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ABSTRACT

The development of complex, human-like, multi-fingered robot hands, aiming at
being incorporated in household robotics, prosthetics or even in industrial appli-
cations and space has brought the problem of grasping in the spotlight of modern
robotics research. Grasping is a multiparametric problem during which the me-
chanical system (robot hand) interacts with the physical environment in order to
perform a manipulation task. Therefore, there arises the need for the development
of algorithms that, given sufficient information, produce successful grasps, taking
into consideration the constraints imposed by the mechanical structure of the hand
and also by the structure of the surrounding environment, aiming at satisfying the
grasping task’s requirements.

In this diploma thesis, the problem of deriving optimal grasps with respect to
different aspects of Grasp Quality is addressed, ensuring that the aforementioned
constraints are satisfied. The study conducted involves different approaches of this
problem. In particular, optimization schemes are developed for the case of i) a robot
hand with 15 actuated DOFs and ii) a hypothetical synergistic underactuated hand.
For both, the kinematic model of the DLR/HIT II five-fingered robot hand has been
considered. Emphasis is given to the grasping force minimization in order to de-
rive grasps consuming the least possible amount of power and also ensure that the
grasped object does not break. Besides, criteria concerning the ability of the hand’s
mechanism to produce the required forces and the task compatibility of a certain
grasp have also been considered. Upon modeling the desired task that needs to be
executed by the robot hand, our optimization schemes lead to hand’s postures that
favor its execution. Finally, an algorithm that aims at improving the Grasp Qual-
ity in real-time mode, after assessing information provided by tactile/force/vision
sensors, is developed.

The efficiency of all the developed optimization schemes and algorithms is clarified
through a simulation study for the model of the DLR/HIT II five-fingered robot
hand. 3D plots representing the simulation results of various cases are provided,
along with diagrams concerning the convergence of the criteria adopted.

vil



Ahyoprduol Behtiotonoinone Aafric Aviepévemy yia Emdédia
Pounotixd Xépla

Xpot6gopoc Mavpoytdvvng

Yyohh Mnyoavoloywy Mnyavixoy
Edvix6 Metoéfo Tloluteyveio
Adfva, EXNGda
2013

ITEPTAHWH!

H avdntudn odvietnv, aviponmonoppixdy, eTdEiiwy pOUTOTIXWY YEQUWY, UE GTOYO
elte TNV EVOWUATLOT| TOUS OE POUTOT oLxloxfg xou Brounyovixhc yehong, elte axoua
NV T0T0UETNGY Toug oe avlpwToug e avarmnpleg Eyer gepel To TEOBANUL TG AuBrc
AVTIXELMEVWY OO POUTIOTIXS Y€ OTO TPooX VIO TNg 6Oy Ypovng pounotixhc. Ilpbdxer-
O Y10 €V TOAUTIOPAUETEIXG TEABANUO XaTd To om0l TO PNyovixd cUoTnua (POUTOTIXG
Yépl) oAANAETORd UE TO QUOLXO TEQIBEANOY, TROXEWEVOU Vo exTeEréoEL o entuunTy
epyooio/yepond. SUVERADS, TEOXUTTEL 1) avdyxy yio avdntuéy ahyoplduwy mou Oe-
OOUEVLY OAWY TV amapaitnTwy TATNeo@opLwY, Yo utoloyilouy Oheg T TaPAUETEOUS
wag emtuyole Aofrg, AauBdvovtag umddn Toug TEPLOPIoUOUS Tou EmBAAovTOL amd
TNV XATACKEUT TOU YEPLOU AR o amd ToV TEPYBAAAOVTA YWEO, UE TEAXO GTHYO TNV
IXAVOTOIMNOT) TWY TEOBIAYRAPKY o £Y0ouy TEVEL Yiol T GUYXEXEWEVY Aol

Ye auth) TNV Otmhwuatiny epyacio, gpeuvdtal To TEOPANUN TOU UTOAOYIOUOU T1Q
BéhTiotne AaB3nic ¢ TEOoC BLAPORES TTUYES, SLoQUALOVTUC OTL LXAVOTOLOUVTUL Ol TEO0-
vagepBévteg mepopiouol. To mpdPinua avtwetoniletar yio 800 dlapopeTixols TUTOUG
pouToTX00 YEPOU. Luyxexpéva, aryoprduot BeitioTonoinong Eyouv avartuydel yia
NV TEpnTWoT L) VoS pounotxol yeptol dexonévte Bodumy eheudeplac xou u) €vig
CUVERYLOTIXOU UTOETEVERYOUUEVOU QOUTOTIXOU YEEWOU Tou 1) xvnot| Tou dtémetal amd
Tou¢ {Btoug xavoveg pe €va avipwmivo yéet. Kot yio Ti¢ 800 TEQIMTWOELS, WS XV
watix6 povtéro €yer Angel autéd tou pounotixot yepol DLR/HIT 11 "Eugaor éyet
dovel 0TV ehayloTononon TV SUVANEWY ETUPHC TV DUXTUAWY, TOOXEWEVOU vV &-
Aoytotorotniel 1 evepYELaxT| XATAVIAWOT xou ETIONG VA DIACPUMCTEL 1) AXEQUOTNTAL
TOU QVTIXEWEYOU OV Wog evitapépet. Emmhiéov, xptthplol Tou agopoly TNy txaveTnta
TOU UTYAVIOUOU TOU YEQLOU VAl TOPAYEL TIC AMATOUUEVES DUVAELS, xoWS ET{ong xou TN
oudfatotnTa Tng AaPng pe tov emuuntéd enoxdhovo YeLptouo /epyaoia éyouv exiong
cuunepingletl oty Tapoloa avdiucr. Ewucdtepa, petd Tt povielonolnon ng mpog
EXTEAEGT) ATO TO POPTOTIXG YEQL EpYasiag, oL alydprluot Tou TpoTelvovTan 001YoUY GE
UoVETNOT amd TO YEPL CUYXEXPWEVNS XIVNUUTIXNS XATACTACTC TOU EUVOEL TNV EXTEAE-
o1 e gpyaotag. Téhog, mpoteivetan £vag alyodprduog tou otoyelet ot Beltinon Tng
TolOTNTAS TNG hPBrg eVOC avTIXEEVOU GE TEAYHATIXG YPOVO, UET amd allohbyTon
TATPOQOPLOY TOU TUpEYoVTaL and acUNTAREC aPhg, OPAUCTS XAt UETENOTS BUVAUTNG.

H arotekeopatindtnTa 6Amv TV avantuyteviwy ahyopliuwy Bertiototoinong e-
AEYYETOU X0 ATOTUTVETOL U€ow Wog HEAETNG Tpocopoinong. Telodidotates emdveg

L Adyw tou 611 t0 mpdPAnua Tou TporypatevEToL ) Topoloa Epyacia euneptéyel ueydho nhhdoc amd
eEELBLXEVUEVOUC OPOUS, 1) HETAPEACT| TV omtolwy oot EAANvd Bev etvan o, xpldnxe npotiudtepo
vau Ypoptel €€’ ohoxhipou otat AyyAixd.

viil



OV OVOTORIGTOVY TA ATOTEAEGUATO TWY DAPOPWY TEQITTOOEWY ToL eEETALOVTAL, oo~
tidevtan pali ye Sarypduuata Tou agopoly T 6UYXAOT TwY LIVETNIEVTLY XxpLTnpiwy.
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CHAPTER 1
Preface

1.1 Introduction

Nowadays, robot hands are getting more and more complex and sophisticated. Sim-
ple grippers have been largely replaced by state-of-the-art, multi-fingered, human-
like robot hands with many degrees of freedom and high levels of dexterity. Conse-
quently, there arises the need for the design of corresponding, equivalently complex
and general algorithms that can efficiently control robot hands and exploit the ca-
pabilities of their hardware.

In this direction, specific emphasis has been devoted to the fundamental problem
of robot grasping. Grasping, an essential requirement for almost every manipulation
task is a complex problem of mechanics which can be approached by many different
points of view. Besides, human experience has proven that an object can be grasped
in many different ways depending on the task that we need to execute. However,
as humans grow older and get more and more aware of their environment as well
as of their body, they adopt intuitive optimization schemes, so that they grasp
objects consuming the least possible amount of energy and facilitating the desired
task execution.

Inspired by this simple idea, this thesis addresses the problem of the grasp op-
timization, taking into consideration the geometrical and mechanical constraints
imposed by the hand’s design and the grasped object’s surface properties.

1.1.1 Robot Hands

The evolution of the design of robot hands has led to the creation of state-of-the-art
multi-fingered robot hands which can play a significant role especially in the area
of service robots for domestic use but also in the area of rehabilitation robotics
or even in the high precision space exploration industry. The trend of imitating
the complex nature of the human hand has led many companies to build different
types of hands, incorporating different types of technologies. One of the first and
most widely known multifingered robot hands was the three-fingered Barrett Hand,
developed by Barrett Technology Inc (see Fig. 1.1).

Some of today’s most representative robot hands have been developed by NASA
[8], Shadow [9], DLR [10] and DLR/HIT [11,12]. In general, the modern human-like
robot hands can be separated in two main categories depending on their type of
actuation:

e External Actuation Hands, in which all the actuators are mounted in the
forearm (NASA Fig. 1.4 and Shadow Fig. 1.3).

1



Chapter 1. Preface

e Internal Actuation Hands, in which all the actuators and electronics are inte-
grated in the finger body and the palm (DLR, HIT Fig. 1.2)

Figure 1.1 — Barrett Hand, Barrett Technology Inc. [1].

Figure 1.2 — DLR/HIT Hand I (left) and II (right) [2].
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Figure 1.4 — Robonaut 2, NASA [4].
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Due to their fundamental differences in actuation, in the first category the hand
body is usually bigger than in the latter. Hence, in order for the Internal Actuation
Hands to be more competitive, it is important that they are built in smaller dimen-
sions. The reduction of the motor’s and circuits’ size is crucial in this direction.

1.1.2 Grasp Properties

There are numerous ways that a robot hand can grasp an object. From a mathe-
matical point of view, this is because there is a large number of parameters that are
involved in the grasping problem. From a physical and mechanical perspective, we
can note that a complex mechanical artifact such as a multifingered robot hand can
be associated in many ways with an object. This can also be verified by the human
experience. In every-day life environments, humans grasp and manipulate numerous
functional objects in order to execute different kinds of tasks. Depending on the ob-
ject and the task, grasps can differ in many ways. Consequently, in order for robots
to grasp objects in a way appropriate and compatible with the task we need them
to execute subsequently, it is important that their grasp is characterized by several
basic properties. Subsequently, we provide the most important properties that can
describe the robot grasping problem, using the definitions of N’Guyen in [13] and
Pollard in [14] :

e Feasibility
A grasp is kinematically feasible if there exist joint configurations for the in-
dividual fingers, such that the fingertips contact the grasped object at the
desired contact points.

e Reachability
A grasp is reachable if there exist collision-free paths for the fingers from their
current configurations to their respective grasp configurations.

e Force-Closure

The most important and common property when grasping an object is Force
Closure. In particular, a grasp is said to be force closure if it can be maintained
in the face of any object wrench [15]. For example, in order to lift an object,
we must be able to compensate its weight by applying appropriate forces at
the contact points. In the real world, this is more complicated because of the
surface properties of objects. In order to lift the object, our contact forces
must be such that they can prevent sliding at the contact points. In the next
chapter, Force Closure is going to be mathematically defined as it is crucial in
the development of the problem formulation of this thesis.

e Equilibrium
A grasp is in equilibrium if and only if the sum of forces and moments acting
on the object is zero. There is a balance between the weight of the object and
the contact forces exerted by the fingers.

e Stability
A grasp is stable if and only if the grasped object is always pulled back to its
equilibrium configuration, whenever it is displaced from its configuration.

4
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e Compliance
A grasp is compliant if the grasped object behaves as a generalized spring,
damper or impedance, in complying with external constraints such as a hard
surface or in reacting to errors between controlled and actual state variables,
such as position, velocity or force.

1.1.3 Grasp Synthesis

During the 80’s and early 90’s, roboticists were devoted to the study of the Grasp
Analysis, paying more attention to the complex mechanics of the problem and the
formulation of grasp optimization problems. Since grasping constituted a new re-
search direction, this was necessary and very important. However, due to the com-
putational difficulties of that time, it was difficult to solve such a problem in order
to generate a grasp with the desired properties.

Since the mid-90’s and up until nowadays though, Grasping research, based on
the important theoretical analysis and explorations of the past and making use of
state-of-the-art computational, simulational but also mechanical tools and innova-
tions, has become more applied and has approached more efficiently the real world
and the physical environment. In particular, a lot of research studies have been
devoted to the development of intelligent algorithms and their applications to real,
mechanical and complex robot hands. Nowadays, a high level, human-like grasp de-
cision can lead to the appropriate grasp selection and its successful implementation.
Therefore, there are almost unlimited opportunities in Grasp Synthesis research, i.e.,
the research devoted in the successful generation of a grasp.

Indeed, there exists a great amount of research devoted to the development of
Grasp Synthesis algorithms. Based on the work of P. Bidaud et al. in [5], we
could classify the Grasp Synthesis algorithms in two main categories of approaches:
the analytical ones and the empirical ones. By the term analytical approaches, we
mean those based on geometric, kinematic and/or dynamic formulations of grasp
synthesis problems. On the contrary, by the term empirical approaches, we denote
those which avoid the computation of the mathematical and physical models by
miming or imitating human strategies.

In the context of this thesis, we have adopted an analytical approach of the Grasp-
ing problem. Such an approach requires good knowledge of the system parameters,
including both the hand’s architecture and the surrounding environment, which is
not always easy to be acquired. Besides, the number of the physical, geometrical and
mechanical conditions that must be satisfied in order to ensure a successful grasp
and task execution are also indicative of the complexity of the computation of such
a problem. However, the advantage of this approach is that is closer to the physical
environment. Making use of the laws of nature, an analytical algorithm makes use
of the laws of nature, taking also into consideration the hardware limitations of the
system. This is exactly the philosophy behind the algorithms developed and pre-
sented in this document. Fig. 1.5 provides a complete, visualized presentation of
the analytical grasp synthesis approach.
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Figure 1.5 — General Structure of the Strategy adopted in the existing Grasp Syn-
thesis Algorithms, as visualized by P. Bidaud et al. in [5]. Given the hand and object
model, as well as the constraints imposed by the environment and the specifications
of a certain task (criteria to be optimized and constraints to be respected), the Grasp
Synthesis Algorithm provides a set of feasible solutions from which the best one is
finally selected.

1.2 Literature Review

Over the last decades, there has been a tremendous progress in the field of robot
hands [16]. Simple grippers have been replaced by complex human-like hands, built
to grasp and manipulate a wide range of every-day-life objects. However, to perform
succesfully, efficient algorithms, that guarantee certain quality criteria concerning
the desired grasp properties for the task to be executed, have to be employed. As
a result, a lot of research has been conducted in the field of grasp quality, which is
defined by metrics that quantify the performance of a grasp. A fundamental and
widely accepted quality criterion for a grasp is force closure [17]. It ensures both that
the grasped object’s weight is compensated as well as that the contact friction con-
straints are not violated. However, force closure is quite a wide criterion. Therefore
and owing to the increasing needs for precise and human-like grasps, several other
quality measures have been presented. Ferrari and Canny in [18] addressed the
problem of minimizing contact forces and proposed two different optimality criteria.
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Figure 1.6 — The effect of different contact points and configurations to the grasp
quality.

Based on [18], Miller and Allen in [19], implemented 3D grasp quality computations
for the Barrett and the DLR hands. Moreover, Mishra, in [20] compared various
metrics and presented a corresponding mathematical analysis. A useful review on
various grasp quality measures can be found in [21].

A lot of grasp synthesis algorithms have been proposed combining different quality
measures. Various approaches have been presented both empirical and analytical.
The empirical approaches use mainly learning techniques in order to mimic human
grasping (see for example [22]). On the other hand, the analytical techniques use
mathematical formulations considering the kinematics and the dynamics in order to
determine optimal grasps regarding certain criteria [5]. In [23], a grasp optimiza-
tion algorithm wrt (with respect to) an uncertainty grasp index as well as a task
compatibility index is proposed. Particular emphasis has also been devoted to the
grasping force optimization (GFO) problem (i.e., the problem of finding the mini-
mal forces that satisfy the force closure sufficient conditions); many algorithms have
been proposed in this direction (a complete and thorough overview of grasp synthe-
sis algorithms concerning force optimization but also other metrics and approaches
can be found in [5]). The problem of optimizing the maximum external wrench that
a multifingered robot hand can withstand is studied in [24]. Finally the force lim-
itations due to hardware and the increasing needs for real time computations have
also been taken into consideration in the ongoing research [25].

Another important issue regarding grasp quality is the selection of contact points,
which affects severely the force distribution yielded by the aforementioned grasping
force optimization algorithms as well as other aspects of grasp quality. Fig. 1.6
depicts how different contact points and configurations affect the grasp quality. Op-
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timality criteria for the selection of contact points were proposed in [26] and [27].
A study on how infinitesimal perturbations of contact points would affect a class
of grasp quality functions was presented in [28]. In [29], it is shown how differ-
ent contact locations can affect the optimal force distribution wrt various quality
measures.

The main goal of all these studies is to be incorporated as part of an algorithm
for planning optimal grasps. In [30] a multi-criteria optimization algorithm regard-
ing the fingers ability for force and velocity exertion was presented and was applied
specifically for the case of the NASA-JSC robonaut hand. In [31], a strategy of
moving fingers to neighboured joint positions to produce optimal force distribution
is proposed, whereas in [32], a complete grasp improvement strategy is presented for
objects of known geometry. It takes into consideration not only the force minimiza-
tion requirement, but also the ability of the hand mechanism to exert forces while
satisfying the mechanical limits of the finger joints. However, the grasp optimization
is implemented through an evolutionary algorithm, which searches for contact points
all over the object geometry, thus requiring global knowledge of the object geometry
and consequently large number of operations and high computational time. Such an
issue is the main drawback of the analytical approaches; they require global knowl-
edge of the object’s geometry, which in general is difficult to be acquired accurately
in everyday life grasp problems [33].

1.3 Contributions

The main contributions of this thesis can be summarized as follows:

e Formulation and development of a Grasp Quality optimization algorithm for a
multifingered robot hand with fifteen actuated DOFs, such as the DLR/HIT II
five-fingered robot hand, which is part of the NeuroRobotics Lab equipment.
In particular, the problem of grasping a known object with minimal amounts
of power, while the mechanical and geometrical constraints are respected, is
addressed. Emphasis is given to the contact points selection of the grasp,
which can severly affect not only the contact force distribution but also other
aspects of grasp quality.

e Adaptation of the aforementioned algorithm for the case of a hypothetical syn-
ergistic underactuated robot hand with the same number of DOFs. Grasping
experiments were conducted by human subjects and through the measure-
ments, a model was extracted to describe the relationship between the human
hand’s kinematics and the robot hand’s kinematics. Based on this model, a
Grasp Quality Optimization Scheme for Synergistic Underactuated Hands was
developed, that leads to a force closure grasp, which respects the geometric
and mechanical constraints of the robot hand.

e Formulation and development of a Grasp Synthesis algorithm that takes intro
consideration a task’s requirements in wrench and velocity transmission to the
grasped object and converges to a configuration and corresponding contact
points and force distribution that favor the task execution, guaranteeing a
stable grasp’s sufficient conditions. Again, the scheme is tested both for a
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hand with fifteen actuated DOFs and for a synergistic underactuated hand of
the same model (DLR/HIT II).

e Development of a Grasp Improvement Algorithm which, requiring only local
knowledge of the surface of a generally unknown object, can improve the grasp
wrt predefined Grasp Quality measures, respecting the mechanical and geo-
metrical limitations of the robot hand. The local knowledge of the object’s
surface properties can be acquired by an appropriate tactile sensors suite. This
work was accepted for publication in the proceedings of the IEFE Interna-
tional Conference on Robotics and Automation (ICRA), Karlsruhe, Germany,
2013 [34].

1.4 Thesis Structure

This thesis is organised as follows:

e In chapter 2 we introduce the reader to the grasping problem. The relevant
theoretical background, including the adopted models, the terminology and the
parameters used to describe the problems examined, are defined and described.
Significant adopted transformations are also provided along with a number of
assumptions that have been made for the sake of simplification reasons. A
summary of all the notations is presented in the end of the chapter.

e Subsequently, chapters 4,5, 6 and 7 contain the developed formulations and
optimization schemes. For each chapter, simulation results are provided and
a corresponding discussion is made.

e Chapter 8 summarizes the main conclusions of the thesis and mentions possible
future research directions concerning the problem of Grasp Synthesis.

e Finally, two appendices are provided. Appendix A contains significant trans-
formations such as the Forward and Inverse Kinematics of the Robot Hand,
while Appendix B provides information concerning the Cyberglove Hand which
was used for the experiments performed in the context of chapter 5.
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CHAPTER 2
Modeling Robotic Grasping

In this chapter, the grasping problem is being modeled. The basic parameters and
quantities needed for its complete description and analysis are defined and proper
notations are adopted. Emphasis is also devoted to the concept of Grasp Quality
which is defined and considered by different aspects.

2.1 Models and Definitions

% .pos
-0.04 gz
0 ooz

Figure 2.1 — Model of a five-fingered hand grasping a cylindric object: The global
reference frame {N} as well as the frame at the object’s center of mass {B} are
attached. The positions of the contact frames {C;} and of the wrist’s frame {W} are
noted.

Consider the case of an n.-fingered robot hand, grasping an object with n. fingertip
contacts. Let {IN} represent a conveniently chosen fixed global reference frame and
{B} a frame fixed to the object’s center of mass. {B}’s origin is defined relative
to {N} by the vector ¢, € R?* (for simplification reasons, we define frame {B}
parallel to frame {IN}). The position of each contact point ¢ wrt {IN} is defined by
the vector ¢; € 3. At each contact point, we assume that there is a unique, well
defined tangent plane, on which we define a frame {C;}, with axes {fy;, t;,8;}. Each
unit vector nj is normal to the contact tangent plane and directed toward the object,

11
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while the other two are orthogonal and lie in the tangent plane of the contact. A
3D plot with the aforementioned frames attached is depicted in Fig 2.1.

Let also f € R3 be the force applied to the object at the point ¢y, and m € 2 be
the applied moment. If we combine them into a single vector, we derive the object
wrench g = [ fr mT}T € RO, where f and m are expressed in {N}. The wrench
applied to the object can be partitioned into two main parts: contact and non-
contact wrench. Throughout this thesis, by w we will refer to non-contact wrench
and particularly to the object’s weight.

2.1.1 Hand’s Kinematics
Forward Kinematics

We assume that the hand is composed of a palm that serves as a common basis for
its n. fingers. Throughout this thesis, the base of the palm will be referred to as
wrist. At the hand’s wrist, we attach a frame {W}, whose position is defined relative

to {N} by the vector py = [x Y z}T € N3, each element of which accounts for
a respective displacement along each of {IN}’s axes. Wrist’s orientation is defined
relative to {N}, using the X-Y-Z fixed angles convention [62,63], by the vector

Iy = [a 15} ﬂT € R3. If we combine py and ry, we derive the vector w =

[pwT er}T € R which contains wrist’s position and orientation.
The hand’s fingers consist of n, rotational degrees of freedom in total. Their

angular displacements are contained in the vector q = [ql qnc}T € R, Given
each finger’s joints positions, we can derive its end effector’s position and orientation.
In particular, let us denote by {E;} the frame attached on the end effector of each
finger. We can now derive wrt {E;}’s position and orientation wrt wrt {IN} through
the following transformation:

NTg, =N Tw -V Tk, (2.1)

where, T is the symbol of the homogeneous transformation. In general, the structure
of a homogeneous transformation describing the position and orientation of a frame
{2} wrt frame {1} is the following:

1]_:{2 1d2

1
T2_000 1

(2.2)
where T’s left upper superscript denotes the transformation’s reference frame, while
its right lower subscript denotes its referred frame. 'Ry € R3%3 is the transforma-
tion’s rotation matrix and *dy € R? is the corresponding position vector.

Significant Transformations

The complex nature of the Grasping Problem, which involves a significant number
of variables, has led to the development of useful tools which implement a mapping
between them. In particular, there are two main important transformation matrices
that are widely accepted and used: the Grasp Matrix and the Hand Jacobian, which
are subsequently defined and described. In order to proceed with their derivation,
let us point out that each contact of a grasp should be considered as two coincident
points: one on the hand’s fingertip and one on the object.

12
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Grasp Matrix

The Grasp Matrix is a transformation matrix which relates the fingertips velocities
to the object’s center of mass velocity. In order to derive it, let us denote by
v = [VT wT}T € R® the grasped object’s twist wrt to {N}, where v € R3 is
the object’s translational velocity and w € R? is its angular velocity. Furthermore,

T
let us represent by v; ., = v}\f)bjT wfobjT] € RO the velocity transmitted at
the ¢ contact by the finger to the object wrt {IN}. Then the object’s twist can be

expressed relative to each contact’s velocity contribution as follows:

where
I3><3 03><3
P; = 2.4
[S(Ci — Cm) sts] (24)

I3.3 € N33 is the identity matrix and S(c; — ¢ ) is the cross product matrix which,

given a vector r = [rx Ty TZ}T € N3 is defined as follows:

0 —r, ry
Sr)=1|7r. 0 —r, (2.5)
Ty Ty 0

It is now important to introduce in our analysis the object twist at contact i, relative
to frame {C;}. Let Ry = [A; t; 6;] € N3 represent the orientation of the i
contact frame wrt the inertial frame {N}. Then the object twist referred to frame
{C;}, can be derived from equation:

Vz!,\f)bj =R;- V; obj (2.6)
where
D Ri 0 6x6
R, = [0 RJ e R (2.7)

is the blockdiagonal rotation matrix implementing the map from frame {C;} to
frame {N}. Substituting equation 2.6 into equation 2.3, we derive:

V = Pi : Ei * Vi, 0bj (28)

which maps the object’s twist at contact ¢ from {C;} to {N}. Equation 2.8 yields
the partial grasp matrix G; € R6%6:

G =P;-R; (2.9)

If we now consider the twist contributions of all the hand’s fingertip contacts to the
object’s twist at its center of mass, we derive the complete Grasp Matrix G € $6*6ne;

G-l . &, 210

C

It is important to point out that from the definition of the Grasp Matrix, it is
profound that it can also be used in order to express the contribution of contact
wrenches to the wrench applied at the object’s center of mass.

13
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Hand Jacobian

The hand Jacobian is a matrix transformation which maps the hand’s joint velocities
to their end effector twists. There are two main methods to derive it. The first one
is based on the differentiation of the Hand’s Forward Kinematics, while the second
one, which will be subsequently presented, involves a geometrical approach.

T
Let us denote by vy, = vﬁ)bjT wi.\fhndT] € R° the twist of each fingertip,
expressed relative to the global reference frame {N}. The fingertip’s twist is related

to the joint velocities of its corresponding finger as follows:
Vihna = Zi - 4 (2.11)

where ¢ € R" is the vector containing the angular velocities of the hand’s joints
and Z; € 1614 is defined as follows:

s _ [Slei—¢)™ . S(ei = Gu) ",

VAL an

(2.12)

where (; is the origin of the coordinate frame? associated with the jth joint* and
Z; is the unit vector in the direction of the z-axis in the same frame. Both axes are
expressed relative to {IN}. Now, if we map v; pnq from {N} to {C;}, we derive:

Vi hnd = EiT : Vilind (2.13)

By the substitution of eq. 2.11 into eq. 2.13, we derive the followind expression:
_T .
Vimd =Ry - Zi-q (2.14)
which yields the partial Hand Jacobian J; € Réxna
5 =R' 7 (2.15)

As we did for the case of the Grasp Matrix, if we consider all the hand’s fingers, we
derive the complete Hand Jacobian J € f6nc*na;

J1
J=| : (2.16)
Jn

C

2.2 Contact Modeling

Grasping is a complex and multivariable robotics problem. In order to simplify it, it
is important to introduce several conventions. A significant one is the modeling of the
contacts between the hand and the object. It has already been said that throughout
this thesis we will only consider the case of fingertip-contact grasps. These contacts
have to be modeled in a way compatible with the problem’s requirements.

2At each joint a coordinate frame has been attached using the Denavit-Hartenberg notation.
3We assume that all hand’s joints are rotational.

14
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In the Grasping Literature there have been proposed several different models
in this direction, making the rigid body assumtion for the fingers and the object.
They mainly differ in the number of velocity /force components transmitted through
the contacts between the hand and the grasped object. The most commonly used
models are the following three: Point-Contact- Without-Friction, Hard Finger and
Soft Finger.

The Point-Contact- Without-Friction or (PCWF') model is mostly used when the
contact patch is very small and the object and hand surfaces are slippery, that is,
when there is no significant friction between them. In this case only the normal
translational velocity component is considered to be transmitted between the hand
and the object. Likewise, this model only considers the normal contact force com-
ponent and ignores frictional forces and moments.

The Hard Finger model or (HF) is applied when the frictional forces between
the hand and the object can not be ignored but the contact patch is so small that
no significant friction moment appears. In this case, only the three translational
velocity components and the three contact force components are considered to be
transmitted through the contacts.

The Soft Finger model or (SF) can be used when the frictional force and the
moment component about the contact normal are appreciable due to the significant
size of the contact patch. In this case, the three translational velocity components
as well as the angular velocity component about the contact normal are considered
to be transmitted through the contact. Likewise, the three force components as well
as the moment component about the contact normal are transmitted.

Since the main purpose of this thesis is to provide an analysis to be applied to the
DLR/HIT II Five-Fingered Robot Hand, we had to choose the appropriate contact
model to describe our problem. The Hand’s fingertips are covered with a hard
plastic material but we can not totally ignore the friction between their surface and
the object’s. For this reason, the Hard Finger Model was adopted in our analysis.

In order to incorporate the Hard Finger contact model in our analysis, we have
to mathematically define it and update the Grasp Matrix and the Hand Jaco-
bian. Adopting the notation proposed in the Grasping Chapter of the Handbook
of Robotics [15], our contact model can be defined through a matrix H; € R3*° for
each contact ¢ between the hand and the object:

H; = [I3.3 Osx3) (2.17)
We can combine these matrices to form the complete Contact Model matrix H:

H = Blockdiag(H,, ..., H, ) € R3mx0ne (2.18)

c

The Contact Model Matrix can now update the Grasp Matrix and the Hand Jacobian
by keeping only the components that are compatible with the adopted model:

G = GH"' € R®*3n (2.19)

J = HJ € R3xna (2.20)

In accordance to the contact model we adopted and for simplification reasons, if we
stack in x € 337 all the translational fingertip contact velocities expressed in the

15
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contact frames, we derive the following maps:

x =Jq (2.21)
x =G (2.22)

In addition, if we stack in f € R3%< all the contact forces f; = [fni f;, fOJ T expressed
in {N}, we derive their contribution to the object’s wrench:

g = Gf (2.23)
Furthermore, if the vector 7 € R™ contains the torques on the hand’s joints, then:
T =Jf (2.24)

is the equation which relates the contact forces to the torques exerted on the hand’s
joints.

2.3 Force Closure

Force Closure is a significant requirement for the successful execution of almost
every grasp and manipulation task. It relies on the ability of the hand to squeeze
arbitrarily tightly in order to produce frictional forces that can compensate the
external wrenches applied on the object [15]. This implies that friction is an essential
property in the definition of Force Closure. For this reason it is important that we
first select and define an appropriate Friction Model.

Friction Model

In general, the Friction Law imposes constraints in the magnitude and direction
of the contact forces and moments. Since we have chosen the Hard Finger Model
for the contact modeling, there are only contact force components at the fingertip
contacts. These forces are constrained to lie inside certain surfaces so that no sliding
phenomena arise. Throughout this thesis, the Coulomb Friction Model is adopted.
According to the Coulomb Friction Model, for each pair of surfaces that are in
contact there is a coefficient which constrains the relationship between normal and
tangential forces in the static state. This coefficient is refered to as the "static friction
coefficient” and here we denote it by the greek letter p.

According to Coulomb’s Model, for the Hard Finger case in the 3D space, at each
contact the following condition must hold in order to avoid slippage:

VI < b, i=1.n. (2.25)

From a geometric point of view, these relationships define the following 3D surfaces:

Fi={llu. b L) | A/ +6 <pf}, i=1on. (2.26)

commonly refered to as "friction cones”.
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Force Closure Definition

Now that we described the adopted friction model, we can mathematically define
Force Closure. Force Closure requires that the contact forces not only must be
able to compensate for the external wrench applied to the grasped object but they
should also respect the constraints imposed by the friction cones. Consequently, if
for example the only external wrench w € R® exerted on a grasped object’s center
of mass is its weight, then the Force Closure conditions for this system are the
following;:

Gf = —w (2.27)

fie A (2.28)

2.4 Grasp Quality Measures

Force Closure is quite an important and essential criterion in robotic grasping but
it is also a generic one. For this reason, it should be combined with other criteria,
depending on the task and the environment. In this respect, a lot of research has
been done and many different criteria have been proposed in order to quantify the
grasp performance. In this section, based on the models, the notations and the
variables that we defined in the previous section, we define a number of useful and
functional fundamental grasp quality metrics that will be subsequently adopted in
the formulations of the grasping optimization problems that we address and solve
in the context of this thesis. A complete, thorough and up to date overview and
presentation of the most significant grasp quality measures proposed in the Grasping
Literature can be found in [35].

2.4.1 Norm of the normal contact force components

Robot hands are mechanical artifacts requiring power to execute the task they have
been programmed for. Hence, a fundamental requirement for a grasp concerns its
implementation using the lowest possible amount of energy. This implies that the
required contact forces exerted by the hand’s fingers will be produced by low joint
torques, demanding low amounts of energy. Towards this goal, many metrics asso-
ciated with the contact forces have been proposed. In our analysis we adopted the
following function :

(2.29)

The minimization of this criterion, through the satisfaction of the friction cone
constraints leads to the minimization of the contact force distribution.

2.4.2 Volume of the Manipulability Ellipsoid

Multifingered robot hands consist of separate robot manipulators that play the role
of fingers. As such, their kinematics is constrained both by the architecture of the
hand’s mechanism and by the mechanical limits of the hand’s joints. This affects
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and constrains the fingertips’ ability for force and velocity exertion. In particular,
the velocity and force transmission characteristics of a manipulator at any posture
can be represented geometrically as ellipsoids [36]. Consider a unit sphere in the
joint velocity space:

qtg=1 (2.30)

and also the minimum-norm solution of eq. 2.21:
i = I (@)% (2.31)

where

Jh=JTJJ5)* (2.32)
is the right pseudo-inverse of J. If we substitute eq. 2.31 into eq. 2.30, we derive:
xT (I ()M (a))x =1 (2.33)
which, through eq. 2.32 yields:
x(J(q)d%(q)) % =1 (2.34)

the equation which maps the unit ball in the joint space to the points on the sur-
face of an ellipsoid in the end-effector velocity space, each component of which is
expressed in the corresponding contact frame {C;}. This ellipsoid is refered to as
the "Velocity Manipulability Ellipsoid”. The volume of the ellipsoid is proportional
to the quantity:

M(q) = v/det(J(q)I™(q)) (2.35)

which is called the "Manipulability Measure”. This measure expresses the ability
of the end effector to exert velocities. Therefore, maximizing it, we also maximize
the ability of the end effector to locally move to a random direction. Thus, the
redundancy of the hand’s degrees of freedom is exploited to move away from singu-
larities [37]. The latter represents the way this measure is going to be incorporated
in this thesis.

2.4.3 Measure of Distance from Mechanical Joint Limits

The motors in the robot joints usually have mechanical limits. This implies that the
hand’s configurations are constrained by the kinematic abilities of the finger joint
motors. In order to ensure that a grasp is implemented in a feasible way wrt the
robot hand’s kinematic abilities we can use the following metric, defined in [35]:

= qi — qoi
Q(q) = Z(—q _q“ —)? (2.36)
i=1 mazx; min;

where ¢; is the i-th joint angle, qp, is the middle range position of the i-th joint
and Qmaz; 5 Gmin; are the corresponding upper and lower bounds respectively. By
minimizing Q, the joint angles tend to be positioned in the middle of their mechanical
limits. Hence, this quality metric forces the configuration inside the feasible region.
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2.4.4 Task Compatibility
Hand-Object Jacobian

Depending on the task, the requirements for force and velocity transmission to the
grasped object may differ. Therefore, there arises the need of a transformation that
describes the transmission of joint velocities and torques to the object’s twist and
wrench respectively. According to [35], the relationship between the hand space and
the object space is given by the hand-object Jacobian, which is subsequently derived.

From egs. (2.21) and (2.22), we derive the following equation:

G'v =Jq (2.37)

Then
v=(G"H"Jq (2.38)

where
Gl =Gg'Gagh)t (2.39)

is the right inverse of the Grasp Matrix G.

Now we can define the Hand-Object Jacobian [35,38] as the matrix:
H=(GH"J (2.40)

and rewrite eq. (2.38) as:
v =Hq (2.41)

This equation maps the joint angular velocities to the grasped object’s twist. Be-
sides, from eq. (2.23), we can derive:

f =Gig (2.42)
which when substituted to eq. (2.24), yields:
T=J'Glg (2.43)

This is equal to:
T=H'g (2.44)

which maps the wrench exerted to the graped object to the required torques that
produce it.

Force/Velocity Ellipsoids

Consider a unit ball in the space of the joint angular velocities:
qq=1 (2.45)
Then through eq. (2.41), we can easily derive:
vIHH) v =1 (2.46)
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Furthermore, if we consider a unit ball in the domain of the joint torques:
ir=1 (2.47)
then through eq. (2.44), we derive:

gT(HH g =1 (2.48)

The aforementioned equations can be geometrically represented as ellipsoids in the
domains of the joint angular velocities and joint torques respectively. The matrices
(HHT)~! and (HHT) are the inverse of each other and consequently they have the
same eugenvalues and eigenvectors and also the same volume. Hence, their principal
axes coincide, but their respective lengths are in inverse proportion. This means
that the direction with the maximum force transmission ratio is coincident with the
direction with the minimum velocity transmission ratio. From this observation, we
should point out the following:

e The optimal direction for velocity transmission is the direction of the major
axis of the velocity ellipsoid, because along this, the velocity transmition ratio
is maximum. Similarly, The optimal direction for force transmission is the
direction of the major axis of the force ellipsoid, because along this, the force
transmition ratio is maximum.

e The optimal direction for achieving accurate control of velocity is along the
direction of the minor axis of the velocity ellipsoid, while the optimal direction
for achieving accurate force control is along the direction of the minor axis of
the force ellipsoid.

More on ellipsoids can be found in [37] and in [36].

Wrench/Twist Transmission Ratios

The distance between the center of an ellipsoid and its surface along a particular
direction is commonly reffered to as the transmission ratio along this direction [36].
Hence, consider a direction defined by the unit vector n € R°. Let o be a scalar
that represents the distance from the center to the surface of the force ellipsoid
along the vector n and [ be a scalar that represents the distance from the center to
the surface of the velocity ellipsoid. Then the vectors anp and fn must satisfy the
following equations:

() (HIHT) (o) = 1 (2.49)
and
(6m)" (HH") () = 1 (2.50)
Then we can derive the expressions of the force and velocity transmission ratios:
a = [n"(HH )y 7"/ (2.51)
and
=" (HH") g "2 (2.52)

20



Chapter 2. Modeling Robotic Grasping

Physically, the transmission ratios express how much a unitary change of the joint
angular velocities and of the joint torques can affect the wrench and twist on the
object’s center of mass. Therefore, given a task’s requirements in wrench/twist
transmission to the object (mainly the desired direction 1), in order to ensure that
our mechanism will be mechanically able to transmit wrench and twist to the grasped
object along the required directions, we have to maximize the corresponding trans-
mission ratios. The maximization of each of the transmission ratios, geometrically
can be thought as an alignment with the principal axis of the corresponding ellipsoid.

Grasp Compatibility Index

From the prevous observations and definitions, it is obvious that by varying the
hand’s configuration and the points at which the hand makes contact with the ob-
ject, we can control its ability of contributing to the grasped object’s wrench and
twist. In particular, the variation of the hand’s kinematics can lead to different
postures which are characterized by ellipsoids of different shapes and orientations.
Hence, by adopting postures that align the optimal directions for force and velocity
transmission or control for the hand’s mechanism with the corresponding require-
ments in the object’s wrench and twist space, we can maximize the grasp’s compati-
bility with the task. In this direction, Chiu has proposed a task compatibility index
for postures of general manipulators [36]. If we generalize his work for the case of a
multi-fingered robot hand, we can derive the following index:

l

C= sz‘%ﬂ + f: w]ﬂ]ﬂ (2.53)

i=1 j=l+1

where o, 1 = 1,2,...,land 8,7 =1+ 1,1+ 2, ..., m are the force and velocity trans-
mission ratios respectively along the directions of interest. The + sign is used for
the directions along which the magnitude is of interest, while, the - sign is used
for the directions along which the control accuracy is of interest. w; and w; are
weighting factors that indicate the relative magnitude or accuracy requirements in
the respective task directions. Thus, by finding the hand’s posture that maximizes
this index, we can achive optimal performance wrt a grasp’s requirements in force
and velocity transmission and control.

2.5 Assumptions

The grasping optimization problems that are presented in this thesis are based on
the following assumptions:

e The grasped object’s geometry is analytically available (results are presented
for the case of a sphere and a cylinder). In experimental applications, a tac-
tile and vision system can provide the required information for the developed
schemes and algorithms.

e The hand’s fingers can transmit through their fingertips contact forces to ar-
bitrary directions.
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e The object’s weight is the only external wrench that we consider to be exerted
at the object’s center of mass.

e The value of the friction coefficient is set to 0.8, since between the surfaces of
the DLR hand’s fingertips and a typical everyday life object such as a cup,
high frictional forces can be produced.

e The robot hand is capable of exerting the required magnitudes of force and
velocity that are produced from the execution of the algorithms presented.

e The formulations only consider the robot hand’s kinematics. It is assumed
that the hand will be attached on the end effector of a dexterous manipulator
which will be able to provide the wrist’s position/orientation that is extracted
by the execution of the developed algorithms.

e The grasps that are studied are static, i.e. , no motion of the graped object is
considered. Hence the intertia terms are negligible.

2.6 Model adaptation: DLR/HIT II

Throughout this thesis, we have adopted the kinematic model of the DLR/HIT II
five-fingered robot hand in order to conduct our simulation study and verify the
developed optimization algorithms and schemes.

Figure 2.2 - DLR/HIT II: DOFs of its fingers-Figure extracted from the documen-
tation of the hand, courtesy of DLR German Aerospace Center [2].
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Chapter 2. Modeling Robotic Grasping

The DLR/HIT Hand II (table 2.1) is a robot hand jointly developed by DLR
(German Aerospace Center) and HIT (Harbin Institute of Technology). It is a
multisensory five-fingered hand with in total fifteen DOFs. The hand consists of
an independent palm and five identical modular fingers, each of which consists of
four joints and has three DOFs. Fig. 2.2 illustrates the DOFs of each finger of the
robot hand. In particular, each finger’s kinematics is defined by the movement of
the rotational joints 0, 1, 2 and 3, around the z axes (blue color). Motors are placed
at joints 0, 1 and 2, while the 3rd joint is mechanically coupled with the 2nd in a
1:1 ratio.

Table 2.1 - DLR/HIT II: Alternative views of the model of the NeuroRobotics Group.

Figure 2.3 — DLR/HIT II: The model of our lab. As it can be seen, its size is
comparable to the size of an adult’s hand. In particular it is about 20% bigger.
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All actuators, gears, electronics and communication controllers for each finger are
fully integrated in the finger’s base or the finger’s body directly. The DLR/HIT
Hand II is close to the size of an adult human hand (Fig. 2.3). The weight of the
hand is about 1.5 kg. More information about the DLR/HIT Hand II can be found
in [12].

2.7 Summary of adopted notations

In this section we summarize the most significant notations adopted in this chapter
and we update them wrt DLR/HIT II five-fingered Robot Hand’s kinematics and
the assumptions that have been made regarding the grasping problem (see table
2.2). In the following chapters the developed methodologies will be presented in a
general form, with the symbols and notations of this chapter.

Table 2.2 — Adopted notations, their definitions and assumed values

Notation Definition
Ne =05 Number of contacts
ng =15 Number of joints of the hand
veR Twist at the Object’s center of mass
ge Rt Wrench at the object’s center of mass
w € RO The Object’s weight
p=0.8 Friction Coefficient at the contacts
we R° Wrist’s Position/Orientation
fe Rt Contact forces
qe R Joint displacements of independent DOF's
T € R Joint torques
{N} Fixed global reference frame
{C;} Frame at contact i
{B} Frame fixed at the object’s center of mass
{W} Frame fixed at the hand’s wrist
G ¢ ROx15 Grasp Matrix
J € R15x15 Hand Jacobian
H c R6x15 Hand-Object Jacobian
F Norm of the Normal Contact Force Components
M Volume of the Manipulability Measure
Q Measure of Distance from Mechanical Joint Limits
C Grasp Compatibility Index
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CHAPTER 3

Elements of Nonlinear
Programming

The grasping problem, i.e., the problem of finding a set of contact forces in order to
satisfy the force closure sufficient conditions, is a problem with an infinite number
of solutions. Therefore, it can be formulated as an optimization problem. In par-
ticular, it can be characterised as a nonlinearly constrained optimization problem
due to the nonlinear nature of the friction cone constraints that need to be satisfied.
Furthermore, upon the introduction of constraints imposed by the physical environ-
ment as well as of the mechanical nature of the robot hand, the problem can become
strongly constrained, more complicated and computationally intense. Besides, even
the selection of the objective function and the decision variables can play a role on
such issues. In a problem such as grasping, such issues need to be studied in order
for the developed algorithms to work efficiently in real-time mode. Nevertheless, the
objective of this thesis is more fundamental; to propose complete schemes for the
selection and computation of grasps. Therefore, optimization is treated as a useful
tool and not as the main element of interest. However, a complete presentation of
the work conducted in the context of this thesis, has to include basic elements of
Nonlinear Programming.

3.1 Nonlinear Programming Problem Definition

Consider a vector x = [a:l Ty ... xn}T € R". A general optimization problem
is the problem of selecting the n values x4, 23, ..., x,, in such a way as to optimize
(minimize or mazimize) a given function flxy, z, ..., x,,). The elements of  and the
function f are commonly referred to as ”decision variables” and "objective function”
respectively. The solution x to the problem can be subject to constraints (con-
strained problem) or not (unconstrained problem). In the first case, the solution
vector & can be everywhere in 3"*, while in the second case it has to lie inside a
specified subset of "=, The space X where the vector x has to belong is the "feasible
region” of the problem.

The problem is called a nonlinear programming problem (NLP) if the objective
function is nonlinear and/or the feasible region is determined by nonlinear con-
straints. Thus, in minimization form, the general nonlinear program can be de-
scribed as:

" = argmin f(x) (3.1)
xr

subject to:
g(z) <0 (3.2)
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Chapter 3. Elements of Nonlinear Programming

h(z) =0 (3.3)
zecX (3.4)

where 3.3 and 3.4 contain respectively the inequality and equality constraints of the
problem. The constraint functions g and h are defined as follows: h : X — R"
and g : X — ™. By & we denote a local optimal solution (i.e., local minimum)
of the NLP which minimizes the objective function. Throughout this thesis the
formulation of the optimization problems presented is done in minimization form.

3.2 Optimality Conditions for General NLP Prob-
lems

Based on the definition of the NLP problem of the previous section, we define the
necessary and sufficient conditions for optimality.

Theorem 1 (First and Second-Order Necessary Conditions).

Let f: R™ = R, g;: X" = RN,i=1,...,n5 and h; : "> = R, j =1, ...,ny be twice
continuously differentiable functions on ™. Consider the problem (P) to minimize
f(x) subject to the constraints g(x*) = 0 and h(z*) = 0. If " is a local minimum
of the (P) problem and is a regular point of the constraints, then there exist unique
vectors (Lagrange Multipliers) p* € R" and A* € ™ such that

Vf(x') + Vg(z) 'p+ Vh(z")"']A\* =0 (3.5)
p>0 (3.6)
gz) <0 (3.7)
h(z") = 0 (3.8)
plg(x) =0 (3.9)

and
y (VA (x) + Vig(x) Ty + V2h(z) "2\ )y > 0 (3.10)

for all y such that Vg;(z*)Ty = 0,i € A(z*) and Vh(z*)Ty = 0, where A(x") is the
set containing the active constraints. W

By the term "active” we denote the constraints that are on the feasible boundaries.
Equations (3.5-3.9) are commonly referred to as the Karush-Kuhn-Tucker Conditions

(KKT).
Theorem 2 (Second-Order Sufficient Conditions).

Let f: R™ = R, g;: K" = RN,i=1,...,n5 and h; : {"* — R, j =1, ...,ny be twice
continuously differentiable functions on ™. Consider the problem (P) to minimize
f(x) subject to the constraints g(x*) = 0 and h(x*) = 0. If there exist ", p* and
A* satisfying the KKT conditions and

yTVimE(w*,u*,)\*)y >0
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for all y # 0 such that
Vg (x) y=0, i € A(z") with uf >0

Vg (x) 'y <0, i€ A(L") with uf =0
Vh(z")'y =0
where £ = f(x) + pTg(x) + ATh(x), then x* is a strict local minimum of (P). B

3.3 Optimization Methods

Optimization problems can be categorized to many different categories, depending
on whether the search space is continuous or discrete, whether a local or a global
minimum is being searched and even whether the principles that govern the exam-
ined system are deterministic or stochastic. In order to confront the various different
difficult nonlinear optimization problems, numerous different approaches have been
employed. A complete, thorough and up to date overview of the most significant
works and algorithms can be found in [39].

In general, the optimization approaches can largely be divided in two main cate-
gories: the deterministic and the stochastic. With the term deterministic we refer
to the approaches that use the generalized the derivative of the objective function,
whose values can either be straightway calculated or approximated. On the contrary,
the main characteristic of stochastic approaches is that they use elements of random
search of the optimal solution. Modern approaches also include the development of
hybrid optimization algorithms which simultaneously combine elements from both
approaches [40]. The main advantage of the deterministic approaches is that they
can converge more easily. However, when a global minimum is demanded there ex-
ists the danger that they are trapped in a local minimum. On the other hand, the
stochastic approaches are more general and can be more easily modified to solve
different types of problems. They can trace the global minimum independently to
their initial conditions setting. However their main disadvantage is that they are
comparatively slow. In the world of robotics, the computational time is a significant
factor that has to be taken into consideration for the real-time implementation of all
studies. Therefore, in this thesis, the development of all grasp synthesis algorithms
has been made by adopting deterministic approaches.

3.4 Optimization Software

The problems that are described and formulated in the following chapters, are solved
using fmincon (with the exception of chapter 7, in the context of which a custom al-
gorithm was developed), a powerful routine for Constrained Nonlinear Optimization
problems, developed by Mathworks [41] for the MATLAB Optimization Toolbox [42].
Fmincon includes a series of optimization algorithms, each of which can be more
or less suitable depending on the type of the optimization problem that one has to
solve.

4The ”Lagrangian” of (P)
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Throughout this thesis, due to the nonlinear complicated nature of the grasping
problems that we are studying, the ”Active-Set” algorithm was chosen. Its solution
procedure consists of two phases. The first phase involves the calculation of a fea-
sible point. The second phase involves the generation of an iterative sequence of
feasible points that converge to the solution. In this method an active set Ay is
maintained that is an estimate of the active constraints at the solution point. Ay is
updated at each iteration k, and this is used to form a basis for a search direction
dyx . Equality constraints always remain in the active set. The search direction
dy is calculated and minimizes the objective function while remaining on any active
constraint boundaries. The feasible subspace for dy is formed from a basis Zy whose
columns are orthogonal to the estimate of the active set Ay (i.e., AZ, =0 ). Thus
a search direction, which is formed from a linear summation of any combination of
the columns of Zy, is guaranteed to remain on the boundaries of the active con-
straints (more on fmincon, the active-set algorithm and the rest of them that it
supports can be found in [42]).
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CHAPTER 4

Grasp Quality Optimization for
Multifingered Robot Hands

In this chapter, a general Grasping Force Optimization Scheme is presented. We
aim at satisfying the force closure sufficient conditions, grasping an object of known
geometry at contact points which guarantee the use of low contact force distribution
and also favor the ability of the fingers for local force exertion. The general idea for
the development of this optimization scheme is illustrated in Fig. 4.1. In particular,
the Optimization Algorithm takes as input the grasped object’s properties (i.e. |,
its surface geometry, the friction coefficient and weight) and an initial grasp (i.e. ,
random contact points produced by a feasible configuration) and generates a force
closure grasp with a feasible configuration. The final grasp is optimal wrt a function,
the minimization of which guarantees a low force distribution and good ability of
the hand’s mechanism for force/velocity exertion at the contact points.

Environment Constraints
*Object’s Position

Initial Grasp

*Hand’s Posture

«Random Contact Forces *Object’s surfz.ﬂce Frictic.)n Coefficient Object Model
*Object’s Weight *Contact Points

*Contact Frames

2

-
Hand Model ] " : <
*Kinematics ;\ Algorithm J

Quality Criteria

*Force Closure

*Norm of the Normal
Contact Force Components Final Grasp
*Manipulability *Contact Force Distribution
*Hand’s Configuration
*Contact Points

Figure 4.1 — A diagram of the proposed optimization scheme.
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Chapter 4. Grasp Quality Optimization for Multifingered Robot Hands

Subsequently, we formulate the optimization problem for a hand actuated by
fifteen DOFs and present results from a simulation study for the DLR/HIT II.
Finally we discuss the results and the whole approach.

4.1 Problem Formulation

For the case of a five-fingered robot hand grasping an object with five "Hard Finger”
fingertip contacts, there can be numerous different contact force distributions that
lead to Force Closure of an object. This is because the total number of the contact
force components (15) is greater than the dimension of the object’s external wrench
(6) which means that the problem of finding contact forces that compensate the ob-
ject’s wrench is a typical statically indeterminate problem [43], although the friction
cone constraints limits the feasible solutions set.

A solution to the problem of finding the contact forces that lead to the object’s
state of equilibrium, can be found from eq. (2.27) if we inverse the Grasp Matrix [44]:

f = Gl(—w) + VX € R3 (4.1)

where V. = (I — G'G). The first component represents the contact forces that
compensate for the object’s wrench, while the second component represents the
internal forces produced during the grasp. The columns of V form the basis of the
null space of G and the vector of free variables A has the same dimension with the
null space of G. In the case of a five-fingered robot hand, which grasps objects in
the 3D space with the assumption of the "Hard Finger” Contact Model, G € $6*3nc
and consequently X € i3,

By adopting the aforementioned force expression, the Force Closure requirement
can be satisfied if we find a force distribution f € R3” which also satisfies the friction
cone constraints at the fingertip contacts. However, for a real mechanism such as a
multifingered robot hand, there are also additional constraints associated with the
mechanical and geometric limitations of the hardware. In particular, a complete
algorithm has to lead to configurations and contact points that are compatible with
the kinematic capabilities of the hand, respecting the angular limitations of the
fingers’ joint motors. Besides, collisions between fingers have to be prevented.

In order to find a solution to the problem described above, we have to select an
appropriate objective function to minimize. Our approach aims at the minimization
of an objective function which contains a component that minimizes contact forces
(Norm of the Normal Contact Force components) and also a component that ensures
the kinematic compatibility of the contact points with the mechanism of the hand
(Volume of the Manipulability Measure). At the same time, inequality constraints
ensure that the joint limits are not violated and that the fingers normal succession is
guaranteed, leading to configurations that avoid collisions between the fingers. Be-
sides, the requirement that the fingertips are in contact with the grasped object can
be included in the formulation either implicitly (by considering the object’s surface
coordinates as decision variables representing the contact points) or explicitly (by
considering the joints angular positions and requiring that the fingertips locations
expressions wrt them are in contact with the object).
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4.2 Optimization Scheme

Both aforementioned approaches are developed and discussed below.

4.2.1 Parametrized Surface Coordinates as Decision Vari-
ables

Given that the analytical description of an object’s surface is available, we can repre-
sent each point on it by using two numbers, the parametrized surface coordinates. In
this chapter we consider a cylindric object and therefore, each contact point can be
defined by cylindrical coordinates. The definition of these coordinates is considered
as shown in Fig. 4.2.

Figure 4.2 — Definition of surface coordinates for a cylindric object.

In particular, a vector h € R" contains the height of each contact point along
axis y, while a vector ¢ € R" contains the angular displacement of each contact
point around axis y. If we stack in a vector

p=[AT h" ¢T w']" e ROt (4.2)

all the decision variables and denote by

z =wpF(f(p)) + wMm (4.3)

M(a(p))
the objective function that we want to minimize, the optimization problem can be
formulated as follows:

p* = argmin z(p) (4.4)
p
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s.t.
Vi) + £, () < b (p), i = 1on, (4.5)
Amin < q(h, ¢, W) < dmax (4.6)
(h,¢) €S (4.7)

where wr and wj; represent weighting factors of the two objective function com-
ponents. The force distribution f is calculated via eq. (6.1) and the joint angular
positions are derived through the computation of the inverse kinematics of the fin-
gers® at each iteration. The vectors qmin € 7™ and gmax € R™@ contain the lower
and upper joint limits of the DLR hand respectively. The constraint 4.7 expresses the
fingers succession requirement which forces the fingers to avoid collisions by keeping
their natural succession imposed by the design of the hand. The set S consists of
all the feasible contact points wrt the collision avoidance.

4.2.2 Joint Angular Positions as Decision Variables

Likewise, our objective is to minimize the objective function

z=wrF(f(p)) + wu (4.8)

M(a)

where the vector .
p= [)\T q’ 'wT] € R3netnato (4.9)

contains the decision variables of the problem. Therefore, the Optimization Problem
is formulated as follows:

p* = argmin z(p) (4.10)
p
s.t.
VE(B) + £, (p)? < b (P), i = Lo, (4.11)
Qmin < q < Qmax (412>
s(q) € 00 (4.13)
s(q) €S (4.14)

The basic difference from the previous formulation is the necessary introduction of
the equality constraint (4.13) which forces the fingertips locations (derived through
the forward kinematics) to lie on the boundary of the object, 0. Although an
equality constraint makes the problem more computationally intense and difficult to
solve, the advantage of this formulation is that it is more general than the previous
one and it can easily handle information for the object’s surface geometry, acquired
through the use of proper vision or tactile sensors. The force distribution f is again
calculated via eq. (4.1).

5The derivation of the Forward and Inverese Kinematics of the DLR/HIT Hand II five-fingered
robot hand is presented in the Appendix Chapter.
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4.3 Simulation Results

Simulation results are presented for the grasp of a cylindric object. The diameter
of the object is 4 cm, its height is 15 cm and its weight is 2 N (supposed mass 200
gr). The weighting factors of the objective function components were chosen so as
to bring both of them in the same scale in order to guarantee sufficient minimization
of both. The robot hand initializes from a random posture and contact points and
finally converges to a local minimum, respecting the friction cone constraints as
well as the joint limits, avoiding simultaneously any singularities. Both approches
mentioned above were tested and comparative figures are provided.

4.3.1 Parametrized Surface Coordinates as Decision Vari-
ables

For the description of the object only two variables were used: Figs. 4.3 and 4.4
depict different views of the initial (green color) and final (blue color) posture of the
hand. Fig. 4.5 depicts the convergence of the combined objective function z, while
fig. 4.6 illustrates the convergence of the components of the objective function. As
it can be observed from the diagrams presented in Figs. 4.5 and 4.6, the algorithm
initializes from an infeasible region wrt the constraints of the problem. This is why
at the beginning the transitions from step to step are not smooth and in accordance
with the required minimization of the objective function.

Figure 4.3 — Surface coordinates as decision variables: Initial (green color) and final
(blue color) posture of the robot hand. The object’s weight is drawn with a red vector
at the object’s center of mass (it is coincident with y axis). The algorithm converged

to this solution after about 70 iterations and terminated due to insufficient decrease
of the objective function.

33



Chapter 4. Grasp Quality Optimization for Multifingered Robot Hands

However, once an initial feasible point is found, the algorithm continues by im-
plementing sequential minimization steps and finally, after about 70 iterations, con-
verges, providing a force distribution whose norm of normal contact force compo-
nents is equal to about 1.65 N. At the same time, the scaled manipulability inverse
is kept in a low value, guaranteeing kinematic compatibility of the adopted postures
with the hand’s mechanism but also improvement of the ability of the mechanism for
force exertion at the contact points. The algorithm terminated due to insufficient
relative decrease of the objective function. In particular, after only 30 iterations
the algorithm has approached in a satisfying level the final point of convergence.
However, depending on the requirements set by the task to be executed and the
hardware that we use, even small amounts of improvement of the objective function
can be really significant. This is why the tolerance of the change in the value of the
objective function is set to a very low value.

Figure 4.4 — Surface coordinates as decision variables: Rear view of the initial (blue
hand) and the final (green hand) hand’s postures.
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Figure 4.5 — Surface coordinates as decision variables: Objective function conver-
gence for the simulation depicted in Figs. 4.3 and 4.4.
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Figure 4.6 — Surface coordinates as decision variables: Convergence of the Objective
Function Components.

4.3.

2 Joint Angular Positions as Decision Variables

The same types of figures are selected to present the results of the formulation de-
scribed in section 4.2.2. Figs. 4.8 and 4.7 depict different views of the initial (green
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color) and final hand’s postures. Fig. 4.9 presents the convergence of the combined
objective function, while fig. 4.10 presents the convergence of the components of the
objective function. The hand initializes from the same posture as in the previous
simulation. Its behavior during the sequential transitions is similar to the one pre-
sented in the previous section. However, the final posture and value of the objective
function, as well as of its components is different. In particular, after about 70 iter-
ations, after which no significant change of the value of the objective function were
observed, the algorithm terminated, providing a final force distribution whose norm
of the normal contact force components was about 2.2 N. The scaled manipulability
inverse has the same behavior as in the previous formulation.

Figure 4.7 — Joint angular displacements as decision variables: Initial (blue hand)
and final (green hand) posture of the robot hand.
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Figure 4.8 — Joint angular displacements as decision variables: Initial (green color)
and final (blue color) posture of the robot hand.
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Figure 4.9 — Joint angular displacements as decision variables: Objective function
convergence for the simulation depicted in Figs. 4.8 and 4.7.
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Figure 4.10 — Joint angular displacements as decision variables: Convergence of the
Objective Function Components

4.4 Discussion

The difference between the convergence of the two different formulations is mainly
due to the different types of constraints of the two problems. The first one only
has to only satisfy inequality constraints, while the second one, apart from the same
inequalities has to also respect an equality constraint (the fingertips are explicitly
constrained to lie on the surface of the grasped object). In general, equality con-
straints are difficult to be satisfied in nonlinear programs and also can lead to a
different convergence of the same problem, as it happens here. The satisfaction of
the geometry constraints leads the hand to a different posture, in which, in order to
satisfy the rest of the constraints, different contact forces are needed. However, as
it was mentioned above, this formulation can prove to be significant in the experi-
mental validation of the algorithm, when partial information of the object’s surface
will only be available through the use of tactile/vision/force sensors.

All in all, both approaches lead to relatively fast convergence, provided that an ob-
ject of known geometry, weight and friction properties are known. The parametriza-
tion of the cylinder’s surface leads to even faster and easier convergence, since it
implicitly incorporates the requirement for the fingertips to lie on the surface of the
grasped object without using an equality constraint.
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CHAPTER b

Grasp Quality Optimization for
Synergistic Underactuated Hands

Nowadays, one of the most active research directions in the context of the general
area of robot grasping is the study of synergistic underactuated hands. As under-
actuated we characterize a mechanism which has fewer actuators than degrees of
freedom (in that sense, the DLR/HIT II is also an underactuated hand, since its
kinematics is mechanically constrained by the couple between its fingers’ last two
joints). As for the word synergistic, it is associated with the kinematics of such
hands, which is defined by the same laws as the human hands.

Inspired by the way that human hands move, grasp and manipulate objects,
roboticists model and design mechanical hands, actuated in a human-like way. The
motivation for this trend is dual. First, in the context of bringing robotics close
to the modern society, it is important that they function in an anthropomorphic
way, close to what humans are familiar with, in order to serve them properly and
in a natural way. However, the most significant reason for conducting research on
underactuated mechanisms and in particular on synergistic underactuated mechan-
ical hands is of mechanical nature. Constructing robot hands that resemble human
hands and function in an equivalently dexterous manner is an extremely difficult
project given the existing technology. In particular, it is almost impossible nowa-
days to build robot hands with human-like size and the same number and kind of
DOFs. The limitations arise from the size of existing actuators and controllers but
also by the incredibly complex design of the human hand. Besides, the use of less
actuators means less consumption of energy, which is also a key-feature of modern
robot design. All in all, synergistic underactuated hands may not have the dexterity
of fully actuated hands but for every-day life applications, it has been verified that
even humans do not make total use of their hands’ kinematic capabilities. In partic-
ular, several studies (see for example [45,46]) have shown that when humans grasp
simple objects, the kinematics of their hand can be described in a very satisfactory
way by much less components than the number of its dofs. This means that during
a grasp, there exist correlations between the hand’s dofs. These correlations are
commonly referred to as "synergies” by neurophysiologists.

In the context of this thesis’ study of the grasping optimization problem, the
methodology described in chapter 4 is also applied for the case of a multifingered
synergistic underactuated robot hand with the design, kinematic model and me-
chanical constraints of the DLR/HIT II hand. In order to do that, it was important
to develop a model to describe the kinematics of a human hand. For this reason, hu-
man grasping experiments were first conducted by several subjects and objects and
kinematic data was collected. After the data processing, the principal components
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of the human hands’ kinematics were extracted via a dimensionality reduction tech-
nique. Subsequently, by including the space of these principal components in the
vector of the decision variables, the Grasp Quality Optimization scheme presented
in 4 is adapted for the case of a synergistic underactuated hand. In this chapter,
the experimental procedure is described, accompanied by data processing results, as
well as by simulation results of the optimization scheme.

5.1 From Human to Robot Hands: Kinematics

Our main objective is to adapt the already proposed and described algorithm con-
cerning general multifingered robot hands to synergistic underactuated hands which
reflect the human hand’s grasping behavior. In order to do that, we need to develop
a mapping from human to robot hands.

This can be done through the use of an appropriate interface. In our case, the
CyberGlove II (see Appendix B.1) was used. Via CyberGlove (Fig. 5.1), the human
hand’s kinematics can be recorded in real time and stored for further post processing.
In particular, the relative angles between the fingers are measured. Based on data
provided by the CyberGlove, our aim is to derive a model that describes the human

grasp.

Figure 5.1 — CyberGlove II, CyberGlove Systems [6].

5.1.1 Modeling the Human Hand’s Kinematics

In order to successfully record the human grasp’s kinematics and properly adapt
them to a hypothetical synergistic underactuated hand with the DOFs and design
of the DLR/HIT II, we need to use a suitable kinematic model of the human hand.
In this direction, several studies have been conducted to model the complex nature
of the human hand’s kinematics. Among them, one of the most representative and
widely accepted, is the model proposed by Esteban Pitarch in [7]. In this model,
illustrated in Fig. 5.2, 25 DOFs are considered to generate the hand’s kinematics.
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Figure 5.2 — 25 DOF kinematic model of the human hand [7]. The nomenclature of
the DOFs’s type is noted, along with the fingers’ names.

In our case, a simplified version of this model was adopted. In particular, in ac-
cordance with Fig. 5.2, DOFs q1, g3, g6, 47, s, q11, Q12, Q165 Q175 G1s; G2, 23 and qaq
were recorded in the experiments. In order to represent the mechanical coupling of
the DLR hand, the measurements concerning DOF's ¢3 ¢s, q12, qi1s and go4 were hypo-
thetically repeated in the last joint of each finger. No measurements were considered
for DOF ¢1¢9 whose position was constantly set to zero. This was decided so that the
middle finger constitute a reference for the measurement of the abduction/adduction
of index and ring fingers, since CyberGlove measures the relative angles between the
fingers. The same thing was applied for the thumb’s abducton/adduction DOF, so
that we successfully adapt the taken measurements to the model of our hypothetical
synergistic hand.
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5.1.2 Experimental Procedure

Grasping experiments (see table 5.1) were conducted with several spherical and
cylindrical objects by three different subjects. In particular, a mug, a tall glass
and a small ball were grasped. During the experiments, their hands’ kinematics
were recorded by the CyberGlove and stored for post-processing. All the objects
that were selected for the experiments have geometries that not only resemble the
objects considered for the simulations but also favor the recording of the human
hand’s kinematic abilities. The use of multiple subjects was decided in order to
produce general and more representative results for the extraction of the principal
components of the human grasp’s kinematics.

Table 5.1 — Grasping experiments

5.1.3 Post Processing

The data collected during the aforementioned experiments were used as input for
the extraction of the principal components that describe the kinematic state of the
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hand during the whole process of the grasp. In particular, we adopted PCAS (Prin-
cipal Components Analysis), a dimensionality reduction technique, that identifies
the components that account for the highest percentage of the variance in the kine-
matics of the grasp and sorts them in order of significance. The output of PCA in
our problem is a matrix W € R"*"_each row of which represents a principal com-
ponent of the mapping from the high dimensional space of the hand’s kinematics to
the low dimensional space of synergies. The rows are ranked in order of significance
with respect to the kinematics of the human hand, i.e. ranked in ascending order wrt
their variance. In our case, the percentages concerning the variance of each principal
component extracted by the PCA are as noted in table 5.2. As it was mentioned in
section 5.1.1, only 13 DOFs were recorded during the grasping experiments. This
is the reason why components 13 and 14 do not account for the variance of the
hand’s kinematics. This is equivalent to implementing the PCA for thirteen high D
components.

Table 5.2 — Variance of the Principal Components representing the Human Grasp as
extracted by PCA

Component | Variance Percentage (%)

1 0.764146965958740
0.877169067060654

3 0.935718504101649
4 0.958848341043730
5 0.974389629120479
6 0.986668605419181
7 0.992687425403787
8 0.995956677620231
9 0.997631741308975
10 0.998922247803228
11 0.999593169975879
12 0.999895747313353
13 1.000000000000000
14 1.000000000000000
15 1.000000000000000

We can see that indeed the kinematics of the human grasp in the experiments
conducted in our lab verifies the theory that the human hand’s kinematics han be
described by much less components than the number of its dofs. In particular,
only two components account for more than 87% of the variance. For more accurate
results and facilitation of the optimization problem, we use five principal components
(from a mechanical point of view, each principal component can be considered as a
"motor”). In general, we can write the following maps:

o =Wq (5.1)

and

6 =Wq (5.2)

6A comprehensive and practical guide for conducting PCA can be found in [47].
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where the vector ¢ € R™ contains the low D kinematics of the hand, the vector ¢ €
R™s contains its first derivative wrt time and W € R"*"¢ is the matrix containing
the n, components with the maximal variance. Throughout this thesis n, = 5.

5.2 Problem Formulation

5.2.1 Hand Model

For the following sections of this chapter, we consider a hand that has the same
design and DOF's with the DLR/HIT II five-fingered robot hand, but its kinematics
can be controlled by the five principal components derived above. Consequently,
the Grasp Matrix and the Hand Jacobian will be used in the same way as in the
previous chapters.

5.2.2 Object’s Equilibrium: Contact Force Distribution

Based on the work of Bicchi et al. [48-50], in order to include the hand’s synergies
in our analysis, we first introduce a set of "virtual springs”, interposed between the
links and the object at the contact points. This can be done by using a stiffness
diagonal matrix K € $3%e*3% which incorporates the structural elasticity of the
object and the fingers and the stiffness of joint servos if position controllers are used.
Now, the general solution of the Grasping Problem with Synergies can be found as
follows:

f=GE(—w)+F, o (5.3)

where no preloaded forces were considered. The solution consists of two main com-
ponents. The first one accounts for the compensation of the object’s weight, while
the second one represents the active internal forces acting on the object. By

GE = KGT(GKGT)™ ¢ p3nex6 (5.4)

we denote the K-weighted pseudo-inverse of the Grasp Matrix G, which provides the
particular solution GRw that minimizes the potential energy of the displacements
at the elastic contacts. This solution appears to be physically well motivated [48].
The second component of eq. 6.12 can be derived by the following expression:

F, = (I- GR)KIWT ¢ R3nexns (5.5)

The vector o € R contains the synergistic displacements that account for the
generation of the internal forces during the grasp [49].

5.2.3 Optimization Scheme

Our objective, as in chapter 4, is to derive a force closure grasp with low force
distribution and good ability of local force exertion at the contact points, respecting
the mechanical and geometrical constraints of the hand and the grasped object. The
main difference is that the active internal contact forces that the fingers exerts to
the object, are generated by synergistic displacements in the low D space.
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We adopt the Optimization Schemes presented in 4.2.1 and 4.2.2. The only thing
that has changed is the force expression that has included the synergistic displace-
ments as decision variables. We present the case of the joint limits as decision
variables, since it is closer to a hardware verification. We denote by

p= [501“ qt ,wT]T c Jonstna+6 (5.6)

the vector containing the decision variables of the optimization problem and by

2 = wrF(£(p)) + W (5.7)

M(q(p))

the objective function that we want to minimize. Hence, the optimization problem
can be formulated as follows:

p’ = argrr)nin z(p) (5.8)
.t
\/fti(p)2 + 60, (p)* < il (), i = 1..m, (5.9)
Amin < 4 < Qmax (5.10)
s(q) € S (5.11)
s(q) € 00 (5.12)

The notations adopted in this formulation are the same as in chapter 4. The force
distribution f is calculated via eq: 5.3 and the joints’ angular positions are derived
through the computation of the inverse kinematics of the fingers. The vectors qmin €
R and qmax € R contain the lower and upper joint limits respectively and they
have been set to be the same with the DLR hand. The constraint 5.11 expresses the
fingers succession requirement which forces the fingers to avoid collisions.

5.3 Simulation Results

Simulation results are presented for the grasp of a cylindric object of height 15
cm, diameter 6 cm and weight 200 gr (dimensions similar to a 500 ml plastic water
bottle’s). The Stiffness conctants are set equal to 100,000 N/m, which is a reasonable
estimation, given the surfaces of the fingers and the object. Figs. 5.3, 5.4 and 5.5
depict different views of a comparative 3D plot, containing the initial (green color)
and the final (blue color) posture of the robot hand. Details about the convergence
of the algorithm are presented in Figs. 5.6 and 5.7. In particular, Fig. 5.6 shows the
convergence of the objective function z, while Fig. 5.7 illustrates the convergence of
its two components. As in chapter 4 we can see that, since the algorithm initializes
from random contact points and synergistic displacements, in the first iterations a
feasible point is searched. Once the feasible region is entered, the algorithm begins to
implement minimization steps, until it terminates after about 90 iterations because
of insufficient objective function decrease.
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Figure 5.3 — Synergies based Grasping Optimization: Initial (green color) and final
(blue color) postures of the robot hand. The final posture is more anthropomorphic.

Figure 5.4 — Synergies based Grasp Quality Optimization: Top View of the initial
(blue hand) and final (green hand) posture.
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Figure 5.5 — Synergies based Grasp Quality Optimization: Side view.
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Figure 5.6 — Synergies based Grasp Quality Optimization: Covergence of the com-
bined objective function z.
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Figure 5.7 — Synergies based Grasp Quality Optimization: Comparative figure with
the convergence of the components of the objective function. The low force distribution
can be interpreted as a result of the successful initial guess of the configuration and
contact points of the robot hand.

5.4 Discussion

We can see that the posture adopted after the convergence of the algorithm is closer
to the way a human would grasp a similar object than the final postures presented
in chapter 4. This was expected, since the kinematics of the hand are constrained
to be such that they can produce a force closure grasp by internal forces generated
by synergistic displacements do. The convergence is fast; after about 30 iterations
the value of the objective function is very close to the final point. Besides, as far
as the contact force distribution is concerned, we can see that the final value of
the component F' is about 1.5 N, which is lower than the values provided by the
schemes of chapter 4. This can be explained as a result of the different diameter of
the grasped object. Inevitably, the initial posture of the robot hand was different
than in the previous chapter and consequently the convergence in total was also
different.
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CHAPTER 6
Grasp Compatibility Optimization

Humans grasp objects aiming at moving or manipulating them in order to execute
the tasks they want. Depending on the task and the object, the way humans grasp
may differ. However, this habit is not a coincidence. The experience we acquire
from the environment that surrounds us and the objects we use in our everyday life
leads to an evolution of our grasps. Given a known object and the task we want to
execute with it, we tend to predetermine the contact points and the configuration
that we will use. This could be described as a habit that offers us comfort during
the execution of a task. However, something that seems to be only an intuitive
behaviour can also be explained physically and be extended in the mechanical world
of robotics.

In this chapter, we approach the problem of transmitting to hands the intelli-
gence of grasping known objects with an appropriate way wrt the task they have
to subsequently execute. In order to do that, we develop an optimization scheme
that enables a multifingered robot hand to select the most compatible grasp (contact
points, configuration and contact forces) wrt a certain task. In particular, our objec-
tive is to guarantee force closure and task compatibility as it was defined in chapter
2. In the following sections, we formulate the problem, adopting the formulations of
chapters 4 and 5 concerning the generation of contact forces and the production of
the hand’s kinematics.

6.1 Task Definition

A key word and concept in such an approach is the Task. There are many ways and
perspectives through which a task can be described. However, in the mechanical
world, almost everything can be described wrt force and velocity. Based on this
assumption and in accordance with the problem we approach, a task can be defined
as the transmission of wrench and twist of specified magnitudes from the robot hand
to the grasped object along specified directions. Hence, it is obvious that each task
has different wrench and twist transmission requirements (direction and magnitude).

6.2 Problem Formulation

If we know a task’s wrench and twist transmission and control requirements, we can
force the robot hand to select a compatible configuration and contact points. In
accordance with what was presented in section 2.4.4, this can be done by selecting
a grasp that maximizes the ability of the hand’s mechanism for wrench and twist
transmission or control along the desired directions. Of course in order for the task
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to be successfully executed, it is necessary that the mechanical artifact that we use
as a hand is capable of exerting the required magnitude of forces and velocities on
the object.

6.2.1 Optimization Scheme

The general idea of the optimization scheme that we propose can be summarized in
the following diagram:

Initial Grasp Enwron;nent Constraints
’ *Object’s Position
*Hand’s Posture .
«Randam Coritact Forces *Object’s surface Friction Coefficient Object qu(‘ﬂ
*Object’s Weight *Contact Points

*Contact Frames

,
| Optimization Task Requirements
Hand Model ] *Wrench Transmission
Algorithm
*Kinematics J *Twist Transmission
\.

Quality Criteria J

A A 4

*Force Closure ;
*Norm of the Normal m
Contact Force Components 'Co.ntaTCt Fprce
*Task Compatibility Distribution
*Hand’s Configuration

*Contact Points

Figure 6.1 — Illustration of the scheme that takes into consideration the task to be
executed by the robot hand.

The algorithm takes as input the object’s surface properties, the task description
and an initial random grasp. Its output is a force closure grasp with low force dis-
tribution and a posture that guarantees compatibility with the task to be executed.

Hand with fifteen actuated DOF's

We adopt the formulation of chapter 4 which leads to force closure and simply
include a component concerning the task compatibility. In particular, a solution
to the problem of the equilibrium of an object with weight w can be given by the
following equation:

f=Gl(—w)+ VA (6.1)
where V = (I - G'G).
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Given a task description (a desired wrench/twist direction unit vector n), we derive
the expressions of the corresponding wrench /twist transmission ratios of interest:

a; = " (HH g~/ (6.2)

and
B; = " (HHT) )~/ (6.3)

Our problem is equivalent to the problem of minimizing the objective function
#(p) = wrF(f(p)) + C(p) (6.4)
wrt the decision variables
p= [AT qT ,wT]T € R3nctng+6 (6.5)

The optimization scheme can be formulated as follows:

p* = argmin z(p) (6.6)
P
s.t.
V(P +£,(p) < b (p), i = 1.5 (6.7)
Qmin < q < Qmax (68)
s(q) € 00 (6.9)

where constraint (6.20) expresses the requirement that the fingertips lie on the sur-
face of the object and by C' we denote the Grasp Compatibility Index that was
defined in chapter 2.

Synergistic Underactuated Hand

In the formulation presented above, we can also introduce the concept of synergies.
In particular, we can constrain the kinematics of the robot hand to be generated by
the low D space that represents the synergies of an underactuated hand, but also
constrain the internal forces to be produced by synergistic displacements.
As for the first part, based on eq. 5.2, we can modify the Hand Jacobian to
express the following map:
x = Jwo (6.10)

where

Jo=IJWT (6.11)

Now the expressions for the transmission ratios can be modified by updating the
expression of the Hand-Object Jacobian H.

As for the second part, adopting the formulation of chapter 5, a solution to the
problem of the object’s equilibrium can be given by the following equation:

f=GR(—w)+F. o (6.12)

where

G = KGT(GKGT)™ ¢ p3nex6 (6.13)

51



Chapter 6. Grasp Compatibility Optimization

and

F, = (I- GR)KIWT ¢ R3nexns (6.14)

Equally to the previous section, if we select as decision variables the elements of the
following vector:

p=[06T (T WT}T € RN Fato (6.15)
and as an objective function the following
2(p) = wrF(f(p)) + C(p) (6.16)

the problem of grasp compatibility optimization for synergistic underactuated hands
is equivalent to the following optimization scheme:

p* = arg;nin z(p) (6.17)
s.t.
VE (D) + £,(p)” < b (p), i = Ln, (6.18)
Amin < 4 < Qmax (6.19)
s(q) € 90 (6.20)

6.3 Simulation Results

Results are presented for the grasp of a cylindric object (diameter 4cm, height 15cm,
mass 200 gr). After the grasp, we want to meet the requirements of a certain task:
transmitting to the grasped object’s center of mass, torque and angular velocity
along the positive side of axis y. For the same optimization parameters (weighting
factors, initial posture, maximum number of iterations, constraints etc.), compara-
tive 3D plots with the initial (green color) and final (blue color) postures are pre-
sented for the case of i) DLR/HIT II and b) of a synergistic underactuted hand with
the same model, whose kinematics are defined by 5 principal components (see Figs
6.2, 6.3, 6.4).
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Figure 6.2 — Comparative Illustration: DLR/HIT II on the left and synergistic un-
deractuated hand (5 principal components) with the same model on the right. The
cyan vector illustrates the direction of the desired task execution, the transmission of
angular velocity and torque along the positive side of axis y.

Figure 6.3 — Grasp Compatibility Optimization: Second view of the same simulation.

Besides, comparative plots depicting the convergence of the objective function
and its components are provided in Figs. 6.5 and 6.6 that follow. In Fig. 6.5 we can
see that the algorithms first search a feasible solution. Once a feasible solution is
found, sequential feasible minimization steps are implemented until the algorithms
terminate due to insufficient decrease of the objective function. For the synergistic
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hand model, as it can be seen, it is more difficult to enter the feasible region and
the convergence of the algorithm is much slower, even if the final solution is close to
the solution for the DLR/HIT II hand.

Objective Function z

Objective Function z
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20

*
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Figure 6.4 — Grasp Compatibility Optimization: Third view.
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Figure 6.5 — Convergence of the proposed algorithm with and without synergies.
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Figure 6.6 — Convergence of the Objective Function Components for the case of the
DLR/HIT II (without synergies) and for the case of a synergistic underactuated hand
with the model of the DLR/HIT II (with synergies label).

The comparative plots of the objective function components confirm what was
observed in Fig. 6.5; the convergence for the synergistic hand model is slow. The
model without the synergistic constraints enters really fast the feasible region and
keeps almost the same value throughout the whole run, as far as the force minimiza-
tion component is concerned. As for the task compatibility index, it also converges
fast, although slower than the norm of the contact force components.

6.4 Discussion

An optimization scheme which considers an initial grasp and leads to a final grasp
which favors the task to be executed by the robot hand is developed and tested.
For completeness, the same problem is addressed for the two different types of robot
hands considered throughout this thesis. From the simulation results provided we
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can observe no significant difference in the final posture of the hand. We can see
that the main difference is provided by the hand’s wrist position/orientation. This
is normal and expected, since the wrist’s contribution to the objective function and
consequently to the posture adopted is greater compared to the rest of the kinematic
components.
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CHAPTER 7

Sequential Improvement of Grasp
based on Sensitivity Analysis

In this chapter, we propose a new concept in the area of optimal grasp synthesis,
confronting both geometric and mechanical constraints. Starting from a locally
optimal force distribution on some prespecified feasible contact points, our algorithm
leads gradually to grasps with lower minimal forces, avoiding singularities and joint
limitations. It is implemented sequentially, through perturbations (small changes)
of the contact points and the wrist’s position/orientation. The key idea behind this
work consists in applying sensitivity analysis [51] in an iterative process to derive the
sequential optimal solutions. The main advantage of the proposed method is that
it needs only local information of the object’s surface. Hence, it can be generalized
for objects of unknown geometry with the use of suitable tactile sensors [52]. In this
respect, the robot hand will be able to perceive the local geometry of the object and
based on the proposed algorithm, it will adjust appropriately its configuration to
improve the grasp.

Towards addressing the grasp improvement problem, we employed a mathemati-
cal programming technique to obtain the efficient as well as feasible directions of the
contact points and wrist transitions that improve force distribution. Specifically, we
adopted the first order sensitivity analysis presented in [51] and [53]. This method-
ology considers a general mathematical programming problem in its optimal state
wrt the decision variables, studies how infinitesimal perturbations of the problem
parameters affect the optimal state and provides the partial derivatives, called sensi-
tivities, of the primal (decision variables) and dual (Lagrange multipliers) variables
as well as of the objective function wrt the perturbed parameters. Fig. 7.1 shows
how small parameter perturbations lead in sequential changes of the optimal state,
that can be calculated by the aforementioned sensitivities.

7.1 Problem Formulation

In this problem, we consider the contact forces f € R3"e as decision variables and
the contact points as well as the hand wrist position and orientation as parameters
of the optimization problem. We stack the parameters in the following vector:

p=[f' h" ¢T w']eR>*° (7.1)

where the notations adopted are chosen to be the same as in section 4.2.1.
Our goal is to employ the aforementioned sensitivities to propose parameter
changes to the directions of grasp improvement. Given any feasible contact points,
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Figure 7.1 — The optimal states s* wrt the function z(f,p) are affected by small
perturbations of the parameters p.

we assume that the robot hand stably grasps the object with locally optimal forces:

f* = argmin F(f) (7.2)
£

wrt to the cost function (2.29), satisfying:
h(f,p) =0 (7.3)
g(f") <0 (7.4)

where h : 3% x R0 — RO represents the balance linear equalities (2.27) and g :
f3me — R"e represents the friction cone nonlinear inequalities (2.28). As a result, the
Karush-Kuhn-Tucker first order necessary conditions hold (see for example [54-56]):

VeF(£) + X Veh(f, p) + p* Veg(f) = 0 (7.
h(f',p) =0 (7.
g(f) <0 (7.
plg(f) =0 (7.
p =0 (7.
where A* € R° and p* € R" are the Lagrange multipliers associated with the
equality and inequality constraints respectively.
In order to incorporate in our analysis the quality measures (2.35) and (2.36),
mentioned in the previous section, we employ the following objective function:

5)
6)
7)
8)

9)

z =wpF(f) +wy + wuQ(q) (7.10)

M(q)

where wg, wyr, wo are suitably chosen weights that normalize the quality measures
and favor those we want to emphasize more, depending on the task. By introducing
the hand’s inverse kinematics:

q=T(p) (7.11)
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into (7.10), we derive the expression of the objective function wrt the system pa-
rameters p, as follows:

z(f,p) = wpF(f) + wMﬁ + woQ(P) (7.12)

Since system parameters were considered constant in the initial optimal grasp and
since M and @ are independent of the decision variables f, their incorporation does
not affect the optimality conditions. Thus, the system is also in a locally optimal
state wrt the cost function (7.12).

The derivation of the sensitivities of the optimal state (f*, A*, u*, z*) wrt the
parameters p is carried out by differentiating the KK'T conditions, as follows:

(Vez(f,p)) df + (Vpz(f, p)) dp — dz = 0 (7.13)

(Vﬁz(f*, p)) + iﬂ;Vﬂ‘gj(f*, p)) df

J=1

6
+3 " NiViphu(f', p)dp + Vih(f', p)dX

k=1
+ Veg(f*, p)du = 03, (7.14)
(Vih(f", p))"df + Vph(£, p)'dp = 05 (7.15)
(Vig(f)Tdf =0, (7.16)

The aforementioned set of equations require that the KKT conditions are satisfied
after an infinitesimal perturbation of system parameters. We also demand that
active constraints remain active and inactive constraints keep their value inside the
feasible region after each perturbation. In Matrix form, the system (7.13)-(7.16) can
be written as follows:

zZf Zp 0 0 -1 _df_

zg + %C: p 26: ANehgy, h 0 dp
ft j=1 Iujgﬁ‘ k=1 kTP £ gf dA = O (7.17)
h; h. 0 0 0] |du
g7 0 0 0 0] |dz

If we consider the submatrices:

Zf 0O 0 -1
_ |Ee 20 1595 he gr O
U= i g 9 (7.18)
g7 00 0
and
o P
R R L (7.19)
P
0
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we obtain all sensitivities through the inversion of the square matrix U. Under the
assumption that the optimal solution f* is a non-degenerate regular point [51], matrix
U is invertible. Thus, the sensitivities are calculated as follows:

of

x
D= || =U"'S (7.20)

g_lz)

op
As a result, the expected change of the optimal state (f*,A*, u*, z*) after an infinitesi-
mal perturbation dp of the parameters may be derived to a first order approximation,

through the corresponding differentials:

df
dA\
dp
dz

=D-dp (7.21)

It should be noticed that the aforementioned method has local validity. However,
incorporating it in an iterative algorithm can lead to sequential improvements of the
cost function (7.12). Thus, via calculating the sensitivities and adopting a suitable
step selection strategy for the system parameters (e.g. [57]), we can change appropri-
ately the optimal state. Hence, our goal is to apply perturbations of the parameters
in such directions that lead to the decrease of the objective function (7.12). Finally,
we present an algorithm that incorporates the aforementioned methodology into a
general grasp synthesis strategy aiming at post optimal grasp improvement.

7.1.1 The Sequential Grasp Improvement Algorithm

The Sequential Grasp Improvement (SGI) Algorithm initializes with an optimal
grasp on prespecified feasible contact points and wrist position/orientation. The
initial optimal state is obtained via a grasping force optimization algorithm. At
this point, the iterative algorithm begins. At the i-th iteration, the sensitivities are
first calculated and subsequently, an appropriate and sufficiently small parameter
perturbation dp is determined. The parameters are then updated via:

Pit1 = P; +dp (7.22)

*

and the new optimal state (£, A}, ,, u’, 1, 2,,) is calculated via the corresponding
sensitivities, as descibed in (7.21). The iterative process continues until (7) an
insignificant grasp improvement is determined or (#7) a possible collision between the
hand’s fingers is detected or (i) any of the joint limits is violated. Regarding the
third case, note that although metric (2.36) was included in the cost function (7.10),
the decrease of (7.10), which in general leads the configuration inside the feasible
region, cannot guarantee that the joint limits are not violated. Finally, it should
be noticed that the proposed algorithm avoids any singular configurations owing
to metric (2.35) that was employed in the objective function. Thus, starting from
a nonsingular configuration (i.e. M(q,) >0) and decreasing the objective function
(7.12), it is impossible to approach a singular point (i.e. M(q) —0), since in such
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Algorithm 1 Sequential Grasp Improvement

1. procedure SGI(p, q,cm, Weight, frecoef, e, §, wy, wq, w3)
2: var < GFO(p,cm, Weight, frcoef)

3 Imp < TRUE

4: col +— FALSE

5: while (¢ € Q) and (Imp =TRUE) and (col = FALSFE) do
6: MOVEHAND(q,var)

7 D« SENSITIVITY (var,p,q,cm, Weight, frcoef)
8 dp <~ STEP(D;e)

9: dvar < D x dp

10: var < var + dvar

11: pp+dp

12: q <+ INVKINE(p,cm)

13: if dvar(4n.+7) < —9) then

14: Imp < TRUE

15: else

16: Imp <+ FALSE

17: end if

18: for i=1 to 10 do

19: e 2%it1
20: if p[j + 2] — p[j] < 0 then
21: col — TRUFE
22: end if
23: end for

24: end while
25: end procedure

Algorithm 2 Step Determination

1: function STEP(D,¢)

2 for i=1 to 16 do

3 if D[4n.+ 7,i] > 0 then
1 dp[t] = —eli]

5: else

6 dpli] = €[d]

7 end if

8 end for

9: end function
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case the objective function would approach to infinity, which is a clear contradiction.

The proposed scheme is presented in Alg. 1 (SGI) in pseudocode. The vector var
contains the optimal state (f*A*, p*, 2*). GFO is an algorithm implementing the
initial grasping force optimization, for a given set of feasible contact points [24, 25,
58-60]. MOVEHAND is the procedure that implements the determined perturbation
of contact points and wrist. Let dp be the vector of the parameters perturbations,
that is calculated in Alg. 2 and dvar denote the change of the optimal state. The
vector € contains the step size for each of the system’s parameters, while d contains a
desired improvement of the objective function. Imp is a logical variable, whose value
is TRUFE while the grasp improvement is considered as satisfactory wrt a prechosen
desired decrease of the cost function z and turns FALSE when the improvement is
considered as insignificant. Collision is checked using the logical variable col. As
long as no collision is detected, col remains FALSE and the algorithm proceeds.
When col turns TRUFE, a collision is about to happen and the algorithm stops.
Functions SENSITIVITY and INVKINE implement the calculations of Sensitivities
and inverse kinematics respectively, while STEP is the function that determines the
appropriate parameter perturbation.

7.2 Simulation Results

In this section, we present simulations of the aforementioned algorithm. In the
simulations, we considered the position and the orientation of the hand’s wrist as
parameter values assuming that a dexterous robot arm could implement the small
wrist perturbations derived by the SGI Algorithm. Regarding the grasped objects,
we considered a cylinder with diameter 6 cm and height 15 ¢cm and a sphere with
diameter 4 cm, both weighting 200 gr. The friction coefficient between the surface
of the fingers and the object was set to be 0.8.

Figure 7.2 — Cylindrical object: The initial (green color) and the final (blue color)
hand configuration as well as the transitions (red color) between the contact points.

Simulation results for the case of a cylindric object are presented in Fig. 7.2
and Fig. 7.3. Fig. 7.2 illustrates the initial and final configurations/contact points
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after 240 iterations, after which, no significant progress is observed and the SGI
Algorithm terminates without violating joint limits. As it is illustrated in Fig. 7.3,
the force metric (2.29) decreases leading in a more energy efficient grasp. The
scaled manipulability inverse exhibits a fast decrease at the beginning and then is
kept constant around a low value, avoiding thus any singularities. Measure Q is
decreasing slowly, practically ensuring that the configuration remains feasible wrt
the joint limits.
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Figure 7.3 — Cylindrical object: Comparative illustration of the cost function com-
ponents.

Similar results (see Fig. 7.4 and 7.5) were obtained for the case of the spherical
object.

Figure 7.4 — Spherical object: The initial (green color) and the final (blue color) hand
configuration as well as the transitions (red color) between the determined contact
points.
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Figure 7.5 — Spherical object: Comparative illustration of the cost function compo-
nents.
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Regarding the simulated paradigms, the Multi-Parametric Toolbox has been uti-
lized to create the polytopes of the objects presented [61].

7.3 Discussion

A sequential grasp improvement scheme was proposed based on a general post-
optimality analysis. It initializes from an optimal grasp on prespecified feasible
contact points and wrist position/orientation. Subsequently, it determines appro-
priate changes on the contact points and the wrist position/orientation, that lead
gradually to better grasps wrt the force distribution and the manipulability. The
proposed methodology takes into account the mechanical constraints of the robot
hand, incorporating only local knowledge of the object surface at the contact points.
Tactile sensing can provide a robot hand with the required local surface knowledge
to execute the algorithm in a real life unstructured and dynamic environment.
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CHAPTER 8
Conclusions and Future Directions

8.1 Discussion

In the context of this thesis, the problem of deriving an optimal grasp for a dextrous,
multifingered robot hand was addressed. Several measures associated with the Grasp
Quality were employed and different methods were adopted for a more thorough and
up to date investigation of the problem. In particular, our schemes aim at improving
or optimizing the Grasp Quality with respect to the force distribution which required
for the achievement of a grasp, the ability of the hand’s mechanism to exert these
required forces as well as the task compatibility of the grasp. They can be applied
for the case of dextrous robot hands but they can also be used for underactuated,
synergistic robot hands, the function of which resembles that of the human hand’s.

The simulation results that were produced and presented in the context of this
thesis illustrate the effect that the optimization of Grasp Quality measures can have
to the grasp posture. More specifically, from chapter 4, it became evident that the
contact points and the corresponding configuration of a grasp significantly affect the
quality, effectiveness but also mechanical and physical feasibility of a grasp. This was
also verified in chapter 7, were it was shown that even infinitesimal perturbations
on the contact points can lead to significantly better force distribution wrt the
energy consumption criterion of force minimization. Besides, the change of contact
points can facilitate the convergence of the algorithm to an optimal stable grasp.
This can be very important since the satisfaction of the friction cone inequality
constraints can often be a significant difficulty in the process of deriving a stable
grasp, especially when synergies are used to produce the hand’s kinematics as in
chapter 5. Equivalent comments can also be made for chapter 6’s findings, with the
addition of the task’s specificity. As expected from human experience, the successful
execution of different tasks can be ensured by different grasps. The variation of the
contact points and the hand’s configuration leads to different postures, more or less
compatible with a certain task. Equally to the way humans select a grasp depending
on the manipulation task they want to execute, a robot hand selects its grasping
posture so that it can exert forces and velocities to the directions that a certain task
imposes.

An overall comment for all schemes is that the solutions to the problems addressed,
are strongly dependent on the initial conditions (i.e. the initial grasp). Unadmit-
tedly, the initial posture, contact points and force distribution, due to the hard non-
linear nature of the problems presented, can lead to different types of convergence
and consequently to different solutions. As it was observed from the convergence
curves, the most computationally expensive part of the developed schems is the first
one, where a first feasible solution is searched. The great number of constraints as
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well as their nonlinear nature are responsible for this.

Furthermore, the assumptions made in the modeling of the grasping system can
also have an impact to the convergence of the algorithms and their final solutions.
In particular, the estimations made about constants such as the friction coefficient,
the stiffness matrix, the object’s center of mass etc. can significantly affect the
path of the objective function’s decrease and the feasibility of the solutions. It is
clear that there are uncertainties in the measurement of such information and hence
the theoretically optimal derived grasps are not going to be experimentally verified
without an appropriate adaptation

All in all, it has to be noted that our work does not aim at deriving a strict
"mathematical” minimum for each aspect of the Grasp Quality. On the contrary,
our objective is to produce grasps that have a combined sense of optimality. This
is the reason why the objective functions used for the simulation results consist
of different components, each of which corresponds to a different aspect of grasp
quality. Therefore, the final grasp expresses a suitably chosen (via the weighting
factors) compromise between the aspects of the grasp quality that are examined in
each chapter.

8.2 Future Research Directions

The grasp synthesis schemes that were developed in the context of this thesis were
tested in simulations, during which every important physical and mechanical con-
straint of the grasping system was taken into consideration. The DLR hand’s design
and specifications were included in the formulations and objects of realistic dimen-
sions and properties was considered.

However,the fundamental goal of the developed algorithms is their real-life exper-
imental verification. In order for this to happen, several issues directly or indirectly
connected to the explorations of this thesis need to be studied:

e The uncertainties in the available information concerning the object’s weight,
center of mass location and surface properties. It is sure that they can strongly
affect the correctness and accuracy of the algorithms’ outputs.

e The modification of the developed algorithms in order to work efficiently in
real time mode, which may involve among others their translation in a fast
language (e.g. C, C++).

e The development of an experimental setup that includes a sophisticated vision
system and a tactile sensor suite and provides information for the surface
properties of an object. The consideration of a robot arm in the computations
of the grasp optimization algorithms should also be a major concern for future
work. Besides, since forces play a great role in the whole concept of force
closure grasps, it is important that they are accurately measured. In this
direction, the integration of force sensors in the robot hand of our lab, which
is under thorough examination as these lines are written, is also crucial.

e The incorporation of more sophisticated optimization algorithms in the whole
implementation.
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APPENDIX A
Kinematics of the DLR/HIT II

A.1 Forward Kinematics

In this section, the model of the DLR/HIT II is presented and its forward kinematics
is derived. We first attach frames at its wrist and fingers’ bases as shown in Fig.

Al

Figure A.1 — DLR/HIT II: The 3D model of the palm as depicted in the documen-
tation of the hand. Frames are attached at its wrist and fingers’ bases.

Let us denote by {b;},7 = 1,...,5 the frames attached at the bases of the hand’s
fingers, where each number represents a finger (1 for thumb, 2 for index, 3 for
middle, 4 for ring and 5 for pinky). In the same figure, the homogeneous trans-
formations which express the fingers’ bases position and orientation wrt {W} are
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noted. These transformations, known from the specifications that accompanied the
hand, are provided below (the unit used in the mm):

0.429051 —0.571047 —0.699872 6.2569057
wop _ 0187173 0.814200  —0.549586 4.4544548
b0 10.883675  0.104803  0.456218  8.0044647
0 0 0 1
0 —0.087156 0.996195 —0.2529881
wop _ |0 —0.996195 —0.087156  3.6800135
b7 11 0 0 10.8743545
0 0 0 1
0 0 1 —037
wop |0 =10 1
5711 0 0 11.9043545
0 0 0 1
0 —0.087156 0.996195 —0.2529881
wop _ |0 —0.996195 0.087156 —1.6800135
bi 1 0 0 11.4043545
0 0 0 1
0 0.173648 0.984808 0.0971571
wop _ |0 —0.984808 0.173648 —4.3396306
bs 1 0 0 9.5043545
0 0 0 1

Subsequently, adopting the modified Denavit-Hartenberg notation, as presented in
[62] and [63], we attach frames at the fingers’ joints, as depicted in Fig. A.2.
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Figure A.2 — DLR/HIT II: The fingers’ model with the joint frames attached. The
Denavit-Hartenberg notation was adopted for the attachment of the frames.

Now, we can first derive their DH parameters:

Table A.1 — DH parameters of the fingers.

j 51 aj_1 dj 9j

0] 0 0 |0 %
1190° | 0 |0 @

21 0 | 55 |0 %

3 0 25 | 0 | g3—90°
E, | =90°] 0 |25 180°

and then we can use them to derive the homogeneous transformations between
the frames of each finger. Finally, we can express the kinematics of each fingertip’s
frame wrt frame {W}. In particular, for each finger we can write:

NTg, =N Tw WTg, =N Tw WTy, PTo °T; ' Ty *T3 3T, (A1)

For the derivation of NTyy, as it was presented in chapter 4, the X-Y-Z fixed angles
convention was adopted.

Regarding the mechanical limitations of the joints, they can be found in table A.2.
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As for joint 3, as it was mentioned above, it is coupled with joint 2, with a trans-
mission ratio 1:1 and hence its limits are the same with joint 2.

Table A.2 — Fingers’ Joint Limits.

Joint | Lower Limit | Upper Limit

0 -15° 15°
1 5° 85°
2 5° 65°
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A.2 Inverse Kinematics

Given the hand’s wrist position and orientation, we want to find the angular positions
of the fingers’ joints that lead to a desired position of the fingertips. Since the
transformations that connect the fingers’ bases with the hand’s wrist are known and
that the fingers are identical, this problem is equivalent to the problem of finding the
inverse kinematics of a finger. Given that each finger has three DOFs, this problem
has a unique solution.

In particular, given a target displacement vector dy = [px Dy pz}T € N3, defined
relative to frame {b;}, we want the following equation to hold:

T =" To(qo) °T1(q1) 'T2(q2) *Ts(qz2) > T, (A.2)
where
[ R dy
To= {0 0 0 1] (A-3)
From eq. A.2, we can get:
(PTo) Ty = °Ty 'Ty 2T5 *Tg, (A.4)

Now, by taking the three equations of the elements concerning the displacement
(fourth column of the matrix equation A.4), we have to solve the following system:

PeC1 + Pys1 = l2c0s(qa + 2q3) + lacos(qa + q3) + lica
PyC1 — P51 = 0 (A5)
lasin(qa + 2q3) + losin(ge + q3) + lis2 = p-

From the second equation, if we make the following substitutions:

Py = PCy
Pz = PS¢ (A.6)
p=\r;+10}
we derive:
CpC1 — Sp51 = 0= (A7)
cos(p+q) =0= (A.8)
P+q=7/2= (A.9)
@=m/2—¢ (A.10)

From A.5, we can get the following expression:
¢ = Atan2(py, py) (A.11)
which, upon substitution to A.10, yields:
@ = m/2 — Atan2(p,, py) (A.12)

Due to the fact that the workspace is limited by the mechanical limitations of the
joints, we can derive the following last expression for the first angle:

¢ = Atan(py/pz) (A.13)
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Subsequently, we inverse the homogeneous transformation matrix T4, in order to
derive the rest of the unknowns:

(°T1) ' (" To) ' Te ="' T2 *T3 °Tg, (A.14)

From the equations of the elements (1,4) and (2,4), we derive the following system:

l263 + ll + lg(Cg — 8%) = p,So + cz(pzcl +py51) (A 15)
l253 + 2lp83¢3 = p.cy — Sa(pac1 + pysi)
For simplification reasons, we can make the following substitution:
A =p.c1 +pys1 (A.16)
Now we get:
locs + 1] + 15(c2 — s2) = p,sq + Ac
203 + 11 + la(c5 — s3) = p=s2 + Acy (A.17)
lyss + la89g, = p.Co — Asy
By squaring and simplifying both sides of the equations, we derive:
2.2 A2 2 l l l 2
p;SS + 263 ( 1+ 2C2¢q3 + 2203) (A18)
pzcy + Asy = (lass + lasag,)

By summing these equations and after simplifications, we get the following expres-
sion:
P2+ A% =205 — 12 = (213 + 2l11y)c3 + 2 lacaq, (A.19)

Using a trigonometric identity, the term cy,, can be transformed to:
Cogs = COS(2q3) =3 —s5=c5—1+c53=2c;— 1 (A.20)

Therefore, eq. A.20 can be written as:

P24+ A% =203 — 12 = (212 + 2l1ly)cs + 21115(2¢5 — 1) (A.21)
or
We simplify the above expression by making the following substitutions:
Ky =p* 4+ A% =202 — I? + 211, (A.23)
Ky =213 + 2111, (A.24)
and
Kg = 4l1l2 (A25)
Hence:
Kgcg + K203 + Kl =0 (A26)

Eq. A.26 is a simple quadratic equation, which has two roots, from which we hold
the positive one, since g3 € [5,65]:

— Ky + /K2 — 4KK;
_ A2
5 (A.27)

3

C3
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Finally,
q3 = Acos(cs) (A.28)

Regarding the angle go, from A.15, if we make the following substitution:

B =383 + 2ly¢383 = p.co — Asy (A.29)
we derive:
P.Co — Asy = B (A.30)
If we also substitute:
Dz = pCy
o= T
we get:
B
CpC2 — SpS2 = ; = (A32)
B
cos(¢+ q2) = > = (A.33)
and
B2
sin(¢+ q2) = £4/1 — Vi (A.34)
Hence:
B? B
¢+ qz = Atan2(£4 |1 — —, —) (A.35)
p*’ p
From eq. A.31, we have:
¢ = Atan2(A, p,) (A.36)

However ¢, € [5,85] and therefore:

G = —Atan(A/p.) + Atan(y /1 — f—;/B) (A.37)
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APPENDIX B
Apparatus

B.1 Cyberglove Systems Cyberglove 11

The CyberGlove II data glove is a lightweight, comfortable, fully instrumented glove
that provides up to 22 high-accuracy joint-angle measurements. It uses proprietary
resistive bend-sensing technology to transform, with high accuracy, hand and finger
motions into real-time digital joint-angle data. An option to the glove, the Cy-
berTouch system can also provide vibrotactile feedback to the fingers and palm as
well [64].

Figure B.1 — CyberGlove, a glove which captures human hand’s kinematics in real-
time mode [6].

CyberGlove is a device that has brought a revolution in studies associated with
robotics and neurophysiology. It can be used as a motion tracking system for the
human hand’s kinematics. Therefore, it can be associated a great number of appli-
cations, ranging from the extraction of a model that describes the human hand’s
kinematics (as in this thesis) to the teleoperation of robotic systems. An example
of the use of CyberGlove as an interface to interact with the DLR/HIT II can be
found in the following video recorded in our lab: [65].
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