7, With respect

to the palm frame. Linear and angular relative velocities pia, w; , could be
further expressed as
) J (gl
vi = | Pia ) | T, (2.45)
’ Wia I (q))

where qg = [q{ ,q% s qg], qz is the position of the ith joint belonging to

the jth finger, where

Ty ah) = [T5(ad) T3ad) - T a]) 0y,
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T3 (ap) = [Tl () T(@) - Til(a]) 0g,-]
and J;’g (J;,i) is the Jacobian representing the contribution of joint k to the
linear (angular) velocity of the CoG of link ¢ belonging finger j.

The wrist velocity could be written in terms of x,

'va:Laibm
I, O,

A e (2.46)
03 La

L,=2 [ €. Nols— S(e,) }

In view of (2.46), the kinetic energy can be rewritten in a compact form

K= %wTB(zc)zc, (2.47)

where

B(x) =

Bu(x) Buy(x) ]
Ba(xz) Bys(z)
is the inertia matrix of the floating base hand and

N fj
Bu(z)=L) | M,+> Y G/ MG, | L,
j=1i=1
Bup(w) =Y Y LIG| ,M]J}{ Ly,
jz:vl Z'le (2.48)
J . _ . AT
Br(@) =Y. > (L1G1,MITY)
=1 i=1
N nj )
.71 n, 1,7
By(@) =) ) Jy MUY
=1 i=1

It is worth remarking that B is symmetric and positive definite.The following

properties hold:

1. mutual symmetry of B,; and B?a, ie. By = B?a;

2. B is symmetric and positive definite.
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2.5.2 Potential energy

The potential energy of the floating base hand is computed according to

N fj

T =magap, + Y Y migipl, (2.49)

j=1 i=1
It is worth noting that

p] =p, + R.pl",
where pf}; is the relative position of the link ¢ CoG, belonging to finger j,
with respect to ¥,, with respect to the wrist frame coordinate, while R, is

a function of 9,

Ra (Qa) = 7721-3 + 2€a€;r - 2naS(€a)‘

2.5.3 Lagrangian equation

Since a non-minimal representation has been chosen for the orientation of
the wrist frame, the so-called lagrangian variables, i.e. the component of
the vector x, are not independent: 4 of them are constrained. Thus, the
Lagrangian of the system must take into account this constraint, which, in

turn, can be expressed as
o(x)==(1-2"Q" Qx) =0, (2.50)

where Q@ = [O3 I, Oy and f is the number of the hand’s joint. The

constraint expressed via (2.50) establishes that Q, must be a unit quaternion.

DO | —

Finally, according to [42], the Lagrangian of the constrained system can be

written as
L =L+ (), (2.51)

where L is the lagrangian of the unconstrained system and \ is the lagrangian

multiplier. The lagrangian equation becomes

B(x)& +C(x, &) +(x) + A (a—i) =£,, (2.52)
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where C, according to [63], is computed as

_ .\ - 1 6bi,j 8ka o abj,k .
Cijlx, @)= ; 5 (axk + ar,  or, > T, (2.53)
4 is given by
5(@) = (0T Jow)", (2.54)

while the term £, is the vector of the generalized forces acting along the

lagrangian coordinates . By noting that

99 1
a_m - Q Qwa
equation (2.52) can be rewritten as
B(@)i + C,&)& + 7(x) = £, + \Q"Q, (2.55)

from which A can be computed by pre-multiplying the (2.55) by T, obtaining
A=z" (B(z)E+C(z,&)x +v(x) —&,). (2.56)
By folding (2.56) into (2.55) and after few algebraic steps, it yields

x)=¢, - Bx)zx'Q'Qx,  (2.57)

gm = (I7+f - QTwaT) 717 (258)
where the following relationship has been exploited
' QT Qi = —&' Q' Qi,

obtained by differentiating twice the constraint (2.50). If the system reaches

a static equilibrium, the virtual work is null

—vlh + q}Tf —vih, =0, (2.59)
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where v, € R is the vector stacking the finger velocities at each contact
point, n, is the number of contact points, h. € R is the vector stacking
the contact wrenches, 7y € R' is the vector of commanded torques (I is the
number of hand DOFs), v, € R¢ is the vector of generalized wrist velocities,
h, represents the wrist wrench. The contact generalized velocities (twists)

can be further expressed as

T

v.=G, ('r'a)'va +ven (2.60)
vcyh = chqf7

where 7, is the vector stacking the position of each contact point with respect

to the wrist frame,

Gulra) = [Gu(rw) Guylres) - Gy (ra) ]

Gai (rai) -

I3 O;
S(Tai) I3 ’

J . is the hand jacobian mapping the joint velocities into contact point twists.

The principle of virtual works becomes
—v, (he + Ga(ro)he) + a5 (1 — T he) = 0. (2.61)
By recalling (2.46), it yields
—iy Ly (ho + Ga(ro)he) +q; (75— Jphe) =0, (2.62)

which could be rewritten in a more compact form as

—L} (hy + Gy(ry)h.
e et (263)
Tf - chhc
from which it could be recognized that
_LaT (h'a + Ga(ra)h@))
£, = T : (2.64)
Tf - chhc

since ¢, = 0.
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2.6 Contact analysis

The detailed dynamics of the grasped object can be expressed as
B,v, + C(v,)v, + g, = G.(r,)h. — h., (2.65)

where B, = diag{m,I3, M,}, m, € ® and M, € R3*3 are the mass and
inertia tensor of the object respectively, v, € R° is the generalized velocity of
the frame ¥, attached to the center of gravity (CoG) of the object, C(v,) €
R0 is the matrix collecting the centrifugal and Coriolis terms, g, € R is

the gravity generalized force, G.(r,) € R6*5" is the grasp matrix

Goro) = [ G(ro) Guylres) - Guy (o) |-
(2.66)
1 o
G (ro,) = ’ ’ g
S(Toi) _[3
r=[rlrl . or) ] T and r,, € R? is the relative position of the ith contact

point with respect to the origin of 3,. The other terms in (2.65) are h,, the
contact wrenches, and h., which is the environmental interaction wrench, i.e.
it takes into account the case in which the grasped object collides with other
bodies populating the external environment.

Depending on the contact model, (2.65) can be rewritten by considering

only the force transmitted to the object through the contact

B,v,+ C(v,)v, + g, = G(r,)h; — h., (2.67)
where h; = [htT1 htT2 ...hac]T denotes the vector stacking the transmitted
forces, and

G(r) = | Gi(ro)) Golr) .. Gulr,) |,

where the expression of G;(r,,) € R, h;, € R™ and n; depend on the chosen

contact model; it could be useful to consider 4 cases:
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e Point contact without friction: only normal forces are transmitted.
Thus, n; = 1 and

_ T
hti - ni hcia

i

nZ
S(ry,)n;
where m; is the unit vector normal to the object surface at contact

point ¢.

e Point contact with friction: only forces (no moments) are transmitted.
Thus, n; = 3 and
h’ti = H3h’cia

Gi(roi) =

I, ]
S(r,,) ’

where H, a selector operator which extracts the first @ components

friction

/ cone T
| ifn
-I>< w | — fD - ﬁ

object
surtaeé

side view

Figure 2.2: Friction cone. f, represent the normal forces where p is the

friction coefficient

from a vector of dimension 8 > a, Hy, = | I, O4p-0o ] The friction
law imposes that the components of the total force transmitted to the

object through the contact, should lie in a limit surface, called friction
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cone, F; as shown in Figure 2.2. Let R,, = [n] ¢} k/]T be the rotation
matrix representing the orientation of contact point ¢ on the object
surface, where n; is the outward normal to the object surface while ¢;
and k; are the unit vector spanning the tangent plane, then the friction

cone can be written as

1
Fim e 9 Ll R < il (268)
i
where p; is the friction coefficient.

e Soft finger: in this case, not only forces are transmitted but also the

moment around the normal axis. Thus, n, = 4 and

I; O
ht':[ s 3]hci

' 0 nj
Gi(r,,) = Is Os
e S(r,,) m;

The transmitted force can be written in terms of components h;, =
[f., my,)" where f, € R is the contact forces and my, the torsional
moment, around n;; thus, a definition of the friction cone, according

to [52], can be stated as

1 1
Fim { e e b TR 4 < T},
Hi SV
(2.69)
where 1; is torsional friction coefficient and a is a characteristic length

of the object that makes measurement units consistent.

e Rigid contact: the finger can be thought as "welded" on the object.
Thus, n, =6
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From equation (2.67), assuming that rank(G(r,)) = 6 and the null space
of G(r,), hereafter N'(G), is not trivial, contact generalized forces can be

computed via the following
hi = G, (r,) (B,0, + C(v,)v, + g, — he) + Nay, by, (2.70)

where GI,V and Ng, represent a weighted right pseudo-inverse and a null
projector of the grasp matrix, respectively, while the matrix of weights, W,
depends on the contact model and can be chosen according to [4]; hy, € RV,
i.e. the internal contact forces, are wrenches not affecting the object motion,
that represent internal stresses applied to the object. On the other hand,

contact forces which generate the object motion,
hi, = Gl (r,) (Byv, + C(v,)v, + g, — he), (2.71)

are called external contact forces, h.,. The forces exerted by fingertips on

the object are the sum of the internal contact forces and the external ones

h’t — htE + ht[' (272)

2.6.1 Grasp restraint

The most fundamental requirements in grasping and dexterous manipulation
are the abilities to hold an object in equilibrium and control the position and
orientation of the grasped object relative to the palm of the hand. The two
most useful characterizations of grasp restraint are force closure and form

closure.

Form closure

According to [52], a grasp has form closure if and only if

th htn - _h'ea:t

Vhey € R, (2.73)
htn Z Onc
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where the subscript ¢, emphasizes that contact point without friction has
been considered and h.,; is an arbitrary vector of R representing all possible
external forces acting on the object. It is worth pointing out that inequalities
referred to vectors, as in (2.73), should be considered element-wise. The
physical interpretation of this condition is that equilibrium can be maintained
under the conservative assumption that the contacts are frictionless as shown
if Figure 2.3.

Figure 2.3: Example of form closure. Image extracted from the Handbook
of Robotics [52].

Under the hypothesis that G, is full row rank, i.e., rank(G;,) = 6, and
has more columns than rows, it is well known that the general solution of
(2.73) is of the form

hi, = hup + anhiy, (2.74)

where h,,, is the particular solution representing the vector stacking contact
forces which balance the external wrench, i.e. Gy h,, = —hey, aphyg is
the homogeneous solution, «y > 0 is a scalar and h, is a vector of normal
contact forces which lies in the null space N'(G,,) of G;,. More in detail,
if the dimension of N'(GYy,) is h (i.e., dim(N(Gy,)) = h), then the vector of

internal forces h,, can be written as

Boo = b+ P hy Lt Z—hl, (2.75)
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where «; (i = 1,2,...,h) are scalars and the set {hq, ho,... h;} forms a
basis for N (Gy,).

By using the same argument used in [35], it is easy to show that if there
exists a suitable choice of coefficients {ay, ..., an_1} such that h,o > 0, hy,
can be made non negative by choosing «y, large enough; thus, the following

equivalent condition for form closure can be stated

G h,y = 0,

2.76
ho > 0, (2.76)

The geometric interpretation of form closure suggests that the positive span
of the columns of G;, must include the origin of the wrench space. This
means that there exists a set of strictly compressive normal contact forces in
the null space of G;,. In other words, the object can be squeezed as tightly
as desired while maintaining equilibrium.

Let us consider the case in which the object is constrained, along some
directions, by means of a bilateral constraint. A bilateral constraint, acting

at some point on the object, can be expressed, at velocity level, as
F'v, =0, (2.77)

where F' € R%*™ is the matrix whose columns define the direction along
which the object is constrained and n, represents the number of degrees of
freedom lost. It is reasonable to assume that n, = rank(F), since otherwise
the constraints would be redundant.

An object twist which satisfies (2.77) must lie in the null space of F*

v, =N (F')p, (2.78)

where IN (FT) € RO js a matrix whose columns form a basis for the
null space of F' denoted as A/ (FT), p is an arbitrary vector in R"». Note
that the dimension N (FT) is n, = 6 —n,. Since the columns of N (FT)
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form a basis for N (F), i.e., FTN (FT) = O, it can be recognized that also
ApF = O with Ap = (N (FT))T, and thus (2.78) can be rewritten as

v, = Arp. (2.79)

A definition of form closure similar to (2.73) can be derived by considering
the grasped object at the equilibrium and applying the Principle of Virtual
Work. Since the system is in equilibrium, the virtual work, dU, associated
with a small displacement of the object du, compatible with the constraint,

must be zero

§U = 0u” (G4, hy, + Fhy + hey) =0, (2.80)

where h;, € R" is the vector of the bilateral constraint reactions, h.,; is an
arbitrary vector in R% representing an external wrench acting on the object.

For small virtual displacement the following equality holds
ou = v,0t, (2.81)
which allows one to rewrite (2.80) as
§U = §tv} (Gy hy, + Fhy + hey) = 0, (2.82)

By recalling (2.79) and the fact that ApF = O, or equivalently, the fact that

the virtual work of bilateral constraints must be zero, the (2.82) becomes
prAp(Gy h, + hey) = 0. (2.83)
By defining G, € R " as

th - AFtha

and h.y € R as

h'ea:t - AFhext7
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equation (2.83) yields
étnh’n - _Hemt' (284)

It is worth remarking that rank(G},) < n, < 6, since the bilateral constraints
remove some of the object’s degrees of freedom. Hence, the definition of form

closure for bilateral constrained objects can be stated as follows

étn h'tn = _hext )

2.85
h, 0, (2.85)

v

n c’

which is formally analogous to the definition given in [52].

Under the assumption that G, is full row rank, i.e., rank(G;,) = n,, and
has more columns than rows, it is well known that the general solution of
(2.84) is of the form

htn = hnp + OfhhnOa (286)

where h,,, is the particular solution, i.e. @tnhnp = —he, aphyg is the
homogeneous solution, being «; > 0 a scalar and h, a vector of normal
contact forces which lies in the null space N (G,) of Gy,. More in detail,
if the dimension of N'(Gy,) is h (i.e., dim(N(G,,)) = h), then the vector of

internal forces h,y can be written as

hoo = by + 2 hy 4+ Dy (2.87)
Qp Qp
where «; (i = 1,2,...,h) are scalars and the set {hq, ho,... h;} forms a

basis for N(G,,). By using the same argument used in [35], it is easy to
show that if there exists a suitable choice of coefficients {«;, ..., a,_1} such
that h,o > 0, h;, can be made non negative by choosing «y, large enough;

thus, the following equivalent condition for form closure can be stated

étn hnO = Onp )

2.88
hnO > Onc' ( )
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The geometric interpretation of form closure with bilateral constraints is
analogous to that adopted in the case without bilateral constraints - the pos-
itive span of the columns of G, must include the origin of the wrench space.
This is the wrench space of reduced dimension formed by eliminating the
wrench space associated with the bilateral constraints. Also, it is convenient

to express the null space of G, as follows
N (G,) = R(G:,) NN (Ap). (2.89)

where R denotes the range of a matrix.

Frictional form closure and force closure

The common definition of frictional form closure can be written as

Gth't = _hext
h, € F

V Ry € R, (2.90)

where F is the composite friction cone defined as:
szl X "'anc:{h'teg%nt | hZ€E7Z:1,,TLC},

being F; the friction cone at the ¢th contact point. This definition requires
that each contact force must lie in its friction cone and does not consider the
hand’s ability to control contact forces, since there is no dependency on the
manipulation system.

A grasp has force closure if and only
Gtht = _he:vt
h, € F V hey € RO (2.91)

The force closure definition is similar but stricter than frictional form closure;

as depicted in Figure 2.4, it additionally requires that the hand be able to
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Figure 2.4: Example of force closure. Image extracted from the Handbook
of Robotics [52].

control the internal object forces as required by the last condition in (2.91).

In the case of bilateral constrained objects, the principle of virtual works,
with reference to an equilibrium configuration of the object, allows one to

write

§U = 6t p" Ap(Gihy + Fhy + h.y) = 0. (2.92)

where G; € R*™" is the grasp matrix, h; € R™" is the vector stacking
all contact wrenches including friction components. By recognizing that the
virtual work associated to the bilateral constraints must be zero, it follows
that

oU = p" Ap(Gihy + heyy) = 0; (2.93)

thus, by defining G; = ArGy, the following definitions can be stated:

e FErictional form closure. A grasp is said to have frictional form closure
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if and only if
éth’t = _hezt

h, e F

V Ry € R (2.94)

e Force closure. A grasp is said to have force closure if and only if

étht = _he:vt
h,cF V hey € RO, (2.95)
NG)Y)NN(JT;)= 0

where F denotes the composite friction cone and J, is the hand jacobian.
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Control Scheme with redundancy

resolution

Multi-arm systems equipped with robotics hands are, generally, kinematically
redundant, i.e. they have more DOFs then those required by the assigned
task. The redundancy is often a desired feature: it allows to achieve sec-
ondary objectives (e.g., maximize dexterity, avoid obstacles) in addition to
the primary manipulation task. In this chapter, an on-line planner is pro-
posed in order to execute multiple tasks at different priority, by ensuring, at
the same time, that both environmental (obstacles or human in the robots’
workspace) and mechanical constraints (e.g., joint limits) are always satisfied.
Moreover, since the number of active tasks can change dynamically, smooth
behavior of the system is guaranteed when a task is deactivated /reactivated.

Forces are controlled via a parallel force/position scheme.

53
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3.1 Control architecture

In order to exploit the redundancy of the multi-arm/hand system, the fol-

lowing two-stage control architecture is proposed:

[ fa
Y

9 _>| Arm control and
J. n, finger force / pose Robot + object
| controller

Inverse
kinematics

YYY
- 0.0

A N

A A T

Redundancy
resolution

Planner

Figure 3.1: Block scheme of the control architecture

e the first stage is a motion planner, given by a closed-loop inverse kine-
matics algorithm with redundancy resolution; the algorithm computes
the joint references for the active joints corresponding to a desired ob-
ject’s motion —assigned in terms of the homogeneous transformation
matrix T',, and the corresponding twist velocity vector v,,— and to the

T
desired contact normal force f,; = [ fa, -+ fay| for the fingers;

e the second stage is a parallel control scheme, composed by a PD position
controller and a PI tip force controller; the controller ensures tracking
of the desired joint motion references computed in the first stage and

the desired contact forces.

In ideal conditions, the joint references computed by the inverse kinematics
stage ensure tracking of the desired object motion. Tracking of the desired
contact forces is guaranteed by force control, assuming that force sensors at

the fingertips are available. In principle, the joint references of the overall
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manipulation system could be controlled; however, it is reasonable to design

a force controller acting only on the joints of the fingers.

3.1.1 Planner

As it will be detailed int next section, a force control strategy is adopted
to ensure a desired constant contact forces fq, along the direction normal
to the contact point. Hence, by assuming point contact model and that
Aly = Aly; = fq,/k; is fixed (Al; = 0) Equation (2.18) can be rewritten as
JFj(qj‘)qj‘ + Jnj(n]w q;, Alj)hj = éf('r’j’ Alj)v,, (3.1)
where the subscript j labels the finger. It is worth recalling that equation
(3.1) can be seen as the differential kinematics of an extended finger which
includes the arm kinematic chain, the j finger active and passive foint. Let be
N = Z?il N; the total number of finger, or equivalently of contact points,
with V; number of finger belonging to the i¢th arm/hand system and n,
number of arms composing the manipulation system, then the differential

kinematics of the whole system can be written as

J(@,A)G =G (1, A, (32)
T -

where ¢ = [qT nT] cJ = [J Jn]’ J is the Jacobian of the arm-hand sys-

tem defined in (2.6), J,, = diag{J,,,- - - , J,, } is a block-diagonal matrix cor-

T

responding to the vector of passive joint velocities , 1 = [nrf ce nﬂ , G
- T

is the block-diagonal grasp matrix G = diag{ G, -+ ,Gn}, Al = [All . -AZN}

T
and v, = |vl ... UOT} . If a minimal representation is chosen to parametrize
object orientation, from (3.2) the following closed-loop inverse kinematics al-

gorithm can be derived

~ ~t ~T .
q,=J (q;,Aly)G (n, Aly)x. + N,o,

~ . 3.3
Ci’,'c =T (EEO) (Eiod + Kogo)v ( )
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where the symbol | denotes a weighted right pseudo-inverse, K, is a diagonal
and positive definite matrix gain, N, = I — jTj is a projector onto the null

space of the Jacobian matrix J and

wod Lo, €0,

To,= | 1|, =1 |,8=1]"1, (3.4)
:BOd :BON eoN

T (%,) = diag{T (z,) ... T (o)}, (3.5)

where x,, and x,; are the planned and the actual object poses, respectively,

€, =

; 0q — To; and T’ (:1:0].) is the transformation between &, and the object

velocity v,,, computed on the basis of the kinematics of finger 7. The quantity
Algin (3.3) is the vector collecting the finger elastic pad deformations Aly, =
fa;/kj corresponding to the desired contact force f,.

If a quaternion based representation is chosen, the expression of x. results

to be slightly different with respect to that in (3.3)

- ~f ~T .
q,=J (q;,Aly)G (n, Aly)x. + N,o, (3.6)
"'Bc = %od + Koéoa

where the error é;; is defined as

EO, — [pOd_pO]’ ] ,
'J ~
€.
J

where p, and p, are the palanned and the actual positions while €, is
the vector part of the unit quaternion Q,, extract from the rotation matrix
ﬁoj = Rngoj, with R,, and R, representing the desired and actual object
orientation, computed via the forward kinematics of the extended finger.
Since the system may be highly redundant, multiple tasks could be ful-
filled, provided that they are suitably arranged in a priority order. Consider

m secondary tasks, each expressed by a task function o, (q) (h=1,...,m).
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According to the augmented projection method [2|, the null projection can be
better detailed as

m

3 ~t - ~T .
q,=J (44, Ala)G (ng, Alg)T. + Z NI Kyeq,, (3.7)
h=1

where J,, is the hth task Jacobian, Jﬁl is the augmented Jacobian, given by

~T T
J;j:[J Jr o J;{H} : (3:8)

N(Jﬁl) is a null projector of the matrix Ji?n K, is a positive definite gain
matrix and e;, = oy, , — 0y

the hth task variable.

, is the task error, being o, , the desired value of

The augmented projection method can be also adopted to fulfill mechani-
cal or environmental constraints, such as joint limits and obstacle (i.e., other
fingers or the grasped object) avoidance. To this aim, each constraint can
be described by means of a cost function, C(q), which increases when the
manipulator is close to violate the constraint. In order to minimize the cost
function, the manipulator could be moved according to —VEC(Z{), that could
be considered as a fictitious force moving the manipulator away from con-
figurations violating the constraints. In order to include the constraints in

(3.7), an overall cost function Cyx, given by
Cs(@ = 3" 1:C.(@) (3.9)

is introduced, where v, and Cs are a positive weight and a cost function,
respectively, referred to the sth constraint. Therefore, the following term
can be added to (3.7)

q, = —keN(JA

tm+1

)ngcz, (3.10)

where ky is a positive gain.

If the system is close to violate a constraint, a high level supervisor has
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to remove some secondary tasks and relax enough DOFs to fulfill the con-
straints [34]. To manage in a correct way removal/insertion of tasks from /into
the stack (task sequencing), a task supervisor, based on a two-layer architec-
ture, can be designed: the lower layer determines when some tasks must be
removed from the stack and the tasks to be removed; then, the upper layer

verifies if the previously removed tasks can be pushed back into the stack.

Removal and insertion of the tasks

The first layer verifies if the planned trajectory will cause a constraint vio-
lation at the next time step. Hence, a task must be removed from the stack
when the predicted value of the overall cost function at the next time step
is above a suitable defined threshold, C. Let T be the sampling time and T
the actual time (where  is an integer), the configuration at the time instant

(k 4+ 1)T" can be estimated as follows

~

qu(r +1) = Gu(k) + Tqu(r). (3.11)
Hence, a task must be removed from the stack if
Cs (Ed(m + 1)) >C. (3.12)

Once it has been ascertained that a task must be removed from the stack,
the problem is to detect which task has to be removed. To the purpose,
different criteria have been proposed in [34], with the aim of verifying the
conflict between the constraints and each task. In detail, in [34] two criteria
are presented: the first one compares the velocities induced by a subtask
and by the gradient of Cy; the second criterion considers the projection of
the gradient onto the null space of the task Jacobians. A new criterion
is presented. Given two generic tasks, whose Jacobians are J,, and J;,

respectively, they are defined as annihilating |2] if

Ji J}, = 0. (3.13)
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The annihilation condition can be considered as a compatibility condition be-
tween the tasks, since it is equivalent to the orthogonality condition between
the subspaces spanned by J tTw and J tTy . Therefore, in order to select the sec-
ondary task less compatible with the constraints, the following compatibility

metric can be introduced

Mo, = [vaes 7

. h=1,...,m. (3.14)

The more M, is close to zero the more the hth task is compatible with the

constraints: hence, the task having the maximum value of M,, is removed.

The tasks removed by the first layer must be reinserted into the stack

as soon as possible, provided that the reinsertion does not cause constraint

violation. To this aim, a prediction of the evolution of Cy, at the next time

step is evaluated by considering the effect of each task currently out of the

stack, i.e.,

4, (k+1) = Qu(r) + T}, &1, (x). (3.15)

Therefore, let C < C be a suitably chosen threshold, a task is pushed back
into the stack if

Cs (ah(ﬁ n 1)) <c. (3.16)

Smooth transition

Task sequencing might cause discontinuities in the planned joint velocities
due to the change of active tasks in the stack [34, 64]. In order to achieve a
smooth behavior of the motion planner output, for each task a variable gain,

pt,, is defined in such a way to behave according to the following dynamics
e reactivation
Py, + 1Py, = po_1(t = 7), p, (0) =0, (3.17)

e deactivation

pth + Py, = 1 — N(s—l(t - T,)’ Pty, (0) =1, (318)
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where 7 and 7’ are the time instant in which the task is inserted into the
stack and the time instant in which it is removed, respectively, and 1/p is
a time constant. Since the sistems defined in (3.17) and (3.18) are linear
first order system, it is trivial to show that the time evolution of p;, is the

following

1 —e =7 reactivation requested at time istant 7,
pu, (t) = , o o (3.19)
e Ht=") deactivation requested at time instant 7/,

These gains guarantee the continuity of the planned joint velocity, Ed, during
the insertion and removal of the tasks.
In sum, the planned joint reference vector for the controller is computed

via

o o~ ~T . -
Qo =J (G0 Al)G (g, Al + Y p, N(J2)T] K ey,

h=1

— kyN(J} )vg Cs. (3.20)
d

tm+1

3.1.2 Parallel force/pose control

Since the motion planner provides joint references (i.e., g, and g,) of the over-
all dual-arm /hand system, any kind of joint motion control can be adopted
for the arms, while joint torques for the jth finger are computed according

to the following parallel force/pose control law in the operational space

J]T(qj)t(KpAZBj — KDth + ,fdj + kFAfnj
—i-/f]/ Afnjd<+gj(qj))7
0

where g;(q;) is the vector of the generalized gravity force acting on finger

(3.21)

J, Az, denotes the pose error of finger j between the desired value x;,, cor-

responding to 44, and the current one, x;, with respect to the palm frame
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Yo (or Xpp), Kp, Kp are gain matrices, kg, k; are positive scalar gains and
T

Af,, = [Afnj ﬁ]T OT} , being Af,,. the projection of the force error along

the normal to the object surface, n;, at the contact point j.

Control law (3.21) allows to track the assigned contact forces which are, in

turn, imposed to avoid contact breaks or excessive stresses on the manipu-

lated object, even in the presence of uncertainties.

3.1.3 Stability analysis

In order to prove stability of the system under the control law (3.21) the
dynamic model in the operational space [63] of the ith finger should be con-
sidered

M (z;)z; + Cj (x;), ;) T + g;(x;) = u; — f (3.22)

Iz
where M ; is the (6 x 6) inertia matrix of the jth finger, C; is the (6 x 6)
matrix collecting the centrifugal and Coriolis terms, f is the (6 x 1) vector of
generalized contact forces (acting at the fingertip), w; is the (6 x 1) vector of
driving generalized forces, through which the control torques can be obtained
via

T;=J](q;)u;. (3.23)
Hereafter the subscript j will be dropped for notation compactness. The
following properties hold [30, 62, 63]:

1. M is symmetric and positive definite; therefore, if A\, (-) (Ays (+)) de-

notes the minimum (maximum) eigenvalue, it is
0< A (M) Is<M () <Ay (M)Is, (3.24)
where Ay (M) < oo if all joints are revolute.

2. There always exists a choice of C' such that

M (x) = C (x, ) + C" (z, &), (3.25)
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moreover, C' can be upper-bounded as follows @
1C (x, @) || < k|||, (3.26)
with k. > 0.

The following assumptions have been considered
Assumption 1. Pose and force references are constant, i.e., g = fd =0.
Assumption 2. Quasi-static object manipulation, i.e., v, = v, = 0.

Assumption 3. The force along the normal to the contact surface is assumed
of elastic type, i.e., f,, = kAln = f,n.

Assumption 4. The object has a convex surface. For this kind of objects and
for quasi-static manipulation the time derivative of the unit vector normal to
object surface at contact point (see the Appendiz A.1 for further details), can

be norm bounded as follows

where p; = 0y, — oy, is the position of Xy, with respect to the palm frame 3y,

expressed in base frame coordinates.

By taking into account the elasticity of the normal force (Assumption
3) and by considering the object quasi-static (Assumption 2) the following

relationship between the force and position errors can be derived
Af, =k (Aly — Al) = kn” Az, (3.28)

T

where n = ['sz OT] is a (6 x 1) unit vector. By virtue of the integral
action in (3.21) and equation (3.28), the system (3.22) under the control law
(3.21) has a unique equilibrium at x., = x4 and f, = f,; (see Appendix
A2).
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In order to study the stability of the equilibrium, it is convenient to

consider a (13 x 1) state vector [62]

z Az
z= |zo| = |Azx|, (3.29)
23 As
where
t k
AS = S0 — 8§ = Soo — /0 (Afn — ;hTAw) ¢, (3.30)

p is a positive constant, k is the stiffness of the elastic pad and s, is the value
of s at the equilibrium (the explicit expression of s, is given in Appendix

A.3). The augmented state dynamics is thus given by

z=Az+b, (3.31)
with
~-M ' (C+Kp) ~-M ' (Kp+F) kM 'n
A— I o 0 1 (3.32)
0 —k (n - ﬁ) 0
p
1,.\T T
b— [k;fln (M~'n)" 0T 0] , (3.33)

where the dependencies of M and C upon @ and & have been dropped,
F = (14 ky)knn” and

t
k
I, = =50 — / ;nTAade. (3.34)
0

Theorem 1. There exists a set of parameters Kp, Kp, k¢ and k; such that

z1 and zo are locally asymptotically convergent to 0.
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Proof of Theorem 1 is given in Appendix A.4.

Since Az and Az are asymptotically convergent to 0, by recalling (3.28)
it can be seen that Af, asymptotically converges to 0 as well.

It is worth noticing that, differently from [62], it has been proven that
system (3.22), under the control law (3.21), is locally stable even when a

non-planar convex surface is considered.

3.2 Case study

The proposed scheme has been tested in simulation on a dual-arm/hand ma-
nipulation system (Figure 3.2) grasping a cardboard box. The manipulation
system is composed by two identical planar arm, with 2 DOFs each, and
two planar two-fingered hands, with 342 DOFs each, resulting in a total of
N = 4 fingers and 14 active joints.

3.2.1 Set-up configuration

It is assumed that, in its initial configuration, the system grasps the object
with tips 1 and 2, ensuring force closure, since the contact normal forces are
acting on the same straight line, while tips 3 and 4 are also in contact but in
arbitrary way. The main task consists in keeping the object still, thanks to
fingers 1 and 2, while tips 3 and 4 move in order to achieve a force closure
condition upon the object in a dexterous configuration, without violating a
certain number of limits and constraints. The force control loop ensures that
the planned forces are applied on the object. In this case study, the desired
forces for tips 3 and 4 are set close to zero, since they have to slide, but not
exactly zero, because contact continuity should be ensured during the whole
motion. Concerning fingers 1 and 2, higher values of contact forces have been

considered in such a way to hold the object without excessive stresses.
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Figure 3.2: Dual-arm/hand experimental set-up which has been built by
using the Bioloid© Expert Kit. The red numbers label the joints. The blue

numbers indicate the tips of the fingers.

The planner ((3.20)) and the controller ((3.21)) have been developed in
the Matlab© environment, while GRASPIT! has been used as dynamic sim-

ulator.

3.2.2 Dynamic simulation environment

GRASPIT! offers a dynamic engine which allows to deal with contact me-
chanics in a realistic way, since it is possible to simulate hard finger con-
tacts (as well as point contacts without friction) fulfilling non-penetration
constraints. Frictional forces and non-penetration constraints are expressed
via inequalities; thus, a Linear Complementary Problem (LCP) is solved by

GRASPIT!, at each time step, by using Lemke’s algorithm [37]. Moreover,



Chapter 3. Control Scheme with redundancy resolution

66

a collision detection system acts in such a way to prevent collisions within
bodies as well as to identify and mark contact regions.

GRASPIT! also provides C-MEX functions which allow communication
with Matlab©: it is possible to assign joint torques (only when the dynamic
mode is enabled) to the manipulation system, as well as, to read joint po-
sitions and contact forces. Some modifications to the source code of the
simulation software have been done in order to retrieve end-effector pose,
choose the reference frame in which contact forces are provided to Matlab®©
and include the prismatic dynamic joint class'.

The dual-arm/hand system model has been added to the GRASPIT!
robot library; accurate values of mass and geometric parameters have been
set, on the basis of available datasheets.

The elastic contact, described in Section 2.3.2, has been modeled by using
a rotational joint and a prismatic one, acting like a spring-damper systems,
isuch that the elastic force acts only along the direction of the object surface

normal at each contact point.

3.2.3 Secondary tasks and constraints

Different secondary tasks have been considered: the first two, aimed at choos-
ing the optimal contact points, are related to the grasp force-closure condi-
tion, the other one is related to a measure of the grasp quality, while the
last one regards the manipulability of the dual-arm/hand system. On the
other hand, two physical constraints have been considered: joint limits and
collision avoidance.

Unit frictionless equilibrium. By moving the contact points on the object

surface until the unit frictionless equilibrium is reached, it is possible to

IThe modified source code of GRASPIT! is available for download for Linux at
http://www.unibas.it/automatica/laboratory.html
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guarantee the grasp force-closure condition [42]. Such equilibrium is satisfied
when two positive indices, called frictionless force (¢;) and moment ()

residuals, are zero [18, 50]

Loy =,
e =5 f'f F=>_
N (3.35)
gm:lmm m:Zcfxnf,

where N = 4 is the number of fingers and n;(§;) is the surface normal of
the ith contact point, referred to the object frame. It has been shown that,
for two or more contact points, unit frictionless equilibrium is a force closure
condition for any nonzero friction coefficient [50, 51].

The Jacobian matrix of the unit frictionless force residual is given by

 Oe; O 0f 06, Of 08
Y 0q  Oof 0coq T 0¢0q’

T 9f  [oR° R

Where&:[&T 5%] and%:{fll @JVV

frictionless momentum residual the Jacobian can be computed as

gy, O£, O0mOE 1 0m O€

(3.36)

]. As for the unit

., Oom d(c§ x nl) (e x ny)
9 [ 9, Iy

It is worth noticing that, since the considered object is rectangular and
the opposite fingers of each hand are on the opposite sides of the rectangle,
the force residual index is always zero during the whole case study, therefore
it is not considered in the following.

Grasp quality. The unit frictionless equilibrium is necessary to achieve
the positions of the fingertips on the object surface ensuring that the external
wrenches acting on the object can be balanced by the fingers. A subset of

these positions might be selected according to a grasp quality index. In



Chapter 3. Control Scheme with redundancy resolution

68

general, several indexes can be considered: in this case study, the fingers
are commanded to reach a symmetric position with respect to the object’s
center. In detail, the following task function is considered

N 555

0 otherwise,

where &; is a threshold for the task activation and &, is the desired value
for the ith finger contact variable, with ¢ = 3,4. The desired value, g, , is
zero. The meaning of (3.38) is that the contact variables for fingers 3 and
4, the only fingers that can slide, should reach the desired position on the
object, represented by the values £;, and &4,, on the basis of the positions of
the fingers 1 and 2 on the object, denoted by the constant values & and &,
respectively.

Let oy = [033 054]T, the Jacobian J, (&) for the symmetric grasp sub-

task can be computed as

Js. (&) = aa?%, (3.39)
where
o 0, if i #
and
do,, | —sign(&a, — &), if [&a, — &l > &
o& 0, otherwise

Manipulability. In order to keep the manipulation system far from singu-
larities, the manipulability index presented in [63] can be considered for the

ith finger

wilq,) = \/det (Jr(q)Th(g)). i=1.....4. (3.40)
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However, a simplified manipulability index, computationally simpler than
(3.40) but still describing in an effective way the distance from kinematic

singularities, is adopted for the considered set-up, i.e.,

w; = 0.5(s3+ s5+ 8%+ s2)
w 0.5 (s3 + s2 + 52
? ( 2 73 , (3.41)
wy = 0.5(s3 + si3 + s1y)
where s, = sin(q,).
Hence, the following task function is considered
|wa, —w;| if |we, —w;i| > w;,
Ow;, = (3.42)

0 otherwise,

where w; is a threshold for the task activation and wy, is the desired value

for the 7th finger manipulability, with ¢ = 1,...,4. The desired value, oy, ,

T
is zero and a vectorial task function o, = (0, ... ow4] is considered.

The Jacobian J,,(q) for the manipulability subtask can be computed as
_ Jo, 0q

Jo, (@) = =) 3.43
(@) 9q 03 (3.43)
where
Ow, 0, ifi#y
dg; ((;qu:i,lflzj ’
and
. ow; _
90, —sign(wg, — wi)a—q, if |wg, —w;| > w;

dq;

0, otherwise

Joint-limit avoidance. A physical constraint to the motion of the system
is imposed by the mechanical joint limits. The system configuration is con-

sidered safe if ¢; € [gj,qj], for j =1,...,14, with ‘ and g; suitable chosen
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values far enough from the mechanical limits. The related cost function is

chosen as follows

14

CsL(q) = Z ¢ (a5),

J=1

kjeis(qjigj)Q - 17 if q; S q.,

¢i(g;) = 90, if ¢, <q <7,

k’jeé(qj_aj)Q —1, if q; > qj’

where k; and 0 are positive constants.

(3.44)

Collision avoidance. In order to avoid collisions between the fingers, a

value of the distance between the fingers larger than a safety value, d; it

is imposed; hence, if d;; denotes the distance between the ith and the i'th

finger, the following cost function can be considered
Coalq) = Z ¢ (),
where the sum is extended to all the couples of fingers,

ds - dii’
ki ———,

civ(dir) = i
O, if dii’ > ds,

if diyy < ds,

and k;; is a positive gain.

3.2.4 Simulation results

(3.45)

(3.46)

Parameters. The elastic contact parameters are: 1000 N/m for the spring

elastic coefficients, 20 Ns/m for the spring damper coefficients of all fingers,

while [; = 24.5-107% m is the spring rest position, with i = 1,...,4. Concern-

ing the planner (3.20), the gain for the object pose error has been tuned to
. T /e~ T —1
K, — 45015, while the pseudo-inverse of J, J — W'J " (JW*lJT> ,
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has been weighted by a matrix W = diag <[4 4 e 4 4 eHD, where
e, is a (1 x «) vector of ones, in order to limit the motion of the arms with
respect to that of fingers, assuming that fingers motion is less demanding
in terms of power consumption. The object is required to keep its initial
position [O 0,1]T m and orientation of 0 rad during the whole task.

The parameters used to define the secondary tasks are chosen as follows:
& =0, with i = 3,4, &, = —30- 1073 m, &, = 84.5 - 1072 m, for the quality
index subtask, w; = 0, with¢ =1,...,4, wg, = wg, = 1.80, wg, = wy, = 1.30,
for the manipulability subtask. Notice that both the activation thresholds
have been put to zero in order to precisely reach their null error conditions.
Subtasks gains are set as follows: k;, = 30, K, = 73.5I3 and K, = 1801,.

Since the mechanical limits of each joint are about +1.74 rad, the follow-
ing safety thresholds for joint limits avoidance have been set: q; = 1.6 rad,
q; = —1.6 rad; moreover, the other parameters in (3.44) are § = 2.2 and
kj =2 for j =1,...,14. As for the collision avoidance, the safety distance
ds has been set to 50- 1073 m and the gain k;; is equal to 1 for all couples of
fingers.

The task has a duration of 4 s. A Runge-Kutta integration method, with
time step of 0.2 ms, has been used to simulate the system.

The trajectories of the active joints computed by the motion planner are
the references for the control law ((3.21)). The parameters in such equation
are chosen as follows: Kp = 2-10°I3, Kp = 15013, kr, = kp, = 12.5,
kg, = kp, = 1.25, k; = 10. The desired values for the contact normal forces
are 2 N, —2 N, 0.2 N and —0.2 N for the fingers 1, 2, 3 and 4 respectively.
The desired values of the first two contact normal forces are bigger since the
corresponding fingers have to keep the object still while the other two are
required to slide along the surface (i.e., small contact normal forces values
are required) in order to reach a force closure condition.

Motion planner. The planner performance are summarized in Figure 3.3
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Figure 3.3: Object’s pose error computed on the basis of the direct kinematics
of each extended finger. Left, norm of the object’s position error; right,

object’s orientation error. Finger 1 is represented in blue, 2 in red, 3 in green
and 4 in black.

and Figure 3.4. In detail, Figure 3.3 shows the time history of the norm of
the object’s pose error computed on the basis of the direct kinematics of each
finger. It can be noticed that the error asymptotically goes to zero for each
extended finger.

Figure 3.4(a) reports the time history of the stack status. The main
task, with priority 1, is never removed from the stack, while the other tasks,
numbered from 2 to 4 are removed when some constraints are near to be vio-
lated. Notice that task 3 is never removed from the stack since, in this case,
it never affects the constraints. When the system is in a safe condition with
respect to the constraints, the tasks are re-inserted in the stack maintaining
their previous priorities. Moreover, it can be noticed that the peaks in the
time histories of the object’s pose error correspond to task insertion and/or
removal.

Figure 3.4(b) and Figure 3.4(c) show the cost functions related to the
joint limits and collision avoidance constraints, respectively. In a first phase,
their values increase; for this reason, the tasks farthest from the annihilating

condition are removed from the stack. When their values become almost
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Figure 3.4: Time histories of the constraints and secondary tasks. Subfigures

(e) and (f) use the some color legend as Figure 3.3.

zero, the removed tasks are re-inserted into the stack.

Figure 3.4(d) shows the moment residual €,,. This asymptotically con-
verges to zero, i.e., fingers 3 and 4 reach a force closure condition. Fig-
ure 3.4(e) reports the time histories of the grasp quality indexes oy, and oy, .
Such values converge to zero, since both fingers 3 and 4 reach a symmetric

position with respect to the object’s center from fingers 1 and 2, respectively.
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Finally, Figure 3.4(f) shows the time history of the manipulability measures
w;, with ¢ = 1,...,4, for each finger. The depicted values are equal or above

the desired ones wy,. Controller. The controller performance are summarized
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Figure 3.5: Object’s pose error. Left, norm of the object’s position error;

right, object’s orientation error.

in Figures 3.5-3.7. In detail, Figure 3.5 shows the time history of the norm

of the object’s pose error. It can be noticed that the errors do not converge
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Figure 3.6: Time histories of the contact normal forces errors.
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torques 6 and 13, red 7 and 14.
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(a) Initial configuration (b) Final configuration

Figure 3.8: GRASPIT! screenshots depicting the system in its initial and final
configuration. Prismatic joints, that model the fingers elastic pads, have not

been drawn.

to zero, but they present a constant offset. This is due to the absence, in the
control scheme, of the feedback of the object pose. In fact, sliding of fingers 3
and 4 affects the object’s motion, while the planner cannot take into account
these disturbances.

Figure 3.6 depicts the time histories of the errors of the normal contact
forces with respect to the desired ones. It could be noticed that all the errors
converge asymptotically to zero. Some peaks occur in correspondence of task
removal /insertion from /in the stack.

Figure 3.7 shows the time histories of the joint actuation torques. Their
values are smooth and compatible with state-of-the-art joint actuators.

Finally, Figure 3.8 shows the initial and final configurations of the system.
It can be noticed that fingers 3 and 4 move along the object surface until
their tips are on the same straight line on the opposite sides of the object,
in such a way to ensure both force closure and a symmetric position with

respect to the object’s center.



Chapter 4

Control scheme with force control

and object impedance

The control scheme described in previous chapter does not guarantee that
environmental interaction forces remain bounded, by being based on paral-
lel force/position control; thus, a different control strategy is also proposed
with the purpose of controlling normal contact forces and making the overall
system compliant in the case of an environmental interaction. In detail, ex-
ternal forces which ensure tracking of the planned trajectory for the grasped
object, and internal forces, which prevent contact breaks and/or excessive
stresses on the object, are regulated. An impedance behavior, enforced at
object level, ensures that interaction forces, between the object itself and the

environment, are kept bounded.

4.1 Control architecture

The considered control scheme is aimed at exploiting direct force control to

regulate normal internal forces, in order to stabilize the grasp, and external

77
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forces, so as to achieve the desired impedance at object level, as well as

improve grasp quality via suitably defined virtual tangential forces.

Object
Impedance

Controller Object

Voo, Vs

Figure 4.1: Block scheme of the overall control system

4.1.1 Object impedance

When the grasped object comes in contact with the external environment,
interaction forces may arise, leading to excessive mechanical stresses. Hence,
a compliant behavior of the object is wished so as to keep contact forces
bounded. On the other hand, during free-space motion, tracking of the de-
sired trajectory of the object is required, specified in terms of desired position,
P,q(t), and orientation, R,4(t), as well as in terms of the desired generalized
velocity, v,q(t), and acceleration, ¥,4(t). To this aim, normal contact forces
can be planned in such a way to impose an impedance behavior to the ma-
nipulated object. Namely, the desired external contact forces are computed

via the equation
fera = G'(r)(C(vo)vo + g, + Bobort
K,Av, + ha(Ap,, AQ,)) (4.1)
where f

external contact forces for each finger, G'(r) is a consistent right pseudo-

= [fr  fr f;FEdN]T is the vector stacking the desired

ced cgdyr J cpday

inverse of G(r) [4], Av, = v,q — v, € R® is the velocity error, K, is a
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positive definite gain matrix, Ap, = p,,—p, € R is the object position error,
AQ, = {An,, Ae,} is the unit quaternion representing the orientation error
[8], i.e., extracted form the mutual orientation matrix R, R4, An, € R is the
scalar part of AQ, and Ae, € R? is its vector part. The term ha(Ap,, AQ,)

represents an elastic force, defined as in [11]

K o0 A
hA - %) 3/ Po 5
K, K, Aeg,
, 1 1
K, = éRodeRZd—i—aRoKpRz,
, 1
Kpo = is(Apo)ROdeRoTw
K, = 2(AnJI;—S(Ae,))R, K, R},

where K, and K, are positive definite matrices.

From (4.1) and (2.65), the following closed-loop dynamics is obtained

B,Av, + K,Av, + ha = h. + GAf,_, (4.2)
where Af,, = [AfL  AFL . AFL T and Af., = foa — Fop i

the force error for the jth finger. Equation (4.2) clearly shows that a six-
degree-of-freedom mechanical impedance behavior is enforced. Assuming null
force tracking errors (Af. = Osy), equation (4.2) guarantees asymptotic
trajectory tracking in the absence of object/environment interaction forces

(h. = 0g), while a suitable compliant behavior is obtained when h, # Og.

4.1.2 Grasp quality

A major issue in multi-fingered robotic manipulation is that of positioning
the contacts on the object surface to obtain an optimal (or near optimal)
grasp quality and robustness. In the absence of any off-line accurate plan-

ning, initial contact locations are, in general, non-optimal and thus fingers
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should slide on the object surface to improve grasp quality as well as grasp ro-
bustness. A conventional way to measure grasp quality is the use of suitably
defined indexes. A quality index, ¢, is a function of the contact configuration,
i.e., (r) € R, which defines the quality of the current grasp, on the basis
of the chosen measurable parameters. In [18, 50| the so-called unit friction-
less equilibrium residuals are introduced: these indexes relate normal unit
forces to the grasp quality, such that the optimal location is achieved when
the static equilibrium is reached. However, other indexes related to contact
points location can be found in the literature [38] and new ones could be
defined as well. On the basis these indexes, it is possible to find a set of op-
timal contact configurations S = {r} : e(r;) =% k=1,2,...,ms}, where r}
is an optimal configuration, £* is the optimal value of the quality index and
mg is the cardinality of &, The optimal configurations can be characterized
by defining a convex non-negative scalar function U(r), whose minimum is
attained at the optimal contact configurations r; € S. In other words, U(r)
takes into account the distance of the actual contact configuration from the
optimal one. The objective is that of minimizing the cost function U(r), by

considering a virtual force defined as

fv=-VyU(r), (4.3)

where Vp is the gradient operator with respect to the variables r;, j =
1,..., N. It can be easily shown that the virtual forces always lie in the plane
tangent at each contact point. To this aim, consider a parametrization of the
object surface (as in Section 2.2) given by two independent parameters u;
and v;; the position of each contact point can be expressed as r; = r;(u;, v;);

therefore, U = U(71(u1,v1),...,rn(un,vn)). Assuming that r;(u;,v;) is at
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least of class C!, its gradient, expressed in the local reference frame, is
hu1 8u1 ! hv1 81)1 !
1 oU it 1 oU 0
huN aUN N hUN (%N N

where u; = (0r;/0u;)/hy,, ©; = (0r;/0v;)/h,, are the unit vectors spanning
the tangent plane at the jth contact point and h,, = ||0r;/0u,|, h,, =
|07 ;/Ov;|. Derivation of (4.4) is detailed in Appendix B.1. Since the virtual
forces act in the direction opposite to the gradient of the cost function, they
bring the fingertips to the nearest optimal contact location, i.e., the minimum
of U(r) (as shown by Theorem 1 in Section 4.1.3).

4.1.3 Controller

In order to achieve tracking of both the planned normal contact forces and
the virtual forces, a direct force control law with dynamic compensation of

all non-linear terms [63] is adopted
T = B(q)y +C(q,9)q + g(q) + I he, (4.5)
where y is computed as follows

y= J;1M31<Kpf(pfc+pr)_de_Mdqu) ,
Pre = kP (fea— fe) (4.6)
Pyv =~k fv

where M4, K 4, K, are positive definite diagonal matrices, p = [p{, p3, ..., py]",

p; € R is the position of the jth fingertip, ky., kyv, are scalar gains, the

desired value of the virtual force is set to zero,
. T T T
P, = diag ('n,ln1 , MaNy, ..., nNnN) ,

and n; is the unit vector normal to object surface at the ith contact point.
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Remark 1. If the manipulation system is functionally redundant, i.e., J,
has more columns than rows, control input (4.6) should be suitably modified
as

Yy = J;Mc?l (Kpf(pfc +Pry) —

. . , (4.7)
- Kgp — MdeQ> - N(Jp)quq,

where J; represents a right pseudo-inverse of J,, N(J,) represents a pro-
jector onto the null space of J,, while K, q, is a damping term added to

stabilize the internal motions.

Theorem 2. Under the assumption of quasi-static manipulation (i.e., v, =
v, = 0g, where v, is the object generalized velocity), control law (4.5) ensures

the convergence of contact point positions to an optimal configuration.

The proof of Theorem 2 is given in Appendix B.

4.2 Case study

The effectiveness of the proposed control scheme has been proven in a number
of simulation case studies developed in the Matlab/Simulink® environment.
The fingers should slide on the object surface in order to minimize a cost
function defined on the basis of unit frictionless force and moment residuals,
described in Section 3.2, and, simultaneously, to apply the correct normal
contact forces in such a way to drive the object along the planned trajectory.
Contact forces are modeled by means of software springs connecting each
finger to the object’s boundary and friction has been modeled by considering
a constant static and a viscous term, both acting against the fingers’sliding
motion. Hence, tangential contact forces are present and act like uncertain-
ties, since the object impedance design does not take them into account.
Two cases have been considered: in the first one environmental interaction

forces are not present, while in the second case an elastic force acts on the
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object CoG (i.e., contact with a purely elastic environment is considered).
The bimanual planar 14 DOFs arm /hand manipulation system, described in

Section 3.2.1, has been considered.

11

Figure 4.2: Bimanual arm/hand system.

Geometrical and inertial effective parameters of the manipulation system
are reported in Table 4.1. The the elliptic shaped object has mass m, = 1
kg , inertia moment M, = 10 kgm?, semi-major axis 70 - 1073 m, semi-minor
axis 28 - 1073 m. The controller has been designed by using a nominal model
in which the nominal link masses are equal to the 90% of the real masses,
while the nominal object’s mass and inertia moment have been considered
to be the 95 % of the real ones. The third and seventh link lengths of each
manipulator have been considered to be the 95% and 105% of the nominal
ones. Sensor noise has been simulated by superimposing a normal distributed
noise with zero mean and standard deviation equal to 5- 10~* rad to joint
positions, while, for contact forces a normal distributed noise with zero mean
and standard deviation equal to 5- 107 N has been considered. As concerns
object position (orientation), a normal distributed measurement error with
zero mean and standard deviation equal to 0.01 mm (rad) has been added
to the simulator output.

The control gains are chosen as M, = I, Kq = 90014, K,; = 8001,
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Table 4.1: Parameters of the manipulation system

Link m; - 10% [kg| | M; - 10%[kgm?] | a; - 103[m]
1,3,4,6,8,10,11,13 72 445 67.50
2,9 56 245 64.50
5,7,12,14 75 295 62

kf. = kpy = 30. The object impedance gains are K, = diag{120 120 4},
K, =3-10°I,, k, = 12 (scalar, since the orientation is represented by the
angle around the axis normal to the plane of the manipulation system).

The cost function U is chosen as

U(r) =exp (%pf(r) + %p”";(H?;)) —1, (4.8)

where ps(r) and p,,(7) are the so-called unit frictionless force and moment

residuals, respectively, defined as follows

N

ps(r) = Z ni(ry) mi(r;)
B (4.9)
Pm(T) = Z (7 x (1)) (ri X my(r)).

In (4.8) py(r) has been normalized to obtain a dimensionless quantity homo-
geneous to pg(r). It is worth noticing that both the residuals are non-negative
and thus the cost function reaches its minimum when both are zero.

In order to test the controller performance, three different simulations
have been carried out. In the first one, initial contact locations on the ob-
ject surface are arbitrary and non-optimal (non-null unit force and moment
residuals), and thus fingers slide on the object surface in order to minimize
U. In the second case, starting from the optimal contact configuration previ-

ously obtained, the object is moved along a smooth trajectory in the absence
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Figure 4.3: Bimanual arm/hand system in initial condition (top) and final

condition (bottom).

of interaction with the external environment. Finally, the same trajectory
planned for the second case is executed in the presence of environmental

forces acting on the object.

4.2.1 Regrasping

The objective is that of keeping the object still, while fingers are sliding
from their initial configuration, shown in Figure 4.3 (top), to reach the op-

timal one depicted in Figure 4.3 (bottom). Moreover, the controller is re-
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quired to ensure a certain amount of internal normal contact forces set as
fe,a = foN(G)n, where N(G) is the projector onto the null space of G
[4, 11], i.e., N(G) = Isy — G'G, f, = 10 N and n = [n], n], ni, n]]".
Figure 4.4 reports the time history of the norm of the normal force errors,

which converge to zero at steady state. Fingers motion on the object sur-

Norm of the normal force errors ~hand 1-
5
‘ —Finger
Z 1 —Finger
0.5 1 15 2

t[s]
Norm of the normal force errors ~hand 2-

‘ ‘ ‘ —Finger 3
z1 —Finger 4

15 2

=2

1
t[s]
Figure 4.4: Norm of the normal force error for fingers 1,2 (top) and 3,4
(bottom).

face induces force disturbances causing object position errors, depicted in
Figure 4.5; however, these errors are effectively counteracted by the object
impedance controller.

Figure 4.6 reports the time history of the virtual forces and the cost function

Norm of the object position error

Eog
0 0.5 1 15 2
t[s]
Object orientation error
0.1 T
B o
) 05 15 2

1
t[s]
Figure 4.5: Norm of the object position error (top) and of the object orien-

tation error (bottom).

U: it can be easily recognized that an optimal configuration is reached at

steady state.
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Figure 4.6: Norm of the virtual force errors (top) and cost function (bottom).

4.2.2 Object Motion

A smooth trajectory is planned for the object, consisting in a 50 mm dis-
placement along the horizontal direction and a 100 mm displacement along
the vertical one; the initial position is p, = [0 150]T mm.

The controller ensures accurate tracking of the object planned trajectory in

the absence of interaction forces, as shown in Figure 4.7. Figure 4.8 depicts

Norm of the object position error

1S
E0.5’ /”——\

0 1 2 3 4 5

t[s]
Object orientation error
0.1 T T
2 0

0L 1 2 3 4 5

t[s]

Figure 4.7: Norm of the object position errors (top) and of the object orien-

tation error (bottom).

the norm of the normal force errors: it can be recognized that the desired
force are tracked with small errors, which become null at steady state. By
considering the total forces acting on each fingertip (of the order of 10 N),
the presence of model uncertainties, and tacking into account the maximum
length when the system is fully extended (of the order of 30 c¢m), the maxi-

mum force and pose errors can be considered fully acceptable.
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Figure 4.8: Norm of the normal force errors for fingers 1,2 (top) and 3,4
(bottom).
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Figure 4.9: Norm of the normal forces for fingers 1,2 (top) and 3,4 (bottom).

Then, an elastic force acting at the object CoG is introduced
h.=-K.x,—x,), (4.10)

where K, = diag{5 N/mm,5N/mm, 0 Nmm/rad} models the environment

Norm of the object position error
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Figure 4.10: Norm of the object position error (top) and of the object orien-

tation error (bottom).
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stiffness, x, is the pose of the object CoG and x, = [0, 60, 0] (positions are
measured in mm while orientation in rad) is the spring rest pose. In the
presence of interaction, Figure 4.9 shows that the controller ensures limited

interaction forces at the expense of a position error, as shown in Figure 4.10.



Chapter 5

Control scheme with internal

force and wrist impedance control

Both the previous controllers, described in Chapters 3 and 4, consider each
arm-hand system as a unique mechanical system, while the third control
law described in this chapter deals with the two subsystems (the arm and
the hand) separately. The proposed control strategy enforces an impedance
behavior at the arm wrist to make the system compliant in the case of an
interaction between the object and the external environment. At the same
time, internal contact forces are regulated at a desired value in order to firmly
hold the object.

5.1 Control architecture

Grasping and manipulation of an object require fine control of internal con-
tact forces, in order to stabilize the grasp when the object is moved along
a planned trajectory. Internal force control should prevent contact breaks
and /or excessive stresses on the object.

The control system should be able to safely handle environmental or hu-

90
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man interaction. A way to guarantee a safe behavior of the manipulation
system is that of considering the arm and the hand as different subsystems:
an impedance control scheme for the arm, ensures good tracking of the refer-
ence trajectory in absence of interaction, while enforcing a compliant behav-
ior when an unexpected interaction happens; as concerns the hand, internal

force control guarantees a firm grasp.

5.1.1 Hand control

Robotic hands are complex systems whose dynamics may be not known with
the accuracy needed in order to design a model-based controller: due to space
limitation, actuation systems results to be very complex and, thus, source of
uncertainties (they can present mechanical coupling between DOFS through
springs, clutches or tendons). To this aim, it would be useful to compute
motion references of the fingers through a dynamic planner. Then, a low
level controller will be in charge of tracking joint references. By assuming
that only fingertips are involved in grasping (fine manipulation), i.e. the
number of contact points and of fingers is the same, the dynamic planner for

finger 7, designed to control internal forces, is given by
Mdefl]J + deVZ -+ Kpwafl; = pr;;
c; cj c; c; c; (51)

where the superscript ¢; means that vectors are expressed with respect to 3,

vy € RO (v € RO1) is the relative reference accelerations (velocities) of

T
contact points with respect to arm wrist, Axy, = [Argj Aegj] , Arg, =
T4, — Ts;, Where 7, r4 have the meaning of rest and reference positions
relative to 3,, A€, = [Ael A€l ... Aefnc}T, Ag,, is the vector part of the

quaternion AQ; = Qg * Q;’ilj (i.e. the orientation error of finger j), where

Qu,s;» La,a; Tepresent the rest and the reference orientation, of the contact
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frame with respect to ¥,. The other terms in (5.1) My,, K4, K,,, Cy, C;
are positive definite matrices of gains, hy, = [ f;r,dj 031" is vector of desired
internal generalized forces, hy, = [f! ; 03] is the vector of measured internal
generalized forces. Desired internal forces can be achieved via standard grasp
force optimization techniques [45], to avoid slippage and excessive mechanical
stresses on the object.

By integrating equation (5.1) motion references (i.e. Qu 4., T4,, V4, V4,)
in cartesian space, which ensure internal force regulation, are available to

feed an Inverse Kinematics, hereafter 1K, algorithm.

5.1.2 Arm control

The aim is that of making the wrist able to track the desired trajectory with
good accuracy in the absence of interaction, while a compliant behavior must
be if interactions occur. This objective could be achieved via an impedance
control law. More in detail, an impedance filter is adopted in order to make
the controller performance independent from the knowledge of the dynamic
model, while a pure motion controller is in charge of tracking the motion

references. The impedance has the following dynamics
MdA'i)a + KdA’Ua + h/Ap = h,a - h'compa (52)

where Ao, (Awv,) is the acceleration (velocity) error, computed as the dif-
ference between the desired acceleration (velocity) v,, (v,,) planned off-line

and the reference one v,, (v,,),

W K, O; || Ap,
Ap — / ’ )
Kpo Ko AEdr
Kp = éRadeRad + QRaerRara
/ 1
po is(Apdr)Radeng

K, = 2(aIs — S(Aey))Ro, KR! |
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where K, K,, are positive definite matrices of gains, Ap,, is the error be-
tween the desired wrist position (depending on the planned position for the
grasped object) and the reference one, AQy, = [Andr AGET]T is the quater-
nion extracted from the rotation matrix Ry = R, dRaTr, which represents the
orientation error being R,, and R, the desired and reference orientation of
the frame ¥, respectively. The other terms in (5.3) are h,, which is the
wrench measured by the sensor and k. op,=— (Ga(ra)hc + (LaLaT)*lLaH{x)
computed through (2.52), being H,, the already introduced (in Section 2.6)
selector operator. h,,, compensates the effects on the wrist due to hand
dynamics and contact forces. Once the motion references are known, they
could be passed to a motion controller directly designed in the operational
space. An alternative is that of adopting an IK algorithm to compute the

joint reference trajectories for a joint space controller.

Remark 2. If the dynamic parameters of the hand are not available, it could

be enough to compensate the static effects of the hand and the contact forces,
heomp = — (Ga(ra)he + (LoLy) ' LoHqg(x)) . (5.3)

Remark 3. If a measure of the contact forces is not available, by consid-
ering that internal forces do not act on the wrist, under the hypothesis that

rank(G(r)) = 6, the external contact forces can be estimated via
fop = G'(r) (Bob, + C(v,)v, + g,), (5-4)
or, in the case of non perfect knowledge of the object dynamics, as
fo. = G(r)'g,, (5.5)

and substituted in (2.52) or, alternatively, in (5.3). It is worth noting that
G(r)' in (5.4) and (5.5) represents a right pseudo-inverse of G(r) while
G,h. = G,h., = G, [fT 0of]".
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5.1.3 Joint references

Since (5.1) and (5.2) provide motion cartesian references, an IK algorithm
is needed to compute suitable joint references in order to feed a low level
controller, as shown in Figure 5.1. A possible choice is given by the a law
similar to that in (3.3)

q,« = jilmm

- (5.6)
z.=v, +K,e,+ Ke, - Jq,,

where q, = [q, q;]" is the vector stacking joint positions of the arm (q,,
hh
T, WRIST
—>| nMPEDANCE
A \hh
INVERSE JOINT MANIP. SYS + 2
KINEMATICS ]__)[ CONTROLLER OBJECT :hc
hy, | maNDDYN A N a9
PLANNER 4.4, A
i?r
h.

Figure 5.1: Block scheme of the control architecture. I',, represents the
desired trajectory, in terms of pose, velocities and accelerations, for the
wrist, while I';, (I'f,) represent the reference trajectory for the wrist (contact

points)
and hand qfa), J is the following Jacobian

Ja 06n><l
OGnC XTg Jf

ng is the number of arm DOFs, [ = Zjvzl fj is the number of hand DOFs, v, =

[vaTT VdT} T, vy € RO is the vector stacking all relative reference finger twists,

e, is the velocity error i.e. e, = v, — Jq,, e, = [Ap} Ael Ar), Ae?e]T,
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Ap, (Ar,.) is the position error of the wrist (finger) (i.e. the difference
between the reference value and that computed via the forward kinematics
on the basis of g, ( q;,)), A€, is the vector part of the unit quaternion
AQ, = Q,, * Qe*al, where Q, and Q., represent, respectively, the reference
orientation and that computed via the forward kinematics on the basis of q, ,
A€, = [AG;FI A€ ... A(—:TTRC]T and Ae,, is the vector part of the quaternion
AQ,; = er * Q;jl representing the orientation error of finger j, where QTJ.
and er the reference and that computed via the forward kinematics on the

basis of q;, .

Remark 4. If the arm/hand system is redundant, i.e. J has more columns

than rows, (5.6) should be suitably modified

g, = J'a,+ N(J)(B - k)
a'c:'br—f—Kvev'}_Kep_'_]qr ) (57)
B=-Ng

where J' is a right pseudo-inverse of J, N (J) is a null space projector and

B — ksq is a term designed to stabilize internal motions..

A theoretical proof of (5.6) is reported in Appendix C.

5.2 Experimental case study

A case study has been conducted in order to test the performance of the pro-
posed scheme. The experimental setup, available at the Computer Science
Robotics Laboratory of the Rensselaer Polytechnic Institute (RPI), Troy,
New York, consists of a 7-DOFs Barret WAM and a Barrett Hand 280 at-
tached to the arm wrist. The available feedback consists of joint positions,
sampled at 500 Hz for the arm and 100 Hz for the hand, force/torque at the
wrist, sampled at 500 Hz and tactile pressure on the fingertip and palm (4
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matrices of 24 sensors each), sampled at 40 Hz. Robot Operating System
(ROS) [53] is used as software platform.

Tactile pressures are integrated onto the fingertip surfaces, in order to
estimate the normal contact forces. Since the hand is underactuated and
only normal contact forces are available as feedback, the control law (5.1)
has been projected along the unit vector normal to the object surface at
each contact point, (hereafter called simply contact normal). It is worth
noting that the hand has 4 motors, one for each finger and the forth for the
spread, which is the motion of fingers 1 and 2 around the axis normal to the
palm. The spread has been kept constant and set to zero. By neglecting the
spread contribution, the positional part of the hand Jacobian, J% € R°%%,

can be written as

Jb 05 0y
Jy=1 05 J} 03 (5.8)
05 05 J%

where JI}J_ € R3 the jth finger Jacobian. Because of the underactuation, each
Jl}j has been projected along the contact normal, therefore the Jacobian to

be considered in (5.6) is

j _ Jh O6><3

Osn, T
where J% = diag{J}, J3,, Ji.} , J} = nJTJI}j and n; is the jth contact
normal.

The performed case study consists of a first phase in which the object is
grasped by the hand and the contact forces are regulated to suitable values;
after the grasp is made, the object is moved along a planned trajectory while
a human operator interacts with the object itself: the idea is that of ensuring
a compliant behavior maintaining, at the same time, a firm grasp. At the
end of the trajectory the object is pressed against a planar surface without

neither sliding on it nor human operator interaction.
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5.2.1 Experimental results

The hand grasps the object in such a configuration that the fingertips are
symmetric with respect to the object CoG, as depicted in Figure 5.2; contact
normal forces are regulated to 5 N for finger 1 and 2 and 10 N for the thumb.

It can be recognized that the desired normal forces are a set of internal

Figure 5.2: Experimental setup in the initial configuration. The reference
frames are visible: base frame on the bottom and object frame on the top.

The axes are ordered as follows: x red, y green, z blue

forces since they constitute a self-balancing system (i.e. the total force and
momentum are zero). Despite the low rate at which the tactile pressures
data are sampled, 40 Hz, the controller, which runs at 100 Hz, is able to
drive the contact forces to the desired values, within an acceptable error, as
shown in Figure 5.3. For the first 24 s the object is grabbed and the normal
contact forces are regulated, in the last 16 s the trajectory is executed. After
the object has been grasped, starting from the initial configuration, depicted
in Figure 5.4(a), the object should be moved of —0.5 m along the z axis and
0.3 m along the z axis of the base frame (Figure 5.2) while maintaining the
position along the y axis.

The final orientation should be such that the x axis of the object frame is
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Normal forces

=]
00 5 io 1‘5 2‘0 i5 ?;0 3‘5 40
t[s]
g T " v—
z {ﬁ
00 5 10 15 20 25 30 35 40
t[s]
1 ‘ ——
Z g (
00 5 10 15 25 30 35 40

20
t[s]

Figure 5.3: Time history of the normal contact forces: finger 1 on the top,

finger 2 on the middle and thumb on the bottom

(a) Initial configuration

(b) Final configuration

Figure 5.4: Initial configuration (a) and final configuration (b) of the system

parallel to the = axis of the world frame. The trajectory has been generated

using fifth order polynomial time profile. During the motion, a human oper-

ator interacts with the object, by pushing or pulling the handle attached on

it, as it could be recognized in Figure 5.5. It is worth noting that only static

compensation has been performed according to (5.3). The manipulation sys-

tem should not be compliant along and around the y axis of the base frame,

thus the measured component of wrist forces and moment are not fed to the

impedance filter.

Figure 5.6 reports the IK errors of the object, defined as
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Wrist forces
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Figure 5.5: Time history of the interaction wrist forces and torques
1 167 | | ‘IK:posn‘lon erro‘r
b4 26 28 30 32 34 36 38 40
t[s]
4 IK:orientation error X7y 2
1X 10 ‘
OMW ‘T:# sl o
b4 26 28 30 32 34 36 38 40
t[s]
Figure 5.6: Time history of closed loop inverse kinematics error
Ap, =p,, — P, (5.9)

AQO - Qod * Q;}a

where p, (Q,,) are the desired position (quaternion representing the ori-

entation) of the object, while p, (Q,,) is the object position (quaternion)

computed on the basis of direct kinematics of the arm /hand system, through

the planned joint positions obtained by solving the differential equation (5.6).

Figure 5.7 shows the pose error of the object, which can be computed exploit-

ing (5.9) by substituting p, (Q,,) with measured ones p, (Q,); it could be

recognized that along the y direction there is a good tracking of the planned
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position, while an error is observed along the compliant directions. Around
32s the object interacts with a planar horizontal surface: this explains the
large error at steady state. The same consideration can be done for the orien-
tation error: the presence of the steady state error can be justified considering

that the surface is not either perfectly horizontal or planar.

Position error
! !

£ 0
-0.1 ‘ ‘ \

24 26 28 30 32 34 36 38 40
t[S] —X—Yy—Z
QOrientation error y

_0'24 26 28 30 tlE:Z] 34 36 38 40
S

Figure 5.7: Time history of the object pose error

In summary, the experimental case study shows that exploiting the impedance
paradigm together with internal force control allows to achieve a compliant
behavior and, at the same time, a firm grasp of the grabbed object. It is
worth noting that the interaction has been done by a human operator push-
ing/pulling the object and by hitting a planar surface at the end of the
trajectory: experimental results clearly demonstrate that the object is held

in any case.



Conclusions and future work

In this thesis, modeling and control of multi-arm systems equipped with
robotic hands have been tackled. Kinematic and dynamics model of such
complex systems are not trivial matters, since each arm equipped with a
robotic hand is composed of multiple interconnected kinematic chains.

Cooperative arm /hand systems are often kinematically redundant: in this
thesis a planner has been proposed to properly handle the redundancy in such
a way to safely fulfill multiple tasks. By exploiting null space projection tech-
niques, several tasks, even conflicting, can be simultaneously accomplished
with a certain priority order. Mechanical and environmental constraints have
been taken into account via mathematical cost functions: when one or more
task would bring the system close to violate the constraints, those tasks must
be disengaged and engaged again, if possible, when the system configuration
is far enough from the critical ones. Suitable metrics have been defined
in order to quantify the degree of interaction between tasks and constraints.
Smooth transition of the control variables has been guaranteed by using time
varying gains.

The approach discussed above, even if capable to avoid constraints viola-
tion, still needs the a priori knowledge of the whole environmental scenario;
this means that the control architecture will not guarantee a safe behavior in
the case of unexpected collision or interaction. To this aim, the impedance

paradigm has been exploited to safely handle interaction and collisions. If



the compliance involves the whole arm/hand system, a good regulation of
internal forces (i.e., those which do not contribute to the object motion) is
required, in order to keep the object still while the interaction takes place. A
control law has been proposed with the aim of regulating the internal forces
to a desired constant value, while the external one are controlled so as to
make the object behave like a mechanical impedance.

A different approach is that of separating the control of the hand from
that of the arm: the strategy is that of regulating internal forces only by
using the fingers actuators, while full compliance is imposed to the arm.

In summary, redundancy has been exploited only to fulfill multiple tasks
by fulfilling environmental and mechanical constraints. A further improve-
ment could be that of achieving a certain degree of fault tolerance if some
actuator functionality is lost.

Another important improvement would be that of merging the concepts
of task sequencing and object impedance: a planner, in charge of computing
object pose references, can be designed at the highest hierarchical level with
the aim of ensuring the desired behavior of the system.

In order to guarantee safe operation of the multi-arm system, in view of
tight human-robot cooperation, it would be useful to ensure the compliance

of the whole system, even in the absence of joint torque sensors.
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Appendix A

A.1 Time derivative of n

The linear velocity of the ith fingertip with respect to the palm frame can

be expressed as follows (subscript ¢ will be dropped for simplicity)

e

9

where GZT is the matrix composed by the first three rows of G7, U, 1S the

pr=Glv,, + R,——€+ (I — A)R,n° — Ryn°Al (A.1)

object relative velocity with respect to the palm and n°(c?(€)) is given by

on’ oc° .
T €. (A.2)

o)

Since the time derivative of the unit normal vector belongs to the tangent
plane of the object at contact point, by projecting Equation (A.2) in such a

plane, a suitable expression for n can be derived

n = L,v,+ Lyp;, (A.3)
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with
on
A, =T+ (- A Ad
=T (1= A), (A.4)
P, =1-nan",
Ly= g—ZAant, (A.5)
Lo=|L;, 8(R)+L; (- A)S(®) - S(e))]- (A.6)

It can be noticed that matrix A, is always full rank for convex objects
bounded by a smooth surface. Let f(c) be the function describing the surface

of the object, the normal at each point of the frontier, can be written as

n = g—é, and thus the gradient in (A.4) can be rewritten as
on
T H(c
9 7(c),

with H f(c) the hessian matrix of f(c). It is well known that for convex
function, the hessian matrix is positive semi-definite which, in turn, allows
us to state that A, is always invertible for regular convex surfaces, since it
is positive definite. Moreover, it could be recognized that both L, and Ly

are norm bounded, i.e.

HLO” koa ko > 07 (A?)
||Lf|| < kn, Kk, >0. (AS)

IN

A.2 System Equilibrium

System (3.22) under the control law (3.21) can be described by the closed-

loop dynamics

t
M:’b+Czb:KpAa:—KDa':JrAfnJrkFAfnJrkl/ Af,d¢C. (A.9)
0
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At the equilibrium, i.e., & = & = 0, * = x,, the following equality holds

+oo
K p( — o) + (1+ k) (Fa— Fu) + ki / Af,dC=0.  (A10)
0

Projection of (A.10) onto the tangent plane and along the normal unit vector

leads to
(Is—nn") Kp(xs— xs) = 0, (A.11)
nn’ (Kp (g — @) + (L4 kp) (fg— Fr) + ki /+00 Afndg) =0.
0 (A.12)
By virtue of the integral action, which gives Af, = f, — f, =0, and of

(3.28), it can be seen that n' (x4 — z.) = 0; Equation (A.11) ensures that
the tangential part of xy — x, is null and thus ., = ;. Moreover, from

(A.12) it can be noticed that / Af,d¢ =0 as well.
0

A.3 Proof of inequality (A.22)

By considering the expression of s in Equation (3.30), the term s, is given
by

+oo k oo L
S = / (Afn - —nTAw) d¢ = —/ —n' Azd(. (A.13)
0 P 0 P

Therefore, I,, becomes

ko[t
I, =~ / Ax"nd(, (A.14)
P Jt

A

T
where 1 = [nT OT} . From the assumption of quasi-static manipulation,
i.e., v, = 0, the following equality follows

Lp;
0

, (A.15)
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through which it can be recognized that
7]} = lI7l] < K|y ]l- (A.16)

Equation (A.16) allows to upper-bound 7, in the domain D as follows

k[T 1. ko[ p, L T,
I, = — Az nd( = — zond( < — | z2|| hg 1dC
P Jt P Jt P Jt
k +oo T ' k “+oo T k
< 2o [ RILpdc < SoLyll [ RlpdC < Sko| ).
P Ji p t P
(A.17)
where h,, is a (a x 1) vector of ones.
A.4 Proof of Theorem 1
Consider the candidate Lyapunov function
L ¢
V= o Pz, (A.18)
where P is a symmetric matrix
M pM 0
P=|pM pKp+Kp —km|, (A.19)
k
0 —k;[nT p?[
positive definite under the following condition
20° M (M)? krk
PAn(KDp) + A (K >max{—,— : A.20
(Kp) + nlKr) e (2.20)
Under condition (A.20), the function V' can be bounded as
1+ 2 1+ 2
Pzl <V < (Pl (A21)

where, since P is time varying, A, = rggl {m(P(t)} and Xy = max {2 (P(t))}.
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Consider the state-space domain defined as D = {z: ||z|| < ®}. It can
be recognized that the following inequality holds in the domain D:

k
I, < @k, 2. (A.22)
p

Some details about inequality (A.22) are given in Appendix A.3.

The time derivative V is given by
. 1.
V=2z" (PA + 5P) z + z' Pb, (A.23)

where P can be computed, by exploiting Property 2, as
c+Cc' p(C+C") 0
P=|p(C+C" o —km| . (A.24)
0 —km’ 0

After some algebraic steps, Equation (A.23) becomes

. krk
V =21 (Kp—pM)z, —z; (p(Kp—I—F)—k:[knnT—i—%nhT) Z9

—2TFzy 4 pz3C 2y + ki1, (21 + pzo)Tn.
(A.25)

By exploiting Assumption 4 and Property 2, the time derivative V can

be upper bounded as follows

V < = (An(Kp) = pAu (M) = pke®) || 21>+
— (pAn(K p) — krik — kik®k,) || za||*+ (A.26)

ik
+ (k(l + ky) +2%kn®) [ENIEAE

and rearranged in a suitable quadratic form

V<=l l=l]@ [ =] ] , (A27)

1zl
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where @Q is the (2 x 2) matrix

1 krk
(K ) = pAar(M) = pke®, —2 (k: (14 kf) + Q%kné)
Q=1 4 bk
-3 (k (1+ k) + 2Lknq>) L pA(K,) — k(1 + OF,)
p
(A.28)
On the basis of (A.27) and (A.28), V is negative semi-definite in the domain

D provided that Q is positive definite, i.e., if the following inequality holds
An(Ka) = pAar(M) + pked +max {0, £ 1 (A.29)

where

-1

oo (k (14 k) + 2’%%@)2 (,o)\m(Kp) k(14 <I>kn)> (A30)

Moreover, since V' is a non-increasing function along the system trajectories,
the inequality (A.21) guarantees that all the trajectories z(¢) starting in the

domain

A (P)

Dy = {z 2(0)] < @ P } , (A.31)

remain in the domain D, Vt > 0.
Finally, since V = 0 only if z; = 0 and z, = 0, by invoking the La
Salle’s theorem [29], it can be recognized that, if z(0) € Dy, z; and =z,

asymptotically converge to 0 while 23 is only bounded.
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B.1 Expression of V,U(r)

Let 7; be at least of class C!, in view of the chosen surface parametrization

r; = r;(u;,v;), the gradient of the scalar function U can be expressed as

ful’&'l + f’l)l'i)l
u U + [y, 0
v = | Bt (B.1)
fuNﬁN + f’UN’i}N
where f,. and f,, are the so-called scale factors.

From the total differential theorem it could be recognized that

dU = v, U(r)"dr, (B.2)
where the expression of dr can be computed according to the following equa-
tion

or [0r, orq or [ 0rs orsy
dr = — (=—d —d — | =—d —d e
" 81“1 (8u1 ur 81)1 Ul) + a’l"g (8u2 Uz 81)2 02) + *
or [(Ory ory
— | =—d —d : B.3
+87"N (8uN uv + a’UN UN) ( )

By noting that
or, [ Oy ith#k
or, | I ifth=k
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B.3 Sim[)hﬁes in
( )
B 87’1 87'1 7]

—d —d
8u1 ur E)vl v

dr = EMQ Y avg . (B4)

c%N 87‘N
—d —d
L OJuy uv + ovy N J

Irs Iri| g, = Ori/ou
8ui (%Z- Tt ||8rl/8uz||

the differential dr can be further rewritten

. 8ri/8vi
_ nd &, = LV
|07/ 0|

y Moy,

By defining h,, = '

hulﬁldul + hvl'iildvl
By Gadtts + ho, ad
dr — tattz U202 (B.5)

huN'&,Ndul + hUN’lA)NdUN

On the basis of equation (B.1), (B.2) and (B.5) the total differential of U

becomes

N
AU = > (futti + fuo,0:)" (hu,lidu; + hy,idv;) =
i=1
N

i=1

where the last equality comes from the following properties

~T A AT ~
u; u;, =0, v; =1
AT A

u; v, =0

The total differential of U can be alternatively computed as

oU ou

dU = ——du; + —dv; |, B.7

> (G ) ®)

hence, by comparing equations (B.6) and (B.7) it is possible to write the
scale factors as f, = LE?U and f,, = LE?U
R T Y S
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B.2 Proof of Theorem 2

Consider the manipulation system described by (2.39) under the control law
(4.5), the closed loop system dynamics, obtained by folding (4.5) in (2.39),
is given by

Mp+ Kip=K, (p;.+Psv) (B.8)
The position of the ith fingertip can be written as p, = p, + r; and, by
differentiation, the finger velocity can be expressed as p, = p, + 7;. Suppose
quasi-static manipulation during fingers sliding, the vector stacking all finger

velocities becomes p = . By choosing the state z as

z rT—7r]
z = 1 = . k s
zZ9 r
the closed loop system dynamics in state space form can written as
21 = Z9

Zy =M, (—Kyzo+ K,,pso— (B.9)
—KpfkvaU(zl + ’I‘Z)) .

Consider the following Lyapunov function

1
V= QZQTK;;Mdz2 + kpoU(z1 + 7)), (B.10)

the time derivative is given by

V= 2, K| Kazs + 2,05 — oz, VU (21 + 17) +
+hpvzy VU(21 + 7} )=—24 K 42, (B.11)
in which zQTpfC = 0, since the finger sliding velocities, zs, are orthogonal to

the vector of normal force errors, p;.. From (B.11) it can be seen that Vs

negative semi-definite and V =0 for z9 = O3y.
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By invoking the Barbashin-Krasovskii-LaSalle theorem (see, e.g., Corol-
lary 4.1 in [29]) the asymptotic stability of the origin z = Ogy is guaranteed
if no solution can stay identically in Z = {z € RN : V = 0}, other than the
trivial solution z(t) = Ogy .

Let z(t) be a solution belonging identically to Z, it can be recognized
from (B.11) that z5(t) = O3y, that implies 2, = O3y and, from (B.9), p;. —
kyvVU(z1 + 1) = O3y. Since py. and VU(z; + ) are orthogonal vectors,
both of them must be null. Moreover, by the convexity of U(r), VU(z; +
r;) = Osy implies that U(r) reaches a minimum for z; = O3y. Hence
the only solution z(t) identically in Z is the trivial solution and it can be
recognized that z asymptotically converge to Ogy. In conclusion, the contact

configuration r converge to r;, € § and this proves the theorem.



Appendix C

C.1 Stability of internal motion

The law (5.7) could be analyzed in two different orthogonal domains, in the
cartesian space and in the null space of J. In Cartesian space, the asymptotic
convergence of e,, e, has been already proven [63]. In internal motion joint

space, according to [28|, consider the following Lyapunov candidate function
I.p.
Vo = §ng07 (Cl)

where @, is the vector of joint velocities, which, in turn, can be computed

as q, = IN(J)q; by taking the time derivative of q, it yields g, = N(J)q +
N(J)q. It is worth noticing that, since g, belong to the null space of J,
then N (J)§, = g, = NN (J)g+ N(J)g. The time derivative of V; is given
by the following

Vo= 340 = 4o N(J)a+ gy NN(J)q, (C:2)
by recalling (5.7) and after some computation, (C.2) becomes
Vo = —killgoll*, ks >0, (C3)

which is negative definite. Since

1 1 1
Vo = = [1gol1? & =llg|12 < Vo < =[1q,?

Vo = —kl|qoll”
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the equilibrium g, = O is exponentially stable. By being V| radially un-
bounded the result holds globally.
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