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ABSTRACT

MOMENTUM TRANSFER CONTINUUM BETWEEN PRESHAPE AND
GRASPING BASED ON FLUIDICS

Ozyer, Barig
Ph.D., Department of Electrical and Electronics Engineering
Supervisor : Prof. Dr. ismet Erkmen

Co-Supervisor : Prof. Dr. Aydan M. Erkmen

October 2012, 108 pages

This dissertation propose a new fluidics based framework to determine a continuum
between preshaping and grasping so as to appropriately preshape a multi-fingered
robot hand for creating an optimal initialization of grasp. The continuum of a hand
preshape closing upon an object that creates an initial object motion tendency of the
object based on the impact moment patterns generated from the fingers is presented.
These motion tendencies should then be suitable for the proper initiation of the grasp-
ing task. The aim is motivated by human like behavior where we preshape and land on
an object to initiate a certain grasping behavior without losing the continuum during

the “’preshaping to grasping” phases.

The continuity of momentum transfer phenomena is inspired by fluid dynamics that
deals with fluid flow. We have adapted governing equations based on the physical
principles of the fluid flow to generate momentum transfer from the robotic fin-
gers, closing upon the object surface to fluid medium particles then from these fluid

medium particles to the grasping object. Smoothed Particular Hydrodynamics (SPH)
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which is a mesh free particle method and finite volume approximation is used to ana-
lyze fluid flow equations. The fingers of the robotic hand and object are modeled by

solidified fluid elements and also can be compliance.

For evaluating the optimal grasp initialization of different hand preshape, we propose
a decision support system consisting of artificial feed forward neural network based
on the moment distribution on the object determines either : 1) given initial position
and orientation of a robot hand, what preshape is suitable for generating a desired
moment distribution on the surface of a given object in order to trigger a desired
rotation in a desired direction when approaching with this preshaped hand or 2) given
a predetermined hand preshape what initial position, orientation and hand aperture
are suitable to generate a desired rotation upon approach and without causing the

retroceeding of the object.

Keywords: grasping, hand preshaping, multi-fingered robothand, computational fluid

dynamics
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AKISKAN DINAMIGINE BAGLI OLARAK ON-SEKIL VE KAVRAMA
ARASINDAKI MOMENTUM SUREKLILIGI AKTARIMI

Ozyer, Barig
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii
Tez YOneticisi : Prof. Dr. Ismet Erkmen

Ortak Tez Yoneticisi : Prof. Dr. Aydan M. Erkmen

Ekim 2012, 108 sayfa

Bu tez, ¢cok robot parmakli robot eli ile bir nesneyi kavramak i¢in nesne iizerine dogru
hareket ederkenki elin aldig1 6n sekli ile kavrama anindaki sekli arasindaki siirekliligi
tanimlamak i¢in akigkan tabanli yeni bir ¢cerceve 6nermektedir. Elin 6n seklinin nesne
yiizeyine dogru kapanirken parmaklar tarafindan yaratilan moment Oriintiisii, nesne
hareket yonelimine neden olur. Bu hareket yonelimleri, nesneyi belir bir gorev ile
kavramak icin yaklasirken, harekete basladigr durumdaki el sekli ile uyumlu olmasi
gerekmektedir. Amacimiz, elin nesneyi belirli bir amag ile kavramak i¢in nesneye
yaklagirkenki almis oldugu sekillerin, hareket boyunca siirekliligini kaybetmeden, in-

san davraniglarina benzer bir sekilde moedellenmesidir.

Momentum aktarimi fenomenin siirekliligi, akigkanlarin akisini inceleyen akigskanlar
dinamigi teorisinden esinlenmistir. Biz, oncelikle parmaklar tarafindan akigkan or-
tamdaki parcaciklara, sonra bu parcaciklardan nesne tizerindeki parcaciklara aktarilan
momentumu yaratmak i¢in akigskan akisim1 modelleyen fiziksel denklemleri kendi

problemimize adapte ettik. Serbest Orgii yontemi olan hesaplamali akiskanlar di-
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namigi ve sonlu hacim yaklasimi, akigkanlar akisi denklemlerini analiz etmekte kul-
lanildi. Parmaklar ve nesne katilagtirilmis akiskan parcaciklari ile modellendi. Bu

parcaciklar ayn1 zamanda deforme edilebilir.

Farkli el 6n sekillerinin en uygun sekilde kavramaya baglamasinin hesaplanmast igin,
biz nesne iizerinde yaratilan moment dagilimlarina bagl olarak ileri yonlii beslenen,
yapay sinir ag1 igeren, karar destek sistemi Onerdik. Denetleyici belirtilen iki du-
rumu ifade eder 1) durumu ve yonelimi belirli olan robot elin hangi el sekli ile nes-
neye dogru yaklagsinki, nesneye verilmesi istenen hareket egilimi istenilen yonde
gerceklessin 2) daha onceden belirlenmis el sekli ile hangi konum, yonelim ve el

aciklig1 ile yaklagilmali ki nesneye istenilen donel hareket egilimi verilebilsin.

Anahtar Kelimeler: nesne kavrama, el on sekli, cok parmakli robot el, hesaplamali

akiskanlar dinamigi
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Objective

Anthropomorphic dexterous multi-fingered manipulation of underwater objects re-
quires planning of the approach orientation, aperture and velocity with a suitable
hand preshape, much more than for an object outside the fluid medium. Any ap-
proach easily destabilizes an object suspended in fluid and imparts a motion to the
object depending upon the preshape of hand, the approach initial distance and hand
aperture together with the properties of the fluid medium. Taking a different perspec-
tive, in our work, we aim at triggering a motion on the object by the approaching
phase of a preshaped robot hand that will be subsequently suitable to the initiation of
a desired manipulation task after grasping. Consequently our specific objective in this
thesis is to generate a desired moment distribution on an immersed object by the con-
trolled approach of a hand preshape so that the generated moment triggers the desired
object rotation and translation to be used as the initialization of the manipulation task

of that object by the robot hand.

The literature abounds with works on the different phases of dexterous manipulation:
grasp planning, approach, grasping and manipulation [1]-[4]. These works gener-
ally rely on heavy constraints brought to the grasping problem such as dexterity of
the manipulator and object properties and provide solutions within this constrained
framework [5]. However, last years have seen few attempts to bridge the everlasting
gap between preshaping and landing on an object to grasp and manipulate [6]-[9].

Moreover, to the extent of our knowledge, no work has bridge this gap yet, within
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the power of a single “’preshaping to grasp”” model. Our objective is to use fluidics to
model momentum transfer phenomena and bridge within the continuum of a single
model (namely fluid dynamics), all the phases from 1) preshaping of a multi-fingered
hand during the approach of an object, 2) the initial momentum distribution genera-
tion on the object surfaces upon approach, leading to the preparation of the object for
motion, 3) the actual landing of the fingers, initializing the task by the motion tenden-
cies obtained from where the momentum transfer left off the approaching preshape

now contacting the object.

1.2 Methodology

In this thesis, we propose a new fluidics based methodology to determine a continuum
between preshaping and grasping so as to appropriately preshape a multi-fingered
robot hand for creating an optimal initialization of grasp. We investigate the effects
of impact forces and momentum transfer between different hand preshapes landing
on an object. The continuity of momentum transfer phenomena is inspired by fluid
dynamics that deals with fluid flows. The mathematical model of the fluid flows is
based on three fundamental physical principles: conversion of mass, conversion mo-
mentum and conversion energy. By applying these principles to a fluid model, the
governing equations of fluid dynamics are obtained. We have adapted the governing
equations based on the physical principles of the fluid flows to generate the momen-
tum transfer from the robotic fingers to the fluid medium then from the fluid medium
to the grasping object. The fingers of the robotic hand and object are modeled by
solidified fluid elements and thus can also be made compliant. Computational mod-
els are required to solve the governing equations otherwise these equations can not
be solved analytically. Among these computational methods, Smoothed Particular
Hydrodynamics (SPH) which is a mesh free particle method and finite volume ap-
proximation is used to analyze fluid flow equations. This approach provides a new
model for analyzing the effect of the fingers motions landing on an object, firstly from
fingers to the fluid medium and then from fluid medium to the object. We demonstrate
a number of experiments for utilizing our fluidic based system on the different hand

preshapes landing on the different objects. For evaluating the optimal grasp initial-
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ization of different hand preshape, we propose a decision support system consisting
of artificial feed forward neural network based on the momentum distribution on the

object.

1.3 Contribution

All the phases of grasping an object represented in the objective have not been han-
dled in the literature within the continuum of a single model. Our contribution is
to challenge bridging all the phases in a continuity using fluidics. Although our ap-
proach is valid for all environments, including air, in order to enhance the motivation
and add visual value to our approach, we confine ourselves in this thesis to the ap-
proach of a preshaped robot hand towards an object suspended in an incompressible

fluid medium such as water.

Robot hand and object are both immersed in the fluid medium. Momentum transfer
from a preshaped multi-fingered hand to a fluid medium (air, water. . . etc.) and from
the fluid medium to the object to be grasped within this medium always exist. The
main issue is whether the fluid medium is incompressible or not and also whether the
impact of the transferred momentum can influence the object so as to move it from its
equilibrium way before contact. Dealing with approach to grasp an object suspended
in incompressible fluid (here water) makes this momentum transfer critical even dur-
ing a slow approach toward grasping. This criticality helps make our contribution
visual which resides in the fluid based modeling of this momentum transfer from the
phases of preshaping to approach, landing and grasping the object, all handled in a

continuum within the same model.

Another advantage of our modeling perspective is to be able to model hand fingers
and object as rigid (frozen) fluid elements. Consequently it is feasible within the
model itself to enable soft object handling and flexibility in fingers so as to implement

compliance in the grasp by relaxing this rigidity.

Moreover, we develop a neuro-controller that decides upon the hand preshape to be
used for landing on the object, so that a desired moment distribution is created on the

object during the approach. This decision is then carried out by initiating that hand

3



preshape from a given initial position and orientation. The controller also determines,
in the case that a given hand preshape has to be adopted, what is the initial posi-
tion, orientation and aperture of that given hand preshape so that a desired moment
distribution is generated upon approach until the landing of the fingers on the object
surfaces. This thesis specifically dwells with all these contributions, developing the
momentum transfer model, generating the aforementioned controller, inserting com-
pliance in the object, fingers whenever needed and demonstrates the performance of
the proposed system. Sensitivity of the system is also analyzed within the perspective

of the compliance.

The major contribution of this dissertation are summarized as follows:

e The development of the momentum transfer generated from the fingers upon
landing on the object by adapting the continuity of the fluid flows and solid
fluid interaction. This determines the momentum transfer continuum between
preshaping and grasping of multi-fingered robot hand. This contribution pro-

vides optimal grasping strategies for robot hand before contacting an object.

e Modeling the initial effect of contact forces and moments onto the object that
gives the initial rotation and translation tendencies due to momentum transfer

upon impact.

e Generating the approach control system for grasping underwater in order to
determine the optimal hand preshape for a given momentum distribution on the

object surface.

1.4 Outline Thesis

In Chapter 2, the literature related with research on grasping by multi-fingered robot
hand is reviewed. A brief overview of human grasping and anthropomorphic robotic
grasping is presented. This includes analytical approaches of grasping, demonstra-

tions of hand preshaping and fluidics in robotics.

Chapter 3 gives an overview of fundamental of computational fluid dynamics and

finite volume approach for solving discrete governing equations, as a mathematical

4



for validation for our approach.

In Chapter 4, ” Momentum transfer from preshape to grasping” concept is represented
for initiating underwater the controlled motion tendencies on object to be grasped by
the approach of a robot hand preshaped. We investigate, in this chapter, the effect of
momentum transfer from the robot fingers to fluid medium, and from these medium to
object surfaces that leads to rotational and translational motion tendencies. It includes
also modelling of robot fingers and object as fluidic elements which rigidity can be

relaxed to induce compliance.

In Chapter 5, we propose a novel concept of a controller that determines, given initial
position and orientation of a robot hand, what hand preshape is suitable for generating
a desired momentum distribution on the object surface. This chapter shows experi-
mental results on how different hand preshapes initiated from different locations in the
medium surrounding an object of different cross sections suspended in equilibrium in

the fluid, affects its motion tendencies in terms of rotation and translation.

In Chapter 6, we model the dipping of the robot fingers into the water moving to-
wards a fully immersed object in shallow water and demonstrate also the continuum
of momentum transfer phenomena. Our proposed approach based on fluid particles
is formalized and then demonstrated on experimental results through simulation. The
methodology is inspired from water entry problem of free falling object. Smoothed
particle hydrodynamics model (SPH) is used to simulate the general dynamic of fluid
flows and momentum transfer between particles of different media. The fingers of the
robotic hand are modeled by solidified fluid particles interacting with compressible
surrounding fluids in which objects are defined as rigid-body solidified fluid particles.
The interaction between the solid and fluid particles are represented.The developed
model has been applied to the simulation of various simple robot hand preshaping

and the generated momentum transfer profiles an object surface have been analyzed.

In Chapter 7, the thesis is concluded and provides suggestions for future work.



CHAPTER 2

LITERATURE SURVEY

The research on the grasping and manipulation of an object by multi-fingered robot
hand have been studied in different aspect which is mostly inspired by biologically
motivated model in the literature during the last decades. However, there is still a
gap between preshaping and grasping in order to initialize hand preshaping. To close
this gap, we use fluidic based approaches that provide the opportunity to analyze the

effect of the momentum transfer for achieving successful grasping.

This chapter begins with a brief overview of some of the research on human grasping
approaches in the literature. The model of human hand postures have been inves-
tigated by researchers to provide grasping strategies for robot hands. In the next
section, we will review anthropomorphic robotic grasping that how human dexterity
can be achieved by robotic manipulator. Next, the analytical approach for grasping
an object is introduced. Finally, we will present briefly the works on the literature of

fluidics in robotics.

2.1 Human Grasping

Human hands have great dexterity for grasping and manipulation of various shapes
of an object. Thus, robotic researchers have been focused on biologically motivated
approaches that can be used for complex grasping tasks by robot hand. In this section,
we give an overview of human grasping including phases of human grasping and

grasp taxonomies existent in the literature.

Human grasping can be described by two main phases: transportation and manipula-
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tion [10]-[12]. Transportation means that the hand integrated with arm moves from
initial position toward the desired target object [13]. On the other hand manipula-
tion is adjusting hand postures under the applied forces to stabilize the object and
undertake a task with it. While human hand is reaching to grasp an object, it adjusts
hand preshapes before contacting on an object [11]. More research works [14]-[17]
demonstrate that prehensile movement for human grasping need to coordinate that
hand transport and preshape adjustment given in Figure 2.1. Preshape adjustments
depend on feedback information from the environment based on human visual and
sensing the object features. The object properties such as shape, size and weight
called affordances also influence the grasping postures. Work in [14] represents an
experimental study on hand movement over a curved trajectory while transportation
to the target. This article specifies points on the trajectory called ‘via point‘ that
needs to be crossed during motion. The important finding in the experiment is that
there is a delay for preshaping the hand into an appropriate grasping posture before
passing the via point. The delay in hand apertures such as openings or closures uses
the information of the hand transport to adjust the hand preshape. The studies that
have investigated hand preshape also analyzed hand aperture which is the distance
between the tips of the thumb and index finger [10]. This study shows that opening
or closing hand aperture is based on the object size. In another study [15], the size of
aperture of hand is found to be independent the object locations. These findings leads
to the fact that hand preshapes are only based on distinctive properties of the object

such as size and shape.

After the hand is preshaped, the grasp is applied to initialize closure phase. The
grasping stage is relatively more complex than transportation because there are huge
number of possibilities of hand preshapes in grasping an object. Grasping is basically
considered as a set of fingers contacting the object with proper force distribution in

order to stabilize the object under the control of hand movements.

In the literature, grasp taxonomies are achieved by classification of hand postures and
have been studied in the field of rehabilitation and surgery. During the last decades,
these grasp taxonomies have been applied in robotics and computer based simula-
tions in order to provide different grasping strategies based on the object shape and

manipulator types.
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Figure 2.1: The human hand preshapes apertures opening and closing during reaching
to object [13].

Primary studies on human grasping conducted by Schlesinger [18] classified human
grasping into six different types: cylindrical, fingertip, hook, palmar, spherical and
lateral. The taxonomy of Schlesinger classification is based on object surfaces such
as cylindrical and spherical, hand surfaces such as fingertip, palmar and lateral and
hand posture such as hook grasp. These classification is used to simplify the corre-
late between hand postures and object surfaces. However, achieving stable grasping
which is needed to determine the necessary forces generated from the fingers are not

considered in this study.

Later, the classification is extended by Napier [19] shown in Figure 2.2. That work
classifies human grasping in two main groups: 1) power grasp 2) precision grasp.
In the first group, the object can be held using palm and fingers. The stability and
security is primarily considered in grasping an object. The contact area between
object surfaces and hand postures is larger to achieving stable grasping in this case.
On the other hand, thumb and the rest of four fingers can be used to hold the object
for more complex task which determines the precision grasp. In this type of the
grasp, dexterity is an important issue for grasping an object. Lyons [20] proposed
definitions to determine three different grasp postures: encompass grasp, lateral grasp

and precision grasp based on the shape and size of the object.

Followed by these researches, Cutkosky proposed a detailed taxonomy of human
grasping based on the geometric properties of object such as shape and size to achieve
prehensile movements[21]-[23]. These taxonomies have widely inspired robotic re-

searchers nowadays. Power grasping and precision grasping proposed by Napier is
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(a) power grasp (b) precision grasp

Figure 2.2: Human grasping classification proposed by Napier [19].

extended by subdividing the two coarse classes into different types of grasps. The
relationship between object shapes, hand surfaces, hand shapes and forces are used
to describe these grasp types. Task dependency in manipulation of objects have been
considered to determine hand preshaping upon approach of an object to be grasped.
Object geometry and manipulation task under appropriate forces is investigated to
analyze and classify grasp choices. This is an important concept for robotic grasping
because geometric properties of the object and task dependency are found to generate
different hand preshaping and aperture types. As an instance, even if the task is same
such that lifting an any object, the grasp type differs for different geometric properties

of the object made of different material (glass or pencil)

Iberall [24],[25] and Arbib [26] proposed a virtual finger model that uses thumb and
the rest for four fingers with palm to handle the opposite forces. In order to achieve
successful grasping with human hand shown in Figure 2.3, the position of the vir-
tual finger should be properly in coordination with the finger contacting the object.
Three different hand preshapes are defined as pad opposition, palm opposition and
side opposition as shown in Figure 2.3 from left to right [27]-[29]. The approximated
contact points on object is determined by the virtual finger vectors represented as
dashed lines. The opposition axis represented as solid line is required for achieving
successful grasping. This proposed approach is used for generating different type of

grasp posture.



Figure 2.3: Virtual finger model proposed for different human prehension [25].

To summarize, when human hand approaches for landing on an object for given a
task, it takes a hand preshape before contacting the object based on the object size and
shape from visual feedback. Moreover, humans can reach for and grasp objects with
a high level of flexibility and dexterity. Therefore, understanding human behavior is

beneficial for robot skill transfer.

2.2 Robotic Grasping

The research study of grasping an object by robot hand has been conducted on many
works over the last decades. This research area involves grasp analysis, synthesis
and control schemes [30]. Recently, knowledge-based, control-based approaches and
behavior based approaches that are comprised of biologically inspired approaches

have been increasing interests for researchers.

2.2.1 Anthropomorphic Robotic Grasping

Anthropomorphism is basically defined as the dexterity of the robotic manipulator to
observe and mimic human hand characteristics and dexterity. The dexterity is related
to functionality of the manipulators [31]. In the literature, anthropomorphic manip-
ulator exits with poor dexterity. They can perform very limited grasping tasks even
if human like five- fingered robot hand have been developed during the last decades.
Although it is difficult to gain dexterity close to humans in robots, anthropomorphism

is a desirable goal in robotics, since human like robots will be involved in every part
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of our lives, such as helping and assistance the disabled human, prosthetic arm and

hand in medical fields.

In its most general sense, anthropomorphic robot grasping is divided into three main
stages: object recognition, reaching for landing on that object and grasping like hu-
mans. Primarily the intrinsic properties of a target object such as location, size and
shape have to be recognized [32]. Visuomotor system, widely that of a human, or
mimicking human, encodes the object features and then generates a suitable hand
preshaping shown in Figure 2.1 [13]. Hand preshaping and transporting are gener-
ally considered in the literature as two independent phases of reaching for landing
on an object [33]. However, there is a continuous motion of the preshaped hand dur-
ing reach, adjusting the hand aperture with respect to the object orientation and size
while transporting the hand [10], [34]-[36]. Another approach proposed by Smeets
uses minimum jerk hypothesis during orthogonal approach of finger and thumb to
the surface of the target [37]. Minimum jerk hypothesis [38] represents mathemat-
ical model for the coordination of human planar two joint arm movement in order
to determine the possible arm trajectories using dynamical optimization techniques.
Moreover, the kinematic properties of arm transport based on the position and orien-
tation of the target object and task have been studied considering force distribution

among the fingers [39].

2.2.2 Intelligent Grasping in robots

Although human can perform such a skillful grasping task easily, it is not easy to do
so for robotic manipulators. One common way to obtain skillful robot behavior is
to mimic human hand motion by motion capture system. There are several motion
capture systems in order to get the human data. Data Glove and optic markers are
widely used in the literature [40]-[43]. The motion capture system is equipped with
several sensors. By the help of these sensors, the position and force information of
the markers on the system are recorded. The human motion can be transferred to
the robot in real time or offline after a series of data processing [44]. Recently, a
large number of researches have focused on the popular studies known as learning

by demonstration to achieve more complex task [45]. The tele-operation method that

11



indicate direct transmission of human dexterity is one way to teach complex task to
robot [46]. In the process method, while the human hand can be used as master, robot
is generally used as slave. Since the kinematic and dynamic properties of manipulator
and human are different, the mapping procedure is used to transfer data. There are
three different approaches to be used in mapping procedure in the literature. These are
joint angle mapping, pose mapping and fingertip position mapping. Fingertip position
mapping is more efficient than the others because the joint angles of manipulator can
be calculated from the fingertip position by using inverse kinematic techniques. By
the help of this technique, kinematic dissimilarities can be ignored. However, the sole
use of tele-operation method or replicating the motion is not a suitable technique for
learning the task by robot. The robot should be trained in order to give the answer of

how to grasp an object within advanced intelligent control systems.

Robot have to be taught based on learning algorithms in order to perform and gen-
erate new biomimetic tasks. Reinforcement algorithm (RL) which is a well known
algorithm, provides an optimal control methodology for generating new behaviors
for robots. RL algorithm find a policy based on reward and punishment data received
from environment. Although the dynamics of the system including manipulator and
environment are not necessary to be known, the huge numbers of data collected from
the task space give rise to inapplicable in real time learning systems [47]. Another ap-
proach, robot programming by demonstration, represented in [48] is that after human
perform a task, system recognize the human grasping and then maps into manipulator.
Here, the idea is to generate optimal grasping strategy based on the human demon-
stration. In addition to recognizing the human demonstration, object recognition and
pose estimation combined by using visual and haptic feedback is used to generate the

suitable grasping strategy in [49]-[52].

2.2.3 Analytical approach for robotic grasping

A number of research which is inspired by human grasping have been studied during
the last decades [53]-[58]. Traditionally, robotic grasping requires 1) determining the
landing contact points or regions on the object surface [30], [59] 2) calculating finger

position and palm direction determined from the hand posture via inverse kinematic
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[60] 3) finding optimal forces and torques applied from the fingers to matching with
the contact points [61]. The fundamental goal of grasping an object is to hold an

object at the desired position for initializing the manipulation phase.

One approach taken by robotic researchers is to focus on stable grasping based on
balancing external forces on a set of contact points on the object [62]. The capability
of grasping an object have been tested by the concept of form and force closure [63]-
[65]. Some researchers have focused on investigating the optimal grasp points on
the object based on task, external forces and moments [66, 67]. In [68] and [70],
the grasping force optimization problem is formulated based on a standard Euclidean
gradient method and Dikin-type [68] recursion. M. Buss [69] proposed a gradient
flow algorithm to optimize nonlinear friction forces constraints, which is equivalent to
positive definite matrix, numerically tested on various friction models of point contact
with Coulomb friction and soft contact. The studies have been carried out under
the assumption that objects contact positions need to be fixed. However, in practice,
position and orientation of the contact points on the object can be changed by exerting
forces from fingers. Thus, the manipulator should generate a new strategy to grasp
an object without sliding or deforming [71],[72]. J. Chen developed a control law to
sliding and rolling contacts that satisfy asymptotically stability conditions of internal
forces [73]. Zheng formulated dynamic control equations governing the motion of
three fingered robot hand for three-dimensional space [71]. A.A. Cole has considered
a control law for planar manipulators that achieve regrasping an object with sliding
motion of the fingers [74]. A.M. Erkmen proposed a regrasping procedure as an

optimal search problem based on genetic algorithm for five fingered robot hands [75]

As a summary, grasping an object is defined as a set of contact points on the sur-
face of the object enclosed by an appropriate hand preshape. The robot hand has
to reach contact points on object surfaces using inverse kinematics model matching
these points with fingertips. Here, the problem is to find the optimal hand preshaping
considering the applied forces and moments generated from the fingers in order to

achieve successful grasping for a given task.
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2.2.4 Continuity of hand preshaping considering momentum transfer

In addition to configure the appropriate hand preshaping, the momentum transferred
to the robot during the pre-impact phase is another important issue for grasping an
object [76]. However, momentum transfer from the approach to the landing and grasp
initialization phase has not been considered in the literature for compressible fluid
such as air since that medium absorbs most of the transfer to yield an object that
seems to be unaffected by the hand approach momentum although its surfaces are
bombarded by air particles. The same momentum transfer also exists for the case
of incompressible fluids where this time, the phenomenon is visual and critical. The
one case where this momentum transfer coupled to approach control is made visual
in air when impaired human hand preshapes lead to loss of object stability due to
momentum transfer upon landing, since disabled human who has prosthetic arm or
hand, or those who cannot control their muscular and nervous system to realize a
desired hand movement while approaching the object, gives uncontrolled, undesired
motion tendencies to the object that has been just contacted [77]-[79]. At that time, a

new grasping strategy is necessary to adjust hand preshapes for holding an object.

2.3 Underwater Robotics

The robotic literature lacks to generally model the continuity of the phases between
preshaping and grasping considering the momentum transfer phenomena. Our contri-
bution in this thesis is to develop a fluidic based methodology to model this continuity
and generate object motion tendencies. Since these object motion tendencies during
the hand approach can be best made visual and demonstrated in incompressible fluid
medium, we opt for water as the environment to which we apply our method. More
specifically, we focus on momentum transfer between robot fingers modelled as so-
lidified fluid particles to the water medium particles and from those particles to the
object to be grasped, also suspended within water modelled as solidified fluid parti-

cles.

It is well known how difficult it is to manipulate an object with multi-fingered robot

hands, underwater, because of the uncertainties in the control of the manipulator in the
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fluid environment where the interaction between the manipulator and fluid medium
needs to be modelled [80]-[82]. In the literature, most of the research works focus
on the control of the manipulator via tele-operation in a master slave configuration
[83],[84]. Due to the external disturbances such as drag forces, waves and currents
and the continuity of the momentum transfer produced by the fingers, the operator re-
motely controls the manipulator and handles the disturbances by observing the object
to be grasped at all phases of the approach and grasping. Several type of underwater
manipulator has been designed to accomplish sophisticated operations [85]-[87]. The
robot hand HEU Hand II and AMADEUS dextrous manipulator are such examples
that have been developed with force sensors mounted at each fingertip for grasp-
ing objects in poorly visible fluid medium. A comprehensive survey for underwater

robots can be found in [88].

2.4 Fluidics in Robotics

In recent years, fluidic based approaches have been brought to the attention of more
and more roboticists, especially in the field of coordination control in swarm robotics
[89]. A new algorithm is presented to determine the localization of distributed swarm
robots based on the fluid dynamics [90]. There is another work conducted by Shimizu
points out the fact that the coherence of the swarm mobile robots is obtained with-
out losing the connectivity of the shape in unstructured environment[91]. In the work
[92], Kerr proposes a model based on the fundamentals of gas flow to obtain the obsta-
cle avoidance for swarm mobile robots moving along the bounded region. Smoothed
particle hydrodynamics (SPH) method which is basically a particle based model is
used to control the motion of the swarm robots[93]. Unlike swarm robotics, SPH is
used to imitate human hand preshapes in the correspondence problem where two dif-
ferent dynamic imitate each other [94]. We proposed and implemented a new model
based on SPH for determining the continuum between preshaping and grasping [95].
Here, the computational fluid dynamic tool has been adapted for the simulation of the
virtual environment, fluid flows and interaction between the fluidic medium and solid

objects motions.

As a summary, the vast majority of approaches in the literature deals with the robotic
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grasping problem after that contact occurs [62]-[72]. In fact, adjusting hand posture
for grasping an object for a given manipulation task begins on pre-contact phase of
grasp preparation like human grasping [8, 9]. However, It is missing in the robotic
literature to model the continuity of the phases between preshaping and grasping. In
this thesis, we focused on analyzing the momentum transfer as a continuum from ap-
proaching the object with a preshaped leading to bridge for transferring a momentum

until object upon in underwater.

16



CHAPTER 3

MATHEMATICAL BACKGROUND

This chapter gives a brief overview of the mathematical background of the computa-
tional fluid dynamics for better understanding of the proposed approach in the next
chapters. This chapter is adapted from the book [96] and survey [97] related with
fundamentals of computational fluid dynamics . The equations are taken from the

same book [96] by Versteeg.

3.1 Fundamentals of computational fluid dynamics

Computational fluid dynamics is a numerical method in order to simulate and analyze
the fluid flow. Basically, fluid flow is represented by the governing equations based

on the three fundamental physical principles:

e Mass conversation
e Momentum conversation

e Energy conversation

The fundamental issue for describing these equations is that fluid is continuum. The
continuum approach assumes that materials (fluids) are composed of molecules in a
very small volume. The continuity of fluid flow is analyzed at macroscopic scales in
terms of fluid variables; velocity, pressure, density and temperature. These variables

are represented as a function of time.
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Figure 3.1: Fluid particle at macroscopic length scale [96]

A fluid particle is the smallest element of the fluid which is deformable and continu-
ously distributed through the material. Figure 3.1 taken from [96] shows the such a
infinitesimal fluid cell element at macroscopic scale. The fluid variables such as pres-
sure denoted by p, density denoted by p are stored at the center of the particle (x, y, 7).
The velocity vector u of the particle are stored between the boundaries represented
as N (North), S (South), E (East), W (West), T (Top), B (Bottom). For example, u-
velocities along the x-axis are stored between W and E, v-velocities along the y-axis

are stored between T and B boundaries.

There are two different type of equations, which are Eulerian and Lagrangian equa-
tions, to describe the fundamental physical governing equations. These equations
cannot be solved analytically because of the nonlinearity. For that reason, the nu-
merical solutions is necessary to analyze the fluid flow equations. Finite difference,
finite element, finite volume method and particle based approach are used to approx-
imate and discretize these governing equations. Before describing the discretization
of the domain, we introduce how to derive these fundamental governing equations in

Lagrangian form.

The time rate of change of fluid particle variables is obtained by using substantial

derivatives represented by the following equation,
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where D

represents the change of the fluid variables over time. This means that
the time rate of change of fluid variables are caused by the movement across the

boundaries per unit volume for each fluid particles.

In the case of mass conversion equation, the rate change of density p per unit volume

for a fluid particle is obtained by the following equation,

D¢ (6(;5
Dt ot

p——=p|5 +u- grad(¢)) (3.3)

where the substantive derivative of ¢ is multiplied by density p. Then the equation is

rewritten as,

dp¢ _ |9 %
-t V(pgu) = p 5 U grad(¢)| + ¢ o " V(Pu)]
_ D¢
~PDr G4

where the second term in the left hand side of the equation is zero because of the mass
conversation. Therefore, the general of momentum and energy equation is obtained

by replacing the quantity of p as below,
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3.1.1 Continuity Equation

The continuity equation is derived from the mass conversion that represents the time
rate of mass change is zero as the fluid particle moves along the flow. The equation is

given by,

dp

= +Vow =0 (3.6)

where ¢ is time, p is the density, u is the velocity, V is the divergence operator repre-

sented as,

dpu)  dpv)  dpw)

\v} =
(bu) O0x ay 0z

3.7
The sum of changes of the density and divergence velocity is equal to zero meaning

that the change of mass of the fluid particles is constant over time along the fluid flow.

3.1.2 Momentum Conservation

The momentum conversion, Newton Second Law, refers that the total forces acting
on the fluid particles is equal to the rate of change of fluid particle along the fluid flow.
These forces is divided into two types: 1) surface forces such as pressure forces, vis-
cous forces, gravity forces 2) body forces such as centrifugal force, and electromag-

netic force. The continuity of the fluid flow are achieved by applying these forces on
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the surface of the particles. Hence, the momentum governing equation is represented

in terms of the body forces, pressure and viscous stress components as below,

Du o0p Ty
X — momentum p— = —— + —

Dt ox Ox
y — momentum p@ = 9 T»
Dt dy Oy
7 — momentum p@ = _9p 4 =
Dt 0z 0z

Tyx
dy

Ty

0z

Tyz

0z

Tex
0z
T xy

0x

+ F,

+F,

+ 2L, (3.8)

dy

where p is the pressure , 7 is the viscous stress and F is the body forces. As an

example, the notation of the 7., refers the direction of the viscous stress from y-

direction on a surface normal to the x-direction.

The viscous component of the equation (3.8) is computed as below,

0
Tyx = pa—z + AVu Ty = ,ua—v + AVu

Txy:Tyx:/J(_

6u+@
dy Ox

sz:sz:.u(

0
T, = ,ua—vzv + AVu

ou o
0z  Ox
v Ow

Ty, =Ty =pd (8_2 + G_y) (3.9

where u is the molecular viscosity for linear deformations and A is the coefficient for

volumetric deformations.

3.1.3 Energy Conservation

The energy conversion equation is the third physical principle that is derived from the

first law of thermodynamics. Consider the fluid particle moving along the fluid flow,

the rate of change of energy of the fluid particle is equal to the rate of heat into the

fluid particle and the rate work done on the particles due to the surface forces. The

energy equation is defined as
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where E is the energy defined as the summation of internal energy e and kinetic
energy u’/2 as E = e + %(u2 +v? + w?), k is constant of heat flux, 7 is the heat, S g

body force vector.

As a summary, the governing Navier-Stoke equations of fluid flow can be derived in

the form of developing finite volume method:

Continuity % + V(ou) =0 3.11)
0 0
X — momentum (gtu) + V(puu) = _6_p + V(ugradu) + F, (3.12)
X
0 0
y — momentum % + V(pvu) = _8_1; + V(ugradv) + F, (3.13)
Z — momentum 6(§tw) + V(pwu) = _(;_p + V(ugradu) + F, (3.14)
Z
d(pi) .
Energy e + V(piu) = —pV(u) + V(kgradT) + F; (3.15)
Equations of state p=Pp,T) and i = (p,T) (3.16)

The governing equations of mass, momentum and energy can be defined in terms of

a general scalar transport equations in the following form,

A pe)
ot

+ V(pgu) = V(Tgrad($)) + F, (3.17)

where ¢ is the scalar quantity of general variable of fluid flow, I' is the diffusion
coeflicient and F is the body forces. In order to obtain the governing equation mass,
momentum and energy, the variable ¢ is replacing with u,v,w,i. Equation (3.17)
is an important equation to use the computational procedures in the finite volume
method. The finite volume method is used for the discretization of conservation laws.
In the finite volume method, the fundamental step of the finite volume method is the

integration of Eq. (3.17) over a three dimensional control volume
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where the movement of the fluids inside the control volume V leads to the change
of the control surface A. The volume integrals represent the total volume change of
the entire Lagrangian control volume by using Gauss’s divergence theorem given as

below

fV(a)dV:fn.adA (3.19)
|4 A

where 7 is the normal vector of the a on the surface dA. The general transport equation

is rewritten by applying the Gauss’s divergence theorem,

2(quﬁdV)+fn.(pqﬁu)dA = fn.(Fgrad(¢))dA+fF¢dV (3.20)
02‘ \% A A Vv

This equation represents the rate of change of the total amount of the fluid variable ¢

in the control volume.

3.2 Finite Volume Method for Solving Governing Equations

In this part, we describe finite volume approximation that is used for both domain

discretization and solve the general transport equation in the numerical simulations.

3.2.1 Domain Discretization

The computational domain should be generated in order to solve the nonlinear differ-
ential equation. The domain is discretized by using grid (mesh) of cells that divides
the domain into smaller grids shown in Figure 3.2. Each cell centroid is enclosed by
faces in two dimensions. The vertices of each faces are referred to as nodes. In three

dimensions, faces are enclosed by edges. All fluid variables are stored at cell centers,
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Figure 3.2: Discretized computational domain by mesh [97]

nodes and faces. There are different type of domain shape available such as rectangu-
lar, cubes and spheres. These shapes can be connected by structured or unstructured

meshes in order to determine the complex geometries.

3.2.2 Discretization of Governing Equation

In numerical simulations, there are thee fundamental approaches using to discretize
the general transport equations. These approaches are finite difference, finite volume
and finite element techniques. The finite volume method divides the domain into
finite number of volumes. Each control volume is constructed around each cell using

conversion of fluid variables ¢ in discrete domain.

Let us consider the general transport equation 3.17. The first step is to generate the
computational domain. In this part, governing equations over the control volume is
derived for one dimensional, two dimensional and three dimensional domain. Con-
sider a one dimensional domain shown in Figure 3.3. The discrete fluid variables ¢
are stored at cell centroids denoted by P, and neighbors W (West) and E (East). The

cell faces of P are denoted by w and e.

The second step is to discretize the general transport equation over a control volume.
The discrete form of the integration of the governing transport equation over a control

volume at nodal P is given as below
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Figure 3.3: One dimensional grid domain

f d r@ dV+f sdv = rAi - rAi + FAV (3.21)
Ay dx ' dx AV dx/, dx/,,

where AV is the volume, A is the area of the control volume face, F is the average
values of body forces over the control volume. Linear approximation is used to es-
timate the discrete fluid variables. Assume that the fluid variables ¢ varies linearly

between cell centroids. The equation (3.21) can be rewritten by the following form

reAe(¢E - ¢P) _ FWAW(¢P - ¢W) + F

3.22
OXpE OXwp ( )

This equation becomes

appp = awdw + appp + F (3.23)

where
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is achieved.

L

Figure 3.4: Two dimensional grid domain
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The final step is to solve the discretised governing equations. Solutions of these equa-
tions are obtained by iteratively. Iterative methods yield approximate solution of dis-

crete variables ¢ at nodal points applying repeated calculations until the convergence

Two dimensional discrete domain is shown in Figure 3.4. The general transport equa-

tion integrated over the control volume for two-dimensional domain is given by
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Equation (3.25) is discretized in form of the following equation

appp = awdw + apPe + asPs + aydy + F (3.26)

where in addition to east and west neighbors, the nodal P has two more neighbors

south (S) and north (N). The coefficients of the scalar quantities are represented as

A,
aw =
v Oxwp
I' A,
a =
£ 0xXpE
LA,
as = ——
Oysp
LA,
anv =
N Oypn

ap =aw + ag +as + ay

A,=A,=Ay A;=A,=Ax (3.27)

For three dimensional case shown in Figure 3.5, P nodes has six neighbors by adding

bottom (B) and top(T) neighbors to two dimensional case. The discrete equation for

the node P can be obtained as

appp = awdw + apPr + as¢s + aydn + appp + arpr + F (3.28)

where the coeflicient ag, ar and a, is obtained as the following equations

I' A,
ap =
g 0zpp
ar =
g 6ZPTAe

ap =aw +ag +as +ay +apg +ar
(3.29)
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Figure 3.5: Three dimensional grid domain [96]

and the rest of the coefficient are the same with two dimensional case. We can write
the discrete equations for one, two and three dimensional cases in general form by

following equation

apdp = ) awu + F (3.30)

where (nb) is the neighbor nodes, a,, is the neighboring coefficients, ¢,; are the fluid

variables at the neighboring nodes and F is the force term.

3.2.3 Discretization for Convection and Diffusion

The effect of convection against to diffusion in fluid flow is important issue for the
calculation the general transport equations. Diffusion of mass, momentum and heat is
obtained due to the fluid particle motions. The steady convection-diffusion equation

is obtained from the integration over a control volume of transport equation (3.17)

fn.(pqﬁu)dA :fn.(rgrad(¢))dA+fF¢dV (3.31)
A A v

The flux balance is obtained by solving the equation (3.31) in a control volume along

the fluid flow. The physical representation of the equation verify the fluid variable ¢
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are transferred into the fluid environment due to the convective flux given in the left
hand side and diffusion flux and generation of the fluid variable in a control volume

given in the right hand side the equation (3.31).

The discrete convection-diffusion equation for one dimensional case is represented

by the following equation

appp = awdw + apde (3.32)
where the coefficients are
D, + Fu
a, = Dy + —
2
D Fe
ae = Do — ——
2
a, = a, +a,
r, I,
D,, = D, =
(SXWP 6xPE
F, = (pu), F. = (pu), (3.33)

where F and D to represent the convective mass flux per unit area and diffusion con-
ductance at cell faces. This approximation does not take into account the pressure
gradient term as a body forces on the fluid particle. However, to develop our model,
pressure gradient term which is important to for generating body forces in fluid flow,

is used to calculate the momentum governing equation.

3.3 Solution of steady-State fluid flows

Let us consider the two dimensional laminar steady fluid flow. The momentum equa-

tion is derived from the general transport equation by following equation

X-momentum

0 0 0 ou\ O Oou\ Op
— — =—\u—=|+—|u=—|-—+F: 3.34
ax(puu) " Oy (ovu) Ox (ﬂax) i oy (,u Hy) Ox " (3-34)
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y-momentum

0 0 0 ( ov o ( ovy adp
a(puv) + 6—y(pvv) = (,uax) + PN (#Oy) 9y + F, (3.35)

continuity equation
d(pu)  O(pv

0x +8y

)=0 (3.36)

Each momentum and continuity equations is obtained by replacing the variable ® in

the general transport equation by u, v, w respectively.

In general fluid flow computations, pressure gradient term is not considered initially.
The changes of the pressure is depended on the fluid flow. In the case of compress-
ible flow, the changes in pressure are caused by the changes in density. Therefore,
the pressure term is obtained from the density. On the other hand, if the flow is in-
compressible, the density is constant meaning that pressure is not effected from the

density changes. In that case, the pressure is obtained from the flow field.

In this thesis, pressure-based algorithm that couples pressure and velocity, is used to
solve iteratively the nonlinear equations of fluid flows. Initially, estimated pressure
changes is calculated. Then the momentum equation is solved using this estimated
pressure changes. The continuity equation is used to obtain real pressure values that
update the velocity and pressure of the fluid variables. The iteration is in progress

until the velocity and pressure variables are converged.

The momentum equations are discretized into staggered grid. The pressure is stored
at cell centers P(I,Y) whereas the velocity is stored on the cell faces of shown in
Figure 3.6. I and J refer to x and y directions. The cell faces are represented by lower
case letters i and j in the x- and y-directions respectively. The u-velocities are stored

at the e and w faces. For example e face is identified by (i + 1, J)

The discretized momentum equation at the location (i,J) is given by

a; ju;j = Z npUny — (Pry — Pr-1,)ALg + Fiy (3.37)
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Figure 3.6: Staggered grid for two dimensional domain taken from [96]

where AV is the volume of u-cell, F;; = FAV is the momentum body force term,
A, 1s the east or west cell face area of the u-control volume. E, W, N, S neighbors
involved in ) a,pu,, are i —1,J,i+1,J,i,J —1,i,J + 1. The convective flux and the

diffusive conductance coeflicients are given as below,

Fij+Fiig  1[(prs+pi-1s Pi-1J +P1 2
o B ) s,
17i + ]Ti 1 + + ]
F, = (pu), = +1,J2 J_ 5 [(P1+1,J2 pI’Jum,J) (,011 Pi- ”MIJ)
F;:+Fj_{; 1 + _ —+
F, = (pv), = Lj . -1 _ 5 [(pI,J 2/OI,J 1Vi,1)+ (Pl 1,J ,01 L )
Fl,j+1 + Fl—l,j+1 L{(pri1 +P1s Pr-1,J+1 +PI—1,J )
oo, = s _ Lo, (s s, )
(3.38)
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D, = .
Xi — Xi-1
I
D, = 1.J
Xivl — X
D. = Ui+ U+ + T
’ 4(y; =y
I, +TI +I,,+T
D, = I-1,7+1 1,J+1 I-1,J I.J (3.39)
4(yse1 —ys

After representing the discretized form of the u-momentum equation of the scattered
grid domain, the discretized momentum equation for the pressure correction algo-
rithm is obtained using the estimated pressure field to yield the estimated velocity

components u* and v* as follows.

ai i, = Z iy + (it = PLDA + FiyJ (3.40)

a Vi, = Z anpViy + (s — PLDAy + FL, j (3.41)

where p’ is the correction pressure and p* is estimated pressure. The correct pressure

is obtained by

p=p+p (3.42)

Then, the correct velocities u and v are calculated by the following equation,

u =u+u (3.43)
v =vi+V (3.44)
The details of the derivation of the discrete momentum equations and the solution

pressure-based algorithm are given in the sixth chapter of the reference [96].
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CHAPTER 4

MOMENTUM TRANSFER FROM FINGERS TO OBJECT IN
UNDERWATER

4.1 Analysis of Underwater Grasping

A fully immersed object, suspended in water can be rotated from distance by a pre-
shaped robot hand approaching and closing upon the object prior to contacting it.
Momentum transfer from robot fingers closing into a grasp, to the fluid medium par-
ticles, and from these particles to the object surface generates the motion tendencies
of that object in terms of rotational and translational displacements. In this chapter,
we build the infrastructure of the novel concept of a controller that will be introduced
in Chapter 5 and which determines either : 1) given initial position and orientation of
a robot hand, what preshape is suitable for generating a desired moment distribution
on the surface of a given object in order to trigger a desired rotation in a desired di-
rection when approaching with this preshaped hand or 2) given a predetermined hand
preshape, what initial position, orientation and hand aperture are suitable to generate
a desired rotation upon approach and, without causing the retroceeding of the object.
The desired object motion generated from distance by the approach of a hand pre-
shape is to be used seamlessly for the subsequent manipulation of the object upon
grasp. This infrastructure will be built through analyses of object motion tendencies

imparted by robot hands approaching different objects, both immersed in water.

Towards this end, we propose in this chapter, a new model based on computational
fluid dynamics, for determining the continuity in momentum transfer from robot hand

fingers to the fluid medium, and to the object, until landing on that immersed object.

33



Our experimental results demonstrate how different hand preshapes initiated from
different locations in the medium surrounding an object of different cross sections
suspended in equilibrium in the fluid, affects its motion tendencies in terms of rotation
and translation. This chapter also includes the modelling of robot fingers and object

as fluidic elements which rigidity can be relaxed to induce compliance.

4.2 Problem Definition

The primary objective of this work is to approach in a controlled manner, an object
suspended within water by a preshaped robot hand so as to be able to generate a suit-
able the momentum transfer during this approach in order to induce a desired motion
of the object. The momentum transferred from the preshaped approaching hand to the
medium particles and from these particles to the surface of the object generates force
and torque patterns that lead to object translation or rotation tendencies within any
fluid medium, but especially in compressible fluids such as water. For that purpose,
we adopt fluid dynamics to model the momentum transfer that bridges the phases of
preshaping, approach and landing to grasp, initiating the motion tendencies of the

object.

The main sub-objective of our primary goal is to generate a controller that determines
which preshape is suitable to approach an object, given its size and shape together
with the initial position and orientation of the robot hand, in order to induce a desired
motion on the object. Similarly, given a predetermined hand preshape and object
size, shape and location, the controller should be able to decide upon the aperture,
the initial position and orientation of the preshaped hand from where the approach
will begin so that a desired moment distribution is imparted to the object, generating

desired motion tendencies. This controller will be the focus of Chapter 5.

Our objectives are motivated by human-like behaviors where we preshape our hands
for landing on an object and initiate certain manipulation behaviour on that object
without losing the continuum and thus, reducing the energy loss during transfer from
preshaping to grasping phases. Learning to control our hand approach for imparting

suitable motion tendencies to the object that will be used to initiate manipulation is a
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critical issue in infancy and rehabilitation. However, this issue is still missing in the
robotic literature that we contribute using fluidics in our approach. Our perspective of
modelling the momentum transfer during the preshaped landing initiating motion ten-
dencies on an object is best demonstrated for grasping a fully immersed object float-
ing suspended in water. Although our method equally applies to any fluid medium, we
concentrate in this work a water medium for better demonstration of our approach.
Moreover, we use particle based fluid dynamics to model not only the momentum
transfer between robot fingers medium particles and object but also model fingers
and object as fluidic elements built from rigidly connected fluid particles which con-
nectivity can further be relaxed to achieve any flexibility and compliance. This work
also introduces this concept which is our second sub-objective. The characteristics of

our problem of underwater grasping are based on the following assumptions:

e Both robot hand and object are fully immersed in a fluid medium.

e The object of variable but known features as size, shape and location is floating

suspended in equilibrium in the fluid.

e The medium is modelled as incompressible fluid but fluid dynamics model can

be adapted to any type of fluid.

e In order to be able to insert compliance in the grasp and/or enable material
flexibility of fingers and/or object, the robot fingers and objects are modelled
as solidified fluidic elements, where the rigidity parameter can be relaxed as

desired.

e Momentum transfer from the fingers to fluid environment and then from en-
vironment particles to object surface is modelled within a single model as a
continuum using computational fluid dynamic without the need for separate

models.

This work provides simulation results on analyses of the interaction between the so-
lidified fluidic elements, the fluid medium and the object surface through momentum
transfer together with results on the developed controller. Finite volume discretiza-
tion on a uniform grid meshing is used to solve the momentum governing equations

in the fluidic environment as will be introduced in the upcoming section.
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4.3 Methodology

This section introduces first the fluid dynamics modelling of the momentum transfer
particles from the fluidic elements which are the robot fingers and object to the par-
ticles of the fluid medium. We will then demonstrate how we modelled fingers and
objects as solidified fluidic elements that can incorporate flexibility and compliance
whenever wanted. For the sake of completeness, we begin this section by introducing
the mathematical background of computational fluid dynamics and its adaptation to

our problem.

4.3.1 Adapting computational fluid dynamics model to our problem

Computational fluid dynamics (CFD) is a sub-discipline of fluid mechanics that en-
ables to model fluid flows by solving governing equations which are described by a

set of differential widely known Navier- Stoke equations [99, 100].

op 3
otV =0 4.1

-

aﬁt(pm LYo = —VP + V.(F) + pg + F (4.2)

where p is the density, P the pressure, V' the fluid velocity vector, V the gradient
operator,pg the gravitational body force, F external body force and (7) the stress
tensor. The first differential equation (4.1), which is the conservation of mass in
Lagrangian form, is represented by density of fluid continuum in the control volume.
The mass contained in the control volume remain constant over time. The momentum
equation (4.2) is composed of pressure gradient and body forces with stress tensor.

The stress tensor is represented as,

T =pul(Vi+ Vi) — %V.VI] (4.3)
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Figure 4.1: Two dimensional grid representation of the fluid environment

where u the molecular viscosity, I unit tensor. The equation underlines that the
changes of momentum occur due to acting external body force on the entire fluid
environment and those external body forces, which are relevant with the pressure
gradient, affect the fluid motion of the medium. In our case, external body forces are
generated by the closing hand fingers, hitting to medium particles. Since we deal with

“approach to grasp” underwater, the fluid medium is modeled as incompressible.

The adaptation of the fluid model to our “approach to grasp” environment undergoing
momentum transfer between particles is achieved by first discretizing the environment
into grid (meshes) as shown in Figure 4.1. The fluid flow variables such as pressure
and density are lumped to the center of mesh cells P, neighbored with four mesh cell
centers denoted as east E, west W, north N, and south S. The fluid flow across the
boundaries of the cells along the x and y directions are approximated by the pressure
difference between two cells. The directional velocities represented as v, along the
x-axis is lumped at e and w boundaries and the velocity v, along the y-axis is lumped
at n and s boundaries of cell P. The momentum transfer between solid boundaries
and fluid medium is calculated using dynamic mesh theory that models discrete fluid

flow where the shape of the domain is changing with time [100]

The fluid flow governing equations (4.1,4.1) are numerically discretized by using

finite volume method. The rate of change of the total amount of fluid characterized
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as momentum in the control volume is represented as mass flux and pressure values
at the surfaces of each finite volume of the fluid cells. The discrete momentum u
is derived from the general transport equation integrating over the control volume
using divergence theorem and represented along the x axis as providing by discretized

model of the continuity of the velocity field of moving fluid particles:

The x-momentum equation is defined as

au = Z a,un + Z prA+F “4.4)

where a and a,, are the diffusion coeflicients of fluid particles, n is the neighbor bound-
aries of the center of the mesh cell P, p, the pressure applied in a direction perpendic-
ular to area A of the cell volume for each fluid particle, F is the external forces which
are generated in our problem by the solidified fluid particles of the fingers hitting the
environment particles. The detailed information of the discretization of momentum

equation can be found in [96]-[97] and Chapter 3.

4.3.2 Preprocessing

The geometric model of the environment consisting of object to be grasped, manipu-

lator fingers and medium have to be created in the preprocessing phase of our method.

o All this pre-processing phase, we model the objects and manipulator fingers as
a rigid bodies made of solidified fluid particles while the medium is modeled

as an incompressible fluid

e The boundary condition of the object and fingers are then stationary due to

solidification but can be relaxed for compliance and then made to move.

e The fluidic environment is discretized into 2D or 3D meshes using Gambit 2.3
[98] which is the software used to build mesh models for computational fluid

dynamic problems.
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4.3.3 Fingers Motion

Two robot hands have been used in our approach, performing each, either planar
grasp, equipped each with 2 fingers (planar approach to 2D grasp) shown in Figure
4.2(b) or volumetric approach to 3D grasp 5 fingers made up with 2 joints each which
are revolute. The fingers undergo individually pitch motion within their own finger
plane. Fingers are individually represented as solid bodies in our approach having a
rigidity that can be relaxed to include flexible fingers in the grasp. The motion of the
fingers in the reference frame k is generated by linear v; and angular w velocities of

the links at every discrete time step Af.

B = B+ VAL (4.5)

O/t = @ + WAL (4.6)

4.3.4 Object Motion

Each surface on the object is partitioned into N surface particles (cells) p; where i =
I,..., N shown as in Figure 4.2(a) rigidly attached to their neighboring cells. Each
surface cell on the object is exposed to pressure generated by momentum transferred
from the medium particles activated by the approaching robot fingers, yielding a total
moment on the object which is lumped at its center of gravity, thus triggering object
angular displacement with respect to that center of gravity. This total moment vector

vecM, about the center of the gravity is calculated as

N

M, =) 7 xF, (4.7)
where r; is the level arm of the applied force on a cell, N being the number of the
particles. The force vector F; at each center of the surface cells is generated from the

applied pressure lumped to the center of i
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F.=P.Ah  where i=1,2,3..N (4.8)

where P; is the center of the cell where pressure is lumped, A is the area of the cell,
7 is the unit normal to the cell. Cells that are offset from the object center of gravity
through a level arm r; and the therefore generate a rotation tendency on the object
about it z-axis. The relationship between the angular momentum vecL and moment

M, at the center of the gravity of the object is

_dL

M, = 4
dt

4.9)

The angular momentum is expressed by the product of inertia tensor and angular

velocity vecw in the direction of z-axis

L=1w (4.10)
The angular displacement denoted as @, of object around its origin is found as
d, =w.dt (4.11)
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Figure 4.3: Flow chart of the simulation
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4.3.5 Momentum transfer for different preshapes

Figure 4.3 provides a comprehensive view of our approach as a process flow chart.
Simulation examples are all initiated with initial velocities of the fluid particles in-
cluding fingers, object and medium all set to zero(step 1). Fingers begin to move
towards the object surface by updating the angular velocities (step 2). At this stage,
the solidified fluid particles interact each with the fluid medium particles causing a
change in the velocity field of the fluid flow. The continuity governing equations and
viscosity parameters are solved sequentially just after updating fingers motion (step
3). Then, the pressure and forces in the direction normal to solidified object particles
are calculated (step 4). Before checking the convergence of the algorithm, the total
moment vectors at the center of the gravity of the object are computed using the ex-
ternal forces generated from the fingers (step S). This total moment vectors according
to the hand preshapes are input and output training pairs of the ANN decision sup-
port system of the intelligent controller. The simulation ends when one of the finger

contacts the object (step 6).

4.3.6 Simulation Results

In this section, we provide a series of examples to demonstrate the validity of our

perspective and justify the algorithmic steps provided in Section 4.3.

Firstly, the proposed method of momentum transfer for different hand preshapes is
discussed on experimental results. The effect of momentum transfer from the finger
to different object such as square and circle object is represented. The experimental
results demonstrate how different hand preshapes landing on the object affects its ini-
tial motion tendencies in the fluid medium. Secondly, our proposed approach is tested
on the compliance fingers and object. In these experiments, rigid fluidic connections

between the particles can be relaxed to induce compliance.

The numerical simulation based on ”Fluent” commercial software package runs by
solving the continuity and momentum governing equations for momentum transfer
generated from the finger motions. The interaction between the fluid and solid bound-

aries has been performed using dynamic mesh method. The mesh spacing is taken as
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0.5 units. A constant laminar viscosity term is used for more stable fluid motion.
Unsteady fluid flow analysis has been performed to determine the structure of the
dynamic mesh generated by finger motion. The boundary condition of the fingers,
object and edges surrounding the environment are particles which connectivity is set
as rigid in the result included in this section. The time step size for iteration used in
the numerical simulation is kept 0.01 where total number of time step is set to 100.
In order to get the desired convergent solution, the maximum iteration per time step
size is fixed to 20, since this bound is found to be sufficient experimentally. User de-
fined functions (UDF) coded in C are used to generate the finger motion in the fluid
medium during the approach of the hand to the object. The DEFINE-G,OTION
macro is used for creating the pitch motion of each finger that contribute to the trans-

fer of momentum to fluid variables.

Figure4.4 represents the momentum transfer velocity contours at three consecutive
frames, the third one being the landing on the object. The color bar chart in the legend
represents the magnitude of velocity of the fluid particles in the medium changing
from blue that is the zero velocity to red that is the maximum velocity. In order
to better demonstrate velocity contour changes, the object is assumed to be fixed
with respect to the reference frame in this experiment. Figure 4.4(a)-4.4(c) show
how momentum intensities increase depending upon the pressure generated on the
object by the bombardment of medium particles activated by the closing of fingers.
Figure 4.5 demonstrates the moment values on top and bottom surfaces of the object.
There are four surface particles (cells) 8;i = 1,...,4 on each surface of the object.
The x-axis of the figure represents cell centers labelled from left to right for both
cases. While the moment patterns on bottom surface given in Figure 4.5 represents
the tendency of object rotational motion in the direction of counterclockwise , on top
of the surfaces given in Figure 4.5(b) represents in the reverse direction of clockwise.
The resultant moment at the center of gravity of the object is shown in Figure 4.6
which causes rotational motion tendencies along the z-axis. The curve indicates high
negative moments in the first 6 iterations on the object which means that the object, if
let free, would tend to move clockwise. The angular velocity of two fingers landing

on the sqaure objcet are same and set to 0.4m/sec.

Another experiment is represented in Figure 4.7 where the velocity magnitude con-
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tours for circular object at different time step are shown. The initial position and joint
angles of the fingers while landing on the circular object are kept the same as for the
first experiment on the square object for comparative purposes. The circular object is
divided into 16 surface particles (cells) as for the perimeter of the square object and
the total moment with respect to its center of gravity is shown in Figure 4.8. The ef-
fect of the pressure forces on a circular object surface area has to be smaller in nature
than the square object. We also see here that the total moment with respect to center

of gravity of the circular object is comparatively less than that for the square object.

Let us consider another illustrative example of momentum transfer approaches of
square object in Figure 4.9. In this case, the velocity of the Finger3 which is the upper
side is set to 0.4m/sec and the other one Finger4 velocity is set to 0.2m/sec. Figure
4.9(a) shows the velocity magnitude contours at just before Finger3 contacting with
the object. As seen from the velocity contour, the upper side of object is exposed
to momentum forces more than bottom side that leads to counterclockwise motion
tendencies of the object. If we look at the moment patterns on the object surfaces
given in Figure 4.9(b), in this case the moment patterns are different than the previous
examples given in Figure 4.6 because of the position of object and different velocity
of the fingers. Comparing changes of the moment patterns in each case provides
information about the importance of the initial position and orientation of the hand

preshapes according to the object for creating desired motion tendency.

Another experiment is done to investigate the motion tendencies of the object in three
dimensional case shown in Figure 5.7. The cubic object is landed by cylindrical hand
preshape in this experiment. Our results for cylindrical hand preshape landing on
the cubic object surfaces shows that the distribution of the moment patterns on the
object surfaces changes motion tendencies according to the impact pattern applying

at contact surface.

45



Figure 4.4: represent the contours of velocity for square object in different time step
(a) t=0.02 (b) t= 0.18 (c) t=0.40
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Table 4.1: Momentum Distribution on the rotating square object

Left Face M1=13.3 M2=0.2 M3=-1.1 M4=-33
Bottom Face | M5=-154 | M6=-17.6 | M7=-19.8 | M8=-22.1
Right Face M9=3.5 M10=1.7 | M11=-0.6 | M12=-11.8
Top Face M13=91.5 | M14=82.5 | M15=659 | M16=74.1

4.3.7 Examples of rotating motion tendencies of object

Here, the object is left free to rotate. The effect of external forces from the fingers to
fluidic medium and then from the medium to the object particles are calculated using
equation (4.9). The perimeter of the square object shown to rotate in Figure 4.10 is
composed of 16 cells, each surface partitionned into 4 discrete intervals. The total mo-
ment vector around the z-axis is calculated using equation (4.8). Table-4.1 represents
the moment distribution on each object surface for each of the 4 surface cells and their
individual contribution to total momentum vector causing rotation around z normal
to the surface of the work, located at the center of gravity. The resultant momentum
distribution on the square object yields a clockwise rotational motion tendency. The
clockwise motion is accelerated, as seen for the intensity codes of the contours spe-
cially due to particle momenta on the upper surface of the object in Figure 4.10(c).
The lower surface of the object exhibits a counter-clockwise moment distribution; but
this moment distribution cannot counter balance the top surface distribution and the

whole object rotates clockwise as in Figure 4.10(c).

To give another illustrative example for rotating motion tendencies an object, let us
consider two different finger movement in order to approach on the object as shown
Figure 4.11. After Finger2 firstly lands on the object at a certain of time shown in
Figure 4.11(a)- 4.11(c), Finger4 starts to movement in the reverse direction Figure
4.11(d). It can be shown that the movement of the fingers leads to different motion

tendencies of the object.
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(b)

Figure 4.10: Contours of velocity magnitude for rotating square object
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(e)

Figure 4.11: Contours of velocity magnitude and total pressure for rotating square
object at different time step from (a) to (e)
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4.3.8 Compliance fingers and object modeled as solidified fluid elements

Modeling fingers and objects as solidified fluidic elements allows us to relax rigidity
for momentum transfer analysis for the case of flexible fingers or deformable object
towards compliant grasp. This section demonstrates such approaches to compliance
beginning with deformable object. In order to analyze how object deforms from
distance by the approach of a preshaped hand with rigid fingers, we decrease the
rigidity values in the connectivity of particles forming each surface of the object, thus
generating soft boundary fluid particles on the object surface. These soft boundary
particles connected by springs to each other represent the surface cells that partition
object surfaces into small entities. This structure allows object deformation in the
virtual environment caused by forces on the object surface generated by rigid fingers
approaching the object as shown in Figure 4.12(a). When fingers collide with the ob-
ject surface, the object’s deformation caused by the forces from the fingers naturally
increases at the contact area. The deformation of the object is seen to increase with

respect to increasing angular velocities of the fingers approaching the object.

Moreover, our proposed method can be adapted to the case of rigid object approached
by flexible fingers. The compliance of the fingers is also important for achieving sta-
ble grasping. The interaction between the fingertips and object surface is shown in
Figure 4.13. Each finger is composed of four rigid cells. Two of them through the
fingertips sides are allowed to relax to rigidity and the rest ones are still modeled as
rigid fluid particles shown in Figure 4.13(b). The reaction forces exerted from objects
surface to the fingertip at the contact region of the rigid object leads to the defor-
mation of the fingers based on the stiffness constant determined by experimentally.
The preliminary results show that the finger compliance can be determined by the
continuity of the momentum transfer before contacting of an object that balance the

disturbances and undesired external forces to grasp an object.
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Figure 4.12: Compliance of an object
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Figure 4.13: Finger compliance
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4.4 Sensitivity analysis

The sensitivity of the numerical simulation is investigated by setting different values
of numerical parameters in the simulation. The performance of the system can be
evaluated by means of adjusting different angular velocities of the fingers. The total
moment vector at the center of gravity of the object according to different angular
velocity of the finger approaching on the object is shown in Figure4.14. In this case,
the other computational parameter are not being changed. The initial position of the
finger and object are same for both cases. Moreover, initial velocity of the fingers and
object are set to zero. The total moment vector on the object pronouncedly increases
after the setting the angular velocity of the finger as 0.4 rad/s. This is due to the fact
that the external forces around the object may be increased compared to the angular
velocity of the finger as 0.2 rad/s. It can be easily concluded that increasing the

angular velocities of the fingers leads to more motion tendencies of the object.

To give another example, let us consider the velocity magnitude contour of the square
object landing by fingers shown in Figure 4.16. The connectivity of the fluid medium
particles changes according to the mesh size. The fluid environment is generated
with three different internal mesh size.These three internal mesh size are specified as
0.1, 0. 5 and 1 as shown Figure 4.16(a)-4.16(c). The angular velocities of the fingers
landing on the object are same for three of these cases. The initial position of the hand
preshaping are same for all three cases. We can conclude from the figure that as the
mesh internal size decreases, the momentum distribution on the object increases even
if small changes occur of the fingers movement given in Figure 4.16(a). Moreover, the
connectivity of the fluid particle increases by decreasing the mesh size as expected.
Figure 4.15 shows the total moment at the center of the square object at different time
step. At the beginning of the simulation the total moment at center of the gravity of
the object are comparatively similar. However, the rest of the simulation,as seen from
the figure, the total moment at the center of the object in the case of the mesh size is
given as 0.5 increases more than the others because of the higher connectivity of the

fluid particles.
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The total moment at the center of the square object
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Figure 4.16: Velocity magnitude contour for different internal mesh size (a) 0.1 (b)
05(@()1
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4.5 Conclusion

In this work, a new computational model for investigating the continuum between
robot preshapes landing for grasping an object and thus generating the first object
motion tendencies to be used in manipulation have been developed. The approach to
grasp in a fluid medium has been found to generate the impact force patterns from
robot fingers to medium particles and then from these medium particles to the object
through analyses based on momentum transfer. We model the continuum of mo-
mentum transfer based on fluid dynamics by using finite volume method in order to
provide visual simulations. Simulations not only demonstrate the motion tendency of
object but also the deformation of the object during the approach of the robot hand just
due to momentum transfer within the fluid medium whenever the rigidity of particle

connections that model object surfaces is relaxed.

We have demonstrated our method on several examples including different hand pre-
shapes and type of objects. It was shown that the object motion tendencies can be
suitable for the proper initiation of the grasping task. The simulation results have
supported the accuracy of the model that the continuity between the preshaping to

grasping is crucial to initiate the manipulation phase.
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CHAPTER 5

APPROACH CONTROL FOR UNDERWATER GRASPING

This chapter introduces the learning approach control infrastructure based on the de-
cision support system that is trained to answer the following question during control

of robot hand preshaping for grasping to manipulate an object for a given a task:

1. Which type of preshape the robot hand should take, so that for a given initial
position and orientation underwater, the hand approach triggers upon impact, a
desired moment distribution on the surfaces of an object of known size, location

and orientation, so that desired object rotation and translation are obtained

2. From where and with what orientation and fingertip aperture should a given
robot hand preshape begin approaching an object of known size, location and
orientation, all immersed, such that a desired moment distribution is generated

on the object surfaces to yield a desired motion tendency of the object.

5.1 Structure of the Approach Controller

A neurocontroller is designed to generate the controlled approach of hand preshapes
in order to trigger the desired object motion. The multilayer perceptron network,
which consists of an input layer, hidden layer and output layer, is trained with back-
propagation algorithm based on gradient descent method to minimize the mean square

error between the desired and actual output of the network.

e Inputs to the system are the desired moment distribution to be generated by

approaching fingers, object shape and initial position immersed in the fluid en-
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vironment and for Case 1, the initial location and orientation of the robot hand
that will begin to approach. For Case 2, this part is replaced by feature of the
given preshape adopted by the robot hand.

e QOutputs are for case 1, the joint angles of the robot hand fingers, determining
the preshape and for case 2, the initial position, orientation of the palm of the

preshaped hand.

5.1.1 First Goal of the controller: Determining the robot preshape for a desired

moment distribution on object

In these experiments, the controller determines the hand preshapes to yield a desired
moment distribution on an object that leads to a desired motion tendency. We assume
that the initial condition of the hand in terms of position, orientation is given. The in-
put set of the controller is the desired moment vector of the object directed around the
z-axis, object location, shape and robot hand initial position and orientation described
as {xy, X2, X3, . .., xy} where [x;1, X, X3 . .., xin]] € R" is the feature vector of the i-th
sample of the system represented by n dimensional vector and N is the number of the
samples. The corresponding output sequence vector described as {y, y2,¥3,...,Va}
where [yi1, Vo, Vi3 - - - » y,-m]T € R™ is the hand preshape in terms of joint angles repre-
sented by m dimensional vector. Figure 5.1 represents examples of four training input

data for different object location. The input and output pairs shown in Figure 5.1 are

described by

Xi = [Mx, Mya Mz’ Objxa Objya Ob]a Rxa Rya Rz]T Yi = [01, 02’ 037 Q4]T (51)

x; =[0,0,-7.21,-5,-0.5,1,0,0,0]" y) = [45,-45,158.17,202.36]" (5.2)
x, = [0,0,-5.04,-5,-0.5,1,0,0,0]” y, = [45,-45,155.04,205.24]" (5.3)
x; = [0,0,-3.29,-5.5,0,1,0,0,01" ys = [45,-45,156.03,204.3117 (5.4)
xs = [0,0,-6.13,-4.5,0,1,0,0,01" ys = [45,-45,157.35,203.67]" (5.5)
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Figure 5.1: Samples of training for different object location (a) and (b) objects loca-
tion changes along y-axis (c) and (d) object location changes along x-axis.

where M,, M,,M, are moments, Obj,, Obj, are object locations along the x and y
axis, Ry, R,, R; are the position of manipulator. x;, x», x3 and x4 representing four
different input pairs shows that object location changes along x and y axis without
any rotation. The validation of the system is performed re-applying hand preshapes,
obtained from the ANN outputs to the simulations with the same initial conditions.
If we look at the error difference between the desired and actual moment shown in
Table 5.1, the optimal hand preshaping configuration can be obtained at the desired

moment values of —7.06.

In another experiment, we investigated the optimal hand preshaping where initial
position and orientation of the hand preshaping is given for analyzing the effect of
moment patterns generated from the fingers. The controller determines the optimal
hand preshaping in joint space of the fingers represented as ® = [@, ©,, ©3, Q4]. The
data set is constructed with 86 different hand preshape in same initial position and
orientation according to object position. The input set of the controller is the desired

moment vector of the object a given shape (here square) directed around the z-axis
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Table 5.1: The error between desired and actual moment at the center of gravity of
the square object.

Joint Angles Actual Moment(AM) Desired Moment(DM) Error (|(DM — AM)|

0O, 0;
158.17 202.36 =721 -8.34 1.14
155.04 205.24 -5.04 -6.82 1.78
156.53 204.31 -3.29 -4.84 1.55
157.35 203.67 —-6.13 -7.06 0.93

that is calculated just before contacting the fingers described as {M;, M5, ..., My}
where M; € R? the i-th sample of the system and N is the number of the samples. The
corresponding output sequence vector is the hand preshape represented by the feature
vector in terms of joint angles. 86 samples are used to train the network. 36 different
test moment vectors at the center of gravity of the square object are used to analyze the
controller. The purpose of collecting data is to train neural network that is capable of
generating optimal solution for new input data. The constructed data for the controller
is given in Table-5.2. Figure 5.2(a) represents the actual and estimated joint angles
of the finger according to the object momentum around the z-axis after the training
the network. Figure 5.2(b) represents actual and estimated two joint corresponding
to the total momentum on the object around the z-axis. The validation of the system
is performed by re-applying hand prehapes, obtained from the ANN outputs to the
simulations with the same initial conditions. In the case of approaching with different
hand preshapes on the object causing similar motion tendencies on the object, the
difference error increases as the joint angle ®; varies between 180° and 200°. If we
look at the error difference between the desired and actual moment shown in Table-2,

the optimal hand preshaping can be obtained at the moment values of -7.924.

For three dimensional case, two different hand preshaping; cylindrical and pinch are
used to land on the cubic object surface for analyzing the effect of moment patterns

given in Figure 5.7 and Figure 5.8.
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Table 5.2: Constructing Data Set for Decision Support System

X Y
nle e 6 0, |M, M, M.
0 0
0 0

135 180 225 180
2 | 135 180.57 225 179.81

N | 135 14257 225 21757 0 O -27.45

Table 5.3: The error between desired and actual moment at the center of gravity of
the square object for Figure 5.2(a)

Joint Angles Actual Moment(AM) Desired Moment(DM) Error (|IDM — AM)|

G 0O;
157.14 202.74 -7.207 -7.489 0.282
156.97 203.90 —-7.924 -7.8222 0.102
155.53 203.63 -8.196 -8.846 0.65
149.88 209.96 -13.599 -17.069 3.47
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5.1.2 Second Goal of the Controller: Determining the initial condition of the
robot preshape towards triggering a desired moment distribution on a

given object

In the second experiment, given a hand preshape, the controller decides upon the ini-
tial position, orientation and aperture of the manipulator to yield the desired moment
on the object approached. Figure 5.3 represents six different samples of the training
data set for different position, orientation and aperture of hand preshaping. The con-
troller has been trained with 16 different hand preshapes. The input to the controller
is again desired moment vector directed around z-axis, object shape and location and
initial robot hand preshape. The output vector is represented by ¥ = [PxPyPZ(DAP]
where P,,P, and Pz are the position of the manipulator, is the orientation of hand
preshapes and AP is the aperture between the fingertips. The desired moment distri-
bution on the object just before landing of the robot hand is given in Figure 5.4(a).
As an example of best and worse hand preshaping of velocity magnitude contour is
determined from the controller shown in Figure 5.4(b)-5.4(c).If the initial position
and orientation of the hand preshaping with different aperture vary, different moment
distribution on the object surfaces, thus different motion tendencies is obtained. If we
plot the momentum distribution on top and bottom surfaces of the object, we obtain
Figure 5.5 indicating that desired moment patterns comparing with the actual ones
for each worse and best hand preshaping is completely different. Figure 5.6 demon-
strates the error vector based on the Euclidean distance between the actual and the
desired output vectors. The minimum difference vector implies the hand preshaping
that begins to optimally lands on an object. For this case, the best approximation of

given hand preshaped is achieved on the seventh sample.

Another experiment is carried out to analyze the effect of moment patterns generated
from fingers landing on a cubic object in 3D case. In this case, the desired mo-
ment patterns on the cubic object are shown in Figure 5.7(a). In this experiment, we
want to investigate from where optimally a cylindrical hand preshaping should begin
closing fingers towards object surfaces so as to generate desired moment distribution
leading to motion tendencies of the object. The controller determines the initial posi-

tion, orientation and aperture of given hand preshape which is in this particular case
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cylindrical according to desired moment distribution of Figure 5.7(a). The controller
output is given in Figure 5.7(b). The actual moment distribution on the object sur-
face for optimal hand preshape assigned from the controller is given in Figure 5.7(b).
From the figure the slight difference between moment patterns can be assessed by the

reader which is the error actual.

Another experiment of three dimensional case for pinch grasping is given Figure 5.8.
Three fingers, including index finger, middle finger and thumb are used to land on ob-
ject surface. The desired moment distribution on the object surfaces is given Figure
5.8(a). The actual moment distribution on the object surfaces a given in Figure 5.8(b)
for pinch grasping is completely different than the cylindrical grasping. Approach-
ing through the object surface with different hand preshape yields different moment

distribution, meaning that object provides different motion tendencies.
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Figure 5.3: Different orientation, preshape and aperture of fingers landing on the
object
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Figure 5.4: Velocity magnitude contour for square object (a) desired moment distri-
bution (b) actual moment distribution of best preshape (c) actual moment distribution
of worse preshape
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Figure 5.7: 3d velocity magnitude contour for cylindrical grasp (a) desired veloc-
ity magnitude contour motion tendencies of the object (b) actual velocity magnitude
contour
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Figure 5.8: 3d velocity magnitude contour for pinch grasp (a) desired velocity mag-
nitude contour motion tendencies of the object (b) actual velocity magnitude contour
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CHAPTER 6

DIPPING FINGERS INTO THE WATER TOWARDS A FULLY
IMMERSED OBJECT

This chapter enlarges the focus of this thesis work by analyzing of problems of robot
hand dipping into the water, with the fingertips moving into the fluid environment
towards an object fully immersed in suspension in the water. We investigate the effect
of momentum transfer phenomena for dipping the fingers into the water towards an
immersed object in shallow water. This work is inspired from the study of water en-
try of a free-falling solid object and motivated by the fact that for realizing the main
aim of the thesis work which focuses on fully immersed robot hand approach onto
fully immersed object, the robot hand has first to dip into the water. We assume that
fingers are free falling down on a tank filled with water. The velocity of the finger
particles increases due to gravitational forces during the falling process. When the
fingers touch the water surface, the momentum transfer from the fingers to the water
occurs that leads to strong deformation of water surfaces. Dipping fingers into wa-
ter towards an immersed object, the deformation of the fluid particles increases that
transfer momentum from the fluid environment to object the surface. This momen-
tum transfer phenomena lead to modification of object orientation and position at this
initial stage of approach evenbefore contacting the object for manipulating it. For that
purpose, we propose a new fluidics based methodology to determine a continuum of
momentum transfer from the finger particles to the fluid environment particles, then
from these particles to object surfaces based on the solid fluid interactions. We model
fingers as particles in a solidified environment while the medium affected by the ap-
proach of a hand preshape that is closing upon an object, is modeled as a compressible

fluid where momentum is propagated until hitting the surface object modeled as a so-
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lidified particle medium. Smoothed particle hydrodynamics model (SPH) is used to
simulate the general dynamic of fluid flows and momentum transfer between parti-
cles of different media. The fingers of the robotic hand are modeled by solidified fluid
particles interacting with incompressible surrounding fluids in which fully immersed
objects are defined as rigid-body solidified fluid particles. The developed model has
been applied, in this chapter, to the simulation of various simple planar robot hand
preshaping and the generated momentum transfer profiles of an object surface have

been analyzed.

6.1 Problem Definition

Our major aim in this section is to generate a single model for the continuum of a
hand preshape dipping into water towards an object to create an initial object motion
tendency based on the impact forces and torques. These motion tendencies should
then be suitable for the proper initiation of the grasping task. The aim is motivated
by human like behavior where we preshape and land on an object to initiate a cer-
tain grasping behavior without losing the continuum, reducing the energy loss during
transfer from “preshaping to grasping” phases, without resetting between the two

phases.

In our work, we catch the continuum between preshaped hand impact and initiation
of grasping task within the single model of fluid dynamics. The specifications of our

problem are :

e Robotic fingers, object, and medium between hand fingers are all modeled as
a finite number of particles. Particles form a strongly connected network for
which we simplify the number of connected neighbors to each particle by taking

only those falling within a finite disc centered at that particle.

e Robotic fingers and objects are modeled as a solidified fluid medium while the
volume squeezed by robot fingertips upon entry of the water medium closing

upon an object is modeled as a compressible fluid medium.

e We require a meshless approximation of fluid dynamics for simplified com-
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putation, where Smoothed Particle Hydrodynamic (SPH) has proven to meet
perfectly our approximation needs, which are preliminary 1) not to be obliged
to select a grid 2) to be able to constrain the neighborhood of a given parti-
cle to particles over finites disc around that particle. This is achieved by the

smoothing function of SPH.

6.2 Smoothed Particle Hydrodynamics (SPH)Fundementals

Smoothed Particle Hydrodynamics is a particle based computational method for sim-
ulating fluid flows which is mesh free Lagrangian method. The basic fundamental
principle of the SPH is an interpolation procedure where an approximation function
(Kernel function) is constructed in such a way that it approximates the integration over
a finite domain surrounding each particle. This integral approximation is computed
over a finite number of particles carrying the discretized fluid metrics of density, pres-
sure, and velocity. The combination of this particle based approximation and the SPH
Lagrangian formulation leads to model based quantifications of internal interactions
between particles. The SPH methodology has powerful features in handling complex

fluid motions including physical effects of fluids such as those under external forces.

We will describe the fundamentals of SPH by introducing its approximated govern-
ing equations, representing physical principles, such as conservation of mass and
momentum. These governing equations of fluid dynamics are described by a set of

differential Navier-Stoke equations in Lagrangian form;

ldp

——+Vu=0 6.1
ot + Vo (6.1)
du 1

— =—-VP 6.2
i o +g (6.2)

where p is the density, P the pressure, u the velocity, g the gravitational acceleration
and V the gradient operator, . The first differential equation (6.1), which is the con-

servation of mass in Lagrangian form, is represented by density of fluid continuum in
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the control volume. The mass contained in the control volume remain constant over
time. The momentum equation (6.2) is composed of two force terms; pressure gradi-
ent and body forces without considering the viscosity which resists to deformation of
fluid flows. The changes of acceleration for each particle occur due to acting external
forces (body forces) on the entire of fluid particles. In our case, the external force

term is obtained from the closing hand fingers transmitted to the medium.

The integral interpolation of any function f(x), approximating it to a finite neighbor-

hood activation domain, is defined as:

f)= ff(X')W(x— X', hydx', (6.3)
Q

where Q is a 2D disc with a radius equal to 24, x is the position of the center particle,
x’ is the position of the neighbor particles of the center particle x inside disc and &
is the smoothing length which determines the range of particle interaction within a
finite neighborhood defining the disc. W is the smoothing kernel function which has

following three properties [99],

e Normalization condition

fW(x —x',hdx =1 (6.4)

e Boundary condition

}lirré W(x—x",h) =6(x—x) (6.5)

as the neighbor domain limit goes to zero

e Definition of the activation upper limit

W(x—-x,h)=0 when |x — x'| > 2h (6.6)
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where support domain of smoothing function is |x — x’| < 2h

The smoothing function W is generally chosen as a Gaussian kernel function in hy-
drodynamic calculations due to its smoothness and accuracy. The kernel function

applied in our study is represented by

%E_Rz Rij <2h
W(R,h) =3 " (6.7)
0 otherwise

|xi—xj]
h

and R;; = i = , where R is the distance between two particles i and j normalized
by the smoothing length, and r is the distance between two particles i and j. x; and x;

represent the 2D positions of the i-th and j-th particles respectively.

Continuous integration in fluid activities is converted to a discretized form based on

the particle approximation in the support domain €2; by the following equation,

f0) = > W~ xj.h) (6.8)

jeo; 7Y

where m; is the mass and p; is the density of particle j. The summation is over

particles located within the disc of radius 2/ centered at x;

The approximation of particle density is written in the form of

N
pi = mW(xi— x|, h) (6.9)
J

where p is density, N is the number of particles interacting with particle i in the
support domain, and m; is the mass of j-th particle. W is the interpolation kernel

function represented in equation (6.7).

The pressure gradient can be discretized using its symmetric form as

1 P; P;
(=V.P)i= ) mi(—= +— +1L;))V,W;; (6.10)
0 ZJ: j 02 p? j J
where P is the pressure, p is the density, V;W;; is the gradient of the kernel with respect

to the position of the particle i and IT is the artificial viscosity. Artificial viscosity is
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added in the momentum equation in order to increase the numerical stability of the

approximation and is given in the following form,

ﬁ':“in 5 o
_ﬁ[- Ujj.Xij <0
Hij = J

0 uj;.x;; >0

(6.11)

where £ is a constant that we consider 1 in our work and the other variables are defined

as:

5 o
h,-.,-u[j.x,-.,- 2
ij?

(6.12)

S _ 1 1
Hij = R Uij = ui—Uj, P = E(Pi"'Pj)’hij = E(hi‘i'hj), 7’ =0.01h

where x7; is the position difference vector of i-th and j-th particles, u;; is the velocity
difference vector of i-th and j-th particles, p;; the average density of the particles, /;;
is the average of smoothing length of the particles, 7 is the constant which is used to
prevent singularities of constant y;; and r is the distance between two particles i and
J-

Finally, the relationship between pressure and density in compressible fluids are ex-

pressed in the following manner

P, :ﬁ[(&)y - 1} (6.13)
Lo

where 7y is a constant that is often used in astrophysics and S refers to stiffness constant

that limits the maximum changes of the density and p, is the nominal density value.

6.3 Modeling Simple Two Fingers Preshapes

In the proof of concept work upon which this work stands, we consider the modeling

of simple 2D pinching preshapes of robot grippers as shown in Figure 6.1.

The point O denotes the wrist. [y and [y, are the lengths of respective fingers. 6
represents the pinching joint angle. The point of P1 and P2 denote the respective end

positions (xg;, yor) and (X2, yo2) of the links.
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P,=(X01, Yo1) P2=(X02, Yo2)

Figure 6.1: 1 DOF planar gripper

Motivated from a totally different work in the literature, referred as [100], we assume
now that each link is composed of n numbers of particles. Each particle location is
represented by p;. The relative position of each particle to the center g; of the link

and the inertia / of the fingers are calculated by

Pi = [P1, P2, P35 ovevs Pl (6.14)
4k = Pk — Pe wherep. = 0 (6.15)
1= lgl’ (6.16)

k=1

where p. represents the center of the link taken as reference point.

The translational (7') and rotational (R) velocities of the fingers are calculated as

1
n k=1
1 n
R - — ukqu (618)
1 k=1



where we represent the velocity u; of each particle on the links which is calculated by

u, =T + qixR (6.19)

In the above equation x denotes the cross product operation. As a result of the above
model, we are able to generate and track the motions of the swarm of particle modeled

as a rigid-body without deformation.

6.3.1 Modeling Solid Objects

Solid object is also composed of fluid particles. The solid 2D object modeled as a
swarm particle in a solidified medium is represented as a black solid block of particles
in Figure 6.5. These particles are treated as fixed particle that is located in frozen
fluidic environment. The velocities of the particles are thus, all set to zero in order
to represent the boundary without deforming. In our work, the rectangular object
with uniform distribution of particles on its perimeter is used in the simulation. The
number of the particles of the solid object is determined experimentally and can be
changed. The motion tendency of the object is generated from the momentum transfer

from the fingers to the perimeter particles expressed according to center of gravity.

6.3.2 Modeling our solid fluid interaction

In this section, we look into boundary conditions of the SPH method in order to model
solid fluid interactions of fingers to medium, to object interactions. The fluid flows
represented by particle trajectories caused by robot fingers pressing onto the medium
are defined by reflection across boundaries in a way adopted from mirror particle
approach of reference [100], [101]. In our adopted approach, as the solidified fluid
particles of the fingers moves down through the medium, the particles are mirrored
across the boundary of the medium when the distance between the particles of the
fingertips and boundary particles is less than 0.14. These mirrored particles in the
medium are called ”Ghost Particles” shown in Figure 6.2 . In other words, the ve-
locities of the fluid particles or ghost particles are transmitted from the solid particle

velocities.
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Finger

Medium N, n,
Fluid Particles

Figure 6.2: The velocity vector for i — th solidified particle on fingers

Consider solidified fluid particles i with velocity v;. The particle velocity vector is
decomposed as a sum of two vectors such as v¥ and v,. If the distance between the
particle 7 and boundary particles less than 0.1/, interaction begins between the finger
and fluid medium and the velocity of particle i is transferred to the ghost particles.
The velocity relationship of the ghost particles indexed as Gy are determined by the

following equations

Ver = Vi (6.20)

Vi = =) (6.21)

where v; is the velocity of the solidified particle 7, v¢, and vi;, is the normal and
tangential velocities of the mirrored particle in the medium. This representation is

used for the link on the left side of the gripper.
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6.4 Simulations

In this section, we investigate the proof of concept of our novel approach based on
simulation results. We analyze here the momentum transfer from gripper to medium
particles to object relevant side on its perimeter. The numerical simulation is inspired

from water entry problem of free falling object of reference [100].

2-D compressible SPH is used in the experiments. The total width and height of
the 2D fluidic environment is considered as 1 because the initial particle spacing
is Ax = 0.02. In total, 2601 fluidic particles are used for generating compressible
medium in the numerical simulation. The initial velocities of the particles are all
set to zero. y is a constant typically around 7, stiffness constant 8 is 1 and nominal
density used for water that is p, = 1000kg/m? in equation (6.13). The joint angle
of the robotic fingers is variable for different pinching preshapes. The number of
the particle used for rectangular object is 2700 which are represented as a 27 by 100

array.

Each particle has neighboring particles falling within a distance kernel range 24, the
radius of the kernel function being 0.5. The calculation of the distance between par-
ticles is updated at every step. Because of huge number of the particles, the compu-
tational time cost of the simulation increase significantly. In order to simplify this
computational burden, we generate particle connection list identifying the neighbor
particle in order to reduce the time cost of the simulation. Particles are stored in carte-
sian grid cells each having a side length 2/ in the list. In order to find the neighbor
particles of a given particle i, we need to search the particles located in its cell as
well as in the eight cells around it represented in Figure 6.3. This procedure is used
for neighbor search algorithm. By the help of this procedure, the dimension of the
interaction list of the particles is reduced leading to a considerable decrease of CPU

time.

Figure 6.4 gives the algorithm flow chart of our approach that achieves within a single
model the continuum between preshaping and grasp through the momentum transfer.
The flow chart starts the initialization parameters of the particle. The initial velocities

of all particles are set to zero. An example of initial positions of the robotic fingers,
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Figure 6.3: Grid based listing neighbor particles

fluid particles, and object are shown in Figure 6.5. No interactions between fingers
and medium exist yet in the Figure 6.5(a). As for all initialization, the parameters of
medium do not change until the onset of interaction between the solid and fluid parti-
cles. The position of the grippers moves down into the medium for the initialization
of grasp where robot grippers clip into the fluid medium in a pinching preshape as
in Figure. 6.5(d). The momentum transfer from the grippers to the fluidic environ-
ment is achieved by the body forces of the gripper in the impacted fluid medium (
Equation 6.2) . The intermediate velocity and position of the medium particles are

computed using,

Uy = Up_pnr + Au (6.22)
(6.23)
X, = Xi_p + Atu (6.24)

where u is the velocity and x is the position of the medium particle and At represents

the time step of the simulation. The visualization of the simulation is used for check-
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Figure 6.4: Flow chart of Compressible SPH Program

ing motion of particles under the momentum transfer. At the end of the simulation
runs, the magnitude and direction of the momentum around a particle on the object

side is calculated and displayed as in Figure 6.7.

In the first scenario represented at different steps of the iterations in Figure 6.5 is
based on the hand preshape which is a pinching with an angle of 80°. The effect
of external forces from the fingers to fluidic medium is generated at the instant of
first interaction with the medium as shown Figure 6.5(b). Incrementing the time step,
the fingers move down into the medium in Figure 6.5(c). The simulation ends when
the momentum changes of the particles on the object side are generated as in Figure
6.5(d). Figure 6.6 gives the velocity field of Figure 6.5(d) in terms of magnitude and
direction of the fluid motions associated with each particle of the object side. Then
the momentum magnitude and phase of each particle of the interacting side of the

object is transformed into the momentum with respect to the object center of gravity
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seen in Figure 6.7(b), Figure 6.8 and Figure 6.9. The resultant momentum of this
distribution at the center of gravity of the object is the sum of all momenta, + or -
according to the direction of moving the object to the counterclockwise or clockwise.
The resultant generates the object motion tendencies given also in figures 8c and 8f.
In Figure 6.7(b), the resultant is almost null and the object has almost no tendency to

rotate either to left or right.

Two different initializations of gripper medium interactions based on momentum
transfer between the particles are represented in the following two scenarios displayed
as Figure 6.8 and Figure 6.9. Fingers approaches to the right side of the object with
an angle 80° in Figure 6.8(a) and left side of the object with an angle 10° in Figure
6.9(a). Figure 6.8(b) and Figure 6.9(b) show the maximum momentum changes at the
edge of the object. Figure 6.8(d) and Figure 6.9(c) represent the momenta of the edge
particles with respect to the object center of gravity. The horizontal axis shows the
momentum contribution of each particle on the object side, to the motion of object
around the center of gravity. Momentum hitting the object to right is taken as negative
(-) and the reverse, positive (+). Fingers is hitting to left and right edge of the object
with different preshapes to generate motion tendencies around the center of gravity

as also shown in Figure 6.9(d) and Figure 6.8(d).
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Figure 6.5: Fluidic environment including fluid particles represented by blue dots,
robotic fingers red lines, objects black dots. It shows the particle positions during the
fingers entry. The angle between the gripper 6 is equal 80°
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Figure 6.6: shows velocity fields of the particle upper side of the object at the end of
the simulation.
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of gravity for each particle upper side of object
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Figure 6.8: Particle positions, phase, and magnitude of the velocity vectors and mo-
mentum around the center of gravity for different preshapes and position of the rect-
angular object. (a) Joint angle between the fingers is 80° (b) shows the magnitude and
phase distribution of the velocity vector on the object side(c) shows the momentum
distribution around the center of gravity for each particle on the object side
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Figure 6.9: Particle positions, phase, and magnitude of the velocity vectors and mo-
mentum around the center of gravity for different preshapes and position of the rect-
angular object. (a) Joint angle between the fingers is 10° (b) shows the magnitude and
phase distribution of the velocity vector on the object side.(c) shows the momentum
distribution around the center of gravity for each particle on the object side
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6.5 Conclusions

In this chapter, we have proposed a new approach to investigate the continuum of the
momentum transfer phenomena for dipping fingertip into the fluid medium towards
a fully immersed an object. Our concept is based upon the fact that the initial effect
of the impact forces and torques on the object can be modeled by using a momentum
transfer from the solidified swarm of robot fingers to the fluid medium and then from
fluid medium to the solidified fluid swarm modeling the object to be grasped. We
modeled the momentum transfer in fingers, medium and object that leads to a mo-
tion tendency of an object upon landing on it. We have demonstrated in this work
that different simple 2D preshapes differing in their pinching effects, have different
momentum transfers on the surface of the object, and thus lead to different motion
tendencies of the object. These motion tendencies should then be adequate for the
initialization of grasping task. If for example the hitting to the left of the object in
Figure 6.9(c) is not the motion required by grasping task that is for example a rotation
in the y axis around its center of gravity of the object, then we have to approach the
object with a 2D preshape having a pinching angle as given in scenario one in this
work because as seen Figure 6.7(b), the object does not tilt to the right or left and
stands almost still. This is suitable of initiating stability a rotation in the y axis of the
object. If the object is being hit to the right or left as in Figure 6.8 and Figure 6.9,
there would be a motion tendency to the right or left along an axis perpendicular to
the work surface (the z axis). Wanting also to turn the grasped object around its y axis
while the object has a motion tendency in the z axis, there would be an energy loss,

requiring more effort to stably rotate it around its y axis.
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CHAPTER 7

CONCLUSION and FUTURE WORK

In this dissertation, a new computational model based on fluid dynamics have been
developed for investigating the continuum between robot preshapes and grasping in
order to analyze the initial effect of impact force patterns generated from the fingers
to medium and then from the medium to the object to be grasped. The grasping and
manipulation phase of multi-fingered robot hand is initialized by adjusting appropri-
ate hand preshaping imply the controlled adjustments of suitable finger configuration
according to the object contact position for achieving stable grasping. The initial mo-
tion tendencies of the object are caused by the momentum transfer generated from
the fingers approaching on the object. The momentum transfer phenomena is mod-
eled based on computational fluid dynamics to determine the continuity of the fluid
particles in underwater. These motion tendencies should then be adequate for the

initialization of grasping task.

We also model the dipping of the robot fingers (Chapter 6) into the water moving
towards an immerse object in shallow water and demonstrate also the continuum
of momentum transfer based on fluid dynamics by using finite volume method and
Smoothed Particular Hydrodynamics(SPH) in order to provide visual simulations.
Simulations results demonstrate that the motion tendency of object vary for different
hand preshape since each preshape land on the object with different momentum dis-
tribution. Solid-fluid interaction model is used to transfer momenta from fingers to
the fluid medium. Moreover, simulations not only demonstrate the motion tendency
of object but also the deformation of the object during the approach of the robot hand
just due to momentum transfer within the fluid medium whenever the rigidity of par-

ticle connections that model object surfaces is relaxed (Chapter 4). Besides all robot
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fingers entering into the water are also considered and they demonstrate the momen-

tum transfer to the object being approached immersed in shallow water (Chapter 6).

This dissertation is summarized as follows, details of which are introduced throughout

the thesis.

e Appropriate hand preshaping is a crucial issue during the approach of the object
since we aim at also using the motion tendency during approach towards the
manipulation task just after landing on the object. The aim is to minimize
losses in this manipulation task by handling the approach, the landing and the
early manipulation phases as a continuum. The need for this continuum is
best demonstrated underwater provides also the controller designed to achieve
the best preshape and initial conditions of the approach to generate a desired
moment distribution on the object. This desired distribution is the fact that

desired motion tendency to be used in the early phase of a manipulation task.

e Considering the relationship between hand preshapes and momentum transfer
phenomena, we investigate which type of hand preshape and from where this
preshape should start, taking which orientation in order to be suitable for the
initiation of the manipulation task upon landing on an object. Towards this aim
this thesis has demonstrated our method on several examples including differ-
ent hand preshapes and type of objects with variable cross sections. Simulation
results have found to support the need for properly initiating accuracy the conti-
nuity between preshaped approaches and landing an object for manipulation. It
was shown that object motion tendencies can be only be controlled by suitable
preshapes that are properly initiated in the medium based on position, orienta-

tion and aperture.

e If the object is deformable, the preshaped approach of a robot hand can also
trigger a deformation. Our method modeling robot fingers and object as solid-
ified fluidic element poses a rigidity parameter that can be relaxed for demon-
strations an compliant underwater grasps. This thesis also demonstrated the
effect of robot hand approaches and grasping on flexible fingers as well as ob-
ject deformations when enabled by a suitable change in rigidity. Different cases

of compliance are also analyzed within the balance of this thesis. One of the
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advantages of finger compliance is that hand can better adapt to the grasped
object surface reducing the complexity of grasp control of the robot in terms of
stability and disturbance handling and easing constraints on contact models on

the object.

e We developed a neuro-controller (Chapter 5) that decides upon the hand pre-
shape to be used for landing on the object, so that a desired moment distribution
is created on the object during the approach. This decision is then carried out
by initiating that hand preshape from a given initial position and orientation.
The controller also determines, in the case that a given hand preshape has to be
adopted, what is the initial position, orientation and aperture of that given hand
preshape so that a desired moment distribution is generated upon approach until

the landing of the fingers on the object surfaces.

7.1 Future Work

It is my hope that our proposed approach will be inspired by the further study on
grasping an object by multi-fingered robot hand. There are still a lot of problems
to be solved in grasping problem. Some topics arising from the thesis that deserve

further studies are summarized below:

¢ In my opinion, our proposed approaches can be applied in underwater grasping
and satellite manipulation. Determining optimal initialization for free floating
objects with sliding and rolling contacts is absolutely necessary for achieving
stable grasping. When the dexterous robot hand is used for these problems,
it will be important to study how to optimize the hand preshaping in order to

initialize motion tendencies.

e The problem of object deformation due to the applied forces generated from the
fingers is interesting topic during the grasping process. Moreover, finger defor-
mation and its grasping ability can be studied further because new generation
robotic hands are inspired by human beings and aimed to gain human dexterity.
Hence, soft finger model of human fingers will be modeled to adapt the robotic

system in daily tasks.
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e The continuity model of momentum transfer can also be applied multi-hand as-
sembly underwater and in space for trajectory planning during the approaching

phase.

e The development of the sensors is required to realize and implement our pro-
posed approaches into practical application. This might reveal different prob-

lems and research in the different areas.

e Our approaches can be used to determine object shapes in the case of the grasp-
ing an object in poor visible environment. Some interesting problem arises in
the field of object recognition considering the momentum distribution around

the object surfaces.
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