.* National Library Biblioth
of Canada

Acquisitions and

ue nationate
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Welngton Street
Ottawa, Ontano
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.s.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellington
Ottawa (Ontario)

Your hle  Volie rdlérence

Our e Nolre 1dtdience

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec [l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a I'aide d'un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



UNIVERSITY OF ALBERTA

The Role of Tactile Sensing in Robot Manipulation

BY

Pavan Sikka @

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfill-
ment of the requirements for the degree of Doctor of Philosophy.

DEPARTMENT OF COMPUTING SCIENCE

Edmonton, Alberta
Fall 1994



National Li
L1 e

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canzua to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Ottawa (Ontario)

Your e Volre tdldrene

Out bl Notie idlérence

L’'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protége sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-95264-4

Canada



UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR: Pavan Sikka
TITLE O THESIS: The Role of Tactile Sensing in Robot Manipulation
DEGREE: Doctor of Philosophy

YEAR THIS DEGREE GRANTED: 1994

Permission is hereby granted to the University of Alberta Library to reproduce single
copies of this thesis and to lend or sell such copies for private, scholarly or scientific
rescarch purposes only.

The author reserves all other publication and other rights in association with the
copyright in the thesis, and except as hercinbefore provided neither the thesis nor any
substantial portiea thereof may be printed or otherwise reproduced in any material
form whatever without the author’s prior written permission.

Pal{\faxl Sikka

8796, C-8

Vasant Kunj

New Delhi - 110 037
INDIA

Date: ,“Ll:(}/l}.d f 5/ /‘999



UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and recommend to the Faculty of Grad-
uate Studies and Research for acceptance, a thesis entitled The Role of Tactile
Sensing in Robot Manipulation submitted by Pavan Sikka in partial fulfillment
of the requirements for the degree of Doctor of Philosophy.

.............

V2 G,

------------------

Dr. R. Rink (Examiner)

Dr. P. Rudnicki (Chair)

Date: A‘*‘ngt .5, 199(4,



To my parents,

Krishan Lal Sikka
and
Manorama Sitkka



Abstract

Robots must sense their environment and be sensitive to the changes taking place
if they are to move beyond performing a limited range of tasks in the structured
surroundings of a factory, to performing a variety of tasks in an unstructured and
unknown environment. This thesis addresses a key requirement for such robots.
namely, the capability of manipulation based on touch sensing. Tactile array sensors
provide information about the distribution of force and other parameters within the
area of contact. To manipulate objects using information from these sensors, it is
necessary (1) to understand these sensors, i.c., have a model of them, and then (2)
to develop robot control strategies to do a given task.

The first contribution of this thesis is the development of models of contact he-
tween a tactile array sensor and objects of different shapes, specilically a knife edge,
a rectangular bar, and a cylinder. Many assumptions arc made in clasticity theory to
obtain closed-form solutions for such problems. Some of these assumptions are not
appropriate for studying tactile sensors. This is most notably true of the hall space
assumption in which the sensor is modeled as a semi-infinite clastic medimm bounded
by a plane. However, in the absence of this assumption, closed-form expressions can-
not be obtained for many cases. The finite clement method is presented as a general
and convenient method to study such problems. Using this method, the sensor is
modeled as a thin layer and sub-surface stress distributions are obtained for contact
with different objects.

The second contribution of the thesis is the development of a new approach to
robot motion control during manipulation. The approach presented here is called
tactile servo and is based on information from a tactile array sensor. Analogous to
image-based visual servo, tactile servo is based on the observation that the progress
of a manipulation task can be characterized by the tactile images obtained from
sensors mounted on the fingertips of a robot hand. The sub-surface stress distributions
obtained using the finite element method are analyzed to identify varions features that
are predictive of the applied load given the shape of the contacting object. Amongst
these features, the moments of the stress distributions are found to vary in a regular
way with the applied load. Hence, the zeroth, first, and second order moments of
the stress distributions are selected as the tactile features for use in tactile servo
algorithms. A motion control algorithm based on tactile servo is developed for the
task of rolling a pin on a planar surface using a planar robot finger equipped with a
tactile sensor array. This algorithm is also implemented experimentally to show that



information from a tactile array sensor can be used in a simple, direct and effective
way to control manipulation tasks.
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Chapter 1

Introduction

Robots are now being used extensively in modern factories. They do tasks like paint
ing, welding, and moving objects. In an industrial setting, these tasks are performed
in a highly structured environment where the location and the orientation of the
object being manipulated is known with a high degree of accuracy. The robots do
these tasks by faithfully moving along predefined paths with good precision and ac-
curacy. These robots are, therefore, sensitive to measurement crrors and changing
environments. Since these robots work by accurately controlling the position of the
end-effector, they are poor at performing tasks that involve contact with the environ:
ment, in which even a small error in position can lead to large forces developing in
the manipulator.

These limitations arise because modern industrial robots are impoverished in their
ability to sense the environment. A key requirement for a robot to function in a
changing and uncertain environment is the ability to sense and track the changes
taking place in the environment. Consequently sensing is generally recognized as an
important aspect of robots. The need for sensing varies depending on the task being,
carried out by the robot and the environment in which the task is being attempted.,
As mentioned before, in structured environments, such as a factory, the knowledge of
the environment is complete, the tasks are well defined, and the sensory requirements
are minimal. On the other hand, in an unstructured environment, knowledge of the
environment is incomplete and the robot is required to learn about its environment to
complete the required task. Here, sensory requirements are complex in that the robot,
needs to have several different sensory modalities and must combine the information
from these different sources.

Many different sensory modalities have been studied extensively, both as inde-
pendent research areas in their own right and in the context of robotics. There is
an extensive body of literature on research in vision, speech perception, and other
sensing modalities. In the context of robotics, the problems of integrating sensory
information from several sensors forms an active research arca. Many attempts to
integrate different sensing modalities, for example vision and touch, can be found in
the existing literature.

Touch sensing becomes important in tasks that involve contact with the environ-
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ment or an object or both. For example, in an exploration task, touch could be used
1o obtain information about an object’s shape, size, weight, hardness, texture, tem-
perature and other features. Based on psychological experiments involving humans,
Klatzky ¢t al. [41] have proposed a set of exploratory primitives, i.e., stereotypi-
cal movements, that are used by humans to acquire such information about objects
through touch. Similarly, in a manipulation task, touch can be used to obtain, and
hence control, the forces acting in the contact area, and to monitor grasp stability
and slip.

As illustrated by the human hand, the sense of touch is an indispensable sensing
modality in tasks that require dextrous manipulation. Dextrous manipulation and
multi-fingered hands, both human and robotic, have been studied from many different
perspectives, for example, industrial assembly, prosthetic hand design, and human
movement [62].

In prosthesis design, the goal is to restore lost functionality of the human hand
and here a study of the human hand and of the neural mechanisms controlling the
human hand becomes important. Many roboticists too have been inspired by an-
thropomorphism and this is reflected in the existence of several multi-fingered robot
hands equipped with touch sensors [59].

In this context, it should be mentioned that the human sense of touch has been
studied extensively. Several different types of touch sensors in the human skin have
been identified and their characteristics studied in detail. However, the neural mecha-
nisms responsible for using the information from these sensors to control the hand are
not well understood. Hence, although the human haptic system provides an excellent
example of a complex manipulation device, it cannot directly be used as a model for
the design of artificial manipulation devices.

In contrast to prosthesis design, the main issue in industrial assembly tasks is the
mechanical design of manipulators based on a study of the object to be manufactured
and the manufacturing process. The goals of this research are clearly outlined in the
well known paper by Whitney [67] about robots and jigs. The ability to handle
contact is extremely important in assembly tasks and this is reflected in the design of
devices and methods such as the Remote Centered Compliance (RCC) [66] and active
force control [52]. This work also highlights the debate in the robotics community
about the role of sensing in robotic systems. Human beings are a good existence
proof of sensory-based manipulation. On the other hand, many industrial problems
may not really need all the power of sensor-based manipulation — good industrial
design may yield simple, elegant, and cheap solutions [67].

Thus, the sense of touch is a fundamental component of our ability to perceive
and manipulate objects in our environment. In the context of robotics, tactile sensors
consist of an array of sensors each of which usually measures a quantity that is related
to the deformation in the area of contact or the normal component of the forces acting
within the area of contact. It is only recently that robotics researchers have started to
explore the domain of tactile sensing. Most of the research in tactile sensing for robots
has concentrated in exploring the use of tactile sensors for object recognition and in
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the design of tactile sensors. The use of tactile sensors in robotic fine manipulation,
i.e., in tasks involving small motions and fine control over forces and velocities, is still
a largely unexplored domain. This thesis studies parameter extraction from tactile
sensory data to control robotic fine manipulation tasks that require physical contact
between the object and the environment, where the forces acting at the interface need
to be actively controlled.

1.1 Contributions

The contributions of this thesis are as follows :

e The use of finite element analysis as a tool for studying contact problems from
the perspective of tactile sensing,.

A survey of the literature on contact problems in elasticity showed the
many limitations, as simplifying assumptions, of the analytical tech-
niques for obtaining the solution of such problems. The finite clement,
method provides a general and convenient tool for studying contact
problems for which analytical methods prove to be inadequate.

e A comprehensive study of several different types of contact.

The finite element method was used to analyze the contact hetween
several different objects and an elastic layer. The displacements and
stresses within the elastic layer were obtained for contact with an
edge, a cylindrical object, and a flat-based rigid indenter, for a range
of different loading conditions.

e A new approach io robot control using touch — tactile servo.

A new approaci for controlling robot motion in real-time during a ma-
nipulation task using tactile sensors was proposed. This approach,
called tactie servo, is motivated by the notion of visual scrvo, a
method to control the movement of a robot based on visual informa-
tion. The control is based on tracking several features, obtained from
tactile sensory data, that characterize contact between the robot, and
an object or the environment. Tactile Servo was implemented for the
task of rolling a cylindrical pin on a given surface whose orientation
is not known a priori and changes over time. The implementation
was tested experimentally using a PUMA 260 manipulator equipped
with a tactile array sensor. The following steps made possible the
realization of tactile servo.

— Identification of tactile features that can be used in tactile servo
control of different manipulation tasks. Moments have been used.



extensively in image processing, both visual and tactile, for recog-
nition purposes. However, here the moments are used as features
in tactile servo control of manipulation tasks.

— Derivation of the feature sensitivity matrices for different types of
contact. The analysis using the finite eiement method was used
to study the variation of tactile features for small movements of
the object with respect to the sensor.

1.2 Thesis outline

The thesis consists of three main parts. In the first part, existing literature on touch
sensing and on manipulation is reviewed. This provides the motivation for the work
reported in the next two parts. The second part presents a discussion on model-
ing contact and the third part presents some results on the use of touch sensing in
manipulation tasks.

Broadly, there are three different types of touch sensors used in robot manipula-
tors. The first is the six-axis force-torque sensor normally mounted on the wrist of
the robot arm [63]. This sensor provides gross information about contact and cannot
always be used to derive information about contact at the fingertip(s) of the robot.
The second type of sensor is a miniature six-axis force-torque sensor that is mounted
within the fingertip of the robot manipulator. This sensor is known as the Intrinsic
Tactile Sensor [10] and can provide more robust information about fingertip contact.
This sensor, too, is limited in that it cannot provide any information about contact
shape and can provide contact location only for simple contact shapes known in ad-
vance. The third type of sensor is the tactile array sensor. This sensor consists of
many closely spaced sensing sites, usually arranged as a rectangular array. Usually
each sensing site provides information about only one component of force or displace-
ment. These sensors provide information about the shape and location of contact, as
well as the distribution of forces within the area of contact.

The second part of the thesis consists of an attempt to characterize theoretically
the performance of a tactile array sensor with respect to different contact shapes and
loading conditions. Three different types of contact are considered — edge, cylin-
drical, and flat. The stress response of the sensor is analyzed for several different
combinations of displacements of the object with respect to the sensor. Many fea-
tures of the stress distribution are considered, for example the center of the stress
distribution, the area of the stress distribution, the skew of the stress distribution,
and the various moments associated with the stress distribution. This is done with
the objective of identifying features that could be useful in deriving control strategies
for manipulation tasks to be performed with the help of tactile array sensors.

The models of contact studied in the second part of the thesis are constructed and
solved using the finite element method. Analytical solutions for models of contact
are difficult to derive except for the simplest of cascs and requirc many simplifying
assumptions to be made. The finite element method is a numerical method for solv-



ing boundary-value problems. The problem to be solved is specified geometrically,
making the specification easy and intuitive. Since the solution is obtained numeri-
cally, complex boundary conditions can be specified and hence more realistic models
of contact can be constructed.

The third part of the thesis identifies manipulation tasks that require the use of
tactile array sensors. Using some of the features identificd in the first part of the
thesis, a method for real-time control of manipulation tasks using tactile sensors is
presented. This approach is called Tactile Servo in analogy with visual servo. A
complete experiment for rolling a cylindrical pin on a given surface, whose shape is
not known in advance, is designed and implemented. The design is based on tactile
servo and the experimental results obtained from the experiment are also presented.

The chapters in the thesis are organized as follows. The next chapter presents a
detailed survey of the literature on tactile sensing and its applications. This survey
is used to identify and motivate the res:arch problems that are then explored in
the thesis. The first problem is a study of the contact hetween a tactile sensor
and an object. This problem is considered within the framework of clasticity theory
and a brief review of elasticity as well as some existing results from the extensive
literature on elasticity are included in the Appendix. Chapter 3 presents a comparison
between the stress distributions obtained from the closed-form solutions and [rom the
finite element method. Many of the assumptions made for obtaining the closed-form
solutions are examined and shown to be inappropriate for modeling contact between
a tactile sensor and a given object. The finite element method is found to be the
best option for studying the problem of contact. Following this reasoning, the finite
element method is used to model the contact between a tactile sensor and three
given objects — a knife edge, a rectangular bar, and a cylinder. The sub-surface
stress distributions are analyzed as a function of the load applied to the given object
and several features are identified from these stress distributions. These results are
presented in Chapter 4. The second problem considered in the thesis is the design
of algorithms to control robot motion using tactile array sensors. Chapter 5 uses the
results obtained so far and presents a new approach, called tactile servo, for controlling
the motion of a robot during manipulation using tactile array sensors. The following
chapter presents the experimental results obtained from an implementation of tactile
servo for the task of rolling a cylindrical pin. Finally, a summary of the work done
and the conclusions are presented in the last chapter. Some suggestions for future
work are also presented.



Chapter 2

Manipulation and tactile sensing
— an overview

The sense of touch plays an important role in exploration and manipulation. The
latter includes operations such as grasping and moving objects in contact with the
environment, as in pushing, sliding, rolling, and assembly tasks. The modality of
touch provides information at va.ious levels of processing, from low level perception
of contact to high level perception of object properties.

Tactile sensing and maninulation have both been actively studied in psychology
and robotics. In this chapter, the existi.g literature on manipulation and on tactile
sensing is selectively reviewed to provide the background for the research reported in
this thesis.

2.1 Manipulation

Manipulation refers to our ability to move objects, whether constrained or uncon-
strained, in a skillful manner. For example, assembly tasks as exemplified by the task
of inserting a peg into a hole, and other tasks such as turning a crank, opening a door,
and sliding along a surface involve manipulation. Manipulation involves two main ca-
pabilities. The first is the ability to plan the motion of an object, taking into account
the constraints on the motion of the object, usually imposed by the environment or
by the task requirements. In other words, from a general description of the task, the
robot must devise the sequence of motions that will lead to the task being cormpleted
satisfactorily. This problem has been referred to as fine-motion synthesis [42]. The
second capability is the ability to control the motion of an object during contact with
another object or the environment. This problem is referred to as compliant motion
or as force control and deals with the problem of controlling the force acting on the
object or the environment [52]. It should be emphasized that fine-motion includes
compliant motion and strategies for fine-motion synthesis usually assume that some
mechanism for compliant motion is already available.



2.1.1 Force control/Compliance

Since manipulation is inextricably linked to compliant motion, any scheme for ma-
nipulation must build on some control scheme that allows both position and foree
control. Some of the schemes used for compliant motion are briefly outlined helow.

An obvious method to do compliant motions is to specify the directions of motion
that require force control. Motion along the remaining axes is then done under
position control. For example, if the task is to insert a peg into a hole, then one
could specify that position control be employed along the axis of the hole and that
force control be employed along the two axes orthogonal to the axis of the hole. This
approach has been referred to as hybrid control {52]. Mason [11] has developed a
formal framework that allows the specification of how the degrees of freedom are to
be controlled given the kinematics and geometry of the task. Khatib [37} provides a
generalization of hybrid control that takes dynamics into account.

A more flexible method for combined position and force control is called stiflness
control [55]. In this method, the manipulator is treated as a generalized spring. By
specifying the stiffness along the different directions of freedom, one can vary the
mode of control from position to force. Thus, if the stiffness along some direction is
large then that direction of freedom will behave as if it is under position control since
a high stiffness implies that even small displacements with respect to some specified
position will lead to a large spring force. On the other hand, small values of stillness
will lead to force control. A generalized version of stiffness control is called impedance
control [29].

2.1.2 Fine motion synthesis

Several attempts have been made to tackle the problem of fine manipulation in its
entirety. Mason [44] describes a method by which one can derive the control strategies
to be employed for a given task. This method relies on hybrid control to complete
the task, which is formulated in terms of C-surfaces. A C-surface is defined as a task
configuration in which freedom of motion occurs along the C-surface tangents and
freedom of force occurs along the C-surface normals.

In this method, the manipulator trajectory that accomplishes the task is defined
as a sequence of compliant motions joined together by guarded moves. A compliant
motion is defined as the motion along a given C-surface. Thus, different task config-
urations are used to specify the different C-surfaces (which can be directly refated to
a particular control strategy). Guarded moves are used to accomplish the transition
from one C-surface to another i.e., from one task configuration to another.

A major problem with the above approach is that it does not take into account the
uncertainties and errors in the model of the task. The locations and the dimensions of
objects may not be known accurately. Lozano-Perez et al. [42] describe a method that
takes these uncertainties into account when planning the sequence of moves required
to accomplish the task.

In this method, the objects are transformed into a configuration space in which
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the object to be manipulated is o point. Then, for a given goal, the method involves
the computation of a pre-image  the part of configuration space from which the
goal can be reached by a single motion along a given direction. The algorithm starts
by computing the pre-image of the goal and then continues by recursively computing
pre-images until a pre-image including the current position in the configuration space
is obtained. Finally, a sequence of velocity vectors and a sequence of corresponding
termination predicates is computed from the sequence of pre-images.

The method takes uncertainty and errors into account by explicitly introducing
them in the computation of the pre-image. Thus, the method computes a strong
pre-image, i.c., a pre-image that takes uncertainties into account such that it does
not. intersect the pre-image of any surface where motion along the specified velocity
vector may stick or not reach the goal. To determine that a motion has been executed
satisfactorily, the method employs three basic termination conditions — motion cor-
responding to the current velocity vector can be ended when a predicate involving
measurements of the position, the velocity, or the time elapsed is satisfied.

In this approach to planning fine manipulation strategies, the role of sensing is
limited to the notion of termination conditions and it is assumed that these ter-
mination conditions can be reliably detected using sensors. During plan execution,
the motion corresponding to each velocity vector is ended whenever the associated
termination condition becomes true. The strategies developed by this approach are
guaranteed to succeed but there is no provision for changing the strategy once it is
being executed. This problem has been addressed in some recent work by Donald
[22]. He has extended this method to develop error detection and recovery (EDR)
strategics that, although not guaranteed to succeed, are guaranteed to end in some
recognizable state. Desai [21] has developed a method to identify the configuration
of the task after each guarded move using the notion of contact formations. This
method relies primarily on a six-axis force/torque sensor.

In a recent paper, Donald [23] points out that the above approach emphasizes
reachability as opposed to recognizability. The above approach concentrates attention
on regions in configuration space that the robot can reach rather than regions in that
space that the robot can identify using its sensors. A given sensor partitions the world
into distinct regions that can be identified using that sensor. These partitions depend
on the resolution and accuracy of the sensor and are called perceptual equivalence
classes [23]. Based on this notion, Donald presents a framework for planning, sensing,
and action that uses these perceptual equivalence classes, also called recognizable
regions or configurations, as the basic building block.

This is a fundamental shift in how fine manipulation can be viewed. Instead of
concentrating on motion. this view concentrates more attention on sensing. Thus, fine
manipulation tasks can be solved by first finding out the distinct configurations that
can be sensed and then planning motions and sensing strategies to find a path through
this space of configurations from an initial configuration to the goal configuration.

There exists other work in the same vein. Desai [21] describes an approach based
on different types of contact formations to derive constraints that can be used to



distinguish the different task configurations. His approach makes use of both position
sensors and wrist-mounted six-axis force/torque sensors. Smith and Gini [57] also
describe a system developed along the same lines. Their system uses finite-state
automata as models of the assembly process. The system they describe distinguishes
different states based on position sensors alone.

This emphasis on sensing and sensors highlights the need for tight coupling be-
tween the sensory data and the control process based on that sensory data. Visual
servo [65] provides a good example of the importance of the coupling between sensa-
tion and action. In a system where the control is loosely coupled to the visual input,
the performance is poor. On the other hand, when the visual input forms a part of
the control algorithm at the lowest level, as in visual servo, the systein performs well.
Ideally, sensation and action need to be coupled at various levels of processing {rom
fast acting low level control processes to slower but higher level pereeptual processes.

2.2 Touch sensing

This section provides an overview of touch sensing in humans and robots.  Both
humans and robots have been equipped with severa! different types of touch sensors.
These sensors have different characteristics and wre used for different purposes in
exploration and manipulation tasks. The following sections provide information about
these different type of sensors and their applications in both man and machine.

2.2.1 The human sense of touch

The human ability to interact with the environrient through the modality of touch
is underscored by a variety of sensors located in the skin, the joints, and the muscles.
All these sensors are tightly knit together by the nervons system at various levels
leading to a high degree of sensory-motor integration.

The sensors present in the human skin are together referred to as the cutancous
receptors, and there are many different types of these sensors located at different
depths within the skin. The sensors present in the joints and the muscles constitute
a part of the kinesthetic system. These two types of sensors together are part. of the
haptic system [19)].

There are four different types of cutaneous receptors present in the human skin
[31). These sensors have been extensively studied and characterized in the neuro-
physiological literature. The Meissner corpuscles and the Merkel disks are located
just under the surface of the skin, and so provide a finer resolution of the stimuli
acting on the skin. They have small receptive fields and are called type I sensors.
The Meissner corpuscles respond better to rapidly changing stimuli and adapt quickly
to slowly changing stimuli. Hence, they are called fast adapting type I sensors, or
FA-I sensors. In contrast, the Merkel disks respond better to slowly changing stimuli
and are called SA-I sensors. Buried deeper under the skin are the Pacinian corpuscles
and the Ruffini endings. These sensors have larger receptive fields, i.c., they respond



to stimuli over a larger arca on the surface of the skin, and they are called type 11
sensors. The Pacinian corpuscles respond well to rapidly changing stimuli and are
called FA-II sensors while the Ruffini endings respond to slowly changing stimuli and
are called SA-II sensors.

Owing to their different characteristics, each of these sensors is best suited to sense
some particular parameter of the stimuli acting on the surface of the skin. Thus, FA-I
sensors are useful for sensing skin stretch, whereas SA-I sensors are suited to sense
curvature. Similarly, the FA-II sensors can sense vibration while the SA-II sensors
can be useful for directional skin stretch.

In a recent paper, Johnson and Hsiao [36] have proposed that the SA-I sensors form
the main spatial system and are responsible for tactual form and texture perception.
‘The FA-I1 sensors are mainly responsible for sensing vibrations. However, if the skin
is moving relative to the object and the surface variation is too small to be detected
hy the SA-I sensors, then the FA-1 sensors become responsible for tactual form and
texture perception.

Although the sensors themselves have been characterized extensively, the neural
mechanisms responsible for human haptic perception and manipulation are currently
not well understood. Hence, the human haptic system can only provide clues about
the type of sensors that could be used in a robot manipulation system, and not about
how to process and use the information derived from those sensors. Moreover, it
is interesting to note that human tactile sensing involves the fusion of four different
sensor Lypes, while current robotic sensors typically use touch sensors of a single type.

2.2.2 Robot touch sensors

Many different types of touch sensors have been developed for robots. Broadly, con-
tact sensors can be distinguished by whether they measure the distribution of some
contact parameter over the area of contact or the average value of some parameter
over the contact area [15]. Since stress, strain, and force are all tensor or vector quan-
tities and have multiple components at any given point, these sensors can be further
distinguished by the number of vector or tensor components sensed by them.

Force sensors [63] are usually mounted at the wrist of a robot manipulator and
sense the three components of force and the three components of moment acting in a
given frame. These sensors rely on several strain-gauges mounted within a mechanical
structure. The force and torque components are related to the displacements sensed
by the strain-gauges through a matrix that is obtained experimentally. These sensors
find application in the many different force control schemes.

Smaller versions of these force sensors have been built and mounted within the
fingertips of hands/grippers mounted at the wrist of a robot manipulator [11]. These
sensors are close to the location of contact and thus provide more localized information
about contact. These sensors are called Intrinsic Tactile Sensors.

In contrast. the third type of sensors measure the distribution of some parameter
in the area of contact. These sensors are called tactile array sensors and they sense the
distribution of stress (force) or strain (displacement) within the contact area. These
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sensors have been studied extensively in the robotics literature and are discussed
further in the remaining part of this chapter.

Some other sensors have also been reported in the robotics literature. The Skin
Acceleration Sensor [33] is mounted just under the surface of the artificial finger to
detect vibrations arising from contact, slip, and collisions. This sensor consists of
an accelerometer and is similar to the FA-II sensors in the human skin. The Stress
Rate Sensor [32] senses the changes in stress caused by the sliding motion between
the fingertip and some object. This is similar to the FA-I type sensors in the human
skin.

2.2.3 Tactile sensor technologies

Sensors employing many different transduction principles have been reported. For
example, tactile sensors based on piczo-resistive materials, piczoclectric materials,
capacitive materials, and optical principles, amongst others, have been built and
characterized [54, 46, 47, 64, 31, 19]. The technology has matured enough that tactile
array sensors are available commercially. For example, Interlink Electronies markets
piezo-resistive tactile array sensors [34].

Most of these sensors provide a single component of stress (force) or strain (dis-
placement). Recently, there have been attempts to build tactile array sensors that
provide more than one component of stress or strain [40]. Detailed information
about the different construction methods and transduction principles are provided
in [64, 47, 46, 54, 31].

Figure 2.1 shows a diagram of the tactile sensor commercially available from In-
terlink Electronics in California. These sensors are piczo-resistive in nature. 'The
substrate consists of a thin plastic sheet. Piezo resistive material is deposited on

the sheet in a series of thin parallel lines, here sixteen. These are connected to thin

metal wires or conductors that provide a connection for reading the sensor. The
sensor itself is formed by overlaying two such sheets of plastic so that the lines of
piezo-resistive material run across one another, thus forming a cross-point matrix.
The resistance between a pair of conductors, one from cach layer, is dependent on
the applied force and decreases non-linearly but monotonically as the applied force
is increased. Electronic interface circuitry is needed to select such a pair of wires, to
prevent cross-currents, and to provide A/D conversion. The photograph on the right
shows an image obtained from such a tactilc sensor using 10-bit A/D conversion. The
image, however, has only a few grey levels because of the limitations of the printer.

2.3 Models of tactile sensors

Most of the earlier work on tactile sensing ignored the issue of building mathematical
models of tactile sensors. Techniques from the image processing literature were used
to process tactile sensory data as an image. Fearing and Hollerbach [27] represents a
first attempt at building a mathematical model of a tactile sensor to recover contact
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Figure 2.1: A tactile sensor. (a) A diagram of the Interlink tactile sensor and (b) an
image obtained from the sensor.

parameters such as force and contact type from the stress distribution provided by a
tactile sensor. This model was based on results taken from the mathematical theory
of linear elasticity.

Since then, many other researchers have attempted to build and solve models
of tactile sensors based on Elasticity theory. Fearing [27] reports the construction
and verification of a tactile sensor based on model-theoretic consideration. Howe
and Cutkosky [31] present a simple analysis of their stress rate sensor to show its
cffectiveness. De Rossi et al. [19] have used the technique of regularization to solve a
model of the tactile sensor to recover the surface profile of an indenting object. Pati
et al. [48, 49] present a neural network based approach to the same problem. The
numerical solution of the model has also been explored by Speeter [60] and by Ricker
and Ellis [53].

Within the framework of elasticity theory, there is a vast amount of literature
on the problem of contact between two elastic bodies. In general, the problem is
expressed as several simultaneous partial differential equations with the appropriate
boundary conditions. Analytical closed-form solutions exist for only a few simple
cases and are derived by making several simplifying assumptions. On the other hand,
numerical techniques can be used to solve for more complex cases. This issue is
considered in greater detail in the next chapter.
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2.4 Touch in robot exploration and recognition

Several researchers have attempted to use tactile sensors mounted on robot end-
effectors for a variety of tasks. The most common application domain has been
object exploration and recognition.

An early application of tactile sensors was to explore unmodeled objects and
characterize them. Based on experiments with humans, Lederman and Klatzky [41]
proposed that humans explore unknown objects using touch by employing a set of
stereotyped movements. These stereotyped movements are referred to as Exploratory
Procedures, or EPs, and each EP provides information about some particular feature
of the object, for example shape, texture, compliance etc.

Based on the work of Lederman and Klatzky, Bajesy {7] describes some simple
experiments using a tactile sensor mounted on a robot finger. In these experiments,
the robot finger was actively used to acquire tactile sensory data, to be processed for
features such as hardness, surface texture, and surface normals. These were the tactile
primitives for which the robotic EPs were implemented. Based on this same general
notion, Stansfield [61] designed a complex robotic system integrating touch and vision
to characterize an object. The visual system was used to obtain the approximate
location of the object to be explored and then the exploration was carricd out using
active touch. The system design was hierarchical with simple tactile primitives like
elasticity, compliance, contact position, roughness, and contact type at the hottom
of the hierarchy and more complex exploratory procedures higher up in the hicrarchy
and built on the simple primitive EPs. These complex 1EPs were respousible for
determining object features such as surface shape, edges, corners, and semi-parts.
Dario and Butazzo [18] also describe similar work. Allen [5] describes some more
recent work based on EPs.

In contrast to the work reported above on exploration, the early work on ohject
recognition using touch was based on the analogy between tactile sensory data from
a tactile array sensor and a visual image. Hence, in these studies, the focus was on
adapting image processing techniques to the processing of tactile images [47]. This
approach focused on static tactile images and used various mathematical represen-
tations, for example, moment analysis, for classifying tactile images with the goal of
object recognition. Hillis [28] describes a tactile sensing system consisting of a high
resolution (16x16) tactile sensor mounted on a tendon-actuated finger and describes
some simple experiments to recognize common objects such as nuts, bolts, and wash-
ers based on simple features such as shape, bumps, and stability of the object that
can be acquired through the tactile sensor.

There has also been work in active recognition where the sensory data acquisition
is an active process controlled by the current state of the process. Allen [6] describes
work on object recognition based on vision and touch. The vision system is used to
identify regions of interest on an object anc touch is then used to explore each of these
regions to build up a description of the object. The basic primitive for describing an
object is the patch, a mathematical description of a surface patch on the object. The
object description is then built up by specifying the relationships amongst the patches
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constituting an object. Ellis [25] also describes a model-based recognition system. In
this system, the next point to explore on a given object is determined from the model
of the object built so far and the current tactile sensory data.

Other recent work on recognition focuses on recovering the shape of the surface
that is in contact with the tactile sensor [26, 20]. This work is based on mathematical
analysis of a model of the tactile sensor and uses various mathematical techniques to
obtain the displacement profile on the surface of the sensor from the sensor output.

‘I'nis work on robotic object exploration and recognition is important in that the
notion of active touch is a central part of this approach. The perception of an object
requires manipulation and touch in a synergistic manner. Berger and Khosla (8]
describe an application of tactile sensors to edge tracking. In their system, the tactile
sensory data is closely coupled to the control of the manipulator movement. The
control scheme is hierarchical, with an inner control loop based on hybrid control and
an outer control loop based on edge parameters derived from the tactile sensor. The
tactile sensor also provides some force information for the inner control loop. Howe
and Cutkosky [32] describe a system based on the Stress Rate Sensor that is used to
detect fine surface features by sliding the sensor across the surface and relying on the
stress rate information rather than the stress information. This work is based on an
analysis of a model of the tactile sensor.

To summarize, two main points that can be derived from the above discussion
are as follows. First, manipulation is often useful, and is sometimes required, in
exploration and recognition tasks involving tactile sensing. Second, information from
the tactile sensor can be used at many different levels in the hierarchical control
system. For good system performance in a manipulation task, tactile sensory input
must be tightly integrated into the innermost control loop.

2.5 Tactile sensors and manipulation

In contrast with the work done on using tactile sensors for object recognition, little
work exists on using tactile sensors in manipulation. Dario [15] has classified ma-
nipulation into three broad categories according to the type of sensors that may be
involved. These categories are gross motion, fine motion involving regular objects,
and fine motion involving delicate objects. It is claimed that tactile sensors may
have a role to play in the fine manipulation of delicate objects. Tactile array sensors
provide information about the local, micro-level properties of contact, such as the
distribution of force in the area of contact. In contrast, other touch sensors provide
information about the macro-level properties of contact, such as the total force acting
in a given frame.

An obvious application of tactile sensors is to recover information about the con-
tact, such as the location and type of contact (point, line, or surface). Fearing and
Hollerbach [27] present a detailed 2-d analysis of stress and strain for point, line and
surface contacts. They assume a homogeneous elastic medium and they also assume
that the tactile sensor readings are proportional to the strain. From this analysis,
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they conclude that four sensors may be adequate for distinguishing between point
and line contacts, and for determining the magnitude and direction of the contact
force for the planar case.

Howe et al. [33) describe the use of a special type of tactile sensor — the Skin
Acceleration Sensor (SAS). The SAS responds to vibrations and is able to detect
vibrations generated by the making and breaking of contact and also the vibrations
generated by slipping. This paper presents a simple experiment in manipulation
that demonstrates that the SAS can be used to detect such phase changes during a
manipulation task and this information can be used to select different force control
schemes appropriate for the particular manipulation phasec.

Bicchi et al. [12] describe the Intrinsic Tactile Sensor (I'TS), a small six-axis
force/torque sensor mounted in the interior part of the fingertip of a robot cnd-
effector, and show its use in the control of grasping force. If the grasping lorce does
not lie within certain bounds, the object being grasped will slip when the grasping
force is less than the minimum required or be crushed when the grasping force is

excessive. Bicchi et al. [12] outline a method to compute just the right amount of

grasping force using an ITS. In a separate paper [11], Bicchi ¢t al. show how contact
location, contact force magnitude and direction can be obtained from an I'I'S when
the shape of the contacting surfaces is known in advance.

Bicchi et al. [9] describe a system that integrates information from an I'T5 and a
tactile array sensor to detect the onset of slip. This is an important application in that
it shows that two different types of sensor can be integrated to obtain information
that cannot be obtained from any one type of sensor alone.

Dario and Bergamasco [17] describe an integrated system (incorporating force
and tactile sensors) that takes the pulse of a patient. In the ARTS laboratory at
the University of Pisa in Italy, systems have been designed that can identify body
structures by palpation [16]. These are based on models of the mechanical interaction
between the robot end-effector and soft body tissue. The tactile sensors play an
important role in detecting the pulse and hence, in the overall control of the entire
process.

In contrast to the studies mentioned above, all of which involve the use of physical
models, Houshangi and Koivo [30] present an approach to use tactile sensors for
controlling a robotic manipulator. In experiments involving a rectangular block to he
placed on a plane inclined surface, they use the tactile sensors to estimate the angle
between the surface and the rectangular block. This estimate is then used as an input
to the controller to command a rotation of the manipulator end-effector by the given
angle to place the block vertically on the given surface. The relation between the
tactile sensor output and the angle of inclination of the block with respect to the
surface is obtained experimentally.

Recently, Maekawa et al. [43] describe a system that makes use of tactile sensors on
a multi-fingered hand to manipulate an object. The task involves moving the object

from one side to another while maintaining its vertical orientation. A kinematic

analysis of rolling contact with multiple fingers is presented. This analysis is used
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to derive a control algorithm for the task. The tactile sensors are used within this
scheme to determine the contact location.

2.6 Discussion

T'his brief survey highlights several important aspects of manipulation and tactile
sensing. First, the survey on manipulation suggests the need for tight coupling be-
tween sensing and action in the design of a manipulator system. Previous work has
focused on planning the task while sensing has been relegated to the background.
Second, in a similar vein, the work on force control has tended to assume that gross
force in a given frame of reference needs to be controlled. Hence, the various force
control schemes are difficult to apply to tasks where the local effects of distributed
contact become important, and where the location of contact or the geometry of the
object in contact is not known.

The survey on the human sense of touch shows that although this sensory modality
has been characterized in detail, little is known about exactly how this modality
functions in dextrous manipulation tasks. Thus, at best, we can take some pointers
on the different type of sensors that may be required in building a robotic dextrous
manipulation system.

The survey on robot exploration brings up some important issues as well. Robot
exploration is an active process, and this implies that exploration and manipulation
are not isolated procedures but interact with each other to obtain information about a
given object or to accomplish a given task. Another issue is the organization of control
processes. Tactile sensors provide information to a hierarchy of control processes,
starting with basic contact information for low level processes to information about
contact features for high level perceptual processes. So, the overall design of an
intelligent manipulator system must be organized hierarchically with simple and fast
control processes at the bottom and slower, perceptual processes at the top.

Finally, to derive useful information from the tactile sensor, there is a need to
build models of the sensor that can predict the behavior of the sensor under different
contact conditions. This knowledge can lead to the design of better tactile sensors
and at the same time better control processes based on tactile sensory input.

This thesis focuses on two of the many aspects of tactile sensing mentioned above.
First, the problem of analyzing contact is explored in great detail to better charac-
terize the behavior of tactile sensors in contact with objects of different shapes under
a variety of loading conditions, and in this sense, build a model for the tactile sensor.
This is important for two reasons : (1) such models allow us to design better sensors,
and (2) such models allow us to formulate model-based control strategies for contact
tasks. In this thesis, the contact problem is surveyed in some detail and the finite
element method is identified as a general and convenient method for studying contact
problems. This method is then used to analyze different types of contact in great
detail.

The second problem that is explored in this thesis is the design and implementation
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of control processes that tightly couple tactile sensory input to manipulator motion.
A new method to control manipulation tasks using tactile sensors is 'proposed. This
method is called tactile servo and is based on the notion of visual servo. Tactile

features, derived from tactile sensory data, are used directly to control the motion of
a manipulator during a manipulation task involving contact.



Chapter 3

Finite element analysis of tactile
Sensors

Farly work in the processing of tactile data using array tactile sensors was derived
from image processing techniques, owing to the similarities in format between visual
data and tactile data [45]. In both cases, sensory data consists of a two-dimensional
array representing the spatial distribution of some physical quantity. However, the
physical quantity represented in tactile images is radically different from the physical
quantity in visual images and this has been considered in the more recent work {27,
26, 20], where an attempt is made to develop mathematical models of the tactile
sensor to better characterize the information present in a tactile image.

Problems involving contact between deformable bodies have been extensively stud-
ied within the framework of the theory of elasticity [35]. The problem of contact
between a rigid body representing an object and a deformable elastic medium rep-
resenting a tactile sensor is considered in some detail in the Appendix. Several as-
sumptions arc made to obtain closed-form expressions for the stresses, strains, and
displacements. An important and crucial assumption is that the elastic medium rep-
resenting a tactile sensor is infinite. It is this assumption that allows the closed-form
expressions to be obtained. It is also pointed out in the Appendix that if these as-
sumptions are not made, then the problem becomes extremely complex and often
closed-form expressions cannot be obtained.

The finite element method is used in this chapter to study the validity and appli-
cability of these assumptions for the case of contact between a sensor and a knife edge,
a rectangular bar, and a cylinder. It is shown that for tactile sensors these assump-
tions are not always valid and hence the closed-form expressions obtained by making
these assumptions cannot be relied on in many cases. The finite element method
is presented as a general and convenient method for theoretically characterizing the
performance of tactile sensors.
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Figure 3.1: A typical tactile sensor mounted on a robol finger.

3.1 Introduction

Typically, tactile array sensors are mounted on the fingertip(s) of a robot manipulator.
These sensors usually have several layers. The sensors (transducing clements) are
located in the inner layers of the sensor while the outer layers are designed to provide
protection for the sensor and some degree of compliance during contact. The design of
the outer layer is governed by factors determined from the desired contact conditions
and so the outer layer is normally constructed out of soft clastic material. The
sensing elements are mounted on a hard innermost layer to provide for better sensing
characteristics. This typical construction is shown in I"igure 3.1.

When such a tactile sensor is in contact with an object or the environment, the
outer layers of the sensor deform. This deformation is a function of the applied foree,
the geometrical shapes of the sensor and the object or the environment, and the
elastic properties of the sensor and the object or the environment. This leads to the
entire body of the sensor being deformed. A pressure distribution within the body of
the sensor is also established. The transducers buried within the sensor detect some
or all components of either the induced displacements or the induced pressure.

The problem of contact has been extensively studied within the framework of
the theory of elasticity. Although the early work in tactile sensing did not consider
models of tactile sensors and drew heavily from the literature in image processing,
recently several authors have considered models of tactile sensors in the framework
of elasticity theory. Fearing and Hollerbach [27] made an carly attempt at using
solid mechanics and basic contact theory to recover grasping information. They
concentrated mainly on the problems of recovering information about line contact
and distinguishing between line contact and plane contact. Speeter {60} considered
the problem of contact between a rigid spherical object and an clastic medinum. De
Rossi et al. [19, 20] focused on the problem of recovering the contact profile cansed
by contact between an axi-symmetric indenter and an clastic medinm from the stress
information at a given depth.
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In all the above studies, the elastic layer forming the outer protective layer (see
Figure 3.1) in a tactile sensor is modeled as a semi-infinite elastic medium. Such a
medinm is also referred to as an elastic half space. The advantage of this assumption
is that it simplifies the analysis of the model and often leads to closed-form solutions,
as shown in the Appendix. This assumption is normally applicable when the contact
is non-conforming [35]. Such contacts involve bodies with dissimilar profiles so that
the area of contact between the two objects is small compared to the size of the
objects. Therefore, the stresses do not critically depend on the shape of the bodies
away from the contact area or the way in which the bodies are supported [35]. It
is this property of contact that allows the treatment of the objects as semi-infinite
clastic solids bounded by a plane surface. Such objects are also referred to as an
clastic half space. The half space assumption simplifies the theoretical model and
often makes it possible to obtain closed-form expressions for the stress distributions
in the half space, as pointed out in the Appendix.

There are miany cases in which it is not valid to apply t. e half space assumption
to the contact between two objects. The two objects may have similar surface pro-
files and hence their area of contact may be comparable to their other dimensions.
Alternatively, as in tactile sensors, one object may be a thin elastic layer. In that
case, the thickness of the layer is comparable to even small areas of contact and the
stress distributions in the area of contact become dependent on the thickness of the
layer and on how the layer is supported.

When an object cannot be treated as an elastic half space, certain simplifying
assumptions cannot be made in the model, as shown in the Appendix. As a result,
it is not possible to obtain closed-form solutions to the model. Numerical methods
must be used to solve the model in this case. This is well known and is treated in
some detail by Alblas and Kuipers [2], Conway et al. [14] and Johnson [35], in the
context of elasticity theory.

Several numerical methods can be used to solve contact problems once these have
been properly specified. One method that stands out for its generality and its ease of
use is the finite element method. In this method, the object under consideration is di-
vided up geometrically into many small elements. The solution within each element is
approximated by a function, usually a polynomial, in terms of the spatial distribution
of the variable of interest. Each such function is specified in terms of several unknown
constants depending on the differential equation governing the problem. These so-
lutions are then substituted into the differential equation and lead to an expression
that characterizes the total error in terms of these unknown quantities. This error
is then minimized, leading to a system of algebraic equations that are a lot easier to
solve than the differential equations. The system of equations is usually in terms of
the values of the quantity of interest at certain points in each element. These points
are called nodes. In elasticity problems, the displacements are taken as the unknown
quantities to be determined. The system of algebraic equation can be solved using
any standard method, such as Gauss elimination. The boundary conditions are de-
fined in terms of the known quantities or their derivatives at the nodes. The finite
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Figure 3.2: A thin layer in contacl with a knife edge.

element method is a well established method in engineering and a discussion can be
found in many standard texts. for example, Burnett {13].

The finite element method is a general method and can be used for solving a variety
of problems. FElasticity problems involving nonlincar clastic materials, anisotropic
materials, finite dimensions can all be solved using this method. Recently, Ricker
and Ellis [53] have used this method to obtain the shear strain for reconstructing the
contact geometry.

In this chapter, contact with a knife edge, a long cylinder, and a long rectangular
bar, is examined using the finite element method and compared with the analytical
results presented in the Appendix.

3.2 Contact with a knife edge

This is perhaps the simplest contact problem that can be considered. llowever, even
for this problem, closed-form expressions cannot he obtained without making nse of
the half space assumption [58]. This problem is used here to illustrate the use of the
finite element method in solving contact problems. Consider the simple case of a line
load acting on a thin, rectangular piece of elastic material, as shown in Figure 3.2(a).
The piece has thickness t, length I, and width w. The load P is uniformly distributed
along the length of this piece. This corresponds to the contact between a tactile
sensor and a long, sharp edge. The plane strain assumption can be used here and
that simplifies the problem from three dimensions to two dimensions. With the plane
strain assumption, analysis is focused on a cross-section of the bar. Figure 3.2(h)
shows a two-dimensional view of the piece.

When a line load acts on an elastic half space, the plane strain assumption is used



to transform the elastic half space into an elastic half plane and reduce the number of
stress components of interest from six to three. The closed-form expressions for the
stress distributions within the half plane are presented in the Appendix (equations
A1l - A.13). These formulae were derived using the half space assumption and the
plane strain assumption. The half space assumption implies that ¢, [, and w are all
infinite. The plane strain assumption implies that [ is infinite, which is consistent
with the half space assumption. In these formulae, the z-axis of the coordinate frame
lies along the surface of the half plane and the z-axis is perpendicular to the surface
of the half plane. The load P is applied at the origin of the coordinate frame in the
negative z direction and is uniform along the y-axis. No tangential load is applied to
the half plane, i.e, Q = 0, and equations A.11 - A.13 reduce to:

2P 22z

rr = I 3.1

T 7 (2% + 2%)2 (3.1)
2P xz?

N 3.2

Tz 7 (2% + 22)2 (3.2)
fy .,3

== (3.3)

T (22 + 22)?

where o, is the normal stress component along T, 0. 1s the normal stress component
along z, and @, is the shear stress component in the @ — = plane. P is the line load
per unit length acting on the half plane.

When one dimension becomes small compared to the other two, the hulf space
assumption can no longer be used. For example, in a thin layer, t < w and { < {.
When the half space assumption is removed, it is not possible to obtain closed-form
solutions for the stress distribution within the object and numerical methods mus:
be used [2, 14, 35]. In the following, the finite element method is used to obtain the
stress distributions for elastic layers of varying thickness and these distributions are
compared with the closed-form expressions shown above to illustrate the use of the
finite clement method and to verify the validity of the various assumptions used to
obtain the closed-form solutions, namely, the plane strain assumption and the half
space assumption.

3.2.1 Effect of the half space assumption

This section presents a comparison between the stress distributions obtained numer-
ically for a line load and the analytical expressions presented in the previous section
(equations 3.1 -~ 3.3). The analytical solution was derived using the half space as-
sumption. The stress distributions were obtained numerically for a thin elastic layer
and for a thick elastic layer to study the effect of the half space assumption for line
contact. The thick layer is closer to the half space assumption while the thin layer
1s a more accurate model of the outer layer used in tactile sensors. The plane strain
assumption was used in both cases. The model used in finite element analysis of
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contact between a layer and a knife edge, corresponding to a line load, is shown in
Figure 3.2(b). The stress distributions were obtained for clastic layers of thickness
25.4 mm and 0.8 mm. In this section, only the stress distributions at a depth ol 0.8
mm within the medium were considered based on the premise that 0.8 mm is the
depth at which the tactile sensors are located. The thickness of 0.8 mm corresponds
to the thickness being used in our experimental system as well. The width of all
elastic layers in this section was 250 mm.

Figure 3.3 shows the theoretical stress distributions at a depth of 0.8 mm lor a
half plane and for a 25.4 mm thick layer. Although the distributions are not identical,
there is good agreement in the stress profiles obtained using equations 3.1 3.3 lor
a half plane and using the finitc element method for a thick layer. The normal
stress distributions along z, 0., for a half planc and for a thick layer, agree closely
(Figure 3.3(b)). The normal stress distributions along r, .., for a hall plane and for
thick layer, are also similar in their general shapes (Figure 3.3(a)). The distributions
differ at the point of application where the finite element method yields higher values
for the stress. The distributions also differ at the far ends away from the point of
application of the force where the finite element method again yields higher valnes
for the stress. However, the overall shapes are similar, indicating that the hall space
assumption can be used even for a layer of thickness 25.4 mm.

Figure 3.4 shows the stress distributions at a depth of @.% o for the half plane and
for a 0.8 mm thick layer. Here, the stress distributions are different. Figure 3.4(a)
compares the normal component of stress along x, .., for a half plane and for a
thin layer. According to the half space assumption, the stress is zero at the point
of contact and has two symmetrical maxima at a distance of 0.8 mm away from
the point of contact. In concrast, the distribution obtained from the finite element,
method has one maxima at the point of contact and decreases rapidly with distance
from the contact point. The maximum values are also different. The maximum stress
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according to the half space assumption is about -18 kPa, while the maximum stress
obtained from the finite element method is about -90 kPa. Figure 3.4(b) compares
the normal component. of stress along z, 0., for a half plane and for a thin layer .
The two stress distributions here are also different. The maximum stress obtained
from the finite element method is about -100 kPa, while it is only about -65 kPa for
the half plane. As the distance from the contact point increases, the stress for a half
plane decreases rapidly and smoothly goes to 0. In contrast, the stress obtained using
the finite element method decreases more rapidly and goes through an inversion. It
becomes slightly positive, then becomes negative again before going to zero.

This shows that as the layer thickness is reduced, the validity of the half space
assumption also decreases until, when the layer thickness becomes small compared
1o the layer width and the layer length, the half space assumption becomes invalid
and the stress distributions obtained from the finite element method differ from the
closed-form expressions. The difference in normal stress along the direction of the
applied force is not significant, however, t..e difference in stress distributions along
the direction tangential to the layer are significant.

3.2.2 Effect of the plane strain assumption

In this section, the effect of the plane strain assumption on the resulting stress distri-
butions is studied. The stress distributions for two layers of varying thickness (25.4
mm and 0.8 mm) and fixed width (25.4 mm) are obtained using the finite element
method and the plane strain assumption. The stress distributions are also obtained
for the same two layers without the plane strain assumption. Here, the model be-
comes 3-dimensional and the layers are assumed to be 25.4 mm in length. The stress
distributions now vary along the length of the layer as well. For comparison, consider
a cross-section in the & — = plane in the middle of the layer along z. This is the area
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Figure 3.5: A comparison of the stress distributions obtained with and wilhoul using
the plane strain assumption for a thin 0.08 cm clastic layer. (a) o, the normal
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in the 3-dimensional model where the conditions of plane strain are most closely met.

Figure 3.5(a) shows the distributions corresponding to the normal components of
stress along «, 0., obtained using the finite clement method with the 2-dimensional
model assuming plane strain and the 3-dimensional model, both for a thin 0.8 mm
elastic layer. Similarly, Figure 3.5(b) shows the stress distributions along z, ...
Figures 3.6(a) and (b) show the corresponding stress distributions for a thick 25.4
mm elastic layer.

Although the distributions are not identical, Figures 3.5 and 3.6 show that for
the dimensions involved, the plane strain assumption has minimal effect on the stress
distributions at the center of the sensor. For simplicity and clarity of the presentation,
the plane strain assumption is retained. Illustrations showing the stress distributions
can be better appreciated with the plane strain assumption than without it since
the plane strain assumption focuses attention on a plane. Furthermore, the plane
strain assumption does not qualitatively change the major conclusions to be made
in the rest of the thesis. Since the plane strain assumption requires the object heing
modeled to be infinitely long along the direction normal to the plane, all forces are
expressed in terms of units of force per unit length, for example N/mm.

3.2.3 Discussion

In this section, the use of the finite element method in solving contact problems was
shown. For thick layers, it was found that the solutions were close to the closed-form
expressions obtained using the half space assumption. The finite clement method al-
lowed the layer thickness to be varied with ease and hence, the effect of layer thickness
on the stress distributions could be studied. It was found that the hehavior of a thin
layer is different from that of a thick layer and therefore, the half space assumnption
is not valid for modeling thin layers. Since closed-form solutions do not exist for
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thin layers, the finite element method provides an easy and general way to study the
behavior of thin layers.

The closed-form expressions for a half plane show a singularity at the origin where
the load is applied. Since the finite element method is providing a numerical solution
of the same boundary-value problem, it is instructive to consider its behavior near
singularities. When there is a singularity in the problem definition, the solution
obtained by the finite element method near the singularity is not accurate and special
techniques are required to model singularities using this method [13]. This is so
because the finite element method uses polynomials to approximate the displacements
within each element and polynomials cannot properly be used to model singularities.
However, a singularity is usually because of a mathematical idealization. In practice,
if the mesh is small enough, the knife edge can be modeled as some smooth shape
with a small radius. In this sense, the approximate behavior of the finite clement
method could actually be an advantage.

3.3 Contact with a flat rectangular bar

This section compares the stress distributions resulting from contact with a flat rect-
angular bar obtained using the finite element method with the stress distributions
obtained using the half space assumption in the Appendix (equations A.16 - A.17).
This type of contact is more complicated than the contact with a knife edge studied
in the previous section and the effect of the layer thickness on the stress distributions
is more pronounced. It will be shown that for contact with a flat rectangular bar,
the half space assumption leads to radically different stress distributions compared
to those obtained by the finite element method for a thin layer.



3.3.1 Effect of the half space assumption

The finite element method was used to obtain the stress distributions for layers of
varying thickness to study the effect of using the half space assumption. These dis-
tributions were then compared with the closed-form expressions based on the half
space assumption and presented in the Appendix. Figure 3.7 illustrates the model
used in this case. The applied load was maintained at a fixed value of about 1.96
N/mm directed along the negative = direction, while the layer thickness was varied
from 12.7 mm to 0.8 mm. The stress distributions at the surface and at a depth of
0.8 mm were compared.

Figure 3.8 shows the normal stress distributions on the surface of the layer in the
direction of the applied load. The difference between the closed-form solution and the
finite element method is small for the thick layer. At the edges of the arca of contact,
the stress is infinite according to the closed-form solution and the stress distribution
obtained from the finite element method follows it closely. However, as the thickness
of the layer is reduced, the difference between the two distributions becomes large.
For a thin layer, the distributions are radically different. For example, using the
half space assumption, the stress is minimum towards the center and increases to
infinity at the edges of the contact. It is zero outside the area of contact. In contrast,
using the finite element method, the stress distribution for a thin layer is maximum
at the center and reduces continuously to zero outside the arca of contact, with a
discontinuity near the edges of the indenter.

Figure 3.9 illustrates the effect of varying the layer thickness on the sub-surlace
stress distribution at a depth of 0.08 cm within the elastic medium. Again, there is
a large difference between the stress distribution obtained for a thin layer using the
finite element method and for a half space. According to the closed-form solution for
a half space, the stress is small in the center and increases as the edges of contact
are approached. There is a discontinuity near the edges and then the stress reduces
slowly as the distance from the edge of the contact increases. This discontinuity
arises from the discontinuity in the stress distribution on the surface, as the sub-
surface stress distribution is obtained by summing up the effects of the surface stress
distribution. In contrast, according to the finite element solution for a thick layer,
although the stress profile is similar to that of the half space, the stress is generally
higher within the area of contact and falls rapidly to zero as the distance from the
edges of the contact is increased. Furthermore, as the layer thickness is decreased,
the stress profile changes radically. The stress is maximum in the center and reduces
gradually towards the edges of contact, falling rapidly to zero beyond the edges of
the indenter.

This clearly shows that the half space assumption is inappropriate for the analysis
of contact between a thin layer and a flat rectangular bar. The half space assumption
is valid when the size of the contact area is small compared to the size of the bodies in
contact. As an example, for contact between an elastic layer and a flat rigid indenter,
the validity of the half space assumption depends on the ratio of the thickness of
the layer to the width of the indenter. As long as this ratio is large, the half space
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assumption remains valid. As this ratio becomes smaller, the results using the hall
space assumption can no longer be used. This is shown by comparing the stress
distributions obtained analytically using the half space assumption and by using the
finite element method for a thick layer and for a thin layer.

Figure 3.8 compares the stress distribution on the surface. The stress distributions
are similar for the half space and for the thick layer. However, for the thin layer, the
stress distribution is radically different from the half space. The same effect can
be observed for sub-surface stresses, as shown in Figure 3.9. The sub-surface stress
distribution, obtained from the closed-form expression shown in Fquation AT in the
Appendix, exhibits a strange behavior. There is a sharp peak around the edges of
the contact, and the stress becomes positive. When the plot is restricted to just this
region, it is found that the stress distribution around the contact edge oscillates several
times between positive and negative values. This is an artifact that is introduced into
the solution because the pressure distribution at the surface becomes infinite at the
corners of the flat rectangular bar.

The radical difference in the forms of the sub-surface stress distributions obtained
using the closed-form expression and the finite element method, has important impli-
cations for the modeling of tactile sensors, especially when the surface deformation
profile is to be obtained from sub-surface stress or strain [20]. If the tactile sen-
sor is accurately modeled as a thin layer, then the analysis based on the half space
assumption will be inaccurate.



‘This effect also points out a major advantage of using the finite element method.
The finite element method is more generally applicable and provides accurate results
for problems that do not have any closed-form solutions that can be analytically
obtained. For example, closed-form solutions for the contact between a thin layer
and a flat rigid indenter cannot be obtained [58]. For this case, solutions have been
obtained numerically [14] and by analytical approximations [2].

3.4 Contact with a long cylinder

lidge contact and contact with a flat rectangular bar represent two extremes amongst
the many different contact shapes possible. Contact with a long cylindrical object is
analyzed in this section as a third type of contact that lies somewhere between the
two extremes mentioned above.

The closed-form expressions for the surface pressure and the sub-surface stress
distribution are presented in the Appendix. The finite element method was used, as
in the previous section, to analyze the stress distributions resulting from contact with
a thick layer and with a thin layer. The finite element model was similar to that for
the flat rectangular bar. The only difference was that the indenter shape was circular
rather than a straight line. The cylinder had a radius of 25.4 mm and three layers
of thickness 0.8 mm, 3.2 mm, and 12.8 mm were considered. The elastic properties
were identical to those used for the contact with a flat bar.

The stress distributions are compared in Figures 3.10 and 3.11. Here, the dif-
ference between the distributions obtained using the half space assumption and the
distributions obtained from the finite element method is not as drastic as that for the
contact with the flat bar. There is almost no difference in the distributions obtained
for the layers of thickness 3.2 mm and 12.8 mm. The peak value of stress is higher
for the thick and medium layers compared to the half space and even higher for the
thin layer. Thus, the peak stress is a function of the layer thickness and this effect
cannot be modeled by the half space.

3.5 Discussion

The half space assumption is an extremely important step in the solution of elasticity
problems since it makes it possible to obtain closed-form solutions for these problems.
Simply stated, the assumption specifies that all stresses and strains within the elastic
medium vanish at large distances from the area of contact. The parameters of the
problem being considered determine the distance beyond which the stresses and the
strains are negligible. Mathematically, this assumption is stated by specifying that
the elastic medium is infinitely large, and that the stresses at infinity are zero. Such
a medium is called a half space or a semi-infinite elastic medium. The assumption
greatly simplifies the boundary conditions and it is this simplification that allows
closed-form solutions to be obtained for several contact conditions. When this as-
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sumption cannot be made, it is usually difficult to obtain closed-form solutions [58].
For example, Sneddon [58) states that closed-form solutions for a thin strip cannot
usually be obtained. Some approximate solutions for a thin strip are presented in the
work by Alblas and Kuipers [2].

This chapter considered the contact between a tactile sensor modeled as an elastic
layer and an object modeled as a rigid indenter with a simple profile. The plane strain
assumption was used to simplify the problem to two dimensions. The finite element
method was used to obtain the stress distributions for a sharp indenter, a circular
indenter, and a flat indenter. A thin layer and a thick layer were used to study the
effect of layer thickness on the stress distributions. The results were compared with
the closed-form expressions based on the half space assumption and presented in the
Appendix. It was found that the stress distributions for the thin layer were different
from those obtained for a thick layer and for a half space, thus indicating that the half
space assumption is not valid for modeling tactile sensors covered by a thin elastic
layer.

The analysis in this chapter shows that the finite element method provides a good
basis for studying contact problems, since it provides solutions for the thin layer for
which closed-form expressions cannot be obtained. Furthermore, this method can
also be used for 3-dimensional analysis where many mathematical techniques, for
example complex analysis [58], that apply to the two-dimensional problems cannot
be generalized.
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Chapter 4

Analyzing contact with tactile
sensors

4.1 Introduction

In the previous chapter, it was shown that the half space assumption leads to an
incorrect characterization of contact with a tactile sensor. This chapter uses the
finite element method to analyze the contact between a tactile sensor modeled as a
thin elastic layer and different objects modeled as rigid indenters of simple profiles. A
rigid indenter with a sharp edge, a circular profile, and a flat rectangular profile are
considered. The stress distributions are obtained for a variety of forces applied to the
indenter. The purpose of this analysis is to study the variation of the stress profiles
corresponding to different indenter shapes and applied loads and to infer properties
of these stress distributions that could be predictive of the applied force and indenter
shapes.

Several features are identified and the moments associated with the normal stress
distribution are found to vary monotonically but non-linearly with the applied loads.
These are found to be useful in developing a new approach to tactile sensor-bascd
manipulation. Several finite element models are considered to study the contact with
objects of different shapes and a general technique is presented that can be used for
analyzing contact with objects of any given shape in three dimensions.

Such an analysis is important for the following reason. Typically, tactile sensors
are mounted on the fingertips on a dextrous hand. In a manipulation task, the object,
is gripped by the robot and the tactile sensors are used to sense the contact between
the gripper and the object. The response of a tactile sensor is dependent, on the
external forces acting on the object because of contact with the environment. In an
exploration task such as following an edge using a tactile sensor (8], the response of
the tactile sensor depends on both the contact geometry and the contact forces. It
is important to characterize the relationship between the applied forces, the contact
geometry, and the resulting stress distribution to control these tasks and to obtain
useful information from exploration.
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Figure 4.1: An approach to characterizing and using tactile sensors.

Figure 4.1 shows the general approach used in this thesis for analyzing the contact
between a tactile sensor and a given object. and for using this information to control
a particular task involving contact between the tactile sensor and the given object.

This chapter presents an analysis of contact between a thin elastic layer and three
different rigid indenters — a sharp edge, a cylinder, and a flat bar. Section 2 presents
an analysis of line contact. Using the expressions presented in the Appendix and
derived from the half space assumption, a relation is derived between the moments
of the stress distribution and the relative displacement of the edge with respect to
the sensor. The presentation is used to point out weaknesses of the method. A
relation between the moments and the displacements is then derived numerically
from the stress distributions obtained by solving the finite element models. Section
3 presents an analysis of contact with a flat rectangular bar. A finite element model
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is presented along with an analysis of the stress distributions obtained from it. This
is used to derive relationships between the force acting on the indenter and several
features of the resulting stress distribution. An analysis of contact with a cylinder
is presented in Section 4. A more general model of contact and also a method to
derive relations between displacements and resulting sub-surface stress distributions
is presented. Section 5 presents a discussion on the applicability of the superposition
principle. Finally, the chapter concludes with a summary and a discussion.

4.2 Line contact

In this section, contact between a tactile sensor and a straight, sharp edge is studied
in detail to characterize the response of a tactile sensor for different applied loads.
This is the simplest type of contact that can be studied. The exploration task of
following an edge [8] is an example that provides a motivation for studying this type
of contact. The task of following an edge requires the computation of the position and
the orientation of the edge with respect to the end-eflector so that it can maintain a
desired position and orientation and also maintain a desired force with respeet to the
edge.

The expressions for normal stress distribution for the case of two-dimensional line
contact are presented in the Appendix. Since most tactile sensors measure only the
component of stress that acts normal to the sensor surface, a.; is the only component
of stress considered in this chapter. The closed-form expression based on the half
space assumption is reproduced below (equation A.12):

2P 23 2Q  azt
T (22 +22)2 7w (a4 32)?

Oz =

Here, the stress distribution is a function of the applicd normal force I, the
applied tangential force @, the position of the sensor specified by its depth z and the
z coordinate, and the specified geometry of the indenter - a sharp edge. Since r and
z are determined by the sensor construction, the problem can be specified as finding
P and @ from the stress distribution provided by the sensor.

Normally, a tactile array sensor consists of several individual sensing sites called
tactels distributed over a small area. Each tactel provides a sample of the stress dis-
tribution at its location. Since only two parameters are required, any two tactels can
be used to obtain two equations from the expression shown above. These equations
can then be solved to obtain P and @, and this is similar to the method followed in
[27). This indicates that a tactile sensor with only two tactels should be sufficient for
the purpose of obtaining P and Q. However, the objective of this thesis is to explore
the use of tactile array sensors. Since an array sensor consists of a number of tactels,
one possible method to obtain P and Q would be to solve for P and @ using all pairs
of tactels in the tactile array sensor. For a sensor with n tactels, n(n — 1)/2 values
for P and Q would be obtained. An estimate of P and @ can be obtained from these
values using techniques from sensor fusion [1]. A major limitation of this approach
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is that it becomes difficult to apply as the number of parameters to be obtained in-
creases. As Fearing and Hollerbach show in [27], if the location of contact is also
requiired, three sensors need to be used and the equations become non-linear,

An alternative method is to derive features from the stress distribution that vary in
a well-defined manner. Consider, for example, the moments of the stress distribution,

as defined helow:

M, = /.l'"ff::(.l.')(l.’l,‘.

Here, M, refers to the n-th order moment of the function o.. and @ is the independent
variable.

Using this definition and the expression for the stress distribution o, shown above.
and assuming that the contact is centered around the origin, the following expressions
for the zeroth order moment, Mg, and the first order moment. M;. can be obtained:

My

/Uz:((l')(l:l' =-P
My = /-7’0'::(:1.')(1:1: = —Q=z

Thus, the applied force can be easily recovered from the stress distribution by
choosing the first two moments of the stress distribution as the features. Other
features can also be considered. For example, consider the value of @ for which the
stress o.. is maximum. This point, called x,,, varies as a function of the applied load.
The function can be obtained by minimizing the stress using equation A.12. Solving,

the following expression can be obtained from the resulting quadratic equation:

— VAPT£3Q% - 2P:
S T 3Q

When Q is zero, an indeterminate form results which can be evaluated in the limit
to yield zero, which is consistent with the symmetry of the stress distribution in the
absence of a tangential force.

However, unlike the moments, x,, is related non-linearly to both P and @. From
the expressions above, the two moments provide a simple way to recover the applied
force from a stress distribution in the case of edge contact with a half space, and
so they are good features in this way. If the location of contact is also not known,
then the three features have to be used together. In this case, the equations become
non-lincar. However, compared to the eight-order polynomial equation that Fearing
and Hollerbach [27] need to solve to obtain the contact location, using these three
features, My, M. and a,,. requires the solution of a quadratic equation.
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Often, it is desirable to study the relative displacements of the indenter with
respect to the tactile sensor. This is especially so when the manipulator is being
controlled using position rather than force. Here, a relationship between the relative
movement and the changes in the resulting sub-surface stress distribution can be used
to control the movement of the manipulator using the ontput of the tactile sensor.

The expressions relating the displacements to the applied foree are shown in the
Appendix, Equations A.14 - A.15. 1f the clastic layer is made of rubber, e = 0.5,
and if the displacements are measured at a given depth A and divectly under the point
of application x; = 0, and the first two moments ol the stress distribution are nsed
instead of the applied force, then the following simplilied expressions can be obtained:

20 —=v2)y, d (1 +v)

Up = — T In F + ——;T——’,T— My (|| )
Al —v?) 1, d ,
Uyy = — T-ﬁl“ 7]‘ /\[| (l..)

Here, d is arbitrary and is assumed to be large with respeet to the dimensions of the
object being considered.

The expressions presented here are based on a number of simplifying assumptions,
First, they are all based on the half space assumption. It was shown in the previous
chapter that the half space assumption is not valid in general, and the disparity
between the stress distributions obtained using this assumption and those obtained
using the finite element method for thin layer increases as the layer thickness is
reduced. Second, it is assumed that the tactile sensors can mecasure tensile as well
as compressive stress. However, many tactile sensors can only measure compressive
stress. These assumptions limit the applicability of the expressions presented above.
Another limitation of the approach presented above is that it requires the existence
of closed-form expressions for sub-surface stress. Such expressions exist only for the
simplest type of contacts and are derived using the half space assumption.

The finite clement method provides an alternative way to analyze contact withont
making any of the simplifying assumptions mentioned above. The model deseribed
in the previous chapter was used to study the stress distributions corresponding Lo
different applied forces. Figure 4.2 shows the stress distributions obtained when only
a normal force is applied to the knife edge. The stress distributions are syminetrie
about the linc of application of the load. The peak stress increases with increasing
normal force.

Figure 4.3(a) shows the effect of varying the normal force /2 when the tangential
force ( is maintained at a constant value. while Figure 4.3(h) shows the variation in
stress distribution when the normal force P remains constant and the tangential foree
Q is varied. Once again, the peak value of the stress depends on the applied normal
force and does not vary with the applied tangential force. However, the tangential
force leads to a stress distribution that is asymmetric about the line of applied load.
The degree of asymmetry, measured by the distance between the line of applied load
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and the position of the pe=' stress or the first moment of the stress distribution about
the line of applied load, depends on both the normal force and the tangential foree.

The stress distributions obtained for different loads were used to compute the
zeroth and the first moment of the stress about the line of applied load. In computing
these moments, only the negative values of stress, i.c. compressive stress, were used
to satisfy the constraint that the tactile sensor cannot measure tensile stress. This
is a limitation of the finite clement model considered here. The hehavior of a real
tactile sensor depends on the construction of the sensor and on how the different
layers are bonded together. For example, in the piczo-resistive sensors used in this
work, the two layers forming the sensor are not bonded together and so they can slide
or delaminate, depending on the direction of the tensile stress. Figure 4.4 shows the
relation between the moments of the stress distribution and the relative movement,
of the manipulator and the sensor. As the figure shows, the zeroth moment varies
almost linearly with the normal force and is independent. of the tangential force while
the first moment varies with both the normal force and the tangential loree.

4.3 Contact with a rectangular bar

This section considers the contact between a tactile sensor and a flat object, as shown
in Figure 3.7. As mentioned before, contact with a flat rectangular bar roresents
the other extreme in the space of different contact types. The geometry of i object,
in the area of contact is an important determinant of the stress distribution. For
example, the stress distribution obtained for contact with a flat object is different,
from the stress distribution obtained for contact with a cylindrical object, all other
factors remaining constant. The method presented here can casily be used to analyze
any other contact geometry that may be of interest. The protective layer on the
sensor is modeled as a thin elastic layer and no closed-form soiutions have yet been
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identified. The finite element method is used to analyze the model under different
conditions.

To analyze the effect of tangential forces on contact, a model of friction is required,
and a simple local model of friction is used [38]. Also, it is assumed that in the
area of contact, the force due to friction at any point within the area of contact is
proportional to the normal force at that point. This is not strictly true since it is
the maximum tangential force before slip occurs that is proportional to the normal
force with the coefficient of friction as the constant of proportionality. Hence this is
a limitation of the model. Another limitation of the model is that it is assumed that
no slip occurs within the arca of contact. The largest ratio of /P in this study is
1 and so the coefficient of friction must be larger than 1. The coefficient of friction
for rubber is typically greater than 1. Since the system is in static equilibrium, the
total force because of friction must equal the applied tangential force. The final
solution is obtained iteratively until the normal and tangential forces within the
arca of contact become stable. Figure 4.5 shows the difference between the stress
distributions obtained by using the simple model of friction described above and by
rigidly constraining motion in the tangential direction (the rigid constraint provides
the tangential reaction force needed for static equilibrium). The elastic constants
associated with the boundary elements that are used to constrain rigid body motion
arc very small. So, after the iterative process ends, the forces in the boundary elements
are negligible.

It must be pointed out here that the force is applied to the center of the indenter
at the top. The length of the indenter is 6.35 mm. Hence, the tangential force leads
to an additional moment in the area of contact. Therefore, in this study, when the
applied tangential force is varied, there is a variation in the tangentiai force and the
moment in the area of convact. Since the length of the indenter remains constant, the
increases in the tangential force and the moment are proportional. In the remaining
discussion, a tangential force refers to the force applied on the top of the indenter
and implies tangential force as well as a moment in the area of contact.

Figure 4.6 shows the normal component of the stress tensor o for different normal
forces applied to the object. When only normal force is applied to the object, the
normal stress profile is symmetrical. It is near zero outside the area of contact,
increases rapidly near the boundaries of the area of contact, and peaks in the middle of
the area of contact. The peak value increases monotonically with applied normal force.
Figure 4.7 shows the normal component of stress o,. when both normal and tangential
forces are applied to the object. Figure 4.7(a) shows the change in stress with the
changing tangential force for a fixed normal force. Figure 4.7(b) shows the change
in stress for a changing normal force when the tangential force remains constant.
As these figures show, when the applied force consists of both a normal component
and a tangential component, the resulting stress profile changes significantly. The
tangential force changes the profile of the stress distribution from relatively flat in
the area of contact to skewed. It is no longer symmetrical. The peak stress is greater
and the spread of the stress distribution is smaller.
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Figure 4.7: The stress profiles for a force consisting of both a normal component and
a langential component. All forces are expressed in units of N/mm. (a) The variation
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z dircetion. (b) The variation in stress profile o.. for a normal force applied in the
negative = direction. (1) 0.18 (2) 0.35 (3) 0.53 (4) 0.70. A fived tangential force of
0.044 is applied in the posilive x direction.

As a result of the tangential force applied to the top of the indenter, the object,
indents the layer at a small angle from the vertical. This is illustrated in Figure 4.8.
The tilt reduces the width of the contact area between the indenting object and the
sensor, denoted by w. in the figure. Since the tactile sensor responds to compressive
normal stress o, the contact width obtained from the sensor, denoted by w; in the
figure, is smaller than the width of the indenting object, denoted by w in the figure.
The reduction in contact width is a function of the normal force P, the tangential
force ), and the width of the indenting object w;. Hence, when tangential forces
arc present, and especially when the ratio of the tangential force to the normal force
is large, the contact width w, obtained from the tactile sensor image becomes a
poor estimate of the width of the indenting object, wy, and the contact width, w..
Under these conditions, the contact width w, obtained from the sensor cannot be
used directly to estimate the width of the indenting object, wy, or the contact width,
We.

For example, consider the contact presented in Figure 3.7. The width of the
indenting object is 12.7 mm and the contact between the object and the sensor extends
from 6.35 mm to 19.05 mm along x. Figure 4.7 shows the stress profiles corresponding
to different applied forces. For a normal force of 0.175 N/mm ! and a tangential force
of 0.0613 N/mm, the contact width w, reduces to about 7 mm extending from about

I'The force is expressed in terms of force per unit length because the plane strain assumption
assumes that the force is applied uniformly along the direction normal to the plane and that the
object is infinitely long in this direction.
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12 mm to about 20 mm. Figure 4.7(a) shows that the contact width wy is a function
of both the applied normal force and the applied tangential force. It must be pointed
out that since the normal stress never hecomes exactly zero, it is necessary to have a
stress threshold o, to determine contact width w, from the stress profiles. The contact
width w, then becomes dependent on the selected threshold o,. This introduces an
additional parameter g, into the relation between the applied force, the indenter
width, and the contact width w, as ohtained from the tactile sensor. For this reason,
the feature w, is not very useful in recovering contact parameters.

4.3.1 Relating stress to applied force

It is important to know the location of contact in many robot manipulation and
exploration tasks. For example, to maintain a stable grasp, it is important to detect
slip since it can alter the grasp. Rolling an object, or following the contours of an
object, are examples of some other manipulation and exploration tasks that require
the location of the contact. In this section, the contact between a rectangular bar
and a tactile sensor is analyzed in detail. This analysis is used to derive relationships
between parameters of the stress distribution, the applied force, and the area of
contact.

The model of contact between a flat rectangular bar and a planar tactile sensor is
shown in Figure 3.7. Many cases were analyzed using the finite element method. Four
different indenter widths, wy, were considered. For each of these widths, normal stress
distributions o, were obtained for applied normal forces varying from 0.175 N/mm
to 0.7 N/mm in increments of 0.175 N/mm and applied tangential forces varying from
0.00876 N/mm to 0.0876 N/mm in increments of 0.00876 N/mm.

To better understand the relationship between the applied force and the resulting
stress distribution as obtained from the tactile sensor, several fcatures of the stress
distributions, obtained using the finite element method, were considered. The first
feature considered was the contact width as obtained from the stress distribution,
denoted by w, in Figure 4.8. Several values of the stress threshold o, were consid-
ered. A threshold proportional to the maximum stress within a distribution was also
considered. As expected, higher values of the threshold led to smaller values for the
corresponding contact widths w,. For small thresholds, the contact widths ws be-
came erratic for larger indenter widths w;. Figure 4.9 shows the contact width w,
as a function of indenter width w;, normal force P, and the tangential force ). The
contact width w, decreases with increasing tangential force until it bottoms out for
small normal force and small indenter width. This is because as the tangential force
is increased, the indenter tilts slightly and indents the sensor at a small angle, as
shown in Figure 4.8. When the tangential force is increased further, the tilt is large
enough that the flat indenter begins to act as a wedge indenter. As the normal force
is increased, the sensitivity of the contact width w; to the tangential force decreases.
The general nature of the function does not vary with the indenter width w;. As the
indenter width w; increases, the contact widths w, increase correspondingly. Note
that it is possible to have the same contact width w;, for more than one combinations

44



10 + 16 v
K
T LT wE o e s
8t N iy
A
TN A 12 / / o
- - /'/
£ 6 . £ / .
E N N A Vg E 0 \ s ‘
»” S » v’.’
AN
4} 8t «
y
3t @ &7 N
— 6 t) N
2t ) . . ~..
1 —— . . R R . R 3 . . . \ e bbb
0 001 002 003 004 095 0.06 007 0,08 0.09 0 000 002 003 004 005 006 007 008 000
(N/r Q (N/mm)
(a) (b)

Figure 4.9: The contact width as a function of normal and tangential foree. The
normal force is applied in the negative Z direction in unils of N/mm. (1) P = 0.18
(2) P =0.35(3 P =053 (4) P=207 (a Indenter width w; = 7.9 mm. (b)
Indenter width wy = 15.1 mm.

of normal force, tangential force, and indenter width w;.

The second feature considered was the position of the peak stress value, denoted
by @m. rigure 4.10 shows the variation in the position of the maximum stress as a
function of normal force, tangential force, and indenter width. The position of the
peak stress shifts as the tangential force is increased. There is a limiting effect with
increasing tangential force as the contact changes from flat contact to wedge contact.
The shift is moderated by increasing normal force. Unlike the contact width w,, x,,
varies only slightly with indenter width w;.

The third feature considered was the centroid of the stress distribution. This is
given by the formula shown below:

= Jzo(z)de _ M,
YT [ o (x)de My

where z. refers to the centroid. Figure 4.11 shows the variation of the centroid value
z. with the normal force P, the tangential force @, and the indenter width wy. .
increases linearly with increasing tangential force, increases monotonically hut, non-
linearly with increasing normal force, and is independent of the indenter width w;. As
before, there are non-linearities as the tangential force is increased and the indenter
width is decreased. As the contact changes in nature from flat to wedge, the change in
. with increasing tangential force decreases and finally levels off. ‘The point at, which
this non-linear behavior starts depends on the indenter width w; and the material
properties of the elastic layer. Smaller indenter widths lead to a similar change in
behavior for smaller tangential forces.

The first-, second-, and third-order moments of the stress distribution, My, My,
and Mj, were considered next. Figure 4.12 shows the variation of the first moment,
M; with the applied force and the indenter width w;. Similar to the centroid .,
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Figure 4.10: The position of mazimum stress, Tm, as a function of normal and tangen-
tial force. The normal force is applied in the negative z direction in units of N/mm.
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Figure 4.11: The centroid of the stress distributions, z., as a function of the normal
force, the tangential force, and the indenter width. The normal force is applied in the
negative z direction in units of N/mm. (1) P = 0.18 (2) P = 0.35 (3) P = 0.53 (4)
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the first moment is independent of the indenter width w;, varies lincarly with the
tangential force Q and shows slightly non-linear behavior for small indenter widths
and large tangential forces because of the contact changing from flat to wedge. Unlike
the centroid, however, the first moment varies linearly with the applied normal force
as well.

Figure 4.13 shows the second moment of the stress distribution, My, as a function
of the applied force and the indenter width w;. The variation is similar to the first
moment with the exception that the second moment is not independent of the indenter
width w;. Figure 4.14 shows the third moment M3 as a function of the applied force
and the indenter width w;. Here, the behavior is similar to the second moment except
that the variation with indenter width is larger.

4.3.2

In the previous section, the relationships between applied force, indenter width, and
several features derived from the stress distributions were obtained. Figures 4.9 to
4.14 specify these relationships. The relationships between the applied force, the
indenter width, and the contact width and the peak stress locations are nonlincar. It
is not clear if inverse relationships could be derived for these features. Although the
relationship between the centroid and the tangential force is lincar, the dependence
of the centroid on the normal force is nonlinear.

The relationships between the various moments and the applied force and indenter
width are nearly linear. The first moment M; varies almost linearly with the normal
force P and the tangential force @ and is independent of the indenter width W. With
M; as the dependent variable and P and @ as the independent variables, multiple
linear regression was used on the data in Figure 4.12 for W = 15.1 mm to obtain
the following equation relating M, to P and Q. For this equation, the cocfficient

Recovering contact parameters from stress
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of multiple determination, also called the multiple correlation cocflicient [21], B* was
0.99999, indicating a good lincar fit.

My[o..(y)] = 319.9P - 339.3Q — 0.016. (1.3)

An indication that the actual relation is not linear is that this rewation predicts a
small but finite value for the first moment even when both 7 and @ are zevo. This
value is - 0.016 N, corresponding to 1.6 gm-force. "This is a small value when compared
to the minimum value of the first moment in Figure 4.12, about -60 N. Thus, this
relation could be used as a good approximation to the actual function relating the
first moment to the applied force.

Figure 4.13 shows that while the relationship between the see nd moment Ay and
Q is linear, the variation of M, with P and W is not obviously hnear. The variation
in M, with P is a function of W. This suggests that the relationship should include
the product of P and W as a first approximation. Several different. combinations
of variables were tried and the equation that provided the best (it is given helow.
This equation was obtained with M, as the dependent variable and I, @ and WP as
the independent variables using multiple lincar regression on the data in Figure 113,
For this equation, the coefficient of multiple determination /22 was 0.99936, again
indicating a good linear relationship.

Mo (y)] = 3786 P — 9324Q + 10.5W P — 19. (k)

Here, too, the relation predicts a relatively small but finite value for the second
moment when the applied force is zero. Again, this value of -19 N-mm is small
compared to the smallest value of the second moment in Figure 4.13, -750 N-mm.
Hence, this relation, too, can be used as a good approximation to the actual function
relating the second moment to the applied force and the indenter width.

In any given task, depending on the sensors available and the information that is
known a priori, we can use the two equations to obtain information about the contact.
We consider four different cases below. In cach of these cases, it is assumed that the
contact is between a planar tactile sensor and a flat rectangular object, whose width
is less than that of the tactile sensor.

Case L. Consider the case where the indenter width W is known while the applied
force F is not known. This can happen when a known object, is being manipnlated by
a robot and the applied force cannot be measured. The first moment and the second
moment of the stress distribution can be obtained from the tactile sensor output.
Substituting the known value of W and the two moments obtained from the tactile
sensor into the equations above, we obtain two lincar equations in two unknowns and
F can be obtained by solving these two equations.

Case II. Consider the case where the applied force can be measured using a
force/torque sensor. The robot is performing an exploration task and hence, the
indenter width W is not known. Here. the indenter width W can be obtained by
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using the equation relating the second moment with the applied force and indenter
width.

Case III. Consider the case where a known object is being manipulated by a
robot where the applied force can be measured by a force/torque sensor. Iere, both
F and W,,, are known, and we have many redundant sources of information that can
all be used to control task execution.

Case IV. Consider an exploratory task being performed by a robot where the
applied force cannot be measured by a force/torque sensor. Here, both W and F are
not known. There are two equations in three unknowns and the system of equations is
underdetermined. Hence, at best we can obtain an equation that provides a constraint,
on the possible values for force and indenter width.

4.4 Contact with a long cylinder

The finite clement model used for analyzing contact between a flat rectangular bar
and a tactile sensor, as presented in the previous section, can be adapted for the
analysis of contact with a long cylinder. It is only required to modify the shape of
the indenter. In this model, the contact is modeled by using gap elements. These
are special type of elements provided by the finite element software for constructing
models [3, 4]. These elements do not allow the gap between the connected nodes
to become less than the specified gap. Thus, if the specified gap is zero, then the
clements remain inactive as long as the distance between the nodes is greater than
zero. As soon as the distance becomes less than zero, the gap is forced to zero by
applying a force on the nodes. This force is calculated using the distance required to
bring the gap back to zero and a specified stiffness for the gap element. A problemn
with this method of modeling contact is that the gap elements are directional, i.e., the
gap between the two nodes is measured as the projection of the distance between the
two nodes on the vector defined by the original orientation of the two nodes. Thus,
the gap elements do not allow the control of tangential displacements.

A more accurate model can be built by modeling the elastic layer explicitly and
by specifying the normal and tangential displacements of the top surface of the elastic
layer directly. For example, for contact with a cylinder, initial contact consists of just
the initial point of contact. As a small displacement is applied, the nodes displace
vertically as well as tangentially. Using small displacements, and checking for nodes
that displace into the cylinder at each step, the behavior of the sensor can be studied
incrementally. For each small step, the nodes on the elastic layer that displace into the
volume of the cylinder arc constrained to lie on the cylinder surface. This algorithm
is shown in Figure 4.15.

Using this method for analyzing contact, the stress distributions were obtained
for a range of normal and tangential displacements of the cylinder with respect to the
sensor. The cylinder had a radius of 22.9 mm. The variation in the stress distributions
with normal displacement and no tangential displacement is shown in Figure 4.16.
The stress distribution is symmetric about the center of contact and the peak stress
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let
Surface : sot of nodes on the surface
In : set of surface nodes currently in contact
CurPos : current position/orientation of the indenter
Delta : small translation/rotation applied to the indenter
compute NewPos = CurPos . Delta
let
Newln : set of surface nodes within the volume of the
displaced indenter
NewOut : set of surface nodes outside the volume of the
displaced indenter
while ( NewlIn is not empty )
apply the small displacement Delta to cach node in Newln
compute surface deformation using the finite element method
let NewIn = nodes that are within the volume of the displaced
indenter

Figure 4.15: The algorithm uscd to study conlact by specifying the surface displace-
ments based on the indenter geometry.

increases with increasing normal load. This behavior is qualitatively similar to that
for the other contact types studied so far -— contact between the sensor and an edge
and a flat rectangular bar.

Figure 4.17(a) shows the effect of varying the normal displacement when the tan-
gential displacement is maintained at a constant value, while Figure 4.17(h) shows
the variation in stress distribution when the normal displacement remains constant
and the tangential displacement is varied. Once again, the peak value of the stress
depends on the applied normal displacement and does not vary with the applied
tangential displacement. However, the tangential displacement leads to a stress dis
tribution that is asymmetric about the line of applied load. The degree of asymmetry,
measured by the distance between the line of applied load and the position of the
peak stress or the first moment of the stress distribution about the line of applicd
load, depends on both the normal displacement and the tangential displacement.

The stress distributions obtained above were used to compute the zeroth and the
first moment of stress about the center of contact. The relationship between the

Y|

moments of the stress distribution and the normal and tangential displacement of

the cylinder is shown in Figure 4.18. Here, the zeroth moment varies only with the

normal displacement. The variation is monotonic but non-lincar. The first moment

varies with both the normal displacement and the tangential displacement.
The advantage of this method is that it can easily be extended to a three-
dimensional analysis of contact. Another advantage is that it is computationally
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inexpensive compared to the models built using the gap clements.

4.5 Models of contact and superposition

The finite element models —onsidered in this chapter have all heen based on linear
elasticity. This implies that the principle of superposition can be used to obtain
stress distributions for different combinations of force or displacement. If the applied
force can be expressed as a linear combination of other applied forces for which the
stress distributions are known, then the stress distribution for the applied foree can
be obtained as a linear combination of the corresponding stress distributions.

This is valid for the case of edge contact and has been verified using the distri
butions obtained from the finite element method. A force applied to the knife leads
to a line force acting on the sensor surface. This canses the surface to deform and
leads to a small displacement of the knife. The stress distributions for a novimal foree
and a tangential force can be obtained using the finite element method. The stress
distribution corresponding to some other applied force or displacement can then bhe
obtained using superposition.

However, this method is not applicable to the case of contact with a flat rectan
gular bar under any combination of forces or displacements appiicd to the indenter.
As mentioned before. a tangential force applied at the top of the bar is equivalent
to a tangential force and a moment applied to the sensor surface and causes the bar
to tilt. If the normal force is not large, then the tilt can lea:t Lo a reduction in the
area of contact, we, as shown in Figure 4.8. This reduction in the contact width m,
introduces a non-linearity into the relation between the fover or displacement applied
to the rectangular bar and the resulting stress distribntion. For this reason, the stress
distribution cannot alwayvs be obtained using supcrposition based on the applicd foree
or displacement.
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Using the finite element method, the sub-surface stress distributions were obtained
for several values of force applied to the indenter. The normal force varied from 0.175
N/mm to 0.7 N/mm in increments of 0.175 N/mm, while the tangential force varied
from 0.00876 N/mm to 0.0876 N/mm in increments of 0.00876 N/mm. Let the sub-
surface stress distributions be denoted by ¢i7, where 7 refers to a value of the applied
normal force and j refers to a value of the applied tangential force. So, for example,
the stress distribution corresponding to a normal force of 0.35 N/mm and a tangential
force of 0.0438 N/mm will be denoted by ¢2®. Since the model was not used to obtain
stress distributions corresponding to purely normal or purely tangential forces, these
have to be obtained indirectly from the stress distributions that are available. If it
is assumed that superposition applies, then the stress distribution corresponding to
a purely normal force can be obtained as oi!¥ — g%J, while the stress distribution
corresponding to a purely tangential force can be obtained as g3+ —g%7. For example,
the stress distributions shown in Figure 4.19 correspond to a purely normal force and
a purely tangential force and were obtained as 02! — gyl and 03 — 02!, respectively.

Figure -1.20 shows the stress distributions obtained using superposition and using
the finite element method. The stress distributions in Figure 4.20(a) correspond to
a normal force of 0.53 N/mm and a small tangential force of 0.09 N/mim. The dif-
ference in the stress distribution obtained using the two methods is small, indicating
that superposition is applicable in this case. In contrast, Figure 4.20(b) shows the
stress distributions corresponding to a normal force of 0.53 N/mm and a tangential
force of 0.16 N/mm. Here, there is some disagreement between the stress distribu-
tion obtained from superposition and the stress distribution obtained from the finite
clement method. Finally, Figure 4.21 shows the stress distributions corresponding to
a normal force of 0.18 N/mm and a tangential force of 0.14 N/mm. Here, the dis-
agreement between the stress distributions obtained form the two methods is large,
indicating that superposition is not applicable.

The contact between a sensor and a cylinder has been studied by sp- ving the
motion of the cylinder with respect to the sensor. Since the area of contact changes
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as the eylinder moves with respect to the sensor, superposition is not applicable in
terms of the relative displacements of the eylinder. However, assuming ‘hat there
is no slip in the area of contact, the relative displacement of the cylinder is used to
determine the displacement, within the arca of contact on the top surface of the sensor,
aud then superposition can be applied. This displacement on the top surface can be
expressed as a sum of scaled and shifted displacements, cach of which corresponds
to the displacement because of an edge contact. The stress distribution can then be
obtained by summing the corresponding scaled and shifted stress distributions.

Superposition can only be used when the system being studied is linear. The
procedures used in this chapter to study contact are quite general and can be used
when the system is non-linear. For example, if the non-linearity in the material
properties is explicitly modeled and a model of friction is also incorporated, the
procedures nsed in this chapter will be applicable.

4.6 Conclusion

The discussion in tiis chapter shows that even though tactile sensors provide infor-
mation about only one compoient of the stress tensor, it is possible to obtain contact
information such as the applied force, the relative displacement, and the indenter
width using features derived from the tactile sensor output.

The most common surfaces encountered in robot manipulation are flat, cylindrical,
and spherical. In this study, the problem ol contact between a planar tactile sensor
and an edge, a flat rectangular bar, and a cylinder, was examined. The protective
layer of the tactile sensor was modeled as a thin elastic layer of finite thickness.
Contact between the sensor and a knife edge was analyzed first, using both closed-
form expressions based on the half space assumption and using the finite element
method. The analysis was used to demonstrate the advantages of using the finite
clement method and also of using features of the sub-surface stress distribution to
recover contact parameters.

Next, contact between the sensor and a flat rectangular bar was studied. A finite
clement model using gap-cable clements was constructed, and an attempt was made
to consider the effects of friction. The finite element method was used to obtain the
sub-surface stress distributions corresponding to several combinations of normal and
tangential force applied to the top of the indenter. Several different indenter widths
were considered. The results showed that obtaining contact parameters from tactile
sensors is non-trivial. The response of the tactile sensor is greatly modified because
of the tangential forces acting on the object. The tangential displacements, and the
extent of contact as obtained from the tactile sensor, are a function of the normal
force, the tangential force, and the indenter width. Several features obtained from the
sub-surface stress distributions, for example centroids, moments, and contact widths,
were studied as a function of the applied forces and the indenter width. The stress
distributions were used to derive functions between the applied forces, the indenter
width and the zeroth- and first-order moments of the sub-surface stress. Several
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examples were given to illustrate how these relationships can be used in recovering
contact information in manipulation and exploration tasks.

Finally, contact between the sensor and a cylinder was considered. A dillerent
model was used to study this type of contact, and the relation between normal and
tangential displacements of the cylinder and the zeroth- and first-order moments of
the resulting sub-surface stress was established. A general method was presented for
analyzing contact with objects of any given shape in 2 or 3 dimensions using the
finite element method. The discussion presented in this chapter demonstrates that
the finite element method is well suited for analyzing contact problems.

The analysis presented in this chapter focused on the determination of contact
forces and contact geometry using only the normal component of the stress tensor. It
is difficult to establish a direct relationship between these parameters and the stress
distribution. However, certain features derived from the stress distributions lead to
monotonic, and sometimes also linear, relationships between the derived features and
the input parameters. An alternative approach to establish such relationships is to
consider more than one component of the stress tensor simultancously, for example,
the normal stress and the shear stress. Recently, tactile sensors that measure more
than one component of the stress tensor have been reported [40] and henee this
alternative approach is not just of theorctical interest but could lead to practical
methods of using tactile sensors.

Finally, it must be pointed out that the analysis in this chapter is theoretical and
only qualitative conclusions can be drawn [rom it. Most tactile sensors are noisy and
do not transduce stress in a linear manner. Hence, a more accurate model is required
for experimental calibration. Another important aspect that needs to he modeled is
the discrete nature of real sensors. The spatial sampling {requency of a real sensor
must also be built into an accurate model of a tactile sensor.
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Chapter 5

Tactile sensing and manipulation

In the previous chapters, stress distributions arising from contact between rigid in-
denters of different shapes were analyzed for a variety of loading conditions. Several
features that were predictive of the loading conditions, given the indenter shape, were
identified. Based on these features, this chapter presents a new approach, called tac-
tile servo, to control robot motion based on tactile sensory feedback. In this method,
features of a stress distribution, as obtained from a tactile sensor, are used to control
the motion of a robot manipulator. A task is specified in terms of the desired values,
or sequence of values, of a set of tactile features. The predictive relationship between
the motion of a manipulator relative to the sensor and the corresponding change in
the values of the selected tactile features is used to estimate the desired motion of
the robot manipulator. This approach presents a general way to perform tasks based
on touch and in that way satisfies the objective of the thesis.

5.1 Introduction

I'he possibility of controlling the motion of a robot manipulator using tactile feed-
back has been explored recently by several researchers. Houshangi and Koivo [30]
conducted a simple empirical study in which the robot determined the angle between
a cylindrical peg and a planar surface using the tactile sensor output from the robot
hand. No atiempt was made however to model the tactile sensing process or generalize
the experiment to other types of contact.

Berger and Khosla [8] formulated an algorithm to track an edge using tactile feed-
back. The approach was novel in that tactile information was used actively to control
the motion of the robot. A hierarchical control architecture was used for the task
with an inner control loop consisting of a hybrid controller driving the manipulator
and an outer control loop using the information from the tactile sensor to derive the
next position command for the inner hybrid controller. An empirical study of the
behavior of tactile sensors was presented and this knowledge was used in developing
the algorithms for the processing of tactile data. However, a model of tactile sensors
was not constructed, and tactile sensory data was processed using techniques adapted
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from image processing to determine the edge parameters of a stationary object. Fur-
thermore, there was no manipulation of objects. In a manipulation operation such
as rolling a cylindrical object between the fingers of a dextrous hand, the identity as
well as the geometric description of the object being manipulated is known, and the
objective of the task is to cause purposeful motion of the object. This is different from
robot motion control using tactile feedback such as the edge following task described
above [8] in that the object being manipulated is in motion whereas the edge that is
being tracked remains stationary.

Most recently, Maekawa el al. [43] have presented a task based on rolling contact.
They presented a kinematic model of rolling contact based on the assuniption that the
location of contact is known. This model was used to develop a control algorithm for
tasks involving rolling contact using tactile sensors to estimate the location of contact.
They showed that manipulation is significantly improved when tactile sensors are used
to provide feedback about the location of contact between the finger and the object
being manipulated.

The understanding of active object manipulation using tactile sensing is important
since it often provides the most direct, intuitive, and sometimes the only observation
of the progress of a task. This chapter presents a new approach to tactile-based object
manipulation. It is referred to as tactile servo by analogy with image-based visual
servo [65]. The approach makes use of the simple observation that the progress of a
manipulation task can be characterized by the tactile images obtained from tactile
sensors mounted in the robot hand used to actively manipulate objects. Tactile servo
has been applied successfully to the manipulation task of pushing a rolling pin on a
planar surface using a planar robot finger equipped with a tactile sensor array. The
work is being extended to other tasks involving a dextrous multi-fingered robot hand.

5.2 Tactile servo

A manipulation task can be described in terms of a sequence of stages or states. The
number of such states for a given task depends on the type of sensors available [23].
The progress of the task can be represented as an ordered sequence of these states. For
a robot contact task such as manipulation, if the contact can be monitored by tactile
sensors, each state in the task sequence can be characterized by the tactile image
acquired from the tactile sensors. To make the required transitions hetween states,
therefore, it is only necessary for the robot control system to control the motion of
the robot so that the desired goal image is obtained. Instead of using a complete
tactile image to characterize task states, it is often more useful to characterize task
states in terms of a finite set of tactile signatures or features that are derived from a
tactile image. This notion can be expressed in the following form:

F=J(X)

where X is a vector that defines the state of a task in terms of parameters related to
the manipulator and the object, and F is a vector consisting of several features derived



from a tactile image that characterizes the given state of the task. The dimension and
representation of /* and X vary from task to task. For example, in the operation of
pushm;D a cylindrical object with a planar end-effector equipped with a tactile sensor,
as in rolling a cylinder over the table top (see Figure 5.5), F can be represented by
the position and the arca of the rectangle whose boundaries represent the area of
contact,

It is possible that for some tasks, the mapping shown in Equation 5.1 is not one-
to-one. This may occur when the sensors being used in the task are unable to fully
and unambiguously characterize the various states of the task. The problem may be
overcome by adding other types of sensors which could provide additional features.

As the task progresses, a small change in the state of the task, as characterized
by a small change in X, will lead to a corresponding change in the feature vector
I*. 1If this relationship between the feature vector and the task state vector can be
accurately identified, then the changes in the feature vector can be used to estimate
the changes in the task state vector and this knowledge can then be used to control a
robot to track a given sequence of task state vectors that specify a given task. This
relationship between differential changes in task state vectors and feature vectors can
he expressed as a Jacobian matrix, J, as described in [65] :

dF
dX’
This matrix is called the feature sensitivity matriz or the feature Jacobian matriz.

Let Jg represent the manipulator Jacobian that relates a differential change in
the joint angles of the robot to a differential change in the position of the robot in
Cartesian coordinates. This is expressed in the following form :

(5.1)

8=

dX
o
where @ is the vector consisting of the joint angles of the robot arm. Using these

cquations, the following relationship between a differential change in the joint angles
and a differential change in the tactile features can be derived :

o= (5.2)

df = IJ;'dX = 37 I dF. (5.3)

This relationship can be used to control the motion of a robot in a manipulation
task specified in terms of a sequence of desired values of the tactile features Fy. At
any given instant, the differential change in the feature vector is taken to be the
dilference between the feature vector cbtained from the tactile sensor, Fa, and the
desired feature vector F ¢, and is specified as :

dF = Fy— F.. (5.4)
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Figure 5.1: 572 (N/mm?) for linc contact, as a function of .y and 0.

Equation 5.3 is then used to obtain the corresponding differential change in the
joint angles of the robot, df. This is then added to the current robot configuration in
joint space, , to arrive at the desired values for the robot joint angles used to drive
the position servo controlling the arm.

As a simple illustration of this approach, consider the case of line contact, as
discussed in the previous chapters. Let the {eature vector I* consist ol the zeroth
moment and the first moment of the stress distribution obtained from a tactile sensor.
Equations 4.3 and 4.4 specify the relationship between these moments in terms of the
displacements of the layer and were obtained by using the half space assumption.
The displacements correspond to the movements of the knife edge relative to the
layer. As these equations show, the Jacobian matrix relating the given leatures to
the displacements is diagonal. A problem associated with the analytical approach is
that the displacements are infinite at the surface of the layer where the contact is
being made. This is because of the stress singularity at that point. Furthermore,
these equations contain the arbitrary factor d whicl is used to provide a reference
point and cannot be determined from the problem specilication.

The relationships between the moments and the displacements were presented in
Chapter 4 and were obtained from contact models using the finite element method.
Four components of the feature Jacobian matrix, ,—,'—31%, )'T’)"%, ﬁ%ﬁ)—, and —I'#L, can be
obtained from the above relations using numerical differentiation, and are presented in
Figures 5.1, 5.2, 5.3, and 5.4. As these figures show, the Jacobian matrix is no longer
diagonal. However, the diagonal elements are large compared to the ofl-diagonal
elements and so the matrix is dominated by the diagonal clements.

The information provided in these figures can be used to control comtact tasks
involving edge contact. A simple example of such a task is to track an edge. Another
example is to grasp an object along its edges.
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Finger

Figure 5.5: Planar view of a robot arm cquipped with a sensorized finger volling a pin.

5.3 Example task : Rolling a pin

To illustrate the approach outlined above in greater detail, consider the task of rolling
a pin, as shown in Figure 5.5. In this task, the tactile sensors can be used to charac-
terize the progress as long as contact is maintained between the finger and the pin.
To use tactile servo for this task, we need to identify (a) the task state vector X, (b)
the corresponding feature vector F to be computed from the tactile image, and (c)
the Jacobian matrix J, that relates the differential change in the task state vector to
differential change in the feature vector.

The various states of the manipulator/task correspond to the position and orien-
tation of the finger, as defined by a homogeneous transformation from the base of
the arm. As the task progresses, the differential change in the task stale vector can
be characterized by the change in the position and the orientation ol the arm «m(l
this change is represented by the six-dimensional vector dX = [dr dy d= o0 by 8- !
where the first three components correspond to differential translations and the last
three components correspond to differential rotations.

The tactile features to be used in the tactile servo depend on the forces acting
on the rolling pin and the tactile sensor. These forces result in relative displacement.
between the sensor surface and the rolling pin. This displacement, leads to a distribu-
tion of forces within the area of contact and these forces in turn result in the normal
stress distribution measured by the sensor. ‘To determine the features to be used in
controlling the task of rolling a pin, we need to characterize the relationship between
the forces applied to the pin, the displacement of the pin and the sensor, and the
stresses measured by the tactile sensor.

5.3.1 Tactile images under varying loading conditions

Translation along z

Figure 5.6 shows the output of the tactile sensor for different forces applied on the
pin along z in Figure 5.5. The darker areas in the image correspond to larger forces
as detected by the sensor. The image on the right corresponds to a larger applicd
normal force. The force applied along z presses the pin into the elastic layer and the
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Figure 5.6: The two-dimensional stress distributions obtained experimentally Jrom the
tactile sensor in which the darkn:ss represents the pressure intensity. The image on
the right corresponds lo a larger force applied along = compared lo lhe image on the
lefi. The z-axis is normal to the page.
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IFigure 5.7: The effect of a rotation about =, which is normal to the plane of this page.

clastic layer deforms within the area of contact to conform to the shape of the rolling
pin. Since no force is applicd along x, the stress distributions are symmetrical about
the line of action of the applied force. Increasing the magnitude of the applied force
presses the pin further into the elastic layer. thus increasing both the maximum stress
and the arca of contact, as shown in the tactile images in Figure 5.6.
Rotation about =

Figure 5.7 shows the effect of a rotation about z, aid that simply causes the stress
distribution to rotate about = by the same angle.
Translation along y

This motion cannot be detected by the sensor because of the geometry of the
cvlinder and the sensor. Although this motion causes the relative position of the
sensor to change with respect to the cylinder, the tactile image does not change with
this motion.

Rotation about y
As mentioned above, the lorce along z presses the pin and the sensor together

while the force along « causes a shearing effect in the area of contact. It also causes
a turning moment in the area of contact and this has the effect of rotating the pin
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Figure 5.8: The effect of a translation along x. which is along the vertical divection
on this page.

about y into the surface of the sensor. All this canses the resulting stress distribition
to be skewed so that the stress in the top half of the sensor is large while the stress
in the bottom half of the sensor is small. However, because of the sensitivity ol the
sensor and the noise, changes in the tactile image caused by this motion are extremely
difficult to identify.

Translation along «

This motion simply causes the tactile image to translate by an equivalent amount.
This is similar to a rotation about z in that, here, the stress distribution is simply
translated along & and does not change in any other way. This moticn is illustrated
in Figure 5.8.

Rotation about «

Figure 5.9 shows the stress distributions obtained from the tactile sensor when a
normal force acts along = and a tangential force is applied along y. The image on
the left corresponds to a small applied tangential force while the image on the right
corresponds to a larger applied tangential force. As before, the darker arcas in the
images correspond to larger values of force as detected by the tactile sensor. Here,
the force along = presses the pin against the sensor while the foree along y causes the
pin to rotate about x into the sensor surface. This skews the stress distribution so
that the stress in the left half of the sensor is large while the stress in the right half
of the sensor is small. Here, because of the geometry of the pin and the sensor, the
effect is a lot more dramaiic than for the case of a force applied along .r.

5.3.2 Identifying tactile features

To perform a task using tactile servo, we need to identify features m these stress
distributions that relate in a unique and unambignous way to the position and ori
entation of the finger. The discussion presented in the previous chapters and in [56]
characterizes the stress distributions that are obtained for different applied forees and
indenter geometries. It was found that the various moments associated with the stress
distribution vary monotonically with the applied forces and displacements,

Based on the results presented earlier and on the discussion presented in the

6GH



y

Fignre 5.9: The ¢ffect of a rotation about . The image on iae v ght resulis from an
anli-clockwise rolation of the cylinder aboul x, which lies along the rervtical direction

in the planc of this page.

previous subsection, the features used in this study are obtained {rom the zeroth-,
first- ans' second-order moments, shown below:

// a.{x,y)dady

M, = / yoea(a,y)dady

/ / o (1, y)ardy

A/]_,,J. _ /. / !/20.::(:1:’ y)d.’l' (ly
My, = // 2o (x.y)de dy

//1‘ (e, y)de dy

Here, My is the zeroth-order moment of the stress distributict. M, «nd M, are
the first-order moments of the stress distribution with respect to the axes x and y of
the sensor. My, M,,. and M,, are the second order moments asso-jated with the
stress distribution.

The zeroth-order moment, M. corresponds to the normal force acting on the
sensor surfz o and is therefore equal to the normal contact force. The location of
contact is charactrrized by the centroid of the stress distribution obtained from the
tactile sensor. The 2 and y coordinates of the centroid, denoted by (z.,¥.), are
obtained from the zevoth- and first-order moments as shown below.

A/IU

-
=
il

il

M.,

o
T My

M,
Yo =

J‘[g
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Let #'y'=' be the frame that is obtained by translating the wyz frame, fixed to the
sensor, by (s ¥:). The second order moments with respect to this frame, denoted
by Mz, My, and M, are used to obtain an axis rotated about ' so that the
moment of the stress distribution about that axis is a minimum. The angle made by
the axis with &’ is denoted by 0, and is given by:

—2“1 vy
tan (20) = ———24
( ,) "‘IJ".I" - I‘I,Il”/

The features discussed above are all related to the motion of the fingertip relative
to the object being manipulated. My is related to the relative movement of the finger.
and hence the sensor, along z. Similarly, #. and y. are related to the motion ol the
sensor along x and y. However, as mentioned before, because of the geometry of the
task, movement along y does not change the value of y,.. Henee, this motion cannot be
controlled using tactile servo. M, is related to rotations about o while M, is related
to rotation about y. It was found experimentally that the effeet of a rotation abont y
on the sensor output was minimal and was cflectively drowned ont by noise. Henee,
this is another movement that could not be controlled by tactile servo. Finally, 0, is
related directly to rotation about =.

Thus, four features can be identified and related to four of the six possible motions
of a robot in a Cartesian frame. The feature vector is given by :

X
o 1\”()
F= M,
0,

and the differential task state vector is given by : -

dr

¢
0z
z

5.3.3 Obtaining the components of J,

As mentioned before, a differential change in X leads to a differens.a change in the
associated feature vector F. These changes are related by the feature sensitivity
matrix, Js, also called the feature Jacobian, as shown helow:

g Are Clu O,

r iz A, A

aMe  OMg  AMy  AMy
J — rr'lJ,‘ i OA DA (r -
S| oMy M, IM, OM; | - n.9)

A Az A0 I

;,101, 1‘10[, (')01, ;10[,

r iz AN, W

Here. .\, refers to a rotation about z and A, refers to a rotstion about z.
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along = and x.

To control this task using tactile servo, cach component of J,; needs to be identified.
The complete specification using theoretical considerations is an extremely difficult
task. One approach to doing this, and the associated difficultics, are discussed below.

It has already been pointed out that a theoretical analysis of stress for contact
with thin layers is an extremely difficult problem and in most cases closed-form ex-
pressions for the stress disiribution cannot be obtained. The finite element method
was ideniified as a general alternative method for analyzing contact and some siinple
cases of contact were characterized in Chapter 4 using this method. If the move-
ment of the robot and the pin is restricted to the @ — = plane, then the plane strain
assumption becomes applicable and the characterization in Chapter 4 can be used
to formulate the Jacobian J,. Here, the differential task state vector is reduced to
3 component - A, dz, and 6y. Correspondingly, the feature vector is also reduced
to three coi:, onents ., My, and M,. The Jacobian has nine components obtained
by deleting the last row and the last column in Equation 5.5. The Jacobian can be
formulated using the procedure described in Chapter 4, and the *  aulation for z.
eud My is given here.

The variation of My and M, with dz and dz was considered in Chapter 4. Us-
ing numerical differentiation, four components of the Jacobian, Q{—,’:’—, ‘—’j—:—, 2%“, and
’—“,—’Q can be formulated. These are illustraied m Figures 5.10, 5.11, 5.12, and 5.13,
respectively. The functions plotted in these figures are not smooth. For example,
the functions shown in Figure 5.10 and Figure 5.12 have ridges, while the function
illustrated in Figure 5.11 has isolated peaks. . These are artifacts introduced by the
numerical nature of the analysis. Although these features vary continuously with the
displacements, there are discontinuities in these features because of the size of the el-
cments in the finite element model. For example, » small, finite normal displacement
is required before additional nodes in the model conie in contact with the indenter,
and this causes the above mentioned discontinuities.

To analyze the other three components of the differential task state vector, dy,
b, and 8z, a three dimensional model of contact nceds to be developed. The same
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procedure outlined in Chapter 4 can be used. However, the study of three dimensional
models is computationally expensive and it was found that current computational
resources are barely enough. Such an analysis is planned for the future.

Some experimental data is presented in Figure 5.14 to show the variaiion of some
of these chosen features with the applied forces and displacements. The relationship
between My and dr and d= was presented in Chapter 4. It was found that the variation
in My is monotonic and non-lincar with respect to dz and there is little variation with
respect, to di. Figure 5.14(a) shows the variation of My with increasing normal force
as obtained ¢ perimenally from the tactile sensor. This relationship is monotonic as
well and is similar to the one obtained from the model.

Similarly, Figure 5.14(b) shows the variation of M, with applied tangential force as
obtained experimentally from the tactile sensor. Here, the relationship is monotonic
but noniincar. It also exhibits a saturation effect because the sensor has a maximum
force that it can measure. However, it can be ohserved that the relationship is nearly
lincar until the applied force is large enough to cause the sensor to saturate.

The relationships obtained experimentally are shown on scales that differ greatly
from those used in presenting the theoretical results. This is because the data from
the sensors is used directly and the sensors are not calibrated for force or stress. As
mentioned in Chapter |, the finite element model is approximate and does not model
the physical sensor exactly. The purpose of the model was to obtain a Jualitative
understanding of sensor behavior. To calibrate the tactile sensors and to obtain a
quantitative agreement between the model and the sensor requires more accurate
models and the exercise is planned for the future.



5.4 Summary

Tactile servo was introduced for controlling tasks involving contact, by analogy with
visual servo where vision plays an important role in controlling the motion of an
object. The task of rolling a cylindrical pin was used to illustrate tactile servo in
detail. The finite-clement method was used to model the contact hetween a evlindrical
indenter and a tactile sensor. Using the results obtained from the finite-element
analysis as well as experiments with a tactile sensor, a set of features to be used in
the tactile servo was identified. These features were then used to develop the tactile
servo algorithm. Experimental results are presented in the next chapter.



Chapter 6

Tactile servo : An experiment

The coneepts presented in the preceding chapters were verified experimentally. This
verification shows the correctness and the applicability of tactile servo. Tactile servo
was used to control a robot arm to roll a cylindrical pin on a flat surface. Section
I describes the experimental setup that was used to perform the given ta k. The
experiment. is described in some detail in Section 2, and the experimental resulis are
presented in Sections 3 and 4. Finally, the chapter concludes with a summary and

discussion.

6.1 Experimental setup

The hardware organization is shown in Figure 6.1. The backbone of the experimental
setup consists of a VMIS-bus chassis connected to a SUN-3 computer. This machine
provides the development environment for the robot system. The control programs
are developed in C and then compiled using the standard C compiler available on the
SUN-3. These programs are then linked with libraries developed in the laboratory
to produce control programs that can be downloaded onto the processor boards for

execution !,

6.1.1 The hardware

The computing power for controlling the robot system is provided by two processor
boards connected to the VME bus. Both of these boards support dual ported memory
that can be accessed through the VME bus by the other processor boards and the
SUN-3. thus leading to a shared-memory system. The Heurikon V2F board is based
on the Motorola 63020 processor and the Motorola 68881 floating point co-processor.
The Synergy SV400 board is based on the Motorola 68040 processor that has built-in
floating point processing capabilitics. These two processor boards are also connected

UThis system was {'nt together by Mr. Steve Sutphen.
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to the Sun-3 through serial ports. allowing the Sun-3 to act as a virtual terminal that
provides interaction with the ROM monitor programs on the processor hoards.

The robot itself is a PUMA 260 and is connected to the VME bus through a
set of interface cards. The Datel DVME-628 D/A board provides eight digital-to-
analog conversion channels accessible through the VME bus and the analog outputs
of six of these channels are connected to the six motors of the PUNA 260. A digital
value output to one of these channels specifies the motor current that in turn delines
the motor torque. The LYNX LXVMIE/S01 hoard is wired to the joint encoders on
the PUMA 260 and provides information about the joint positions using quadrature
decoders for each joint. Thus, the arm is controlled by obtaining the joint positions
through the second interface card by reading the given locations on the VME bus,
and then computing the torque that is then applied to the motors by writing to the
given VME bus locations. The Mizar VME-8605 A/D board provides cight analog:-
to-digital conversion cha.nels.

The sensory system of the robot consists of two tactile sensors and a six-axis
force/torque sensor. These sensors are interfaced to the 1MSys 1OM-1 processor
board based on the Motorola 68000 processor. This hoard also contains dual-ported
memory and is connected to the VME bus. A terminal connected to the processor
board through a serial link provides access to the ROM monitor program on the
board. The sensors are accessed through this board and are not directly connected to
the VME bus. The tactile sensors are of the piczo-resistive type, i.e., the resistance of
the sc.sor varies with the applied force. These sensors were purchased from Interlink
Electronics. Each sensor consists of 16x16 clements spread over an arca of | square
inch. The sensor and a sample image obtained from it are shown in Figure 2.1, The
sensors are interfaced to the processor board through an clectronic interface card and
a 10-bit A/D converter. The entire sensor can he scanned in about 5 ms, thus giving a
scan rate of 200 Hz. The six-axis force/torque sensor is also connected to the processor
board through an electronic interface card and a 10-bit A/D) converter. The foree is
computed in software by using a calibration matrix supplied by the manufacturer.
This sensor can be read in about | ms, thus <ivins a sca rate of 1000 Hz. However,
this rate is reduced because of the computation reauirad to obtain the foree/torgne
vector.

6.1.2 The software

The robot control program 2 implements the fitite-s: ate machine shown m Figure 6.2,
The program begins executing in the state iabeled START. In this state, the program
initializes the state of the robot by setting the j. i encoder counts and the joint
output torques to zero. The configuration of the robot is completely specified by
the joint angles, which are directly related to ihe encoder counts obtained from the
incremental encoders attached to the robot joints. {he desired configuration of the

*The robot kinematics are taken from Paul and Zhang [51]) and the software described here is
based on the software developed by Dr. Zhang at the University of Pernsylvania.
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Figure 6.1: The Experimental Setup.
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Figure 6.2: The finite-state machine corresponding lo the robol conlrol program.

robot, in terms of the desired encoder values, is initialized to zero. The program also
sets up the timer interrupt.

When power to the robot is turned on, the program state changes from START
to IDLE/UNCALIBRATED. In this state, the robot position is maintained in its
current configuration by a low-level position control algorithm running in the hack-
ground at a rate of 400 Hz, or once every 2.5 ms. In cach time-step, this algorithm
computes the error between the current values obtained from the joint encoders and
the desired values of the joint encoders, and then uses proportional-derivative control
to compute the required output torques nceded to drive the joint motors. Since the
incremental encoders were initialized to zero, and the desired encoder values were

also initialized to zero, the control algorithm maintains the current configuration of

the robot. Since the robot could be in some arbitrary position on startup, @ siete
is called uncalibrated. To be able to specify trajectories in terms of jooat gl or
Cartesian coordinates, the robot must first be moved to the home positic. . aini then
the incremental encoder counts must be reinitialized Lo zero. This is called calibration
of the robot. To move the robot in the un-“rated state, the user can change the

robot state to MANUAL/UNCALIBRA1 - . . :1then change the robot contiguration

joint-by-joint to the home configuration. : » -2e keyboard as a joystick. The nser

s



can then change the state of the robot back to IDLE/UNCALIBRATED and then to
IDLE/CALIBRATED.

Once the robot is in the IDLE/CALIBRATED state, the user can specify any
one of a number of different states to move the robot. The MANUAL/JOINT state
allows the user to use the keyboard as a joystick to move the robot in the joint space.
Similarly, the MANUAL/CARTESIAN state allows the control of the robot in the
Cartesian space using the keyboard. The user can specify the direction of translation
or rotation as well as the desired velocities. The TRAJECTORY state allows the
robot to carry out pre-programmed moves. Each move specifies a goal configuration
in Cartesian space and can be carried out in joint space or in Cartesian space. The
TRAJECTORY/USER state is similar to the TRAJECTORY state except that in
this state the user types in the moves on-line, using the keyboard. The TACTILE-
SERVO state is used to perform the task of rolling a pin using tactile servo described
in Chapter 5.

As mentioned above, the robot is controlled by a background process running
every 2.5 ms, or at a frequency of 400 Hz. This background process is coded as an
Interrupt Service Routine (ISR) for the timer interrupt and the desired rate is achieved
by setting the time. The ISR computes the next desired set-point in terms of desired
values for the incremental joint encoders. It then obtains the current values of the
joint encoders and computes the error and the derivative of the error, which are then
used to compute the required output torques for the joint motors using proportional-
derivative (PD) control. The computation of the next desired set-point depends on
ihe current state of the robot. In the IDLE/CALIBRATED state, the set-point
remains the same. In the MANUAL/JOINT state, the set-point is obtained from the
desired values of the joint angles. The computation in the MANUAL/CARTESIAN
state is complicated. The desired change in Cartesian coordinates is obtaincd from
the keyboard joystick and is converted to a change in the joint angles. This is then
added to the current values of the joint angles to obtain the desired joint angles. The
desired values of the encoder counts are obtained .-Yro¢%i - from the joint angles.

In the TRAJECTORY state, the desired move . =@ wed in a queue. The motion
between two moves is interpolated using the methou presented by Paul [50]. For moves
in joint space, the interpolation is done for the joint angles. For moves in Cartesian
space, the interpolation is done on the position of the robot in Cartesian space, after
which inverse kinematic equations of the robot are used to obtain the corresponding
joint angles. This interpolation is done on-line during each time-step by the 15R,
depending upon the parameters of the current move. The desired values of the join
encoders are obtained directly from the joint angles.

The program implementing the robot control system and the ISR runs on :he
Heurikon V2F processor board. Tactile servo, because o i%:2 sensor data process-
ing requirements, requires additional programs running on the other two processor
boards, the Synergy SV400 and the EMSys IOM-1. In the TACTILE-SERVO state,
the control of the robot is dependent on the tactile sensor. In each time-step, the
ISR queries the tactile sensor through the program running on the Synergy processor
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Figure 6.3: The organization of the robol conlrol software.

board. This program obtains an image from the tactile sensor using the program
running on the [OM-1 processor hoard and then computes several features from this
image. The ISR uses these values to compute errors in the feature space, i.c., the
difference between the desired feature values specified by the nser and the feature
values obtained from the sensor. Thesc errors are then transformed into errors in the
joint space using the feature sensitivity matrix and the manipulator Jacobian matrix,
as described in Chapter 3. These errors in joint space are added to the carrent values
of the joint angles to obtain the desired joint angles, which directly yield the desived
values of the joint encoders. The system organization is shown in Figure 6.3. The
tactile servo algorithm is shown in Figure 6.4.

6.2 Tactile servo : Rolling a pin

The algorithm outlined in the previous chapter was implemented for the simple op-
eration of pushing a cylindrical peg on a planar surface, using a planar end-effector
mounted on a PUMA 260 industrial robot.

To obtain J,, a relation between the selected features and the six components of

the manipulator tip position must be obtained. However, as mentioned in Chapter 5,
because of the geometry of the task, and because of noise in the sensor, information

-



let
0 : current joint angles
I+ measured feature vector
= [My,xe, My, 0,)"
i desired feature vector
= [Mg,zt, M2, 0;
if ( new data from the tactile sensor 1 available ) then
compute My, M,, M,

compute i, = A’

d
SNt

compute y. = f‘—‘%(‘;

compute M., /W,-I;,,t. My'y:

=20 1

= Lyan-1
compute 0, = 3 tan FE Y

compute the feature error vector dF =
Tl - Myyad — e, MY~ M, 08— 0,7
compute dX = J-'dF

compute df = J;'dX

[igure 6.4: The tactile servo algorithm.



about two of the components of the manipulator tip position, dy and oy, cannot be
obtained from the tactile sensors. Therefore, four features arve used to control four
degrees of frecdom of the arm in a Cartesian frame.

It was also mentioned in Chapter 5 that it is difficult to formulate the Jacobian
completely using the available resources. It was - " that sometimes the coupling be
tween different features is minimal. Intuitively. -~ 1 be argued that the ofl-diagonal
elements of the feature sensitivity matrix are small compared to its diagonal elements,
For example, consider the first row of the feature sensitivity matrix. Compared to a
movement along .y, the effects on . of a translation along =, or rotations about .,
and z, are minimal. Similarly, considering the second row of the feature sensitivity
matrix, it can be observed that compared to a translation along 2, the elffects of a
translation along x; and rotations about @, and z, are small. Similar argmments can
be made for the third and the fonrth rows of the feature sensitivity matrix. Therelore,
the Jacobian matrix is dominated by the elements on the diagonal. It is casy to show
that for matrices of ¢rder less than or equal to four, if the matrix is dominated by
the elements on the diagonal, then the inverse of the matrix is also dominated by the
diagonal clements. Here, as a crude approximation, Iy is assumed to be diagonal.

kl 0 0 ()

0 &2 0 0 .
=19 0 3 o (6.1)

0 0 0 ki

This Jacobian was used in equation 5.3 in the previous chapter to provide the
control algorithm for tac*ile servo for the given task of rol" ¢ a pin. A data collection
-ate of ™0 Hz from the tactile array was achieved, while  he position servo loop was
running i 400 Hz. The robot was programmed to roll a cylindrical pin of radius 23
mm on a planar susface using tactile servo. For the robot to do the task withont
considering the contact stability problem, this surface was alsa covered with a layer
of soft rubber. The rubber layers on the iable top and tactile sensor also improve
contact. The experimental setup is shown in Figure 6.5 along with the hase frame
and the sensor frame. The robot is shown in the home position.

The planar surface was mounted on a motorized pan-tilt tabie which itself was
mounted on a pair of sliders. This provides two rotational degrees ol freedonn, pan
about z and tilt about 2o, and one translational degree of freedom, movement along
2o. By turning the pan-tilt table 90 degrees, panning about g, and translation along
Yo can be provided. This arrangement, was used to examine the performance of tactile
servo for different orientations of the planar surface as well as for dynamically changing
orientations and translations of the planar surface. Figure 6.6 shows the robot rolling
the pin on the pan-tilt table. Again, the frames are marked on the photograph. This
is the normal configuration of the robot, when rolling the pin and the picture shows
that z; is oriented at an angle of 180 degrees with respect 1o g while z, is oriented
at an angle of 180 degrees with respect to z.

In the experiment, the orientation of the tabl: top i not known to the tactile servo
algorithm and it is able to control the 1obot to orient its end-effector appropriately
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Figure 6.5: A photograph of the robot, the pan-lill table, and the rolling pin.

robot base frame, (yo,z0), and the sensor frame, (T,,Ys), are both shown.

The



Figure 6.6: A photograph of the robot rolling the pin on the pan-tilt table.



7.
t

to accommodate the changes in the orientation of the table top over time,

The robot was controlled to move back and forth along ry. This was achieved by
alternately setting the desired value of r. to be close to the two ends of the tactile
sensor. Figure 6.7 shows an enlarged view of the tactile sensor along with the sensor
frame. The sensing sites are formed by superimposing two halves such that one hall
consists of rows of piezo-resistive material while the other half consists of columns of
piezo-resistive material. The superimposition forms a matrix of sensitive sites. The
rows and columns are numbered from | to 16 and the features are computed based
on these numbers. Therefore, &. must vary between | and 16, Initially, the desived
value of 2. is set to be 2. Once this value is achieved to within a given tolerance, here
set at 0.5, the desired value is changed to 15. The linear speed of this rolling motion
along a, is about 10 mm/s.

The desired value for Mg was set to 15000. As mentioned hefore, Ay is related
to the normal force being exerted on the tactile sensor. Fach sensing site on the
tactile sensor is sampled using a 12-hit A/D converter and can henee correspond Lo a
maximum value of 4095 for a given force, which in this case is obtained for a relatively
small force of a few Newtons. Thus, a value of 15000 corresponds to a relatively small
normal force.

The desired value for M, was sct to 0. This corresponds to a symmetrical stress
distribution corresponding to zero tangential force and moment. Thus, these vwo
set-points cause the robot to maintain an orientation normal to the cylinder.

The desired value for 0, was also set to 0. This causes the robot to push the pin
in a direction that is normal to both the axis of the cylinder and the surlace normal
of the sensor.

The numerical values for k1, &2, k3. and A1 were determined experimentally using,
trial and error and were set at 20, 20000, 200000, and 1000, respectively.

In summary, the controlled variables or the controlled tactile features, their desired
values, and the elements of the feature sensitivity matrix are shown below:

r. = 2,15
My, = 15000
M, = 0
0, = 0
20 0 0 0
J. = 0 20000 — 0 0
g 0 0 200000 0
0 0 0 1000

The motorized pan-tilt table was used to examine the performance of tactile servo
for several orientations of the planar surface on which the cylinder was rolled by the
robot. The setup was also used to study the dynamic performance of tactile servo
by changing the orier*  “on of the pan-tilt table while the cylindrical pin was being
rolled. The results of these experiments are presented in the following sections.
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6.3 Rolling a pin on a flat surface

In this section, results from rolling a pin on a fixed plane are presented. A number of
experiments were conducted by changing the orientation ol the plane. The data was
collected after the robot had adjusted to the change in orientation. Therefore, these
results show the performance of tactile servo in a static environment. Figures 6.9
through 6.12 show the change in several different variables over a 10 second time
interval as the robot rolled a pin along @, on a flat surface oriented approximately
normal to 2.

The orientations and attachments of the different frames are shown in Figures 5.5,
6.5, and 6.6. It can be observed from Figure 6.6 that «, and z, of the sensor frame
attached to the robot fingertip are oriented 180 degrees from @y and zy of the robot
base frame, respectively. This is the normal rolling configuration of the robot and
as long as there are no changes in the oricntation of the table, the orientation of
the sensor frame does not change with respect to the base frame. However, tactile
servo tracks changes in the orientation of the pin, and the commanded desired values
cause the robot to always roll the pin in the plane of the pan-tilt table such that the
face of the robot fingertip is parallel to the plane of the table and the direction of
motion is normal to the axis of the rolling pin. Since no rotations are made about
yo, the response of the tactile servo to changing orientations of the pan-tilt table can
be studied by examining the two angles illustrated in Figure 6.8. The first angle, 0.,
is the angle formed by z, of the sensor frame attached to the fingertip and the plane
formed by zo — 2o of the base frame, and is shown in Figure 6.8(a). Figure 6.8(D)
shows the other angle, 8,,, formed by , of the scusor {rame and the xy — zy plane.
In the following discussion, pz, py, and ps, refer to the position of the origin of the
sensor frame with respect to the base frame.

6.3.1 Rolling a pin on a plane aligned with the base frame

Figure 6.9(a) shows the variation in . as computed from the tactile sensor while the
robot was rolling the pin. During this 10 second interval, the robot revers:ad direction
three times and this can be casily seen from the figure. Figure 6.9(h) shows the
change in p, as computed from the joint encoders while the pin was being rolled. As
z. changes from about 3 to 14, the fingertip position changes from about 308 mm to
about 342 mm, respectively. The robot fingertip position closely follows the feature
Te.

The variation in the feature Mo is shown in Figure 6.10(a}, while Figure 6.10(h)
shows the change in p.. It changes by 1.4 mm between -148.2 mm and -149.6 mm.
This is a large change for this variable and suggests that the pan-tilt table was slightly
tilted about the yo-axis. p. changes from -149.4 mm to -148.8 mm as the arm rolls
along o from 342 mm to 308 mm. Then, as the arm rolls back to 340 mm along xy,
this position changes again to -149.¢ mm. The change during the third stage from
about 7 seconds to about 10 seconds closely follows the change during the first stage
from 0 seconds to 3 seconds, suggesting that the arm is able to detect and track small
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Figure 6.11: The variation in (a) M, and in (b) 0., while rolling the pin on a [lal
table aligned with the arcs of the robol base frame.

irregularities in the surface or the cylindrical pin. My stays close to 15000, except. for
some large variations, and it is seen that the sensor data is noisy.

The change in the feature M, as a function of time is plotted in Figure 6.11(a).
Although centered around zero, this feature is also noisy, reflecting the noise in the
sensor data. Figurc 6.11(b) shows the variation in 0.,. The total change is 0.4 degrees
varying between 170.85 degrees and about 171.25 degrees. Ideally, if there were no
errors in the robot calibration and if the table was exactly aligned with zy, this angle
would be 180 degrees. The angle indicates that z,-axis attached to the fingertip points
downwards. However, it is off from 180 degrees by about 10 degrees. This error arises
from calibration errors and errors in aligning the table with zy. In particular, the
fourth and sixth joints in the robot wrist are difficult to calibrate and are the major
contributors to this error.

Finally, Figure 6.12(a) shows the change in the feature 0, as a function of time.

--
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Figure 6.12: The variation in (a) 0, and in (b) 0., while rolling the pin on a flal lable
aligned with the axes of the robot base framc.

Like all the other features, this feature too is noisy, and the noise here is more than for
the other features. With the exception of a few peaks, the feature varies from about
-5 degrees to about 5 degrees, a large change given that the task is performed without
any disturbance. Figure 6.12(b) shows the corresponding variation in 0.,. Here, the
change is about 0.2 degrees, from about 178.1 degrees to about 178.3 deg.ees.

6.3.2 Rolling a pin on an inclined plane

The next step is to study the performance of tactile servo for other orientations of
the plane on which the pin is to be rolled. Figure 6.14 shows the pan-tilt table in the
initial horizontal position with the rolling pin lying on it. The axes attached to the
table are labeled . y;. and =, and in this initial position the axes are aligned with
the robot base frame. The panning motion consists of a rotation about zp, while the
tilting motion consists of a rotation abont xo.

Figure 6.13 shows the variation in x., Mo, p.. and p., as the pin is rolled on the
pan-tilt table tilted about yo by a fixed angle. In this position, the elevation of the
pin changes at a fixed rate as it is rolled on the table along o, depending on the
angle of inclination. Figure 6.13(a) shows that x. changes as before, between 3 and
14. Figure 6.13(b) shows the variation in p,. It changes by 33 mm, from 285 mm to
318 mm, which is similar to the distance rolled on a platform that was horizontal.
Figure 6.13(d) shows the change in p. as the arm rolls the cylinder. This variable
changes smoothly from -156.5 mm to about -152 mm, an increase of 4.5 mm. The
change reflects the slope of the platform. This is in contrast to the small variation
of about 1 mm for a horizontal plane, and corresponds to a slope of about 8 degrees
from the horizontal. Figure 6.13(c) shows the corresponding variation in M. As the
cylinder rolls along &y during the first forward movement form 285 mm to 318 mm.,
it gains height and this causes an increase in My, which is corrected by an upward
motion of the fingertip. When the cylinder is rolled back, during the period from
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Figure 6.13: The variation in (a) v, (b) py (¢) My, and (d) p., while volling the pin
on a flat table inclined about yy.

about 4s to Ts, the opposite takes place. The cylinder loses height, thus reducing My,
which is then corrected by a downward motion.

Figure 6.15 shows the results obtained by rolling the pin on the table tilted about
xo. Figure 6.15(a) shows the variation in M., while Figure 6.15(b) shows the variation
in 0.,. This angle lies between -174.5 degrees and -175 degrees, indicating a rotation
of about 14 degrees from the first case.

The pan-tilt table is next panned by a fixed angle. This corresponds to a rotation
about zp and the axis of the rolling pin is no longer aligned with y, and the robot rolls
the pin in a direction at an angle to xg. The results of rotating the table about = are
shown in Figure 6.16. The variation in 0, is plotted in Figure 6.16(a) and is similar
to that for the first case. Figure 6.16(b) shows the change in 0, . Here, the angle
changes from about -160 degrees to about -161.5 degrees, a change of 1.5 degrees.
Comparing with the first case, the rotation is about 22 degrees. The change in 0,
as the pin is rolled, is 1.5 degrees, which is larger than the change of 0.2 degrees in
the first case. Since the variation in 0, is similar to that for the first case, this large
change could be a result of the inaccuracies in the manipulator Jacobian.



Figure 6.14: The pan-tilt table shown with its arves aligned with the robot base frame.
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Finally, the orientation of the table was changed about the three axes simultane
ously. The results of rolling the pin on this table are shown in Figures 6.17 through
6.20. Figures 6.17(a) shows @, while Figures 6.17(h) plots the variation in p.. The
change here is 32 mm, from 286 mm to 318 mm, similar to the change when the table
was rotated about yy alone. The changes in My and p; are plotted in Fignre G618, (a)
and (b), respectively. The fingertip position changes from -116.5 to - L1115, a change
of 5 mm. This, too, is similar to the change of 4.5 mm when the table was rotated
about yo alone. Since the motorized tilt axis was aligned with gy, a small tilt was
provided about xrg by placing an approximately 40 mm wide bar nnder one end of
the pan-tilt table. The variations in M, and 0., are shown in Figure 6.19, (a) and
(b). respectively. The angle varies between 1716 degrees and 172 degrees, which is
similar to the other cases for this variable. It indicates a small rotation of about 2
degrees. Figure 6.20 (a) and (b) shows the variation in 8, and 0,... The angle changes
from -162.2 degrees to -162.7 degrees, which is similar to the orientation ol about
-161 degrees when the table was rotated about 3y alone. However, the change of 0.5
degrees is less than that for the other case and is similar to the case when the table
was aligned with the axes of the base frame.

These results show that tactile servo performs well under static conditions where
the environment is not changing. It is difficult to quantify performance since a test
case to compare with is not available. There is a variation in performance in terms
of speed and jitter depending on the values assigned to the constants in the feature
sensitivity matrix. These values were tuned experimentally to obtain the fastest
possible speeds with acceptable jitter. The performance of tactile servo is generally
not affected by the orientation of the table. The only problem that can be seen from
these results is the behavior of the feature 0,. The noise in this feature is large, and
hence the noise in 0, is also large.
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6.4 Rolling the pin on a moving table

The performance of tactile servo is considered in the presense of disturbances as
the task is performed. Disturbance is provided by changing the orientation of the
motorized pan-tilt table while the robot is rolling the pin on it. The motors turn
at a fixed speed and this allows the disturbance to vary in an even manner. This
additionally allows an examination of the tracking performance of tactile servo.

6.4.1 Translation along z

Although the pan-tilt table cannot be moved up and down, a controlled disturbance
along zo can be provided by aligning the tilt-axis of the table with yo and then tilting
the table at a controlled rate about this axis, with reference to Figure 6.14. Due to
this rotation, as the pin rolls along 2o, it moves up or down at a steady rate due to the
steady rotation of the table. Figure 6.21 shows the change in p., the x-coordinate of
the fingertip position in the base frame. The plot labeled (1) corresponds to the pin
rolling on the flat surface aligned with the axes of the robot. The position changes
from 291 mm to 325 mm. The plot labeled (2) shows the change in p, as the pin
rolls on the surface and the pan-tilt table is rotated about yo at a constant speed.
The rotation of the table causes an additional movement of the pin along = and this
is reflected in a longer distance traveled along zo in the first forward motion, and in
the backward movement terminating before the original value of p; is reached. The
irajectory labeled (3) shows the movement of the pin on the tilted surface. Here, p;
changes from 297 mm to 332 mm. These limits are shiited along ¢ and do not change
with time, reflecting the tilt of the surface. Figure 6.22(a) shows the variation in p:,
the z-coordinate of the fingertip position in the base frame. The trajectory labeled (1)
corresponds to the pin rolling on a flat surface aligned with the axes of the robot, and
here the position remains steady at about -149.5 mm. The curve labeled (2) shows
the change in p. as the pin rolls and the surface is tilted about yo at a constant rate.
The position changes steadily to about -134.5 mm after about 6.75 s. The rotation
of the table stops after about 6 s, and the change after this point corresponds to the
constant tilt of the surface. The plot labeled (3) shows p. changing steadily, reflecting
the constant tilt of the surface. Figure 6.22 (b), (c), and (d), show the change in M
for the flat surface aligned with the robot axes, the surface being tilted about yo as
the pin rolls, and the tilted surface, respectively.

6.4.2 Rotation about

The tilt axis of the pan-tilt table is aligned with zo. Rotating tiie table about this axis
causes a change in the orientation of the surface that is used to study the response of
tactile servo to rotational disturbance about xq. Figure 6.23(a) shows the variation
in 0.,. The plot labeled (1) corresponds to the pin being rolled on the table aligned
with the axes of the robot. The angle stays constant around 170 degrees. The curve
labeled (2) corresponds to the change in this angle as the table is rotated about zg at
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Figure 6.22: The variation in (a) p, as the pin is rolled on (1) a flal table aligned
with the robot azes, (2) a flat table rotating aboul yo, and (3) a flat table inclined
about yo-azis, and the variation in My for (b) a flat table aligned with the robol azcs,
(c) a flat table rotating about yo, and (d) a flat table inclined about the yy.
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Figure 6.23: The variation in (a) 0., for the pin rolling on (1) a flat table aligned
with the robot axes, (2) a flat table rotating about xo, and (3) a flat table inclined
about xg, and the variation in M, for (b) a flat table aligned with the robot azes, (c)
a flat table rotating about xo, and (d) a flat table inclined about xo.

a constant rate while the pin rolls. The angle changes steadily to about 185 degrees
and tuen stays around that value. The point at which this happens indicates that the
table has stopped rotating about zo. Finally, the curve labeled (3) shows the change
in this angle as the pin is rolled on the tilted table. Figure 6.23 (b), (c), and (d) show
the change in M, as the pin rolls on a flat stationary table, a rotating table, and an
inclined stationary table.

6.4.3 Rotation about =,

Panning the table provides a rotation about zo, and this can be used to examine the
effect of these rotations on the performance of tactile servo. Figure 6.24 shows the
change in p,. The curve labeled (1) corresponds to the pin being rolled along zo. The
curve labeled (2) shows the change in this position as the table is rotated about zo
while the pin is being rolled. This rotation about = causes a shift in p, as the pin
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Figure 6.24: The variation in p, while rvolling the pin on a flal lable that is (1)
stationary, (2) rotating about zp, and (3) inclined aboul z.

rolls. Curve (3) shows the pin being rolled at an angle to ag. Figure 6.2%(a) shows the
change in 0,,. The curve labeled (1) shows the angle steady around 177 degrees, The
curve labeled (2) shows the slow rate of change of 1.2 degrees/s as the table is rotated
about zp. The rotation of the table about z4, and hence that of the pin, was faster at
a value of about 5 degrees/s. Finally, curve (3) shows the angle steady at about 197
degrees after the robot has been given sufficient time to adapt to the rotation about
zo. Figure 6.25 (a), (b), and (c) show the change in 0, for the corresponding cases (1),
(2), and (3). Finally, Figure 6.26 shows the change in 0;,. While the table is rotated
about zg, there is a small change in this angle from about 181 degrees Lo about, 184
degrees. This change is possibly due to the table surface being slightly tilted, an
effect that gets accentuated by the panning motion. It could also he a result of some
coupling between the features, although it is difficult to discern such a relationship
because of the noise.

6.4.4 Translation along z

The pan-tilt table was mounted on sliders. When the sliders are aligned with g,
the table can be moved along these sliders to provide a translational disturbance
along this axis. Since this motion is not motorized, it is difficult to provide a steady
disturbance. Figure 6.27(a) shows the change in p,. The robot rolls the pin from
about 356 mm to 320 mm in the first 4s, a distance of 36 inm. During this period, no
disturbance is provided. Then, when the robot reverses direction, the table is moved
along zo as the pin rolls on it. This causes the robot to roll the pin from 320 mm to
about 400 mm, an additional distance of 44 mm. Figure 6.27(h) shows the change in
the feature z.. The sliding motion can be seen in the segment from about 4s 1o 8.5
s, where the value of z. changes by a small value.

The above discussion shows that, in gencral, tactile servo performs well in static
as well as changing environments. The data from the tactile sensor is noisy but the
servo components corresponding to the features z., Mo, and M, are able to respond
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Figure 6.25: The variation in (a) 0z, for the pin rolling on (1) a flat table aligned
with the robot axes, (2) a flat table rotating about zo, and (3) a flat table inclined
about zo, and the variation in 8, for (b) a flat table aligned with the robot azes, (c) a
flat table rotating about =y, and (d) a flat table inclined about zo.
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well without any filtering. However, the feature 0, is more sensitive to noise and that
makes the dynamic response of the servo, corresponding to this feature, comparatively
slow. There may also be some coupling between My and 8, that could not be resolved.

6.5 Summary and discussion

Tactile servo was implemented experimentally for the task of rolling a cylindrical pin.
Tactile servo presents a simple and effective method to control contact tasks that
can be characterized by a sequence of states that are identifiable using the tactile
sensors. Tactile sensors provide rich information about the contact and tactile servo
uses this information directly in controlling the task. The experiments showed that
the performance was satisfactory even though the contact model was approximate
and the output of the tactile sensor was noisy.

The developments reported here represent a first step in developing effective meth-
ods to control contact tasks using touch. The control algorithm is simple and contact
model is also simplistic and approximate. It is important to develop a more com-
plicated model of contact that is able to bring out the interdependence amongst the
different features. Such a model can then be used to develop more sophisticated
control algorithms.



Chapter 7

Conclusion

The sense of touch is an important part of human perceptual capabilities. It is
central to both exploration and manipulation tasks. This thesis has explored the
application of tactile array sensors in manipulation tasks to be performed by a robot
manipulator. The first section presents a summary of the results presented in the
thesis. Section 2 highlights the contributions of the thesis and the last section presents
several suggestions for further research.

7.1 Summary

An extensive survey of the literature on manipulation and on tactile sensing was
conducted. The findings of this survey were used to identify areas where further
research is required. It was found, as a result of this survey, that there were two main
problems that needed research. The first problem was to build and analyze models
of contact between a tactile array sensor and a given object. This task is important
since such models help in the design of better tactile array sensors and also point the
way towards how such tactile sensors can be used in exploration and manipulation
tasks for the purposes of gathering information and for control. The second problem
that was identified in this survey was to determine methods and techniques for using
such tactile sensors in manipulation tasks.

A survey of the literature on elasticity theory and of the study of contact within
this framework showed that the problem of determining the stresses within an elastic
medium because of contact is difficult in general and often numerical methods offer
the best alternative to solving a given contact problem. The finite element method
was identified as a general method for analyzing contact problems. This method was
used to show how closed-form solutions, obtained by making simplifying assumptions,
are not appropriate for some cases. This is especially true when a tactile sensor is
modeled as a thin layer. Specifically, limitations of the half-space assumption were
highlighted in this context.

Several models and methods were then devised to study the contact between a
tactile sensor and given objects of different shapes, namely, a knife edge, a long
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cylinder, and a rectangular bar. The effect of different loading conditions, such as the
force applied to the object or the displacement of the object relative to the sensor,
on sub-surface stress was analyzed and scveral features were derived from the stress
distributions and studied. It was found that a number of these features are related
monotonically and smoothly to the variation in the loading conditions.

To apply tactile sensors in manipulation tasks, a new approach for the divect
control of robot motion based on tactile sensory input was proposed. This approach
is based on wisual servo, where image features are derived from visnal image data
to control the motion of a robot manipulator directly. This control is based on the
variation in image features as a result of small movements of the manipulator and
this relation is called the feature sensitivity matrix or the feature Jacobian matrix,
Similarly, our approach to touch-based manipulation is called factile servo and is
based on features that can be derived from tactile sensory data such that variations
in the feature values can be directly related to small movements of the sensor with
respect to the object in contact. From the analysis of contact performed carlier, it
was found that moments associated with the stress distribution vary smoothly and
monotonically with the applied force or the relative displacements hetween the sensor
and the object. The variation of the different moments with the relative displacements
were analyzed for three different types of contact —- edge, cylindrical, and rectangular.

These relationships were experimentally verified qualitatively and the approach
of tactile servo was then specified for the task of rolling a cylindrical pin. This task
was implemented on a PUMA 260 arm equipped with tactile array sensors and tactile
servo was experimentally verified.

7.2 Contributions

The major contributions of the thesis consist of the following:

1. The use of finite element analysis as a tool for studying contact problems [rom
the perspective of tactile sensing.

A survey of the literature on contact problems in elasticity showed
the many limitations, as simplifying assumptions, of the analytical
techniques for obtaining the solution of such problems. The finite
element method provides a general and convenient tool for studying
contact problems for which analytical methods prove to be inade-
quate. Often, this method presents the best available alternative for
such studies.

2. A comprehensive study of several different types of contact.

The finite element method was used to analyze the contact between
several different objects and an elastic layer. The displacements and
stresses within the elastic layer were obtained for contact with an
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edge, a cylindrical object, and a flat-based rigid indenter. for a range
of different loading conditions. Several interesting features of the
stress distributions were identified and their relation to different load-
ing conditions was studied. It was found that many of these features
vary smoothly and monotonically with the applied load and hence
can be used to identify the loading conditions in a given task.

3. A new approach to robot control using touch - tactile servo.

A new approach for controlling robot motion in real-time during a ma-
nipulation task using tactile sensors was proposed. This approach,
called lactile servo, is motivated by the notion of wisual scrvo, a
method to control the movement of a robot based on visual informa-
tion. The control is based on tracking several features, obtained from
tactile sensory data, that characterize contact between the robot and
an object or the environment. Tactile Servo was implemented for the
task of rolling a cylindrical pin on a given surfacc whose orientation
is not known a priori and changes over time. The implementation
was tested experimentally using a PUMA 260 manipulator equipped
with a tactile array sensor. The following steps made possible the
realization of tactile servo.

(a) Identification of tactile features that can be used in tactile servo
control of different manipulation tasks. Moments have been used
extensively in image processing, both visual and tactile, for recog-
nition purposes. However, here the moments are used as features
in tactile servo control of manipulation tasks.

(b) Derivation of the feature sensitivity matrices for different types of
contact. The analysis using the finite element method was used
to study the variation of tactile features for small movements of
the object with respect to the sensor.

7.3 Future work

The research presented in this thesis points the way to further research. A general
research problem consists of building on the notion of tactile servo to obtain a general
framework for the specification and control of exploration and manipulation tasks
based on tactile as well as other forms of sensing. Two other areas of further research
are the extensions of the techniques for the modeling of contact and for the use of
tactile servo in the control of manipulation tasks.

7.3.1 Modeling contact

There are several problems that need to be solved for modeling contact between
a tactile sensor and an object. All the contact problems analyzed here were two-
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dimensional, having been obtained from the three-dimensional case using the plane
strain assumption. This restricted the analysis to the plane. To characterize contact
more generally, the finite element method must be used to build three-dimensional
models of contact with different objects. These three-dimensional models can then
be used to study the effect of force or relative displacement in the three dimensions
on the two-dimensional stress distribution,

Another problem to be considered is the development of more accurate models of a
tactile sensor. In this study, a tactile sensor was modeled as a thin clastic layer that is
fully constrained on one surface. In reality, a tactile sensor consists of several elastic
layers that are bonded together with an adhesive.  Furthermore, the relationship
between the sensor output and the stress at the sensing sites is non-lincar. Again,
the finite clement method can be used to build and analyze more realistic models of a
tactile sensor so that the models can be used quantitatively rather than qualitatively.
A related problem is to build better models of the contact between an object and
the sensor by explicitly taking friction into account. Kikuchi and Oden [38] describe
some work along these lines that could be used as a starting point for such studies.

Finally, other related methods for solving elasticity problems should be explored.
For example, the boundary clement method has been used for some time in solving
problems in mechanics and could provide a better alternative than the linite clement
method.

7.3.2 Tactile servo

An important direction for future rescarch is to identily a general framework for
autonomous object exploration and manipulation by a robot. In carly work [12], the
geometry of the task was assumed to be known and then this information was nsed
to plan motion trajectories to achieve the given task. In this approach, planning was
emphasized over sensing. Some recent work [23] has argued that this cmphasis is
misplaced and that the ability to do a task depends more on what can he sensed
by a robot. A mathematical framework was developed using this basic premise. An
interesting problem is to study tactile servo in the context of this framework and to
extend or change this framework to include tactile servo.

An alternative approach to exploration and manipulation by robots can he de-
rived from the corresponding human capabilities. Lederman and Klatzky [41] have
identified several of exploratory procedures - stereotypical hand movements  that
humans tend to use when exploring an object. They have also attempted to iden-
tify similar procedures for manipulation [39]. An interesting problem is to attempt
to build a manipulation system based on this approach of primitives by identifying
tactile servo algorithms for individual exploratory and manipulation procedures.

The task of rolling a cylindrical pin was implemented using tactile servo to show
the feasibility and effectiveness of this method for manipulation tasks. To show the
generality of tactile servo, other tasks need to be identificd and implemented. An
important problem is implementing tactile servo on a multi-fingered robot hand to
do manipulation tasks such as rolling an object between the fingers, holding an object



10

in the presense of external forces, and assembly tasks. In a multi-fingered hand, there
are usually many more degrees of freedom 1o be controlled. lor a multi-fingered hand
with three fingers, cach with three degrees of freedom, mounted on a manipulator
with six degrees of freedom, the overall system has 15 degrees of freedom. In addition
10 a Jacobian that relates differential changes in the wrist frame to the changes in the
six joints of the manipulator, such a system would have three additional Jacobians,
one for cach finger. Since cach finger has only three degrees of freedom, the problem
of choosing an appropriate set of tactile features and then using these to control
the motion of the 15 joints in the system is a more complex problem than has been
considered here.

Another interesting problem is to compare and contrast tactile servo with some
of the existing schemes for force control, both experimentally and theoretically. A
first comparison would categorize tasks that can be performed using tactile servo
alone, using force control alone, using either tactile servo or force control, and using
both tactile servo and force control. Such a comparison would clearly bring out the
relative merits and demerits of the two scheme- and also lead to a statement about the
matching between tasks and these two control methods. This exercise would provide
a good grounding for considering higher level frameworks of manipulation.

o
v
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Appendix A

Elasticity and the finite element
method

Problems involving contact between deformable bodies have been extensively studied
within the framework of the theory of elasticity This appendix provides a review of
elasticity concepts followed by a consideration of some simple contact problems for
which closed-form solutions exist. The material presented here can be found in texts
on elasticity theory and has been adapted from the texts by Saada [8] Fand Johmson
[6]. It is included here to provide a review of the concepts and terms and to provide
a basis for the contact problems considered in the thesis.

Section 1 starts with a review of some basic concepts in elasticity. It then presents
a formulation of the boundary-value problem, followed by some closed form solutions,
taken from the existing literature, to the problems of contact between a semi-inlinite
elastic medium and rigid objects, namely, a knife edge, a rectangular bar, and a
cylinder, respectively. Some details of the finite element models used in the thesis are
provided in Section 2 of the appendix.

A.1 Review of elasticity theory

When the forces applied to the surface of a body cause a deformation, reactive forees
distributed within the volume of the body are set up to achieve equilibrium. These
forces are studied using the notion of stress, which can be defined as the foree acting
per unit area on a given surface. There are two types of stress — normal stress that
acts in a direction that is perpendicular to some specified plane, and shear stress
that acts in a direction parallel to the specified plane. The deformation of the body
can be described by the resulting displacements of points within and on the body.
The deformation is also described by relative displacements of points similarly to the
description of stress. The relative displacements are referred to as strains and, like
stress, consist of normal strains and shear strains.

1The numbers in square brackets refer to the list of references at the end of this Appendix.
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Figure A.1: The different components of the stress tensor.

Stress

Figure A.l illustrates the notion of stress. It shows a small cubic element located
within an clastic body that is under the effect of some deforming forces. The cubic
clement, is aligned so that cach face is normal to one of three axes. Let the area of
a face be represented by A. Let F be the force acting on the face whose outward
normal is aligned with ;. Then, the stress vector is defined as

L

7= it A
Thus, stress on a plane is characterized by the vector & consisting of the three
components resolved along the three axes — o1y, 012, and o13. The first subscript
denotes the direction of the normal to the plane under consideration, and the second
subscript rvefers to the direction of the stress. The three axes are labeled z1, 23, and
w3, and the subscripts 7j of the stress component o;; refer to the corresponding axes.
These axes are also equivalently labeled z, y, and z, and, in the following discussion,
the subscripts 1, 2, and 3 are used interchangeably with the subscripts , y, and
=. Cousidering the faces corresponding to the other two axes, the complete state

of stress is described by the nine quantities expressed as a two-dimensional matrix

shown below:

on 012 013
021 022 023
031 032 033

By considering the equilibrium of moments for the cubic element, it can be shown
that the matrix shown above is symmetric, i.e.,

Oi; = 0ji.
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Thus, the state of stress at a point within a body is characterized by six quantitios
instead of nine. By attempting to express the state of stress with respect to an obligue
plane in terms of the matrix shown above, it can also be shown that the above matrix
of the state of stress is a tensor of rank two. It is, therefore, called the stress tensor.

In addition to the stress acting within a body because of applied force, there exist
other forces that are distributed within the volume of a body and are a function of
the volume. These forces [ are called body forces and are caused by lactors like
gravitation or magnetism. If the body is assumed to be in static equilibrinm then the
net force acting at any point within the body must be zero. By considering a balance
of forces along each of the three axes for the cubic clement shown in Figure ALl the
following equations of equilibrium can be derived:

80“ 0021 (.)(7‘;”

i o= 0
dx, dx, day i
doye  Ooe Doy, .
12 ) 22 l(f.n_*_h = 0
or,  Oxy  Ouy
s) J0y3  doy:
(0']3 0‘23 (O'J_; + /v:; — ()

dxy dxy day

. These equations can be represented succinctly in a simple notation called the
index notation [8] as follows:

9% 4 1= 0. (A1)
a:L'J'

In this notation, whenever a subscript is repeated in a term, it is understood to
represent a summation over the range 1, 2, and 3, unless an explicit. range is also
specified. The subscript j in the equation above represents such a subscript and
is called the summation indezr. It generates the sum of three terms within cach
equation. The subscript ¢ is called the identifying index and it generates an equation
corresponding to each of the values 1, 2, and 3, unless otherwise specified.

Displacement and strain

The deformation of a body caused by an applied force is described in terms of dis-
placements or relative displacements. Each point on the body moves to a new position
as a result of the distortion. The movement to a new position is referred to as a dis-
placement and in terms of the three axes, the displacement of a point is described
by a vector function with each component of the displacement being a function of
position along the three axes. The three components of displacement are represented
as uy, ug, and uz. When Cartesian coordinates are used, these displacements can also
be expressed as u, v, and w.

In the theory of elasticity, the deformation of a body can also be expressed as
a relative displacement. This relative displacement can be expressed in terms of a
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matrix of components that are dependent on the displacements. The two dimensional
matrix consists of nine elements shown below:

€11 Q2 €13
(21 €22 €23
€31 €32 €33

where, in index notation (8],

1 (Qu; Ouj  Oum Ouy,
s = sl T 5 _——617111 A2
“ =3 (am,- * %% T Ba; Oa, ) (A.2)

Here, 6, is called the Kronecker delta and is defined as follows:

bmn = 1, m=mn,

= 0, m#n

I'rom the above definition, it can be seen that the strain matrix is symmetric, i.e., ¢;; =
¢ji. Usually it is assumed that the displacements, strains and their partial devivatives
arc small. With this assumption, the non-linear terms in the above equations can be
ignored and the resulting strain matrix is defined by:

1 (0u; | Ouy .
=3 <aa:j + -0_7‘_:) (A-3)
It is clear from the above that if the displacements are specified then the strains
arce uniquely determined but if the strains are completely specified then the displace-
ments are not uniquely determined. This is because displacements can involve both
deformation and rigid body motion. To determine the displacements uniquely from
strain, additional constraints on strain must be specified. These are called the Com-
patibility Conditions and are listed below (8]:

o L (G e fon) (A4
ma o D (G, de, b (43)
s = o (2R 52) (89
2 2 2.

2331661;2 - %‘% 687? (A1)
52 52 2

> ey 0% | Oepy (A.9)

“Ox30r,  Or} " Ox?



Stress and strain

The stress distribution within a body because of some deforming foree is related
to the distribution of the strain. In general, this relationship is non-lincar and the
relations are called the constitutive relations. However, if the strains are small, a
linear relationship between the stress tensor and the stain matrix can be derived.
Such a relationship is referred to as the Generalized Hooke's Law and involves 21
constants [8]. By making assumptions about the physical properties of the material
under consideration, the number of constants can be reduced to two. ‘This highly
simplified relationship is based on the assumptions that the matrix relating stress
and strain is symmetric and that the material is isotropic, i.c., the clastic properties
of the material are independent of the orientation of the axes. The constitutive
relations for this simplified case are shown helow [8]:

[ aJ11 i [ 11:2"” ‘_”2‘, I—H'ZU 0 0 () 1T 1 T
022 =% o e 000 Ce2
O33 _ E l-i/2u l-U'Zu ll-—_'luu 0 00 (4] (/\ 10)
012 1+w 0 0 0o 1 00 €12
T13 0 0 0O 010 a3
L 723 | | 0 0 0 0 0 1 JL ]
or, alternatively,

(€11 ] [ 1 —-v —v 0 0 0 J[on]
€22 - 1 —v 0 0 0 2
3| 1| —v —v |1 0 0 0 Ty
e2| E| 0 0 0 1+v 0 0 712
€13 0 0 0 0 1 + v 0 T3

L €23 ] L 0 0 0 0 0 ]+I/_ L T2

Here, E is referred to as Young’s modulus, while v is referred to as Poisson’s ralio.
Young’s modulus is the ratio between normal stress and normal strain along the
axial direction, under conditions of uni-axial state of stress. Poisson’s ratio is the
ratio between the lateral contraction and the axial clongation, again under conditions
of uni-axial state of stress. v is indicative of the compressibility of the body. For
a perfectly incompressible material, v is 0.5 and the normal stress can no longer
be derived from normal strain. These constants are generally used in engineering
practice. The constitutive relations are also expressed in terms of other pairs of
constants, for example, the Lamé’s constants A and g, where,

N = vk
(1+v)(1 —-2v)
_ L
b= S0+

p is also referred to as the modulus of rigidity G.
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Formulation of elasticity problems

The internal state of an elastic hody under the influence of deforming force is char-
acterized by the six components of the stress tensor, the six components of the strain
matrix, and the three components of the displacement vector. These fifteen variables
are related by the three equations of equilibrium in terms of the six components of
the stress tensor, the six constitutive equations relating the stress tensor to the strain
matrix, and the six strain-displacement relations. Thus, we have a system of fifteen
equations involving fifteen variables of interest. By eliminating the variables that are
not of interest for a given problem, the internal state can be characterized by a set
of six partial differential equations in terms of the stress tensor, or alternatively, by
a set of three partial differential equations given in terms of the three components of
the displacement vector. These equations are reproduced below.

In terms of stress, the equations are called the Beltrami-Michell compatibility
cquations and arc shown below using the index notation [8]:

0% 1 - oF; OF;
Vio;; = - 6, V.F — [ =—+ =
UJ+1+I/6.’13,‘6-’L'j l—v ¥ F (aij’awi)
where,
0 = o11+022+033
6 —_ _a__.L-‘ +-a_j +_a_.f
T 0z, ' Yxg P Ozs 3

" - 2 2 2
V2 = V.V=(6'2+82+ 8 )

¥y, &2, and @3 are the unit vectors along z;, 22, and .
In terms of displacements, the equations are called Navier’s equations of elasticity
and are shown below in index notation [8):

Oe
Ay 4+ ) 2 2, 1 F. =
(+,u)ami+,uVu,+F, 0

where,

€, = €11 + €22 + €33

It must be pointed out here that the INavier’s equations of elasticity cannot be
used as shown here for incompressible materials, since for such materials ¢, = 0, and
A =inf.

A specification of the body forces, and either the displacements or the stresses
on the surface of the body, leads to a boundary-value problem in terms of stress or
displacement. It is also possible to specify the stress on some parts of the surface
and displacements on other parts. This leads to a mixed boundary-value problem.
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The solution of the boundary-value problem provides the desired stress tensor or
displacement vector. Since problems in elasticity have been extensively studied for a
long time, many different methods exist to obtain the solutions to the boundary-value
problems arising from different contact conditions.

Broadly, there are two general methods to solve these boundary-value problems
—— analytical or numerical. Analytically, the solution of this problem is extremely
difficult in general. Several techniques exist to solve some simplified problems. The
simplest analytical technique is to guess the general form of the solution directly
so that it satisfies all the elasticity equations, and then to use the specified bound-
ary conditions to “fix” the solution or to determine the unknown parameters in the
solution.

A similar method is to use potential functions related to stress or displacement.
Again, the specified boundary conditions are used to determine the unknown param-
eters in the potential function. A big difference from the potential function method
used in general is that here the potential function satisfies the bi-harmonic equation
rather than the harmonic equation. Many of the techniques used in the solution of
the harmonic equation do not generalize to the solution of the bi-harmonic equation.

The Integral Transform method [9] is another general method that has heen used
to solve problems in elasticity theory. Complex Analysis is also used but is limited to
the solution of simplified two-dimensional problems. Finally, variational methods (7],
i.e., methods based on the minimization of energy, provide another general approach
to the solution of these problems.

Numerical methods provide an alternative way of solving clasticity problems and
given the difficulty of solution in general, these methods often are the only means of
obtaining the solution to a particular problem. Numerical methods based on varia-
tional principles, for example, the finite element method [4], provide a general frame-
work for studying contact problems in elasticity.

A.1.1 Line contact

Figure A.2 shows the contact between a smooth surface on one clastic body and
a sharp edge on the other rigid body. This example can be used to ilustrate the
different approaches to the solution of elasticity problems.

Several assumptions are made to simplify the analysis of this problem. First,
it is assumed that the object with the sharp edge is rigid. With this assumption,
the deformation of the rigid body can be ignored and the problem reduces to a
consideration of the other body alone. The sharp edge serves to provide the boundary
conditions for the problem. This is a common assumption and the hard, rigid body
is called a rigid indenter.

A second assumption that is often made is based on the symmetry of the contact.
Figure A.2(a) shows that the sharp edge in contact is aligned with z;. Assume that
the bodies are infinite along z; and that a uniform force £’ per unit length along
is applied along z3 at the origin. Figure A.2(b) shows a two-dimensional “slice” of
the indenter and the object, taken normal to z,. With this pair of assumptions, the



117

(b)

Figure A.2: The contact between a smooth surface and a sharp edge.

problem becomes two-dimensional and fewer variables need to be considered. Since
no force is applied along x; and since the variation of the applied force is uniform
along x,, the stresses and strains within the body do not vary along 2; and are a
function of x; and z3 only. Furthermore, here the displacement along x; is also zero.
This problem is characterized below in terms of the different variables.

uy = 111(5'31,-”53),
uz = ug(zy,T3),
ug = 0,

en = e, xs),
es3 = e3a(,3),
ez = ea(z),x3),
€2 = €2 =¢€3=0,
on = on(r,xs),
o33 = o033(T1,23),
o1z = 013(21,3),
02 = —on+ Zj—s
o2 = o03=0.

Thus, only eight variables consisting of two displacements, three strains, and three
stresses need to be considered. The equations of equilibrium (equations 3.1, 3.2,
and 3.3) reduce to two, the stress-strain relations (equations 3.22) reduce to three
equations, and the strain-displacement relations (equations 3.10 to 3.15) also reduce
to three equations. The set of assumptions together that made this simplification
possible are referred to as the plane strain assumption. Using different symmetries
for other type of contacts, a similar assumption called the plane stress assumption
can also be used, which again reduces the number of variables to eight. Similarly,
for contact involving objects that have symmetry about some axis, the axi-symmetric
assumption is often used, again reducing the number of variables that need to be



LR

considered.

Another common assumption that is often made with respect to contact problems
is that the body forces are zero. Again, if the bodies are small or if the region of
interest is small, then the body force because of gravity can be ignored. With all
these assumptions, the simplified equations are reproduced below:

60'11 00'31

+ =2 = 0
dx, dxs
60'13 60’33 = 0
8$1 6.133
1-v v
on E 1=-21 1= 0 (i
o — v l~v 0 Car
Bl T T4p| T2 - 4
13 0 0 1 (SR}
Jdu,
et = S5
().’L‘]
3u3
€3 = [
().’173

1 [Ouy + du,
€1 = = | —+—
M7 2\ 0y | O
Also, the compatibility equations are all satisfied, except for the one shown helow:

82631 _ 32633 + 826“
“Ox30z 0 da3

Using the stress-strain relations and substituting for the strains in the above equation,
the following equation is obtained:

0? 0?
( +——‘) (11 +033) =0

2 2
dz? = Oz}

Using a potential function for stress ¢(z;,z3), also called an Airy stress function [8],
such that:

9%
o = JE
P
033 = a_z?
o 0%
1B (?z,f)xg

and substituting in the modified compatibility condition showed above, the following
differential equation in terms of the stress function is obtained:



119

Xy

Figure A3 The line contact problem in cylindrical coordinales.
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This equation is referred to as the bi-harmonic equation and all solutions of this
equation are called bi-harmonic functions. The ease of obtaining solutions of this
equation depends on the specified boundary-conditions. For example, if ¢ and its
first. derivative are specified on the surface, then the equation can be solved easily for
a circle but no closed-form solution is known for the square [5]. The theory of the
solution of the Laplace equation (the potential problem), also called the harmonic
cquation, does not generalize to the bi-harmonic equation because certain properties
of the harmonic equation do not seem to exist for the bi-harmonic equation [9].

"The solution of elasticity problems also depends on the geometry of the problem
and the coordinate system used to express the problem. For example, for line contact
being considered here, a simple solution exists if the problem is expressed in a cylin-
drical coordinate frame with its origin at the point of application of the load and the
z-axis aligned with ay. Figure A.3 shows the problem in cylindrical coordinates. The
cight equations to be solved for this case are shown below:

du,
“r = o
10ug u,
€99 = ——F(p T
r 00 r
1 1au,+aug ug
2\r 06 or r
1-v v
Orr E 1-2v  1-2v 0
|4
Cgp = 0 (7]

1-2v 1-2v
Gro FHv %" 70 1] e
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f)()',-() | f)a'()g 2
- 4+ Z09 = 0
Jar + r 00 + 20w (

Here, the stress function @(r.,0) is defined as follows.

1 do | %

T = Tor T R oer
. e
0= ot

d (1d¢
Org =

“ar \rao

By following the steps similar to those for Cartesian coordinates, it can he shown
that once again a bi-harmonic cquation in ¢ results. For the problem of contact
between a half space and a knife edge. illustrated in Figure A2, the following simple
stress function is used:

o= Arsinl

The constant A is determined from the applied force 2, and the stress distribution
|
n cylmdncal coordinates is given by:

2P cos 0
Crp = ——

s r
Trg = Ogp =10

At this point, it is important to point out another assumption that has not yet
been made explicit. In the derivation of the expressions for stress distribution above,
it was implicitly assumed that the body extends to infinity in the raaial divection. The
expression for o,, shows that the stress vanishes as r goes to infinity. 'T'his assumption,
that the body is infinite in extent along the radial direction from the origin, is called
the half-space assumption and is almost universally made in considering the solntion
of elasticity problems. This assumption leads to closed-form solutious fov s ome simple
contact problems. The importance of this assumption is that if it is not made, then
even in extremely simple cases it becomes diflicult to derive closed-form solutions.
For example, if we assume that the elastic body has a small thickness and is rigidly
supported. then cylindrical coordinates and the particular stress function cannot, he
used. Sneddon [9] has considered both a semi-infinite clastic medium and a thin
layer, and, using transform methods, has shown that while closed-form solutions can
be obtained for the semi-infinite elastic medium, the same cannot be said of the thin
layer.

Once the stress distribution within the body is known, the stress-strain relations
can be used to derive the expressions for strain and the strain-displacement equations
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can then be used to determine the displacements. The details can be found in a
standard text [8]. The expressions for displacement are given below:

21 = v¢) { > _
", = —(]—,V——)I’cosﬂlni - ]—(1 —2)(1 +v)¥sinb +
ol r wF
pl
Mcos()
V¥ V]
. I3 _ 2 l
uy = z—”-(-l-*:—ll)l’sillﬂ—MPlllésinO—]—)(—tﬂsinﬂ+
Tl Tk r g )
pl

(1 = 2v)(1 +v)(sin0 — 0 cos 0)

Tld

These expressions were derived on the assumptions that the displacement is purely
radial along x3 and that ug is zero at a distance d along zi.

Similar expressions can be derived for a tangential force () applied along ;. The
expressions are identical in form to those for a normal force with the exception that,
for a tangential force, 0 is measured from z;. The two sets of expressions can be trans-
formed to Cartesian coordinates using the well-known mapping between cylindrical
and Cartesian coordinates and combined using the superposition principle for a gen-
crai applied force with both a normal and a tangential component. These expressions
are reproduced below (8]:

2P .‘l‘?.”l'g -ZQ ‘l?
_ 2P w20 2 A.1l
n r (e} + 232 7 (af +23)? A
2P .1?% 2Q 51'11':%
Lo 2P 2Q wmad A.12
o33 7 (22 +23)? 7 (2 +3)? ( )
2P i 2Q _ xias :
o3 = . (.”L'% + :lf%)2 - T(Qﬁ + 3:3)2 (A.l3)
, _ P s -1 ! P T1%3
W = —W—E’-(l_gll)(l + v)sin m%—+ﬁ(l+l/)mf+x§+
2(1 - VZ)an d + QU+v) 2 (A.14)
ml (% + .1?:23)'% mE (a3 + ‘L%)% .
R 2(1 — Vz)Pln d + P +v) s
3 E (x? + 1%)]5 mE  (af+ I’%)%
Q@ 1 ) Q s
(1 —2)(1 st oh '
1rE( v)(1 + v)cos (mf+.r§)% + 7l_E.(l +U)m%+m§ (A.15)

A.1.2 Contact with a flat indenter

The problem of contact between a knife-edge and a semi-infinite elastic medium i.e.,
line contact, is perhaps the simplest contact problem that can be considered. The
shape of the bodies in contact and. therefore, the shape of the area of contact, can



vary greatly and this is reflected in the difficulty of solving such contact problems in
general.

The problem of contact between a rigid body and a semi-infinite elastic medium
has been studied extensively in the theory of elasticity. The shape of the rigid hody
is constrained to confirm to some simple mathematical form and general solutions
have been obtained [6] for bodies whose shape can be described by a polynomial of
the form:

ry = Axy

In this section, contact between a rigid indenter with a flat base and an elastic layer
is considered. Figure A.4 shews a rigid, flat rectangular bar in contact with an elastic
layer. Closed-form expressions for stress obtained by using the half-space assumption
are compared with the stress distributions obtained using the finite clement method
for a thick layer and for a thin layer.

The problem of contact between a rigid indenter and an clastic half-space can be
classified as one of four types depending on how the boundary conditions are specified.
Let p(z;) refer to the distribution of normal force applied to the surface and g{a:)
to the tangential force. Then, the following classes of boundary conditions can he

defined [6):
1. Class I : p(x;) and ¢(x;) are specified on the surface.

2. Class 11 : (a) us(x;) and g(z;) are specified on the surface, or alternatively, (b)
uy(z;) and p(x;) are specified on the surface.

3. Class III : uz(2,) and u,(x;) are specified on the surface.

. Class IV : us(wx) is specified on the surface, and the tractions are related by
q(z1) = £np(x1)

where 7 is the coefficient of friction.

The solution to problems in any of the above classes is based on the solution for
the case of line contact and superposition. Thus, for example, given p(ay) and q(xy),
the subsurface stress within the half space is given by [6]:

o = _21:3/'*"’0 p(s)(zy — s)%ds N g/""-"' q(s)(xy — s)*ds
no- T Jooo [(z1—5)2+232 7w/ [(z)—8)%+ 23)?
_ ﬁ/*‘% p(s)ds 2_1"‘; + g(s)(xy — s)ds
7 = 7 Jo (21 =52 +a3? 7 Jox [(z)—5)+ai]?
- 2"EE/MO P(s)(zs = s)ds 2wy +> g(s)(zs = s)*ds
713 = T Jo [(T1—8)2+ 232 7 Joso [(&1 —s)%+ 2d)?

The solution of these integrals in closed-form is usually difficult. The solution of
problems in the classes mentioned above is obtained by substituting for the stresses
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Figure A.4: The contact between a flat rectangular object and a semi-infinite elastic
medium.
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in the left hand side by the derivatives ol the displacements and then rearranging
depending on the particular class being considered. The details are presented in {6].
The case of frictionless contact with a rigid flat-based indenter corresponds to
class IT above and the normal surface traction p(xy) is given by [6]:
r !
p(ay) = e (A.16)
T Jq2 —
ac — 2 1
The subsurface stresses can be derived by using the superposition integrals shown
above. The closed-form expression here is obtained by using transform methods and
complex analysis [9] and is given by:

P 1 2 3 -
O33 = — - cos[-2—(0| + 60,)] + — cos 0 cos[0) — (0 + 0,)) (A.17)
172 <

(rir2)? r

A.1.3 Contact with a cylindrical indenter

The problem of contact between a semi-infinite elastic medium and a cylindrical pin
is illustrated in Figure A.5. The problem can be simplified to two dimensions by
making the plane strain assumption, as was done in the previous examples.

There are two methods to approach the solution of these problems. The first
is to consider Hertz contact [6]. The contact is assumed to be between two hodies
with different curvatures. The solution can be obtained from the solution for Hertz
contact if one body is rigid compared to the other, and if the radius of the other
body is infinite. The other method is to approximate the contour of the cylinder in
the area of contact by a parabola and then use the general solution introduced in the
previous section. This is shown below.

(z3 — (—=R))*+2* = R?

23 = —~R+ R(1 = (x;/R)*)2
] .
~ —R+ R(l - ;(.1.'1//2)2)
I 5
Ty ~ —":2—1§.If1
Using either of the two methods mentioned above, the stress distribution in the
area of contact is given by:
2P . gl
p(z1) = m( 2~ z)? (A.18)
ra’l
= BE
P 1R (A.19)

Following the method given in [9], the subsurface stress here is derived to be:



Figure A.5: The contact between a cylinder and a semi-infinite elastic medium.
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7 22 -
O33 = —-—f—z-[("‘ﬂ'g)% cos b1+ 0 + — - cos 0 cos(0) — 0 + 02) —3Jrcosl]  (A.20)
Ta 2 (ri19)2 2

A.2 Contact and the finite element method

The finite element method provides another way of studying contact. problems in
elasticity. In this thesis, the finite element method was used to study the contact
between a layer of elastic material and rigid indenters of three different shapes
edge, flat, and cylinder. The following sections present the details of the finite clement
models used in the analysis.

A.2.1 General considerations

Figure A.6 shows the two-dimensional model used for solving the problem of contact
with a knife edge using the finite element method. The model consists of a layer that
is divided up into a rectangular mesh. Each little rectangular arca in the mesh is
called an element and the four corners of each clement are called nodes. The nodes
at the bottom of the layer are completely constrained, i.c., the displacements at these
nodes are specified to be zero. A line load is applied at the top of the layer.

These elements are referred to as two-dimensional stress elements and the accuracy
of the solution is determined by the geometrical properties of these clements. 'Fhe
more the number of elements, the more the accuracy of the finite element solution.
However, the more the number of elements, the more the computational and memory
requirements of the finite element method. The accuracy of the solution is also
affected by the ratio of the two sides of an clement. This ratio is called the aspect
ratio and it should be as close to 1 as possible. Large (10) or small (0.1) aspect ratios
can lead to inaccurate results. The number of elements per unit arca is referred to
as the mesh density and several different values must be used to determine the best.
choice for use in the analysis. The mesh density can be variable and it, is usually made
higher in regions where the stresses change more rapidly. In the three-dimensional
model used to study the effect of the plane strain assumption, the elements are three-
dimensional and are called brick elements or three-dimensional stress elements.

The layer used in characterizing the different types of contact was 25.4 mm wide
and 0.8 mm thick. The width was divided into 64 parts and the thickness was di-
vided into 4 parts, giving a mesh of 64 x 4 elements, or 65 x 5 nodes. This mesh was
selected after considering several different meshes. The size of elements in the mmesh
was decreased until the solution obtained using the finite element method hecame un-
stable, containing oscillations. The nodes at the bottom of the layer were completely
constrained i.e., the displacements at these nodes were zero.

The elastic layer covering the sensor was assumed to be made of rubber. The
material properties used for this elastic layer were taken from Ashby and Jones [3].
The indenter was assumed to be made of steel and its material propertics were taken
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Figure A.6: A finile element mesh for modeling an elastic layer. The mesh density
used in the analysis was larger than that shown in this figure.

Young’s Modulus | Poisson’s Ratio
E (MPa) v

Rubber | 27.58 0.49

Steel 2.069 x 10° 0.30

Table A.1: The material properties used in the thesis.

from the library provided by the finite element method software used for the analysis
[1,2]. These values are shown in Table A.1.

Since it is assumed that the materials are linear and isotropic, the modulus of
rigidity g is determined from the Young’s modulus E and Poisson’s ratio v using the
cquation below.

__ £
k=50 +)

The above assumptions are not entirely correct since rubber is elastically non-
linear. However, if the displacements and strains are constrained to be small, say
0.001, then these assumptions are applicable.

Also, notice that the value chosen for v is 0.49. The finite element method makes
use of the constitutive relations (equation A.10) and these do not apply to perfectly
incompressible materials for which v is 0.5. When v is chosen to be 0.5, the stiffness
matrix becomes singular and the system of linear equations cannot be solved. When
the value of v is near 0.5, the stiffness matrix can become ill-conditioned and lead
to inaccurate solutions. A number of values for v were considered to ascertain that
the stiffness matrix is not ill-conditioned. Figure A.7 shows the sub-surface stress
obtained for a v of 0.49 and 0.499999. As can be seen, the stress distributions are
similar, indicating that a value of 0.49 is within the realm of numerical stability.
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Figure A.7: A comparison between the sub-surface stress distributions in the case of

edge contact for two different values of v. The solid line corresponds lo v = 0.49,
while the dashed line corresponds lo v = 0.499999.

A.2.2 Contact with a flat indenter

The layer is modeled as in the previous section by a rectangular mesh. The indenter
is also explicitly modeled using the finite element method. The height of the indenter
was chosen to be 6.35 mm after trying several different heights. This was the smallest
height that did not deform appreciably compared to the rubber layer as a result of
applied force.

The finite element software [1,2] requires that all objects in the analysis be rigidly
constrained to prevent rigid body motion under the applied forces. As for line contact,
the elastic layer was rigidly constrained at the bottom surface. The indenter was
constrained by using two elastic boundary elements at one corner and one clastic
boundary element at the opposite corner. The elastic boundary elements act as
springs and so allow some movement when force is applied. The stiffness was chosen
to be small with a value of 6.9 Pa.

The contact between the indenter and the elastic layer was modeled using gap
elements. These elements are used to connect the two surfaces in contact. One gap
element connects one node on the indenter and one node on the clastic layer. These
elements are inactive as long as the distance between the connected nodes is greater
than zero. When the distance becomes less than zero, these elements apply opposite
forces at the two connected nodes so that the gap distance hetween the two nodes
remains zero. The applied force depends on a user specified stiffness, and this was

&
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Figure A.8: The finite element model used for examining the relationship between the
stress distribution and the applied normal force, tangential force, and the indenter
width. In the analysis, a larger mesh density wes used than that shown in this figure.
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set to a value of 6.9 x 10 kPa. The complete model is shown in Figure A8, This
model corresponds to the case of frictionless contact.
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