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Abstract

In the last few years, numerous complex dextrous robotic hands have been de-
veloped. They are now employed as manipulators in larger robotic systems in
various fields of activity as for example tele-operation and service robotics. So
far, research on these robotic hands was solely occupied with isolated laboratory
systems. Only recently, triggered by the increasing capabilities of the hardware,
real world tasks have been implemented. In doing so, it was found that most al-
gorithms for planning and smooth control of robotic grasping require more infor-
mation than was generally available from actual measurements: The exact point
of contact between an object to be grasped and the surface of a finger, and the
position of the object.

Due to the lack of small but nevertheless high resolution tactile sensors, the
contact point is not directly measurable in the vast majority of robotic grippers.
The information can nevertheless be retrieved, using and interpreting other sen-
sors. Two new approaches to this interpretation are presented in this work. The
first method evaluates position sensors. It exploits kinematic velocity constraints
imposed on the motion of fingers and an object through rigid or quasi-rigid con-
tact. It is able to obtain the contact points on the surface of the finger and the
relative motion between the fingers and the object. The second method estimates
the position of contact and the respective forces at this point from the force / torque
measurements available at a finger.

Based on the contact information, this work strives to determine the position
of the object itself: The thesis at hand proposes an optimised algorithm to compare
the derived information about the point of contact with a geometric model of the
object. Thereby, the object can be located. This is especially required if other,
e.g. visual information, is either not available or unreliable as may be the case due
to obstruction of vision by other objects or infeasible lighting conditions. This
algorithm implements a “blind man’s” approach to grasping.

The proposed methods are evaluated in computer simulations and experimen-
tally verified using the DLR Hand I1.
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Chapter 1

| ntroduction

More than one and a half centuries ago, science fiction authors created the vision
of machines that readily help men as their personal assistants at work and at home,
like a human servant would do. At the same time, this idea also pushed engineers,
who ambitiously worked to make these robots reality. For twenty years now, in the
technical world of industry, these visions have come true: Specialised machines
are performing tedious jobs rendering manual labour easier. The widespread vi-
sions of robots assisting in every day’s life, however, poses more problems, which
have challenged researchers:

In contrast to industrial machines, a robot that is
intended to act in a normal human environment cannot
be specially prepared for the requirements of one sin-
gle task nor is it desirable to adjust the workspace of
the robot to its particular needs. Instead, it is expected
that the robot is flexible enough to adjust to the actual
requirements of a task. Obviously, man can work in its
environment very well: most objects here have either
been particularly designed for convenient use, or man
has developed special skills for their use in its evolution. Therefore, it is not sur-
prising that, in order to develop a universal robot, the abilities of humans have
been imitated by anthropomorphic designs (e.g., figure 1.1). Just to mention a
few of these recently developed capabilities: For maneuvering in general environ-
ments, robot bodies were equipped with legs [LGP02]. For performing actions,
arms and hands were built [HSA*02, BGLHO01] and for robot-human interaction,
artificial faces were studied [BS99]. Even complete humanoids were developed
[Hon03].

Through the development of sophisticated, anthropomorphic robotic hard-
ware, on the way to a visionary robot servant, more applications became possible.
By the way the robot is commanded, these real world tasks can be divided into two

Figure 1.1: Robot but-
ler

1
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groups. On one hand, anthropomorphic robots can be intuitively tele-operated: A
human operator uses the robot to extend his capabilities or to reach for places such
as hazardous environments which were previously not suitable for direct human
deployment. In this mode, anthropomorphic or partially anthropomorphic robots
are already in practical use. On the other hand, an anthropomorphic robot can be
operated autonomously. The robot receives colloquial orders. It autonomously de-
composes these orders to individual tasks and afterwards fulfills the desired work
without any further human intervention. This, so far, is still a promising topic of
intense research and only few commercially usable applications of simple com-
plexity have made their way to market, for example machines that independently
clean railway platforms or cut grass.

Leaving the large field of anthropomorphic robots,
this thesis concentrates on a specific subsystem of par-
ticular interest, the hand. Generally speaking, the duty
of humanoid robots is to explore or manipulate the envi-
ronment. Man himself uses his hand (e.qg., figure 1.2) for
this aim, which in most cases seems to be an appropri-
ate tool. The human hand is, after the face, that region
of the body which is most sensitive. It can perfectly be
used to examine objects of interest. Besides, with its
27 bones and 20 muscles it is able to perform complex
motions and is therefore well adapted to subtly manip-
ulate objects. It is hence no surprise that in their desire
to construct an anthropomorphic robot, researchers par-
ticularly directed their interest to the development of so
called “dextrous robotic hands”. For robots, these hands
are the most flexible tools to interact with the human environment, just as man
does.

Figure 1.2: X-ray
image of a human
hand

1.1 Motivation

In recent years, those robotic grippers were improved from early parallel jaw grip-
pers and special tools (e.g., figure 1.3) to highly complex, sensitive, anthropomor-
phic hands (e.g., figure 1.4). This development significantly increased the capabil-
ities of the grippers. The door was opened for applications beyond well prepared
setups of industrial applications or laboratories.

The improvement in robotic hands also allowed increasingly complex appli-
cations to be addressed. Two important tasks of robotic hands are the exploration
and manipulation of the environment. Methodical approaches were developed for
both. Exploration, on the one hand, usually consists of a motion along the surface
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Figure 1.3: Parallel jaw gripper at Figure 1.4: Highly sophisticated
DLR gripper: DLR Hand Il

of the object, during which particular information, such as its geometry, coarse-
ness and stiffness, is collected. On the other hand, manipulation of an object first
requires to pick the object up and hold, hence grasp it. Technically, grasping an
object requires to exert forces on an object while the grasping forces at the points
of contact have to be balanced. This necessity can particularly be seen in deli-
cate grasps such as that of a wet soap. Afterwards, in order to manipulate and
hence move an object in the hand, appropriate motions of the fingers have to be
determined. The knowledge of contact points and orientation of the surface is
necessary for proper execution. The most important information in algorithms for
robotic exploration and manipulation are hence the geometric properties of the
contact between the fingers and the object. In most cases, this is the location of
the contact and the direction orthogonal to the contact surface, the surface normal.

When performing simplified experiments, actual
determination of these so called contact parameters
(see figure 1.5) can be avoided by a special prepara-
tion of the experiment or heuristic assumptions. Yet,  cenict Point
for more complex experiments or in real world appli-
cations, objects usually have to be grasped in a previ-
ously unknown position. Thus, a particular prepara-
tion is impractical.

One remedy to this problem is the use of tactile /,!
sensors. However, these sensors are not yet available = |
in appropriate dimensions while still having reason- Figure 1.5: Contact
able resolution. Also, most of those sensors are still
experimental and not reliable enough for long time ap-
plications. They require additional instrumentation at
the robotic hand which increases the effort for design and assembly of a hand of
reasonable size and weight. Further, problems with tactile sensors occur at highly
bent surfaces as for example the finger tip. The majority of available tactile sen-

Surface Normal

point and surface nor-
mal
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sors have been designed for only moderately curved surfaces. In most cases, thus,
another way to determine the contact parameters is desirable.

Further, when grasping an object, not only the geometric contact parameters
are required but also the exact position of the object. This is particularly the case,
when other a-priori information about the object such as the object’s shape or its
weight distribution is to be taken into account in the course of its handling.

In laboratory experiments, localisation can be avoided by setting the object
onto a pre-determined position. In complex setups this is obviously not reason-
able. The position of the object then has to be determined by means of computer
vision. This, however, has its own drawbacks: During grasping, objects may shift
or be obstructed from vision particularly in the last phase. Exact relative calibra-
tion between the camera system and the grasping system is required in order to
relate the object position from vision to the issued motion commands for the fin-
gers. Also, environment conditions such as lighting may disturb localisation by
vision. All this may be a significant source of error in the detection of the object’s
true position. Thus, another localisation method using different sensors can assist
vision in the late phase of grasping immediately after contacting the object. This
method can verify and improve the localisation from vision.

1.2 Goalsof thisWork

This work addresses both mentioned problems, first the determination of contact
parameters and second the localisation of an object by hand perceptions.

At first, for the indirect determination of the contact parameters, two methods
are proposed, which use common sensors in robotic hands in a new way: A first
algorithm computes the contact points of the fingers from the constrained motion
of multiple fingers when they cooperatively grasp and move an object: The fingers
have to maintain stable contact and are hence restricted in their mobility. The pos-
sible motions of the fingers depend on the points of contact. Consequently, from
measured motions of the fingers, the point of contact can be estimated. This algo-
rithm requires velocity sensors, or where those are not available position sensors
may be used and the numerical derivative has to be computed. Those sensors are
required for basic motion control of a robot and are thus always available. This al-
gorithm is hence particularly applicable for simple grippers. The method requires
multiple fingers in contact with an object. For the application of the algorithm,
the object has to move during examination. The joint position sensors, used to
determine the contact parameters, are not directly correlated with the location of
the event, namely the contact between finger and object. Hence, this method of
sensation is called exteroceptive, in contrast to proprioceptive sensations, that are
colocated with the place of the perception, e.g., tactile sensing.
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For delicate control, in most hands force/torque sensors are present. With
these sensors, this thesis also proposes an algorithm to determine the location of
contact along with the forces and torques acting at that point. The number of
required sensors depends on the assumption in what directions forces and torques
can be applied at the contact. Unlike the first method, this algorithm works on
individual fingers. It is thus usable in the initial stage of grasping, when all fingers
are moved separately to the surface of the object. In contrast to other work, this
proposal does not require any particular sensor positioning and can be adjusted
to different models of contact and is thus more widely usable. The determination
of the contact parameters through the evaluation of force/torque sensors is called
intrinsic in literature, in contrast to a direct measurement through tactile sensors.

When the geometry of the finger tip is known from design, which is usually the
case, with the position of contact also the surface normal can be derived. Hence,
both algorithms deliver point of contact and surface normal as results.

To tackle the problem of object localisation, this work also presents an algo-
rithm to compare contact parameters obtained from either a tactile measurement
or algorithms as proposed above to a given object model. This allows quick de-
termination of the object’s position. The proposed method enables a robust transi-
tion of an object localisation from external sensors to a localisation from sensors
included in the hand: First, the object is globally located by computer vision. Af-
ter contacting the object, its position can be determined from those position or
force/torque sensors which are also employed for control of the hand. Hence no
relative calibration errors occur. This algorithm is comparable to a human, which
can still grasp an object although concentrating on other things and hence have
only a general idea of its position. Global localisation is done by vision, human
or machine, respectively. Local information about an object’s position is obtained
by the tactile human sense or the algorithm presented here.

As an experiment for the algorithms presented here, the DLR Hand 11 will
grasp an unknown object: The object is given to the hand, which will slowly
close. After all fingers have made contact, the object is moved in the hand with
all fingers and the contact points can be determined using the proposed algorithm.
The location of the object is determined using the methods of the thesis at hand
and a three-dimensional model obtained from a laser range scanner. The evolution
of the contact point is also observed during the motion of the object.

1.3 Summary of the Proposed Algorithms

The technical ideas for the location of contact between the fingers and an ob-
ject are twofold. First, when two objects touch each other, this contact imposes
constraints on their relative motion. Mathematical models of contact have been
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established and can be used to describe these constraints of motion. A hand with
several fingers contacts an object in several locations simultaneously. The motion
of all fingers can be detected using position sensors usually available in robotic
hands. Observing several directions of motion constitutes an over-determined sys-
tem of equations. Using a least squares approach allows those contact points at the
fingers to be found that best match the measurements of motion and the constraints
of mobility through contact. Instead of directly using least squares methods, also
an information filter, dual to a Kalman Filter, is proposed.

The location of contact can also be determined from a measurement of forces
and torques. Forces and torques applied at the contact point can be related to
those forces and torques measured in sensors. Physical models of the transmission
of forces and torques at the contact exist. The relation between transmitted and
measured forces/torques can be formulated in so called measurement equations
and evaluated in a least squares approach to determine the point of contact.

Also, when several fingers contact an object, the above computed locations of
contact and the inherently obtained normals to the fingers’ surfaces can be com-
pared to a geometrical model of the surface of an object. Numerous possibilities to
describe the surface are available. An approximation with polygons will be cho-
sen later. An efficient method to select those polygons where the fingers possibly
contact is developed. Using a least squares approach, the location of the object
can be found that best matches these isolated surface patches.

1.4 Organisation of thisWork

This work is organised as follows:

Chapter 2 is divided into two main sections: In section 2.1, the reader is in-
troduced to representative developments in robotic hands and sensors. A short
overview of complete applications and the algorithmic components of these appli-
cations is presented. Also, some fundamental research about the theory of contact
and grasping is revisited. Finally, work related to the ideas pursued here, detection
of the contact point and location of the object, is reviewed. In section 2.2 some
methodical background is explained, which is required for the understanding of
the technical chapters of this thesis.

Chapter 3 is also divided into two sections, each of them introducing one algo-
rithm to detect the point of contact at the finger surface. In section 3.1, a method
is introduced to detect the point of contact from the kinematically constrained mo-
tion of fingers in touch with an object. This section concludes with a numerical
analysis of the algorithm. In section 3.2, an algorithm is proposed to detect the
position of contact on the finger tip’s surface from force/torque measurements. An
extensive discussion and numerical results follow.
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In chapter 4, a way is developed to tactilely determine the position of an ob-
ject. The approach can be interpreted as maximum likelihood estimate. Hence, a
statistical analysis and further numerical examination is performed.

In chapter 5, the experimental setup of the DLR Hand Il is introduced. The
practical performance of the previously presented algorithms is verified using this
hand.

Chapter 6 summarises the results of this work and shows ideas of further re-
search.
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Chapter 2

State of the Art

As an introduction to the authors own work presented in subsequent chapters,
this chapter guides the reader through the basics of manipulation with a dextrous
robotic hand. In the first part, in section 2.1, a general overview of existing work
is given. The second part, section 2.2, introduces in detail some technical back-
ground from literature, which is required for the understanding of theory presented
in later chapters.

In order to familiarise the reader with the achievements of research on the de-
sign of dextrous robotic hands, major developments in this area are introduced
in section 2.1.1. Since this thesis is based on intelligent interpretation of sensor
measurements, section 2.1.2 briefly reviews commonly used sensors in robotic
hands. With the given hardware, a large number of possible applications for
robotic hands were studied. Some of them already reached maturity for com-
mercial applications, some of them are still experimental. Along with the appli-
cations, sub-algorithms for their implementation evolved. These sub-algorithms
need data, for example the location of a grasped object, the point of contact be-
tween a finger and a grasped object and the surface normal at the contact point,
which this thesis delivers from standard sensors by new algorithms. In order to
point out this necessity, some representative highlights of applications and algo-
rithms are revisited in section 2.1.3. For a thorough understanding of the physics
during grasping, models were developed which describe the observed phenomena.
At first, when one object touches another, a so-called contact occurs. Individual
contacts between two objects were examined. Section 2.1.4 revisits some major
models of contact which are able to mathematically describe most of the observa-
tions encountered during robotic grasping. After an understanding of individual
contacts was achieved, the interaction of multiple contacts with several fingers and
possibly the palm of the gripper was studied. Here, two areas of research evolved.
On the one hand the position of the individual contact points at the object were
studied. These contact points determine, whether an object can stably be grasped

9
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or escapes the gripper like a bar of wet soap. On the other hand, the geometry
of the hand during grasping was studied. The posture of the hand has effects on
the number, location and type of contact points and is hence also of importance
for the stability of this grasp. Both points are described in section 2.1.5. This
work was motivated by the need to determine the contact parameters, e.g. point
of contact and surface normal, from methods other than tactile. A review of work
done either to obtain only these parameters or more generally to explore an object
is given in section 2.1.6. Several applications for robotic hands, which will be
revisited, are model-based. Hence, the model has to be related to reality during
grasping by localising the object before picking it up. Section 2.1.7 reviews de-
velopments concerning the localisation of objects by means of pure vision, pure
tactile sensing and exploratory procedures with different sensors.

The later proposed algorithm for the detection of contact parameters based
on kinematic constraints, is founded on a particular mathematical description of
contact, which also allows motion of this point of contact along the contacting
surfaces. This description will be explained in detail in section 2.2.2. Next to the
determination of contact parameters, another concern of this work is the model-
based localisation of an object. In order to choose a suitable mathematical model
for general objects, section 2.2.3 examines common object formulations.

2.1 Review of Related Research

2.1.1 Survey of Robotic Grippersand Hands

For most developments of robotic hands, the human hand was used as prototype,
which was imitated, sometimes more, sometimes less. The human hand obviously
has five fingers, one of which, the thumb, can oppose the others. In general, each
finger has four joints, three of which can be moved voluntarily: The finger can
be moved forward and sideways in the lowest finger joint and curled in a coupled
motion of middle and upper joint. Also, in order to adjust the hand pose to the size
of the object, the palm can fold such that the little finger moves inwards towards
the thumb. In general, objects can be grasped with only three fingers. With two
fingers, the object may easily rotate around the axis formed by the two. A fourth
finger allows a stronger grasp, in addition to which it adds dexterity, i.e. the ability
to move the object in the hand. A general need for five fingers is not given as can
be seen from those people that have lost one finger. Nevertheless a fifth finger also
adds strength to a grasp and is used in special situations, e.g. playing the piano.
Now, in order to spotlight the development of robotic grippers, which are the
hardware platform for the ideas of this thesis, the current section shortly reviews
major designs and, where applicable, examines their suitability for real-world
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experiments or even commercial use. From the standpoint of application, most
robotic grippers can be associated with one of two major areas of application,
according to ButterfaR[But99]: hand prostheses and technical grippers.

For prostheses, researchers agree [KLC*01, CMM*01] that the design goals
are low energy consumption, sufficient strength, light weight, size, low opera-
tional noise, reliability, appearance, price, easy and safe use and possibly also
modularity to cope with different user desires. Most robotic hand designers claim
that use of the respective hand as prosthesis is also feasible. Only some devel-
opments, however, were focused on the fulfillment of these requirements and can
thus truly be regarded as prosthesis. A few products which use robotic technology
are commercially available.

On the other hand, an abundance of designs for technical hands has already
been created. Surveys of hands for technical applications are given in [LVO02,
Shi96, OSCO00]. Although there are numerous different design issues, neverthe-
less two main concepts can be observed. As a sub-division to Butterfal3” classi-
fication, Lotti and Vasura [LV02] partition technical robotic hands with respect
to their degree of integration: Numerous hands have been developed, which they
call “modular”, meaning that all actuators and most control circuitry are contained
in the fingers or the palm of the hand itself. In contrast to this concept, in some
grippers bulky components have been moved into or even beyond a forearm of the
manipulating robot. The size of “modular” hands is usually larger than that of the
human counterpart. However, since these grippers are self contained, they are eas-
ily portable to different robot arms. In the “non-modular” case, the dimensions of
the hand itself can be kept small. As trade off, this hand is bound to the one arm it
was originally designed for. Within these two groups, hands can further be distin-
guished by other design concepts. Hands vary in the number of fingers. Most re-
cently constructed hands have 4 or 5 fingers. Some earlier examples were usually
provided with 3 fingers. Also, the number of actively controllable degrees of free-
dom is characteristic for individual robotic hands. Another criterion of a robotic
hand is its actuation, usually one of either electrical, pneumatic or hydraulic. Also
hands vary in their size and weight. Finally, the degree of anthropomorphism
describes the design of the hand. Some manipulators imitate the kinematics and
appearance of a human hand. A goal, competing with anthropomorphism, is the
dexterity of the hand, the ability to manipulate objects. A large distinction can be
made with respect to a general real-world usability of the hands. This was not a
goal in all of the designs. Hand designs partially concentrated on particular issues
such as shape, velocity, strength or robustness and neglected other design goals.
Thus, they may be very suitable for certain real-world tasks, but, they may fail in
others.

The leading, commercially-available prosthetic hand is probably produced by
Otto Bock [Ott03a] (see figure 2.1). It has five fingers, but only one degree of
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Figure 2.1: The Otto Bock™ Figure 2.2: The Karlsruhe
Hand [Ott03b] Fluid Hand [FIu03, SPB01a]

freedom that opens and closes the hand to perform a fixed, mechanically-defined
grasp. It is a very lightweight design of only 460g.

The Southampton Hand [KLC*01], despite its larger complexity compared
to the Otto Bock prosthesis, was thoroughly designed according to above design
goals. Different approaches were tested before the final design. Thus, this hand
exists in several versions. Amongst these versions, the number of fingers varies
from three to six. Some versions have two, four or six actuated degrees of free-
dom, all of which are electrically driven. The weight of this hand is 964g. In
contrast to most versions of Otto Bock prostheses, this hand is equipped with
simple sensors: position encoders and motor current resolvers. Also, real-world
experiments have been performed to use electromyograms for obtaining control
commands.

A “wearable artificial hand” is described by Carozza et al. [CMM™01]. The
main concern of this hand development is to be able to perform natural looking
grasps and have humanoid appearance. One guideline for this hand is to decrease
the required grasping forces by increasing the dexterity and the number of degrees
of freedom. This development has three fingers with a total of six active degrees
of freedom, which is more than usual for plain prostheses such as the Otto Bock
Hand. Its weight is not reported. Studies about sensors have also been performed:
In its prototypic version it contains position and true force sensors instead of motor
current resolvers as with the Southampton Hand.

A novel approach of actuation has been examined in the Karlsruhe Fluidic
Hand [SPBO01b, SPB01a] (see figure 2.2). In order to avoid confusion, it is noted
that at present there exist three hands termed Karlsruhe Hand: Two more hands are
described later. The Karlsruhe Fluidic Hand is moved by new fluidic actuators that
are inflated like balloons. This way, they exert forces on the finger skeleton. The
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design of these actuators allows small size and low weight making it expedient for
use in prosthetics. The Fluidic Hand has five fingers with 2 degrees of freedom
each. The wrist has three degrees of freedom. The authors claim that their design
is 50% less heavy than standard prostheses. For this hand, a synthetic skin exists
rendering the appearance anthropomorphic.

As mentioned, the Otto Bock hand is commercially available. Also application
tests with patients were performed with the Southampton hand and the Fluidic
Hand. No tests have yet been reported with the “wearable artificial hand”. The
tested hands seem suitable for real-world applications, although the fluidic design
may not be strong enough for all requirements.

Figure 2.3: The Barrett Hand Figure 2.4: The Salisbury
[BarO3b, Bar03a] Hand [Sal03, MS86]

As Butterfal? [But99] distinguishes hands with respect to their application, the
second group of artificial hands is formed by the technical grippers. Following
the further partitioning of Lotti and Vasura in terms of the structural design of the
hand, amongst the group of “modular” hands is one of the earliest dextrous robotic
hands, developed in 1983: the Salisbury hand, aka. Stanford/JPL hand [MS86]
(see figure 2.4). This hand has three fingers and is electrically actuated. Its finger
size is comparable to the human hand although the whole setup which includes a
separate, non-anthropomorphic two degree-of-freedom robot as a wrist is larger.
Compared to nowadays hands, its applicability to general real-world scenarios is
low because it can only perform grasps with its finger tip. Nevertheless it was
commercially available to robotic researchers and is used in several laboratories.

The developments at DLR, Hand | [BHKL98, LMBH98, But99] and the most
recent Hand 1l [BGLHO1, HBF+03] (see figure 1.4) belong to the most sophis-
ticated “modular” hands today. Both hands have four fingers with 3 actuated
degrees of freedom each. A fourth, distal joint follows the motion of the third
joint passively. DLR Hand Il features an additional active degree of freedom in
the palm. The palm can thus be adjusted to the desired type of grasp. Both hands
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are electrically actuated. DLR Hand Il can apply a force of about 30N at the fin-
ger tip. This value is high compared to other designs. Despite this strength, the
design of Hand Il did not have to compromise in dynamic performance because
joint velocities of up to 360° /s are possible. The hand geometry has been designed
to be fairly anthropomorphic while the size is about 1.5 times the size of an av-
erage human hand. The weight of DLR Hand Il is as low as 1.8kg. Both DLR
Hands are highly sensitive: They are equipped with torque sensors at each joint
and force/torque resolvers at the finger tip. Hand I also contains tactile sensors.
Due to its “modularity”, low weight, strength, the high number of degrees of free-
dom and its sensory equipment DLR Hand Il is a well suited tool for researchers
to examine general, complex applications in real-world scenarios.

With the HIT/DLR Hand [Liu03], a similar design concept as in the DLR
Hand Il is pursued. This concept, however, strives to reduce the complexity of the
system and hence reduce cost as well as size and increase robustness compared to
its precedent. As development is still ongoing, final data on the performance of
this hand is not yet available.

Another recent development of a modular hand is the GiFu Hand [KSSO01].
This gripper provides five fingers and an articulated palm. It has 3 degrees of
freedom in each of the regular fingers and four degrees of freedom in the thumb.
It is driven by electrical motors. The actuation is described to have a bandwidth as
fast as 8 — 13Hz, which is relatively high. In contrast to DLR Hand I, its size is
comparable to that of the human hand. Its weight of 1.4kg is similar to that of the
DLR Hand Il. The trade-off for small size and high joint velocity, however, seems
to be the low maximum force of only 1.1N at the fingertip and 8.8N at the thumb.
Hence, in general real-world tasks, this hand may be too weak.

The Barret Hand [Bar03a] (see figure 2.3) is a simple gripper with three fingers
and in total four active degrees of freedom. The joint between distal and proximal
link of each finger contains a clutch, which opens at a certain torque level. Thus,
the links are coupled under no or little load but decoupled on high loads, realis-
ing a passive degree of freedom. This allows robust grasps, which envelope an
object to hold it. Its weight is reported to be 1.18kg. A particular design issue in
this hand was robustness. Although the small number of controllable degrees of
freedom limits the use of this hand to grasps with the whole hand, it is a commer-
cially available technical dextrous robotic hand, which is also robust enough for
industrial use.

As can be seen, the designs of the “modular” hands try to optimise the compet-
ing aims of velocity versus strength versus size and the aims of sensitivity versus
robustness with different focus and result. These competing aims can be relaxed
somewhat using a “non-modular” design. Hence, more researchers followed this
design concept. One of the advantages of a “non-modular” design is that weight
and size of actuators is not critical, and so most designs have approximately the
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size of a human hand and the weight is not optimised. Hence weight is not re-
ported any more within the following comparison.

The second classical development from 1984 in this review, the Utah / MIT
Hand [JWKB84] (see figure 2.5), belongs to the “non-modular” hands. It has four
fingers with 16 degrees of freedom. It is pneumatically actuated. The actuators
are located on the robotic arm, which carries the hand. The force is transmitted
through tendons. Provisions have to be taken against a change in tendon tension by
a change in the robot configuration. In contrast to the other early design, Salisbury
hand, this hand is able to perform grasps with all parts of the finger. In order to
execute experiments in real-world scenarios, at least some mobility of the robot
is required. However, the complete equipment of the Utah/MIT hand is fairly
bulky. Hence, the construction of a mobile robot equipped with an arm carrying
this hand is not feasible, limiting its use for general experiments. Nevertheless it
was commercially available to researchers.

Figure 2.5: The Utah/MIT Hand Figure 2.6: The
[But99, JWKB84] NASA Robonaut
Hand [NASO03, LD99]

The following two other early grippers are remarkable for their mechanical
design. The University of Bologna (UB) Hand [BFV91] has three fingers with
four degrees of freedom each and three degrees of freedom in the thumb. For
the first time the wrist has been taken into particular consideration during design.
The wrist has two degrees of freedom, which allow rolling in the forearm and
bending of the wrist itself. The actuation is located in a particularly designed
forearm. The size of the hand is comparable to the human hand. In version Il
this hand is equipped with intrinsic tactile sensors that measure contact forces
remotely instead of local tactile impressions (see section 2.1.6). It is capable
of performing grasps with the whole hand as well as with the finger tips. It is
thus appropriate for real-world tasks. Its dynamical range and maximum force,
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however, have not been reported.

The Belgrade/USC Hand [BTZ90] is the first well known gripper with five
fingers. Only the thumb can be moved independently in two degrees of freedom.
Each of the other fingers shares common actuation with a second finger. Both
commonly-actuated fingers are decoupled by a rocker arm in order to allow one
finger to continue closure while the other one is already in contact with an object.
The hand may grasp objects with a weight up to 2.3kg. Its sensory equipment
contains positioning sensors and force sensing at the finger tips. Similar to the
“modular” Barrett Hand, this hand is only usable for enveloping grasps. In real-
world experiments, researchers may have problems implementing all desired tasks
with this hand, as manipulation in the hand is not possible.

The DIST Hand [CC98] has four fingers. With four degrees of freedom in
each finger, this gripper has more degrees of freedom than its natural counterpart.
It is electrically actuated. Forces are transmitted through tendons from a separate
actuation box, which has to be mounted on a carrying robot. As an exception to
the above stated disregard of weight as design aim, the weight of the DIST Hand
including actuation is about 1kg. The torque of each motor is 200Nmm. As a
design goal, only standard mechanical parts were used as far as possible. This
hand is suitable to perform finger-tip and whole hand grasps. Due to its small
size it is particularly suitable for mobile real-world applications even though the
maximum grasping force is fairly low.

The LMS Hand [GZALO01] also has four fingers with four degrees of freedom
each. It is moved electrically and its size is comparable to the human hand. It has
position encoders at the actuator and at the joint. Joint torque can be computed
indirectly by evaluating the elasticity of the tendons for power transmission. Its
anthropomorphy is relatively high.

Two popular robotic hands have been solely designed for extra-vehicular space
applications. The NASA Hand [LD99] (see figure 2.6) is designed as the limb of a
space robot called Robonaut, which will assist human astronauts outside the pro-
tective shell of a space craft. The NASA Hand contains 5 fingers with a total of 14
degrees of freedom. Two degrees of freedom move the wrist. Thumb, pointer and
middle finger have three degrees of freedom, ring and little finger one degree and
the palm also one degree. Together with DLR Hand I, to the author’s knowledge,
these hands are the only hands with an additional active degree of freedom to re-
configure the palm allowing different positions of the fingers’ base joints. The
actuation of the Robonaut Hand is located in a specially designed forearm. The
anthropomorphy of this hand is exceptionally high. Although designed for space,
this hand is also very suitable for general real-world tasks.

The other hand designed for space operation is the SSL Hand [ACF02]. This
hand has four fingers. Pairs of two fingers are located on two sides of a cubic wrist.
The kinematics of this hand was optimised for the completion of tasks according



2.1. REVIEW OF RELATED RESEARCH 17

to the Extra-Vehicular Tools and Equipment reference Book of NASA. Up to now
it is only manually operated through tendons. This hand is non-anthropomorphic
but adjusted for its particular purpose in space.

A non-anthropomorphic design, which the developers claim is optimised for
use in tele-manipulation, is presented by Jia et al. [JCX01]. It has three fingers.
The thumb has three degrees of freedom, the other fingers have two degrees of
freedom. In order to save weight, a single motor moves the individual degrees
of freedom consecutively. Clutches are used to switch between separate joints.
The motor and clutches are placed in a cylindrical actuation box also serving as
a wrist. The low degree of anthropomorphism may limit this hand to particular
tele-operational tasks.

Two hands, which trade anthropomorphy against the ability to manipulate ob-
jects in hand even better than man, are the Karlsruhe Hand 11 and the TU-Munchen
Hand [FW98, Woe95]. Both hands have four fingers that are arranged with a
spacing of 90° around a common centre. This arrangement allows very high dex-
terity for finger tip manipulation: Objects can easily be rotated and moved in the
hand by moving individual fingers and regrasping. However, imitating humanoid
grasping literally is not possible due to this non-anthropomorphic design. Hence,
tasks which require an anthropomorphic execution in a humanoid environment are
difficult to complete. The Karlsruhe Hand II is electrically actuated while the TU-
Muihchen Hand is a good example for a hydraulic gripper. The Karlsruhe Hand
Il is equipped with pressure sensors for contact detection, position encoders and
laser triangulation sensors. The TU-Munchen Hand has its sensors located in the
hydraulic actuation system. Thus no sensor components are necessary in the hand,
rendering the design fairly small.

Finally, an interesting study of hand kinematics is described in [FTADOO] as
TUAT/Karlsruhe Hand which is different from the previously mentioned Karls-
ruhe Hand II. This hand has five fingers with four degrees of freedom for each
finger and one degree at the thumb. All degrees of freedom are actuated by a
single motor. Research in robotic hands also triggered approaches by private ex-
perimenters with low budgets as presented in [Dio03], who built an impressive
robotic hand from standard components.

Summarising this review, a wide variety of dextrous robotic grippers, both for
prosthetic use and for humanoid robots, is already available to researchers, and
some even to commercial applications. Beyond simple laboratory experiments,
the wide range of hands nowadays allows usage in complex scenarios requiring
more sophisticated control schemes and extended sensor information.
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2.1.2 Common Sensorsin Robotic Hands

Sensors in robot hands greatly enhance their capability to perform delicate tasks.
However, each sensor requires additional hardware, which in most cases increases
the cost and size of the hand and also decreases its robustness. Therefore, in con-
structing hands, most researchers also invested in the design of new sensors, which
optimise these competing aims. This work proposes new methods to interpret al-
ready available sensor measurements to obtain more information in order to avoid
new, specialised sensors. To allow an insight this section will revisit the general
sensory equipment of robotic hands.
In general, there are up to four groups of sensors available in robotic hands:

e Position sensors are mostly required for position control of robotic hands.
They are usually applied either directly at the motor shaft or even in the
motor as motor-side sensors. Additionally, to be able to compensate for
elasticities in the drive train, position sensors are sometimes also mounted
directly to the joints of a robot as load-side sensors.

e Force and torque sensors are used to allow compliant control of a robotic
hand and get information about the contact of the fingers with the environ-
ment. These sensors are usually implemented at the joint axis or within
the structure of the finger. Further, some robotic hands are equipped with
additional force/torque sensors at the finger tip which allow sensitive ma-
nipulation.

e Tactile and pressure sensors are mounted to the surface of the finger or palm.
These sensors are fairly complex and are thus a topic of intense research.
As these sensors are used to delicately detect small forces and the respective
point of action, it is desired that theses sensors have a high spatial density
and a high measurement resolution. Nevertheless, as also large grasping
forces are possible when handling heavy objects, or hard impacts may oc-
cur when contacting an object, they also need to be robust. In order to allow
the detection of multiple contacts on one sensor, the sensor is sometimes
divided in several elements called taxels. Obviously, the spatial density
requires a huge amount of wiring and evaluation hardware. Force/torque
sensors may substitute tactile sensors by use of appropriate evaluation algo-
rithms. Physically, between force/torque and tactile sensors, the borderline
can be drawn similar to the corresponding senses in the human hand. In the
receptors of the muscles of the fingers, man can feel strong forces required
for motion and grasping. Detection of fine forces, of their variation or their
point of action, however, relies on the tactile senses of the skin.
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e Additionally, in robotic hands, operational sensors are required, that for
example monitor the temperature of circuitry or stop the finger, when its
limit of motion is reached. These sensors usually are standard components
and are neglected in this survey.

In contrast to the classification of sensors by the quantity they measure, a measure-
ment itself can be characterised with respect to the location of the sensor relative
to the measured event. Proprioceptive measurements respond to stimuli within
the system the sensor belongs to. For example the position of a motor can be
estimated from its position resolvers or the force for an action can be felt in the
muscle counteracting that force. In contrast, exteroceptive measurements render
information about a different system. For example the ear receives stimuli from
the outside. As will be shown in a later chapter of this thesis, position sensors
from the actuation system can also be used to estimate the location of contact at
the finger surface. The sensor, however, is not in the skin but in the actuation
and is hence part of a different system. This perception is hence exteroceptive.
Exteroceptive measurements can be used to obtain additional information without
increasing instrumentation effort.

A recent overview of sensors in grippers can be found in [BM02, But99].
Organised by the quantity the sensors measure, their physical principles are briefly
reviewed.

Position sensors have been built in several different principles: Motor en-
coders count the passing of one or several marked positions during motor rota-
tion. Hall effect sensors [CMM*01, BFV91, BGLH01] measure the direction of
the magnetic flux in the motor and hence allow the computation of the position of
the rotor. Conductive plastics or potentiometers [BGLHO1] react to their position-
dependent change in ohmic resistance. Optical sensors [BHKL98] measure the
location of light transmission through an encoder disc with a spiral slot.

Force/Torque sensors are mainly built in three different physical principles:
in most designs a strain gauge is applied to a beam of defined elasticity in the
structure of the mechanics. This strain gauge [CMM*01, BGLH01, HBF+03]
has an output, proportional to the force or torque applied to the beam. Further,
the elasticity in the hand’s structure can be computed by pairs of position sensors
[GZALO1]. Third, the power required for actuation can be measured as motor
current [KLC*01, MS86] or hydraulic pressure [Woe95].

Due to the difficult optimisation of the competing aims resolution, cost, size
and robustness, tactile sensors have been closely adapted to the particular needs
of the respective researchers. A common classification is hence difficult. An
overview of developments can be found in [LN99, But99, NL89]. More detailed
than above, a discussion of technical considerations for tactile sensors is given in
[MJ90]. Some famous early sensors are described in [Oka90, Fea90a]. The au-
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thors of the first publication uses optical sensors to detect the displacement of a
shell around the fingers, which is suspended with springs. The author of the latter
employs a capacitive grid, a method also used in plenty of later designs. Modern
sensors are based on a wide variety of physical principles which can roughly be
divided into electrical, mechanical and optical effects. First, the change of the
three basic electrical values resistance [LMH95], capacitance [JWR97, CJL98]
and inductance [BMO02, NL89] is used. The active material is built in a sand-
wich package of two electrodes and one separating material. This group is the
largest amongst tactile sensors. Second, mechanical vibrations in piezo elements
[JWR97] are exploited. Third, optical retardation of light transmission [JWKB84]
in fibres may be used. Besides the physical principles of measurement, also the
acquisition of measurements differs. Numerous designs reduced the number of
sensor elements without reducing the spatial resolution by using a grid of sensors
whose integral value is measured [BHKL98] or single pressure sensors [FW98].
As a trade off, this method can detect only single touches.

Concluding this section, it can be stated that a wide variety of sensors for
robotic hands is available. However, providing a robotic hand with sensors is
always a trade between increased sensitivity and robustness, size and cost. Hence,
algorithms for efficient use of available sensors are desirable and motivated this
work.

2.1.3 Applications of Robotic Hands and their Algorithms

In previous sections, a vision of humanoid robots or robots with partial anthro-
pomorphic capabilities being used in real world applications was created. This
section shows the structure of possible applications and reviews some scenarios in
which robots were actually applied. Some of the required algorithms are pointed
out. These algorithms need sensory information for which this thesis proposes
new methods.

Applications of Robotic Hands

For a fully equipped robot with the ability to move by means of a vehicle or legs
and having at least one arm and hand, two general fields of application can be
identified:

In a tele-operation scenario, a human operator directly commands the motions
of the robot. Tele-operated robots act as an extended arm of a human operator.
They can be used in cases where the direct presence may not be possible. These
situations occur in dangerous scenarios: in environmentally-polluted areas, fire
fighting and disaster handling. Particularly equipped robots assisted in numerous
kinds of rescue missions for example at Ground Zero in New York City [Mur02].
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Secondly, tele-operated robots may scale up or down the motions and forces of
the human operator. This is useful, on the one hand, when very precise motions
have to be performed as in the assembly of electronic circuitry or handling of
biological material [SWO1] or on the other hand, when heavy goods have to be
manipulated. This was for example required during the installation of an airlock,
a door, to the International Space Station. Third, tele-operated robots may be used
also in scenarios where particular knowledge is required and the expert cannot
be present in person. This kind of tele-operation has been tested in the medical
environment, here using particular medical tools rather than a robotic hand. For
the control of the spatial motion of a tele-operated robot by a mobile platform
or legs and for the operation of the arms, appropriate input devices are available,
e.g. two joysticks with three dimensions each or one six-dimensional input de-
vice, called spacemouse. Other experimenters directly track the motion of the
operator’s wrist. In order to control the robotic hand, in most cases a cyberglove
similar to [Cyb03] will be used. This glove measures the finger position of the
human hand. Using appropriate transformations, the motion of the robotic hand
can be commanded. In tele-operation, the application of a dextrous robotic grip-
per avoids the specialisation to certain tools for a particular task or a particularly
prepared environment.

The second field of application of robots equipped with dextrous robotic grip-
pers is their autonomous operation. In this field, also called service robotics,
the robot first acquires particular skills in a job dependent training. Later, the
robot may use these skills to perform certain tasks autonomously upon command
but without further human interaction. As a vision, this type of robot will assist
elderly, bodily-challenged or sick people with their regular work. Because the
environment for these tasks was originally designed for humans and a large scale
adaption will usually not be accepted, the robot has to be able to interact with it as
man does. This requires a humanoid design of the robot, in particular of its hand.
Experiments on autonomous operation are published in [BFH*03a, PJT02].

While tele-operation has already reached the state of limited commercial ap-
plication, truly autonomous robots are still topic of intense research. Only ap-
pliances with limited autonomy have made their way to market, such as robots
which cut grass or sweep the bottom of swimming-pools. Nevertheless this field
is driven by promising visions.

Algorithms for Planing and Control of Grasping with a Robotic Hand

Regardless of the type of task a robot performs, the algorithms used for grasping
and manipulation are similar. 1t was already pointed out earlier that for the control
of hands some information is critically required: the position of the object relative
to the hand and the point of contact between a grasped object and the surface of
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the finger. This fact will be explicitly shown for selected algorithms.

Surveys of algorithms for dextrous manipulation are given in [BK0O, Shi96,
OSCO00]. Okamura [OSCO00] identifies the following fields of work: Dextrous
grasp and motion planing, dynamics and control, manipulation versus exploration.

The field of grasp and motion planing contains, amongst others, all research
related to the choice of how and where individual fingers should touch an ob-
ject as well as to the determination of the forces which the fingers exert at these
points. The key issue here is to synthesise new or analyse given contact loca-
tions, so called grasps, which allow an object to be held without squeezing it out
of the hand like for example a bar of wet soap. Thereby, particular problems
occur, as the forces exerted at the contact point obviously have to be directed to-
wards the object. They can only push not pull. Also a slippage of the finger may
occur depending upon how these forces are exerted, e.g. very flat with respect
to the surface such that the friction between the finger and the object no longer
holds. Technically this problem is addressed for example in [HSB99], where con-
tact locations are found as a solution to a constrained minimisation problem of
contact forces. In [HTL99] grasping force constraints are solved as a linear ma-
trix inequality problem. Borst and Fischer [BFH99] examine the weakest point
in a complex hull of contact forces. Wang et al. [LW98] determine stability of a
grasp using a ray-shooting algorithm in the convex hull of contact forces. Svinin
[SUK99] determines the quality of a grasp by its ability to return to its original
configuration after an external disturbance. Rather than the position of the finger
skeleton, which would be directly controllable and measurable from the finger
joints, all these algorithms deliver the desirable positions of contact on the object
or their counterparts on the finger surfaces. When performing the grasp in reality,
the actual obtainment of these positions thus has to be explicitly monitored and
requires particular sensor evaluation. Related to the synthesis of a stable grasp
is the computation of proper grasping forces. In [BS97, Sch01] the problem of
optimal grasping forces is converted into a problem of minimising a matrix equa-
tion. Trinkle [HTL99] extends his approach of linear matrix inequalities to the
determination of optimal grasping forces. As the grasping forces act on the point
of contact, again this information is required.

For the field of control, only a few representative topics are mentioned. Re-
search is concerned with the driving of individual fingers as well as the coordi-
nation of several fingers of a hand. When manipulation is desired, sometimes
re-grasp operations, called finger gaiting, are required to move an object in hand
without having to deposit and re-grasp it. Also, the monitoring and correction of
planned grasps has to be performed. Hereby, knowledge about the point of contact
is required in order to stay in touch appropriately with the grasped object. Also, as
active manipulation and repositioning of objects is one of the main intentions of
grasp, the position of an object has to be determined during closed loop control.
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Liu [LH99] describes Cartesian control for individual robotic fingers. Arimoto
[DA99] develops hybrid force/torque control for combined control of grasping
forces and finger position. Salisbury [MS86] pioneers a coordination scheme for
several fingers. Schlegl [SB98, Sch01] proposes a hybrid discrete-continuous con-
trol setup allowing for individual fingers to break contact in order to re-grasp. In
[SHB*99, Hai98] a method to compensate for a mismatch between grasp planing
and real-world is proposed.

Finally, research about exploration is so closely related to the detection of the
point of contact such that both are reviewed uniformly in section 2.1.6.

This section pointed out applications of robots equipped with mechanical hands,
and highlighted some of the algorithms used for hand operation. All of these al-
gorithms require the position of the contact point, some of them additionally need
the location of the object.

2.1.4 Physical Models of Contact

In order to implement robotic grasping, a thorough understanding of the physical
principles of contact is required. Generally, an object in free space can move
along three translational directions and rotate around three axes. The motion thus
has in total six degrees of freedom. In the remainder of this section, we consider
quasi-steady-state conditions, i.e. there is no considerable acceleration.

Two bodies in contact cannot penetrate each other. When they slide one on
top of the other, friction may occur. Physically, contact can be defined:

Definition 1 By contact the relative motion of two bodies touching each other is
obstructed completely in some directions. In other directions the motion is subject
to friction forces, and in the remaining directions it stays completely free.

When a finger tip touches an object, the direction orthogonal to the surface is ob-
structed. The finger cannot move into the object. Sliding sideways is possible,
however, frictional forces counteract this motion. Rolling along the surface is not
inhibited, because in practice the rolling friction is negligibly small in this con-
text. Each completely obstructed direction of motion corresponds to a direction
in which a force or torque can be applied. By actuating the robot in that particular
direction, these forces and torques can be freely set. In the example, no restric-
tions apply on how hard the finger can press onto the object, provided the object
itself can withstand this force. In the completely free directions, no forces can be
applied. A single finger in the example cannot rotate the object as each movement
of the finger would only cause a rolling motion along the object. Between the
two cases are those directions that are subject to frictional forces. These forces
are limited by physical friction constraints. Up to three independent directions of
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force and three axes of torques are thus possible at most. The actual number de-
pends on the properties of the two surfaces in contact. These properties are termed
contact model. The research on contact is first of all concerned about the model
of contact which is characterised by its free, frictional and obstructed degrees of
freedom. Also, as some degrees of freedom are not obstructed, the evolution of
the contact is considered when relative motion occurs between two objects. Sec-
ond, physical models for the deformation of contacting objects and derivations of
the contact friction phenomena are examined.

Contact as Constraint to Motion

(a) (b) © (d)

Figure 2.7: Standard contact types Figure 2.8: Contact cen-
troid

The first recent examination of contact in the field of robotic hands has been
performed by Salisbury [MS86]. He regards fingers and objects as rigid bodies
such that the interacting parts do not deform or penetrate each other due to contact.
He introduces eight different types of object-finger contacts. Physically, these
types of contact differ in the shape of the contact area and in the consideration or
disregard of friction. All of them are represented by a lumped point of interaction
restricting motions and admitting forces.

e Point contact with and without friction are the most important contact mod-
els. These types restrict plain relative translations between the two bodies in
contact in all three spatial directions or only in the direction of the common
surface normal, respectively. This contact is depicted as a hard sphere on a
hard surface in figure 2.7 (a).

e He also describes soft finger contact inherently including friction as model
admitting only rolling on the surface. Translational motions are inhibited
as well as a torsion around the common normal direction. This contact is
widely used and is depicted in figure 2.7 (b): A soft sphere contacts a rigid
plane.

e The line contact (see figure 2.7 (c)) is proposed with and without friction.
With friction, it allows only rolling around its axis; without friction it in-
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hibits translation along the direction of the normal to the plane and rotations
are allowed around the normal and the axis parallel to the line of contact.

e The planar contact (see figure 2.7 (d)) is introduced also with and without
friction. In the frictional case, the planar contact is totally fixed; in the fric-
tionless case it allows translations along the plane and the rotation around
the normal to the plane.

It is common to all of these models that only geometrically first order aspects
are taken into account, i.e. are concerned only about local tangent planes and
neglect curvature effects. Salisbury also introduces the property of unisense force
limitations. This property requires that forces at a contact between two bodies can
only be pushing, not pulling and that tangential forces, if present in the model,
have to lie within the Coulomb friction cone.

Salisbury modeled the physics of contact by constraints of motion and forces
at an isolated contact point, despite an obvious contact area in soft finger, line
and planar contact. An extension to the soft finger contact is presented by Bicchi
[Bic90, BSB93]. He introduces so called equivalent sets of forces. These equiva-
lent forces cause the same large scale effects as the locally distributed forces in a
soft finger contact. The point of action of these forces is termed contact centroid.
At this point, the equivalent force is directed into the object and the moment is par-
allel to the surface normal at that point. Bicchi derives properties of the contact
centroid proving that all real contact points lie in a convex region around the mod-
eled contact centroid. The contact centroid of a possible contact patch between a
soft sphere and a plane is depicted in figure 2.8.

While the previous researchers concentrated on the geometric properties of
a contact which impede motions and admit forces, Montana [Mon88, Mon95]
regards the contrary. Depending on the model of contact, similar to the above,
he describes the admissible motions of the two rigid objects in contact as sliding
or rolling on each other. This is called the kinematics of contact. He regards the
contact as an additional joint which adds up to five degrees of freedom, according
to the type of contact. This joint is passive, i.e. is not actuated. Since parts
of the work presented here mostly rely on Montana’s methods, subsection 2.2.2
revisits his work in detail. His methodology is valid for any geometry of objects
and hence in contrast to the above it is not strictly limited to the approximation of
objects by geometrical first order tangent planes. The phenomena of deformation
and generation of friction forces are not considered in his work

Similarly, Rimon and Burdick concentrate on the possibility of an object to
move under contact. They introduce a configuration-space approach to uniformly
describe motions and forces in space [RB95a, RB95b, RB98a]. In this description,
any object position is represented by its translation and orientation in space, the so
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called configuration. The union of all possible configurations forms the configura-
tion space in which an object resides. So far, the object may take all configurations
in this space. However, fingers of a hand are also described by their configura-
tion. They are regarded as obstacles to the body resulting in the obstacle space.
The intersection of object configuration space and obstacle space represents the
free space of the object. In this representation, forces are represented as cotangent
vectors. Although less intuitive on first sight, this representation allows consistent
description of some phenomena of contact with a single approach. At first, Rimon
and Burdick [RB95a] represent contact as a constraint on the possible velocities
of an object. They term this “first order constraint of motion” in one particular
direction in configuration space. Being concerned with velocities rather than ge-
ometrical tangent planes to an object, “first order” in this term refers to the time
domain instead of the spatial properties as before. In terms of physical interac-
tions between object and finger so far, this methodology is still equivalent to the
model of point contact without friction. However, paying attention to the fact,
that “contact is not an infinitesimal notion but a local one” [RB98a], the contact
description is extended in the consequence [RB95b] to second order acceleration
effects in the time domain. They show how the velocity has to change in order to
move along a surface. This inherently extends the description of contact also to
respect second order curvature effects in the spatial domain. This is advantageous
for cases of a relative motion between two contacted bodies where the curvature
of the surface is important as for example in some concave contacts. This has
not been regarded in the geometrically first order models of Salisbury and Bicchi.
Montana , however, also regards curvature on objects and examines admissible
velocities. In the spatial domain his approach is hence second order. Nevertheless
he is only concerned about velocities and hence his method is only first order in
time.

In different complexity, all of the above models describe contact as the im-
pedance or admittance of motions. However, during contact, deformation of the
contacting surfaces can also be observed which produces forces opposing this
motion. This not only generates those forces impeding a motion but also generates
friction forces.
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Contact as Cause for Forces

To model force phenomena, Rimon and Burdick [RB98b] ex-
tend their contact description to the generation of forces. They
present the Mason paradox showing that a rigid body model is an
insufficient description of phenomena in some cases. The argu-
ment in the paradox is shown in an example: two rigid frictionless
ellipses with identical centre of symmetry, common major and
minor axes and the same radius on the major axis, are located one
inside the other and differ only in the radius of the minor axis (see Figure 2.9:
figure 2.9). Thus, they touch each other at both intersections of The Mason
the major axes with the ellipses. Obviously, there is only the one paradox
way depicted, to fit the black ellipse into the hole formed by the second ellipse.
Hence the inner black ellipse cannot move inside the outer gray. This configura-
tion, however, cannot produce forces tangential to the ellipses at the contact points
at the top and the bottom of the black ellipse. It is of no importance whether fric-
tion is assumed or not, as no normal forces are present when the inner ellipse is
moved strictly horizontally. In order to impede a motion in this direction, forces
would be physically necessary. This contradiction indicates an imperfect model
of contact, assumed so far. Thus Rimon and Burdick introduce several elastic
deformation contact models:

e The Gesley’s Model still considers rigid bodies and lumped contact proper-
ties but also allows an overlap. The overlap causes a force which depends on
the minimal distance to separate the objects and its rate of change as damp-
ing. This is not a linear spring model since the separation distance usually
does not depend linearly on the displacement between the two bodies in
contact.

e The Hertz Model is also a lumped parameter spring model, however, with-
out damping. This approach relates material properties to the lumped spring
constant. This spring constant then relates an applied force to a displace-
ment through an exponential relationship.

e The Inelastic Damping Model is an extension of Gesley’s Model to also
include damping orthogonal to the direction of penetration. This is amongst
others of importance for cases where a body is rolling on a plane and thus
not changing its penetration which results in zero damping force in Gesley’s
Model.

Xydas and Kao [XK99] examine the Hertz Model and state that the underlying
relation between material and model parameters is only valid for linear elastic
material. In the development of robotic fingers and in the quest to develop as good
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as possible artificial skin, nonlinear materials are often used. Thus an extended
Nonlinear Elastic Model is developed which in a special case includes the Hertz
Model.

Howard and Kumar [HK93, HK95] propose a very accurate dynamic frictional
soft finger model. They develop a description of the kinematics of deformation of
both contacting surfaces as a function of position in the contact area. Forces in
the contact area are represented as distributed forces at small elements of the con-
tact region. The relation between the displacement of the object and the resulting
forces at the surface elements is linked to influence functions. These are repre-
sented through material properties. Because of the computational burden of this
very accurate model, they propose to use a coarse grid for the representation of
surface elements. In the limit case this results in a lumped parameter model. For
global examinations, they propose to approximate the distributed contact by one
single centroid and use the full model only locally for examinations at the contact
itself. On the other hand, in [HK95], they also present a method to relate lumped
elasticity parameters from the Hertzian Model to a curvature dependent contact
stiffness matrix. The latter relates forces and displacements at the contact.

The contact models introduced in the last two subsections describe the mobil-
ity of two objects in contact and the resulting forces from contact. Considering the
goals of this work and examining the contact models proposed by researchers, the
most suitable contact model seems to be Bicchi’s description of two rigid bodies
in soft finger contact at the contact centroid from [Bic90, BSB93]. This model is
simple and yet accurate enough.

2.1.5 Grasp aslInteraction of Multiple Contacts

In the strive for humanoid robots, one of the driving forces for the development
of a robotic hand is the requirement to be able to pick up and firmly hold general
objects.

Definition 2 The power of a robotic hand to seize an object and hold it in position
is called grasp.

A grasp can be seen as the interaction of several contacts as introduced in the
previous section. The location of these contacts determines whether a grasp can
stably and securely hold an object. When these contact locations are not diligently
chosen, the object may be squeezed out of the hand by the own grasping forces or
may be moved out by external disturbing forces.

Further, the shape of the hand and the type of contact between fingers and ob-
ject is important for the robustness of the grasp against external disturbances and
misplaced contact points. Competing with the robustness of grasp is the ability to
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manipulate an object in hand: The more robust a grasp is, the more firm is also
the hold on an object. But as a direct consequence, the possibilities to reorient or
move the object without putting it down decreases.

The technical chapters of this thesis only work with one or several contacts
alone and are interested in neither of these two aspects of a grasp. Nevertheless,
grasps are basic for robotic hand applications. Thus, both aspects of a grasp, i.e.
the location of its contacts and the posture of the hand, are reviewed here for the
interested reader. Surveys on the general topic of grasping can be obtained in
[BKOO, Shi96, OSCOQ].

Conditions for a Stable Grasp

In order to securely fix an object, two methods exist. First, the object can be re-
tained by a number of passive contact points that are fixed in position but obstruct
all possible motions of the object. For the two-dimensional case, figure 2.10 (b)
shows a sample apparatus. The fixed beams touch the object and are not necessar-
ily connected to it. The beams may be pre-loaded in order to exert a constant force
on the object. The object can neither move up nor down. It is fixed. Second, an
object can be held by actively-controlled contact forces. On the one hand, these
forces balance out all external disturbances and hence fix the object. On the other
hand, finger forces also press the fingers onto the object. These forces are called
grasping or internal forces as they cannot been observed from the outside of the
object, provided the object is rigid and does not deform. With two surfaces in con-
tact, according to Coulomb’s friction law, the maximum possible frictional force
is proportional to the force acting normal to the surface in contact: f; = puf,.
Thus internal forces guarantee safe contact with sufficient friction. A setup which
actively holds an object is depicted in figure 2.10 (a).

In planar or spatial setups, these two cases differ by the number of required
contacts for a stable grasp. Both cases may use any contact model, with or without
friction. The ability to hold an object is called closure. The passive case is called
form closure, as it is retained due to the form of an external apparatus, whereas
the active case is named force closure, due to the applied finger forces. In most
(e.g. [Bic95]), but unfortunately not all literature this illustrative nomenclature is
used. Thus, it will be applied throughout this thesis. A formal definition follows
as research is reviewed that describes conditions for the stability of a grasp.

In [MS86], Salisbury proposes stability definitions of a grasp: He states that
in order to immobilise a body one of two conditions has to be fulfilled: Either
the intersection of all those free motions of the object’s centre of gravity is zero,
which are not already inhibited by the individual contacts alone. Or the set of the
sums of all forces, which may be transmitted through the individual contacts, span
the whole force / torque space %°. Differing from the convention in this thesis,
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@ (b)

Figure 2.10: Schematic of force- and form-closure

he defines force closure as the ability to immobilise an object with controlled
forces plus known external forces. This is the case when an object lies on the
open hollow hand and gravity presses the object against the palm. In contrast, he
defines form closure as the ability of a grasp to hold an object without the help
of external forces. It was found that the minimum number of fingers necessary to
immobilise an object is 3 when using point contact with friction and is 6 for point
contact without friction. These numbers, however, hold only for the case of the
contact which also allows pulling. Form closure in Salisbury’s terminology can
be achieved with a minimum of 7 frictionless point contacts, when unilaterality of
the contact is respected.

Concentrating on the case termed force closure in this work, Mishra, Schwartz
and Sharir [MSS87] also give a similar definition for stability in frictionless grasp
stating that a grasp is said to be “force/torque closure if and only if any arbitrary
external force/torque acting on the object [..] can be balanced by pressing the
finger tips against this object at the selected grip points”. They concentrate their
examination on the required amount of contacts. A minimum number of fingers
required to fulfill this requirement is found to be 7 in the spatial and 4 in the
planar case. In contrast to Salisbury, they also examine exceptional surfaces which
cannot stably be held by any number of fingers in the frictionless case. These
surfaces contain all rotational bodies: no kind of grasp can resist rotation around
their axis.

In contrast, Mattikalli and Khoshla [MK92] regard form closure. They geo-
metrically describe directions of motion which are obstructed by contacts. This
way redundant constraints can be identified.

Bicchi [Bic95] finally defines force and form closure in a clear way, as it is
mostly used in later literature. Concretising the illustrative definition given above,
he establishes form closure in the following manner:

Definition 3 ““ A set of contact constraints is defined to be form closure if, for all
object motions, at least one contact constraint is violated.”

These contact constraints are equivalent to the obstruction of motion through con-
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tact as introduced in the previous section. Bicchi also revisits a form closure test
and proposes partial form closure, when only some directions of motion are ob-
structed. An algorithm to determine directions of free motion is presented. The
latter is mostly necessary for workpiece fixation. He also defines force closure as:

Definition 4 ““A grasp is defined to be force closure if, for any external wrench
acting on the object, there exists an internal contact force such that all friction
constraints are fulfilled.”

In this context, “internal” refers to forces at the individual contact points rather
than to the internal, grasping forces. This definition is also extended to partial
force closure. Bicchi additionally presents a test for force closure.

In contrast to the strict definitions of stability as given by the last cited re-
searchers, Cutkosky [Cut89] develops general characteristics to describe a grasp.
He identifies the effective compliance of the grasped object with respect to the
hand, the connectivity, namely how many parameters are needed to specify the po-
sition and orientation of an object with respect to the hand, force and form closure,
grasp isotropy as the ability of the fingers to accurately apply forces and moments
to the object, internal forces, manipulability as the ability to impart arbitrary mo-
tions to the object, resistance to slipping and stability as the grasp returning to its
initial configuration after being disturbed.

More recently, but not following the common manner of definitions, the fol-
lowing two groups also examine stability.

Trinkle, Farahat and Stiller [TFS95, TFS94] introduce the notion of “stability
cells” to the first and second order. These stability cells reside in the configuration
space. The configuration space approach by Rimon and Burdick to uniformly
describe the phenomena of contact has already been revisited in section 2.1.4. For
first and second order stability cells, any perturbation of an object away from its
equilibrium increases its potential energy in first and second order respectively. A
first order stable object corresponds to a marble in a cone, a second order stable
object to a marble in a flat bowl. They also distinguish between active and passive
stability cells. In the first, a grasp is controlled by joint torque, in the latter the
grasp is independent of it. This notion is more feasible for trajectory planing of
a partially grasped object in order not to loose grip on it than for general stability
examinations.

Following their work already presented in section 2.1.4, Rimon and Burdick
[RB96] introduce notions of first and second order form and force closure for
the frictionless case. They consider first and second order free motions of an ob-
ject in configuration space with respect to the grasping fingers in obstacle space.
The free motions are the union of those motions in configuration space that move
along the obstacle surface and those motions braking away from the obstacle. In
first order motions, the actual velocity is directed tangential to or away from the
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obstacle surface. In second order motions the path is directed along the curvature
of or away from the obstacle surface. Although noted in the abstract configuration
space, those motions represent the motions tangential to or along the curvature of
all fingers’ surfaces plus those motions which break at least one contact. Rimon
and Burdick define first and second order form-closure as the absence of first and
second order free motions. They also prove that, in the frictionless case, the com-
mon notion of force closure is equivalent to first order form closure. According
to their definition a grasp is said to be second order force closure if it is first order
force closure and if also the derivatives of the free motions only cause accelera-
tions along the surface of the obstacle. Only their first order notion is extended to
frictional contacts.

The previously reviewed work is concerned only about the stability of a grasp.
Closely related to the stability is the existence of internal forces which occur in
force closure grasps as squeezing forces on an object.

Salisbury [MS86] proposes an approach called grip transform to compute the
forces and velocities of the object when forces and velocities are imposed at the
individual contact points. The method produces a matrix similar to the Jacobian of
a robotic manipulator. This grip transform matrix has a nullspace. Those contact
forces that lie within this nullspace are identified as internal forces. Their basis
vectors are the orthogonal basis vectors of the nullspace. No physical interpreta-
tion can hence been given to the basis vectors of this internal forces.

Yoshikawa and Nagai [ YN90] also introduce a decomposition of contact forces
into internal forces and manipulation forces acting on the object. This examination
is done in the spatial case for only a three fingered grasp. Their decomposition
can be physically interpreted in contrast to the plain orthogonal decomposition
presented by Salisbury.

Finally, Bicchi [Bic93, Bic94] examines force decomposition into manipula-
tion and internal forces when not all contacts can be controlled independently.
This is for example the case when the body also contacts multiple links of a finger
or the palm. For the computation of manipulation forces, a weighted pseudo-
inverse is used. The internal forces are partitioned in actively-controllable and
passive preloading forces. For the controllable internal forces, a matrix is deter-
mined which projects motions in the joint space of the fingers through the Carte-
sian contact space to the space of internal forces. When the mapping from joint
space to the Cartesian contact space has a nullspace, non-controllable internal
forces do exist.

This subsection revisited popular definitions of grasp stability and also exam-
ined the phenomenon of internal grasping forces which press on an object without
external effect.
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Grasp as Particular Posture of the Hand

Grasps are not only distinguished by their abilities to hold or manipulate an ob-
ject. They also differ by the posture of the hand and as a result of the posture in
the number and types of contacts (see section 2.1.4). Most researchers agree on

(a) precision grasp (b) pinch grasp (c) power grasp

Figure 2.11: Major types of grasp

a rough partitioning of grasps in precision grasps and power grasps. Both grasps
are depicted in figure 2.11 (a) and (c). Precision grasps use only one contact per
finger, which is normally a point contact or soft finger contact. These grasps can
easily reorient and move the object within the hand, but with even small uncon-
trolled external disturbances or misplaced contact points they are likely to lose an
object. The contact forces needed to firmly hold an object are large. On the other
hand, power grasps, or as they are often called enveloping grasps, have multiple
contacts at the fingers or even at the palm, enveloping an object. The large number
of contacts causes a loss of controllability of individual contacts. Therefore the
occurring contact types largely differ. No particular, single type can be identified.
The power grasp exhibits almost no possibility of in-hand manipulation, but as
a direct result, it is much more robust than its counterpart. There are numerous
kinds of grasps borrowing from the advantages but also from the disadvantages of
both extremes such as a pinch grasp (see figure 2.11 (b)) which aligns the distal
links of a robotic gripper with the surface of an object and thus makes line contact
with the grasped item.

Reviewing literature, Cutkosky [Cut89] studies the grasp of machinists in a
batch manufacturing task. He classifies the findings into stability-based power
grasps and dexterity-based precision grasps. The first group is again partitioned by
the requirement of clamping into prehensile and non-prehensile grasps and then
subdivided by the shape of the object into grasps for thin (lateral pinch grasp),
long (prismatic power grasp) and compact (circular power grasp) objects. The
latter group is divided only into circular and prismatic precision grasps. The
grasps are chosen according to the object shape put also on the task to be per-
formed.

An overview of the different kinds of grasps can be found in [SPB01b]. The
authors describe a lateral grasp similar to a pinch grasp where the thumb’s distal
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link is parallel to the surface of a thin object and is opposed by the supporting side
of the medial link of the pointer finger. They also describe a hook grasp which
humans use to carry a bag.

In this section, definitions of stability of a grasp were reviewed from literature.
The main concept is that a stable grasp impedes the motion of an object either
passively in a form closure grasp or actively by applying forces in a force closure
grasp. Internal forces are identified as those forces that squeeze an object into the
hand. Special hand postures define the robustness and dexterity of a grasp.

2.1.6 Detection of Contact and Geometric Object Exploration

One of the main parts of this work is concerned with finding the point and normal
on the surface of a finger when it is in touch with an object. This problem proves
to be similar to the problems of object exploration. The latter is a systematic and
repetitive determination of these contact properties. Klatzky [KL90] studied those
exploration strategies with human subjects. This section consequently reviews
methods from both fields. In general, there exist several methods of detection of
contact. It is most obvious to exploit tactile sensors (see section 2.1.2). These,
however, are still rare even in modern hands (see section 2.1.1). Thus, other meth-
ods have been developed. Intrinsic methods use a six-dimensional force/torque
sensor mounted in the finger, geometric methods use exploratory motions along
the object and interpolate its surface.

The intrinsic methods were the first to be found. For the case of point con-
tact with or without friction and no contact torques, Salisbury [MS86] relates the
measurements of a force/torque sensor to the unknown contact force. This re-
lation depends on the location of contact. In closed form, the contact point can
be determined. With line and planar contact, this method fails due to the larger
number of admissible contact forces/torques. Salisbury proposes the use of multi-
ple successive measurements with the same principle. Bicchi extends Salisbury’s
development to the case of soft finger contact. As point of contact, he introduces
the contact centroid (see 2.1.4) in [Bic90, BSB93]. Salisbury and Bicchi both
present closed form solutions for particular contact models, eventually with multi-
ple measurements. An adaption to special contact models is not provided. Instead
of using a tip sensor, a method using joint position and torque measurements of
several fingers is proposed by Funahashi [MF93]. The contact location is deter-
mined by disturbing the grasp infinitesimally and using Salisbury’s grasp matrix
given in [MS86] (see section 2.1.5). A simple geometric heuristic for detection of
the contact normal during a multi-fingered grasp is used in [SHB99].

In contrast to the previously presented static detection that only requires mea-
surement of one single contact, also exploratory motions are possible. These in-
crease the amount of information by taking multiple measurements. Also, curva-
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ture may be detected this way. In a series of articles Kaneko, Tanie et al. [KT90,
KMT92] propose sliding as probing strategy called self-posture-changeability.
The probing uses both compliantly-controlled and position-controlled joints. They
approximate the link of the robot that makes contact with an object as line. This
leads to the determination of the contact point as the intersection of the link lines
in the different positions of two samples. Grupen and Huber [GH93] extend the
work of Tanie with a position correction term for a spherical geometry in the fin-
ger tip. For the two-dimensional case, motion along the surface of an object is
also used here to additionally confirm a position estimate. Muto [MS93] proposes
a principle of using force measurements similarly to Salisbury’s and Bicchi’s pro-
posal. He uses a formalism known as motor algebra. In order to increase robust-
ness during motion velocity measurements are also respected. For application in
tele-operation, Dupont et al. [DDH00, DSMH99] introduce a method to estimate
general parameters of a tool-object contact as its position or the radius of a sim-
ple object from individual measurements of the robot’s position through contact
constraints. Dutré, Bruyninckx et al. [DBDD97] propose a Kalman filter to track
the contact points between a grasped peg and a gripper from velocity and force
measurements while moving it over a planar surface.

A lot of researchers also used tactile sensors to explore the object. Although
not directly in the focus of this thesis that strives to replace tactile sensors by in-
telligent evaluation of other sensors, some of the methodology in tactile sensing
is nevertheless of interest. Maekawa, Tanie et al. [MTK95, ZMT96] study the de-
tection of surface as normal and curvature at the contact with tactile sensors from
rolling. They describe the problem as an iterative solution of a matrix equation. In
[CRZ96] the previous ideas are applied to quadric surfaces. Bicchi [BMP99] pro-
poses object exploration by non-holonomic rolling and surface approximation by
variation calculus. Passive exploration is introduced by Erdmann [Erd98] where
the motion of the object is caused by uncontrolled sliding of the object. Caselli et
al. [CMZC96, CMZ95] obtain tactile contact information systematically and use
it to build up a volumetric object model as enveloping polyhedral model or contact
only polyhedral model. Cutkosky et al. [OC99, OTC97, OCT *00] extract surface
features like edges with a tactile sensor and by the observation of the motion of the
fingertip centre, the latter in the context of enhanced tele-operation. Charlebois et
al. [CGP99, CGP96] use tactile sensors during exploratory motions to estimate
local curvature and shape of an object.

This section presented a wide variety of methods to detect surface parameters
like the contact point, the normal and the curvature when fingers touch an ob-
ject. Intrinsic measurements have been proposed as general means, also special
geometric exploration may be used. Tactile sensors are applied to obtain more
general information about the surface than with the first two methods.
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2.1.7 Methodsof Object L ocalisation

For proper grasping, the object position is required. This can be done by either
locating any object in a scene regardless of its appearance or by finding a partic-
ular object previously modeled. The latter approach inherently also contains the
recognition of objects. This, however, is beyond the scope of this work. The posi-
tion of an object can be obtained from both, vision like sensors or contact sensors.
The main difference between both sensors is first of all the density of informa-
tion which is much higher in optical sensors [GL84]. Further, the optical sensors
mostly are installed external to the hand. Thus they can measure contact-less but
require a calibrated relation to the position of the hand. Also, obstruction of the
view by other objects or the hand itself may occur during vision. Contact sensors,
however, can be applied locally and thus cannot be obstructed, but, on the other
hand, are not able to spot an object before contact is made. They are firmly con-
nected to the hand. Calibration of their relative position can thus be done by design
and is fairly robust because of the small levers between the sensor and the hand.
The robustness is also increased, as there usually are multiple, spatially-separate
contact sensors available in robotic grippers. Use of this redundant information
decreases the influence of individual calibration errors. Additionally, control and
localisation relies on the the same sensory information. Calibration errors may
thus cancel out. Despite the difference in the modality of sensing, the algorithms
that extract the position of an object from measured data are similar. In both cases,
the algorithms rely on a number of sampled points on the surface of the object.
Hence, when describing these algorithms in the consequence,”look” and “visual”
can be seen interchangeable with “feel” and “tactile”.

Methods of localisation can be parted into two groups as suggested by De
Geeter et al. in [GBSD96]. These systems mainly use two strategies in order to
localise an object and then manipulate it: look-then-move (feel-then-grasp) sys-
tems determine the position of the object before starting a motion. Two examples
of this strategies have been presented in [FBH01, BFH™03a]: In the first exam-
ple, a robot is programmed to catch a thrown ball. The ball is tracked, and the arm
is commanded, after which an absolute position for the catching location is deter-
mined. In the second example, a door handle is pushed and a soda can is picked
up from a table after locating each item respectively. On the other hand visual ser-
voing (feel-during-grasping, tactile servoing) systems constantly adjust their mo-
tion from a continuous stream of location information. In [BFH™03a, BMGO00],
two examples of visual servoing are presented. Here a Jacobian matrix is used
to describe the motion of the robot in the camera image when its joints move.
This way, directions of velocity instead of positions are commanded to the robot.
Malis [Mal02] uses a similar classification of location and subsequent control into
model-based visual servoing and model-free visual servoing respectively. With
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the term “model”, Malis describes knowledge about the absolute position of the
camera with respect to a reference whereas model-free servoing again acts incre-
mentally. Finally, combined approaches have been presented [HPS*00].

An example of object localisation by vision is presented by Magnor [Mag02].
He uses a Cany edge detector to spot objects in the image of a standard cam-
era. The edge images are convolved with learned object outlines. The best fitting
match can be chosen from this convolution. Blais et al. [BBECO01] use laser scan-
ners combined with a camera. They employ triangulation of multiple laser scan
points on a predefined marker attached to the object to locate the object. This is re-
solves lighting conditions of pure camera systems. In [JL0O0], Jogan and Leonardis
determine the position of a moving panoramic camera by finding the location of
the recent image in the eigenspace of learned images. A similar approach is taken
by Leonardis and Bischoff [LB96]. De Geeter [GBSD96] uses ultrasonic and
infrared sensors for application in nuclear environments. The ultrasonic sensors
measure the distance of a point on an object. The infrared sensor detects edges
of an object by their calibrated change of reflection when a scan of an object is
performed. A constrained Kalman filter is used to track the edges during motion.

A combined approach of vision and several in-hand sensor systems mainly for
the use with the Barrett-Hand [Bar03a] (see section 2.1.1) is proposed by Allen et
al. [AMOL99, AMOL97].

Amongst the plain tactile methods of object localisation and recognition, an
early approach of “feel-then-grasp” is given by Fearing [Fea90b]. Three appro-
priately chosen contact features from a Linear Straight Homogeneous Generalised
Cylinder (LSHGC) description of objects are used to estimate the position of the
object. Caselli [CMZC96] examines objects described by enveloping polyhedral
models (EPM) built up during tactile exploration. The objects are first recognised
from a predefined set by match of dimensional features and then implicitly lo-
cated. In the “tactile-servoing” group, Maekawa [MTK95] implicitly locates an
unknown object and guides it along a desired trajectory using tactile feedback.
The approach taken by Jia and Erdmann [JE98, JE99] observes an object in mo-
tion for position estimation using a Kalman Filter to locate its centre of gravity.
Grimson and Lozano-Pérez [GL84] compare a polyhedral model of an object to
sparse tactile data. This method tries to find a matching position of the object that
aligns measurements and suitable polygons of the model. Suitability is determined
through the existence of a translation and rotation for all measurement / polygon
pairs. In order not to test all possible permutations of model polygons a search
tree is put up and branches are pruned that do not match certain criteria of rigid-
ity of the grasped object. The location and orientation of the object is computed
analytically from a minimum amount of, i.e. two and three respectively, measure-
ment / polygon pairs. Measurement errors are reduced by taking the average of
several clustered solutions using different pairs. A similar approach by Faugeras
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and Hebert [FH86] is mainly intended for visually-based sensing. Points, lines
and planes are matched against a model consisting of the same primitives. Some
criteria of rigidity are used to sort out infeasible combinations of primitives: Se-
quentially, each measurement is assigned a possible feature on the model. In the
following only those parts of the object are examined that comply with the relative
position between object and model defined by the previous matches. In another
approach, Stein and Medioni [SM92b, SM92a] describe objects by surface fea-
tures, in particular curves obtained on edges and splashes obtained on smooth
portions. The latter can again be mapped onto curves in space. These publica-
tions are originally targeted to visual object recognition. An interesting approach
is taken, however, to predetermine structural properties of the surface features and
use these properties to define a proprietary code for the respective feature. The
respective code is used as key to a hash table with the feature itself as content.
In order to increase robustness, each feature is entered several times with slight
variation of structural properties and hence a variation in code. Matching features
are retrieved from the hash table and verified by point match where rigidity is not
assumed.

This section revisited methods of object localisation using both, visual and
contact information. The problems of visual object localisation addressed in lit-
erature lie in the distance between the sensor and the object and hence in prob-
lems like obstruction and calibration, tactile determination of position suffers from
the sparsity of data and the adequate representation of the object for this sparse
data. Some research has been presented that systematically compares features of
a model with detected features during contact.

2.2 Technical Background

This section introduces the notion of technical terms as used in this work. It
also revisits some general technical background that is the basis of the following
technical chapters.

2.2.1 General Terminology Used in thisWork

The following terminology and use of symbols is adopted for the remainder of
this thesis. A comprehensive list of symbols, required in later chapters, is given
in a table in the beginning. Matrices M are type-set in bold, vectors &’ and vector
valued functions f (u) are marked by a vector arrow. The symbol < refers to one
single index not specified or to an element of a list of indices. Coordinate systems
are referred to by S() with (<) being the name, referred to in the naming of

other coordinate related quantities (). Subscripts x1ci from left to right first
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determine the location in the related vector, here first element, type of variable as
¢, here for contact, and give further parameters ik, here at finger ¢ in contact with
facet k.

2.2.2 General Moddl of Contact

In this section, first some general kinematic definitions are given. For a wider
review see [Yo0s90]. Subsequently, the motion of a body on the surface of an-
other body is described, a key issue in manipulation. This reviews work done by
Montana [Mon88, Mon95]. He examines the contact of two general bodies un-
der several different motion constraints. In the context of this work, these bodies
in contact are the tips of n robot fingers and an object to be manipulated. Mon-
tana’s approach is used to describe mathematically the motion of the fingers on
the object.

Kinematics of a Robotic Finger

At any point of a finger i, a reference coordinate frame S/V) can be attached.
Using standard robotic methods, the position Z;,; and orientation g’ ; of this ref-
erence relative to a general world frame S(*) depend on the kinematic setup and
the joint angles 0; according to

Tpi = [ra(0:)

Ori = Gri(0:). (2.1)
The orientation can be represented in any angular representation as roll-pitch-yaw
or Euler angles. In the context of this work, the particular representation is irrel-
evant. Taking the derivatives of (2.1) describes the relation between infinitesimal
displacements in df; on the one hand and di’;,; and dg’; respectively. Similarly,

7
%

the velocities of the joints 6; on the one hand and the translational z i and rota-
tional velocity ¢’ ; of the finger tip are related. The relationship is given as

Jei = dfy:/db;

Joi = dys/dd;

Fri o= dfya/d6; - dfi/dt = J.;(0,)0;
Ori = dgpi/db; - dO;/dt = T ,:(6:)6:. (2.2)
The matrices J,; and J,; are referred to as (translational) Jacobian and rota-
tional Jacobian. A schematic of the finger and frames is shown in figure 2.12.
For a uniform representation of translation and rotation, several possibilities can
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be found in literature. One of them is the representation as screws [MLS94] with
a translation along and a rotation around a defined screw axis. Other researchers
represent translation and rotation as homogeneous transforms. These transforms
ng)) are 4 x 4 matrices containing a standard rotation matrix Rgg)) from system
S to system SB) in the upper left corner and the vector of translation F((BA)) from
S to SB) in the rightmost column as in
RW A
W — (B) B . 2.3
(B) (0,0,0) 1 (23)
In this work, for positions, homogeneous transforms are used. For the ease of
notion, in subsequent formulas the transformation of points & by notion of T'7
is equivalent to [é g § §} T [fT, I}T. For transformations of vectors the explicit

notion is used, however, in order to avoid ambiguities. The position of the finger
reference frame S(%) is hence described as

A Pz N =,
T R (0ra) Tri | (2.4)
w 0,0,0) 1

finger i

1~ 27— 4as™

= (fe)
2 fei T

Figure 2.12: Kinematics of a Figure 2.13: Contact kinematics
finger

On the other hand, so called generalised velocities as proposed by [MS86] are
used: A six-dimensional vector is obtained by combining the translational velocity

. . . . T
#r, and rotational velocity gy, in one vector ; = [3? s @4 . In the same way,

a generalised finger Jacobian can be constructed as J s, = { j“ } .
0,1
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Coordinate Frames of Contact

In order to describe contact between a finger 7 and an object, two rigid or quasi-
rigid bodies are assumed. These bodies make contact in one distinct point. If the
bodies are only quasi-rigid, a representative contact point has to be chosen. If two
bodies, however, touch each other at multiple points, e.g. when one of them is
concave, each contact has to be treated separately.

For each individual contact, following the methodology of [Mon88, Bro90,
Mon95], a reference frame S in the object is defined. This may be located in
the object’s barycentre. Another reference frame 59 at the finger has already
been defined above. This reference frame is usually located in the centre of the
finger tip. For both, the fingertip 7 and the object, a surface description is required.
This description is given as a function fj.(iis;) and f,.(i,;) mapping the pa-
rameters ., of a two-dimensional parameter-space IR? to the three-dimensional
coordinates of the surface in IR3. Both functions are defined in their respective
base systems S/V) and S and parameterised orthogonally by @, and ,, re-
spectively. The contact between finger ¢ and the object is made at Z'.;, as seen
from the reference point within the finger ¢, and Z,.;, as seen from the object’s
reference point. The vectors Z'.; and %, refer to the same point in space, only
seen from different reference positions. At this point, two contact frames S (f¢%)
and S can be defined. A schematic of these coordinate systems is shown in
figure 2.13. It is to be noted that two surfaces in contact share a common tan-
gential plane. The vectors perpendicular to either surface, and hence orthogonal
to the common tangential plane are referred to as surface normals. At the point
of contact the two normals of both surfaces are anti-parallel, pointing towards the
outside of the respective surface. These surface normals are termed 73 . ; and 7.,
respectively. For the contact frames, the basis vector é, ., & € {fe, oc}, of the z—
axis is defined to be parallel to the respective surface normal. Hence the remaining
basis vectors ¢,  and &, ., along the z—and y—-axis of S(/? and S(°%) span the
tangential plane of the surface. They point into the direction corresponding to the
first and second parameter u, o, and u» ., and are defined as the partial derivative
of the respective surface function fo with respect to the two parameters u, ., and
us,o. Hence the contact frames are defined as

0 = Ty = foliis) (2.5)
L Of
€;p,<>(u<>) = 5“1,0/ H 8u1,<> Ha
L O, Ofs
Eyo(lo) = au%/ 1 Din. B (2.6)

€Z,<>(U<>) = é}}o(ﬁo) Xé’yyo(ﬁo).
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Using equation (2.6), two homogeneous transforms TE}C;’;) and TEZ?’“ from the

contact systems S/ and S to their respective basis systems S(/%) and S(°)
can be defined. These transforms depend on the point of contact, thus on the
parameters i, and ,,. These parameters are therefore termed contact parame-

ters. A third transform TE‘]’fl) relates both contact systems S©~%) and S/, By
definition, both frames span the common tangential plane at the contact by their
x— and y— axes. Hence, this transform depends on the torsion angle v; around
the common surface normal measured between the respective z—axes, €, ;. and
€x.0c,i- 1Ne€ transforms are defined as

e _ [ Copeilliss) €ypei(lips) Eopeillips)  frei(is.)
(£:0) I 0 0 0 1
T(oc,i) —_ gz,oc,i (ﬁo,i) gy,oc,i (ﬁo,i) gz,oc,i (ﬁo,i) foc,i (ﬁo,i)
(0) I 0 0 0 1
cos(v;) —sin(y;) 0 0
(i) _ | —sin(¥;) —cos(yy) 0 0
Tily = 0 0 10 (2.7)
i 0 0 0 1
The position of the object in coordinates of S(*) can be described as
2(w) _ (58 qp(fes) (o) (o) T
o =T Tiia Ten Lioes0,0,0, 1] (2.8)

Kinematics of Contact

The model of contact is feasible for describing stationary relations between two
bodies. For a further kinematic investigation of contact, also the generalised ve-
locities 7/;; of the finger 4, of the contact point 7. ; and the object 7, have to be
related. At each individual finger i, the generalised velocity 7, of the object, hence
of S(°) with respect to S, can be expressed as sum of the velocity of the fin-
ger tip 7/;; and the contact velocity 7/, ; between finger and object reference point
across the contact. This velocity is given in coordinates of S as in

A = )+ 6 (TE)@)TYS @) 7 (2.9)
with
ﬁi = [ufz777/}zauoz
A
[ 0 —z2 vy
* y | — z 0 -z
R y x 0 ]
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In analogy to the Jacobian J ;; of equation (2.2), a contact Jacobian J . ; is defined
as

Joi(0, ;) = ﬁz( I eyTE) @ )) (2.10)
such that
) = J 1400+ o (B, 17,) 750 (2.11)

This contact Jacobian transforms velocities from the respective contact frame
S(rei) to S), The vector ; contains the parameters describing the state of the
contact, i.e. the contact parameters of either side and the torsion angle between
the two contact systems. The adjoint transformation (,(T"3) performs a change
of coordinates for generalised velocities from system A to system B. It is the
inverse of the function ~» defined by Montana. The Hodge operator * represents
the vector cross product in matrix form as (xd)7 = d x 7.

2.2.3 Surface Modelsof Three-Dimensional Objects

In a later chapter, this work will propose to locate a known, previously modeled
object. This is done by comparison of information about the contact points of the
finger at the object and a model of the object’s surface, briefly called object model.
As we have seen from section 2.1.2, measurements from the hand can be obtained
either directly by tactile sensors or using algorithms as presented in chapter 3.
Usually, from touch only the contact point Z. and the corresponding orientation
ni. of the surface is known. In [JH98] this is termed oriented point p’ = (¥, 7i.).
To evaluate these measured oriented points efficiently and compare them to the
object model, a reasonable model only has to contain information about possible
oriented points on its surface. Also, no global information is required, as the
object is only examined locally by contact. This is in contrast to image processing
and graphics algorithms that can use more global information about items and
hence require more complex models. Here, some major methods to model two
dimensional surfaces are revisited.

Cloud of Points

One possibility to specify an object is a cloud of points obtained from sampling
over its surface. These data do not contain any information about the intercon-
nection between points nor about the topology, hence the interior or exterior of
an object. It consequently is also irrespective of surface normals. This model,
however, is the direct output of devices as space scanners, for example the DLR
scanner [Sup02], triangulation algorithms in image processing or even exploration
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of the surface by a robotic gripper (see sec. 2.1.6). An example of a cloud of points
as obtained by DLR’s laser scanner is shown in figure 2.14.

h

-

Figure 2.14: Cloud of points of a Figure 2.15: Triangulated view
mocca maker of a mocca maker

Polygonal Surfaces

Also, a given surface can be approximated by a set of polygons. The basis of
this method has been pursued for decades now and is also known as “winged-
edge” description [Bau75]. On the one hand, the polygons can be obtained from
design programs and CAD-systems. Originally, this software describes objects as
volume models and intersection of three dimensional geometric primitives. Using
the export functionality of the programs, the surface can be sampled and polygons
can be constructed. On the other hand, clouds of points from input devices can
also be approximated by polygons. This format of description is also used for
example by software as OpenGL and Openlnventor.

The polygon is represented by its vertices s and edges, the first being ordered
in a right hand sense. This way the surface normal is defined pointing outwards
of the object orthogonal to the polygon. Often, triangles are used as polygonal
primitives. The model obtained by a polygonal representation is local in its nature
and linearly approximates the object. It may be provided for the whole object or
only for a parts. The surface normals are also contained in the description, how-
ever, the curvature of the object is disregarded. For general items this description
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is thus non-smooth at the edges of each polygon. The previous example from fig-
ure 2.14 has been triangulated and is shown in figure 2.15. For mesh processing
and optimisation, a number of algorithms exist, e.g. to adjust sampling at places
where higher resolution is required like at edges, and reduce sampling at almost
planar spots [AMDO02].

Bézier, Splines, NURBS, Subdivision

When information about curvature is also desirable or a continuous surface is
required modeling can be done using interpolating algorithms [She02]. These
descriptions approximate or interpolate a surface given by a cloud of points using
these points as control points. The idea is to represent the surface as a sum of
basis functions at the control points.

In Bézier algorithms, each basis function corresponds to one control point.
Each point influences the whole surface.

Splines are a generalisation of Bézier surfaces. They also use knot points,
which divide a surface into independent Bézier surfaces. The basis functions influ-
ence only a limited region of the surface. An extension of splines are non-uniform
rational B-splines (NURBS), which use generalised basis functions.

A further generalisation of splines is known as subdivision [ZST00]. Here a
surface consisting of control points is subdivided into smaller segments resulting
in a smoother surface. The technique is equivalent to refinement of a spline sur-
face. This is mostly used in graphical animation and movies, as only the much
sparser initial control points have to be animated but a smooth object can be ren-
dered. With object models as presented here, continuous, differentiable surfaces
can be obtained.

Implicit Surfaces

Finally, an object’s surface can be represented as the iso-surface of value r of
a describing function F(x,y,z) as F(z,y,z) —r = 0. This is analogous to
describing a circle in 2 dimensions by the implicit function z2 + y? — r? = 0.
A combination of simple surfaces, e.g. spheres, can be used to construct more
complex objects [OMO0O]. This technique is mostly used in computer simulation
and to visualise deformable material.
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Chapter 3

Deter mination of Finger Contact
Point

When grasping an object with a robotic gripper, as has been explained in chap-
ter 1.2, the exact contact position between a finger and the object is required. This
contact position can be expressed as a three-dimensional point in the common ref-
erence system S or relative to the finger tip position S(/*) as a two-dimensional
point on the surface of the finger (see chapter 2.2.2). In the first case, the contact
point also locates the surface of the grasped object and hence allows more sensi-
tive grasping and manipulation (see chapter 2.1.3). In the second case, knowledge

Figure 3.1: Chalk marks after touching an object

of the contact point on the surface description of the finger allows the determina-
tion of the contact normal. Additional contact parameters such as curvature can
be obtained by exploration schemes. Knowledge about the surface features allows
more sophisticated object handling, e.g. rolling or intentional sliding.

An a-posteriori method of determining the contact point on the surface of the
finger tip is depicted in figure 3.1. Before grasping an object, its surface was
rubbed with white chalk. After grasping, the chalk marks represent the position

47
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of contact and can be measured. For different sensor instrumentations in robotic
grippers, this chapter presents two methods to determine the point of contact on-
line during grasping. On the one hand, in simple grippers sometimes the only
available sensors are position resolvers. For those cases, section 3.1 proposes
an algorithm to determine the contact point from position and velocity measure-
ments. For cases where a second approach is desired or more sophisticated hands
with sensitive force/torque sensors are being used, in section 3.2 these sensors are
used in an optimisation method to estimate the contact point and forces acting at
this position.

3.1 Contact Positions From Kinematic Constraints

One of the most vital pieces of information for grasping with robotic hands is
the point of contact, as seen above. In numerous robotic hands, however, direct
determination through tactile measurements or indirect computation by grasping
force/torque evaluation is not possible due to the lack of good enough sensors. For
those cases, this section presents an algorithm to determine the position of con-
tact between fingers and object on the finger surface using position and velocity
measurements of the finger joints. In cases where no velocity sensors are present,
the numerical derivative of the position can be computed giving an approximation
of the actual joint velocity. Position sensors are widely available and always used
in robotic grippers for position control (see section 2.1.2). The concept to be pre-
sented here borrows from an observation when multiple fingers simultaneously
grasp an object. Depending on the type of contact, the motion of the object deter-
mines the motion of the individual fingers (see figure 3.2). The fingers can only

N £

Figure 3.2: Combined motion of object and fingers

slide or roll along the surface of the object in order to maintain the constraints
imposed upon them for a stable contact. On both surfaces, object and fingers, this
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motion causes a rolling or sliding path. The trajectory of motion along the tip’s
surfaces is determined by the initial contact position and the motion of the object.
This promotes the idea of first evaluating the combined motion of the fingers and
then reconstructing the motion of the object and the initial position of the contact
point of the individual fingers. Other researchers also examined the use of non-
tactile and non force/torque sensors for the computation of the contact point (see
chapter 2.1.6). To the author’s knowledge, the algorithm presented here is the only
one that does not require particular exploratory motions or a specialised setup and
can be used in full generality for any type of contact on the fly. As a basis for the
algorithm developed here a contact model describing motion between two bodies
in contact is needed. This model has been introduced in section 2.2.2. The model
will be reinterpreted for this new concept in section 3.1.1. This interpretation is
then evaluated in an optimisation procedure in section 3.1.3. The parameters of
the minimisation are the desired contact positions on the surface of the finger-
tip. In scenarios with a continuous stream of measurements, the parameters can
also be observed. This observation is presented in section 3.1.4. This section is
concluded with numerical examinations and simulation runs performed with both
algorithms presented in sections 3.1.5 and 3.1.6.

3.1.1 Interpretation of the Kinematics of Contact

In chapter 2.2.2 a general kinematic model of contact was introduced. As was
presented in equation (2.11), the velocity of an object in contact with a finger,
can be expressed as sum of two velocity components. Those two components
form two serial kinematic chains as depicted in figure 3.4. In the first chain,

chain 1 chain 2
Vﬂi Vc,i
—
S(W) S(O)

< 5

. A S(f’i)"') S(fcvi)___>s(001i)//

6; af,i ¥ ﬁo,i

@,

Figure 3.3: Components of contact Figure 3.4: Kinematic chains
velocity 7, = [77; 51"

the generalised velocity ﬁ](cf‘;) of the reference point of finger i is computed and
expressed in S, In the second chain, the contact velocity U, relates the two
systems SS9 and S(°). This second chain consists of three subchains linking S/
with S(Fe) | §(fed) with S°=9) and S(°=%) with S©). The first chain is controlled
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by the two kinematic functions fm( ,) and fgz( ,) of the reference point 'y,
of finger 4, the parameters of these functions, namely joint angles 0:, and their

respective velocity 0. Usually the kinematic functions of robotic grippers are
known. Also joint angle measurements are required for any kind of joint control.
Thus these angles are known. As mentioned before only the joint velocities might
not be measurable, but can usually be computed from position readings. Hence,
the first chain is completely determined in this context. In the second chain, the
first part depends on the geometry qucyi(ﬁ 1) Of the finger tip’s surface, the contact
parameters i ; of the finger’s surface and third on their derivative ;. Usually
only the geometry function f}cﬂ- is known from hand design. For the algorithm
presented in this section, no tactile or applicable fore/torque sensors are available.
Hence neither the contact parameters ;s ; nor their derivatives are measurable. The
second part depends on the twist v; between the two surfaces and its derivative.
These variables are not even detectable with tactile information. The third part
depends on the geometry f;c,i(ﬁo,i) of the object, the contact parameters ,; of
the object and their derivatives ﬁo,i. In the context of this chapter, the geometry
of the object is not required. The contact parameters , ; of the object and their
derivatives are not measurable without particular setups like tactile sensors on the
object. Obviously, the second kinematic chain gathers a part of the velocity chain
that is not directly measurable. The analogy between the two chains suggests
interpretation of the second chain as another joint. This joint has five degrees of
freedom. The contact parameters u;, = [tf;;;; ﬁ(,vi]T can be regarded as joint
angles.

This chapter is focussed on the computation of the position and motion, hence
the velocity, of the contact point ;. ; on the side of the finger or equivalently . ;
on the side of the object. Recalling equation (2.8)

f(()w) —_ 7 z)T(fc i) rp(ocsi) (o)

T
(w) ~(f3) ~(fey) (ocz)[07070a ” s

this equation can be reordered as
~(w) _
S
F — T O) TS () T )T ) (i) [foei 0] =
fri+ T, f@’(@?)[ffcz, o, (3.1)

the Cartesian position of the contact point 7, & € {fe¢, oc}, can be determined.
This represents an observation of the kinematic chain after the first joint of the
second subchain. The third part of this equation contains measurable quantities
and solely the two unknown contact parameters, «;, on the side of the finger.
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Hence this part is preferred for computation of the contact point. Similarly, equa-
tion (2.11)

) = T 1000 + T o0, )75
is revisited. The relative velocity i7.; between S/} and S can be introduced
to compute the velocity of the object in the common world frame S). Hence,
the object velocity depends on measurable quantities and the velocity /. ; as new
unknown variable additionally to the same two unknown contact parameters, ' ;
as required in equation (3.1). This way, equation (2.11) can be rewritten as

7 = J 14(0:)0; + J o0, ﬁf,i)ﬁc(,éc’i)- (3-2)

The velocity 7. ; itself, however, depends on all contact parameters velocities i
according to

Uei = Juz(ﬁz)ﬁz (3.3)

For a definition of the contact parameter Jacobian .J,,; refer to [Mon88]. The
introduction of the six-dimensional relative velocity 7., has advantages over the
obvious use of the five-dimensional contact parameter velocities ; to be explained
here. Naturally, all admissible 77, ; cannot really span IR° as its dimension would
suggest, because it describes the motion of a joint with only five degrees of free-
dom, which can at best only span IR°. Additionally, the motion of a finger i grasp-
ing an object is constrained in order to maintain a stable contact with the item.
The type of contact, e.g. a soft finger touching a rigid body, determines those con-
straints and produces conditions on the admissible velocities at the contact, e.g.
rolling along the surface. These conditions can most intuitively be formulated in
terms of the contact velocity 7. ; (see figure 3.3). Depending on the contact, a
number g of the components of 7, ; = [vy; Vy.i5 V23 Wais Wy i wm-]T have to be 0.
Although theoretically any number ¢ is possible, only a few combinations repre-
sent usual types of contact. A value of g = 6 represents the totally glued contact.
A value of g = 0 corresponds to no contact at all. In order to keep in touch with
each other, two surfaces have to at least be constrained to v, = 0, i.e. no lift
off is allowed. On the other hand, constraints in the tangential directions of e,
and e, are usually active simultaneously. Thus the next possible number g = 3
corresponds to rolling with twist by v.; = v,; = v,,;, = 0 or sliding with twist
U, = Wy = wy,; = 0. The first case matches many real cases, where the finger
tips are sometimes rather hard, such that twist is not alway inhibited. The latter
case corresponds to the motion of a planar body, e.g. a cube, on a slippery sur-
face. With ¢ = 4 two cases are possible. A plain sliding contact is characterised
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g conditions description

0 - no contact

1 v,; =0 rolling and sliding with twist
2 Vi =w,; =0 plain rolling and sliding

3 Vi = Wy = Wy =0 sliding with twist

3 Ve = Vg = Vy; =0 rolling with twist

4 Vo = Wy = Wy = Wy = 0 plain sliding

4 Vs = Vg = Uy = Wy =0 plain rolling

S Vpi = Vg = Vyi = Wy = wy; =0 not meaningful

6| Vi =Vpi = Uy = Way = Wi =wy,; =0 fixed contact

Table 3.1: Conditions on the contact velocity 7,

byv,, =w,;, = w,; = wy,,; = 0,and plainrollingby v, ;, = w., = v,;, = v,;, = 0.
The first case corresponds to two planar bodies in contact with sufficient friction
to prevent twist. The plain rolling case matches a contact model of two rigid bod-
ies with high torsional friction, as happens if the contact is obtained on a contact
centroid [BSB93]. For g = 5 all but the twist constraint have to be active due to
symmetry and to prevent lift off v, ; = v,;, = v,; = w,; = w,,; = 0. This case,
however, is hard to match to a real setup, as are non-symmetric cases. For a more
comprehensive overview see table 3.1. The two cases of plain rolling and rolling
with twist are encountered most often in grasping and thus serve as reference cases
in the following discussions.

3.1.2 Solving for Unknown Contact Joint Angles

In this section, a system of equations is derived from equation (3.2) in order to
solve for the unknown ;.; and ©.,. The guiding idea behind this new system
of equations is that, in n-fingered grasps, the unknown object speed 7, can be
computed using any of the n fingers. This produces n equations for 7,. Since
we are not interested in the velocity of the object on the first place, 7, can be
eliminated. This is equivalent to closing a loop of velocities over any two fingers
i and j as depicted in figure 3.5.

This loop follows the way from system S via S+, S() S(/:k) hack to
S() marked red in the figure. With initially » equations, n — 1 independent loops
can be closed choosing one finger, e.g. finger 1 as reference finger. This results in
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g(fe, i

7 @)

vc,i\‘ /1 ;,:CT

S(O)\L' finger
Vi ( 123

5 v, .
k, Veloc1ty 12
' g loop

Figure 3.5: Loop of velocities Figure 3.6: Structure of J.;, and
_Jf,h

a set of equations

0 = Jpi(0)8) + Jor (61,50 -
T (000, — T os(0, >*é{“>
with 1 <7 < n. (3.4)

Now, terms depending on the unknown contact joint parameters «;; and contact
velocity 77 u f“ are brought on one side. All n — 1 equations are then stacked,
forming the vector equation

—

Jin(00)0, = Ton(tsn)oen (3.5)
Avpy = T (0n)0h, (3.6)

where 7., = [ve1, ...vcm]T, g,, 0, and iy, are defined analogously. For the Ja-
cobian matrices J ;; and J . ; respective hand Jacobians J s and J ., are formed
as block matrices containing the respective matrices of each finger assembled as
depicted in figure 3.6 for the three finger case. The measured vector A7y, repre-
sents the finger velocity of finger ¢ relative to the reference finger 1, as coloured
green in figure 3.5. In the n finger case, equation (3.5) represents a set of 6(n — 1)
equations with 6n unknown contact velocities 7. 5, and 2n unknown contact joint
parameters ;. As discussed above, for a given contact type all possible 7.,
only span a subspace of ?%". The g contact conditions constrain 7., to this sub-
space and render ng additional equations. This is in the plain rolling case 4n and
in the case allowing twist 3n. Incorporating the contact conditions into equation
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(3.5), 7., can be reduced to its non-zero components 56711 and J., is adjusted
appropriately as fqh. In order to compute the contact joint angles ;, equation
(3.5) has to be solved for 127;1 and @y ,. The adjusted system of equation (3.5) then
represents a set of 6(n — 1) equations in (6 — g)n + 2n unknowns.

The contact parameters i, describe the position of contact on the surface
of the finger tip. In the model discussed above, they resemble joint angles of a
kinematic chain. In both views, in a dynamical sense i, has to be considered
a state variable, which cannot perform jumps over time unless the contact veloc-
ity or joint velocity becoming infinite. Thus, when small finger movements are
performed, the contact velocity is also small and the contact parameters s, vary
only little. Hence, when performing this motion sufficiently slowly or returning
to a sample configuration and probing different motions, it is possible to obtain
several measurements of /; ;, with «;, being constant or close to constant. On the
other hand, in section 3.1.4 a method is presented to estimate an evolving @ and
thus to be able to determine the contact joint angles to later points in time when
their initial value is known. Each additional new measurement adds 6(n — 1)
equations and (6 — g)n unknowns since the 2n values of i, are identical over all
measurements or their evolution can be predicted.

Examining equation (3.5) further, it can be seen that the measurement Ay,
depends linearly on 507,1 when i, is known, whereas it depends nonlinearly on
Ur,p,. This linear/non-linear structure of unknowns in combination with the state-
like behaviour of the contact parameters suggests that, for the solvability of equa-
tion (3.5), there exist three different cases:

e First, the system is completely solvable or even over-determined in all, lin-
early and nonlinearly dependent unknowns with even one measurement.
This happens if the number of contact constraints g is high.

e Second, with the evolution of ;, being known or constant, the system be-
comes over-determined in the rapidly-varying linearly-dependent 507;1. Each
measurement is under-determined alone, however, several consecutive mea-
surements can be combined, and the multi-measurement system even be-
comes over-determined.

e Third, too little information is obtained in each new sample even with the
evolution of «; being known or constant. Also, with an arbitrarily large
number of samples, it is not possible to solve the multi-measurement system
of equations.

The three cases are summarised in table 3.2 along with examples for a 3-fingered
setup and a scenario of rolling with twist, which in the remainder of this thesis
is the sample setup. In common dextrous manipulation setups, usually case 2 is
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case condition description n=3 g=3
1 gn>6-+2n generally (over-) determined | g > 4 n>6
2 |6<gn<6+2n| over-determinedinz,, |g=3[2<n<6
3 6>gn generally under-determined | g < 2 n<2

Table 3.2: Solvability of the contact equation

achieved. Case 1 can be seen as special case of case 2 and be treated equivalently.
Case 3 can not usually be achieved, due to the small number of fingers and motion
constraints. The most general case 2 is therefore investigated here.

3.1.3 Formulation as Optimisation Problem

The interpretation given above can be applied using several measurements to solve
for the u; , and 7 ;,. In the next section, a theoretical approach is derived followed
by a numerical algorithm, performing the steps proposed in a numerically-efficient
way.

Theoretical Approach

Considering case 2 of table 3.2, it is possible to interpret equation (3.5) as a linear
mapping ['(i;,) = J (i) from the space C = IR©~9" of reduced contact
velocities v, , to the space F = IRS("~1) of relative finger velocities A7, L. This
linear mapping depends on the contact joint angles ;. Obviously, the map is
not surjective since dim(F) > dim(C). According to [Str80], the mapping I" has
a range R = range(I") which is the column space of J~C7h and a left nullspace
L = {vlv € F Av LR}, which is not reachable from C through T". With the
scalar product being defined as discussed, the left nullspace is the orthogonal com-
plement of range(I") in F.

Since I is not surjective, the inverse map from the space F of relative finger
velocities to the space C of contact velocities is not unique. Those finger veloc-
ities A/y;, that are contained in range(I") have a directly corresponding contact

velocity @, in C. For any other vector Ai7;, that contact velocity vector 507,1 in

In astrict sense, the generalised velocities Avy p, and 557 n, contain different types of variables,
namely translational and rotational velocities. Hence they do not represent a Euclidean space
which isrequired for later derivations. However, by introducing a relation between rotational and
translational velocities, a scalar product can be introduced. One possible relation for rotational
velocities is the trandlational velocity which the rotation would cause in a typical distance. This
can be considered as weighting rotations by an appropriate factor. In following formulas, this
weighting is omitted for ease of notion.
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Figure 3.7: Mappings of the contact Jacobian

C can be chosen, whose correspondence in F is closest to the measured veloc-
ity AiZ; . This represents an inverse map I'~! from F to C using the known left

pseudo-inverse f:h. For those vectors Ay, not in range(I"), this pseudo-inverse

returns the best possible estimate ﬁcﬁ in the sense of least squares 2. Both map-
pings are shown in figure 3.7. The mappings depend on the unknown contact joint
parameters iy .

Assume for the instance that a good value i 7.n for iy, can be estimated. With
a perfect estimate, a measured relative velocity Az;;, would lie totally in the sub-
space R of F. As illustrated in figure 3.7, with an imperfect estimate ﬁﬁh, a
measured Az, is a linear combination of either of the two subspace of F. The
better the initial estimate of iy, is, i.e. the more the estimate represents the true
values, the smaller the component parallel to £ will be. When mapping Ay,
to C, its components parallel to £ are projected to 0. These are the components
that result from a false estimate of «,;, and cause an error to occur in the least

squares fit of J :h. The components of A/, parallel to the range space R of I'

are mapped to its unique pre-image 507;1 in C. Projecting 507,1 back to F will give
those components of Ay parallel to the range space R. With this result, the

2In general cases, amap I' can also have a right nullspace, the kernel, being the orthogonal
complement to the row space. In this scenario, however, this would mean that there exist 5C7h
which cannot be caused by any Ay ;. Practically, a motion of the object is possible, which
cannot be controlled by the motion of the fi ngers, hence this grasp is not stable. These grasps are
irregular and not investigated further here.
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components of Ay, parallel to the nullspace £ can be computed as
. = N - = =+ -
T]fﬁ(Uf,h, Ayﬂh) = Ayﬂh — Jc,hchhAVf,lr (37)

As stated, in a properly estimated, theoretically exact setup, an undisturbed mea-
surement Az, lies in the range space R and the mapping I'~! is bijective for
the subspace of possible actual measurements Ay ;,. Therefore 775, = 0. Taking
the norm of 7j;, renders a scalar measure &; for this inconsistency of the map-
ping I'~1. Since the mappings I" and I'~! depend on the estimate of contact joint
parameters ﬁf,h, so does 777,;, and consequently &; according to

& (g, ATpp) = g (G, AT )T (g s Al ). (3.8)

With m different measurements of Az, it is possible to solve not only for 5C7h
by

B = Ty AT, (3.9)

but also get a better estimate ﬁf,h for uy;, by minimising &; over .

&},h = arg(min(&n(Uyp))) = arg mmel Uppy AUs 1)) (3.10)
Uf h

Ufp “
As shown above, several measurements are always required. As numerical exam-
inations also show, one single measurement only causes significant errors &; along
a particular direction of s ;, whereas in other directions &; varies only little. This
is obvious, as movement along the surface of the finger tip is always along a one
dimensional line on a two dimensional surface. The direction orthogonal to the
direction of motion is not explored. Now, with estimates of the contact joint angle
is; and the contact velocity #7,;, the desired contact point Z.; and the surface
normal 77, can be retrieved as exteroceptive information of position sensors. In
the consequence, also the object velocity 7/, can be computed:

Tfei = T(fz(z) fri(iiys)
T iei = T(fZ(Z)T(f”)( 2)[0,0,1,0"
b, = Jp0)6 + T, (0, 3)7 (3.11)

Improved Algorithm for Optimisation

Performing a tracking of the contact joint angles as presented above in equation
(3.10) is computationally costly. For each step of a chosen minimisation algo-

rithm, the pseudo-inverse J :h has to be computed anew. This is an unnecessary
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effort, since f:h is only needed once for the projection. The idea of the algorithm
presented in 3.1.3 is to compute the norm of the components of a measurement
Ay, in the left nullspace £ of jc,h. This is basically the same idea underlying
the Gram-Schmidt orthogonalisation [Str80]. In this method, an ordered set Q
of vectors ¢ is orthogonalised recursively as a whole. From each vector ¢, those
components are subtracted that are parallel to any already orthogonalised vector
de, ¢ < b earlier in the set according to

Sc—1\T(7c—1
TQ = (@) - (Tl
where 7 ¢(Q) means that from the b vector all components parallel to all pre-
decessors in the set Q up to the c'* vector have been subtracted. Using the latter
algorithm, the function 7, can be rewritten. In order to compute the component
of Ay, being in the nullspace of jc,h and hence being orthogonal to the the range
space R of fc,h, one can use

(g n, Avps) = @ Gme iy (| Ten(ipn); ATps ). (3.13)

First an orthogonal basis of the range space R is computed by orthogonalising
J ., with equation (3.12). Applying this equation once again to Avyy renders
the component 7y, of the measurement in £. The scalar error &; is computed
according to equation (3.8). Although this process is critical in terms of accumu-
lating roundoff errors [PTVF92], in actual scenarios the precision of computers
is accurate enough, as can be seen in examples. One major advantage of the
Gram-Schmidt orthogonalisation is the inherent possibility to compute a Jacobian
explicitly with respect to changing parameters 1, in vectors ¢ < b of the vector
valued function of equation (3.12) that returns vector ¢’ as

(7). (3.12)

c

T

dge1 T —c—1 dgy! r —c—1
dqs g L. ( dqﬁf’h ) q, + ( i ) qe
—2> = —— (¢ — >
diiy diiyp @' (G
T
Se—1\T (>c—1 dgst T Se1
et 2(¢) (@) (dqﬁfﬁh> q:
q ¢ ~c—1 T ~c—1 2
(@ @)
(@MY (dast! (3.14)
(7 HT(geY) \dign ) '

For a minimisation of &,,,, the gradient of £,,, can be computed with equation (3.14)
as

d&m _y dij

: 3.15
iy, digy, (3.15)
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A standard gradient search [Pap96, PTVF92] can be used to minimise equation
(3.10) using 177 as defined in equation (3.13) to find best fitting contact parameters

uf,h-

3.1.4 Observer Based Correction

In a scenario where it is feasible to probe the object by moving along the surface
consecutively in several directions as described above, section 3.1.3 provides a
measure of how likely an estimate a 7., Of the contact joint parameters is.

In practical scenarios, however, it is also desirable to track the contact point
during manipulation. Then, probing is not feasible and the condition of a nearly
constant «, is violated. Also disturbances in individual probing measurements
may require additional filtering. Here, an observer will render better results for
6f,h. With each step, this observer incorporates measurements Ay, into a pre-
vious estimate of both, contact velocity 7, and contact parameters 4. The ob-
server concept proposed here is dual to Kalman-filtering. Figure 3.8 illustrates this
information filter. In a first step, the filter minimises a merit function . This merit

e finger 1
MRS A
cl
B
finger i I

Figure 3.8: Structure of observer: estimation and extrapolation

function consists of two parts. Its first component puts a penalty on the mismatch
between the measurement A7y, and an expected measurement J C,h(ﬁ 1) Ve, dle-
rived from a 507;1 and ﬁf,h as obtained in equation (3.5). The second component
punishes a mismatch between an estimate i (¢), previously computed and ex-
trapolated to the actual moment, and the recent estimate 4, (¢). The recently
estimated contact velocity is also compared to its previous value to suppress un-
likely large changes but is weighted little, as it is only a state variable in a second
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order dynamical, accelerated scenario in contrast to the first order states of contact
parameters. The merit function y is hence defined as

X g Ty e (t = 1), pn(t)) =
(A77a(1) = Tenlitr) e

C, (AT (t) — Ty ) c,h>

T

N———

DO | —

1

3 (170 30" [Foate ), ﬁf”‘(“rf

€ 0) (10 = [feate = . at0)] ), (3.6

with C,, and C, as the measurement and the system covariance matrix respec-
tively. Minimising this merit function x returns an estimate 2., (¢) for ., (t) and
an improvement 4, (t) of the previously extrapolated estimate of @, (t) accord-
ing to

[P0 g ()] = ars( i (0. 70, Fonlt = 1)),
(3.17)

To perform the minimisation, a Levenberg-Marquard algorithm is used. With an
estimate of the contact velocity and contact parameters a kinematic extrapolation
of ﬁf,h(t) to @, (¢t + 1) is possible according to equation (3.3) and its inversion
in [Mon88]. In this propagation, the complete five-dimensional vector of contact
parameters «; for each finger 7 is needed. The unknown surface properties of the
object are approximated as a plane, and so the contact parameters on the object
are irrelevant. This is reasonable for common objects with a curvature that is not
too high. The extrapolation can be performed for each finger as
Gpa(t+1) = MK S0,At+ (1)

N2

0000 10
S = [0 001 0 o}
d2
C,t+1) = X -+ C.. (3.18)

t([Feato) o] )

where C' is the state covariance matrix, S is a selection matrix, M ;; and K¢,
are the metric and curvature matrix of the finger as defined in [Mon88]. According
to [PTVF92], the state covariance matrix C', corresponds to the Hessian matrix of
the associated minimisation problem .
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3.1.5 Numerical Examination of the Merit Functions¢ and x

In this section, the numerical properties of the merit functions £ and y of both
approaches, geometric and observer based, are examined. For this, a grasp is
simulated in a kinematical model of the DLR Hand Il. In contrast to the method
presented later in section 3.2, in both approaches presented in this section a num-
ber of n fingers has to be in contact with the object. In order to allow re-grasping
and hence removal of individual fingers, the algorithms have been tested with the
minimum number of fingers required for a stable contact with an object during
grasping. From chapter 2.1.5 this number is known to be 3. The item to be ma-
nipulated is assumed locally planar in the contact points. In figure 3.9, the fingers

20
X [mm] 25

30

Figure 3.9: Finger tips in contact  Figure 3.10: Different motions of
with an object the object

are represented by their last link and the object is represented by its tangential
planes in the points of contact. The finger on the right hand side will be regarded
as finger number 1 (thumb), the fingers on the left hand side are numbered from
back to front as 2 (index finger) and 3 (middle finger).

The object system S(°) is drawn with its z—, y— and z—
axis in red, green and blue respectively. It is initially ro-
tated 90° around the world’s y—axis. The finger joints are
initially set to (—7.1°,17.2°,21.8°), (1.3°, —5.7°,45.9°) and
(—0.6°, —5.7°,41.0°). The finger tip is modeled as a sphere
with radius 11mm which is slightly smaller than the actual
fingertip, compensating for deformations in practical exper-
iments. The contact parameters i, are chosen to be longi-
tude and latitude on this sphere. The zero meridian crosses Figure 3.11: Ex-
the finger tip at the palm side, facing into the grasp. The lat- teroceptive con-
itude starts at the distal north pole and increases down to the tact parameters
equator. A sketch is given in figure 3.11. The longitudinal
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parameters of the three fingers start at (0.°,0.°,0.°) and the latitudinal parameters
are initialised with (60.°, 33.°, 30.°).

As was pointed out above, observations of motions in several directions have
to be combined in order to determine the position of contact. In two sample mo-
tions, the object is first rotated around its red z-axis and secondly around its green
y-axis, as shown in figure 3.10 in red and green.

Figure 3.12: Value of ¢ over longi-  Figure 3.13: Value of ¢ over lati-
tudes while rotating around x tudes while rotating around x

Figure 3.14: Value of ¢ over longi-  Figure 3.15: Value of ¢ over lati-
tudes while rotating around y tudes while rotating around y

The value of the geometric merit function £ over varying longitudinal and
latitudinal contact parameters is shown in figures 3.12 and 3.13 for the rotation
around the z-axis and in figures 3.14 and 3.15 for the rotation around the y-axis.
The contact parameters are varied £10° around their true value. In the pictures,
the true value is marked with a diamond. Neighbouring plots of longitude and
latitude use the same colour coding. In both tests, it can be seen that the overall
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magnitude of error strongly depends on the direction of motion: when rotating
the object around the z-axis, the object rolls more across longitudes than across
latitudes of the finger tip’s sphere, causing significant errors of £ when the longi-
tudinal parts of u, are falsely chosen (see figure 3.12) and only little error when
the latitudes are wrong (see figure 3.13). On the other hand, rotating the object
about the y-axis moves the object’s surface almost only across latitudes of the
finger tip, causing significant error on erroneous latitudes (see figure 3.15) and
almost no error on erroneous longitudes (see figure 3.14). Due to the usage of
a pseudo-inverse in &, different from y below, an intuitive interpretation of this
observation is impossible. All four plots exhibit a clear direction of steep gradient
and a flat direction. The flat directions correspond to contact positions that are er-
roneous but somewhat consistent for all fingers, whereas the steep directions are
caused by impossible contact positions: for example the object can erroneously
be assumed as turned counter-clockwise around its x-axis. Then, the longitudinal
contact parameter u,; at the thumb would have to be smaller than the true value
whereas w5 at the index finger would have to be larger than in reality, see diag-
onal from upper left to lower right in figure 3.12. With this somewhat consistent
erroneous assumption, relative velocities /;;, can be interpreted not correctly, but
better causing only little error. In contrast, an inconsistent erroneous assumption
would lead to larger errors.

Figure 3.16: Value of x over longi-  Figure 3.17: Value of x over lati-
tudes while rotating around x tudes while rotating around =

In figures 3.16, 3.17, 3.18, and 3.19 the observer merit function y is depicted
again over varying longitudinal and latitudinal parameters for +10° while rotat-
ing the object around its x- and y-axis respectively. The inverse system covariance
matrix C ', which propagates information from the past to the actual moment, is
set to zero, pretending that any knowledge about the past is completely unreliable.
Hence the plots exhibit only the first part of the merit function, which generates
new knowledge about the parameters in each estimation step. In all plots, the lack
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of steep and flat directions can be noticed. While the geometric merit function &
inherently estimates the values of the contact velocities /. ;, and thus has only 6
parameters, the observer function  explicitly contains these variables and conse-
quently is based on 15 parameters. In the latter method, good estimates on other
parameters thus have a stronger impact on a single weak estimate causing signifi-
cant changes in the value of x. Due to its smaller number of parameters, the first
method tolerates single erroneous estimates or a weakly defined combination of
estimates to a much larger extent, as can be seen in the flat directions above. In
principle, the curvature of  is high in the direction of a contact parameter w,;,
when the rolling motion along the surface travels parallel to the lines of equal
value for that parameter and low when traveling orthogonally: For example, the
curvature in direction of uy; is highest, when rolling around y which makes the
object travel almost only along a line of constant ;. In figures 3.16 and 3.17

Figure 3.18: Value of x over longi-  Figure 3.19: Value of y over lati-
tudes while rotating around y tudes while rotating around y

the error landscape for variations around longitudinal and latitudinal parameters
are depicted. The curvature of longitudinal and latitudinal plots are almost even:
A Rotation of the object around its z-axis travels across both, lines of longitude
and lines of latitude. In contrast, in figures 3.18 and 3.19 the longitudes are bet-
ter defined than the latitudes. The error increases far more when varying u;; and
u12 than when varying the latitudinal parameters: Rotating the object around its
y-axis moves almost only along lines of constant longitude and crosses latitudes
orthogonally. Hence, the latter parameter is almost not detectable.

In order to verify the robustness of the given approach to varying measure-
ments, the estimate from the observer based correction is compared to its true
value when the object is rotating around its y-axis and some of the measurements
are disturbed. In figures 3.20 and 3.21 the distance of the estimated contact point
to the true contact point as measured on the surface of a sphere is depicted. The
measurements of the finger translational velocities v,; and v,; and rotational ve-
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Figure 3.20: Distance between es-  Figure 3.21: Distance between es-
timate and true value of contact pa-  timate and true value of contact pa-
rameters with disturbed measure-  rameters with disturbed measure-
ments in v,; and vy, ments in w,; and w,;

locities w,; and w,; of finger 1 in world coordinates S®) are varied from 50% to
150% of their true values. Both, the translational velocity v,; and the rotational
velocity w,; have relatively low amplitudes compared to v,; and w,;: as the body
is rotating around its y-axis, finger 1 has to follow this motion by moving down
and inwards in world’s negative x- and z-direction and rotating clockwise around
its y-axis. There is almost no motion along its y-axis nor rotation around the other
axes. With the little amplitude, these components of the velocity have low impact
on the overall direction of the velocity vector and hence only small influence on
the estimation process. This results in the valley-like shape of both pictures. On
the other hand, in both cases, the maximum distance on the tip’s sphere is less than
Imm although the dominating components of the velocity vector ©/;; vary signif-
icantly. This proves the robustness of the estimate with respect to measurement
disturbance.

3.1.6 Simulation Runs

In this section, the observer based estimation algorithm is examined in its be-
haviour over time, simulating different object motions. Samples of the location
of the object frame at different times are depicted in figure 3.4. The coordinate
frames are shaded according to the time as changing hue colour values from red
through yellow green, blue, violet to red. The motion sequence is also given in
table 3.3. At first, the general properties of tracking this motion are examined,
without noise on the measurements. In figures 3.22 and 3.23 the evolution of its
contact parameters over time is depicted for all three fingers. Solid lines represent
true values while dashed lines represent the respective estimates. Initial true val-
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time [s] motion
0 rotation around y-axis
7.5 rotation around z-axis

15 translation along z-axis
22.5 | translation along z-axis

30-60 as above
Table 3.3: Motion of the simulated Table 3.4: Motion of
object the object over time
~ --- Uy — U
--- iy u 1121 21
. a ] =
] A
° - U3 — U3
[°] 100
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Figure 3.22: Evolution of uy; over Figure 3.23: Evolution of u,; over
time time

ues are taken as given in the previous section. The initial estimate is set to a 30°
mismatch in the latitudes. Estimates of longitudes are set to their real values. As
can be seen in figure 3.23, after about 20s the estimates arrive close to their true
values. After 60s the latitudinal contact parameters have completely converged.
Although the parameters have not converged during the first 20s, their motion
nevertheless mimics the motion of the true values. This is a direct result of the
dynamic step of the observer, which extrapolates the contact parameters into the
future. This figure also shows that certain motions only affect certain directions
in the space of contact parameters. While the rotation around the x-axis between
t = 7.5s and t = 15s hardly causes any convergence in the latitudinal parameters,
the translation along the object’s z—axis between ¢t = 15s and ¢ = 22.5s results in
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a large decrease of estimation error. In contrast to the theoretical considerations
above at plots 3.16 to 3.19, in this setup, several parameters deviate from their
true value. Thus, it is impossible to determine by intuition that motion causing the
best observability and hence the best decrease of those errors. In the plot of lon-
gitudinal parameters in figure 3.22 the estimated parameters deviate slightly from
their initial true values. This is in particular true for finger 1. Due to its closeness
to the north pole, this deviation causes no large displacement on the surface of
the sphere and hence causes only little error in the merit function. Effects of the
low-pass properties of the observer can be seen between ¢t = 7.5s and ¢t = 15s.
The estimates are not able to follow the rapid motions in this period. The overall
accuracy of the observer can be studied in figure 3.26. In this image, the distance
of the true contact point to the estimated contact point on the sphere of the finger
tip is depicted. The remaining difference decreases after 20s from initially 6mm
to only 2mm and converges to less than 1mm after 60s. It does not converge com-
pletely to 0 due to a stopping criterion on the minimisation of the merit function
x. Again the effect of different directions of motion can be observed between
t = 1bsand t = 22.5s.

-l —Uung 921 — Uz
uy 11 5P ug 1102 l:22 uz2
[°] o lp3 — U3 N "ot Up3 — U3
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-10
-20

- L 0 i
300 10 20 30 40 50 60 0 10 20 30 40 50 60
t [s] t [s]
Figure 3.24: Evolution of longitude  Figure 3.25: Evolution of latitude
uy; over time with noise ug; over time with noise

The same simulation has been run with white Gaussian noise on the measure-
ment of the finger tip velocities. The standard deviation of the noise has been set
to 2mm/s for the translational measurements and 1.9°/s for the rotational read-
ings. The values have been chosen according to the noise observed in typical
measurements at DLR Hand Il. The typical amplitude for a translational finger tip
velocities is 6mm /s and 5.7° /s for the rotational velocities. Figures 3.24 and 3.25
show that the general tendencies as discussed above remain the same although
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the convergence to the true values is disturbed in some points as can be seen for
example in figure 3.25 between ¢t = 37.5s and ¢t = 45s. As shown above for the
corresponding period between ¢ = 7.5s and ¢ = 15s, the motion of the object
in this period is such that latitudinal parameters can only weakly be observed.
Consequently this may result in a deviation from a previously better estimate.
Nevertheless, the general convergence, as shown in figure 3.27, is still accurate.
The remaining error is again below 1mm on the finger tip’s sphere. The behaviour
IS not as steady as in the undisturbed simulation. This, however, is to be expected
given the amount of noise inflicted on the measurement.
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Figure 3.26: Distance between es- Figure 3.27: Distance between es-
timate and true value over time timate and true value over time with
noise

3.2 Contact Positions from Intrinsic M easurements

When a finger touches an object, forces and torques are transmitted at the point
of contact. The material characteristics of the finger and object determine the
behaviour of transmission as described by different models of contact in section
2.1.4. These forces and torques can be measured at the finger, a measurement
which not only depends on the direction and amplitude of the contact forces but
also on the point of contact. Hence, from the readings of force and torque sensors,
the point of contact can be concluded. The method is termed intrinsic contact
point detection. Using rigid body mechanics, in this thesis a parameter estima-
tion algorithm is proposed using a least squares approach. This section extends
work from literature and allows a uniform approach for all contact models. This
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is in contrast to the revisited earlier work (see section 2.1.6). There, Salisbury
and Bicchi both present closed form solutions for particular contact models and
special surfaces. For more general surfaces, Bicchi presents an iterative method.
In some contact models, the total number of unknowns, contact forces/torques
together with contact point, is higher than 6, the maximum number of indepen-
dent force/torque measurements at a rigid body. This leads to a space of indis-
tinguishable contacts. In a line contact for example, a three-dimensional force
and a two-dimensional torque is transmitted at the contact point, which can be de-
scribed with two contact parameters on the surface of the finger. The total number
of unknowns is 7 and is thus higher than 6. Salisbury approaches this by multi-
ple measurements. A smooth transition between two contact types, however, is
not possible with the methods from literature, but it may be required, for example
when only little contact torque is present to switch between soft finger contacts
and point contact. Also, additional force /torque measurements e.g. from a joint
or wrist sensor, may decrease the influence of measurement noise. These limi-
tations will be relaxed in this section by the generalised approach. Also, in this
generalised approach, the subspace of indistinguishable contacts can be directly
seen. A comparison of performance of the presented algorithm with work known
from literature can be found in [Wim02].

In this section, without loss of generality and for the ease of understand-
ing, derivations are made explicitly for the model of Bicchi’s soft finger con-
tact according to [BSB93]. Using this contact model, a transmission of a three-
dimensional force fc at the point of contact Z. and a one-dimensional torque 7.
around the surface normal is possible. This contact describes a wide variety of
contacts actually performed by usual robotic grippers and also includes simpler
models as degenerate cases. Further, this section assumes a standard robotic grip-
per with r serial joints. In each joint s, a sensor measures the resulting torque 7.
Additionally, a force/torque sensor measures forces ﬁ and torques 7; induced at
the surface of the finger tip. In the remainder of this chapter it is assumed that
the contact is made at the finger tip resulting in measurable forces at the finger
tip sensor. However, if an adequate sensor is available at another link, this ap-
proach also transfers to contacts there. Thus, in this section, the unknown contact
location 7., contact forces fz and contact torque 7. are estimated from the finger
sensor readings 7y = (71, ...7s, ..), and the tip readings ﬁ and 7.

3.21 Measurement Equationsfor a Merit Function

In order to relate obtained measurements to the unknown parameters, measure-
ment equations are defined. Measurements at the finger tip refer to the contact
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location and contact force as
t c c

[0 = RUA flso
7 = R{I70,0,7)" +30 x RYF.. (3.19)
In this equation, all measurements are displayed in a sensor fixed coordinate sys-

(t) [0,0,0]
tact frame SU© to the sensor system S®. It depends on the actual position of
contact 7" in sensor coordinates. Revisiting equation (2.5), the contact location

tem 5. The homogeneous transform T/ (z,) = [Rm I ! )] relates the con-

i

Figure 3.28: Coordinates for intrinsic contact point detection

can be reformulated as

2D = frliiy)
i = Ty freliy). (3.20)

The homogeneous transform T ) relates the finger system S/) to the sensor sys-
tem. In figure 3.28 a sketch of the coordinate systems is given. This transform is
constant and known from calibration and design. Computing joint torques from
induced forces and torques requires the lever between the point of induction Z..
and the point of measurement as

7U®) = —_ 7 2 (3.21)

(Gs)Le

The transform TE 9 relates the finger system to a system SU-*) attached to the
joint sensor atjomt s. This system is defined such that the axis of the joint torque
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coincides with the z- axis. The transform can directly be obtained from a kine-
matic description of the finger and joint position readings 4 as introduced in chap-
ter 2.2.2. It contains only measurable quantities. The torque at a sensor can be
expressed as

70 = 10,0,1] (fff) x RY) RUI U9 - R R0, 0, Tc]) . (3.22)
(fe) =(fe
The transform TE}C;) — “?é%} t&f )} relates the contact system S(/¢) to the fin-

ger system S (see chapter 2.2.2). It depends on the contact point Z.. Now a
vector of measurements can be defined as i = [T, f:,ﬁ}T. With the equations
given above, from estimates of the unknown variables 7., fc and 7. an expected
measurement gjcan be computed. Using equation (3.20), the three-dimensional
vector 7. can be substituted by the two-dimensional vector of contact parameters
ur. Now an approach of least squares is applied. In a merit function ¢ this mea-
surement vector ¢ can be compared to the expected measurements y] according
to
S AT o
stity, o) = (7-3) €7 (7-9).
with C. as the covariance matrix of the measurement. Minimising ¢ over the
unknown parameters delivers estimates for these parameters as

(3.23)

[iy, for7e] = arg( min <(dy, f. 7). (3.24)

[ﬂffoch}

In the case of indistinguishable contacts, the Hessian matrix of ¢(, ﬁ,rc)
will be rank-deficient. Using a Singular Value Decomposition [PTVF92], the re-
spective indistinguishable subspace can be identified.

3.2.2 Numerical Examination of Merit Function ¢

This section examines the minimisation properties and robustness of the sugges-
tions of section 3.2.1. The DLR Hand I, as introduced in chapter 2.1.1, is used as
sample gripper. A finger of the hand is touching an object in stretched out config-
uration with all joint angles ¢ at (0°,0°,0°). The finger tip is modeled as a globe
with radius 11mm and is parameterised by spherical coordinates @; = (¢,6).
The prime meridian ¢ = 0° passes through the negative part of the y-axis of
S() and the north pole. The latitudes § are measured beginning at the north
pole. A drawing of the setup is given in figure 3.29. The contact coordinates
are set to (90°,45°). The contact force is assumed (—5N, —5N, —5N) with re-
spect to S® = S() and the contact torque is set to 0.1Nmm. The covariance
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matrix C'. has been assumed diagonal, with a standard deviation of 5% of the ac-
tual measured value. In figure 3.31 the value of the merit function < is depicted
as contour plot over varying contact parameters ;. This plot is also projected
onto the sphere of the finger-tip in figure 3.32. The respective values of ¢ can
be obtained from the colour bar in figure 3.30. Within a reasonable neighbour-

15()
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Figure 3.31: Merit function Figure 3.32: Merit function ¢ projected
¢ over varying contact pa- on fingertip
rameters

hood to the point of contact, no other local minimum exists in the plot and the
behaviour of ¢ can be approximated by a quadric. Minimisation is hence done
with a Levenberg-Marquard algorithm [PTVF92]. Variations in the reliability of
measurements through changes in the entries of the covariance matrix C'. vary the
contribution of individual measurements to the estimate. Examining the different
measurements individually unveiled that the error landscape over the contact pa-
rameters ¢ and 6, as shown in these figures, is dominated by the measurement of
tip torque 7; from equations (3.19). In comparison, the contribution of other mea-
surements, joint torque 7, and tip force f;, to ¢, are much smaller. In figure 3.31,
in the upper left corner, the beginning of a second valley can be seen. This is also
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visible at the lower left side of the spherical display in figure 3.32. The minima
lie at either intersection of the finger surface with the line of action of the contact
force. According to the soft-finger contact model, contact forces have to obey
Coulomb’s law of friction, and also need to be pushing, not pulling. Hence only
one of those minima will be located within the valid contact area of the finger at
the upper quarter sphere as depicted, and there is a unique solution to the problem
of finding the contact location.

Figure 3.33: Error in estimate Figure 3.34: Error in estimate of «
of « over varying 74, and 7, over varying 7, and f,

A second evaluation examines the influence of erroneous measurements on
the estimated parameters as depicted in figures 3.33, 3.34, 3.35 and 3.36. In all
pictures, measurements are varied +50% around their true values in the centre
of the plot. As a measure of accuracy, the distance Aw of the estimated contact
point 7. .. to the true contact point % ;... measured on the surface of the sphere
is used in the first three plots. In the fourth plot Afc is depicted as the difference
between true and estimated contact force. The uncertainty described by C. is set
as given above. In figure 3.33, the error in the estimated contact position %, is
depicted over the joint torque 7, and tip torque 7,,. Both torque axes are parallel
to each other and lie in the plane described by ¢ = 90°. The worst case error
over the whole displayed area is 5mm. Throughout the majority of the parameter
range and in a reasonable neighbourhood around the undisturbed measurements it
is far below this value. It can also be seen that, when changing tip torque and joint
torque uniformly, the algorithm is much more tolerant compared to changing the
torques inversely. In the first case, both measurements consistently vote for the
same contact point, although they assume a different contact force. When both
torques are inversely changed, neither of them is consistent with the measured tip
force nor are the torques consistent with each other. Hence a larger error in the
contact position occurs. A similar observation can be made in figure 3.34. This
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figure depicts the estimation error A over varying tip force f,, and tip torque
Tiz- The range of error is comparable to above in this figure. A valley in the
diagonal direction is again remarkable. Here, f;, and 7., produce only little error
in the direction from upper left to lower right when they are consistently changed,
but cause significant error when they are inconsistently altered from lower left to
upper right.

Figure 3.35: Error in estimate of Figure 3.36: Error in estimate of f,
u over varying 74, and fi, over varying 7y, and 7,

In figure 3.35, A4 is depicted over changing 74, and f,.. The two measure-
ments do not influence each other directly in the equations. In this configuration,
711 can only measure forces in y— direction. These, however, are not measured by
fi=- Hence, no direct compensation can take place between both measurements.
Here, the nonlinearity of the estimation is dominant. The figure shows that, in this
configuration, an error in f;, has a smaller influence on Aw than 7;,. While the
equation for 7;; directly contains the contact point A, the equation for f,,. is only
indirectly influenced by the contact point through estimates of contact forces. In a
similar argument, figure 3.36 explains that, when comparing the influence of 7,
and 7, the contact force f, is determined almost entirely by the measurement
of joint torque 742, and the quality of tip torque 7, is nearly irrelevant for that
parameter estimate. This is due to the very different lever of the two torques.

The ability to correct erroneous measurements is examined in figures 3.37
3.38, 3.39 and 3.40. In these figures, the error of an estimated contact torque and
contact force is depicted over varying tip torque and tip force. Plotted in green
solid lines is the result of the given approach with only the tip sensor rendering
good measurements. Here, no compensation is possible. Depicted in red dashed
lines is the result of the given approach and all sensors with good readings. In
this case, compensation is possible. It can be seen that an erroneous tip force f;,
can be compensated by the joint torque measurements and hence the estimates
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however, cannot be compensated by joint torque measurements. In both estimated
parameters, an attempt to compensate for wrong readings causes a slight deterio-
ration. Compared to the advantage of a far better estimate in the case of a false tip
force reading, this slight deterioration, however, is insignificant. Small changes in
contact position change the moment arm for tip torques significantly, whereas the
lever of joint torques varies only little. Thus, joint torque measurements can hardly
compensate erroneous tip torques. On the other hand, the absolute length of the
lever at joint torques is much larger than at tip torques. Therefore, tip forces can
be compensated very well by joint torque readings. Quantitatively, this behaviour
depends strongly on the choice of entries in C. and hence on the particular case
under investigation. Generally, in order to compute the contact parameters (¢, 6)
a good tip torque signal is required. In order to compute the force situation at the
point of contact, a good tip force signal or equivalently a good joint torque signal
is required.
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Chapter 4

Detection of Object Position

When a robot hand has to grasp an object, at first every finger individually ap-
proaches the item until it makes contact. Now the contact points and the orien-
tation and location of this object should be determined. Due to disturbances or
erroneous assumptions, the actual situation may differ from the previous plan of
the grasping action. An approach to a mocca maker by the fingers of DLR Hand Il

Figure 4.1: Contacting a mocca maker with a dextrous gripper

is depicted in figure 4.1. Measurements taken from each finger are processed, e.g.
according to section 3. In this way, the position of the contact point between each
finger and the pot in world coordinates can be determined. Also the normal vector
of the object and finger surface can be determined. Point and normal describe the
tangential plane of contact given in world coordinates. The contact position on the
object surface, i.e. the position of the contact point in object coordinates, is, how-
ever, still unknown and hence also the position of the pot in world coordinates.

7l
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Figure 4.2: Narrowing an object’s degrees of freedom by contact planes

As depicted in figure 4.2, each finger contact can give information about the
object position by the common tangential plane at the contact point. One tangen-
tial plane to an object partially determines the item’s position leaving free the two
translational and one rotational degree of freedom of the plane. With two regular
measurements, the object position is determined except for the single translational
degree of freedom along the intersection line of the two tangent planes. With three
or more measurements, the object’s position is determined completely. This ob-
servation is analogous to considerations about force and form closure as presented
in chapter 2.1.5. The localisation problem hence translates now to determine an
object position and contact positions on the object’s surface that fit to the tangen-
tial planes, measured through contact. Obviously with measurement noise present
either in the contact measurements or in the modeling of the object, the fit has to
be determined in the sense of a best match of these parameters. In this chapter, a
method will be proposed to compare a previously obtained model of an item with
the measurements obtained when several fingers touch the object. Hypotheses for
the possible locations of contact can then be generated. Now, for each hypothesis,
an object position has to be estimated that best matches the respective parts of the
object surface to the measured point of contact. The degree of match determines
the quality of the hypothesis. On the sample pot, the hypotheses of contact loca-
tion for example can be described as answer to the question “Which face of the
ten sided pot is touched by which finger?”. With these faces, the object position
can be determined to fit to the measured tangential planes.

Modeling of the object for this particular purpose and consistent preparation of
the measurements is described in section 4.1. For the examination, in section 4.2
an algorithm is introduced which allows separation of computational load into
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two parts: In a modeling phase, object data is prepared and stored in a library for
rapid access (see sec. 4.2.2). This can be done off-line before a task execution.
In a detection phase, previously stored data is tested (see sec. 4.2.2) and contact
hypotheses are generated and verified (4.2.3). This part has to be performed online
on the basis of actual measurements.

Using the classification of algorithms as introduced in section 2.1.7, this method
represents the locating process in the two steps of the algorithms termed recog-
nising before locating. The methodology used here is in generally valid for any
position detection, once contact is made. By limiting input information to con-
tact measurements, however, the density of information is sparse compared to e.g.
optical localisation methods: While contact information is usually only available
at few points, optical scene images can contain far more points of an object, al-
lowing to use also for example edges and vertices for position detection. Thus the
intention of the algorithm presented here is to enhance the capabilities of other
visual localisation systems by giving information “while doing”. The proposed
algorithm uses the same measurements that are also used for control of the fingers
of a hand. For this reason, during a grasp, contact information is always available
and so no obstruction can occur. Also, calibration of the localisation system and
the control system with respect to each other is inherent.

Other researchers also examined the evaluation of contact information and
tactile data for the location of an object (see 2.1.7). The approach presented here,
however, can locate the object statically from only one grasp, and thus stands out
from those model-free approaches that require some way of object exploration.
Unlike other approaches that also use an object model, this approach generalises
the concept of generation of hypotheses for contact locations at the object prior
to object localisation. In this generalised concept it is possible to control the
generation of hypotheses not only by information that pairs of contacting fingers
generate, but also by information from general contact tuples. Additionally, for
the generation of hypotheses, an optimised concept is proposed that improves the
performance of a method called branch and bound [Bur72, Ben03, GHP*97]. In
classical branch and bound, a tree of all possible hypotheses is developed, with
the degree of refinement increasing to the end of the branches. Systematically,
the hypotheses at the junctions of the tree are tested. When the hypotheses test
fails, the whole branch with all more refined hypotheses is pruned. Here, instead
of testing and pruning a complete tree, only the feasible subtrees are generated
at each level of refinement. By its two-step concept of generating hypotheses
and locating the object, this algorithm can also naturally handle the generation
hypotheses more generously when measurements are afflicted with noise. The
localisation step then performs estimation of object position in a least squares
method to discover the hypothesis that best matches the disturbed measurements.



80 CHAPTER 4. DETECTION OF OBJECT POSITION

4.1 Describing Object and M easurements

4.1.1 An Object Model For Contact Sensing

For the method to be presented in this chapter, tactile perception from n fingers
of a robotic hand has to be compared with a model of the grasped object. As
discussed in chapters 2.1.2 and 3, measurements obtainable from robotic fingers
usually consist of isolated points of contact with surface normal and possibly iso-
lated forces and torques at the point of contact. Only by sophisticated sensors or
exploration methods can more information, e.g. about the curvature at the contact
be received. Hence, extending the nomenclature of [JH98] to non-optical sensors,
the measurement of a real robotic hand is usually limited to an oriented point,
a position and orientation of surface normal. Comparing the object descriptions
given in chapter 2.2.3, modeling through polygonal surfaces best represents the
features detected by measurements of oriented points. Additionally, for simple
objects this modeling is also suitable to manually setup and easy to interpret by
inspection without graphical rendering. This format is wide spread in graphi-
cal tool software and hence particularly advantageous as issues of modeling and
model post-processing is not in the focus of this work. Although neither model-
ing nor the algorithm presented here rely on a particular number of vertices of a
polygon in this polygonal description, for the sake of clearness in presentation,
triangles are used as polygons. Subsequently, an object will be represented by m
triangular facets. The accuracy of the object description depends on the number
of facets used to sample the surface and is hence adjustable to the actual pre-
cision needs. The individual facets & € [1,m] are characterised by its vertices

(fg",z,, fg’,i, 53 k) The coordinates are given in an object-fixed coordinate frame

S, In order to compare a surface given in facet representation to perceptions
from the hand obtained as oriented point, a description of the plane containing the
facet is constructed. The parameters of the plane, given in offset/direction nota-
tion, can be interpreted as corresponding oriented point p,., = (& f;;)k, *Ock) for

facet k. Additionally, the region of validity for this planar descrlptlon IS given by
the boundaries of the triangular face. The planar description is computed as:

-0 1 O) —‘(0
7, = 3 (0o +2)
i = (F-a0) x (#) - #)
T
a0, = — (7)) 7 (4.1)

As depicted in figure 4.3, the point Z *(")k represents the centre of gravity of the

vertices of the facet k& and the surface normal 7 k is represented by the third axis
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Figure 4.3: Description of facet k Figure 4.4:. Vertex coordinates at
facet £

of the non-orthogonal frame constructed by the first and third edge of the facet.
Depending on the method used to generate the triangulated model, the normal can
sometimes also be obtained directly from the object description as an additional
parameter to a facet or to a vertex. The latter requires averaging of normals as
discussed in chapter 2.2.3. The distance of the triangle plane to the origin S

along 7 n k is represented by d .. The plane can be described in normal form as

T
(7)) 7+ d

oc,k*

oc,k oc,k — =0 (42)

with 7 € triangle k. When n fingers grasp an object, n oriented points /5, can
be combined to a set F,. of possible contact locations.

In order to describe the boundaries of the triangle and the distance of any point
#(°) to the facet within the triangle plane k, a two dimensional coordinate system
Sf”k) is defined at each vertex r as shown in figure 4.4. Its two basis vectors are

one parallel e?af,o,z and one normal eﬁﬁf,z to the adjacent edge between ffo,z, and

—(0)
T((r11) mod 3). OF length 1., as

— —’( =(0)
lr,k - || r+1) mod 3),k xr,k ||
=(0) ~(0)
-(0) x((r+1) mod 3),k Lk
e rk T

lrk
en O,Z = 6p£,2 X ﬁ(o) (4.3)
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With this, the interior of the triangle can be described as
) e triangle k <
T
v (@) (3 -29) <o (4.4)

4.1.2 Evaluation of Measured Contact | nformation

With a finger ¢ touching an object in the course of grasping, detection of the ori-
ented point of contact py.; = (f%,)ia ﬁgﬁﬁ)l) in the world reference frame S is

possible (see chapter 3). The measurements p.;,i € [1,n] from n fingers can

finger i

Figure 4.5: Description of contact ¢

be combined to a set F;. of perceptions in a grasp. This set can be used to de-
scribe the planes tangential to the object in the points of contact in normal form
analogously to equation (4.2) as

T
_ —=(w) —(w) (w)
0 = (nfc,i> z + dfc,i

with
T
d =~ () 7. (45)
with dgﬁﬁ’)i representing the distance of the tangential plane to the origin S along

ﬁ%)@ as illustrated in figure 4.5. These measured planes correspond to properly
chosen planes & € [1,m] of the object description as given in section 4.1.1. The
process of choosing a correspondence and hence putting up a hypothesis (i, k) for
the position of contact between object and finger ¢ is treated in the next section.
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4.2 Matching Model and Contact M easurements

Assume a sufficient number n of fingers is in contact with an object. Then, the
object can be rotated and shifted in space in order to find n contact positions of
the fingers on the surface of the item, which bring the respective surface descrip-
tion in compliance with the measurement as shown in figure 4.6. On a continuous
object model this could be achieved by minimisation of an error defined from
the discrepancy between the related oriented points or planes. In this continu-
ous case, the optimisation parameters are two independent surface coordinates for
each contact on the object and the location and orientation of the item itself. As

Figure 4.6: Determination of object  Figure 4.7: Determination of finger
position contact points

discussed in section 4.1.1, the best object model for this comparison, however, is
non-continuous. At this discontinuous type of model, the optimisation has to be
separated into a discrete search of contact positions, in this case contact triangles
as depicted in figure 4.7, and into a continuous optimisation to detect location and
orientation of the object.

4.2.1 Geometric Conditionsas Constraintsto a Search

With a model consisting of m facets and a hand grasping an item with n fingers
there are m™ possible sets F,.. Hence, the complexity of a complete search on
all possible F,. would be in the order O(m™). This is polynomial in the number
of facets but exponential in the number of fingers. Therefore, with an increas-
ing number m of facets the complexity increases with the power n of number of
fingers. A practical model of a real world object with a general shape can easily
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contain 10 000 facets. If one complete test for compliance of selected facets 7.
and measurement 7. would only take 1us a complete search would still need
10'% ~ 317y. With this large number of facets a complete search would be
prohibitive. It is not necessary, however. Given measurements impose geomet-
rical constraints, grasp conditions, on the admissible facets of the object model.
These grasp conditions can be the distance between two contact points, the an-
gle between the surface normal, the volume of the tetrahedron formed by two
points with adjacent normal vectors and a third point or others. With these grasp
conditions, it is possible to search and remove facets already on lower levels of
permutation, e.g. facet pairs, before forming full n-tuples instead of working on
n-tuples of a full search from the beginning. A sketch of this process is given
in figure 4.8. When examining a-tuples with b facets still remaining after previ-
ous constraints and n fingers grasping an object, (1) sets of size b* have to be
examined. The advantage of this process is that it is possible to prune several
small sets instead of searching one large set. The effort of searching small sets
increases only linearly with the number of sets to prune. When also considering

All Facets  Constraints Constraints Constraints Search Space
for fingers for Pairs for Triples

N =
4

Figure 4.8: Reducing combinatorial effort

the construction of the search space from several small sets, this process can also
be considered as an extension to the known process of branch and bound as intro-
duced above. In the branch and bound process, those more refined branches of a
tree are pruned whose less detailed junction was tested infeasible. In this propo-
sition, only a reduced tree is developed, which does not contain those branches to
be pruned. The grasp conditions can be chosen to be geometric invariants of rigid
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body transformations, e.g. distances between two points or the angle between sur-
face normals. An enhanced object model can be designed which sorts and indexes
the facet tuples according to these grasp conditions. This sorting and indexing can
then be performed off-line. In order to extend the object model in this manner, the
grasp conditions must first be easily and quickly verifiable from measurements
during the online phase, and second be reasonably fast to compute off-line for all
facets in the original model. The latter is important, in particular for large models
that need a huge amount of grasp condition testing during classification of facets
tuples. Second, when processing the object model off-line, no absolute positions
with respect to a later grasp are yet known. Hence, only relative information be-
tween facets can be used. As already depicted in figure 4.8, the expense of storing
and testing increases with higher levels a of permutations as seen above. The
profit, however, decreases. Hence, restraining grasp conditions to a = 1 of admis-
sible facets and a = 2 of facet pairs is usually a good trade-off between cost and
use and is mainly followed in the rest of this chapter. Nevertheless constraints of
a > 2 can be constructed, e.g. to distinguish between triples of points forming the
same triangle, but allowing different orientations within this triangle relative to
one surface normal as shown in figure 4.9. These constraints can become useful

Figure 4.9: Indistinguishable configurations for pair-conditions

for very large objects and remain feasible by using different triangulation rates
m, on different levels of a. As mentioned, for standard purposes grasp conditions
for pairs are sufficient. Simple conditions obtainable from the measured set F .
are the relative distance A ;; between the contact points of two fingers ¢ and j
and the angle oy, ;; between the respective surface normals. These conditions are
defined by

R [ |

Qfeij = arccos(ﬁ%},ﬁ%é). (4.6)



86 CHAPTER 4. DETECTION OF OBJECT POSITION

Figure 4.10 illustrates these conditions. Another simple condition is the ordering
(2. of the sorted individual oriented points. It can be determined according to

Qe = det( fgfﬁ,)g - 37552’,)1, fgfﬁ,)g - fgfﬁ,)p fgflg,)4 —7 5”127)1] )- (4.7)

This condition is depicted in figure 4.11. It easily tests 4-tuples. Off-line classifi-
cation using this condition in standard object resolution is infeasible. However, it
is very cheap to test and can hence be used as pretest during online facet matching
before performing the regular position detection.

finger 3 finger 4
+
+
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o ;" Wy
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finger j finger 2

fingeri finger I~

Figure 4.10: Grasp conditions on  Figure 4.11: Grasp condition on 4-
pairs tuples

The off-line process of enhancing the model is briefly described in the first
part of section 4.2.2. The retrieval of admissible facets from the enhanced ob-
ject description and development of grasp hypotheses during actual grasping is
explained in the second part. It is only this step that is to be performed in real
time. This separation into a preparation step and an execution step is comparable
to a human studying an object when first being confronted with it, and on a later
re-encounter using this information to grasp it in different positions.

4.2.2 Discrete Optimisation
Learning Phase

This section presents a method to refine a triangulated geometry with data re-
quired to evaluate the grasp conditions and to fit measurements from a hand to
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Amax,kl

Figure 4.12: Characteristics of a facet pairing

the object. This accelerates the choice of admissible facet hypotheses F,. during
the actual online phase. The trade-off with this method is an increased consump-
tion of memory, because all information learned about the object has to be stored
for later use. In the following, the maximum memory usage in each step is also
presented, assuming that one numerical value consumes memory of size . On
common computer architectures ¢ is 4 bytes.

Learning Individual Facets In the course of learning about an object its indi-
vidual facets are stored in a list ;. Index 1 indicates that each entry in the list
contains only information about one facet. This list contains, for each facet, its
geometrical data: coordinates of vertices fgo,l,zf’éo,l, fgo,l and direction of surface
normal 77,.. Additionally in the optimisation step derived data is required as given
in equations (4.1) and (4.3). This data is already computed ahead. The memory

consumption sums to size(F;) = m-(3-34+34+3+1+3-1+3-34+3-3)-¢ = m-37-¢.

Preparation of a List of Facet Pairs Inanext step, individual facets are grouped
in pairs in preparation for the verification of the grasp conditions. The relative ge-
ometrical properties of the m? possible facet pairs are determined and stored in a
list P,. Index 2 emphasises that this list contains information about facet pairs. It
is to be noted, that two fingers may contact on the same facet and also the ordering
of fingers and respective facets is of importance. Thus, this list in principle has
dimension m?, although for the sake of saving memory the information of one
pairing k£ and [ has to be stored only once and the multiplicity has to be taken into
account when reading from the list. In contrast to the relative distance and orien-
tation of two isolated oriented points ¢ and j from a tactile perception, the distance
of points on two facets k£ and [ spans a range between a maximum and a minimum
Euclidean distance A, in oc.k @Nd A0z 00 12 ON the other hand the relative angle
Qe 1o DEtween two facets is constant over the whole area. The relative maximum
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distance A,,...0c.k DEtween two triangles must be spanned between two vertices
of these triangles. Hence it is sufficient to determine and compare the 32 = 9
possible distances between the vertices.

Proof: Assume, the maximum distance d exists between two points 2, and 7
in the interior of the respective triangles 1 and 2. All points with same distance
d away from ; lie on a sphere of radius d around z;. For d to be the maximum
distance, all points of triangle 2 must lie within or on the surface of this sphere.
With the triangles being planar, if 75 is in the interior of the triangle, the triangle
intersects or touches the sphere at ', and there exists at least one point 2%, € trian-
gle 2 which is outside the sphere, and hence a larger sphere could be constructed
with &' =| ¥, — #; |. The same argument holds for points on the edges of the
triangles. Hence, the maximum distance must lie between two vertices. O

For the minimum distance A,,;,,.oc,1; @ cOnstrained minimisation is necessary
as in this case no assumption on the position of #; and 7> can be made. However,
there exist numerous algorithms that provide for minimum distance between tri-
angles that are applicable for this case, e.g. in obstacle avoidance. The memory
consumption of P, amounts to size(Ps) = 1/2-m-(m+1) -3 - when it is saved
in a compacted form. This storage is temporary and can be cleared after the next
step. It is to be noted that in this work only grasp conditions for pairs are further
investigated. However, in the same manner a list P, of triples, a = 3, or a-tuples
can also be constructed.

Preparation of a Hash Table of Facet Pairs In order to speed up selection of
facet tuples complying with the grasp constraints from P,, another step is sug-
gested. When regarding P, as a map from the domain of facet pairs to the as-
sociated domain of grasp constraints, in this case maximum and minimum dis-
tance and angle between the facets, an inverse map H, can be defined. The map
H, relates the domain of grasp conditions to the domain of facet pairs obeying
these constraints. For those conditions presented here, H, can be represented as
a 3-dimensional container of lists of facet pairs. Each axis of the container cor-
responds to one & with & € {Ainoes Amaz.oes Qoc §- 1S range is discretised into
pe equally spread bins of width g, see figure 4.13. On each axis, the bin size
depends on the overall maximum Mazx, and minimum Min., of each < within all
possible facet pairs and is defined corresponding to

Max, = mkzliXOkl
Mine = Hllclln wl
Mazxe — Min
go = © °. (4.8)

po
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The access functions to each of the three bin coordinates (¢, ¢, t3) are defined by

Amaw,k’l - MinAmaz

tl(Amaz,kl> - ﬂOOI‘( )
dAmax
ty(Apinga) = floor(—minhl — 2 Amin
qAmin
— Min,,
tg(akl) = ﬂOOT(%)
with ty,to,t3 € IN. (49)

Figure 4.13 depicts the access of H, through (¢, s,%3). Again, the implemen-

Mim\max dmax Maxamax
MaXAmin
Amin
9min
I i g __MinAmin
ty /t ’ / Max g
3 g,
! _/l\/[in o
t Amax

Figure 4.13: 3D container H, for sorted pairs

tation has been presented with three grasp conditions for pairs. This can, how-
ever, easily be extended to a a dimensional container H, of b-tuples for a con-
straints. Usually, H, will be sparsely occupied. Along with its property of having
bins instead of continuous values, a good implementation for this storage is a
hash table. When F; is also kept, the hash table has to contain only the indices
of the tuples. Hence, the memory consumption for H, amounts to size(Hy) =
1/2-m-(m+1)-2- ¢ plus additional space 3 -3 -¢ =9 - ¢ for the addressing
information.

Detection Phase

In this section, the selection of possible contact points of » fingers at the object is
presented. These are limited to those points that lie in sets F,. of facets that com-
ply with the grasp conditions. In order to construct F,., the measured perception
of a set F;. can be used to extract facet pairs for two fingers : and j respectively
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from the hash table H,. These pairs have to satisfy the first two relative grasp
conditions. Respecting also the third grasp condition, the orientation of ordered
points, these lists can be merged to admissible n-tuples of facets forming hypothe-
ses F,. for facets that contain the contact points on the object corresponding to
the oriented points from the measurement.

Selecting Admissible Facets From the measurement set F . the values of the
grasp conditions on all levels of permutation are derived according to equation
(4.6). For the case of pair-wise constraints, a number of (%) lists A, ;; of admissi-
ble facet pairs, one for each finger pairing (4, j), can be obtained. This is achieved
by the merger of the contents of all appropriate bins of H,. With a measured rel-
ative distance A;; between two fingers at an object, the admissible bins comprise
all containers whose maximum distance is equal to or larger than A;; and whose
minimum distance is less or equal to A;;. Constraints on permutation level 1, e.g.
constraints on the reachability of facets for the respective finger ¢ and j, result in
two other lists R, ; and Rz, ;. When A, ;; is constructed, those facets not contained
in these lists can be disregarded. This is done according to

AQ,ij = {(:c,y) | (I7y> S m HQ[a7b7 CLI < Rl,ivy < Rl»j}

a,b,c
with
a € [ti(Ay —0oA), PAmaz]
b € [0,t2(Aj; +0a)]
¢ € [ts(ay; —0a),ts(cuj + 04)]. (4.10)

In order to compensate for measurement noise and approximation errors when
triangulating the object, also neighbouring bins should be included. This is guar-
anteed by the measurement uncertainty o. The memory consumption in this step
depends on the numberer of admissible facet pairs. The upper bound size(A, ;) =
m? - ¢ is reached in highly symmetric cases such as all symmetric approximations
of a sphere. These cases, however, are ill-posed, as no information can be drawn
from such a grasp and all contact points are equally good, as long as they com-
ply with the conditions. This is no problem in general, as for grasp control these
different configurations are indistinguishable.

Determination of Facet Hypotheses by Selection Tree  From the lists A, ;;,
each containing admissible pairs k& and [ for fingers i and j, a list of admissible
n-tuples has to be computed as generalised intersections of these pair lists. A
permutation tree as a common method for discrete optimisation seems useful. In
contrast to methods like branch and bound, using the preparation work described
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in the previous sections, this section suggests building a reduced tree that does
not contain infeasible combinations. At first the A, ;; are sorted by the first and
then second facet k£ and [ and indexed with £ for a faster access. In order to find
n-tuples satisfying all A, ;; the permutation tree 7}, is constructed with each tree
level corresponding to one finger. Every node in the tree relates the respective
facet to the finger with the level of the branch as index. The branches of the tree
connect feasible combinations of facets starting at root node via finger 1 to finger
n. With a constructed tree, admissible n-tuples can be found by traveling through
the tree starting at any node on level 1 along all branches that end on level n and
hence present feasible facets for each finger. With here ; = n, in figure 4.14,

leading finger

finger 1 (a) ©) 2"
fingeri (&) (o) () : :
fingerj (g ;
finger /
finger i | 5 3
finger j ‘ 1. finger
Figure 4.14: Search tree T, Figure 4.15: Search-tables for pairs

for valid tuples

a valid hypothesis is depicted in bright, starting at facet a for finger 1 traveling
through finger ¢ with facet b and ending at finger j = n with facet f. Incomplete
and hence invalid hypotheses are drawn dark and start at facets a and d for finger 1
ending at facets c and e for finger i. To construct 7, first A, ;5 is added to the root
node of the tree, as depicted in the upper sketch of figure 4.14. When working
through the the list A, ;5 with entries (%1, ko) each new &, adds a new node to
level 1 connected with a branch to the root node, whereas each new k- adds a new
node at level 2 and a new branch to node &; on level 1.

Then, in order to add level 3, all nodes on level 2 of T}, are parsed horizontally.
In the upper illustration of figure 4.14 this contains the nodes b, ¢ and e. Finger
two then resides on facet k, associated with the currently parsed tree node, finger
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one resides on the facet &, associated with the parent node of the currently parsed
node. This is depicted in the middle illustration of figure 4.14. With fingers
one and two assumed on facets (&1, k2), the respective lists A, 13 and A, 53 are
compared for a common entry k3 determining a commonly feasibly facet for the
third finger. On success a new branch to and new node r is added at level 3. In
figure 4.14 two lists A, ;; and A 4,5 are searched for a common entry from finger
4 which results in a new node f. This also shows the possibility to generalise the
suggested construction scheme to lists of n-tuples, for example As ,;; is a list of
triples. Access to and searching of the lists A, ;; are simplified through sorting
and indexing as mentioned above. Thus, instead of searching the whole lists A5 ;3
and A, o3 anew each time a new node is added, only those parts which have not
previously been searched have to be examined.

Similarly, the nodes on level 3 are parsed and lists As 14, A3 24 and A, 34 are
intersected for a common facet £, for finger 4. This is repeated for all n fingers.
During the construction of the tree, further grasp conditions can be tested that
were not taken into account when constructing the lists A,;;. This is the case
in this work with the orientation constraint of equation (4.7). After having con-
structed the tree 7;,, all paths ending at level »n represent the hypothesis set F,.
with hypotheses h = ky, ko, ..., k, for facets. The hypotheses contain at least one
oriented point that obeys the grasp conditions. Again, memory consumption de-
pends on the object and the actual grasp. As presented, this approach is valid also
for higher level conditions.

Determination of Facet Hypotheses by Set Comparison Another method
that is somewhat faster but less obvious is comparison of sets. For this, one leading
finger is chosen, say finger 1. Now all lists A ;; are sorted and indexed like above.
For all other lists A, ;;,4 # 1 an array of Boolean values Zlg,ij(k, [) is created with
true on elements (k,1) € A, ;; and false elsewhere. This is for direct testing of a
facet pairing. This array is of size m x m. In order to save storage also for large
numbers m of facets, a hash table is used. Now all elements (&1, ko) of As ;- are
parsed. With k, fixed, all elements (ky, k3) of A, ;5 are searched by index and
parsed. Now Ag o3(ko, k3) is tested for true. If so, with k; fixed, all elements
(ky, ky) of Ay are parsed. Arrays Agoq(ko, kq) and Ay sq(ks, k4) are tested for
true. This continues for lists Ay 1,, A2 2, (k2, kp) vy Ao (n—1yn(kn—1, k). Finally
additional grasp conditions such as the orientation constraint are tested at the n-
tuple (kq, ..., k,). If true, this tuple represents a valid hypothesis h = kv, ko, ... kp.
This process is shown in figure 4.15.
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4.2.3 Continuous Optimisation

In the previous sections, a method was introduced to determine hypotheses h for
facet tuples that contain at least one oriented point which obeys all grasp condi-
tions. This was done by discrete optimisation. In this section, a method is given to
verify those hypotheses and rank them in order to pick out the best. For testing a
hypothesis of facets, a transform T 9 1) = {%J (@) t<o> } has to be found that
best matches the actually measured orlented points € F. from n fingers given in
the world system S to oriented points within the facets of a hypothesis / € F,.
given in object coordinates S, This transform depends on the rotation angles
6 and the displacement ¢ and represents the world’s position with respect to S(*)

—1
(Tﬁfj’f) represents the object’s position in S). With a given hypothesis (i, k)

of facet % being touched by finger 4, the relative transformation TEZ’)) relates

i = — RE;U))T s
wo= Ty, (4.11)
with 7 *(O being a properly chosen point on facet k. The planar description of a
facet can be transformed according to
0 = ﬁgoc)kT 7+ dg;)k
= i (R§;3>f<w> + )+ dS),
= (R A) 7 (a0 70T 412)

It is to be noted that the normal vectors of two surfaces in contact are always anti-
parallel resulting in the negative sign in the first equation of equation (4.11) (see
[Mon95]).

A merit function x2(6, 7. h,) can be defined that evaluates the a* facet/finger
pairing of a hypothesis h with respect to the mismatch between the oriented points
of the measurement and those possible within an assumed facet. The function
x2(0,, h,) depends on g and #. The minimum value of y2 determines how good
a hypothesis is. In each finger/facet pair a = (i, k) of the hypothesis h, three
conditions have to be considered. The planar representation of an oriented point
measurement has to match the plane of the respective facet. In particular, the nor-
mals ﬁgfgfi and —7i,,, k have to match in order for both planes to be parallel. Also,
the distances d;.; and doc,; have to match for both planes to be tangential to the
same sphere. When both conditions are met, the planes are identical. Third, the
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oriented points of the measurement have to lie within the limits of the respective
facet for the planar approximation to be valid. Hence the first term ngl(e, t ha)

of x2(6, 7. I,) is defined as

oc,k

a0, T ) = (12— (—RM T 790" W (il — (- RY 7)), (4.13)

with W being the weight matrix for this part of the merit function. Instead of
punishing the angle between the two normal vectors and hence the length of the
arc on the unit circle, the length of the difference vector is chosen. This avoids
computing cos™! and uses a secant in the unit circle instead. The comparison
is performed in S™) and the negative sign originates from the anti-parallel sur-
face normals of two faces in contact (see equation (4.11)). The second term of
Y2(0, %, hy) is defined by

N w w 2 —(0 (w 2
X2,2(97 2 ha) = W <d§”cz - (_dgc,)k)> = (d ; dock ( E)c)k)Tt((o))> ’
(4.14)

with weight WW,. Here again, the negative sign results from opposing surface
normals.

A third term is defined to penalise a violation of triangle boundaries within
the contact plane. As described in section 4.1.1, a two-dimensional coordinate
system Sﬁ”k) is defined in each vertex r (see equation (4.3)). The coordinates of

the measurement fgfj)z are mapped to the respective systems

di = @ (T - 7))
pee = ) (T - 7). (4.15)

With this coordinate representation (), x, ), the distance of a point of the tan-
gential plane to the facet can be computed. Two cases can occur: Either the path
to a vertex or to an edge is shortest. According to figure 4.16 the outside of a facet
is divided into six sectors. In even sectors Il, IV and VI, the distance is computed
to the closest edge. In odd sectors I, 11 and V the distance is computed to the clos-
est vertex. Sector VII describes the interior of the facet. The boundaries of each
sector are shown in table 4.1. The value of the error is computed as the squared
distance to the facet as also shown with weight 3. Finally, the complete merit
function takes the form

XQ(@{E Z Xa1+Xa2+Xa3 (4.16)

ae(z k)
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Figure 4.16: Merit functions y?2

As described above, with a given facet hypothesis h, minimising

2 N ¢

X h) = min x*(0, 7, h) (4.17)

min,fz( min,ﬁ’ tminﬁ’ i

renders the best estimate of the position meﬁ and orientation 67mmﬁ of the object
with respect to S™) considering given contact measurements .. The value of
anm P itself gives a measure of how good the measurements fit to the assumed
facets in the sense of least squares. The optimisation can be done using a stan-
dard Levenberg-Marquard algorithm [PTVF92]. The gradient and Hessian of the
merit function can be computed explicitly and hence improve computation. Any
previous localisation from vision or similar can be taken into account as a starting
value.

4.2.4 Probabilistic Interpretation

According to [PTVF92], a least squares problem as given in section 4.2.3 can
be also regarded as maximum likelihood estimation. In this sense the presented
discrete-continuous optimisation can also be reinterpreted. Assume the n fingers
of the robotic hand touch the object at the facets given in h and the relative location
between object and world is given by T((;“?. In this case, what is the likelihood of
obtaining within a certain range § the measurement given in F;.? The likelihood
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sector related

o o7
number | vertex Ar Fork Xas (0,1 o)
| 1 )‘Uﬁ < 0; )\3,k > l37k W3 ()‘%,k + H%,k)
1 1 0< )‘Lk < ll,k K1k > 0 ngﬁik
I 2 Aok < 03 A1k > L W3 (A3, + K5)
v 2 0< )\27,@ < l27k Ro g > 0 ngi%k
V 3 )\37k < 0; >‘2J<f > l27k W3 ()‘g,k + K“g,k)
VI 3 0< )\S,k < lg,k K3,k > 0 Wgﬁ%ﬂk
kike <0
il Ko < 0 0
kar <0

Table 4.1: Sectors of distance to facet

of obtaining the exact value is obviously zero. Thus, a small range has to be
defined around the exact value. Assuming white Gaussian noise and statistically
independent parameters h and T((;’)’), the related probability P can be given as

P o §e X (OER) (4.18)

In this case, the weights W, W5 and W3 have to be chosen as the inverse of
the covariance matrices of the respective parts of y2. These covariance matrices
can be derived when the statistical characteristics of the measurement noise and
noise in the object model are known. Usually, the noise disturbing the object
description can be assumed white Gaussian, affecting the positions of vertices

7o 70 fé",i) and as a consequence all values dependent on them. The noise

disturbing the measured oriented points can also be assumed white Gaussian. Its
covariance matrix has to be determined from the actual method of measurement.
For simplicity a diagonal matrix is assumed describing independent noise on the
parts of position ;. and normal 7i,.. Considering the nonlinearity of the parts of
x?2, the propagation of uncertainty through the function has to be linearised as

j = f@)
Cov(y) = J(&)Cov(z)J ()", (4.19)
with J(Z) as the Jacobian of f(Z) at point #. Maximising equation (4.18) is

equivalent to minimising the negative logarithm of (4.18) and returns the problem
to its initial form of equation (4.16).
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4.3 Numerical Examination of the Function y?

In this section, the geometrical and numerical properties of the merit function x>
and the discrete-continuous optimisation will be examined. Information will be
given about the robustness of the process proposed here along with computational
details necessary in implementation.

4.3.1 Geometrical Propertiesof the Function

At first, the geometrical properties of the individual parts of y? will be exam-
ined. As test object, a deformed torus will be used as depicted in brighter in
figure 4.17 at the right. The contact position will be determined as the barycen-
tres of randomly drawn facets. The respective facets are marked dark in the de-
picted torus. The perceived torus as seen from the perspective of the world sys-
tem S() is shifted and rotated. This torus is drawn in dark at the left into the
same image. The transformation of S) to the object coordinates S is in its
translational part # = (4cm, lem, 2cm). The world system S™) has to be rotated
(0.1rad, 0.2rad, 0.1rad) radians around its fixed z—, y— and z—axis to coincide
with S(©), Hence, the dark torus has to be shifted along ¢ = (4cm, 1cm, 2cm) and
rotated for § = (0.1rad, 0.2rad, 0.1rad) to coincide with the brighter torus. Also
depicted on the dark torus are the surface normals of the measured facets.

Figure 4.17: Torus, original (bright, right) and as seen from S™) (dark, left)
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Landscape of the Function y?

Of particular interest for the behaviour of x? during optimisation is the topol-
ogy of its error landscape. This landscape represents the value of y2 around the
true optimum ((0.1rad, 0.2rad, 0.1rad), (4cm, 1lem, 2cm)) of the continuous pa-
rameters (5, t) when the discrete parameters, the finger/facet pairings, are at their
true values & as depicted in figure 4.17. In the following figures, the value of
the merit function x? is depicted with two continuous parameters varying. In
contour plots, figures 4.18, 4.19 and 4.22 depict the values of ;8(5, (x,y,2cm)),
Y2(0, (z, 1cm, 2)) and y2(6, (4cm, y, z)) respectively. The correct value for z, y,
and z in each plot is marked by a black diamond. The plots represent a planar
motion of the estimated torus position away from the true value. Similarly, the
value of y2 over varying rotational parameters is shown in figures 4.20, 4.21 and
4.23. This corresponds to rotating the estimated torus away from its true position
around two axes. Any point on the torus moves along the surface of a sphere.
The range of the parameters used in this plot represents the situation as seen from
an initial guess of zero translation and zero rotation between S and S, In
the translational directions this range spans the maximum distance of two points
on the dark and bright object of figure 4.17 in the direction of each axis. The
rotational parameters vary between [—m /2, 7/2]. The plots 4.18 through 4.23 are
hence global images. The colour range is defined as hue range from red through
yellow green, blue, violet to red from values of 1.03 - 10° to 4.23 - 10° accord-
ing to the colour code in figure 4.24. As can be seen in all six plots, the error
landscape has a clearly defined bottom. There are several local maxima with soft
edges as for example in figure 4.18 at (0.75cm, —1.5¢m) or even sharp pillar-like
peaks or plateaux, in particular as seen in the rotational parameter plots 4.20, 4.21
and 4.23. However, the minima are distinct. The pillars and plateaux in the given
plots do not cause local minima in the sense of obstructing a gradient descent to
the global minimum. This has also been confirmed by numerous other simulation
runs, where no such case was encountered with a local minimum. Over a long
range, the error function y? varies over about one and a half decades. Generally,
the landscape is strongly non-quadratic in the long range. Hence the components
of y? are dominated by nonlinear effects before squaring and summing them as in
equations (4.13), (4.14), and (4.16). In figures 4.25, 4.26 and 4.27 a closeup of 2
around the minimum value is depicted for a translation in the Y — X -plane in two
resolutions and for a rotation around the X — and Y — axes. The colouring is again
performed as given in figure 4.24. It can be seen in all three plots that with de-
creasing distance to the minimum, the landscape becomes increasingly quadratic.
The effects of nonlinearity vanish. This is to be expected. Parts of the nonlinear-
ity are caused by the nonlinear dependency of 2 on the rotational parameters 0.
This effect vanishes for small angles. Apart from this, the effects of pillars and
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Figure 4.18: Value of x? in a Y-X Figure 4.19: Value of x? in a Z-X
plane plane

mountain ranges are caused by the part x2, determining the distance of a contact
point from a given facet.

Effects of Sectors in 2

Moving parameters away from the minimum value will cause the measured con-
tact points 7. to leave the assigned facet. This instantly causes an error x3 to
occur. This error depends on the sector (see table 4.1) in which each finger is
located. In figures 4.28, 4.29 and 4.30 the combination of sectors for each finger
is determined over two varying parameters, translation in the Y — X-plane, in the
7 — X-plane and in the Y — Z-plane. Each combination of sectors is assigned
one colour value, and the depicted lines represent the change of a sector for at
least one of the 4 fingers. It can bee seen that the density of sector changes is
highest close to the minimum value of the parameter. This is caused by the fact
that the sectors come closest at the respective triangle. On the other hand, the
triangular structure underlying the sectors is still visible, especially in figure 4.28.
In figures 4.31, 4.32, and 4.33 the value of 2 is overlayed with the lines of sector
change. In these pictures, the influence of sector changes on the general shape of
the landscape, in particular steep mountain ranges become apparent. In figure 4.32
the range in the upper left part is the result of changes in sectors. Similarly the
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Figure 4.22: Value of x? in a Figure 4.23: Value of x? in a Figure 4.24:
Y-Z plane Y-Z rotation Colour
bar

star-like structure of the valleys in figure 4.31 has its origin in the sector switches.
Also the edge cutting from the upper left to the lower middle of figure 4.33 can be
explained this way.

Three-dimensional Structure of \?2

In figure 4.34 the overlay plots of merit function x? and sector images are com-
monly depicted in a three-dimensional scene plot. The respective planes represent
the values of x? with the 4 non-varying parameters at their minimum value. These
planes would intersect at the origin of the violet object. However, for a better vis-
ibility, they have been moved out of the scene in a direction orthogonal to the
plane itself. In the plot, the motion of £ = (4cm, 1em, 2cm), necessary to bring
the brown torus onto the violet model, can clearly be identified.
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4.3.2 Implementation Details

As can be seen from the previous section 4.3.1, the algorithm presented here is
highly nonlinear. Although local minima could not be found in a number of ex-
aminations their existence is not impossible in general. Thus, in order to improve
convergence and avoid problems through local minima, special care has to be
taken. The algorithm has been implemented such that a first step optimises only
the merit function 2, disregarding the rest. This is a result of the geometrical ar-
gument: Each rotation causes significant translation. A translation, however, does
not cause any rotation. Optimising only x? brings the rotational parameters close
to their optimal value. A further shift in rotational parameters occurs later only
through possible inconsistencies in the measurement. Then, the resulting error is
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distributed on several parameters according to their weight in the optimisation.
When the minimisation has come closer to an optimal value this way, a standard
nonlinear optimisation scheme can be performed. The algorithm of Levenberg-
Marquard (see [PTVF92]) proved useful. In larger distance of the optimum a
slow but robust descent technique is used whereas in close vicinity of the opti-
mum a closed-form solution to the approximate quadratic problem is determined.
Both can be achieved by the solution of a linear vector equation that smoothly
transforms between the two cases. In this context the gradient g and the Hessian
matrix H of the merit function 2 have to be computed. The proposed method
allows an analytical computation of both. For increased numerical robustness the
resulting system of equations can be normalised through dividing each equation
by the norm of the respective diagonal entry of the Hessian matrix. Also, when
solving the system of linear equations, a Singular Value Decomposition is used.
This prevents large motions in the parameter space in the direction of weakly-
determined parameter combinations. This may be necessary for example in the
case of a cube that is grasped only on the sides but with no contact on either top
or bottom. The position of the cube along the common normal of bottom and top
face is not determined. This is also required when disabling parts y3 and x2 in the
merit function, leaving translational parameters undefined. Weakly determined
directions cause small singular values in X. In these cases, when inverting X, the
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Figure 4.34: Overlay of values/sectors of x? and scene

inverse of a small entry o is set to zero instead of a large value. The system of
equations is briefly outlined in equation (4.20).

Hir = —§
vxvidz = —g (4.20)
i = -V 'U"g (4.21)

The performance of the algorithm naturally depends on the number » of fingers
contacting an object and on the number m of facets used to describe this object.
Additionally it also strongly depends on the ability to sort out facet combinations
not compliant with given grasp conditions. A general analysis can thus not be
made. Nevertheless it is possible to determine the average magnitude of time
consumption during the individual steps in 20 examples. As a sample body, the
deformed torus of picture 4.17 will be used. This torus has m = 800 facets and is
contacted with n = 4 fingers. On average, 293 hypotheses had to be tested in each
example grasp. The time consumption of steps of the algorithm are individually
measured and listed in table 4.2. The test was performed on a Sun-Fire with 4
sparc processors. However, the test was only run on one processor. The perfor-
mance of a single processor of this machine is comparable to an Intel Pentium II
933 MHz system.

4.4 Simulation Runsand Practical Examples

This section will now examine the performance of the algorithm presented earlier
in this chapter by numerical simulations. For all test runs, several sample objects
are generated from graphical primitives. Obviously, with only sparse information
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average
step storage | time consumption
[s]
Preparation of a List of Facet Pairs P 2.9
Preparation of a Hash Table of Facet Pairs | H» 0.95
Selecting Admissible Facets Az 0.08
Determination of Facet Hypotheses B
by Set Comparison, h 3.59
Continuous Optimisation

Table 4.2: Time consumption during steps of detection

available, the given algorithm cannot distinguish between multiple valid solutions
for symmetric objects. In real world applications, from the perspective of tactile
grasp these multiple solutions are indistinguishable. Hence finding only one is a
good result. A limit to this may occur if the weight of the object is to be considered
for any reason and valid solutions refer to different distributions of weight. This,
however, is beyond the scope of this work. For evaluation purposes comparability
of a found solution and a previously-assumed measurement has to be guaranteed.
Therefore, to ensure unique, reproducible results, the sample objects are deformed
in several directions such that no simple symmetries exist, but sharp edges and
general object vertices are preserved. Five sample objects are used: a torus, a
cube, a cone, a sphere and a tetrahedron. The properties of these objects are listed
in table 4.3. Images are given after the table.

char. char.
no. of no. of . .
name . length of length in figure
vertices facets .
object [cm] facet [cm]
Torus 400 800 3.19 0.353 4.35
Cube 50 96 2.72 0.858 4.36
Sphere 542 1080 3.98 0.358 4.37
Cone 61 80 3.38 1.26 4.38
Tetrahedron 34 64 3.87 1.23 4.39

Table 4.3: Sample objects for evaluation of position detection

In this chapter, a four finger hand is used. Measurements are given relative to
the typical length of edges of the object’s facets. This is computed as the mean
length of all edges in an object. As a reference the typical dimension of the object
is also given as v/V with V' being the volume of the sample object.
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Figure 4.35: Deformed torus Figure 4.36: Deformed cube

&[5

Figure 4.37: Deformed Figure 4.38: Deformed Figure 4.39: Deformed
sphere cone tetrahedron

4.4.1 General Reiability

Randomly, four facets are selected as contact points. The noiseless model is
shifted (10cm, Ocm, 5em) and rotated (5°,6°,7°) around the three axes of a fixed
system. Measurements are taken from the model, consisting of position and nor-
mal of a contact point located in the barycentre of the selected facets. In each
individual simulation run up to 100 of the best hypotheses for a match between
measured impression and model are evaluated. Each hypothesis renders a set
of four facets taken as those facets containing the point of contact in the object
model. Secondly the translation and rotation are obtained that transform coordi-
nates of the object model given in its own coordinate system to world coordinates
used in the measurements. The accuracy and uniqueness of a hypothesis depends
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on the chosen grasping points. This dependency on one particular test case is not
desirable for a general evaluation. Thus a large number of 150 simulation runs are
performed for statistical evaluation.

Reliability of Individual Facet Estimates

At first, the reliability of the best hypothesis compared to the following hypothe-
ses for a set of contact facets and associated object positions is examined. One
measure of quality for a given hypothesis is the probability P of obtaining a given
measurement, provided reality is as described in the facet hypothesis and position
estimate. This probability has been introduced in section 4.2.4. In this chapter,
the pairing hypothesis and related position estimate is simply called the estimate.
The statement that an estimate is the best estimate has a high significance when
the estimate has an isolated high probability for a given measurement, whereas
other estimates have significantly lower probabilities of producing the given mea-
surement. In contrast, the significance of the best estimate is poor when the prob-
ability of the given measurement is equally high over a number of estimates.

Test 1 Test 3 Test 1 Test 3
Test 2 Test 4 Test 2 Test 4

500 1
400 / / 0.8
300 0.6
3 sal
200 0.4

100 » 0.2

—
0 | 0 _

20 40 60 80 100 5 10 15 20 25 30
K K

Figure 4.40: Value of y? of a facet Figure 4.41: Likelihood of a facet
hypothesis under 0% noise hypothesis under 0% noise

For a first examination, the deformed torus is used as sample model with no
noise. Four randomly selected test configurations are measured. In figure 4.40 the
minimum value of the merit function 2 is plotted for the best 100 facet hypotheses
of each test case. The cases have been sorted by the value of y2. In this type of
plot, a flat curve would mean that between estimates the value of y? changes
only little. Hence a rating of the relative quality of one estimate with respect to
another would be hard. A strongly-increasing curve would indicate a significant
distinction in the quality of estimates. For all four test cases, the value of x? is
below 10 for the first few estimates in the plot and increases to above 400 for the
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hypotheses rated most improbable. The rate of increase, however, depends on
the test case. This means that some points of touch of fingers at an object have
a higher capability for exactly locating the object, while others vote for several,
possibly similar, object positions.

The distinctiveness of estimates is even more clear, when regarding the likeli-
hood P = ¢=*" of obtaining the given measurement when the facet hypothesis 7
was true. This likelihood is plotted in figure 4.41. In contrast to equation (4.18)
the yet unknown proportionality constant is set to 1 in this computation. In or-
der to determine actual probabilities, this constant has to be computed such that
>z P = 1. As can be seen here from the unnormalised plot, the likelihood of

a measurement given a particular hypothesis h, decreases rapidly to zero. Esti-
mates h, €]100,m"] beyond the 100 best estimates have a very low likelihood
P,. To achieve comparability this likelihood is set to zero P, = 0,a €]100, m"]
and the likelihood of the remaining 100 estimates can be normalised such that
2100 P, =1.

a=1

In order to determine the significance of the probability P, as a measure, a
statement has to be made about how similar estimated and simulated facet tu-
ples are. Similar facet tuples describe contact positions in the same region on the
surface, whereas if the facet tuples are not similar they refer to different points of
contact in the simulation on the one hand and in the estimate on the other hand. For
this purpose a cumulative facet distance d is defined as d = .7 ([|Zoci — Tocsll)s
with :Afom- being the barycentre of the estimated facet 7. In figure 4.42 the evo-
lution of this cumulative facet distance here over up to 300 best facet hypotheses
ha,a € [1,300] is depicted. First, it can be seen that in test cases 1, 3 and 4 the total
number of facet estimates is already limited to 145, 168 and 88 respectively by the
grasp conditions despite a generous tolerance o and o,. This confirms the pre-
vious assumption of P, = 0 for larger a. Second, approximately the first ten facet
hypotheses have significantly smaller cumulative distance than the remaining hy-
potheses. It is less than 0.5cm which is in the range of four times the characteristic
length of a facet of 4 - 0.353cm = 1.412cm. The multiplication by four corre-
sponds to the sum of four distances in the computation of cumulative distance. In
these estimates, none or only one of the four facets misses the simulated value. Re-
garding the cumulative distance in estimates a € [10, 100], the value corresponds
to four times the average distance within one facet of 4 - 0.353cm = 1.412cm (see
table 4.3). This value is to be expected as these estimated facet tuples lie in the im-
mediate neighbourhood of the simulated configuration. Only a slight tendency for
d to increase can be seen. The variation between successive hypotheses is dom-
inant. Assuming a minimum neighbourhood of 6 facets per examined facet, this
generates 6 = 1296 hypotheses. All the hypotheses represent geometrically sim-
ilar configurations to the simulated one. Thus other, minor factors determine the
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quality of the match beyond the 10 best estimates and hence explain the large vari-
ations without significant trend. This, however, is an indication for the robustness
of the algorithm. Obviously only the immediate surroundings of the simulated
value are taken in consideration as hypothesis.

d
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Figure 4.42: Cumulative distance of Figure 4.43: Probability distribution
a facet hypothesis under 0% noise  of cumulative distance under 0%
noise

In order to determine the likeliness of obtaining a hypothesis with a particu-
lar cumulative distance, for figure 4.43 the 100 best hypotheses are grouped into
classes of similar cumulative distance d. For each class the associated probability
P is depicted. Of course, the results show a general dependency of the reliability
of estimate on the particular test case. However, the most likely cases lie at values
of d < 0.2cm. This is significantly below the typical distance 0.353cm in a tri-
angle. The probability decreases to zero with higher distances. This again proves
the solidity of the estimate.

Reliability for Several Estimates

The evaluation of the results given above only allows conclusions about the par-
ticularly selected simulation runs. To overcome this limitation, the probability
distributions of the previous section, namely of the cumulative distance d over the
100 best estimates, are compared for 150 different test runs.

At first the expected values of the probability distributions of d are compared.
The expected value is defined accordingtoas d = > d,, - P,. Figure 4.44 shows
that the prediction is closely gathered around O throughout the 150 test cases.
There is only one isolated outlier and all other expected values are less than a
typical distance 0.353cm away from the true value. Note again that the cumulative
distance is the sum over the distances of four contacts. If all contacts were one
facet away, a typical cumulative distance would be 4 - 0.353cm = 1.412cm.

Another characteristic of a distribution is its entropy, a measure of how closely
all values are gathered around the expected value. The entropy is defined in
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Figure 4.44: Distribution of cumu- Figure 4.45: Distribution of entropy
lative distance over 150 test cases over 150 test cases under 0% noise
under 0% noise

[Kre9l] as H = — >, P,In P,. In the case of a homogeneously flat distribution
of 100 estimates it takes the value H = —)",,,1/1001In(1/100) = In(100) =
4.6. In the other extreme, when the distribution has only one isolated peak the
entropy takes the value H = 1 -1In(1) = 0. Accordingly, in figure 4.45 the en-
tropy of the probability distributions over the 100 best estimates in 150 test cases
is depicted in a histogram. The entropy for these test cases of 0% noise in the
setup is low in most runs, and in all runs significantly far away from an even dis-
tribution. The number of counted runs decreases in bins with higher values of the
entropy. It can hence be concluded that the choice of a best hypothesis as estimate
is meaningful as it differs from other hypotheses significantly in quality.

Concluding, both the choice of the geometric location of an estimate as well
as the significance of a particular choice is reasonable. This has been tested over
a large number of 150 trials. In a few test cases there are, however, facet config-
urations that are almost equally good and close to indistinguishable. It is these
configurations that are most likely to be influenced by measurement disturbances.
This, however, poses no problem, as these tests proved that all these configura-
tions lie in close vicinity to the simulated configuration and are hence also in-
distinguishable in geometric terms. Consequently they can be considered to be
equally good estimates.

4.4.2 Validity of Resultson Different Objects

Finally, the general validity of the results of simulation is verified for the addi-
tional test objects of figures 4.36 through 4.39. The same examination is per-
formed as described in section 4.4.1 for the model of a deformed torus.

In figures 4.46 and 4.47, the results are depicted for a deformed cube. The
typical length of a facet in this model is 0.858cm and the typical length of the
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Figure 4.46: Distribution of cumu- Figure 4.47: Distribution of en-
lative distance for a deformed cube tropy for a deformed cube under 0%
under 0% noise noise

object is 2.72cm. Again, a distinct peak around an expected cumulative distance
of 0 can be noted. The expected values of only a few test runs were in the range of
[Ocm; 1.4em = 4 - 0.34cm]. This is again below the typical distance. Only 3 test
runs had an expected cumulative distance of more than 4 - 0.858cm = 3.432cm.
Also the entropy distribution is very clear. A large peak can be seen around 0.
Only very few runs did not allow a significant decision on one best hypothesis.
The decisions could be made with more significance in the case of the cube than
in the case of the torus (see figures 4.46 and 4.47).
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Figure 4.48: Distribution of cumu- Figure 4.49: Distribution of en-
lative distance for a deformed cone tropy for a deformed cone under 0%
under 0% noise noise

For the case of a cone, the results are depicted in figures 4.48 and 4.49. The
typical distance of facets in this object is 1.26cm and the typical length of the ob-
ject is 3.38cm. Also in this object, the expected cumulative distance peaks around
0. However, a second peak can be spotted at 0.35cm. This peak represents those
hypotheses that contain one facet which is neighbouring the simulated one in the
direction parallel to the cone’s bottom plane. Similarly the third peak at 0.8cm can
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be explained. Obviously the previous rotational symmetry of the now deformed
torus is still visible. The measure of a typical distance in a triangle is, in this par-
ticular case, not useful as a significant part of facets are very long but narrow. The
plot of entropy also mirrors this ambiguity. In some test runs, obviously a facet
combination was simulated that is very distinctive. In others, several hypotheses
had similar likeliness. Hence, the peak around 0 is not as particular as in the pre-
vious cases. Especially, the second peak at an entropy of 0.7 ~ — >, 1/21n(1/2)
can be explained by 2 hypotheses having similar likeliness. This exhibits the orig-
inal symmetry of the cone. Generally, however, all test cases were still far away
from an even distribution and the values of expected cumulative distance still show
that the most likely hypotheses are in the neighbourhood of the simulated contact
points.
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Figure 4.50: Distribution of cumula-  Figure 4.51: Distribution of entropy
tive distance for a deformed sphere for a deformed sphere under 0%
under 0% noise noise

The behaviour seen at the cone is even more obvious for the deformed sphere.
The sphere has a characteristic length within a facet of 0.358cm and a typical
object dimension of 3.98cm. The topological structure of the sphere is such that
a facet has a total of 14 neighbours. Four of the neighbours are about 60% of
the average edge length within one facet away. This corresponds to an average
of 0.22cm throughout the object. The other neighbours have a larger distance.
Figure 4.50 shows the distribution of d over the test runs. Only a few test runs
had an expected value around 0. A peak occurs at d = 0.18cm. This represents
half the typical distance of a facet and is hence slightly less than the 60% of a
typical distance, the distance between the closest neighbouring facets. The 100
best hypotheses throughout the 150 test runs are hence closely gathered around the
true hypothesis at a distance which indicates that one finger is in a neighbouring
facet. The distribution of the entropy values is shown in figure 4.51. Here the most
hits have been achieved at an entropy of 2.2. This corresponds to nine equally
probable hypotheses in a test run. From the geometrical consideration above,
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we know that there are 14 facets neighbouring the true choice with increasing
distance. Hence an entropy value of 2.2 also corresponds to a distinctiveness of the
region around the true value. It is to be noted again that, in this examination, the
best hypothesis of a single test run is not examined. Instead, the 100 most probable
hypotheses are examined with respect to how distinct the best hypothesis is and
how different these hypotheses are, i.e. whether they vote for similar grasps. In
this context it can be stated that, even in the difficult case of a deformed sphere, the
100 best hypotheses throughout the 150 test runs are closely gathered around the
true hypothesis at a distance which indicates that one finger is in a neighbouring
facet.

In contrast to the two cases before, the last test case, the deformed tetrahedron,
is an example for a body that is extremely good for position estimation. The typi-
cal length of a facet in this object is 1.23cm. The typical dimension of the object is
3.87cm. As shown in figure 4.52, throughout the 150 test runs the expected value
of d is less than 25% of a typical facet distance. Also the entropy (see figure 4.53)
is below 0.2. For this object, regardless of the grasp, as long as it is not completely
degenerate, a very distinct choice of the best hypothesis can be made.
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Figure 4.52: Distribution of cumula-
tive distance for a deformed tetra-
hedron under 0% noise

Figure 4.53: Distribution of entropy
for a deformed tetrahedron under
0% noise

For all objects and general, not degenerate grasps it can hence be stated that
the choice of the best hypothesis as estimate for the true contact locations is mean-
ingful and also the next likely hypotheses vote for similar grasps.

4.4.3 Robustness of Estimate against Noise

Now, after examining the stability of the presented algorithm in general, in this
section a conclusion is to be drawn on its robustness against noise in the measure-
ment. In order to simulate an inaccurate model, the position of the model vertices
are disturbed by white Gaussian noise with zero mean and a standard deviation
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of p € {1%, 2%, 3%} of the typical length of edges of the object’s facets. In this
section, the simulated measurements were taken from the true object model. The
disturbed object, however, was given as reference object model to the algorithm.
In this simulation, only 50 test runs were performed. In the following plots, the
different levels of noise are depicted together, with 1% of noise shown as red, 2%
of noise as green and 3% of noise as blue bars.
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Figure 4.54: Distribution of cumu- Figure 4.55: Distribution of entropy
lative distance for a deformed cube for a deformed cube under 1%-3%
under 1%-3% noise noise

In figures 4.54 and 4.55, the expected values and the entropy of the probability
distributions of 50 test runs are depicted for the deformed cube. The cube has a
typical facet length of 0.858cm. For the cases of 1% and 2% of noise, most ex-
pected values are located around 1cm having only single cases beyond that maxi-
mum. This corresponds to a close neighbourhood to the true facet hypothesis with
one finger at another facet. A different observation can be made when regarding
the associated values of entropy. While in the case of 1% of noise most values of
entropy lie in the range between 3 and 4, in the case of 2% of noise those values
are narrowly gathered around 4.4 which is very close to the value of 4.6 for an
even distribution. So, while in the first case it is still reasonable to consider the
best estimate, in the second case all hypotheses are almost equally good. Never-
theless, as the expected values above suggest, in the latter case even when picking
any of these equally good hypotheses, the cumulative distance is still small and
hence the geometrical location of the 100 best hypotheses is also similar. For the
case of 3% of noise, most expected values of cumulative distance are in the range
of Icm t0 2.2cm = 4 - 0.55cm = 3 - 0.73cm. Here, more than one finger is on
a neighbouring facet but all fingers still remain in a neighbourhood around the
true facet hypothesis. Not surprisingly, here also the value of the entropy is in
most cases that of an even distribution. In all cases, despite the noise on the ob-
ject model, the 100 best facet hypotheses are still closely gathered around the true
value although they get less distinguishable with an increasing amount of noise.
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In contrast to the previous observation, the contact locations at a deformed
tetrahedron can be detected even with higher levels of noise. The typical facet
length in the deformed tetrahedron is 1.23cm. As figures 4.56 and 4.57 show,
most expected cumulative distances d are gathered in the range between 1cm and
2cm for all three levels of noise. This corresponds to some hypotheses with one
finger at a neighbouring facet and few hypotheses with two fingers in vicinity of
the true facet. Also, the distinctiveness of the best hypothesis is still granted: The
values of entropy increase with increasing level of noise. Nevertheless they are
still below the value of an even distribution.
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Figure 4.56: Distribution of cumula- Figure 4.57: Distribution of entropy
tive distance for a deformed tetra- for a deformed tetrahedron under
hedron under 1%-3% noise 1%-3% noise

Summarising the findings of this section, the quality of the estimate depends
first of all on the distinctiveness of contact points and secondly on the distinctive-
ness of the grasped object. Simulations however have shown that the location of
contact points on the object can be determined to a close neighbourhood of the
true value, including where there is limited measurement noise. The meaning of
one single “best” hypothesis decreases however with increasing level of noise. In
the case of strong noise and hence a large amount of similarly good estimates,
which do not correspond to geometrically-similar contact points at the object, the
algorithm presented here has to be extended to include further knowledge, for ex-
ample about impossible contact locations. This is similar to man picking up for
example a cup blindly, knowing to grasp it from the outside, not from the inside.

Concluding this chapter, it can be said that from the knowledge of a geomet-
rical model of a grasped object and from the measurement of contact points and
contact normals as seen from the fingers, the positions of the contact as seen from
the object and the position of the object can be determined. Numerical evaluations
showed that the choice of a particular contact location at the object, i.e. the choice
of particular facets of the geometrical model of the object, is meaningful for a
variety of objects and levels of noise.



Chapter 5
Experimentswith DLR Hand ||

In the previous chapters, three algorithms were developed, to detect the point of
contact and the position of the object during robotic grasping. These algorithms
can improve the robustness of picking up an object by a robot hand in real world
scenarios: In contrast to carefully arranged laboratory setups, there, disturbances
usually prevent the execution of a task exactly the way it was planned. This section
now proves the real world suitability of the presented approaches in experiments
with the DLR Hand 11 (see figure 5.1).

Figure 5.1: Experimental setup of the DLR Hand Il

At first, the course of the experiment and the required setup is described in
section 5.1. In section 5.2, experiments on the detection of the contact point using
kinematic constraints is presented and the performance of computation is evalu-
ated. With the obtained contact points, in section 5.3, the position of the object is
determined
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5.1 Experimental Setup of theDLR Hand I

In this chapter, the grasping experiments are performed with the DLR Hand 11,
already described in section 2.1.1. One major design goal for this hand was “mod-
ularity”, allowing to exchange components on each level of implementation from
hardware through actor/sensor electronics and data transmission up to the differ-
ent levels of control. This modularity allows easy adjustment of the whole system
DLR Hand Il to different setups as well as the rapid implementation of new fea-
tures. The concept of modularity requires self contained units for each level: The
hand system as a whole is self contained and can thus be operated stand-alone
as shown in figure 5.1 and also be mounted on different robot arms (see figure
1.1). Each finger of the hand also represents one module and is hence exchange-
able with another finger. Similarly, control systems are plugged together from
individual modules in order to rearrange the controller for different tasks.

The data management reflects this modularity of components: Each finger has
one FPGA, which collects and bundles the measured data and broadcasts a pack-
age of values to a palm control FPGA. This FPGA again collects the data of all
fingers and routes it through a serial cable to an external industrial power-pc (in
the right of picture 5.1). In this computer low-level control tasks as position con-
trol of individual fingers are performed. The hardware unit is interfacing another
power-pc in the same rack which is performing higher level controls as motion
generation. Low level and task level control are operated at a rate of 1kHz. In
the experiments, the measurements are transfered to the external user level using
a TCP/IP connection to a standard Linux PC for storage. This connection is not
time critical. All algorithms are intended for open loop usage and moderate signal
delay is hence not an issue. The external user level (laptop in the left of picture 5.1)
is not generally required for experiments and is used here for convenience of oper-
ation. For a more detailed description of the hard- and software setup, the reader
is referred to [HBF™03]. For general applications of the hand see [BFH*03a].
In contrast to these applications, the hand is operated stand-alone without robotic
arm to clearly demonstrate the performance of the algorithms presented in this
thesis.

In the experiment, the fingers of the DLR Hand Il approach a mocca maker
(see figure 5.2). No a-priori knowledge about the position of the object or the
contact points of the fingers is available. Hence, as the fingers make contact, a
heuristically determined grasping motion towards the object is initiated. In order
to determine the point of contact, the method exploiting kinematical constraints is
chosen. This method evaluates velocity measurements. Therefore, after contact-
ing the object, the fingers perform a generic motion, which moves the object in the
hand and the fingers along the surface of the object. In order not to loose contact
while moving, the fingers are controlled using an impedance control scheme:
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The repositioning force of each finger is
proportional to the deviation from it’s desired
position, the fingers behave like a mechanical
spring. Thus, all fingers can, to some extend,
perform a motion without coordinating the indi- |
vidual trajectories of each finger. Due to the lack &
of knowledge about the individual contact posi-
tions and contact normals, no coordinated mo-
tion can be described yet. As the finger tips of
the DLR Hand Il are spherical and covered with
silicone, translations at the contact point along
the surface are inhibited while rolling and twist
along the surface normal is possible. From the
velocity measurements obtained during the mo- }
tion, the finger contact position can be estimated
by the algorithm presented in section 3.1. Figure 5.2: DLR Hand Ii

grasping a mocca maker
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Figure 5.3: Position of the thumb

In this experiment, the thumb has been chosen to lead all exploratory motions.
Index, middle and ring finger move mostly in response to these motions as a result
of the impedance control law. In only a few instances of the exploratory motion
the impedance control is supported by a heuristic, small motion of the three rear
fingers in order to guarantee a satisfying contact force. At first, the thumb is
moved from left to right for 40s also moving slightly towards the other fingers,
hence moving along an ellipsoid. Then, from the initial position again, this finger
is moved forward and backwards for 20s and finally moved up and down for an-
other 20s (see figure 5.3). The translational velocities of the centre of the thumb’s
tip sphere are depicted in figure 5.4. Note, that this motion is caused by a plain
rolling motion along the contact.
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Figure 5.4: Translational velocities of the thumb

5.2 Contact Point from Kinematic Constraints

At first, the motion of the fingers is evaluated according
to section 3.1: Both, Cartesian position and Cartesian veloc-
ity of the finger tip reference is used to estimate the contact
location and contact velocity on the surface of the finger tip,
which is spherical with radius 12.5mm in the region of inter-
est. The location is described by the two contact joint angles
longitude (u) and latitude (us) as illustrated in figure 5.5.
For the evaluation of the experiment, the observer described
in section 3.1.4 is applied. Two separate systems are used, Figure 5.5: Con-
each working on groups of three fingers. System a estimates tact parameters
the contact position of thumb, index and middle finger. Sys-
tem b estimates the contact position of thumb, middle and ring finger. Parting
the fingers of the hand shows the applicability of the approach for the minimum
amount of fingers working in a grasp, namely three, and also allows a comparison
between the two estimates. The initial values for the longitudinal parameters of
each finger are set to 0° while the latitudes are set to 30°. The standard deviation
for the translational velocities is 20mm/s and for the angular velocities 11°/s.
The initial standard deviation of estimate is 81°/s for the contact velocities and
18° for the contact joint angles. After each step, the state covariance is updated
and system uncertainty is added. This system uncertainty is velocity dependent
for the contact joint angles and acceleration dependent for the contact velocities.
An uncertainty of 100% of the last change in contact position and 200% of the last
change in contact velocity is used. The result of the estimate for the longitudinal
parameters of system a and b are shown in figures 5.6 and 5.7. The latitudinal
parameters are depicted in figures 5.8 and 5.9. Figure 5.10 depicts the square root
of the diagonal entries of the covariance matrix of the contact states of system a,
solid for latitudes and dashed for longitudes. Provided, the assumption on noise
in the measurement and on uncertainty in the dynamics of the states is properly
chosen, these numbers represent the standard deviation of the estimates of the re-
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spective states. In any case, however, the values indicate the range of uncertainty
within the estimates. In order to relate the development of the standard deviation
of estimates to the motion of the fingers, the velocity of both contact parameters
at the thumb is also sketched in these figures. For comparison, absolute values of
the velocity are irrelevant. Thus, lines are scaled by the factor of three and shifted
by 2 and —1 respectively to improve visibility in the plot. In figure 5.11, the cur-
vature of the first, estimation correction part of y is depicted in both directions
of surface parameters, u;; (red) and w2 (green), of the thumb. For comparison,
again the respective parameter velocities are also depicted scaled and shifted in
the same colours.
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Figure 5.6: Longitudinal angles of Figure 5.7: Longitudinal angles of
thumb, index and middle finger thumb, middle and ring finger
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Figure 5.8: Latitudinal angles of Figure 5.9: Latitudinal angles of
thumb, index and middle finger thumb, middle and ring finger

Throughout all four plots of contact parameters, the velocity of the finger is
clearly visible also in a motion of the contact angles. For the first 40s, during the
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ellipsoidal left/right motion of the thumb, the estimated longitude of the contact
points changes significantly, while the latitude varies only little. For the next
20s, while the finger is moving back and forth, the change is generally smaller.
However, more change is seen in the latitudes than in longitudes. Finally, during
the last 20s the change in latitudes is significant, while the change in longitudes
is small. Also obvious is the steady behaviour in the beginning and the end of
the experiment, where the fingers did not move. Here, no information about a
possible error in the estimated contact angles can be obtained. The observer hence
maintains its actual value.

Comparing the longitude of the thumb in system a and b it can bee seen, that
after 40s both longitudes converged to close values of —20° and —10°. On the
other hand, the latitudes differ more. The left/right ellipsoidal motion causes a
rolling across longitudes and somewhat across latitudes. Hence, in principle, the
curvature of the first, estimate correcting part of x is higher in the direction of
latitudes and lower for longitudes (see figure 5.11). Nevertheless, the uncertainty
inflicted through motion is lower in the direction of latitudes. Thus, the second,
memory term in x keeps the values of latitude changing slower than the longi-
tudes. This can also be observed in the plot of standard deviation 5.10. The
uncertainty on the thumb’s longitudinal parameter decreases from 19° right after
the start of the motion to 15° in system a. On the other hand, the uncertainty in
latitudes decreases to 7°.
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Figure 5.10: Standard deviation of Figure 5.11: Curvature of correc-
thumb, index and middle finger tion part of x for thumb in sys. a

During the following two phases of motion for the thumb, the motion travels
more along latitudes, hence the uncertainty in latitudes increases due to system
noise(see figure 5.10) while the curvature is lower (see figure 5.11). Still, the
difference between both systems decreases in the last two sequences of motion to
about 10°,
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In general, a similar behaviour can be recognised for the other two fingers in
both systems with one exception: The information on longitudes increases very
slightly in the last phase for index and middle finger of system a although not a
significant increase, this corresponds to visible motion across longitudes in figure
5.6.

For one instant in time, at t = 89.632s, the es-
timated position of contact and the associated surface
normals are depicted in figure 5.12 as contact frame
with the normal drawn in blue as one coordinate axis
and two tangential vectors as remaining axes.
Concluding this section, the experiment proved the
applicability of the approach presented in this thesis:
When multiple fingers are grasping and moving an ob-
ject, velocity measurements subject to kinematic con-
straints may be used to estimate the point of contact
between the fingers and an object. This is also true in
the presence of a significant amount of measurement noise in both the position
and velocity of the finger tip as presented here. It has also been shown, that this
approach will work reliable with the smallest possible number of three fingers in
contact. A comparison has been made for two different groupings of three fingers
out of four.

Figure 5.12: Estimate
of contact location and
surface normal

5.3 Detection of the Position of Objects

In the previous section, the points of contact between the fingers and the object
together with the surface normals at that point have been estimated. These values
are given as location and direction on the surface of the finger. In this section, con-
tinuing the experiment from above, a demonstration of the algorithms proposed in
chapter 4 is presented: From the estimated points of contact at the finger tips, the
points of contact on the mocca maker and the position of the mocca maker rela-
tive to the hand reference system are estimated. At first, a geometric model of the
mocca maker from figure 5.2 is obtained using the DLR range scanner [Sup02].
The process of obtaining a geometrical model of the surface of the mocca maker
has been described in section 2.2.3. Using these algorithms, a triangulated model
is obtained as depicted in figure 5.13. In order to reduce the effort of estima-
tion, those parts which cannot be contacted by the finger tips can be cut out of
the object description. Also, the mocca maker is obviously symmetric with re-
spect to its longitudinal axis. The fingers are unable to feel any difference, when
the mocca maker is rotated around this axis. Hence, an estimation of the object
position would result in several equally likely hypotheses. In terms of the usage
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of object position in other algorithms, this poses no problem as all positions are
also indistinguishable for them. However, in order to reduce computational effort
these ambiguous hypotheses do not have to be considered further. Without loss of
generality, one side of the mocca maker can be chosen as contact region for the
thumb. Now, again those regions unreachable for index middle and ring-finger can
be pruned (see figure 5.14). Finally, the accuracy of the model can be adjusted to
the accuracy of measurements. As the point of contact at the finger tip can only
be estimated with a precision of about 2mm due to noisy measurements, also the
object model is required to have only a precision of this magnitude. Here, a large
advantage of the presented algorithm becomes clear: The surface description does
not have to be continuous. The algorithm works on individual facets rather than
on continuous surfaces. This can be used for model reduction: In order to keep
that information which remains in the model accurate while nevertheless reduc-
ing its spatial density, some facets are removed. Others are left untouched. The
model will become perforated this way (see figure 5.15). This method is in con-
trast to the application of model reduction algorithms, which decrease the number
of facets, preserve a continuous surface but consequently reduce the precision of
the remaining facets.

Figure 5.13: Model of  Figure 5.14: Reduced Figure 5.15: Perfo-
a mocca maker model rated model

For the estimation of object position and object contact locations, the finger
contact points and surface normals obtained in the previous section are used at
t = 89.632s (see figure 5.12). From an a-priori knowledge of how a mocca maker
is usually grasped, an initial guess for its location and orientation can be obtained:
The origin of the model as depicted in figure 5.13 is most likely located near the
weighted centre of the contact points 70" ~ 1/6 (3 * :i’%f + fﬁfﬁ% + fﬁf;’% + fﬁfﬁi) :
The weighting balances the importance of the index, middle and ring finger on the
one side with that of the thumb on the other side. The orientation of the object can
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similarly be guessed as initial value. This initial guess is depicted in 5.18 as red
spheres for contact points of thumb, index and middle finger. The contact point of
the ring finger is depicted in yellow to illustrate the orientation of the hand.

As seen in the previous section, due to noise on the measurement of finger
velocities and finger positions, the estimate of contact position is also subject to
uncertainty. This uncertainty allows a relatively accurate determination of the
point of contact. The direction of the normal however depends on the point of
contact on a sphere of 12.5mm radius and changes noticeably with changing con-
tact points. Hence, the accuracy of the estimated point of contact is higher than
the accuracy of the estimated surface normal. During the determination of pos-
sible facet hypotheses, when facets are read from the hash table H, (see section
4.2.2), according to equation (4.10), the measurement uncertainty can be taken
into account. This uncertainty has been set to +-30° for the relative angle between
two surface normals and to +1mm for the relative distance between two contact
points. During the test of hypotheses, the standard deviation of the lateral dis-
tance (see equation (4.15)) has been set to also 1mm, the standard deviation of
the surface normal (see equation (4.13)) has been set to 0.68mm per component
of the vector. The distance d;. along the surface normal in the remaining part x3
(see equation (4.14)) depends not only on the precise knowledge of the contact
position but also on the surface normal. However, in this particular setup, the
knowledge of the contact normal is much worse than the precision of the contact
position. During the optimisation of 2, the compensation of this contribution of
surface normals to 3 leads to an undesired deviation of the translation estimate
of object position. As mentioned, this only occurs in situations with a large dif-
ference in accuracy between position and normal of contact. To overcome this

2
situation, another term x% = 1/2 ng§3k:r§;‘;>x;?k + dé‘g)k has been introduced.
This part penalises the distance of the point of contact on the finger tip from the
plane of the facet k. The part x2 has been weighted little by setting the respective

standard deviation to 4mm.

The location of the mocca maker during the experiment is depicted in figure
5.16. The estimation of the object position from the contact points and normals
as obtained in the previous section is shown in figure 5.17. In this figure, the full
model of the mocca maker has been overlayed by the working mesh, depicted
as black wire frame. It can be seen, that both, contact points on the object and
position of the object are adequately estimated.

For the working model alone, the estimated facets of contact and the corre-
sponding position of the mocca maker relative to the fingers are depicted in figure
5.18. The position of the contact point on the finger is marked with a blue sphere
with the respective surface normals attached to it. The contact point of the ring
finger is marked by a cyan sphere for better illustration of the hand orientation.
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Figure 5.16: Experimental situation Figure 5.17: Estimated position
of a mocca maker
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The spheres totally cover the respective contact facet. It can be seen, that the fit of
position is accurate while the surface normals are somewhat misaligned. A proper
choice of the standard deviations of the individual parts of y2 guarantees a satis-
fying estimation of object position despite some inaccuracies of measurement.

The robustness of the estimate can also be seen in figure 5.19. The ten best
hypotheses of contact facet tuples have been shaded from red to blue, with red
being rated as the best of the ten. All hypotheses refer to similar contact locations,
some facets are common through nine out of ten hypotheses. This observation
confirms the choice of these regions as the most likely regions for each finger.

Concluding this section, it can be stated that the proposed method of estimat-
ing the location of contact on the object and the position of the object succeeds
in the experiments. The position of the object has been estimated from the point
of contact and the surface normal obtained from four fingers grasping a mocca
maker. The presented algorithm is suitable for enhancing the sensing capabilities
in robotic grasping systems as the DLR Hand II.
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Chapter 6

Conclusion

6.1 Resultsof thisWork

This work addresses a problem of robotic applications in realistic, natural environ-
ments. In such environments, it is desirable to perform a large variety of different
tasks most of which require grasping or manipulation of objects. In order to keep
the effort of equipping the robot small, the robot used in these scenarios should
only use one single, generic tool. It was argued that the most appropriate generic
tools in humanoid environments are robotic hands. It has been explained that in
order to properly grasp and manipulate objects with these robotic hands, the lo-
cation of the contact point between the object and the surfaces of the fingers is
required. Besides, before and also during grasping, the location and motion of the
object is necessary for proper handling. In previous work, this information has
been obtained from vision or tactile sensors. However, tactile sensing is not avail-
able in all robot hands and during grasping, situations may occur where vision is
not feasible. Nevertheless, usual robotic hands are equipped with force/torque or
at least position sensors that can be used as substitute to obtain the same infor-
mation. In order to tackle the problem of contact point detection without tactile
sensing, two different types of algorithms have been developed.

A method for contact detection has been proposed which is based on veloc-
ity readings for all fingers: The relative velocity of different pairings of fingers
in a multi-fingered grasp are compared. Hereby, constraints on the motion of the
object along the surfaces of the respective finger tips occur, e.g. in some cases of
contact, the two bodies may only roll on each other but not slide. Knowledge about
both, motion constraints and relative finger velocity allows the determination of
the position of the contact point along with its evolution over time. Additionally,
also the motion of the object over time can be tracked. Two methods have been
proposed to obtain this information. The first method is based on a strict geomet-
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ric interpretation of a system of equations whereas the other method proposes an
information filter, dual to a Kalman filter. Both algorithms involve the minimi-
sation of a merit function, each of which has been numerically examined, using
the kinematic description of DLR Hand Il as example. Additionally, a kinematic
simulation of a moving object with varying levels of measurement disturbance has
been performed to point out the tracking abilities of the algorithm introduced here.
The examinations have been performed for an observation of three fingers, which
is the minimum number required for a secure grasp. The use of only three fingers
in the evaluation also ensures the feasibility of the proposal in the case of finger
gaiting and regrasping. As the quality of the estimate increases with the number
of fingers included, this examination can be considered a worst case scenario.

A second section presents a generalised method to evaluate force and torque
information in the tip and in the body of the individual fingers, e.g. joint torques,
to determine the contact position between an object and the respective finger. This
method produces the point of contact as parameter values of a parameterised de-
scription of the finger surface. Also, the contact forces and torques transmitted at
the point of contact are returned. This approach is valid for all common models
of contact. The method has been formulated as an optimisation problem. Results
of numerical examinations and simulations have been reported using a descrip-
tion of the DLR Hand Il as example environment. The DLR Hand |1 is equipped
with three joint torque sensors and a six dimensional force/torque sensor. The
surface of the tip has been modeled as a sphere. It was shown that in this simu-
lation example, the longitude and latitude of the contact on the finger tip and the
transmitted forces and torques could be identified. The quality and robustness of
the merit function has been examined. With moderate disturbances, very accurate
localisation of the contact point could be achieved.

Both of the above methods estimate the point of contact on a geometrically
known finger tip in different ways. The kinematical method presented first re-
quires a motion of the objects which the individual fingers follow. It can be used
when several fingers are in contact with an object and requires only position or
velocity sensors which are present in any robot hand for position control. It is
particularly feasible for the tracking of the motion of the contact points on the
finger tips. The second method, called intrinsic, also uses force/torque sensors
demanding more sensory equipment, but can also be used for individual fingers
and when no motion of the object is desired.

Having obtained the point of contact for example by either of the above meth-
ods, the position of the object in the workspace as well as the contact positions
of the fingers on the object can be determined. This thesis presents a method to
obtain both from the point of contact and the surface normal at this point of con-
tact. In order to define the position of an object, a geometrical description of the
surface of the object is required. Here, a polygonal description has been identified
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as the most suitable object model. A pre-processing of the object model has been
suggested: Relative measures between individual polygons of the surface descrip-
tion can be computed and stored in an extended object model. This work presents
a quick method to search this extended model for feasible hypotheses of contact
locations of the finger tips on the object. The rapid handling of this search is essen-
tial, as a complete search would be of combinatorial complexity and the number
of polygons in a realistic object model is high. The hypotheses are tested for their
match with the measurements minimising a merit function. Statistical interpreta-
tion of the algorithm in the sense of a maximum likelihood estimate is given. The
algorithm is examined with respect to the properties of the merit function using
several object models and a statistical evaluation of the position estimation has
been presented.

Contact point detection and object position estimation have both been imple-
mented for and tested using the DLR Hand Il in a continuous experiment: Using
the kinematic algorithm, points of contact of a mocca maker at the finger tips
have been estimated. From these, the position of the mocca maker in the hand
was reconstructed. The suitability for real-world applications has been proven.

6.2 Perspective

This work made no particular assumptions on how a robotic hand grasps an object,
and hence did not make any restrictions about a particular type of contact or grasp.
Nevertheless, for the simplicity and clearness of presentation, for the numerical
examinations and experiments described in this thesis, a mathematical description
of precision grasps with soft finger contact have been applied. As this is not an ac-
tual restriction to the algorithms presented here, further research should explicitly
concentrate on other types of contact and grasp such as pinch grasps and evaluate
the behaviour of the given proposals. It may even be possible to extend both ap-
proaches of contact point detection to multi contact grasps, when an appropriate
contact model is guaranteed. For the detection by kinematic constraints this con-
tact model may include sliding for some fingers. This examination will extend the
impact of the proposed algorithms to both fine and precise handling of objects, as
well as strong and secure fixing of tools.

The kinematic approach to determine the position of contact relies on the
measurement of the redundant motion of several fingers and can hence, to some
extend, handle also heavy noise or even systematic measurement errors as mis-
calibration. The intrinsic algorithm comes to its limit when force/torque sensor
readings are heavily disturbed as its redundancy depends on the number of sen-
sors actually implemented in a finger but generally is low. However, the latter
approach is also applicable for individual finger contacts. When combining both
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kinematic and intrinsic, approaches a more robust algorithm would arise, which
allows both tracking contact points while manipulating an object in the hand and
also while statically grasping the object or initiating a grasp with not all fingers
yet in contact.

Reversing the flow of information, the ideas which are the basis of both algo-
rithms can also be used to calibrate the respective sensors. Instead of obtaining
the location of contact and the object position, a sample object can be grasped by
the hand. The location of which can be obtained by other means as e.g. a special
position tracking system [Art03]. With these measurements and the raw values
from position and force/torque sensors, these sensors can be calibrated.

Regarding the detection of object position, a lot of work has already been
undergone to detect the position of an object in the shortest possible time. Nev-
ertheless the algorithms can further be accelerated when a multi-resolution object
model is applied. Instead of searching all the object description for hypotheses
of contact positions in a high resolution, a coarse model could be searched for
the general regions of contact first. Only these regions have subsequently to be
examined at a high resolution for accuracy.

All presented work on small details will strengthen the robustness of a robotic
hand. By joining the work presented here with other results of research published
in literature, e.g. the proper choice of grasps on generic objects [BFHO3b], the
optimisation of force exerted on the contact points [Sch01], the path to a “black
box” grasping system can be struck. This black box grasping system consists of
a robotic hand and a library of abilities which can be selected and executed to
perform more complex tasks without dealing with low level grasp activities. The
grasping system will in turn provide information about the environment it col-
lected during operation. In a more general scenario, perception by touch will not
be enough. In order to grasp an object, it has to be located by other means as e.qg.
vision. Then coordinated movement of arm and hand in closed loop with vision
based perception is required. An approach of biologically inspired hand/eye coor-
dination during grasping with a parallel jaw gripper was proposed in [HPS*00].
Vision for grasping was examined in [RSL*02] and an initial setup of a larger
grasp system combining vision and grasping was presented in [HBBHO04]. A
black box grasping system would reduce the effort and increase the robustness
of such a coordinated eye / arm / hand system by far leaving room for delicate
manipulation and handling activities. As the survey of this thesis showed, sim-
ple easy-to-use hands are already available. A more sophisticated system should
follow now which takes advantage of the achievements of most recent results of
research on grasping and robotic hand developments.

The idea of an autonomous robot assistant motivated this thesis. The work
presented here contributed its part but the vision continues to persist. With a
highly sophisticated grasping system fusion with the results of other projects of
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humanoid and service robotics is the natural consequence and will lead to robots
which are able to obtain orders, autonomously deduct the necessary steps to per-
form the task, can simultaneously navigate in and learn about its surroundings,
discover and locate known and unknown objects and finally handle these. Re-
search can and will show and prepare the path to a robotic assistant and maybe
companion in the very near future. Society will decide how far the development
may walk along this path to increasingly humanoid robots and how much auton-
omy may be granted to them. As for all new developments in science, there have
always been advocates and, sometimes also for a good reason, adversaries. It is
the natural duty of research to show the possibilities and advantages of a devel-
opment, but also consider the drawbacks and risks. So let’s continue this research
while keeping Aesop in mind : Si quid agis, prudenter agas et respice finem.
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