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-M HELY HAIKU:
Talan hozzéa se nyulj. Csak nézd és nézd, mig gsald@ nem lesz.”
Fodor Akos

“WORKROOM HAIKU:
Maybe don’t even touch it. Just look at it, jusikauntil it gets beautiful.”
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THE DESIGN OF TACTILE SENSORS AND THEIR ELASTIC
COVER

by
Gabor Vasarhelyi

Abstract

Tactile sensors are artificial analogues of theileaceceptors found in our skin. They
measure features of the local contact forces betvese object or a surface and the
sensor. The commercially-available artificial thegensor arrays are usually only
pressure sensors; namely, they measure only thenahotoad component. In
collaboration with the Institute for Technical Plogs and Materials Science of the
Hungarian Academy of Sciences we developed a #xeg-tactile-sensor array that is
also capable of detecting the additional two slie@e components, i.e. the ones that are
parallel to the surface. In my work | participatedthe development, experimentation
and system-level integration of these devices,|buainly focused on the examination
and design of the skin-like elastic cover of thesasors. The elastic cover is the first
spatial-temporal, dynamic signal-processing laydr tbe sensor structure with
continuous-space input and discrete-space outphérefore, it plays a crucial role in
determining the sensor’'s overall characteristickis Tdissertation mainly focuses on
aspects of this mechanical-coding behavior of tastie cover. First, | introduce the
mathematical description of the elastic layer apprave the feasibility of the model by
experimental results. Then, | give an analytic sofuto a special case of the cover’s
inverse problem, namely, | show how to extract congmts of the surface load from the
measured signals that are coded by the elasticr.ldymally, 1 show how the
neuromorphic design of the cover’'s shape can #ieeoverall coding mechanism of the
elastic layer. | thoroughly investigate the role fofgerprint-like elastic hemispheres
emerging from the cover surface and apply them hen three-axial sensors and on
general pressure-sensor arrays as well to efflgieerthance the capabilities of these

devices.
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Chapter One

INTRODUCTION

1.1.Preface

Touch is a fundamental and intriguing sensory mdtiat is also the least known from
many points of view. It is fundamental becauseil@atformation is truly indispensable
for our everyday life. Intriguing because it is tlmly modality that maps the
environment through its “tangible” physical reality the whole body, without having
the sensory receptors located in a specific orlyiost of the other modalities sense the
world remotely, through secondary physical substaremitted by the observed distant
objects. Vision requires scattered light, hearirakes use of the reflected or generated
auditory waves, olfaction calls for molecules tiawg in the air. In contrast, tactile
sensation through concrete physical contact infoumss unquestionably about the
surroundings. If we see a mirage but we cannothtayonve know that it is not there.
Conversely, if we bump into a glass door, we wdtice it for sure, even if we could not
perceive it visually. In other words, in case ohtoversial information coming from

more modalities at once, tactile sensation wilthedominant one in many cases.

In general, tactile modality is a truly importamnsory system of ours that once being
investigated or modeled scientifically, revealspmlbeauty and brings on fascination. My
Ph.D. work also concerns the sense of touch, byiane of the biological systems it

builds on artificial tactile sensors.

The heart of my research is a tactile-sensor ateagloped at the Institute for Technical
Physics and Materials Science of the Hungarian Aeadof Sciences (MTA MFA).
This tiny MEMS (Micro-Electro-Mechanical-Systemsguice encloses sensory and
signal-processing elements. It is novel in the neartinat compared to the commercially-
available pressure-sensor arrays, it can meastoee$s and pass on not one, but three
components of the surface load, namely, not ordyotiie perpendicular to the surface but
the two shear components as well. During my wopatticipated in the development,

experimentation and system-level integration ofséhelevices, but in my research |
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mainly focused on the examination and design of gkia-like elastic cover of the

Sensors.

The elastic cover is an indispensable key compowoérthe tactile sensors. Besides
providing a certain amount of physical protectitrglso plays a fundamental role in the
overall procedure of sensation, as a mechanicalnmdtion-coding layer between the
sensors and the environment (let us just think albo& increased tactile sensitivity
around an abrasion, or our thickening sole durdregsummer holidays). The elastic layer
transfers the surface forces to the sensors infoh@ of distributed mechanical
stress/strain/deformation, no matter which systenmeelanoreceptors in the deep skin or
artificial tactile sensors—receive them. Consedyettie elastic covercan be treated as

thefirst spatial-temporal, dynamic information-coditayer of the sensory structure.

My first task was to model and understand this trowmal, spatial-temporal coding
mechanism. In the second run | used an inverseoapp+I investigated how | could
determine the surface load distribution from theasueed, coded signals by making use
of the coding mechanism or, alternatively, by ititamally designingthe geometry and

physical parameters of the elastic layer usingomorphic features in the sensor design.

1.2.Methods of investigation

Before working with artificial tactile sensors,ig worth to get acquainted with one of
Nature’s many masterpieces, tti@man(or any other living organism’sgactile system

All components of an artificial tactile sensor che associated with parts of the
biological analogue; therefore, for a neuromorm@sign we can obtain many great ideas
from the big old evolution that started its develgmt millions of years ago. It is simply
unwise to start working with tactile sensors withaaining knowledge about the
neurobiology of touch, the function of the mechaoeptors or the anatomical structure
or mechanical behavior of the skin.

The sensing paradigm of the MEMS devices used invanK is thepiezoresistive effect
When a piezoresistive material is exposed to mechhload, it changes its resistivity
proportionally to the strain in the material. Oansors include deformable micro-bridges

that contain embedded piezoresistors. Thereforethi® design and evaluation of the
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sensors we certainly need some knowledge abouiEfdS technology in general and
the piezoresistive effect in particular.

Continuum-mechanics the key word for the mathematical descriptidnthe elastic
cover of the sensors. In the first run, the elasiatter can be treated as a homogeneous,
isotropic, infinite half-spacethat obeys Hooke’s law. The input forces act am ohly
open surface of the half-space, and create a cangbtess profile inside the material.
Since the stress is mostly concentrated aroundntientation and decays rapidly with
distance, we can fairly approximate the behavidhefreal, finite rubber with the infinite
half-space at a depth corresponding to the reddeuthickness. The first task is now to
solve the equilibrium equations of the rubber fajiven surface-indentation profile, and
find the stress/strain/deformation distributiorttedt specific depth. The inverse problem
is about the regeneration of the surface indemtairofile from discrete number of strain

measurements under the rubber.

The first solutions to the direct problem of thastic half-space were found a long time
ago, around the end of the nineteenth century;tiietelastic theory had nothing to do
with tactile sensors then. It was only in the mighées of the last century when the
model became the primary mathematical descriptidheoskin and the artificial cover of

pressure sensors, however, with three degree-efléia sensors in view, the theory still

calls for enhancement.

One of my results is that as an analogue to tlgefinidges, | changed the surface of the
flat cover to a certain, defined shape. Consequetite half-space model could not be
used any more in the original form. Therefore, m&@ension of the elastic half-space, |
made dinite-element modeh contribution with Balazs Fodor to be able tectéhe the

cover with the new geometry as well.

The sensors of the MTA MFA were tested and developih aspecial experimental
setup.In the measurement system the sensors are fixaddble that can be tilted and
moved subtly with a high-precision stepper motdre Bensors can be loaded with forces
of different angle and amplitude, acting on a ngbint or a bigger area. The signals go
through an amplification stage developed at our dad are finally transferred to a

computer equipped with special evaluation software.
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1.3.Framework of the dissertation

Chapter Two will introduce us to the biology of tbu We will get to know the different
types and function of the human mechanoreceptods gain knowledge about the
structure and mechanical behavior of the skinditierent layers and components, with

special attention to the function of finger ridgesl hairs.

In Chapter Three | will give an introduction to tpeszoresistive effect and the most
important features of the MEMS sensor structuneilll present our experimental setup
and the first experimental results concerning tharacteristics and behavior of the pure

Sensors.

In Chapter Four we will get through the mathematitssscription of the elastic cover of
the sensors using continuum-mechanics and theicelsaif-space model. | will show
how parameters of a flat cover change the charstitsr of the sensors, and prove the
feasibility of the mathematical model with expermtad results.

Chapter Five is about the inverse problem of tla¢ @lastic cover. | will show the
analytic solution of the inverse problem for a pdoad, and use the deduced equations

for creating tactile hyper-accuracy over the reiwedield of the flat cover.

In Chapter Six | will talk about neuromorphic elemntsethat can be used in the sensor
design to enhance the overall capabilities of teeiad. | will show some experimental
results on the modified behavior of the sensorschvalso offer us clear clues on the role
of these elements in biological systems. In theesahapter | will also investigate the
role of elastic hemispheres that emerge from thtecthver surface. | will show the results
of a finite-element simulation of the hemisphered egeveal the many advantages these
elements bring to the sensor design, includingsthmplification of the elastic material's
coding mechanism or the possibility for a 1D to 8@nversion of an arbitrary tactile
array. | will support the hypotheses of this chaptéth real measurements and an

application example.
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Chapter Seven is a summary with a list of the neengific results and the future trends
our devices might bring into view. A publicatiorstliand a detailed and commented

bibliography are given at the end, too.

1.3.1.General notes

The references in the dissertation appear in tha fhastname et al., 2003 [85]), where
“Lastname” is the last name of the first authorQ03” is the date of publication and
“[85]" is the reference number in the bibliographydid not want to put only the

numbers as a reference, but | could not exclude thiéher, because the bibliography at
the end of the dissertation is ordered accordinghéo scientific laboratories or main

research topics, therefore, it cannot appear inaddptical order.

During the following hundred pages | usgdgularform when the scientific results were
the product of only my brain and body. | uggdral form in the case of joint works and

in general discussions during the introductions @ntlusions.
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Chapter Two

THE SKIN AND ITS MECHANORECEPTORS

2.1.Introduction

Besides the well-known fact that part of the skinjust a simple dead tissue, it
encompasses quite a lot of intriguing features @miponents. The skin itself—as the
outermost wrap of our body—is responsible for aidbaghysical protection against
mechanical damage, dehydration, ultraviolet light¢yvere temperature loss or gain,
contamination or diseases. In the meantime, it ainst several elements that map
different features of the surrounding environmeWe can find heat, humidity,

proprioceptive or pain sensors embedded in thedis$ the skin and obviously different
kinds of tactile receptors as well. While this tisgerfectly fulfils all the requirements
these parts demand, gives place to the connedtiaihe nervous system, the blood flow
or the immune system, it also determines the ckeniatics of the tactile sensation by its

pure mechanical structure.

A general neurobiological (and some anatomical)ciegson of the skin and its

mechanoreceptors can be found in (Kandel et ab) 205]). A good review on the roles
and functions of the mechanoreceptors is also dwek. O. Johnson (2001 [17]). In the
following, we will restrict our investigations tavd main features of the skin. First, we
will get a description of the functional anatomytbé four basic tactile receptors that lie
in our skin. Second, we will summarize briefly thesearch results concerning the
mechanical structure and characteristics of the s&sue itself, with special attention to
the role hairs and fingerprints play in tactile s&tion. The goal of this chapter is to give
a brief introduction to those elements of the lyatal system that can support us with

neuromorphic ideas in the artificial tactile-sendesign.

2.2.The four mechanoreceptors of the human skin

Like in vision, the sensory information of the tecimodality travels through the nervous
system in parallel channels. The human eye contaiti®ns of similar receptors that
signal proportionally to the received light. Aftarretinal pre-processing, the parallel

information gets to the optic nerve in the formthirty or more so-called retinotopic
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channels. The further coding of the neuronal sgnalore or less preserves this
topography, where each channel is responsible $peaial feature of the visual scene. In
the tactile modality the roles of the first struetsi in the signaling path are a little bit
mixed. The first signal-coding layer is represenbgdthe skin itself, and the parallel
channels are separatedter this coding, according to the different receptgpess

embedded in the deep layers of the skin. In thedmusgkin there are four main parallel
signaling-channels rooting in the four main mechaoeptor types: the Merkel disc, the

Meissner’s and Pacinian corpuscle and the Ruffigao (Figure 2.1).

"
e = Epidermiz

R |

zmall RF .

LF wikr., = Dermis

flutter

Pacinian corpuscle Ruffini argan Merkel dizc Free nerve endings

Rl SA& oo temperature,
large RF zmall BF zimall RF lizzue damage
HF wibration LF wibration, strech steady pressure

Figure 2.1. The four main mechanoreceptors ofs#tie with their schematic structure and location

(Kandel et al., 2000 [75]). Basic properties of bagpe are added to the original image.

In the following we will take a look at each recaptype separately, to analyze and
compare their function and to get a general viewbét kind of tactile information is
important for our brain. If we believe that natusean expert in touch, the knowledge

stolen from it might be useful in a later artificiactile-sensor design.

2.2.1.The Merkel disc

Merkel cells are probably the most precisely désctimechanoreceptors, first identified
by Friedrich Sigmund Merkel in 1875, as the firsblwn “touch cells” of the glabrous

and hairy skin. Merkel corpuscles are oval or ddao shape with a length of 1@5 um
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along the longer axis, and have spike-like protmsiall around to attach themselves to

the surrounding skin tissue (Figure 2.2).

Figure 2.2. The structure of a Merkel cell;

image source: http://www.bioeng.auckland.ac.nzgphpe/images_map.php

Because of their small size and dense appeardraiedcation being relatively close to
the skin surface and their special micro-structsteowing slow-adaptation (SA)
properties they are most suitable for the highlitggm mapping of constant or low
frequency (515 Hz) pressure, fine texture, contours or locavaturé of the touched
surface. Merkel cells are usually found in smalistérs, where each cell is connected to
one nerve ending, and overlapping clusters of teenendings are collected in one
single dorsal root ganglion cell (Figure 2.3). Tdfere, the spinal neurons will have
overlapped receptive fields, with many close peakeach one. The diameter of the
receptive field of one neuron is around 2 mm on fogers, which is relatively small

compared to the ones of the other mechanoreceptors.

! Contours and local curvature are sensed purelgusecof the mechanical-stress coding mechanisheof t

skinitself, as we will see later in section 4.2.5.
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Figure 2.3. Clusters of Merkel cells under theteewf a fingerprint ridge. The signal of the retaqs in

each cluster is collected by one dorsal root gamyliell; image source: http://www.ilo.org/encyclepka/

The location of the Merkel cells in the skin is tguinstructive. On the ridged human
finger they are mostly located along the centee lof the papillary ridges, near the
penetration of the sweat gland ducts. In the hskig they are situated within the outer
root sheath of hair follicles. In one of the mostreloped tactile structures, the nose of
the star-nosed mole, they are located just atéheec-base of the so called Eimer’s organ
(Figure 2.4). Later, when we will have knowledgeouaib the mechanical stress
transmission properties of the skin, we will shdvedretical and experimental results

why these locations are the best for the Merkds delbe at.

For more anatomical and functional details aboet Merkel corpuscles, see (Ogawa,
1996 [61]), (Halata et al., 2003 [62]) or (Molladt, 2005 [63]).



18 THE SKIN AND ITS MECHANORECEPTORS

Terminal Swellings of
‘ : Free Nerve Endings

Encapsulated
Corpuscle

Myelinated
Fibers ——

Eimer's Organ

=
(0]
=
@
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o
—— slwieQq ——¢ sjuuepid3 P

Figure 2.4. One of the most sophisticated tadiigans of the world is the nose of the star-noseterfA).
It consists of 22 appendages with thousands of amerkceptive Eimer’s organs on each (B). Each organ
is a specialization of the epidermis into a bunkg-structure (C). Merkel cells and other tactileeptors

are found at the base of each bump (Catania, 1849 [

2.2.2.The Meissner’s corpuscles

Meissner's corpuscle (discovered by the anatomestr@sMeissner) is the other type of
mechanoreceptor that can be found in the supdriay@rs of the skin with relatively

high density. It consists of flattened supportivels arranged as horizontal lamellae
surrounded by a connective tissue capsule (Figlte Zhey are usually 20-40 pum in

diameter and up to 150 pum long.
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Figure 2.5. Microscopic (left) and schematic (righiew of the Meissner’s corpuscle, surroundedhey
epidermal skin tissue; image sources: http://wwwlietlu/Biology/Wags/histopage/colorpage/cin/cin.htm

(left), http://lwww.ilo.org/encyclopaedia (right)

The Meissner’s corpuscles are located at the barfddre dermis and epidermis, where
they are mechanically coupled to the papillary eglgAccording to (Bolanowski and
Pawson, 2003 [68]), in the fingertip of primategythare also positioned along the
fingerprint ridges (predicting an important role r fahe fingerprints in the
mechanotransduction). They are rapidly adapting) (Riechanoreceptors that signal
features of motion, the feeling of stroking, fluitgy, rubbing or palpation, in the
frequency range of 260 Hz. Since they are located relatively closeh®durface, they
also have small receptive field-@ mm in diameter). The structure of their receptive
field is also similar to the one of the Merkel selbecause these receptors can be found

in clusters, too.

2.2.3.The Pacinian corpuscle

The Pacinian corpuscle was named again after gsoderer, the Italian anatomist
Filippo Pacini. It is similar in physiology to tHdeissner's corpuscle, but larger in size
(around 12 mm in diameter) and fewer in number. Each corpusonsists of up to a
hundreds of concentric lamellae composed of fibromsnective tissue and fibroblasts,
separated by gelatinous material. In the centethefcorpuscle there is a fluid-filled
cavity with a single afferent nerve ending (Figré).
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Figure 2.6. Schematic drawing of a Pacinian cogdesvith its many lamellae and a single nerve fiber

rooting in the center; image source: http://wikifpedrg

Due to the fine, layered structure, the Paciniaipuscles are very sensitive to the high-
frequency vibrations of up to 400 Hz. Since vilobas are not local but travel in the
tissues without being weakened, these corpuscles faond only in the deep

subcutaneous tissue, scattered, with high recepéick size. Obviously, the receptive

field in this case has only one peak point at #r@rml zone above the corpuscle.

2.2.4.The Ruffini organ

The last mechanoreceptor is the Ruffini organ, desd by Ruffini (not surprisingly). It
is oval or even more stretched in shape, and dsnsistrong connective-tissue sheaths,
inside which the nerve fibers divide into numerbusnches (Figure 2.7).

Nerve fibers
‘-\‘ Conneclive fizsue aheath
Terminal ramifications %
of axis cylinders .
.

Figure 2.7. Drawing of Ruffini about the Ruffingan;

image source: http://www.bartleby.com/107/illus98il
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Ruffini endings are principally situated at the gtian of the corium with the

subcutaneous tissue, and therefore respond todkiement of joints, bending of nails or

the lateral stretch of the surrounding skin tissuie in the case of the Pacinian

corpuscle, due to the deep location and one-tovumervation, the receptive field of the

Ruffini organ is again large and has a central zwimaaximum sensitivity.

2.2.5.Comparison of the mechanoreceptor channels

As a quick overview, | summarized the main progsrtiof the introduced four

mechanoreceptive channels into Table 2.1.

TABLE 2.l. COMPARISON OF THEFOUR MECHANORECEPTORCHANNELS

local peak stress
(and therefore to
surface curvature)

stimulus. Firing rate
proportional to speed
of motion, intensity is
coded in no. of active
nerves

property Merkel discs Meissner’s Pacinian corpuscles Ruffini endings
corpuscles
afferent SAI RA | (or RA) RA I (or PC) SAIl
type
sensed constant or low- | transient, phasic, high-frequency lateral skin-
features frequency (515 vibratory stimuli; vibrations (60400 Hz) | stretch, bending
Hz) pressure, fine| stroking, fluttering, of fingernail,
image of texture, | rubbing, palpation, movements of
contours or edge detection, joints
surface curvature | microslip, (2050
Hz)
location basal layer of border of dermis and | deep subcutaneous deep
epidermis, mostly | epidermis, tissue subcutaneous
under the center of mechanically coupled tissue (dermis),
the surface ridges| to papillary ridges sometimes close
to joints, nails
receptive small (g 2 mm), | small, (@ 2-3 mm), large, with a central large, with a
field on highly localized with many peaks zone of maximal central zone of
fingertip with many peaks sensitivity maximal
sensitivity
innervation | 1025 receptors tg 10- 25 receptors to one neuron to each one neuron to
one dorsal root one dorsal root receptor each receptor
ganglion cell ganglion cell
stimulus firing rate One action potential at One action potential at| firing rate is
coding proportional to the peak of sinusoidal| every peak of the proportional to

vibration. Therefore,
motion speed on
texture is coded in
firing rate. Intensity is
coded in no. of active
fibers

applied steady
(lateral) force
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In the above section we saw that there are twoiarymarameters that define the
characteristics of the receptors. THerationin the skin determines their receptive field
size and envisages which physical properties aenbst suitable for a given receptor to
measure. Theistructureis differentiated accordingly to make them morkedere to
these specific features. In the next section wé e how these aspects come together

through the mechanical properties of the skin gstelf.

2.3.Structure and behavior of the skin

The skin is a pretty complex multilayered elastiu&ure, showing inhomogeneous,
nonlinear, viscoelastic, thermoelastic and mangiotipes of evil properties. It consists
of two main layers: the outer skin epidermis and the inner skin, thdermis The
epidermis is constantly being worn away and replazg new tissue generated by an
upper sub-layer of the dermis. The surface of tkie & often not smooth; it has
fingerprint ridges, sweat glands and/or hair oinitspite of (or due to) all its complexity,
many researchers tried to analyze the behavidreo§kin as a mechanical layer, having a
central role in the processing of tactile signeaseling from the skin surface down to the
receptor sites. In the following | will give a brieeview of the presently available skin
models concerning the mechanical behavior of the sk the hope that they can provide
us with useful hints for the design of artificiavers.

2.3.1.The skin as an elastic half-space

The first mathematical skin model was describedlbgnson and Phillips (1981) in a
fantastic article trilogy ([14], [15], [16]). Thegeformed the fingertip of rhesus monkeys
with differently shaped objects, and measured theuiral response in the peripheral
nerves, analyzing the output of the four differeméchanoreceptive channels. In the
meantime, they proposed that the skin should lseddeas an information-coding layer
and should be described by the theory of elastidibey used the so called elastic half-
space model with the solution of Boussinesq (188%)[to describe the stress/strain
distribution in an elastic material, caused by thdentation that was used on the
monkey'’s fingers. They stated that the responsie@imechanoreceptors is determined
by the mechanical properties of the surroundingh diyer, and the shape of the

measured neural response over the receptive fieddah receptor (Figure 2.8) is similar
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to the distribution of a specific stress/strain poment of the half-space model loaded
with the same indentation profiles.

SPATIAL TOUCH: NEURAL REPRESENTATION
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Figure 2.8. Neural response of a Merkel cell ia fingertip of a rhesus monkey, caused by the tipic
bar as an indentation to the skin. The responselitudp is measured by the average number of action
potentials over a short period of time after thedfic indentation. The response profile follows th
characteristics of the stress/strain distributiomsdribed by the elastic half-space model (Johnsah a
Phillips, 1981 [15])

According to the measurement results and the casgrawith the different stress/strain
components of the model, they stated that duedcachiaracteristic edge-enhancing and
surround-inhibition properties of the Merkel cadsponse, it most likely responds to the
local maximum compressive strain. Furthermore, best (but not good enough)
approximation to the response of the Meissner'pusgles is given by the maximum

horizontal tensile strain.

Phillips and Johnson were the first to connectrésponse of the mechanoreceptors with
the continuum-mechanics of the skin, hence stagingw and promising approach in the

description of biological or artificial tactile sgors.

2.3.2.Finite-element model of the fingertip

Srinivasan and Dandekar (1996 [18]) built the fiisite-element model of the primate
fingertip. They created three models with differeomplexity (including bones, different
layers, but no fingerprint ridges), and comparezirthehavior under load with the elastic

half-space model of Phillips and Johnson. They dodmat there are no significant
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differences in the overall results; however, mooeplex models obviously revealed
more details about the exact stress/strain digtabuOne of the main outcomes of their
conclusions is that the elastic half-space modéh ws total simplicity is a fairly good

first approximation of the real case. Another resslthat instead of the maximum
compressive strain, they gave the strain energgiteas the best approximation to the
signal of the Merkel receptors. Later on, they daan even more realistic but still
linear, 3D model as well (Dandekar et al., 2003])[XPigure 2.9), with more detailed

analysis of the endless material properties ofs#tie, including the measurement of the
Young-modulus of the several skin layers. They dprout no significant differences

compared to the previous results but mention thssipte effects of viscoelasticity and

the finger ridges, without incorporating them itie finite-element simulations.

Figure 2.9. 3D finite-element model of the humagdrtip indented by a sharp wedge (Dandekar et al.
2003 [19])

2.3.3.Viscoelasticity of the skin

As the skin models were developed, more and mopeitant details could be included
into them. One is the viscoelastic property of gk, i.e. the effect of tactile after-
images. Due to the material properties of the s&fter touching an object there are
residual stresses in the material, disappearing after a few seconds. Singh and
Fearing (1998 [9]) and Moy et al. (1998 [10], 20QQ]) (who all belong to the same
tactile group at the M. I. T.) were the first taclimde this strange behavior in a skin
model—they used their theory for a more appropuasgn of tactile displays. Although
viscoelasticity could be an important issue botithe description of the skin and the
artificial covers, we will only treat it as a soarof error and not include it in our model,

as it implies higher complexity with relatively nainbenefits.
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2.3.4.The role of fingerprints

Another important feature of the skin is its ragyess, as already mentioned in section
2.2.1 discussing the location of Merkel receptansthe skin. Fingerprints appear
naturally in our everyday life—often mentioned argmnal identification clues—but
their real evolutional function is, in my opiniogeyen more intriguing. Papillary ridges or
other types of surface undulations are usuallygaresn high-resolution tactile sensory
systems [such as the human’s or primate’s fingéigufe 2.3), some ape’s tail, the
elephant’s proboscis (Figure 2.10) or the noséefstar-nosed mole (Figure 2.4)]. Their
function and nature is first described by Caun&{l[6]). He stated that the papillary
ridges act as “magnifying levers” to the Meissnatspuscles, thereby enhancing their
sensitivity. Later, it was found that ridges havelwal function: frictional and tactile
(Martin, 1990 [67]), namely, they prevent slippaged in the meantime serve as a
mechanical amplification stage in the procedurstidss transduction in the skin.

Figure 2.10. The trunk of the African (A) and As({B) elephant. The prehensile skill of Africanpélants
is more refined, as they do not grasp but curl otgieCorrespondingly, they have more mechanorecgpto

and papillary ridges at the end of their probosg¢ioffmann et al., 2004 [65])

From the mathematical point of view, Fearing andlétbach (1985 [6]) mention the
possible stress-enhancing effect of a sinusoideéresurface first over artificial tactile

sensors, and calculate the stress distributioryacaly under the undulations. Maeno et
al. (1998 [25]) investigate the role of fingerpanwith a finite-element model of the
fingertip, having different skin layers, the bomedaealistic material properties included
in the model. They try to use the simulation restdtgive an explanation for the location
of the mechanoreceptors—in my opinion not very aocimgly (without deep

neurobiological knowledge). However, their initiegiis quite courageous—Iater on, the
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same group publishes the first artificial tactiBmsor having a ridged surface (Yamada et
al., 2002 [26]), and they also create a speciadaefor friction, softness and roughness
detection, that emulates the function of nailsdepnal ridges, the layered structure of
the skin and the different receptor sites (Mukagbal., 2005 [27]). Gerling and Thomas
(2005 [45]) give another finite-element model oé ttngertip, specializing in the effect
of the fingerprints and also taking into accourd tagged border of the dermis and the
epidermis. They state that the ridges create aledc‘lensing effect” that concentrates
the stress to the receptor sites. Later, we willamdy support this property of the ridges
with experimental data, but use them as a neurdmmesign element of our artificial

cover.

2.3.5.The function of the hair

The last subject of our examination concerningfaetures of the skin is the hair. The
role of the hair in the tactile system is obvious-gies birth to a kind of tele-sensing by
protruding from the surface of the skin and thusnghting the “force arm” of the

receptors (Figure 2.11).

Figure 2.11. A single hair with different axonsdamerve terminals around the hairshaft. The haiisdike
a “mini-joystick” and converts the impact of distaiorces into significant skin deformation aroute t

receptors; image source: http://www.ilo.org/encysdedia

At the other end of the hairs or whiskers, insiue ¢kin, the hair follicles are surrounded
by the usual mechanoreceptors. However, they gataaased amount of input due to
the enlarged skin deformation, as a consequentdgeahostly shear motion of this long

overhanging force arm. This structure is so effiti@m sensing even the lightest distant
impacts that some animals (e.g. mice and rats) maye on this sensory arrangement
then on vision. When creating artificial sensorg @an use this very idea of Mother

Nature efficiently for sensitizing our structuresshear forces.
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2.4.Conclusion

In the above chapter we took a thorough look askiie and its components with the eye
of an engineer. First, | introduced the differeeteptor types of the skin in order to see
what physical properties a tactile sensor shoulet liar an efficient functioning. Second,

| showed that in tactile sensing the sensory atrecitself is hardly enough for passing
interpretable data on to the brain. A very impadrtaignal-processing layer in tactile
sensation is the skin tissue itself, which codes dtrface load on account of its pure
mechanical, elastic structure. Besides this gerstrags-coding effect, the skin also has
some special micro-features that enhance the Batysiand efficiency of the high-
resolution tactile surfaces. One of these featigdlse hair, which acts as a tele-sensing
structure and converts the impact of distant forecgs significant skin deformation
around the receptors. Another feature is the ridgkid surface, which has a dual
function. It increases the friction between thectwad object and the skin and in the

meantime concentrates the stress around the meecaptors.

Later, we will use these ideas in the artificiahs& design as neuromorphic concepts. |
will also support the assumptions of the anatoméstd neurobiologists about the
function of these elements of the skin with expental data measured on the
constructed tactile-sensor arrays. To achieve fings,of all, | give an introduction to the

physics, development and characteristics of the EMvice used in my work.
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Chapter Three

TACTILE-SENSOR DESIGN

3.1.Introduction

In this chapter | introduce our artificial tactgensor array that is the key element of all
my experimental work. First, | give a brief revialout the tactile sensors available on
the market nowadays, and then, as a comparis@sgcritbe our sensor design in detail. |
will go through the physical effects that are usedhe sensing method, present the
finite-element model of the structure with predias to the performance of the sensor,
explain some of the basics of the MEMS technologgduduring the technological steps
and then show characterization results for the seakors as well. Obviously, a detailed
description of the experimental setup and the sydéwel integration of the sensors
cannot be excluded either at this point. Get readwill be a long and multi-faceted

chapter with lots of excitement!

3.2.Tactile sensors worldwide

There is a truly wide range of commercially-avadalactile sensors, varying in many
important parameters. Their most essential featitbe actual physical property they
measure, which can be simple pressure (i.e. nofone¢), high-frequency vibration or
three-axial forces and torques. Other fundamerai@rpeters are the size of the structure,
its element number, sensitivity, dynamic rangequency range or its working concept.
The state-of-the-art of tactile sensors is obvip@isund in nature—such high resolution,
wide dynamic range and robustness that a biologgcdille system has simultaneously is
far from having been achieved yet. Just let uskthimout how differently we can treat a
single feather and a heavy weight with the samedhamapping the characteristic
features, the texture or shape of both efficieritlgvertheless, the artificial tactile sensors

are developing also, getting closer and closenésd high requirements.

In the following we will not talk about torque awdbration sensors, since they are not
truly relevant to my work. We will only consider eaxial pressure-, and three-axial
force-sensor arrays, even though from the latterettare basically none on the market

yet.
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3.2.1.Capacitive pressure-sensor arrays

There are two basic physical effects that are usedt often to measure the pressure
applied to a surface. One is the change of capmetdetween two pieces of metal
getting closer to each other; the other is thequesastive effect that causes a resistivity
change of a substance when mechanical stressdsrnprimside it. Large size capacitive
sensors usually consist of an arbitrary numberapélfel wires attached to one side of a
deformable elastic material, and the same arrangeonfewires placed perpendicularly

on the other side (Figure 3.1).

Figure 3.1. Schematic view of a capacitive tactéasor, consisting of two perpendicular set obwiand
an elastic material in between. When it is pressécks get closer locally and the capacitance betwe

them changes

Each junction between these two sets representscal kapacitance between the
corresponding two wires. If the array is presskd,wires beneath the load get closer to
each other and the capacitances change accordifigly.capacitance change between
each two wires can be measured by the proper tiyand sent to a computer in a serial,
multiplexed way. Drawbacks of this arrangement e nonlinear behavior and the
cross-talk between the neighboring elements. Acged are flat and flexible exterior,
variable size, element number or resolution. In d¢alp we experimented on a
commercially-available capacitive pressure-sensoplkit, called XSensor (see
http://www.xsensor.com). It contained pads ¢6f99and 2121 taxels (from “touch
pixels” or “tactile elements”), spaced 1.5 mm anBl @m correspondingly (Figure 3.2).
It measured the pressure in the range-dfdd kPa, which lays somewhere between light
touch and a very strong handshake. By now, lot nadreanced arrays of this type are
available, with a minimal spacing of 1 mm or lesgximal element number of around

ten thousand, and dynamic range from the lightastht up to a few MPa.
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Figure 3.2. One of the four’9 element pads of the XSensor

The introduced capacitive principle can be usednraller, micromachined capacitive
sensors as well, where the two facing wires areesgmted by under-etched electrode
plates. More details about these sensors will begmted soon in section 3.2.4, where the

possibility of three-axial force sensing is dis@s

3.2.2.Piezoresistive strain gauges

The piezoresistive-type pressure sensors (straigeg are one of the first achievements
of MEMS technology. They usually consist of an ureliehed, suspended micro-
membrane, bridge or cantilever and an embeddedngisistor in the deformable part, at
the location where the maximal stre$sasse (Figure 3.3). If the resistors are connected
to a tiny voltage supply, the resistivity changeus=d by the forces acting on the
suspended part can be measured easily. Basic agesndf these sensors come from the
use of silicon as a structural material, with linéahavior, high sensitivity and small
size; disadvantages are the rigidness and the eamptchnology it requires.
Piezoresistive sensors usually have very good cteistics with high signal-to-noise
ratio and high-frequency functioning, but they mrgeneral sensitive to overloading and
changes in the temperature. They might also hawee soffset caused by the residual
stresses in the material due to packaging. Theosems$ the MTA MFA are also based
on the piezoresistive effect. They enclose fouziesistors in one taxel, the three-axial

force components are calculated from the combinatiothe four piezoresistive signals.

2 Although strain-gauges are principally triggeredsirain, as their name suggests, among engineas i
common to connect them with stress instead. Theoreor this is simple. The describing physical eied
are mostly linear, therefore, stress and straineasily exchangeable quantities in them; howeves, t
characterizing equations usually have nicer fornthdy incorporate stress instead of strain. Singe o
piezoresistors are better described using stress,ftom now on, we will also use this simplificati

without forgetting about the exact physical backuab.
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More details about the piezoresistive effect andsamsors will be presented later in this

chapter.

P azaresimins

Flazarasiatat 91 oeam

Figure 3.3. General structure of piezoresistiveetypressure sensors, in which the deformable part

containing the piezoresistor is either a membrdett)(or a cantilever (right) (Sze, 1994 [77])

3.2.3.Application of pressure-sensor arrays

Pressure sensors are used in a great variety kd. t&se general field is the pressure-
map analysis, which is useful when designing neaeshchairs, or investigating one’s
flat-feet or walking and running behavior. Pressse@sors are also used in industrial
robotic applications when the precision grip anctile feedback of a robotic arm is
important. Medical applications also bring new pedives in the application field of
tactile sensors. Pressure sensors can be placethalh electrodes, endoscopes, virtual

surgery gloves, etc.

In all the listed tasks shear forces are also pteseit obviously not measured by pure
pressure sensors. However, shear-force maps atsodervaluable details about the
touched surface or object, and are indispensablelippage detection or friction
estimation tasks. Therefore, many attempts have lpe@de worldwide to efficiently

measure shear forces as well.

3.2.4.Three-axial tactile arrays

A more advanced group of tactile sensors are tleethxial (or three-dimensional, three
degree-of-freedom, 3-A, 3D, 3DOF, efcarrays that measure the pressure (the normal
load) at every taxel and also the two shear-fom@aponents present on their surface.
Surprisingly, this very group is tiny, even thoutjtere is a definite need for 3D-force

sensor arrays on the market. Single-element, 3/emn & degree-of-freedom (force and

% Since tactile sensors represent a relatively el 6f sensing, there are no worldwide agreementte
names of their parts, groups, etc. yet. It is harde consistent—especially when one is citing many

others—, but | will do my best.



32 TACTILE-SENSOR DESIGN

torque) sensors have been made by many groupsof&hiet al., 1995 [50]; Zhu and
Spronck, 1992 [51]; etc.), some of them are alsmmercially available now (but not
cheap yet). However, attempts to make three-axdabararrays are very limited in
number, and the designs have not broken out obthumdaries of laboratories yet. The
reason for this is quite simple: it is pretty hamdmake three-axial tactile-sensor arrays.
One has to use different approaches in treatingndginenal and the shear forces, and also
has to deal with too much wiring, or alternativdigs to integrate the sensor technology
with standard CMOS elements for on-chip evaluatidherefore, all the structures
aiming to produce three-dimensional tactile signalsan array end up at high
complexity. Nevertheless, there are quite a fewarkable ideas to overcome these

challenging obstacles.

One smart approach for measuring more than onacaitdbad component on an entire
surface requires a huge, transparent, elastic iakteith lots of painted dots on it, a
CCD camera below and some mathematics in betweamiffama et al., 2004 [52])
(Figure 3.4). If the surface is pressed, the aldatier deforms and the dots on the CCD
recording move. From this movement the three-coraptanof the surface displacement
can be calculated at discrete points with reasenalkturacy, using the continuum-
mechanical equations of the elastic material. Tilg drawback is the large size and the
need for the laboratory conditions: CCD camera,dghbghting, transparent materials,

etc.

Figure 3.4. Overview of the image-based tactilesggg using a transparent elastic material painteth

many dots (Kamiyama et al., 2004 [52])

Another optical approach (obviously suffering froime same drawbacks) is described by
Ohka et al. (2004 [53], 2005 [54]). They use “cahileelers” instead of dots to mark the
location and direction of the local displacementatibber (Figure 3.5). The feelers are
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protruding from the bottom surface of the outermagiber sheet and are precisely
positioned so that their tip touches a flat acrglicface below. If they are pressed against
the rigid surface, the contact area between thewgrlf shear forces are present, the
contact area also deforms and moves. The reseddtup is the same as before—a CCD

camera records the shape of the contact areasaémdates the surface deformation from
it.

Figure 3.5. Another optical tactile sensor. Whedentation is present, the conical feelers are geds
against the acrylic board. CCD camera records tlze slocation and shape of contact area from below
(Ohka et al., 2005 [54])

Yet another optical solution is called a “fingeinsgénsor” (Mascaro and Asada, 2004
[55]). When the finger is pressed against an opjeetblood flow in it changes, creating
a colored pattern on the nail that is typical ddttlspecific indentation type. A CCD

camera records this two-dimensional pattern, atallzdes the forces acting on different

locations of the fingertip using trained neuralwatks.

A piezoelectric approach for determining more tbae force components in an array is
showed by De Rossi et al. (1992 [30], 1993 [31]99.932]). They use an array of

synthetic polymer (PVDF) elements, where 6 polymerystals build up one six-degree-
of-freedom taxel, measuring six components of theall stress tensor. The crystals of
one taxel are arranged in a hexagonal manner. dteegut along the appropriate axis so
that each of them is responding to the stress pariicular direction. Their largest

published array consists of 42 sensing elementaxg@ls), but they admit that they have
experimental problems of gaining data other thanrbrmal stress. Nevertheless, this
group will be mentioned later on again becausd&eif extended theoretical work related
to the mathematical description of the elastic c@fesensors, concerning the direct- and

inverse-elastic problems.
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Zee et al. (1997 [43]) use a conductive, silicosdshrubber layer to measure the three
components of the applied force. The resistandbeofubber depends on the conductive
particles in the rubber and the force applied tostrface. Their approach has two
remarkable ideas that are used later by us, toe. i©ithe method for the shear-force
measurement: they estimate the shear force frontdh#ination of four normal-force

sensing taxels. The other is the exploited rol¢hefrubber itself in the sensor design:
they make cuts on the rubber surface around theusalgs of 22 taxels to separate the

response of each three-axial taxel. Although they make large three-axial arrays, the

response of their sensors is highly non-linearrastcaccurate enough for a practical use.

Besides all these attempts, one can make use oprthaously mentioned two basic
pressure-sensor structures (capacitive and piegtve$ and gain shear-load data from

the combination of more than one neighboring norimiale signal.

Chu et al. (1996 [56]) and Hakozaki and Shinod®22[57]) use the capacitive principle
to create three-axial arrays. One taxel of thessm@s consist of a common conductor

plate facing four capacitive electrodes, arranggttly in a Z 2 array (Figure 3.6).

Figure 3.6. The structure of a capacitive typesthiaxial tactile sensor. The signal of four eledes are

combined to gain one three-axial taxel (Chu et 96 [56])

In each measurement every capacitance is measuredafber another. Since the
capacitances are proportional to the distance @fetectrodes from the plate, they are
also correlated with the normal force they werespee with. By calculating the sum and
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the difference of the signal of the neighboringceledes, one can bring out data
proportional to the normal and shear forces, raspdyg. This idea is remarkable; the
only problem here comes from the capacitive stmectwhich suffers from cross-talk,
small signal-to-noise-ratio, small dynamic rangd aome nonlinearity again. Also, both
authors mention large arrays of taxels but thegere measurement results for only a

single element.

The same basic idea is used for three-axial sensisgme silicon-type, piezoresistive
MEMS devices. Here, instead of the four capacitiextrodes there are four embedded
piezoresistors at the corners of a micromachined®g structure, which consists of an
etched cavity covered with either a membrane (Wang Beebe, 2000 [58]) or four
suspended bridges and a central shuttle plate (i€ad, 1996 [59], 2000 [60]). The
latter can be seen in Figure 3.7. The differennefese two structures lie mostly in the
very details of the used micromachining technology.

Figure 3.7. A piezoresistive three-axial tactinsor element made by surface micromachining (ane
al., 2000 [60])

The structure of Kane et al. (2000 [60]) is thegémt three-axial array up to now,
consisting of 6464 taxels. In each one, the piezoresistors areddrai poly-crystalline
silicon, embedded in deposited silicon-nitride ksyd he bridges are released with front-
side alkaline etching of the single-crystallineceih underneath. Although this process is
CMOS compatible, which is a crucial point in a Es@ray design, the structure suffers
from the limited sensitivity of the poly-siliconratture and the mechanical stability of

the multilayered membrane.
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3.2.5.Discussion

In this section we introduced several types of cared three-axial tactile sensors with
different working principles. We saw that threeadximeasurements are necessary in
some dexterous manipulation tasks. From the mawgrsk attempts in order to make
three-axial sensor arrays we can conclude thatn#ttbod most generally used for shear-
force measurement is based on a simple combinafidime signal of four normal-force
sensing elements. We can also state that one ahtst severe difficulties in making
large three-axial tactile arrays lays in the needthe extended wiring of the many
elements, or, alternatively, the combination of gensor technology with standard
CMOS structures for on-chip evaluation. In thedwaling we will see our novel approach

for a three-axial, CMOS-compatible tactile-sensoay

3.3.Three-axial arrays of the MTA MFA

Our approach to a three-axial tactile array alsossts of suspended-bridge type
piezoresistive taxels, fabricated from single-aifste silicon (Figure 3.8). As a

structural material, single-crystalline silicon pides excellent and controllable
mechanical properties in all directions; moreovies, manufacturing process can be
integrated into the microcircuit technology, toteéTmain advantage of our technological
method lies in the freedom provided by the use mwifgle-side porous silicon

micromachining for the formation of the suspendeype single-crystal bridges. This
way, there is no orientation restriction in the igeswhatsoever; therefore, it also

facilitates the formation of the optimum p+ piezistors.

Figure 3.8. Scanning-electron micrograph of onestaof the sensor array. Characteristic dimensions
bridge 80°327°10 pni, plate 100100°10 und, hole 50 um diameter, cavity depth cc. 35 um. The

piezoresistors are embedded around the suspensiotspf the bridges
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In this section | will go into some details of osensory structure. | will present
mechanical modeling results, some technologicahildetllustrating the advantages of

our design, and finally, I will show how our taxele connected in an array.

3.3.1.Mechanical modeling

The geometry of the structure was designed firsh \finite-element method using the
Cosmos/M 2.0 package. The aim was to find the aptinfeasible sizes, the best
locations for the piezoresistors and to reach ighdst sensitivity without deteriorating

the sensor. The working interval was defined infttee range of 0.1-10 mN.

The three-dimensional finite-element model was tbuding 8-noded brick elements
(Figure 3.9). In the model a protrusion in the canhole of the membrane receives the
load and leads to a magnification of the lateratédocomponents. We tested the finite-
element structure with three different load cases:

Pure normal force that is perpendicular to the @laiithe membrand-{);
shear force in the direction, parallel to the suspending beaRg;

shear force attacking at 45° with respect to xadhdy directions Exy).

Figure 3.9. 3D meshing of the sensor, used ifittike-element calculations. We built up the maoaith

8-noded brick elements

The sensitivity of a p-type (110) oriented pieza®s on a <100> chip can be calculated
by the following equation (Sze, 1994 [77]):

DR _ DV
ROV &2l s

(3.1)
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whereR is the zero-stress resistanc® is the resistance change when stress is present,
44 IS the dominant piezoresistive coefficient of thaterial (12 and 1, are relatively
small, hence they are neglected),and ; are the longitudinal and transversal stress
components, with respect to the current flow. Wd get back to the piezoresistive
effect and the piezoresistive coefficients in mdetail later in this chapter, in section
3.4.1.

The stress must be as high as possible at thedoaoatt the piezoresistors, on the other
hand it must never exceed the yield stress, whah d well-known value for single
crystalline silicon (250 MPa). Since reliable yiedttess values for silicon-nitride are
hard to find, we chose the value of 250 MPa totlittné stresses in the sensor. We used

the von Mises equivalent stress (3.2) to have amg¢estimate of the stress field:

(3.2)

1
Sum =\/§ (51'5 2)2"'(9 2~S 3)2+‘€ 3S 1)2 '
where ;, ,and s are the principal stresses.

The results—calculated for a geometry shown in fe@i18— are listed in Table 3.1. The
used materials are assumed to be homogeneouspisoand linearly elastic; therefore,

the obtained stresses are proportional to the loads

TABLE 3.l. CALCULATED STRESSEYMPA) AND SENSITIVITY AT THE UPPEREND OF THEFORCEINTERVAL

(10MN) IN THE DIFFERENTLOAD CASES FOR AGEOMETRY GIVEN IN FIGURE 3.8

The stress field () for load F, (10 mN force applied normally to the membrane) is
presented in Figure 3.10. Another important reslttws thex component of the general
stress field in different loading cases (Figurel.1t is interesting to note that in the case
of x directional shear loading (rightmost image on Feg®.11), most of the stress
appears in the bridges where the current is pamite the load (there thg component

of the stress is a longitudinal one). In the otlvey bridges, where the current and the
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load are perpendicular to each other, the x doaati (in this case transversal) stress is
negligible. This result will enable us to neglebe ttransversal stresses later in the
mathematical model of the sensor, thereby redudimgcomplexity. More detailed

description about the finite-element modeling carfdund in (Vizvary et al., 2003 [4]).

Figure 3.10. Stress field ) of the sensor in response to 10 mN force appfi¢te z direction

Figure 3.11. Component x of the stress field undads of different directions. It can be seen that

longitudinal stresses are much higher than transakones (rightmost image)

3.3.2.Wafer processing and packaging

Standard p-type 10-18ctm (100) Si wafers were selectively doped with phasus by

ion implantation. After annealing we obtained anmype region, resulting in a total
membrane thickness of 10 um. We prepared the mogasistors in this layer by boron
implantation followed by silicon-nitride maskingtfern on the front side and depositing
an aluminum layer on the back. Then we performed®@h s electrochemical etching
process in a galvanostatic regime, using a hydoafiuacid and ethanol mixture at 7:3

ratio, with a current density of 60 mA/énThe resulting porous layer was 34—38 in
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thickness. In order to maintain the integrity oé ttuspended membranes, we dissolved
the porous Si layer from the individually cut chips

After processing, we die-bonded the chips ontoimtgut circuit board (PCB). We made
electrical connections between the PCB and theosaarsay using a standard Al wire
ultrasonic technique. Then we coated the wire-bomahections and the wires with a

two-component epoxXyo prevent mechanical damage.

3.3.3.Array assembly and system-level integration

The first generation chips were cut and bonded small PCB in 22 arrays, with 1.5
mm taxel spacing (Figure 3.12). In this arrangentdet four taxels resulted in 16
individual signaling wires that is more or less thaximum one can treat with a parallel

read-out circuitry.

Figure 3.12. Z2 array of taxels. Taxel spacing is 1.5 mm

At each taxel, the four piezoresistors were arrdngea half-bridge configuration with
their reference pairs on the rigid substrate (Feg8il3). This design provides a direct
voltage reading proportional to the surface loake bias voltage was 5 V in all the

cases; hence, 2.5V was each measured voltaged sigha unloaded case.

“ Araldite D (Vantico Ltd.)
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Figure 3.13. Read out circuitry of a single taxethe four piezoresistors are connected in a hailfide

configuration with their constant reference pairsthe rigid substrate, outside the deformable area

In the first generation setup, we measured the namtages with a Keithley 617
Programmable Electrometer across a Keithley 70%r8maat each node. We used the
LabView 6.0 package for control and data acquisiti@ the IEEE-488 bus. Later on, we
developed a linear amplification stage with 32 parahannels and an amplification
factor of around 5060 (Figure 3.14).

Figure 3.14. The 32-channel amplifier betweensiesors and the PC

We used an Advantech PCI 1713 A/D converter caalBentium IV PC to achieve real-
time measurement speed, necessary for high-pracigxperiments and further
applications. Finally, we developed an evaluatioftvgare for professional data analysis
(Figure 3.15).
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Figure 3.15. Screen shot of the software useddta analysis

3.4.Characterization of our three-axial sensors

In this section | will show the first experimentalsults concerning the characterization
of the sensor structure. First, | will go throudte tphysics involved in the sensing
method and show the principle used for shear-deti@ation. Then, | will present the
experimental setup used for testing, and finally, will show experimental
characterization results and compare them withpediminary finite-element model

predictions.

3.4.1.Working principle

The physical background of the sensing proceduna@acting the surface forces with the

measured voltage change can be divided into thewiwig five basic phases:

A) The forces act on the outer surface of the elastier, deform it, generate
mechanical stress and strain inside the rubberadswl at its contacting surface
with the MEMS structure. The input—coded by the amv thereby gets

transferred to the solid sensory structure undéhnnea
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B) The micro-bridges under the cover also deform, égegenerating mechanical
stress/strain inside the solid silicon structurenvadl, hopefully with the highest
values around the piezoresistors.

C) The presence of the mechanical strain in the bridggers the resistivity change
of the piezoresistors.

D) If constant current is run through the resistangjrtchange can be measured in
voltage change.

E) The combination of the signal of the four piezostsis results in data that are

related to the three surface-load components.

In the rest of this chapter we assume that theme isover on the sensor yet, thus we will
discuss only the points B to E in detail and asstimé the input forces act on the bare
sensor surface. For reference about the piezakesisffect and the working principle of

micro sensors, see (Sze, 1994 [77]).

B) Due to the very complex structure of the MEMS devive have to make basic
simplifying assumptions to be able to create a rmj@see model. These are the

following: 1) We treat every input force as a pdike load acting on the center of the
suspended structure; 2) We assume that the inpcgdare not too large, namely, they
do not cause nonlinear changes in the structuraenmah (due to the very good

characteristics of the silicon, this is not a stonstraint at all up to the limit of

overloading); 3) We assume that superposition hfddshe different load components
and for the stress they generate (if the size efdd&formation is much smaller then the
characteristic sizes of the sensor, it is a gosdragtion, too (Kane et al., 2000 [60]). If
we stick ourselves to these constraints, the stgesgerated at the location of the

piezoresistors can be described in the following:wa

s, =a,F

In" n?

s, =a,F (3.3)

Is" s?

stS =a tSFS’
where the index denotes the longitudinalthe transversal uniaxial stress field in a given
bridge, with respect to the current flow in theresponding piezoresistor (and so the

local bridge orientation, which is parallel tontour structure), as a result of a nornrml (
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or shear ¢) force f) acting on the taxel. Thelinear coefficients connect the force and
the generated stress, and can be analyzed fumivetying geometrical parameters and
the theory of bridges and membranes. In our mddgt only truly important feature is
the assumed linearity. Equation (3.3) shows thathabforces generate only longitudinal
stress in the piezoresistors, namely, they onlpgdte bridges. In contrast, shear loads
generate both longitudinal and transversal strestesy also rotate some bridges a little
bit around the long axis. These results are in razswe with the mechanical modeling

results shown in Figure 3.11.

C) Piezoresistivity is a very interesting feature sbme semiconductors: when
mechanical strain is present inside them, theiistiggy changes accordingly. The
connection between the strain (or better the gteasd the resistivity in the most general

case is the following:

Bry
o =PigS s (3.4)

ij

where is the local resistivity tensor, is the fourth-order, 81-element tensor of
piezoresistivity, and is the stress tensor. Luckily, due to the crystahmetries, this
complex connection can be simplified efficiently. dur case (p-type silicon) there are
only three independent components of the piezdnasystensor, as will be seen in
Equation (3.6). The stress tensor can also be Bietplf we introduce the longitudinal
and transversal components that were used in (Af8¢r this (3.4) reduces to the

following form:
CR
F:slpl +S 0 (35)

where R is the total resistivity,l and t still denote transversal and longitudinal
components of the stress tensor and now also thioHee piezoresistivite tensor, with

respect to the actual bridge orientation. The equaheans that the resistivity change is
basically caused by the sum of the longitudinal &matisversal piezoresistive effects.
With the knowledge of the actual directions of #Hlements in the crystal, (3.5) can be

simplified further. The surface of the silicon wafe in the <100> plane, the direction of
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the piezoresistors (and the bridges) in our cag&16). Therefore, the longitudinal and
transversal piezoresistive coefficients can be esqed with the concrete tensor-

elements:

1
P = E(pn +,012 +,044),
(3.6)

1
P = E(pn P - /744)-

The actual piezoresistive coefficients can be detezd from measurements. In our case
they have the following valuepi;= 6.6 Pa', p1,= 1.1 Pa’, pss= 138.1 P4. It means
that we can basically calculate wiphy and neglect the effect of the other two. Therefore

for p-type resistors we get:
7(&'51)' (3.7)

which has been introduced already in the mechamoaleling section as Equation (3.1).

D-E) In the following we will use the notation of Figu8.16. The axigis normal to the

surface and points towards the sensor, wkindy are tangential directions, pointing
from left to right and from bottom to top in a teow, respectively. The four voltages
and resistivities are named according to the radapiosition of their bridges in a top

view.



46 TACTILE-SENSOR DESIGN

Figure 3.16. Schematic top view of the sensorcaire with the used notation

Equation (3.7) shows that there is a quite simglation between the local stress and the
resistivity change of the piezoresistors. Now,va need to do is to put (3.3) into (3.7)
and sum the effect of all the possible forces:

DR, DR
R—ﬁ :%(anln - Fﬁ Is+ Fﬁ ts)' R o = p_;(Fq In+ F@ Is F‘%/ t)’
D eft ight (38)
ﬁ :&(anln + Fﬁ s~ Fa tS)’ promm: &(Fé In” F@ & Fa t)'
I:'iop 2 ottom 2

The force components can be expressed now frontdheination of the resistivity
changes, if we assume that the transversal strassewegligible, namely,s = 0. This is
a good approximation, as already shown in Figutd.3-or expressing theormal force

we need to sum the four resistivity changes:

FZ — 1 DReft + DRight + DFng +DRbottom ' (39)
2alrva 44 I:ieft I:gight I:?Op Fgottom

To get theshear forcecomponents, the difference of the resistivitiesasded:
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F = 1 DRnght ) DR
" A\ 44 Rright Rer

E = 1 DROP _ DRbottom .
’ a|90 44 I:etop I:ijottom

(3.10)

Equations (3.9) and (3.10) show that the normatl loaly generates equal longitudinal
stresses in the four bridges by elongating albheft; in the meantime, each component
of the shear force shortens the bridge “in fronit’'odnd elongates the one “behind”, and

also rotates the perpendicular ones but with nidxdgigyenerated stress.

The task is very simple now. Assuming that all tlem-loaded resistors have the same
value Reft = Riight = Riop = Ruottom = R), we can run direct current through the resistors
and use Ohm'’s rule to convert the resistivity cleamgo voltage change. Thereby, we get

the final form of the equation connecting the focoeponents and the generated voltage

change:
1
F, = DV, -DV..),
X Voa|5,044( right Ieft)
1
I:y = Voa|9044 (thop - DVbottom)’ (3.11)
F — 1 (DVIeft + I:)‘/right + I:)/top + |:)/bottom)
’ VOaIr‘p44

A more practical form of the above equation isftilwing:

x =~ ;Tx: - CsTx’
kVOaIyOM
1
F=-——T=-CT, (3.12)
g kVOaIyOM ¢ ¢
2= ! Sn_ - Cn Sl’
k\/OaIr‘p44

wherek is the amplification factor of a linear amplifieonnected to the output of the

sensors,Ty, Ty and S, are the amplified relative force components that actually
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measured by the PC and appear in the softwarendC, are shear and normal linear
coefficients, respectively, connecting the reald athe measured, relative force
components. They contain all the information abth& geometry, the piezoresistive
coefficient, the amplification and the bias voltage have positive measured response
on positive forces, a multiplier ofl is also added everywhere. Our next task now is to

check if this model really works.

3.4.2.Experimental setup

The data acquisition and processing system of xiperenental setup has already been
introduced in section 3.3.3. Here we concentrat¢éherdetails of the loading instrument

and the measurement setup itself.

For examining the sensors we built a mechanical dteegion, where the sensors were
fixed on a precisionx- y table that could also be tilted. The accuratetwsbf the table

in the x-y plane could be adjusted mechanically, and lateweralso installed a high-
precision stepper motor along one axis (1 mm = &2@s, with further micro-stepper
circuitry, resulting in submicron step size, witHigely adjustable speed range of20
mm/s). For applying load on the sensors we useérakgonstructions, all fixed over the
sensor array with an adjustable vertical positidhe most sensitive one was an
electromagnetic force transducer mounted on thie.t#is loading tip was a tiny needle
pointing towards the sensor. The exact force agiethe tip could be set by a current
source. First, we characterized the tip itself wéhhigh-precision Saltorius scale.
According to the measurements, this force transdinzl linear response with a
sensitivity of around 20 mg/mA (Figure 3.17), anduld be used for forces in the range
of 0.0 3 mN.
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Figure 3.17. Response of the electromagnetic fsesesducer. Different colors represent subsequent
measurements. The offset is only a result of titialipositioning and does not count. The senditiof the

transducer is around20 mg/mA

The second, less sensitive (and less precise)rigadstrument was a mechanical one, in
which different weights were put on top of the inpart of a rollerpoint pen, which
could be moved freely in the vertical directionidesa tube (Figure 3.18). The weight
was concentrated to the bottom tip of the innet pdren it was pressed against the
sensor. The force range of this transducer wa2@® mN, which is two orders of
magnitude larger than the previous one. This insént was only used for some
preliminary experiments, and | mostly describeatduse of the smart and cheap idea it
is based on.
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Figure 3.18. The 22 sensor array fixed on the measurement table veittuum, and the first, mechanical

loading instrument

The third loading instrument was a needle with dtdu strain gauge, measuring the
total loading force of the loading tip. The sigmédlthe strain gauge was calibrated and
displayed in grams with a special device made li@ purpose (Figure 3.19). The force

range of this transducer wasI®00 mN with an accuracy of 5 mN.

Figure 3.19. The third loading instrument with @ilbin strain gauge and a digital display

The tip of all the loading instruments was mordess spherical, with a diameter of 100
mm. This size is comparable to the characterisiespf the sensor structure, therefore,
the precise positioning of the tip was a crucialnmeat in the experiments, and some
error due to it was generated in spite of all dierapts. To minimize the positioning

error, we observed the tip and the sensor througter@o microscope, which was also
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fixed on the measurement table. The whole measuntesetup can be seen in Figure
3.20.

Figure 3.20. The experimental setup with the mesasant table, the stepper motor, the loading needle

and the fixed sensor array underneath

3.4.3.Characterization results

The first measurement results show the behavianofinloaded sensor from the first

generation, after switching the current on the fpigzoresistors of one taxel (Figure
3.21).

Figure 3.21. Behavior of the four piezoresistof®e taxel in the unloaded case, after switchirg t

current on. The response is constant, with higbedféind a little bit of heat transient (chip N&39n1)

As can be seen, the signals have truly minimaltdlaton just over the measurement
limit, resulting in a constant behavior in the waded case. There is quite a bit of offset
in the data, which is a result of the differencengen the implanted resistors. Luckily, it

affects neither the sensitivity nor the linearifytloe sensors, and can be compensated in
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the software easily by a quick calibration. Thenalg also have some heat transient,
which is a result of the thermally-isolated susmhdtructure. Unfortunately, this
transient gets even larger when the sensors amremwith an elastic layer. Since the
characteristics of the transient are the same lfatha elements and can be measured
precisely, this effect can be compensated by soéweo. In practice, it is more useful to
wait a quarter of an hour before working with tleasors. Alternatively, in future designs
a signal of a thermometer should also be includeddal time thermal compensation

purposes.

The next experiments aim to measure the sensifithe structure by applying normal
load at its center. | can tell that this is absalluhot an easy task! A minimal positioning
error can result in huge changes in the responsadf element, or even the destruction
of the micro-bridges. However, quite promising expental results could be achieved
at the price of breaking some bridges (or shallsag testing the limit of overloading).

Measured characteristics can be seen in Figure 3.22

Figure 3.22. Linear response of the four piezatdgd bridges of one taxel. The difference in thpes is

mainly the result of the indefinite positioningtloé loading tip (chip No.: ts39n1)

Although the response of the sensory elementsnesati (as predicted by the finite-
element model and the theoretical calculations) &mal has small noise in every single
measurement, the uncertainty in the manual posgpof typically £30mm resulted in a

relatively large variation of the sensitivities. fdriunately, the rigid and undefined
contact between the membrane and the needle pesvéim¢ total repeatability of the

measurements. Nevertheless, the calculated setysitrem experimental data (46
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mV/mN/V) is close to the finite-element result the same sensor (2.9 mV/mN/V). The
sensors can be loaded with up to about®mN before they break, but if is safer to stay

in the force range of-@ mN.

We also made some attempts to test the shear-feeesuring capabilities of the pure
silicon structures, but it was even harder to caut However, we will see in the next
chapter that by putting an elastic cover over #gser, even a pure normal load creates
shear forces at the border of the sensor and ther and thus shear measurements will
be much easier to accomplish. The experiments watlers will also prove that the
difference between the sensitivities of the piegisters is coming only from the

positioning error or other inaccuracy during theasweement.

One final thing worth mentioning is that these mpnahary experiments were
accomplished on the first-generation sensors, eab#ginning of my work. Since then,
the technology has been improved in some detadstla@ features of the sensors have
become more homogeneous with less malfunctionggylting in even higher signal-to-

noise ratio and more utility.

3.5.Conclusion

In this long and diverse chapter we got to knowgdesory structure that is the basis of
basically all my later important results. | showtbdt the MEMS devices of the MFA
represent a good starting point for three-axiatilasensing tasks, which, by itself is
kind of a novelty. Our sensors have nice linearrattaristics with the approximate
sensitivity that was predicted by its finite-elerhemodel. The sensors are assembled in
2 2 arrays for later sophisticated tactile applicasioAs a short review of the introduced
features, the characteristics of the sensor and rtfasurement conditions are

summarized in Table 3.1I.
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TABLE 3.1l. MEASUREMENTCONDITIONS AND SENSORCHARACTERISTICS

parameter value comment

PC Pentium 4 with measurement software developadgsby

A/D converter Advantech PCI 1713 in the PC

Scanning frequency up to 60 Hz could be enhanced ewre, but higher values npt
needed yet

Voltage supply 5v for the sensor chip

Taxel size 300300Mm with 1.5 mm spacing in the array

Array size 22 a new, 88 size design is coming soon...

Sensor sensitivity 4—-6 mV/mN/V without cover and pdification; cover reduces
sensitivity by a factor between 30, depending on
thickness

Load range 03 mN maximum applicable load can be much higher if
covered with an elastic layer

Loading needle diametef  10fn round shape, normal to the surface

Amplification factor 5060 linear

Output range 411500 mV after the amplification stage

Noise 23 mVv on the latest sensors, mostly from the angslifself

As can be seen from the results, the sensors in poee form are practically too
sensitive for a general tactile manipulation tadkwever, this is not a disadvantage,
because as soon as we protect the sensors witleldirstp elastic layer, their sensitivity
also decreases apparently, and their whole chaisigcie change fundamentally. The
topic of the next chapter will be basically thisspbmenon. | will show how the elastic

cover affects the performance of the sensor thraisgbure mechanical behavior.
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Chapter Four

CONTINUUM-MECHANICS AND THE ELASTIC COVER

4.1.Introduction

In Chapter Two we already saw that the tactile agof the somatosensory system are
determined by the structure of the mechanoreceptord, importantly, by the
surrounding tissues as well. The skin is the layat is in contact with the touched
objects, and its behavior profoundly influences dlrerall sensation. In this chapter we
will mimic this feature of our tactile system. Wdagh artificial elastic covers to our

sensors and observe in detail how they alter thader of the devices.

The artificial elastic cover can be treated asfitts¢ spatial-temporal information-coding
layer of the tactile-sensor structure. It convénis forces acting on its outer surface into
distributed stress/strain inside the material anfase stress/strain at the bottom, which
is transferred to the sensory structure underndédince, the behavior of the cover is
most efficiently described by the theory of elastien the framework of continuum-
mechanics. In the following | will present the siegi model that acceptably
approximates the behavior of the cover as an elésger. This model is used for two
decades now, but only for pressure sensors. Siedeawe three-axial sensors, we can be
the first to check the validity of the model withgh spatial-resolution, three-axial
measurements. Therefore, we have two main goass:di all, to characterize our three-
axial sensors again, now equipped with differerisit layers on top; secondly, to
compare the theoretical model with the experimengaults and check if they have
anything to do with each other. To achieve thatjll also introduce some useful new
parameters that describe the characteristics ofntbli-component stress and strain

distribution in the cover well.

4.2.The elastic half-space model

| will start this section initially with some basigsues of the theory of elasticity. First, |
will introduce some fundamental physical quantiteesd rules that are necessary for
understanding later discussions, and | will preseatelastic half-space model itself with

its solutions to special cases afterwards. Forrg deep understanding of continuum-
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mechanics and contact mechanics, see (H. Hert#, 189]), (Landau and Lifsic VII.,
1974 [76]) or (K. L. Johnson, 1985 [74]).

4.2.1.Basics of the theory of elasticity

In the following we will introduce a linear theoaynd talk about homogeneous, isotropic
solids that are deformed by external forces. THerd®tion of each point of the solid in

general can be described by the three-compatefotmation vector
U =X - X. (4.1)

By taking derivatives of the deformation vector egn compose the symmetstrain

tensor:

T Ui T (4.2)
2

The nine components of the strain tensor descritee different forms of relative

deformation of infinitesimal volumes of the solithe diagonal elements show relative
elongations in the three directions, while the diffgonal elements are related to the
shear deformations. Therefore, the strain tensarsexd to describe e.g. the modified
distance between two points of the solid, or themllowolume change (in the followings

Einstein’s convention holds for the double indexes)

di?- dI*= 2u, dx dx,
dVv' =dVv(1+y).

4.3)

The next variable is thetress tensgrwhich describes the forces acting on a given

infinitesimal volume of the solid:

® Another common notation of the strain tensor;;isOur notation follows the one in (Landau and ldfsi
VII., 1974 [76])
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FdV = s,dA,

F— - 1-[sik

i ﬂxk

(4.4)

where sidA is thei-eth component of the force acting on th% infinitesimal surface
element. In the case of equilibrium, without volunte forces, all the forces in an
arbitrary volume of the body arising from the inrsresses compensate each other,
namely,F; = 0. The forces acting on the surface appear in tlhdary conditions of the

equilibrium equation.

External forces generate stress inside the matendlalso deform it. The connection
between the stress and the deformation (straineisrmined by the properties of the
material itself and described by the fourth-oreasticity tensar

S = Cyg Uy - (4.5)

Our first assumptions were to treat the solid andwgeneous and isotropic. The reason
for that is the complexity of the above equatiohe Elasticity tensor has 81 components
in general, but with these two basic constraintgah be expressed with only two

independent ones, hence (4.5) reduces to the fioliplonger but much simpler form:

Y + g (4.6)

5T YT
wherenis thePoisson’s ratiowhich describes the compressibility of the matetiacan
take values between 0 and 0.5, where the lattecdtes total incompressibility in
volume (like rubbers) is theYoung modulyswvhich is related to the overall hardness of
the material. The equation (4.6) is called Hookavs.

There is only one more important parameter left ihased frequently: th&train energy

density(SED), which is basically the local energy starethe material when deformed:
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1
SED=2s, Y- (4.7)

4.2.2.Postulation of the elastic half-space model

When external forces act on the surface of anielastid, the material gets into a
deformed equilibrium state very soon. Using theirdigdn of the strain tensor (4.2),

Newton’s second law (4.4), and Hooke’'s law (4.6) wan easily construct the
equilibrium equation of isotropic bodies, expresasdhe fundamental equation for the

deformation vector:
(1- 27)Du+ graddivu= 0. (4.8)

The solution of this good-looking equation is oplyssible in some special cases, with
lots of constraints. From now on we will talk abdbe so-calledelastic half-space
mode] which is based on the following assumptions:hB) ¢lastic solid is treated as a
semi-infinite half-space, with coordinatesindy on the only surface armpointing into
the material; 2) the deformation of the solid isairenough to let us stay in the range of
a linear theory; 3) far away from the indentatitinsaresses and deformations disappear;
4) at the beginning we take the solution of a ptmat at(0, 0, 0) with component$F,

Q, R) Since superposition holds, all further solutiaisextended indentation profiles

can be derived from this one with integration.
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Figure 4.1. The coordinate system of the moded. gdint load is acting on the surface of the hpHce,

at the point (0, 0, 0), while we are interestedhia strain/stress/deformation components at anteatyi

point (X, y, z). Later, the sensor will also be gimed to the location (X, y, z), where z is thedirubber
thickness, x and y are relative to the load. Thessewill measure three components of the straiisde at

(x,y,2), as will be shown later on

When applying the theory to the real covers, wd Wive one more assumption to
overcome the discrepancy between the infinite maael the finite real structure. We
will predict the stress and the strain arisingheg bottom of the cover with the infinite
model by taking values from the fixed depth of tower thickness (Figure 4.1). Since
stresses decay rapidly with space away from thiasaiload, this approximation is also

reasonable, as will be confirmed experimentallgriat this chapter.

With the above constraints Boussinesq found tls §olution to (4.8) in 1885, without
the slightest knowledge about the fact, that himenavill be mentioned hundred years
later in connection with tactile sensors. Sincenthes solution has become generalized
to extended indentation profiles with different gbaand force distribution (Flamant,
1892 [40]; Timoshenko and Goodier, 1951 [41]; Lov852 [42]; etc.), still for the sake

of improving the elastic theory itself.

The idea that this theory should be used to desqdots of a tactile system was first
mentioned in detail by Phillips and Johnson (198])l They used the model to describe
the behavior of the skin, but soon many other papellowed them with the same
concept used for artificial tactile sensors. Fepand Hollerbach (1985 [6]) and Fearing
(1990 [7]) were the first of these, with detailedalysis of some previous solutions

applied to elastic covers with finite thickness—alltheory, without any experimental
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results. Shimojo (1994 [22], 1997 [23]) followecdeth with the thorough investigation of
the low-pass filtering effect in the normal stresenponent of the point-load solution.
Using finite-element simulations of the half-spacedel, he analyzed its characteristics
as functions of the Poisson’s ratio and the Youraglufus. He found in addition that
even a 0.2 mm thick cover has a substantial filteeffect that has to be taken into
account. He was also the first to show some lowtigpasolution measurements.
However, since three-axial sensors did not exiat titme, his results and experiments
were only applicable on simple pressure sensongeShen, the model has been used by
basically everybody in the field as a referenceweler, high spatial-resolution three-
axial measurements, which would really confirm sloeindness of the model, have not

yet been provided by any groups.

In the following we will investigate in detail theference of further research, the point-
load solution.

4.2.3.Point-load solution of the elastic half-space

The complete solution of Boussinesq is long andgiaking, and can be found in many
books related to the theory of elasticity. Herehage to be satisfied with the knowledge
of his assumptions (which have already been listed) the surprising solution itself,

which is presented in the following marvelous eopret:

1+n xz (L-20)x _ 2(2 n)e z . 2r(mr+z)+2° x

UXZZ,UE r r(r+z) F r(r +z) Qr ré(r +z)2 (xQrv8
_1+n yz (-)y _ Ara)w z_ Z(rz)+Z y

uy_2,0E r* r(r+z) P r(r +z) R r3(r +z)2 (xQr ¥R, (4.9)
_1+n  2(1-n) z 1-:n |z

uZ_2,0E r +r3 i r(r+z)+r3 (xQ+yR)

wherer = x> +y* +7° .

The solution in this very form is kind of hard toadyze. Luckily, on tactile sensors we
can make a further simplifying assumption (whichused by everybody else in the
literature, too). Since the cover is a rubberpPitésson’s ratio approximates the singular

value of 0.5. This value causes trouble if we punito the original equations, but in the
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solution we can use it without consequences. THetisn thereby reduces to the

following, much trouble-free form:

u, xz r+x xy F

u, =i3 yz xy rf+y Q. (4.10)
4or’E 7,

u, r+z Xz yz R

The components of the other used variables caretdacgd now using their definitions

introduced before. For the stress tensor we get:

X° Xy Xz
s=- 35 xy ¥ yz(Qx Ry Fk (4.11)
= 2pr

Xz yz 2

The components of the strain tensor will be:

2 r’-3x*> -3xy - 3xz
5 -3xy r’-3y° - 3yz (Qx Ry Fg (4.12)
-3xz  -3yz f 37

And finally, for the strain energy density we get:

_9(Qx+Ry+ F (4.13)

4.2.4.Characteristics of the solution

To make friends with these strange distributionsegated by the simplest form of load, |
carried out some simulations usiMathematica 5.0From now on, for a while we will
use onlyF, the normal load@ = R = 0), with an amplitude of 1 N. Sinde creates the
same type of indentation in e.g. tteomponents, a® does in componer# [check out
the symmetry of (4.11) and (4.12)], this constrainll still enable us to observe the

solution in all its details.
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Also, we will concentrate on the tensor elementsyg®n thez plane (the last row in the
stress and strain tensors), since these will beottes that create the three-component
input force for the sensor structure underneathdbnver. The dilemma whether we
should use the stress or the strain tensor elen@ulsscribe the connection between the
cover and the sensor remains open for a whildjisitime, we analyze both distributions
analytically and will get back to the question aftee first real measurement results.

The basic shape of the solution for the three sttessor components acting on the
plane, as a function of depthf, ,and ;) is depicted in Figure 4.2. In the following
simulations the Young modulus was assumed to b& MBa, as the hardness of one of
the used real silicon rubbers. The exact valuenmasnportance—it appears only as a

linear factor in the equations.

Figure 4.2. Stress distribution in the rubber, geated by a pure normal load. The two stress tenso
components acting on the plane z are depictedfaacion of distance from the load on the surfalomg

the x axis, and also perpendicularly to it along z

The above distributions encompass various charsiteieatures that call for discussion:

First of all, this simplest form of load has a euibmplex resultant effect already.
For example, the pure normal load generates noamahlso shear stress inside
the material (and obviously the shear load, tod)is Treature envisages the
enormous difficulty of the procedure of decoding turface load from finite

measurements of stress/strain.

Fortunately, all the stress components rapidly faseay with distance, as
assumed before (Figure 4.3). This fact also siggifihat the sensitivity of a
sensor underneath the cover can be reduced bethiakthe cover. An inversely

proportional linear factor that also contributeshe amplitude of the strain and
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deformation at a given location is the Young modullhus, with softer materials

we can gain back some of the sensitivity on thigteelding layers, too.

Figure 4.3. Two components of the stress tengmrgathe x axis, as a function of depth (z). Asave g

deeper into the material, the stresses rapidly faday and distributions also widen a bit

The shape of the distribution at constant deptlo asdens withz, thereby
producing the low-pass filtering effect describgdShimojo (1997 [23]) (Figure
4.4).

Figure 4.4. The normal stress component wideris edpth. On the left image normalized distributions
can be seen, while the right one shows normalizadiEr components. As can be seen, the transfer
function of the cover highly reduces with deptleyéby producing a low-pass filtering effect in tiegmal

stress component

In the following we will reflect on the stress/stv@eformation/SED distributions at a
constant depth of 0.2 mm, where the sensors auenaskto be located later. As a result,
we can take a simulated look at what the sensoghtnmeasure under the cover. The
first figure represents the three strain tensorpmmments acting on theplane, around the

point load at a depth of 0.2 mm (Figure 4.5). Latee will see that the signal of our

three-axial sensors will approximate these compisniie most.
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Figure 4.5. Three strain tensor components aroiimedpoint load, at a depth of 0.2 mm. Bottom right

image is a cross section at y = 0 with all threengnents

As can be seen from these images, using an elesver, the sensors will gain an
extended receptive field, with highly nonlinear siémity within its borders. In other
words, if the rubber is pressed even by the simptegmal point load somewhere above
the sensor, its three measured components will igpelyhdependent on the accurate
position of the load. Let alone any other, moreegahcase, when the indentation is far
from a constant normal point load. Nonetheles$)tritow we do not bother about the
horrifying consequences this issue brings into viesaen one wants to decode the
surface indentation profile from the measured dgyna@his topic deserves a separate
chapter, which will be presented right after thi® oNow, our only task is to get used to
the fact that the cover kind of messes up our lmear behavior; we need to characterize
the sensors again and find out which physical quesitapproximate their new signals
best. Therefore, our last image about the poird lwdl be the comparison of the shape
of the different candidates in question (Figure 4.6
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Figure 4.6. Comparison of the deformation vectbe, $tress and strain tensor components and thestra
energy density. In the right figure the shear ammglies are relative to the corresponding normalized

normal component

At this time, we only need to keep these shapesii for a later comparison, when we
will have the characterizing measurements on thksensors. Nevertheless, one feature
of the normal strain tensor distribution as a réigegfield calls for discussion: it infers a
so-called surround inhibition property, which is the neurobiologist's name fdie t
Mexican hatlike shape, i.e. the reduced or negative valuesrat the positive center.
Surround inhibition is also present in e.g. thaistenergy distribution when a series of
point loads or edges are indenting the elastiasartlose to each other. In this case, the
overall effect will be less strong than the loctieet of a single edge alone. This is, for
example, one property of the strain energy dengiby Srinivasan and Dandekar (1996
[18]) voted on this quantity as the best approxiomabf the Merkel-cell response (Figure
2.8), as discussed already in section 2.3.2. Qitaperties of the stress and strain fields
can be revealed only by extended indentation g®filvhich are presented in the next

subsection.

4.2.5.Solutions to more general indentation profiles

Once we are familiar with the basic point load soly we can use this one to superpose
any solution for extended indentation profiles. sThan still be done analytically for a
series of special cases (like constant pressuneayvarea, or constant indentation depth
on a circular region, etc.), but in a general dasequires lots of numerical integrations
and computer power. We will not go into mathemataztails now, only depict some
solutions that are, in my opinion, important to.déar those, who are deeply interested, |

® The real Mexican hat distribution is the secondv@give of the Gaussian function. In its simplésim it
is as follows: (1-3exp{—r’/2}.
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can suggest studying the book of K. L. Johnson §1[94]), where all solutions can be
found in detail.

The normal stress field created by many differemtentation profiles can be seen in

Figure 4.7.

Figure 4.7. Contour plots of the generated norntedss field of a point load, and three differentesxed
indentation profiles integrated from a line loadwg®mn. Note that the stress is concentrated arotived

edges of the indenting object in the top-right imag

One important feature of the stress field generatedny indentation with edges is its
edge-enhancingpehavior near the surface. In the visual systelgeenhancement (and
the previously mentioned surround inhibition, tas)created by the receptive field
arrangements and the structure of the neuronatmsydtiere, these are the outcomes of
the pure mechanical properties of the elastic caself. Also note that if we go deeper
into the material, the local effects decay anddtiess field gets smoother, similarly to
e.g. propagating surface waves on water. In thiodpical tactile systems, these features
are used by the selective localization of the sehgmes. The receptors that lie in the
superficial layers of the skin are denser, moresisigr to edge’sand local features with
high spatial resolution, while the ones in the degpcutaneous tissue are rarer and have

an averaged response with a larger receptive field.

" The reader can try the edge-enhancing effect sfnéti own finger by pressing a rigid and flat small

object against it and carefully observing the cbiastics of the sensation.
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After being familiarized with the effects an elastover might bring about, our next task
is to see how the characteristics of the real sesndwange by attaching different elastic

layers onto them.

4 .3.Characterization of sensors with flat elastic covey

In this section we will check whether the previgusitroduced elastic half-space model
really describes the behavior of the artificial e/ well. We will equip our three-axial
sensors with covers made of silicon rubber and oredabeir characteristics and simplest

receptive-field properties using a point load intaéon.

4.3.1.Cover molding and sensor assembly

Many different materials, even multilayered struetuwere investigated as possible
candidates for the elastic cover. The final cheies not an easy one, because there are
several crucial aspects that had to be taken iotoumt at once. The most important

features of interest are the following:

The material’s mechanical behavior must be as hemegus and isotropic as
possible. Its response should be linearly depenutetite load amplitude;

The cover must have well-defined material properteeg. hardness);

Its surface should be smooth, with small frictioxdano stick, in the meantime it
must be highly adhesive on the other side to be &bfix it to the sensor surface
reliably;

It must be durable, robust, long-lasting, mustdeteriorate when deformed (with
high tensile strength);

It should be transparent for easy handling andtioosng;

It must be in a viscous state before molding, withair bubbles inside;

After loading it should have minimal residual sses or viscoelastic behavior;

It must show no temperature dependence and préferatthermal insulation.

The final choice was a commercially-available siticubbe¥, with a Young modulus of

approximately 2.4 MPa, calculated from its Shoreakdness of 45. This material fulfills

8 Elastosi? RT-601 (Wacker-Chemie GmbH)
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all the listed requirements, except for the lasb.tWhe viscoelasticity can be a huge
problem in some applications and nothing really bardone against it. However, if the
indentations are not too large in general, thisaftloes not cause a noticeable error. The
thermal insulation property of the silicon rubbannot be avoided either, since they are
designed originally for this purpose. The sensdrycsure itself had some temperature
dependence in its offset—this effect will be enéatgrhow even more, as the produced
heat is insulated under the cover. As mentionearbefthe simplest solution to this

problem is a 10 minute coffee break between thécbwan and the measurements.

There are two options for attaching a cover tostresor. If the material itself is a kind of
silicon glue, it must be poured on the sensor &irsd cured right at its final place. One
big problem with this solution is the relativelyrdge volume change silicon glues go
through during curing, since it can pull the samsistructure and create “a priori” stress
inside it even in the unloaded case (in an extreas® the structure can even break).
Therefore, we rather molded the cover separateinguthe above-mentioned simple
silicon rubber, and glued the prepared cover te#resor with a very thin pre-cured layer
of the same material around the sensitive areaakmudbelow the bridges. Some stronger
silicon glué€ was also used at the outer regions around the fohnipetter adhesion

(Figure 4.8). The used silicon rubber does notlgough a big volume change when
drying, and adheres fairly to the silicon substrdtkis procedure also facilitates the

precise a priori design of the cover.

Figure 4.8. Schematic side view of th&2Zensor-array structure with the silicon rubbertop

The thickness of the cover can be set in the mglgihase. The viscous, bubble-free
silicon rubber is poured on a clean and smoothsgkasd a second glass is placed on top,
with spacers in between them. The height of theespdetermines the final thickness of

the cover. When dried, the rubber layer can bectiethfrom the glass and cut in pieces

° Elastosi? N10 or N199 (Wacker-Chemie GmbH)
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as required. The practical minimum of the coveckhess is 0.2 mm. Under that the
layer gets quite delicate and its handling callsté@ much dexterity. Also, the infinite
theoretical approximation gets kind of weak in tbase. The maximal cover thickness is
not determined; however, above 1 mm the layer gethick that the sensor will hardly
feel anything unless it is deformed way too hardhdwe linear response. In general, the
range of 0.20.5 mm is practical to use for achieving the bestfggmance on our

Sensors.

4.3.2.Measurement results with flat covers

Again, the first experimental result shows the adkd characteristics of the sensory
elements after switching them on (Figure 4.9). Carag to the uncovered case (Figure
3.21), the time of the transient has not changgdifssantly but its amplitude (without

amplification) has grown from around 1 mV to 10 nMjich is quite a large increase.
The reason for this is the good thermal insulatdrthe silicon rubber, as discussed
earlier. Once we want to have a commercial produetneed to integrate a thermometer
into the design for on-chip (or “in-software”) tineal compensation. Under laboratory

conditions the preliminary transient is not an abk to further experiments.

Figure 4.9. Switch transient of the four piezor&sis of one sensor under the elastic cover
(chip No.: 29)

The goal of our first real experiment was to chedkether the response vs. load
amplitude remains linear in the covered case. W&l assimple normal load positioned
above the center of the bridges, and tested twgosechips with elastic covers of



70 CONTINUUM-MECHANICS AND THE ELASTIC COVER

different thickness. The load was applied through 400mm needle with forces in the
range of 0—70 mN. The first sensor was covered wig20mm silicon rubber, which, in
general, substantially decreased the sensor’snatigiensitivity, but did not change its
linear characteristics. The second sensor was edveith a thicker, 500rm rubber
layer. This cover reduced the sensor’s sensiteitgn more—by around a factor of 30.
With the reduced sensitivity, higher force valuesl ho be used for getting nice signals;
hence, the force concentrated on the small redidimeoneedle tip resulted in a non-linear
behavior of the rubber, creating an overall higloeder, exponential-like response
(Figure 4.10).

Figure 4.10. Exponential-like response of the foridges (denoted as 1, 2, 3, 4) of one sensomeié
covered with a thick rubber (50@m). The high local pressure causes the non-linedwalior of the
rubber (chip No.: 29)

In further experiments with point loads | used eitemall loads (up to only about 3 g,
I.e. 30 mN) or thinner rubber layers (around 200 in thickness) to be able to test the
sensors with small deformations on the rubber sarfthus staying in the range of linear

behavior.

As described in detail in the first section of thisapter, due to the stress transduction in
the rubber, the covered sensors should react tis lapplied not only to the center of the
bridges but also around it or even outside the@egrga. The following results are about
the shape and distribution of this extended regegdield of one taxel, under a constant
normal load. In the first experiment we combineslits from unique measurements over

the sensitive area to create an image of the twenisional receptive fields of the four
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sensor elements of one taxel (Figure 4.11). Thred-aomponents are not calculated
yet. The highest achieved spatial resolution of tipe of positioning was 75 £ 2@n in

both spatial directions, therefore generating ne¢fyf low precision data.

Figure 4.11. The receptive field of the four indexhbridges of a single taxel (left); size and posiof the
receptive fields of four taxels in thé 2tactile array (right). Rubber thickness is 56. The darker areas

represent higher response. (chip No.: 29)

In the above arrangement the taxel size is 300nm?, which corresponds to a sensitive
area of around 50600 nm?. Since the spacing of the sensors in the testtstelis 1.5

mm, we can provide overlapping receptive fieldsheit by modifying the sensor
coverage (i.e. changing the thickness and hardoflei®e rubber), or by increasing the

resolution of the taxels in a close-packaged nesigtie

In order to gain information about the high-resmntshape of the receptive field, we

saved the output of the sensor in real time (ataximum of 60 Hz), and used the

stepper-motor to move the loading tip slowly acroge axis at a known constant speed.
After each scan we finely increased the positiotheftip along the other axis to cover

the whole receptive field with the load in closegh@l! lines. Results from theaxis of a

sensor with 18@m rubber on top can be seen in Figure 4.12.
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Figure 4.12. The 1D receptive field of a singleglaacross the axis of one sensor bridge in thet™lef
“right” direction. The four curves indicate the adifed signal of the four piezoresistors. The “dévamd
“up” elements show perfect overlapping, as it iggicted by symmetry. Rubber thickness wasa80

For a better view, all signals are multiplied bg (chip No.: D)

To better catch the meaning of these curves, we twaget back to the working principle
of the sensory element and convert the four sigimatbe three-axial load components.
However, as the sensor is covered now with aniel&sger, the forces acting on the
center of the taxel will not be surface forces amyre, but will correspond somehow to
the stress/strain/deformation state of the bottarfase of the cover. For the time being,
we assume that (3.12) can be supplemented with Imear constants to have signals
relative to one of these listed quantities. Our nveavking equation thus develops into
the following final form:

9= asTx =" as(DVright_ D Vleft)’
g,=aT,=-a,DV,;-DVy,), (4.14)
ez — ansn - an (Dvleft + I3‘/right 2+ IJ/down + D/up) ,

whereg,, g, ande, are the three components of a physical quantiticlhwis not known
yet, but will be revealed soomV, (i = top, bottom, right, lejt represents now the
measuredamplifiedvoltage change; the linear constants (shear and normal) are similar

to Cs andC, in (3.12), but they are supplemented now to desdfe force transmitting
connection between the solid silicon surface aedattached rubber.
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Kane et al. (1996 [59], 2000 [60]) assume that tree new measured signals are
relative to the three localtress tensocomponents in the rubber, acting on thglane.

However, if we convert the four signals of Figurd2iinto our three new components
using (4.14), we can soon make certain that theethxial components resemble the

strain tensorcomponents much mdfe Results can be seen in Figure 4.13.

Figure 4.13. Reconstructed, relative strain cormgrae under the elastic cover, along one sensoglerid

Taxel size and position are marked on the x axigp(blo.: D)

One evident proof that excludes both the deformatiector and the stress tensor as a
candidate for the measured quantity is the defimégative range in the Mexican hat-like
distribution of the normal component. For a firemparison with the theoretical strain
distribution (Figure 4.5), the measured two-dimenal, three-axial receptive fields are
presented below (Figure 4.14). The feasibilityred approximation with the strain tensor
components is investigated in the next subsechiowever, from now on we assume that
the strain tensor components acting onzpéne will be the ones that are relative to the

sensor’s signal, namely:

Xz aS TX
" U= a1, (4.15)
u a S

10 [Kane et. al, 2000] would have known this toothéy had had high spatial resolution experiments.

Without spatial details the stress and strain ithistions are quite similar.
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Figure 4.14. Two dimensional, three-axial measuesponse of a taxel under a constant normal load
(and also under an elastic cover, with a thicknafs800/m). Three dimensional graphs (left) and contour

plots (right) can be seen (chip No.: P3)

4.3.3.Comparison between theory and measurements

In order to characterize the sensor's modified bemaand in the meantime check the
feasibility of the semi-infinite model, | deducednse new parameters from the half-

space solution and used them to estimate the sityilaetween the theoretical strain



Characterization of sensors with flat elastic cever 75

distribution and the presented measurement resulsed the last row of equation (4.12)
as a reference for the strain-tensor componergsestion:

u, 3(Ox+ Rv+ F -3xz
_ 3(Qx+Ryr 9 3yz - (4.16)

uyz_ 5/2
W WE(XHYHZ)T alz oz

2z

In the first run | analyzed the normal strain) distribution, and calculated the
followings from the above equation, using only natrforce in accordance with the

experimental testing:

—W,;=max wherex=0;

—U;=min,  wherelx =2z;
(4.17)
U, =0, whergx = J2z:

|(~Uz)mad (~Uzz) min] = 5% » 56.

In the measurement shown in Figure 4.1} mal(—Uz7) minl » 19, which indicates a
much stronger lateral-inhibition effect than preedc This is probably the result of the

finite cover thickness, contrary to the infinite ded.

There are two more easily measurable parametetsc#imabe extracted from (4.16),
which characterize thwidth andamplitudeof the normal strain distribution as a function

of rubber thickness:

W=2\/§z,
_3F 1 (4.18)

TpEZ

whereW is defined as the length between the two intei@esof the normal strain curve
and thex axis,A is defined as the absolute maximum value ofutheurve atx =y = 0.
To measure these parameters on the real sensattsiched elastic layers of different

thickness onto the same sensor, and compared ttifiedostrain profiles (Figure 4.15).
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Figure 4.15. Normal strain distribution as a fuioet of rubber thickness (left), with normalized es

also (right). The width increases, the amplituderdases with thickness (chip No.: 5b)

To compare these measured shapes with the thedreties, see Figure 4.3 and Figure

4.4 The value of the two extracted parameters cant@sseen below, in Figure 4.16.

Figure 4.16. As rubber thickness grows, the stdistribution flares and declines — the sensor $ose

sensitivity and acts more as a low-pass filter fcNio.: 5b (left), 8b (right)]

Although the shape of the measurements resemb¢eshéoretical curves, we are far
from a perfect match. The measuk&cturve is linear, but its slope, 1.14 is differéoim

the predicted 2.82. Also, thecurve can be fitted better with az1f® function instead of
the theoretical . In other words, according to the measurementsutheurves are
narrower than the prediction and their amplitudelides less as rubber thickness grows.
In general, the normal strain distribution reserabigore the theoretical response of a
thinner rubber layer, which is also in accordancth ihe increased lateral inhibition

property. The difference between the theory andrteasurements is probably a result of

™ the mentioned figures represent the stress fietithe strain, however, the character of the steesl

strain distributions as a function of rubber thieks are quite similar
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the discrepancy between the idealized infinite gefoynand the real finite structure.
Nevertheless, the half-space model is still thetnedficient one to give explanation to

the behavior of the covered sensor.

Extending our investigations from the normal streamponent to the shear one as well
(still concerning only the values alogg= 0, and the shear component that is not zero in
that cross-section), our first task is to compdre telative amplitudes of these two
curves, which basically determine the sensor’stik@asensitivity to normal and shear
forces. This ratio will be named tinermal-to-shear sensitivitgorrespondingly, and will
be defined as follows:

(4.19)

>
1
[\ |wm

=}

ns

The value ofb,s is obviously not one—it depends on the sensorgdesnd the adhesive
properties of the elastic cover. However, it can determined from the previous
measurement results, based on the following simpgleulation. Let us take a look at
(4.16) again, along the ling = 0. Hereu,, has a minimum at = 0, while uy; has an

extremum ak =#z/2.From these extrema we get:

u

Y24

%=0; y=0 |_i|sﬂ|max _25\/_5 (420)

b |T . 24
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Now all we have to do is measure the absolute maximalues in the normal and shear
strain components along= 0in Figure 4.13, and determine how much their rdifters

from the calculated theoretical value bfs Performing multiple measurements on a
sensor with rubber thickness of 26fh, after six trials on the same taxel we @i =

1.46+ 0.04, which means that the sensor is more seastinormal forces than to shear
ones. This is what we would expect taking a loothatflat sensor design. Note that there
exist several methods aiming to enhance the shean-sransmission. It can be done by
changing the sensor design, at the price of loieglescribed analytical characteristics,

as we will show in detail in the next chapters.
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On different sensors the value for the normal-teastratio differs a bit, which can be the
outcome of the difficulty in the experimental testi In general, an average value of 1.5
is used as a good approximation. The absolute vafiube a linear constants is not

known. It could be measured experimentally withcige force-feedback testing, but we

do not need it for the time being.

Before the final conclusions, a “visual summary” tbe proceeding investigations is
given in Figure 4.17, where the theoretical strdistribution and the measurement
results (adapted from Figure 4.5 and Figure 4.b8espondingly) are compared. The

relative amplitudes of the measurements are addifyp compensated here with the

value of bs.

Figure 4.17. Comparison between the measured thxéd components under a cover of 2@8 (left)

and the strain distribution of the elastic half-spanodel at the same depth (right) (chip No.: D)

4.4.Conclusion

In this chapter we analyzed the effects of thetielaver of the tactile sensors. The
cover is treated as an a priori information codagr in the sensor design, with spatially
continuous input and discrete output at the selosation. We used the elastic half-space
model to describe the behavior of the cover in mhed®Vith high spatial resolution

measurements on our real three-axial sensors aimd) ®me new characterizing

parameters we showed that the model gives a fandyrate picture of the receptive field
properties of the covered sensor for a point |0&e@. concluded that using flat elastic
covers, the signal of our sensors can be approgoay a linear function of three strain
tensor components in the rubber. Although theresosne mismatch between the

theoretical strain distribution and the measureselte to the necessary constraints in



Conclusion 79

the solution of the theoretical model, the used-fahce model is still the most feasible

approximation we can use.

Besides all the success in the characterizati@netis still one quite furious obstacle that
inhibits the efficient operation of the sensors. véald see in this chapter that even the
simplest point load creates a very complex stratridution in the rubber. However, in

practical use, we are never interested in the géeerocal strain components under the
cover—we need only its source, the spatially camus surface indentation. The

procedure of decoding the real surface indentdtimm the measured strain components
is an inverse problem that always gives a lot @daehe to its challengers. The solution

to this dilemma will be the topic of the next chapt
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Chapter Five

THE INVERSE PROBLEM OF THE ELASTIC COVER

5.1.Introduction

In the previous chapter we saw that the skin-likestec cover of a tactile-sensor array
plays a fundamental role in determining how thessemesponds to an arbitrary surface
stimulus. Indeed, this cover is the first spat@ahporal sensory instruction in a tactile

cellular wave-computer, or in living, neural-taetgignal processing organs.

The behavior of the cover was described by thetielaslf-space model, which gave a
picture of the stress/strain distribution deepdasihe rubber—generated by the surface
indentation during physical contact with the enmiment. We saw that even this direct
problem needs special care and thus can be sohadgtiaally only in restricted cases.

Moreover, even the simplest solution has a verygerform.

Unfortunately, when we use the sensors in an arlyittactile application for mapping
features of the environment, we cannot be satiséiedll with the success of this
descriptive model. Using the measured strain tewmsanponents that are available at
limited discrete points at the bottom of the cowee, have to determine the real surface
indentation, which can be a spatially-continuowgo-tlimensional arbitrary function.
Without any hesitation | can declare that any desem solution to this inverse
problem in a general case does not exist. Fortlyndkeere is still some hope for a quite

good approximation, known by anybody with at least hand...

In the remaining part of the dissertation this mseeproblem will be treated from many

different aspects. In this chapter we will stayhamhathematics and the elastic half-space
model, and investigate the possibilities of anabjtisolutions. In the next chapters we

will seek motivation from nature, and change thesse design in neuromorphic ways to

overcome the difficulties of the inverse problem.
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5.1.1.Inverse problem in the literature

The inverse problem of the elastic cover on top tdctile sensor has been attracting the
attention of scientific groups for decades now, butill remains an interesting and

difficult task to deal with. The reason for thistlsat most of the groups had sensors
measuring solely the normal stress/strain comporietrefore, their approaches had
different starting points and thus they construciecbmplete methods using scarce

information.

For the simplest case, the static point load, Rgaand Hollerbach (1985 [6]) described
an analytical but not practical and not completdived method. The same group used
linear (Fearing, 1990 [7]) and non-linear (Fearargl Binford, 1991 [8]) inverse-filter

processes to determine the curvature and locafi@mbjects, but their methods are far
from real-time. They also work in a different spatilomain—their characteristic sizes

are about one order of magnitude larger then ours.

Numerical solutions using neural network trainireg determine object shapes can be
found in (Caiti et al., 1995 [32]), however, reliaexperimental data are not provided.

Chen et al. (1995 [44]) investigate the inversebfgm using moments and iterative

algorithms, but they need to combine signals froanerthan one sensor at once, and lack
good experimental data again. Many other group® Wwgmng to extract different features

from tactile data, but all of them missed to haveekable and small enough tactile

sensor, measuring at least three components ofsti@n/stress tenstr Having

developed these sensors, we can first concentnatteedobasic solutions again.

In this chapter we remain in the static case, aveédtigate what we can extract from
measurements oone single three-axial taxednd aflat cover We invert the direct
solution of the normal point load, namely, we deliee the exact location and the

amplitude of the normal load by measuring threall@train components at one point

21t is very interesting that without three-axiahsers, when one uses the signal of three independen
taxels measuring only the normal stress/strain,itlierse problem in any arrangement of the taxels i
reduced to the solution of high-order equations,ctvhare hard to solve and where the smallest
measurement error generates ambiguous solutiorth. tfiee-axial sensors the course of the soluson i

completely different, as we will see soon.
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under the cover, thereby creating a kind of tat¢typer-accuracy. We support our results
with real-time experimental data, and also extemg analytical solution to a three-

component point load, using more than one taxel.

5.2.Inverse solution for a point load

The frame of reference is the same as in the puevahapter. We use the coordinate

system of Figure 4.1 and the point load solutio(4ot6).

Our goal is now to expres, R, F, x andy with the three strain components. We
introduce polar variables andr on the surface, whewe can be derived simply from the

strain components:

: (5.1)

We also introduce a dimensionless variabJevhich can be calculated from the three

measured strain components, too:

2,2
A2 =% e - 977 . (5.2)

SinceA is a measured value azds known from the sensor design, (5.2) becomes a

simple second-order equation 6t with the two solutions:

2
+91\/81+ 72A . (5.3)

/’1'22 = 22 2 2A2

5.2.1.Patrtial solution for a normal load

From now on we tak€ = R = O for a while (i.e. only the normal load componest i
present), in order to analyze the solution morecipedy. In that case three distinct

regions forr can be separated depending onuhdistribution (Figure 5.1).
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Figure 5.1. Strain distribution ¢) under a normal point load. The main region oeneist—within a

radius of \/52 around the load—is when the normal strain takegatige values. In this case the inverse

method can be based on reliable experimental d#taligh SNR

Whenr <\/§z, the normal strain componentj) becomes negative—basically this is the

region wheray,, is accurately measurable. In this caserfowve get the value:

pr=p g 12 (5.4)

Jo+8A2 +3

If r :\/Ez, U,z becomes zero amilgoes to infinity. Withr >\/§z, uz; becomes positive,

and we get:

r?=2z° 2+l—2 (5.5)

Jo+8A2- 3

It is exciting to see that with the thickness of tlubber we can adjust the radius of the
region wheraul,, is negative and where the properties of the foere be recovered with
high precision. However, by thickening the rublvee, need higher force values to give

high enough strain in the rubber for the measurémen

After determiningr anda, we can calculate andy easily:

X=rcos: ,

y=rsim . (5.6)
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The amplitude of the force is extracted from anmponent of (4.16) now (e.g. from,):

apE(r2+2)" (5.7)

"l 3(r2-222)z '

From one point of measurement these are all thee wlatcan reconstruct analytically. If

the loading force has more than one component) {&@és the following form:

apE(r2+2)" (5.8)

Qx+ Ry+ Fz= y, 3(r2- 222)

In this case we need more restricting assumptionddtermining the force components.
For example, if we know the friction coefficiemt)( Q andR can be expressed with

and hence the normal and tangential componentbearparated.

Note that if we had sensors measuring dtressin the material, and not thetrain, the
equations would become even more simple, and wddnenoid the singularity at =
\/Ez. Substituting strain for stress in the definit@iA anda, instead of (4.16) and (5.3)

now we write:

s, - Xz
_ 3(Qx+Ry+ F) (5.9)
Sy, = 5 5 52 Y2 )
o ey
and

r=zA. (5.10)
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5.2.2.Full solution using a sensor array

Having a rectangular array of strain sensors ae@hdofz with a givend distance
between the neighboring sensors, we need to ftifdl following constraint to have at

least three sensors close enough to the pointdball times:

1+/2
2

d< z»1.22 (5.11)

This has not yet been achieved in our sensor-atesign; hence this subsection so far
remains a theoretical assumption. With three senserhave three equations similar to
(5.8). We calculate their right side and namé:it

4,0E(ri2 + 22)5/2

Q)ﬁ + Ry+ Fz= Ui 3(/,_2_ 222)

=M (=123, (5.12)

From this the general solution can be deduced wsimple algebraic calculations:

Q:(Mz' My)yit (M My)ys (M3 M)y,
(- %) vt (O %) ¥ (% %)y

R:(Mz' Ms)X1+(M3' Ml)x? (M'l M2)X3 (5.13)
(- %)yt (% %) ¥ (% %y

Fz(M?,Xz' szs) y1+(M1X3' M3X]) yf ( M2X1 Mlx) Y3

(- w)xt (e W (w Wxz

5.2.3.Considerations with real sensors

When checking the validity of our theory on reahsa's, we need to take into account
that their signals are not the exact strain tensarponents but their linear functions with
different slope in the normal and shear directi@ssgdescribed in (4.15). Therefore, we
need to change the definition @&f slightly. Let us defineAn (from Ameasured in the
following way:
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'I'X2+'|'2 _a,

2 K=
Sw as bns

2 (5.14)

where we the previously defined normal-to-shearsiseity (6,9 is also taken into

account. Substituting (5.14) into (5.4) we get:

r’=z% 2- 12 _ (5.15)
J9+8(B,A,) +3

5.3.Measuring tactile hyper-accuracy with a flat cover

In the following we validate the theory of the pi@ys section with measurements on the
real three-axial sensors. In addition to showirg femasibility of our model, we measure
the rate of tactile hyper-accuracy, achieved byyamilizing the flat cover and its

previously introduced mathematical description. Wso investigate the boundaries of

our theory by giving a list of the possible souroésrror.

| used the measurement results of the whole twaedgional receptive field, presented
in Figure 4.14, and transformed the measured thxed-data on the whole plane into
coordinates and force amplitude, using the deduvestse equations. One critical point
that alters the final arrangement of the calculateardinates is the proper setting for the
normal-to-shear value. To see the pure effectshefahanges ib,s we modeled the

results first on a rectangular grid of points wetinorless theoretical data (Figure 5.2).
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Figure 5.2. Modeled results of the 2D point-loaddtion-reconstruction experiment on a rectangwed
of points. The numbers above each plot representdlue of the normal-to-shear ratio chosen for the
location and amplitude reconstruction. Amplitudegpresented by the size of each point. Alterireg th

normal-to-shear ratio changes the homogeneous mapgfithe calculated locations and load amplitudes

Similar results can be seen in Figure 5.3 recoosdufrom the measurement data, using

bns= 1.5, as an approximately feasible value.

Figure 5.3. Location and amplitude reconstructafra point load, moved by a stepper motor over one
taxel, along parallel lines. Each circle is one dacquisition point, measured by our software at&0
The two axes show the plane of the reconstructddcgucoordinates, while both the size and colothef

circles represent the local reconstructed load atage

The experimental result in Figure 5.3 shows thatrmadel is fully functional. There is
guite a bit of error far from the center of thedkxand the mapping of the reconstructed
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locations there resembles the underestimationbgf In other words, the deviation
between the measured strain distributions and théeins not constant; it is a function
of distance from the center of the taxel. This fiorcis not known theoretically, but
aiming at better results it can be measured powtpbint as calibration data.
Nevertheless, within a radius of approximately 1H@ this is not needed, because
reconstructed locations and amplitudes are reli@hlgulated there. Here we achieve

kind of a tactile hyper-accuracy with an approxienptecision of 3—5m.

The absolute value for the normal and shear coeffis can be determined by comparing
the known load amplitude and the calculated onewd¥er, the feedback from our

current strain-gauge in the loading needle is alidlole enough for precise calibration.

Knowing the exact speed of the stepper motor aadi#tta acquisition rate, we were also
able to give quantitative results. We took onlystaoneasurement points that correspond
to the middle line of Figure 5.3, and measuredlipe in time (Figure 5.4).

Figure 5.4. Stepper motor speed calibration onrgeonstructed locations along the center measuréme

line (y = 0)

The calculated speed (0.45 mm/s) is a bit less tthameal value (0.5 mm/s), but it can be
compensated with a linear constant again, whidting of the same as raising the cover
thickness a bit in the model.
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5.3.1.Error estimation

This section is only a qualitative enumerationtad facts that have a possible effect on
the results. There are quite a lot of things tlmatlad be taken into account. Here | only
present the most significant ones. According tokmgwledge, the sources of error could

be the following:

Our model is infinite, with homogeneous and isoitopehavior and with a
Poisson’s ratio of 0.5. The real sensor desigmigef with some non-linearity at
high strain values. Since modifying the model istey@a bit of a challenge, we
take this source of error as a fact, and treatekelts accordingly.

The point load is a needle with finite diameterwéwoer, the tip of the needle was
treated to be hemispheric to cause similar stratrildution to the point load.
(The similarity is getting more profound anyway hvihcreasing distance in the
material away from the indentation point).

The sensor itself is not point-like, it has findize, too.

The experimental testing is very delicate, becathse loaded sensor is quite
sensitive to mechanical vibrations. A few microrisdslocation in the loading
needle causes huge changes in the loading forcettaer@fore, in the measured
strain values, too. The deviation of the rubbefagg from a perfect plane, hence,
causes the same effect.

The stepper motor’'s magnetic field sometimes ceehigh frequency noise in the
measured data.

5.4.Conclusion

In this chapter | solved the inverse problem dfaelastic cover in the case of the most
basic indentation type, the static point load. theo words, | gave an analytical model
for reconstructing the location and the amplitudean arbitrary point load over the
surface of the elastic cover. Although there ar@yrapriori simplifying assumptions in
the model, experimental qualifications prove itasibility. With only one taxel | were
able to achieve a kind of tactile hyper-accuracyl econstruct the location of a normal,
point-like load with around 3m accuracy over an area of 3@D0 nm, with reliable
amplitude values, too. Without experimental valiolatl gave the inverse solution to 3D

point-loads, too, using the signal of three thremlaaxels.
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Continuing this mathematical approach, our next s&®uld be to find nice solutions for
more general cases, too. However, if the indentasanore complex (as in any general
tactile manipulation task) and its spatial resalatis below the receptive field size of the
taxels, this inverse problem becomes enormouslifcdif to solve, and our attempts
would most probably lead us only to other specéeles and no general treatment of the
problem. Therefore, we should observe this wholenpimenon from a totally different

point of view.

First and foremost, we should keep in mind thatdigmal of human mechanoreceptors
are also coded by the skin, consequently, we &®sbd with the same intriguing inverse
problem during tactile perception. Good news id,thaspite this, we can still use our
hands to measure all surface properties of grabbgstts efficiently. Hence, mimicking
nature would be a good idea, and could be donwadndifferent ways in our case. We
can either treat the inverse problem as a direetlgntaking only the useful information
from the measurements, finding features that we detect and training e.g. neural
networks or any software to “understand” data. $hecess of this version depends on
the software we design, which is analogous to tnection of the brain in tactile
perception. Alternatively, we can find ways throupk “hardware” of the sensor to ease

our problem.

In the next chapter, instead of generalizing odutszn to more complex indentation
profiles, we rather try to simply abolish the nded the complex inverse solution by
changing parts of the sensor design using new neanghic features. In other words, we
will change the sensor’s functionality to be moteaightforward and to have a more

direct connection between the real surface loadilamdneasured signals.
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Chapter Six

NEUROMORPHIC ELEMENTS IN THE TACTILE-SENSOR
DESIGN

6.1.Introduction

In Chapter Two we saw that nature uses severalestiag components for enhancing
the efficiency of tactile sensing. In this chapaer will mimic two of these features: the
hair and thefingerprints We will equip our sensor design with neuromorpélements
that resemble these parts, and investigate how #iey the overall signal coding
mechanism of the system. Besides providing real soreanent data for the
neurobiologists on the stress-coding behavior esS¢hnatural structures, we can also

benefit from their presence by enhancing diffepabilities of our own sensors, too.

The application of fingerprints will also lead us the need for a similar, but non
direction-selective structure. Therefore, we wilsca equip our covers wittelastic
hemispheresnd use a finite-element simulation to model tehdvior of these bumps
over two different sensor types. First, we attalsh bumps to the usual three-axial
sensors to simplify the inverse problem of thewvero We will see that with these simple
structures we can localize the otherwise continuiopsit over the taxels and detect
normal and shear force components independentlyorisiéy, | will also show a truly
simple and efficient method for extracting sheadalata from a general pressure-sensor
array. Finally, |1 confirm the theoretical resultgwreal-time experimental data and use
the measurements for texture classification, aspgication example.

We will start our investigation with shear-forcehancement, using artificial hair.

6.2. Artificial hair

In the preceding receptive field measurements {e.gigure 4.13) we saw that the shear
sensitivity of our sensors is less than the noroma (with a normal-to-shear sensitivity
of around 1.5). Shear sensitivity can be increas#itiently by attaching hair-like

elements to the sensor design.
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6.2.1.Novel design with alkaline etching

We experimented with different sensor structureth wgid load-transmitting rods in the
middle of the sensor membrane. One approach isdbasea totally new MEMS

techniqgue using alkaline etching instead of the WdBed porous silicon etching
(Vazsonyi et al., 2005 [5]). In this structure tbbear-load transmitting element is

fabricated out of the silicon itself, together wilte deformable membrane (Figure 6.1).

Figure 6.1. The novel sensor design with a loattdémitting rod at the center of the deformable
membrane (left); schematic side view of the stmactuith the separately prepared read-out circuitry

below is also given (Vazsonyi et al., 2005 [5]yt)

One unique feature of this structure is that themeo read-out circuitry on the chip itself,
but the piezoresistors and the contact pads astddat the bottom surface of the wafer.
This way, the MEMS process has more freedom, aaddhd-out circuitry can also be
designed separately, on a different chip. The ttmoctures are attached together using
flip-chip technique. This idea is remarkable andt#es the construction of arbitrary
sized chips with sophisticated read-out and sigmatessing on board. The only
drawback is the sad fact that so far we have nen ladle to connect the MEMS structure
with any read-out chip efficiently; however, measuents on a single taxel show the

feasibility of the structure as a new three-axaatite sensor (Figure 6.2).
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Figure 6.2. Measurement results with loads okedéht direction. Normal loading creates symmetrical
response in the four piezoresistors, slanted log@dimows asymmetric response, in accordance with the

loading direction

6.2.2.Atrtificial hair in the old sensor design

Using the well-known old sensing elements we welso able to attach hair-like
elements to the center of the bridges, explainirgrheaning of the central hole in the
deformable part of the taxels shown in Figure 3rB.this structure the shear-load
transmitting elements were attached to the sermmrdy one after all the technological
processes had been finished. The hair-like rigidsravere either made of epdRyor
were cut from a simple silicon wafer (Figure 6.Bhey both protrude through the center
hole of the membrane and sit on another elastigyéftayer, which fills the cavity to the
half of its depth.

13 Araldite 2014 (Vantico Ltd.)
14 Araldite DY022 (CIBA)
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Figure 6.3. Photographs of taxels with shear-l@sthancing rods made of epoxy (left) or silicontt)g

After the rods were fixed to the structure, we abefcated a layer of ElastomerA
(with a thickness of 150-500 um, as before) aneédli to the top of the rod with
Elastomer B°. For precise positioning we temporarily placedpacer tool outside the
active area. During this procedure the silicon erdilled up the remainder of the cavity.
In the final step we injected viscous silicon rublbef type Elastomer A) into the space
between the top elastomer and the Si surface arthenthxel, thereby providing robust,
compact coveragé A scheme of the cross-section of the completeaeis presented in
Figure 6.4.

Figure 6.4. Cross-section of the sensing strucafter the completion of the covering processhia t

version a load-transmitting rigid bump is attachledhe membrane to enhance shear sensitivity

!5 Either OXAM DC (T-Silox Ltd.), or the previouslysad Elastosil RT-601 (Wacker-Chemie GmbH)

16 Elastosif E41 (Wacker-Chemie GmbH)

" We also experimented on sensors, where the rooks e totally covered with rubber (like on therfyai
skin), but it resulted in too much sensitivity ahé sensors broke soon. Less rigid structures—tfikehair

itself—should work fine and could be used in mamyter interesting applications...
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This extra element in the sensor design acts thme sgay as a single hair in our skin—it
elongates the force arm and sensitizes the steutturshear forces. Accordingly, the
characteristics of the measured signals changeafuedtally, lateral force components

arising even at normal loading become dominantufeid.5).

Figure 6.5. Response of a hair-like sensor. Indom moves from left to right and back along thexis,
as depicted by the arrows below. the normal compbf&n) is positive, one shear component (Ty) is

nearly zero, the other (Tx) reflects motion dirent{chip No.: 2j)

As friction pushes the shielding rubber in the motdirection of the indentation, it
evokes a greater response in the corresponding-stram component through the
attached “mini-joystick.” Therefore, indentation tiom direction and friction coefficient
can be measured reliably by the two shear compeneuitile indentation amplitude is
still effectively marked by the normal one. Whee thdentation is not a point load, but a
larger object with characteristic sizes greatenttiee sensor size (e.g. when the sensor is
pressed by a finger), the overall shear responggemeral shows reliably the direction
and amplitude of the shear force acting on theaserf As a conclusion, receptive-field
shapes can be modified essentially by the appdicadf a rigid rod. In that case, sensors
become highly sensitive to shear stress, while giesitivity to normal load is not
affected considerably. The value of the shear seitgican be set by the length of the

rod.

The only disadvantage of this element is the needtffe manual installation, which

encumbers the production of many perfectly similaxels. Therefore, in the next
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sections we will leave the sensor structure as,ind try to alter thgeometry of the
coverto enhance the capabilities of the sensors.

6.3.Fingerprints

In Chapter Two we saw that another important featdrour skin (and e.g. the star-nosed
mole’s star-nose) is its raggedness, which resualspecial filtering effects in the skin
tissue. Consequently, the emerging parts of angtiel@over should also modify the
properties of the overall sensory structure. Fafktall, if two materials contact, the
location of the highest stress values is alwaysiradahe first contact points. Secondly,
due to the complex behavior of the elastic matesame components of the stress and
strain distribution reach their peak value rightolethe highest and lowest points of a
modulated surface. Therefore, with a well-choseration for the sensors in the rubber,
the sensitivity of the structure can be maximizethewt losing its protection, not to
mention the enhanced gripping properties of théasar Finally, we concluded before
that the spatially-continuous input on a flat easturface makes it enormously difficult
to decode the surface-load distribution from theasoeed stress/strain. Having a ridged
surface, the input forces are also localized to es@rtent, and thereby, the inverse

problem becomes simpler, too.

Benefiting from all the above advantages of th@dnprints, we molded elastic covers

with ridged surface and checked the modified bedrasi our neuromorphic structures.

6.3.1.Modified receptive fields with fingerprints

The novel elastic covers were made from the samterras as used for their flat
“brothers,” but the formers were cured in a negatiold with a flat glass on top, spaced
200 mm above. Hence, the original 2@t thick flat cover got extended with a ridge on
top. The negative mold was made from a simpleailiwafer by homogeneous etching.
The ridge was 250-28@m high. We varied the width of the ridge betweef a86d 760
mm to find the optimal size. The ridge was placedrahe sensor so that it lay parallel to

one sensory bridge, right over its center. Thel ftraicture can be seen in Figure 6.6.
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Figure 6.6. The fingerprint-like elastic ridge awhe sensor structure

For testing the receptive field of the new struetur used a simple screw, moved over
the sensors laterally, creating mainly the samecefas a series of point loads. |
compared the shape of the measured strain distitsutn three cases: 1) sensor with a
flat elastic surface, 2) sensor with a ridge, irtddon moving parallel with the ridge, 3)

same sensor, but with indentation motion perpenaido ridge orientation. Results can

be seen in Figure 6.7.

Figure 6.7. Three different responses when théctkgpscrew was pulled over the differently covered
sensors. When the ridge is parallel with the maqtibacts the same way as a flat cover. When thiomo
is perpendicular to the ridge orientation, the rptiee field is changed substantially (chip No.1 b,
ridged ts471)
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The above measurement illustrates theection selectivityof the ridge. When it is
parallel with the indentation-motion direction,ré@presents the same complicated strain
distribution as the flat cover. When the ridge épgendicular to the indentation motion,
it changes the original point-load characterisitide a more direct function of the surface
load. It integrates the load from its entire suefand responds to the amplitude of the
load and the shear-force direction, which correggono the indentation-motion
direction. Note that the amplitude of the sheanaligs highly increased; moreover, the
friction coefficient can also be calculated frone ttelative amplitudes of the normal and

shear components.

Unfortunately, the chip that was equipped with tillge was an old one with a relatively
high level of noise; therefore, the results arethat nice now. However, the responses
show the expected characteristics, and that is gimdéor now. We can conclude that,
besides enhancing the sensitivity, the modifiednyetoy efficiently and directly codes
different properties of the indentation. Moreovércould demonstrate the direction
selectivity of the fingerprint-like ridges, whiclarc also be used to prove the direction

selectivity of human mechanoreceptors under regktfiprints.

In the following section | will analyze the statbtbe art geometry for the elastic cover,
the one which is the artificial version of the stased mole’s Eimer’'s organ. Thus,
instead of ridges, in the final sensor design wk wge elastic hemispheresvhich are

not direction selective. Details and all the otlagvantages of this geometry will be

presented in the next, final sections.

6.4.The elastic hemisphere

Our last (and most efficient) neuromorphic elemienthe sensor design is thleastic
hemisphereTremblay and Cutkosky (1993 [46]) describe inaddiow hemispheres on
the elastic cover enhance gripping properties &feasor. They use these bumps to
transfer vibrations to accelerometers when reledsedhe grip. Here, we follow a
different strategy: our goal is to design a cowenrgetry that enhances the capability and

sensitivity of the entire tactile system.
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Having hemispheres on the surface, we step ovelodbadaries of the elastic half-space
model. Therefore, for a detailed analysis we credfiaite-element (FE) model with the
new geometry, and describe the behavior of our ypweWwaped cover under different
indentations. | will show that the application ddstic hemispheres provides a chance to
avoid the solution of the inverse problem of th&@ezoon our three-axial sensors. With
measurements on the proper cover—designed accordlitite finite-element model—I
will confirm that the bumps can be used efficierttdylocalize the load over the taxels
and code the three local indentation componentspi@ddently. Finally, | will use our

new sensor design for a tactile-texture classifica¢xample, too.

In the meantime, the elastic bumps will be apptedimple pressure sensor arrays as
well. | will show that the bumps can also be usedy¢nerateshearinformation on an
arbitrary one-axial pressure-sensor array by comg@ithe signal of four independent
neighboring taxels.

6.4.1.Finite-element model of the elastic hemisphere

Our model is an extension of the well-describedtedahalf-space, with a hemispherical
bump on its surface. In the model we calculate wifinite size once again, and take
strain/stress/deformation values from a given degitithe points where the sensors are to
be located. The elastic material is the same—iassumed to be homogeneous and
isotropic, with a Young modulus of 0.87 MPa andsBon’s ratio of 0.499. The value of
the Young modulus is only a linear constant in ¢ljeations and smaller values for the
Poisson’s ratio do not change the FE results sotislly either. We used the Cosmos
Geostar 2.8 (128K version) FE package, with a totahber of 1060 elements in the
structure (Figure 6.8).

Figure 6.8. The finite-element model of the buwvgr the elastic half-space. The flat and rigid

indentation touches the top of the hemisphere
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In the first run the structure was only two dimemsil, with plain-stress approximation
along the infinite third dimension (perpendiculatly the plane of this paper). This
infinite size was obviously approximated by finiteckness—large enough to cause no
change in the results (2 mm). Since the hemisphatk the half-space are both axi-
symmetric, this plane-stress approximation is oalglight simplification of the real
case—analogous to the 2D projections of a moresteaBD model. Later, if needed, we

will expand the model to three dimensional.

The diameter of the hemisphere is 0.4 mm. The itefinalf-space is approximated by a
large enough finite size (one order of magnitudeatgr than the size of the bump,
namely 42 mm), with zero deformation at the bottom and feeges at the sides. Note

that the absolute size of the system is not crucidl relative distances are important.

The indentation is a flat and rigid object, touchitihe top of the bump with infinite
friction. The high surface-curvature at the junctibetween the half-space and the
hemisphere is effectively reduced with an additioel@ment (linear, inclined at 45
degrees) to avoid high local stress and error.misphere is approximated with linear

elements.

In the model we used two independent loads, boptiepwith the same perfectly rigid
object. One acts purely in tixethe other in the direction. We assume that deformations
are small, thus in a general case the final defoomacan be calculated from the
superposition of the two basic indentation typegefieral deformation profile caused by

an indentation of 5@m in the two directions can be seen in Figure 6.9.
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Figure 6.9. Finite-element results—deformationtgecomponents in the rubber, caused by loads of
different direction. The vector component is shawthe bottom right corner of each image, while the

force direction is depicted by the red arrows oe ifdentation

6.4.2.FE results for the three-axial sensors

The three-axial sensor is positioned at a giveritdapx = 0. Note that along the line=

0 in the presented cross-section, neither th@or the x directional load causes
deformation in the other direction (see the veltiicees at the center of the top-right and
bottom-left segments of Figure 6.9). Thereforeyé position our three-axial sensor at a

given depth along = 0, the response to the two directions will remautheipendent.

Figure 6.10. Deformation values along the axigopadicular to the surface (x = 0), at an indentattiof

50 nm. Load: z, deformation: z (left); Load: x, defotina: x (right)
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For determining the proper depth of the sensor @exirio take a look at the deformation
values alongx = 0 (Figure 6.10), and consider that a minimal thigehef 200mm is

needed below the bump for applicability reasonsvi@isly, the thicker the rubber, the
more we lose from the sensor’s sensitivity for blthding types. As a result, in the

experiments the minimal 20@n thin layer is used.

Having determined the exact position of the taxbe last thing needed is the
characteristics of the response as a functioneofdhd (Figure 6.11).

Figure 6.11. Deformation values at the three-&sensor location (x = 0; z = 208m) as a function of
indentation amplitude. FiUj represents the deforimatcomponent j under a load in the i direction

(i=x,2]=X,2)

As can be seen in Figure 6.11, up to a deformatfohO0 nm—which is quite a high
value for these feature sizes—all characteristrescose to linear. The response to a
normal load is steeper, therefore, the overall rbtm-shear sensitivity of the sensor will
differ from one (it is about two now). Since theneesFxUz andFzUxare constant zero,
the x and z components will remain independent, with no cradls- Note that our
sensors measure the strain, not the deformatiomeler, characteristics of the strain
distribution are similar, thus these results can used efficiently to predict the

functionality of the sensors.
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6.4.3.Shear-load measurement with pressure-sensor arrays

If we take a thorough look at the bottom-left sewtof Figure 6.9, we can note that at a
given depth along the line= const, the deformationcaused by the tangential load is
not zero. Instead, it has a maximum somewhere belwvedge of the hemisphere and a
minimum at the opposite side. This observation akfers to the stress distribution

(Figure 6.12), which is measured by any generaquee-sensor array.

Figure 6.12. Anti-symmetric stress distributiaol{d curve) at a depth of 20@m under the surface of the
half-space and the bump (dotted curve), causedtbpgential load. If two taxels of simple pressure
sensors are located at these stationary pointsdifierence between their signals will code theasHead

efficiently

This observation will be the basis of our followihgpothesis. If we put two simple
pressure sensors at these stationary points symeigtr measuring only the normal
stress component, ttdifferencebetween the two signals will correspond to theashe
load. In the meantime, a possible normal load cawse axi-symmetric stress and
deformation distribution (top-left section of Figur6.9), which can be measured

independently with theumof the two signals.

This basic idea of shear sensing is present in @taret al., 2002 [26]). They create a
huge artificial finger skin with ridges and usdadtextract some shear information from
the underlying sensors to prevent slippage durmagmng tasks. However, their analysis
is not that detailed and their characteristic siaes much larger then ours. Moreover,
using bumps instead of ridges we can also generalir assumption to the second
tangential dimension, all together joining four gléoring pressure-sensor elements

from an array to retrieve both shear componentsefthree-axial taxel (Figure 6.13).
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Figure 6.13. Location of the bumps (circles) oarrarbitrary pressure-sensor array (with taxelsta
junction of the lines) in top view; on the left par 979 sensor array of 1D taxels can be seen, with bumps
creating 4'4 three-axial taxels; on the right part only onevabthree-axial taxel is shown, consisting of

four 1D elements

To calculate the three new components of one ndwale-axial taxel we use the

following simple equations (with the notation ofyire 6.13):

— A
1
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! (6.1)
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whereS (i = 1, 2, 3, 4) denotes the four signals of the fbiDrtaxels. We need to rotate
the two shear components of (6.1) with 45 degreesterclockwise to have components

parallel to the sensor grid. Thereby we get:

Tx=£(-a+ s ¢ 9
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With the described method the number of taxels béllreduced by a factor of 4 and the
sensor spacing will be doubled, but we will gaineah information, which is a

comparable advantage.

Finally, using the FE results we can calculate llypothetical response of our new
sensors as a function of load amplitude. Resutisbeaseen in Figure 6.14.

Figure 6.14. Calculated components of the ndwald-axial sensor (for explanation of the legered s
Figure 6.11)

The calculated components are again proved to dependent, with linear response to
each load type. This sensor's normal-to-shear weitgiis around 4, and gets even
bigger if we count with the fact that most pressseasors measure only compressive
stress/deformation. Nevertheless, this constrasesdot affect the overall functionality
of the sensors.

6.4.4.Preliminary experiments on the two novel sensor tygs with bumps

We created the novel elastic covers for both meeticsensor types (the used three-axial
and a simple pressure sensor array), using the saaterial$® again. On the MFA
sensors the diameter of the bumps is A0Q as in the FE model. The sensor-to-sensor
distance of the taxels and, therefore, that of itbemps is 1.5 mm. The mold for the

rubber was made by a silicon wafer. The negativegsiwere constructed with simple

18 ElastosiP RT-601 (Wacker Chemie GmbH)
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isotropic etching, like the ridges. Our three-axgahsors are arranged in a22array

hence four bumps were created with the mold (id& sf Figure 6.15).

The other cover was made for a previously mentipgechmercially-available pressure
sensor array, the XSensor. On this device we hatpbwith a diameter of 2 mm, which
roughly fits the calculated size of the FE model tfus type of sensor (1.5 mm sensor
spacing). This rubber was made in an aluminum mihe. negative bumps were created
using an array of finely-positioned steel bearirdjdoextruded into the aluminum. The
pressure-sensor array had9lD taxels; thereby we got a4tarray of bumps, spaced 3

mm (right side of Figure 6.15).

Figure 6.15. The two sensor arrays with the éddstimps: Z2 array of the three-axial sensors (left);

979 element 1D XSensor covered by thé dized array of bumps (right)

The two covers had a flat layer of 200 and 500 under the bumps, consequently,
representing the finite approximation of the halfse. The elastic layers were finely

positioned and fixed over the sensors.

As an initial quantitative measurement of the fiorctof the hemispheres on the MFA
sensors, | simply attached a second special coxaram array with a thin flat cover, in a
way that one taxel obtained a bump above it angh@&n@ne did not. Then my finger (as
an arbitrary load) was moved around many times eatnically over the sensors. This
experiment is rather a real tactile scene thareaig® measurement, but results in Figure
6.16 clearly prove that sensors with elastic bunops top have increased lateral

sensitivity, they react more vigorously to arbiyr&wrces.
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Figure 6.16. Response of two identical sensors,with an extra bump on top of the elastic layiére
two axes are the two tangential strain componentsveas thereby correspond more or less to the latera

finger motion over the sensors. Sensitivity iséased by the elastic fingerprint-like bump (chip:Nb)

| also tested the shear-force sensing capabildfethe enhanced pressure-sensor array
with similar simple but spectacular experimentshgighe non-writing end and the side
of a pencil as an indentation and pressing it aahe taxels circularly. The 1D signals
were converted to 3D data, and displayed with Mat{iigure 6.17). Results show that
the 1D to 3D conversion of tactile data using tluenps is applicable; the 3D vectors
nicely follow the path of the circularly moving piand line indentations. The noise on
the unloaded taxels comes from the XSensor it$ékre is minimal cross-talk between

the neighboring taxels.

Figure 6.17. 3D vectors calculated from 1D taztilata when one bump is pressed (left), or whéich t
line load is present (right). The arrangement af fuccessive vectors nicely follows the circulaash

motion of the indentation in both cases

6.5. Texture classification using the bumpy cover

In this last section | show an application exampith the final sensor design. We will
once again use our three-axial MEMS devices anbrestrict ourselves to the analysis
of the signal of one single taxel, as in the prasigections. The array properties of the
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same sensors are also investigated by Kis et @D6(21]) during a robotic manipulation
task. There one smooth object was held betweerfibgers of a robot arm. Both fingers
were equipped with one” 2 sensor array. The continuous signal of the tweash
components of each taxel in the2arrays was reduced to the binary direction (+)or
still resulting in & 2= 65536 possible classifiable tactile events, Usedactile feedback
for the robot arm. If we enlarge the number of texe the array even more, use more
than one bit signals and investigate the spatraptwal response of complex object
profiles (as in any of our own general biologicdttle-manipulation tasks), any analysis
of these complex, multi-dimensional signal arrayd demand high speed, possibly
parallel processing. One ideal cellular-wave corapédr this task is the CNN universal
machine (Roska and Chua, 1993 [70]) that could lres@nal-processing hardware in
the future on more extended tactile arrays andstddg to now, we have only 2 sized
arrays, but as we said we restrict ourselves evere rand first we take a look at the

spatial-temporal multi-bit signal @ne single taxebn textured objects.

To show the functionality of the sensors now eqgegpmith the new bumpy cover, we
measure the response of different material typdegover the hemispheres, and extract

simple features from the spatial-temporal signatsafbasic texture classification.

For the first basic experiments four materials weeéected with different texture and
roughness. They were pulled over the bumps in iadictions, many times within a
relatively narrow speed range, but with differempditude. The characteristic three-axial

response to these four materials measured by otine ¢éxels is shown in Figure 6.18.
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Figure 6.18. Characteristic three-axial resporde taxel with bump to four different materialdlpd
over the surface in a straight line. The solid linghe normal, the dotted ones are the two shear

components. The four materials: screw, smooth wioel textile, rasp

As can be seen in the above figure, the three-a@gdonse of the taxel represents the
one dimensional texture of the materials with cbimmastic features. The changes in the
normal component correspond to the fine structdr¢he surface, while its averaged
amplitude shows how much the object was pressehisighe sensor. Motion direction
can be extracted from the ratio of the shear comaptsn while the ratio of the shear and
normal components determines the friction coeffitielThe overall raggedness of the

signals corresponds to the surface roughness, etc.

My aim in the first run was to extract a few simfpdatures from these signals that are
available only in three-axial measurements andiraensitive to motion direction and
the overall force applied. | selected two featut@sreate a sample two dimensional
classification. One is thieiction coefficient averaged on the lastdiscrete measurement
points at time:

mt)=

t t \/TX(i)2+Ty(i)2 : (6.3)

i=t-T /(7'): i=t-T Sq(')z
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The other one is an arbitrarily chosen, but goodcdptive factor of thesurface
roughnessthat is defined as the normalized standard dewiatf the instantaneous

friction coefficient, calculated again dnvalues:

R(t)= . (6.4)

100\/ ' (At)- i)
tt) T-1

In the definition ofR(t) the multiplicative factor of 100 is used to pubk values of the

parameter into the integer range. In the experigiEmas set to 128. Since the scanning
time between the frames was 15 ms, the averagesirae were taken from the preceding
2 seconds, accordingly. The result of the clasdifbm on these two parameters, with

around 3000 data points can be seen in Figure 6.19.

Figure 6.19. Result of the first basic texturassification. Each of the approximately 3000 points
represents one measurement of the two propertldough the standard deviation of the properties of

each material is huge, the classification is apglie even in this case

The above results show that the three-axial sigoatked with the elastic hemispheres
represent the object’s texture properties with Hidklity, and even these two extracted
features give us a relatively separable paramepaces for texture classification.
Introducing some more newly-defined characterigatures, the parameter space can be
extended to a lot more dimensions and hence thssifitaation can be improved
essentially. Nevertheless, this classificationngyan example of the many uses of the

new three-axial sensors. They can be used in madngr dields concerning tactile
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manipulation, texture identification, robotic gripsks or medical applications, where
shear information can improve the quality of théadgained from the tactile sensors.

6.6.Conclusion

In this chapter we gave alternatives to the satutibthe complex inverse problem of the
elastic cover. We introduced neuromorphic hair- &inderprint-like elements to the
sensor design to enhance the tactile-event detecapabilities of the overall sensory
structure, by coding different properties of thdentation profile more directly. With the
new designs we could enhance the sensor’s setsitividifferent indentation types and
features without reducing the level of protectidhe extra elements were proved to be

efficient, and could be used for extending our klealge on our own tactile system, too.

In the second part of the chapter we used a felgerent model to analyze the function
of elastic hemispheres protruding from the covefase. Applying these simple bumps
on three-axial sensors, we found that they effityelocalize the spatially continuous
input over the taxels and code normal and sheal tmanponents independently, with
linear behavior, abolishing the need for a compheserse-solution. Properly applying
the elastic bumps on an arbitrary pressure-sensay,awe are also able to extract

reliable and real-time shear-load information frtbra one-axial sensors.

The reliability of the theoretical consideratiosssupported by experimental results in an

example texture classification task.
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Chapter Seven

SUMMARY

7.1.Main direction of research

In my dissertation | analyzed the behavior of noweke-axial piezoresistive sensors,
designed in the MEMS laboratory of MTA MFA. My wostands somewhere between
the actual technological process of the sensor ldpreent and the final user-side
applications. | mainly dealt with the physical d@stton and the characterization of the
sensors, first in their pure form and later equippéth different elastic covers. The
cover can be treated as the first information-cgdayer of the sensory structure, which
is a “painful” obstacle when one wants to decode shrface-load profile from the
measured, coded signals. Consequently, | gave onk analytic solution to this
challenging inverse problem—for the most basic cdse point load. However, we can
also exploit the features of this coding mechanigth the conscious design of the cover
geometry. Therefore, | added neuromorphic elemtentise sensor design to simplify the
cover’s behavior and thus enhance the overall chipad and functionality of the
sensors. | experimented with hair- and fingerplike-elements, and finally analyzed the
effects of elastic hemispheres over the cover sarfn addition to support the concept
on the role of these elements in nature, | cowdd afficiently improve the characteristics
of our sensors. Moreover, | could also use thetielaemispheres for measuring shear

load with simple pressure sensors.

7.2.New scientific results

Thesis I: Qualification of tactile sensors and their elastmver

To work with tactile sensors efficiently and reljgbwe need to be familiar with their
performance. First, we need to compare their theateesponse with the measured one,
without a cover. Second, we need to characterizes@usors again in the presence of the
simplest, flat elastic covers. Finally, we havestgport the applicability of the elastic
model describing the behavior of the cover, witraswwements both in the direct and the
inverse approaches.
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I.1. | worked out the exact physical model of the MEMS @spended-bridge type,
piezoresistive, three-axial tactile device of the MA, and verified this model
and the preliminary finite-element simulations with characterizing
experiments on a new, complex measurement setup.

Using the literature, | adjusted the theoreticatadption of the sensors to describe

precisely the bulk micromachined tactile deviceref MFA. The linear characteristics

of the model and the sensitivity of the sensorglipted by the preliminary finite-
element simulations are in accordance with the meshsurements performed on the

complex experimental setup.

[.2. Establishing high spatial-resolution, three-axial neasurements, | verified that
the infinite elastic half-space model describes thbehavior of the finite, flat
elastic covers well. Relying upon my experimentalesults, | confirmed that the
signals of the covered sensors are proportional tthree components of the
local strain tensor of the cover.

Using a flat elastic cover, the receptive field afsensor turns into a spatially-

continuous, extended region, where the sensitivify the device is highly

inhomogeneous, as described by the material's modeheasured this three-
component receptive field distribution with a sphtiesolution of 3 um over the total
sensitive area of one single sensory element. Ipened the measured distribution
with the one predicted by the half-space model eodfirmed that the measured
signals are proportional to the strain-tensor comepts, even though it was assumed

before that they represent the stress tensor.

[.3. | solved the inverse problem of the elastic half-gxe for an arbitrary point
load, and using the results, | established tactil&iyper-accuracy on sensors
with a flat cover.

Using the known coding mechanism of the flat etastver, | found a solution to

determine the exact location, direction and amgétwf an arbitrary point load over

the cover surface. | utilized my theoretical resuh the sensors and in the meantime

verified them with measurements: using the thrgeas of one single element of a

tactile array, | calculated the location of a norp@int load on a receptive field size of

300 300 pum with 3 um (1%) accuracy. | also determineel amplitude of the load
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reliably. | integrated the solution into the softey@nvironment resulting in a real-time

algorithm.

Thesis Il: Neuromorphic elements in the tactile-sensor design

The surface of the high-resolution tactile systeshsiature is not flat in most of the
cases. Instead, it is usually equipped with fingatp, different kinds of grooves or hair.
Thoroughly investigating the role of these chanasties in biological systems, | could
introduce new aspects into the artificial sensaigte Using the fingerprints as a model,
| changed the geometry of the previously usedsilaface to alter several properties, the
sensitivity and the general coding mechanism of ¢bger on purpose. The most

important new results are the following:

[I.1. Introducing hair- and fingerprint-like elements into the sensor design, |
changed the sensors overall characteristics, incread their sensitivity and
experimentally verified the role we believe theselements have in biological
systems.

Since the complex coding mechanism of the flattela®ver makes signal processing

quite problematic, | designed non-flat covers wsftecific neuromorphic shape and

structure. In addition to successfully improving tbharacteristics of the sensors and
increasing their shear-sensitivity, | also validitee hypotheses that fingerprints are
crucial signal-coding and amplifying structures,ilethairs are fundamental in shear-

load sensing.

[I.2. Using finite-element simulation results, | proved hat by consciously
designing the geometry of the cover, its coding mleanism can be simplified
efficiently. Applying elastic hemispheres on the aer surface, | provided a
method for localizing the input load and for measuing the three force
components directly and independently under the caar.

| verified my theoretical results on the three-&xgensors through a texture-

classification example. Using the hemispheres, e dne hand, | maintained the

physical protection of the cover; on the other hahdocalized the originally
continuous input and thus avoided the inverse-taticn problems originally coming

from the complex coding mechanism of the material.
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[1.3. Using elastic hemispheres on an arbitrary pressureensor array, |
developed a design plan for a special cover, whidnables the extraction of
independent shear-load components from the origingl one-axial sensors.

The elastic hemispheres can be applied successiulgimple one-axial pressure-sensor
arrays as well. In this case one hemisphere cdweersone-axial elements of the sensor
array. Combining these four signals | gained slead-information effectively—based
on the finite-element simulation results again. hinethod can be used generally on an
arbitrary pressure-sensor array, with any size lement number. | verified my

theoretical assumptions with measurements orfae@ement capacitive array.

7.3.Application potential
7.3.1.New practical results

There is one main practical result of my work, nhntieat the three-axial sensors that are
being developed for many years now, have reacheld aunaturity level that they can be
used in an arbitrary tactile task without the fagsnterpreting their signals. The sensors
with elastic hemispheres code the three comporfeaiy surface indentation reliably at

every taxel, and the signal of the sensors camblyzed through a special software that
can be executed in a standard PC. In other wortdsproduct—the sensor structure with
its cover, the amplification stage and the softwasackground—is close to

commercialization now.

In my opinion, a promising practical result is theesented opportunity of shear-load
measurement using arbitrary pressure-sensor arfdifsough the shear sensitivity of
these sensors is not as high as that of our ofigimae-axial sensors, they definitely
work. Moreover, the new procedure enables the ooctstn of arbitrary sized, even
flexible, three-axial arrays, where the limits bétdesign are much further away, along
with the 10-20 year advantage of the pressure-sdasbnology over the development

of the three-axial sensor arrays, which are noh exailable yet.

% Note that this is a joint work. Special thanksAtila Kis who's merit is the development of the
amplification stage and huge parts of the softwang, obviously to the members of the MEMS Labosator
for the sensors.
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7.3.2.Examples of application and future trends

The applicability of my results obviously goes ajonith that of tactile sensors. Their
most “handy” function is in an arbitrary grip task robotic arms. In addition to the
industrial use and scientific research aims, nows@more and more active market is
opening in the medical research field. We canadilbur sensors on endoscopes where
manual touch is unattainable. Combining the sensdlsa proper haptic display we can
construct a system that helps in virtual tele-of@naprojects. In the long run the sensors
could be used as a substitute for the mechanomsemn the arm prostheses of

amputees.

Throughout all my work | mainly analyzed the temgddsehavior of single elements of
tactile arrays, without taking into consideratigrasal features on neighboring elements.
Therefore, in the future | am about to extend myestigations to dynamic tactile scenes,
using a cellular-wave computer for signal procegsind our new ‘8 element, three-

axial tactile-sensor arrays, where the standard SM&zhnology and the porous-silicon

etching is efficiently combined in a novel smamser design (Figure 7.1).

Figure 7.1. The new 8 sensor array
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