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Abstract

Ihe purpose of this research effort was to design. fabricate. and test a tactile
sensor system consisting of an cxternal high impedance switch circuit, an external
multiplexing circuit, and a tactile sensor IC'. In order to accomplish this objective.
a hardware design and selection process was implemented along with a logical test
methodelogy. The hardware included an electrode array 1C containing an S x 3 array
of equally space aluminum electrodes (each clectrode measured 400 x 400 pm and
they were spaced 300 pm apait). and 64 high iuput impedance MOSFET amplifiers
(each possessing a gain of 1.23). \lso i cluded were supporting component hardware
sub-systeins consisting of a high impedance reed switch network and a multiplexer
circuit. both of which were realized from commercially available components. The
test methodology developed ensured that any problems associated with either the
supperting component hardwace or the integrated circuit could be identified eatly

in the test phase, and thus. their effects could be accounted for.

A high impedance switch network resulted in the ability to externally apply a
fixec 125 the entire electrode array structure and the attached piezoelectic PVDL
film t otieve a uniform initial conditin <tate. The external multiplexer ciicuit fa-
cilitet ed sampling the array elements *..tnoar degrading any taxel’s electris al e horge.
The response of the tactile senser fabricated using a 10 pm thick square of piezoelee-
tric PVDF film indicated lincarity p aining loads of 0.8 g 10 135 g. a load resolution
of 20 g, and a maximum Landwidth of 23 Hz. Using an elementary shape recognition
algorithm that was implemented by mathematicaily manipulating the pre-load. 1oad.
and post-load measurements of the tactile sensor electrode array. it wa+ liscovered
that the tactile sensor could detect the shape of a load in contact with its surface

with a spatial resolution on the order of 700 jm.

The considerable crosstalk (between 337 and 753% resulting from the 1C" layont
design combined with the coupling effects due to the adhiesives used for fabricating
the tactile sensor) slightly affected the operation of the sensor: however, shape and
load information could be readily extracted. The charge signal amplifiers exhibited
breakdown over time due to the magnitude of the operating power supply voltage

used to achieve the desired operating characteristics of the amplifier.
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The adhesive study revealed that the urethanc adhesive possessed the best
electrical characteristics and physical robustness compared to either a plastic type of
adhesive, Loctile, or a polyimide used as an adhesive. The plastic dielectric adhesive
tended Lo cure extremely quickly. resulting in poor adhesion and physical coupling
to the electrode airay. While the polyimide possessed bonding characteristics similar
to the urethane. its electrical characteristics exhibited an increase in taxel crosstalk

level much larger than that observed with the urethane adhesive.
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ROBOTIC TACTILE SENSOR FABRICATED FROM A
MONOLITHIC SILICON INTEGRATED CIRCUIT
AND A PIEZOELECTRIC POLYVINYLIDENE
FLUORIDE THIN FILM

. Introduction

Background

Computer controlled robots are programmed to move in predetermined
patterns with minimal or no feedback from their environment. In the future,
however, robots will need to autonomously adapt quickly to changes in their
siwroundings. Toward this end. robots will need to possess senses. principally,
vision and touch (90:177). When designing a sensing system which will enable
robots to augment a human worker. inspitation from physiological processes have
frequently been investigated (7:13-16). The sense of touch is necessary for robots
which must perform intricate manipulations where pressute sensitivity and
movement within tightly controlled spaces is critical. Equipped with a taction
capability, robots will be able to directly measure the physical properties of

unknown objects. such as their position. oricntation. shape, and texture (90:177).

Robotic tactile sensing has been defined as the continuons sensing of variable
contact forces (35:3). Consequentls. a distinction is made between this definition
and simple (binary) contact or force sensing. Tactile sensing refers to skin-like
properties. where localized regions of force-sensitive surfaces are capable of
reporting quantized signals and parallel patteins of touch (55:3). From a design
perspective, robotic tactile sensing can he thought of as a two-step process,

transduction and data processing (90:178).

The typical tactile sensor should possess skin-like properties. including high
sensitivity. fast response time. and continuonsly variable signal output.

Additionally. the sensor shovld consume low power. The tactile sensor should
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discriminate objects as well or better than a human adult. who is capable of
discriminating two points 1.5 mm apart when contacting their fingertip (7:18-47).
The sensor should have a dynamic sensitivity spanning 1 g to 1000 g with no
hasteresis. and the corresponding outputs should be stable and reproducible

(90:178). Finally, the sensor transducer should have a minimum bandwidth of
100 Hz (90:178).

Although there are various types of tactile sensors, including those utilizing
magnetostrictive, piezoresistive, capacitive, optical, ultrasonic, and piezoclectric
techniques. rescarch at the Air Force Institute of Technology (AFIT) has
concentrated on the piezoelectric tactile seusing concept which uses a piezoelectric
polyying lidene fluoride (PVDF) filin and a monolithic silicon integrated cirenit
(1C'). .\ suminary of this research can be found in a paper authored by Kolesar.
and others (63:280-233).

Research conducted by Capt David Pirolo (GE-37D) investigated various
sensor electrode array configurations coupled to piezoelectric PVDF film. The
tactile sensor was fabricated from printed ciicuit boards with the hope of
determining an optimum electrode configuration. His investigation concluded that
a matrix of square electrodes was the optimum taxel configuration. and that a
10 pm thick PVDF film was the optimum film thickness for a tactile sensing device
{91

(apt Rocky Reston (GE-88D) designed. fabricated and characterized a tactile
sensor configured as a silicon integrated civenit that contained a 5 x 5 matrix of
clectrodes coupled to a piezoclectric PVDF film. He concluded that a 25 pm thick
PVDF film manifested the most promising results, and that the in situ charge

amplifiers provided an adequate linear tesponse for loads spanning 0.8 g to 78 g
(1003,

("apt Douglas Ford (GE-S9D) incorporated a multiplexer into the integrated
civeuit design. Unfortunately. incoinpatibilit/ s between the RC time constants of
the piezoelectric polyvinylidene Huoiide (PV'DF) film and the input impedance of
cach taxel electrode amplifier compromised the sensor’s operation (-16).
Nevertheless. he successfully utilized Capt Reston’s sensor with an off-chip
commetcial analog multiplexer to demonstiate the feasibility and advantages of

automating the data collection process. s rescarch also established the

desirability of attaining a uniform chaige state over the entive array by coniacting
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each MOSFET amplifier's gate electrode with a Micromanipulator probe which

was biased at a desired voltage level (46).

Capt Robert Fiich (GE-90D) increased the density of the electrode
configuration to a 7 x 7 matrix of electrodes and incorporated a multiplexer
element in the integrated circuit which serialized the output data (13). However.
he discovered that charge-leakage compromised the sensor’s performance. and it
was caused by two phenomena. The first cause was attributed to a low impedance
path through the T-gate electrode selection circuitry which was part of the on-chip
multiplexer circuit. To solve the leakage problem aﬂsocmted with the nuttipleser
circuil. it was totally isolated from the electrode array elements. Subsequentiy. a
successful 3 x 3 sub-array of taxels was shown to function properly. The second
charge-leakage problem was attribnied to a fow resistance path Letween ihe gold
wire bond pads on the 1C package. This path was subsequently identified to have
been caused by residual traces of acetone which was used to remove excess adhesive
when applying the PVDF film. This charge-leakage limitation did not negate the
successful operation of the sensor: however. it did reduce the time the sensor was
able to vperate. To solve this p;ob em. he recommended nsing a silicon rubber

-

coating to cover the bond pads before fabricating the tactile sensor (451,

Problem Statowienl

This thesis will investigate a method for continunusly sensing the shape and

weight of an applied load using a sensor whose active area is on the order of thet of

a human adult’s fingertip. This reseaich effort should satisfy several requirensent»

Integrated Cuenit Dimensions. In future robotie applications. the size of the
tactile sensor should be on the order of the adult human’s fingertip to facilitate -
integration with a robotic manipulator. I, for example. these sensors are monnted
on a rohot’s fingertips. the foree feedback from the sensors would indicate how
t1ghtly an object has been grasped. \dditionally, the tactile sensor should has e the
ability 1o distinguish spatial resolution as well, or better. than a human. This leve
of performance rc nires a high density of closely spaced faxels. A sensor compuosed
of a twa-dimensional array of closely spaced taxels shonld be c*np.;i»h of
fundamental image sensing, and thus, render the jobot with the abiliiy 1o identifs

the shape of an objeet n its grasp.




Oulput Amplification. The voltage generated by the piezoelectric film
selected for this application is extremely small (typically a few mV). Therefore, the
electrical signals generated must be amplified. The amplifier circuitry must also
possess a large linear region to facilitate accurate detection and amplification of a
taxel’s response voltage. a large bandwidth to enable detection of the changes in
the charge relative to small increments of time, and suflicient gain to provide an

adequate output signal evel for off-chip signal processing.

Transducing via Peezoelectricily. Since the purpose of the tactile sensor is to
detect whether it is in contact with an object and the resulting applied force. the
sensor st he able to trausduce the mechanical forces into useful electiical signhals.
Although there ave several transducing techniques available. piezoclectric
technology will be investigated in this thesis. The piezoelectric material selected for
this rescarch effort was a polyvinylidene fisoride (PVDI) poly meric film. The
PVDF polymeri  Im possesses several advantages relative to other transducing
materials, including a wide {requency range of operation (DC to approximately
10 MHz). a large dielectric strength compared to conventional piezoceramic
materials (30-V/micron versus 1.5-V/micron) and a relatively large electrical
impedance (this is an advantage which allows the film to provide a complimentaty
match to high-input impedance devices; for example, CMOS iutegrated circuits).
Since the film is thin and flexible. it can be laminated to a vibrating structure
without significantly dampening the motion of the structure. and the film can be
cut and formed into complex shapes or prepared as a large transducer area.
Additionally. the PVDF polymer’s fabrication costs are generally lower than those

of other piezoelectric materials (Z1:55).

Mdhesives. A robust adhesive for bonding the piezoelectric thin film to the
(s electrode array is required for long-term research applications and potential

use of the sensor in different environments.

Sensor Biasing. The piezoelectric PVDF polymeric film, which will be used
in this investigation. must be stabilized (ot biased) prior to the application of a
load. Previous research efforts discovered that the piezoelectric PVDI film requires

an initial bias voltage be applied across the film to induce a uniform polarized
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state. This enables the film to generate an adequate amount of charge which is
proportional to an applied load (45:6-1: 46:VI-1: 100:6-1). This initial biasing
requirement will be satisfied by establishing a uniform initial condition across the
film’s surface; it also tends to compensate for any inherent stress in the PVDF film

resulting from the sensor’s fabrication and film adherence process.

Output Multiplexing. The tactile sensor’s output will consist of several
simultaneous output lines of information. To be able to process the mformation
rapidly, the outputs will be multiplexed. The sampled output voltage can be
processed by comparing the results before. during. and after a load is applied to

the sensor’s surface.

Minimization of the Pyroelectric Effect. The piczoelectric PVDFE film is also
pyroelectric (the electrical characteristics vary according to temperature) (68:17).
To accurately obtain test data which correspond. to the PV'DE's piezoelectric

effect. the pyroelectric effects must be minimized or otherwise compensated for.

Scope of the Effort

A tactile sensor will be designed. {abricated. and characterized with vespect
to its ability to detect the weight and shape of an applied load. A piece of
piezoelectric PVDF film will act as the charge generating polymer which will be
attached to the surface of the integrated circuit electrode array. The integrated
circuit will be fabricated using silicon planar technology. and it will contain a
two-dimensional aluminum electrode array and associated voltage amplifiers. Once
the piezoelectric PVDF film is coupled to the electrode array. the tactile sensor is

realized,

Off-chip biasing circuitry. realized with a high output impedance switch. will
be used to establish a uniform initial condition. Off-chip multiplexing cicaitry.
configured from commercially available 1Cs. will be used to serially outout the
taxel data for subsequent signal processing. This research effort will focus on the

following critical issues:

Amplifier Design/Revised Performance Characteristics. The voltage

amplifiers on the integrated circuit will be designed to provide an adequate signal
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level which can be multiplexed with a separate circuit. The MOSFET amplifiers
designed and fabricated in C'apt Reston’s rescarch possessed a linear region which
extended from 3.3-V to 5-V. and the corresponding gain was 6.7 (100:4-2). In Capt
Fitch’s research. the in situ MOSFET amplifiers possessed a linear region which
extended from 3.3-V to 6.2-V, and the corresponding gain was 4 (-13:5.8). A goal in
this research cffort was to design a MOSFET amplificr which would provide a
larger lincar operating region (ideally, extending from 0-V to 13-V) compared to
the previous designs. Because the lincar region was extended, the gain was reduced

to approximately 1.25.

Adhesive Evaluation. Urethane. a polyimide diclectric, and a plastic
dielectric. typically used to bond and conformally passivate printed circuit boards
and electrical components, were evaluated as potential PVDFE film adhesives. The
ability of these three adhesives to couple charge to the MOSFET gate clectrodes

and to establish a robust mechanical bond to the electrode array was evaluated.

Charge Leakage. Previous research (:45:6-2; 46:VI-3) has indicated that
charge leakage was prevalent in the integrated circuit package. In an effort to
resolve this issue, a conservative design based upon Capt Reston’s successful tactile
sensor was implemented. To minimize chaige leakage through the 1C package. two
procedures were used during the fabrication of the tactile sensor to minimize the
charge leakage effects. Initially, plasma ashing was used to remove the residual
acetone contamination which remains as a 1esult of attaching the piezoclectric
PVDF film with an adhesive. Should the DC resistance between the gold bond
pads be degraded, this [C' and all subsequent [Cs will be fabricated by coating the
gold bond pads and leads with a silicone rubber membiane or an alternative
low-loss dielectric thin film before the piezoclectiic PV'DF film attachment adhesive

is apphed.

Electrode Array Initial Bias State. The previous research efforts revealed
that biasing the input electrodes, which are directly coupled to the charge
amplifiers, is a difficult problem (45:6-1: 46:VI-1: 100:6-1). Nevertheless. this bias
featurce is critical for establishing a homogencons initial charge state condition
throughout the two-dimensional aitay of sensing clements. Any stress in the PVDF

film, dne to its adherence to the artay stracture o1 which is attributable to a prior

1-6




loading condition. may cause the pre-loaded initial condition potential to differ
among the electrodes. This variation must be minimized and controlled, and this
requirement can be achieved by biasing each MOSFET amplifier to establish a

pseudo-lincar and time-invariant direct current (DC) operating point.

Pyroclcetric Effect Minimization. Because the piezoelectric PVDF film is also
a pyroclectric material. the pyroelectric effects from external light sources. the
surrounding equipment, and human contact should be minimized. Pyroelectric
effects will be measured 1elative to a bulk piezoelectric PVDI film sample and for
an assembled tactile sensor. An attempt to minimize these pyroclectric effects will
be pursued by using a light-tight chamber to isolate the tactile sensor. the

associated circuits. and test probe during the sensor testing phase.

Assumplions

1. The piezoelectric PVDF film will isolate and minimize crosstalk between
nearest-neighbor taxels. Any measurable crosstalk attributed to the {ringing field
or leakage cuiient between adjacent electrodes will be quantified experimentally to

determine its effect on the sensor’s performance.

2. The adhesive which bonds the piezoelectric PVDFE film to the array will
have electrical characteristics that do not compromise the charge generating
propertics of the PVDF film. That is. the piezoelectric PVDFE film will generate a

sufficient quantity of charge which can be detected by the chaige signal amplifiets.

3. The 132-pin integrated circuit packages fabricated by the
Metal-Oxide-Semiconductor Implementation System (MOSIS) will function
according to the Computer Aided Design (CAD) tool Simulation Program.
Integrated Circuit Emphasis (SPICE) analyses performed during the 1€ design

Process.

[. The test fixture (designed by Capt Fitch and illustrated in Figure 1.1) will
be capable of applying the test load shapes (for example. an edge, a small square. a
small circle, a polygon, a slotied screw, a cross-slotted screw, a large solid circle,
and a toroid) spanning in weight from 1 g to 100 g. The contacting planar surface
of cach load shape will form a uniform interface with the IC array upon their initial

contact and throughout the full application of the test load.




Low Friction Pulley

Adjustable
Counter-weight

Weighted
Probe

Side View Front View

Figure 1.1. Fixture For Applyving The Test Load Shapes (45:4-18).

I-8




Approach

This investigation consisted of three critical objectives: fitst. the design of the
integrated circuit and associated support equipment configurations; second. the
fabrication of the tactile sensor and assembly of the support equipment: and thiid.

the perforinance evaluation of the sensor.

The integrated circuit was designed using the Verv Large Scale Integrated
Circuit (VLSI) Computer Aided Design (CAD) tools known as MAGIC (a
graphical integrated circuit lavout editor) and SPICE. The IC size was limited to
an area measuring 7.9 mm by 9.2 mm. The center of the IC die contained an & x 8
array of equally spaced and sized aluminum electrodes surrounded by cliatge signal
amplifiers. To minimize leakage between bond pads, all input bond pads were he
placed along one edge of the IC. and all output bond pads were located on the
opposite edge. An over-glass cut was used to facilitate the uniform adherence of

the PVDF film to the electrode array.

The Metal-Oxide-Semiconductor Implementation System (MOSIS) fabricated
the integrated circuit. During this fabrication period, the test equipment, including
the external bias and multiplexer circuit. was configured and tested in the
Cooperative Electronics and Materials Processing Laboratory. Also, preliminary
tests were performed on the PVDFE film to evaluate its charge gencrating
capabilities. When the IC was received from MOSIS, its electrical propetties were
evaluated. Once its operation is characterized, a tactile sensor was realized by

attaching the PVDF film to the I(Cs electrode array.

The tactile scnsor performance tests began with individual electrode response
tests designed to characterize electrode performance and to determine if
inter-electrode crosstalk exists. Next. several load shapes were placed on the
electrode array to establish the sensor’s capability to detect the load’s shape and
weight. Throughout the petformance evaluation phase. the effects of temperatwe
on the electrical performance of the device were measured. and the adhesives nsed
to attacli the PVDFE film to the [ were evaluated relative 1o their electiical and

physical performance over time.

Ordcr of Presentation

Chapter IT establishes a definition of tactile sensing and includes a briel

literature review of tactile sensor reseatch efforts. The definition. history and
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theory of piezoelectric and pyroelectric phenomena are presented in Chapter [11.
Chapter [V describes the integrated circuit and support component design.
Chapter V outlines the tactile sensor fabrication process and general test
procedures required to evaluate the electrical characteristics of the tactile sensor as
well as the electrical and physical characteristics of the different adhesives.
Chaptet VI contains the test results and subsequent analysis. A summary of the
pertinent conclusions and recommendations is presented in Chapter VII. The
appendices include lisiings of the materials and equipment required for this thesis.
test data and graphs acquired during the evaluation of the tactile sensor. and the

computer code listings used to extract data from the test equipment.
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II. Robotic Tuctile Sensors

Introduction

Tactile sensing depends significantly upon the ability of its material
characteristics to transduce externally applied forces into electrical signals. The
problem of transducing externally applied forces into electrical signals possesses
several solutions. Many material properties lend themselves well to the
transduction process; typically, the effects of external pressure on the material’s
inherent properties are determined by measuring the changes in one of its electrical
characteristics. such as capacitance. induction. o resistance. Light, for example.
can be used in the transduction process by determining the affects of the applied

pressure on the transmission of the light in its transmission media.

In this chapter, a definition and description of tactile sensing will be
presented. Next, a basic review of the human tactile ability will be discussed,
providing a background which relates this ability to the design requirements of
robotic tactile sensors. Finally, current literature concerning tactile sensor research
will be reviewed. This review will describe several categories which correspond to
the particular technology being exploited. Initially, piezoresistive tactile sensors
will be discussed. followed by those sensots utilizing a magnetostrictive transducing
technique. Next, capacitive tactile sensots will be discussed. The use of ultrasonijcs
in sensors will then be developed. followed by a teview of several optical technignes
currently being pursued. Finally. to provide insight into this research investigation.
piezoelectric tactile sensor technology will be presented. From this literature
review. the reader will understand that the solution to the tactile sensor
transducing problem does not possess only vne solution, but rather. mans solution
opportunities exist each with their own set of advantages and disadvantages. This
chapter will provide the reader with the foundation to appreciate and understand

this research effort.

Robotic Sensors

The first robots were designed for the repeated execution of preprogramimed
sequences of motion, and they did not require any external sensing capabilitics

(9:17). However. if robots ave to be utilized antonomously, they must possess

2-]




certain qualities which will enable them to interact with their environment (42:35).
To realize this type of autonomy. robots must possess senses, and this need will
place an increased demand on the performance requicements of new tactile imaging

sensors. image processing and control systems (136:141).

The two most critical robotic senses are vision and touch., both of which are
generally considered complementary for most futuie applications (35:14). Vision
systems, perhaps the most developed robotic technology, enable a robot to identify
an object. determine its location. and avoid it. if necessary (90:177). Unfortunately.
vision systems require structured lighting. multiple cameras. and complex
computational assets to provide depth perception. and they can frequently be

obstructed by the robot itself or other objects 112:353).

On the other hand. touch is unaffected by shadows. and it can distinguish
objects relative to their backgrounds. Obvivusly. when a touch sensing system is
designed for a robotic manipulator. the toudh seusor must be able to sense contact
with an object. However, the sensor must also be capable of sensing a range of
contact forces to perform manipulative tasks. That 1s. the robot must be capable of
grasping an object and determining its physical characteristics - weight, size,
temperature. thermal conductivity. hardness. surface texture, and spatial
displacement (9:19). Additionally. a vobot must regulate the amount of force
required to grasp an object without having it slip during handling; for example,
carefully holding an egg without breaking it. ot firmly grasping a hanuner without
dropping it (9:18). To implement these tequited tasks. a feedback mechanism must
be incorporated to supply force information back to the robot’s control system.
The feedback mechauism is considered essential to successfully manipulate a

robot’s manipulator (39:3).

Human Touch Sensing

The human is quite good at grasping and manipulating objects. nsing touch
as the feedback mechanism for holding the object (104:3). To provide a basis for
tactile sensor requirements and designs. a brict description of a human’s ability to

sense touch will be discussed.

rm - . - .
T'he human skin possesses nine different touch sensors. cach responding to

particular external stimuli. such as heat o1 pressure. Of these nine touch sensor
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Figure 2.2. Neurotendinous Spindle (104:6).

types, two variants of seusors. o nerve endings, sense the activity of the muscles
(the neuromuscular spindle. as depicted in Figure 2.1) and the tendons (the
neurotendinous spindle. as depicted in Figure 2.2), providing information
concerning the spatial location and movenm.nt of these areas of the body. The
seven other tyvpes of sensors can be regarded as the human skin’s touch sensors.
and they include free nerve endings. Merkel's disks. Ruffini end-organs. Meissnet's
corpuscles. Pacinian corpuscles. Kraus's corpuscles, and hair end-organs. All of
these touch sensors are located within three lavers of the skin: the epidermis (ot
outermost layer). the dermis. and the subcutaneous fat (the innermost layer)
(15:2-2). All of the sensors act together to provide a direct response to contact
pressure, texture. lemperature and pain. Figure 2.3 illustrates a schematic

representation of the nerve supply to the outer layers of the hair-free skin covering




Papilaty
- - lidge
é. e o T =i [{]¢
= § = 2\ E7 = £
Epidetmmns - %‘? 2 %:.. é Meissner
. - corpusclo

Freo netve
ending

LA}

- Ktaus

[ ) cotpuscle
Oetnns -~
4
Metkel
@ @\(ﬁsk
SAA LLL Aulline
ending

Pacian

cotpuscle
ubculaneous | g*
1at
P

Figure 2.3. Nerve Supply To The Skin Of The Hand (104:8).

the fingers and palm, while Figure 2.4 depicts a schematic representation of the

hair-end organ.

When the human skin makes contact with an object, the free nerve endings in
the outer epidermal layer detect simple touch along with heat flow to and from the
object. The Meissner corpuscies detect normai force and textural detail of the
object’s surface: the Merkel disks detect shape, edges, and texture (104:8). The
Kraus corpuscles and Ruffini endings respond to temperature changes (104:9), while
the Ruffini endings also sense lateral skin stretching and the continual deformation
of the skin (45:2-3). The Pacinian corpuscles detect minimal vibrations. and thes
provide the hand with an added advantage in determining the object’s identity

(104:8). Table 2.1 provides specific information regarding several nerve endings.

The spatial arrangement of the skin’s touch sensors varies over the surface of
the skin. and as a result. the human can typicallv sense a minimum spatial
separation between two distinct points of approximately 2 mm on the fingertip. to
nearly 20 mm on the back of the fingertip. Unfortunately, the human’s touch
sensing capability is poor at determining absolute quantitics. but it is very

sensitive to changing quantities (104:10). For example. by simply pressing the
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Figure 2.4. Nerve Supply To The Hair Follicle (104:9).

fingertip onto the edge of a piece of paper lying on a table, it cannot be felt:

however. if the finger moves across the edge, the edge is easily detected.

[n simulating the human’s ability to touch. a robot should possess similar
characteristics in its touch sensing mechanisin. The specific definition of a tactile
sensor and the requirements. which ensuie that the sensor possesses at least the

sensing performance of the human. will be described next.

Tactile Sensor Definition

The ability to continuously sense the contacting forces excrted on an object
with an array of sensors can be defined as tactile sensing (553:3). Tactile sensing
refers to skin-like properties where arcas of fotce-sensitive surfaces are capable of
reporting discrete signals in a parallel fashion to a processing system (535:3).
Typically. tactile sensor sutfaces consist of two-dimensional distributed arravs
which are incorporated on thin. flexible substrates that are durable and compliant
(55:4).

When designing a tactile sensing sy stem which will enable robots to augment
the human worker. inspiration from physiological processes are frequently

investigated (7:13-16). In human tactile perception. the ability to discriminate two




Table 2.1. Characteristics Of Human Nerve Endings (104:8).

Nerve Receptive | Vibration Temperature | Stimulus

Ending | Field (mm) | Response (Hz) | Range (°C')

Meissner | 3 -} S-14 - Texture, Normal Force
Merkel |3 - 2 -32 - Shape, Edges. Texture
Pacinian | 10 64 - 400 - . Vibration

Ruffini |-~ 1 - 16 40 -+ Skin Stretch & Warmth
Kraus - - 1S - 10 Cold

simultaneous indentations with the fingertip is seriously degraded when the
interpoint distance becomes less than 2 mm. and it worsens to more than 20 mm
with respect to arcas located on the back of the fingertip (55:10). To realize a
similar resolution. each tactile sensor should incorporate a dense array composed of
discrete sensor elements, or taxels, which typically number from 25 (5 x 5) to 1021
(32 x 32). and are spaced less than 2 mm center-to-center. The surface
configuration of the array should best mimic the human touch sensing mechanisi.
being limited only by the particular geometric constraints offered by the particular
design and fabrication tools used to realize the tactile sensor. The array
configuration will help minimize tactile imaging time and enable the robot to
determine object orientation by detecting flat-surfaces. rounded corners. sharp

edges. ete. (35:11).

Observations of how humans recognize objects cuggests that it may be nseful
to sense other variables in addition to the force which is perpendicularly directed
relative Lo the sensor's surface (28:16). That is. a tactile sensor should possess the
ability to conform to a *fingertip” surface and sense both shear forces (slippage)
and temperature (9:13). The determination ol slippage will enable a robot 1o
handle flexible materials (wires or cloth) o1 grasp small conventional touls designed

for human use (screw drivers. hamumers, pliers. wrenches. etc.) (35:7.11).

The requirements for designing and building a tactile sensor correspond
directly to the intended application of the tactile sensor (9:18). As such. the
following requirements are the “ideal” requirements for a tactile sensor. and best
approximate or improve its touch sensing ability when compared to the human. .\
robots tactile sensitivity should ideally span 1 g to 1000 g with respect to each

array element, and a 1 g difference should be resolvable (9:18). Also. the sensor




should be able to tolerate excess force without suffering permanent damage. It
should also possess a fast response time (wide bandwidth), on the order of 100 Hz
(9:18). The sensor should manifest low hysteresis to facilitate correlating the
output responses with the applied forces in a reproducible manner which is
independent of any pre-load conditions (9:18). The touch senscr should be able to
pre-process collected data to relieve the central processing unit (CPU) of massive
data manipulations. This feature can be accomplished with distributed-logic arrass

and multiplexers (55:4).

There are several excellent books which describe the tactile sensing concept.
including the books by Staugaard (114). Coiffet (26). Russell (104). and Brady
(16). which can be supplemented with articles by Harmon (53: 56: 57). Regtien
(97). Barth (9). Dario (27). Fearing (39: 40: 41), Zheng and Fan (1.10). Rooks
(103), P. Allen (2: 3), Pennywitt {90) and Arbib (4).

To realize a tactile sensor. a selection from a multitude of transduction
technologies must be accomplished. Research into the various sensor technologies.
specifically. magnetostrictive, piezoresistive, capacitive, optical, ultrasonic. and

piezoelectric. continues.

Types of Taclile Sensors

There are two general types of tactile sensors: pure force sensors. which
transduce the direct application of a force into an electrically measurcable quantity
(for example. the piezoelectric and piczoresistive effects) and deflection sensors.
which measure a force-related dis -lacement {for example. magnetic. capacitive.
ultrasonic. and optical effects) (97:94). In this section. several types of tactile
sensors Will be discussed. First. magnetostrictive tactile sensors will be presented,
Next. piezoresistive tactile sensors will be described. The research on capacitive
tactile seasors will be presented. next followed by a description of the research
regarding optical tactile sensors. Finally. the principles of ultrasonic tactile sensing

and piczoelectric tactile sensing will be developed.

Magnetostrictive Taclile Sensors. A magnetostrictive inaterial is 2 material
which exhibits a change in its magnetic field as a result of being iafluenced Ly
external forces. Several magnetostrictive sensors have been developed exploiting

this material property, including rescarch conducted by Checinski (22). Clark 1214
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Figure 2.5. Magnetostrictive Tactile Sensor (129:100).

Vranish (129), Luo (70), and Hackwood (34). To demonstrate magnetostrictive

devices, a typical magnetostrictive tactile sensor will be discussed.

J. M. Vranish of the National Bureau of Standards designed a
magnetostrictive tactile sensor consisting of a thin-film magnetoresistive array with
a 64 element sensor covering a 25 mm by 25 mm square, where the taxel spacing
was 2.5 mm (129:110). All of the taxels were covered with a thin rubber sheet
containing a row of flat wires which were etched on a Mylar film. Figure 2.5
ilfustrates the magnetostrictive sensot configuration. The distance between the
wires and the taxels determined the ability to sense the deformation of the rubbert,
and thus. a load’s shape and weight. By using the magnetoresistive material, the
taxel detected small changes in the magnetic field surrounding the wires directly
above it (129:100). Any deformation of the rubber sheet which caused a wire to
move towards its correspending taxel produced a change in the magnetic field at
the ta.el. Thus, the magnitude of the load applied was proportional to the

magnetic field being measured (129:100).

This tactile sensor possessed characteristics which included a linear region of
operation which spanned 30 N/m? to 3000 N/m? {or equivalent loads spanning 2 g
to 200 g), and a resolution of 2.5 mm (129:108). The pressure range could be
shifted to a higher operating range by increasing the rubber’s stiffness. producing o
pressure range spanning 2 X 107 17/m* to 2 x 108 N/m? (or equivalently 1.27 kg to
127 kg)(129:108).




By utilizing special coatings, such as the rubber sheets discussed above,
magnetostrictive tactile sensors possess highly compliant properties, enabling the
sensor to operate over a wide range of forces. Unfortunately, the membranes whick
provide this compliant property tend to diffuse the load shape’s image, and this
feature tends to reduce the sensor’s overall shape resolution. Additionally.
magnetostrictive taxels could potentially detect stray magnetic fields surtounding

the tactile sensor, interfering with its operation (129:111).

Piezoresistive Tactile Sensors. A material which exhibits a change in
elcctrical conductivity (or resistivity) based upon the amount of pressure applied to
its surface is said to be piezoresistive. Piezoresistive tactile sensors incorporate this
principle in the design of the sensor as the transducing material. Several
piczoresistive designs have been pursued by Hillis (60), Eckerle (36), Podoloff (92:
93). Severwright (111), Sugiyama (115), Knittel (65), H. Allen (1), Roberston
(102), and Tise (120).

Typically, piezoresistive tactile sensors are composed of a grid of
piezoresistive compoaents (92:42; 111:27). In some designs, the rows and columns
themselves are fabricated from these elastic conductors, while in others, the
piczoresistive material is incorporated into the substrate of the tactile sensor
(92:12: 115:397). When an external {orce is applied to the grid, the resistance of
the crosspoints in the array changes as a result of the deformation of the sensor’s
surface. By sequentially applying a voltage to each row and measuring the curient
output of each column. the resistance between the rew trace and the column trace

can ne measured and related to the applied force (92:43; 115:397).

The piczoresistive tactile sensor illustrated in Figure 2.6 was fabricated by
Susumu Sugiyama. Ken Kawahata. Masakazu Yoneda. and Isemi Igarashi of the
Toyota Central Research and Development Laboratories, using a single-sided
silicon processing technique to produce microdiaphragm pressute transducets on a
silicon substrate (115:397). Since the entire structure of the sensor was planar.
MOSFETSs were incorporated into the integrated circuit design to provide taxel
output selection along with an in situ multiplexer (115:397). This sensor
incorporated a 32 by 32 element artay of polysilicon piezoresistors. which had a
spacing of 250 yum between discrete taxels. Each microdiaphragm size was 50 jun

by 50 pm (115:393). This sensor possessed characteristics which included a
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Figure 2.6. Tactile Sensor Utilizing Polysilicon As The Piezoresistive Element
(115:397).

pressure sensitivity of 2 mV /kg- cm? (or an equivalent load sensitivity of 0.025 g),
a resolution of 250 um, and a 60 Hz bandwidth (115:399-400).

Piezoresistive tactile sensors have promise; however, they suffer from several
problems which are inherent to piezoresistive materials. In particular, the
transducer could exhibit fatigue due to stresses, which occur at material

crosspoints where the piezoresistiv- material is located. (102:91-92).

Capacitive Tactile Sensors. Another technique which is useful for converting
force information into an electrical signal is the measurement of the changes in
capacitance across an electrode array. There are several research efforts in this
particular field. including designs by Chun (25). Wolffenbuttel and Reﬂtwn (135;
136: 137). Seekircher (109), Boje (13: 14), Muller (81), and Suzuki (116: 117).

To construct a capacitive tactile sensor. the initial (undeflected) displacement
between two parallel capacitor plates is measured. along with its corresponding
capacitance. A sinusoidal driving voltage is then applied to the sensor, and it is
switched to the appropriately selected, aluminum upper surface electrode. Then.
the change in capacitance is measured after a load is applied. This information
facilitates determining the degree of deflection bet “een the parallel capacitor
plates. and it can correspondingly be related to the applied force (109:317). Using
a matrix electrode structure, the array can be scanned. permitting the arrangement
of many capacitive taxels in a small area. because a capacitive transducer is formed

at the intersections of the striped electrodes (109:317).
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The capacitance, C,, of a single element with no mechanical load
(undeflected) will be equal to (136:144):

¢ = oA (2.1)
d,

where ¢, is the relative permittivity of the dielectric material.
¢o is the permittivity of free space.
A is the clectrode’s arca, and
d, is the distance (undeflected) between the electrodes with no externally
applied mechanical load.

With an applied load, the local deformation. d, — d = Ad. will cause a change in

capacitance equal to (136:144):

] ] Od
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where C, is the capacitance with no externally applied mechanical load,
¢r is the relative permittivity of the dielectric material,
¢o 1s the permittivity of free space.
A 1s the clectrode’s area,
d, is the distance (undeflected) between the electrodes with no externally
applied mechanical load.
d is the distance between the electrodes with an externally applied
mechanical load, and

Adis d, ~ d.

When d € d,. Equation 2.2 becomes (136:144):

where (', is the capacitance with no externally applied mechanical load.
d, is the distance (undeflected) hetween the electrodes with no externally
apphied mechanical load. and

Adisd, - d.

To illustrate a typical capacitive type tactile sensor. a design by N. Suzuki, N.

Najafi. and K. D. Wise from the University of Michigan will he presented. Thei
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Figure 2.7. Side View Of A Capacitive Tactile Sensor Fabricated On A Silicon
Substrate (116:675).

design consisted of a 32 by 32 element array configured on a silicon integrated
circuit (116:674). The integrated circuit included in situ CMOS circuitry which
provided a data acquisition system. The force-sensing capacitors are formed at the
intersections of the etched metal lines arranged on a glass substrate in conjunction
with highly doped (boron) silicon stripes. The glass substrate and each silicon strip
were electrostatically bonded. Each silicon strip was physically isolated from
adjacent rows of doped silicon to reduce coupling (116:674). Figure 2.7 illustrates

the cross-section of one of the imaging cells.

Each of the transducer elements in the array possessed a capacitance of 0.22
pl when unloaded. This particular sensor was linear over a relatively small
operating range from 0.025 g to a maximum load of 1 g. The taxel arrangement

enabled this sensor to possess a resolution of 0.5 mm (116:676).

Capacitive tactile sensors can exploit current silicon IC' fabrication processing
technologies to incorporate laige arrays on silicon substrates. They provide higl
1esolution and typically operate over large load ranges; however. several problems.
such as dielectric loss, dielectric stress due to overpressure, and parasitic
capacitance effects must be selved before a completely successful capacitive tactile

sensor is realized.

Oplical Tactile Scnsors. Optical tactile sensors utilize several transduction

techniques to convert applied force into an electrical response. Typically. they
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accomplish this by transducing force-induced variations in a propagating light's
path into an electrical signal. For example, a change in the detected light after the
application of a load corresponds to the strength of the electrical response. Several
optical tactile sensor research efforts include those by Regtien and Wolftenbuttel
(98), White (132; 133), Tsujimura (124), Schneiter (103), Rebman and Morris (96).
Jenstrom, Emge and Chen (37; 61), Begej (10: 11), Kanade (62). Togai and \Vang
(121), Schoenwald (106). Tanie (119), Mott (80), and Winger (134).

One type of optical sensor design has been patented by Richard M. White.
and it relies upon the frustration of internal reflections at a surface, which are
caused by the contact between an object and an opaque elastic film which rests on
the optical surface (133). A transparent plate is illuminated from one of its edges.
and as much light as possible is confined in the interior of the plate using reflecting
surfaces on the top and bottom surfaces. A thin elastic membrane is placed close
to, but not touching the with the transparent surface (illustrated in Figure 2.8).
"When an object is pressed against the top of the elastic membrane, the membrane
comes into contact with the transducing surface of the transparent plate and
frustrates the internal reflections at the sites where contact has occurred. The
degree of frustration can be detected by an array of optical sensors located next to
the plate (133). The signals detected, correlated with their spatial location.
provides information concerning the shape and size of the applied load. A similar
effect may be observed by looking vertically into a glass of water and noting the

disappearance of the “silver lining™ wherever the outer surface of the glass is
touched (133).

This concept has been incorporated into a tactile sensor developed by Stefan
Begej of the Begej Corporation. The design consists of a fingertip shaped sensot
and is illustrated in Figure 2.9 (11:481). The fingertip configuration possesses an
optical array of 256 image detecting taxels. This sensor is able to detect normal
forces between 0 and 400 g. has a resolution of 1 mm. possesses a frequency
response up to 200 Hz, and is virtually immune to all electrical interference

(11:481).

While optical transducers are impervious to clectromagnetic interference. the
optical detectors possess the potential for coupling between taxel signals. Also.
extensive support and data processing resource requirements must be reduced to

allow incorporation of this type of sensor into robotic technologies.
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Ultrasonic Tactile Sensors. Ultrasonic technology has been adapted to tactile
sensing in a variety of ways. The study of object recognition and proximity sensing
using ultrasonic waves provides a link in robotics between macroscopic motion and
microscopic motion by providing essential feedback to the control system
concerning the distance from an object and its size and shape. This method
typically uses ultrasonic acoustic ranging with pulse-echo detection in air, with
each object’s echo being unique with respect to its shape, distance. and size.
Proximity sensing has been studied by Kleinschmidt and Magori (64), Regtien and
Hakkestaeegt (99), Borenstein (13). Moravec (79). Ueda (127). Marsh (74). M.
Brown (18). Kuroda (67). Gehlbach (49). Miller (78). Tsujimura (124), Tone (122),
Higuchi (59), and Schoenwald (107; 108). While proximity sensing is not direct
touch sensing, it does represent a unique technology which has been adapted to the

tactile sensing application.

Grahn (52), Fiorillo (44). Squire (113), Ermert (38), and Park (86) have
developed methods for using piezoelectric materials in tactile sensors which utilize
ultrasonic means to detect object size, shape. and weight information. These
sensors typically use a pulse-echo ranging method to measure the change in the
thickness of a compliant. elastic pad whose surface is deformed when an object is
contacted (52:21-1). To demonstrate a typical ultrasonic tactile sensor. a design by

Allen R. Grahn and Lynn Astle from Bonneville Scientific will be discussed
(52:21-1).

The design consists of a metallized piesoeiectric PVDFE thin filru material
which has been etched on one surface to allow intimate contact between it and a
metal electrode array (52:21-4). Figure 2.10 illustrates an early version of this
sensor configuration. The array consists of a -4 by 4 matrix of metal clectrodes.
The most recent configuration of the sensor includes the 16-element array coupled
to the piezoelectric PVDF film which is protected by a silicone rubber coating. The
silicone rubber also acts as the ultrasonic wave transmission medium. This
particular device possessed a resolution less than 0.5 mm. and a linear pressure

range spanning 0.15 psi (0.013 g) to 300 psi (25 kg) (52:21-17).

The ultrasonic tactile sensors provide a robust and rugged device: however.
the protective coating typically used to passivate the sensor and provide the
transtnission media for the ultrasonic watves deforms rapidly. resulting in unreliable

responses to large loads. Also, the sensor possesses some degree of hysteresis as a
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result of the material deformation recovery properties inherent in the silicone

rubber used.

Piezoelectric Taclile Sersors. A piczoelectric tactile sensor is a device which
detects the electrical charge generated by a piczoelectric material under pressure.
When the geometry and material properties are considered, the resulting electrical
signal can be related to the magnitude of the applied force. To implement 2
piczoelectric tactile sensor, a piezoelectric material is required to serve as the
charge source; the specific material selection should be made to facilitate

cost-effective sensor fabrication (55:4).

One of the first piezoelectric tactile sensors atilizing a semiconductor
substrate was designed and patented by R. S. Muller in November 1967 (82).
Several piezoelectric tactile sensors have since been developed including those by
Dario (27; 28; 29; 30; 31), Lerch (69), Polla (94), Muller ((82; 83), Gao (47). Chen

(23), Bardelli (7), Kolesar, Reston. Ford and Fitch (63), Patterson (87), Pedotti
(89). Park (86). Brown (19), Ben’kova (12), Reston and Kolesar (101), Finch (43),
Tzou (126), De Rossi (33; 34), Swart-, (118), Barsky (8), Greeneich (53),
Voorthuyzen (128) Assente (6), and Gerliczy (50). Related investigations of
pyroclectric material properties and sensors include those by Muller (84), Miinch
(85). Mader (71), and Meixner (77).

One classic example of a piezoclectric tactile sensor developed by Paolo Dario
and Danilo De Rossi at the University of Pisa incorporates the piezoelectric
transducing properties of a polyvinylidene fluoride (PVYDF) film. The piezoelectric
PV'DF thin film is used as the transducing mechanism by attaching it to a metal
electrode array used to sample the charge generated on the surface of the sensor.
The sensor replicates the human skin by incorporating epidermal and detmal laycrs
of piezoelectric PVDF film, as illustrated in Figure 2.11. The authors indicate that
this particular tactile sensor design can he adapted for use in either flat grippers o

curved artificial fingers (28:50).

The sensor utilizes the epidermal layer to replicate the human skin receptor’s
ability to distinguish between cold and waim objects. The epidermal sensing
elements are backed by a thin layver of flexible. resistive paint connected to a
regulated power supply to raise the sensor’s temperature to 37°C. When the tactile

sensor contacts an object. heat flows from the resistive laver through the PV'DF
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Figure 2.11. Tactile Sensor Utilizing Layered Piezoelectric PVDF Films (28:50).

epidermal layer to the object, which changes the temperature of the epidermal
surface. The PVDF film, being a pyroelectric material. as well as a piezoelectric
material. generates charge proportional to the change in temperature. enabling the

sensor to detect the temperature of the object (28:50).

The dermal sensor array continuously measures the contact forces which are
distributed over a relatively dense array of taxels. Its electrode array is configured
to detect the geometrical features of objects. such as edges. corners. and
depressions. Morcover. due to its location deep beneath the surface of the sensor. it
possesses a small sensitivity lo temperature variations, which establishes a
temperature reference signal and cnables the sensor to distinguish between thetmal

variations and pressure variations in the epidermal layer (23:51).

Another piezoelectric tactile sensor design exploits the piczoelectric properties
of zinc oxide (Zn0) on a silicon substrate. The concept of utilizing materials which
can be directly incorporated into the fabrication process of silicon integrated
circuits is being pursued by D. L. Polla. W. T. Chang. R. S. Muller. and R. M.

White at the University of California at Berkeley (94:133). The design consists of a

2-19




Elastic Covering

p-Si Sutstraic

Figure 2.12. Piezoelectric Tactile Sensor Utilizing ZnO (94:135).

64-clement tactile sensor array composed of 1.0 gm thick sputtered ZnO
piezoelectric capacitors, each measuring 70 x 70 pm (Figure 2.12) (94:133). The
entire array is protected with a 5 um thick silicone elastic membrane coating. The
charge generated by the piezoelectric effect in the ZnO is detected by MOSFET
amplifiers. The amplifiers are NMOS transistors whose gate width is 66 pm, the
gate length is 2 um, and the resistive load is 1 kQ (94:134).

This sensor detects a linear response range spanning 5 g to 100 g with little
or no hysteresis: the output saturates at 350 g. and the surface of the sensor was
damaged for loads exceeding 300 g (94:134). The resolution of the sensor was

70 pm.

Advantages of the piezoeiectric tactile sensor inciude high durability.
conformity. linearity. low hysteresis relative to a wide range of load forces (0.8 g to
76 g (100:6-1)). and high resolution (less than I mm) (90:185). However. some
disadvantages include susceptibility to clectromechanical interference. and 1apid

charge dissipation inhibiting the response of the sensor to static loads (90:185).

Conclusion

The wide variety of transducing techniques used for tactile sensors have been
reviewed. Piezoresistive tactile sensors illustrated a technique for measuring
differences in a material’s resistance which correspond directly with the magnitude
of an externally applied force. Unfortunately. the piczoresistive material’s response
is typically limited by the magnitude of the applied loads, restricting this

transducing technology to a limited set of applications. Magnetostrictive
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transducing was a novel way to determine changes in applied loads by measuring
the change in a magnetic field using an electrode array: however, the magnetic
membrane typically used in the tactile sensor diffuses and dampens the shape and
weight of the applied load which resuits in lower resolution. Capacitive tactile
sensors are easily incorporated into large arrays on silicon integrated circuits. but
stray capacitance limits the reliability of the output signals. Optical tactile sensing
methods are impervious to external electrical interference: however, the external
instrumentation required to support the tactile sensors is extensive and will likely
limit this technology in robotic applications. Ultrasonic tactile sensors are indeed
rugged and robust devices. but the elastic membrane used to transmit the
ultrasonic waves typically deforms under large stresses. thus compromising its
sensing performance. The piezoelectric tactile sensor technology provides both an
electrical force sensitive response and a temperature response. Admittedly. the
susceptibility of piezoelectric tactile sensors to electrical interference and charge
leakage potentially restricts this transduction design technique, but the advantages
of simplicity in design, flexibility of material construction, and the ability to
i;icorporate the design onto a silicon integrated circuit, all combined with

temperature sensitivity, outweigh the disadvantages.

Before a detailed description of a piezoelectric tactile sensor can be
developed. a theoretical background of the piezoelectric effect will be presented. In
the next chapter. the piezoelectric theory. along with its interaction with the
pyroelectric effect. will be discussed. Different piezoelectric materials will also be

presented. illustrating the advances in material technology over the course of time.
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III.  Piezoelectric and Pyroelectric Phenomena

Introduction

Definition . [ Piezoelectricity and Pyroelectricity. Before a description of the
piczoelectric phenomenon is developed, a definition of piczoelectricity is presented.
along with a discussion of the various piezoelectric material properties. Walter

Cady defined piezoclectricity as follows (20:1):

A piezoelectric crystal may be defined as a crystai in which “electricity”
 “electric polarity” is produced by pressure (more briefly, as one that
becomes electrified on squeezing) or as one that becomes deformed
when in an electric field. The first two definitions express the direct
effect, while the third expresses the converse effect.

This definition states that piezoclectricity has two properties, the direct
effect, that of transducing mechanical stress into an electric field, and the converse
effect, that of transducing an electric field intv a mechanical deformation of the
material. For a material to be piezoelectric, the substance must exhibit both of
these pioperties. Within a piezoelectric matetial. the polarity of the surface charge
can be changed if the external force is applied in the opposite direction (76:141). For
example, if *he initial charge on the surface is positive while the external force is
applied to “push on™ the surface, a negative charge will be generated when the
external force “pulls on™ the surface. Similarly. the deformation of a piezoelectric
material will occur with an externall: applied electric field. If, for example, the
material contracts  ~der the application of an external electric field. it will expand

correspondingly when the polarity of the electric field is reversed.

Piczoelectric materials exhibit vatious. interrelated phenomena occurring
together or selectively in a material. One of these properties is called the
pyroelectric effect. Pyroelectricity. as the name suggests. describes the ability of
the material to generate chaige on specific crystal surfaces in direct proportion to
the external temperature (20:4). When the material is subjected to temperature
vatiations. the internal strain of the material induces charge (and thus. a voltage
potential) between its surfaces. Many piezoelectric mnaterials exhibit significant.

prroelectric effects.
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Scope. To appreciate piezoelectric tactile sensors. the piezoelectric effect will
be developed to include the inherent pyroelectric properties. To begin the
discussion, a briel history of piezo- and pyroelectricity will be provided. beginning
with the discovery of piezoelectricity in 1880, and its continued evolution which has
resulted in new piezoelectric polymers that are being applied in a variety of
practical technologies. Next. the critical theoretical issues will be developed.
starting with a microscopic description of piezoelectricity using the dipole theory to
illustrate how external forces affect the polarization of a piezoelectric material.
Since the piezo- and pyroelectric properties of bulk materials are difficult to
describe using a microscopic theory. a macroscopic description of the piezoelectric
and pyroelectric effects will be presented. and the emphasis in this approach will
focus on the concepts of stress and strain. An explanation describing how these
two quantities interact to generate the charge within a piezoelectric material due to
both an applied force and an external temperature gradient will be presented.
-Finally, a brief discussion of various piezoelectric materials will be presented,

including Rochelle salt, quartz, barium titanate (BaTi03), and polyvinylidene

fluoride (PVDF).

History of Piezoelectricity

[n the carly 18th century. Dutch merchants purchased tourmaline crystals
from Ceylon. Europeans noticed a peculiar phenomenon associated with these
crystals - when placed in hot ashes, the crystals attracted the ashes, and, as the
crystals cooled, they repelled the ashes. This crystal was nicknamed the “Cevion
Magnet”™. In 1759, Lord Kelvin postulated the first scientific theory {or this effect.
and in 1824, Brewster experimented with tourmaline and Rochelle salt. which botlh

exhibit this phenomenon, and he described them as pyroelectric (20:1).

In 1830. Jacques and Pierre C'urie suspected a relationship between the
pryroelectric phenomena and piczoclectricity. Several pyroelectric materials were
selected as candidate piezoelectric specimens. and cach material’s piezoelectric
properties were investigated. The Curies discovered that each cryvstal. when
compressed in specific directions. generated a positive and negative charge on
particular surfaces. They noticed that the amount of charge was proportional to
the pressure. and that it dissipated when the pressure was removed. Also. they

were able to predict the specific direction the pressure should be applied to

3-2




generate the charge, and to which crystal classes the eflect was anticipated (20:2).

In their paper describing the piezoelectric phenomenon, they stated (20:2-3):

Those crystals having one or more axes whose ends are unlike have the
special physical property of giving rise to two electric poles of opposite
signs at the extremities of the axes when they are subjected to a change
in temperature: this phenomena known under the name of
pyroelectricity. We have found a new method for the development of
polar electricity in these same crystals, which consists of subjecting
them to variations in pressure along their hemihedral axes.

The converse piezoelectric effect was not observed by the Curie brothers:
however. in the following year, Lippmann published a paper describing the
application of thermodynamic principles to reversible processes involving electiic
quantities (20:4). He treated the special cases of pyroelectricity and
piezoelectricity, asserting there should exist a converse phenomenon corresponding
to each of these effects (20:4). The Curies experimentally verified the converse

effect that same year (20:4).

Many theories developed during the ensuing vears, and in 1910, a German
crystallographer. Woldemar Voigt, wrote Lehrbuch der Kristallphysik (20:3). This
monumental book developed a piczoelectric effect theory which combined the
elements of crystallographic symmetry with elastic tensors and eclectric vectors. e
clarified which of the 32 classes of crystals were piczoelectric, and he defined the
piezoelectric constants for each of these classes (20:5). Subsequently. this book
became the “bible™ for scientists in this field. and today. it is recognized as the

foundation of the macroscopic description of piezoclectricity (20:3).

During World War 1. Langevin conceived the idea of electrically exciting a
piece of quartz which was plated with clectiodes to serve as an underwater acoustic
wave emitter (20:5-6). When excited with a high frequency (HF) clectric field. the
quartz crystal generated HF sound waves (via the converse piezoelectric effect).
The quartz could also be used (via the direct piezoelectric effect) to detect the
reflected HF sound waves. This technology soon emerged as the method for

locating immersed objects. such as submarines, and for exploring the ocean’s
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bottom. For the development of this application, Langevin became the founder of

the field of wltrasonics (20:5).

Other piezoelectric experiments were undertaken during WWI. In 1918.
Walter Cady used Rochelle salt crystal plates in underwater signaling. and
examined the electrical behavior at frequencies close to the piezoelectric material’s
mechanical resonance (20:6). As a result of these experiments, Cady was able to
develop the piezoelectric resonator. studying its various uses as a frequency
stabilizer, oscillator, and filter. Cady first experimented with Rochelle salt;
however, its material propertics did not lend themselves well to a changing
environment (hvgroscopic effect). and quartz was soon found to be the most
suitable material (20:6).

By World War II, quartz resonators revolutionized communications
equipment. During the war, over 30 million quartz crystals were used in
communications equipment. Because of the potential to deplete this natural
resource, new piezoelectric materials were studied and developed. One of the
materials discovered was barium titanate (BaTiO3z). This material was fabricated
as a ceramic, rather than as a crystal. To make this ceramic piezoelectric, it was
polled with a large electric field at a temperature just less than the material’s Curie
temperature. This process induced a change in the molecular structure’s
orientation such that the material formed macrosopic dipoles, and a subsequent
macroscopic polarization when stressed (33:93). Other materials were developed
during the 1950°s in an effort to replace quariz in communications equipment.
including synthetic crystals, such as cthylene diamine tartrate (EDT). lead
zirconate titanate (PZT) and dipotassium tartrate (DKT) (73:78). The
piezoelectric. as well as the pyroelectric. characteristics of each of these materials
has been thoroughly exploited. enabling 1escarchers to develop new transducers.

including temperature. pressure. and chemical sensors.

Over the next few decades. several new materials were developed as cost
effective alternatives to BaTiO;. and in 1969. a radically new technology was
discovered (31:1). That is. Kew.w iscovered and measured the piczoelectric effect
in a polymer called polyvinylidene fluoride (PVDF). The prospect of using a thin
polymer film as a piczoelectric or pyroclectric transducing material appealed to
many scientists and engineers. In the past two decades, the ability to apply this

polymer to numerous engineering applications has slowly increased: however. one
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Figure 3.1. Spatial Configuration Of A Generalized Electric Dipole.

limitation associated with this particular piezoelectric polymer is its inability to
generate and maintain sufficient charge wheun stressed (95:119). As a result of this
limitation. thicker films have been developed which provide sufficient charge
generation. These advances have made the piezoelectric PVDFE thin films cost

eiffective competitors with the piezoceramics as transducing materials (413:208).

Microscopic Description of Piczo- and Pyroelectricily

For simplicity. the piezoelectric and pyroelectric phenomena can initially be
modelled by considering a microscopic-level dipole arrangement. The strain
induced by an external force or a temperature gradient changes ihe orientation of
the microscopic atomic dipoles within the material. and thus. the internal
polarization of the material. This theoretical development will provide a
background for the concepts of dielectric polarization and its relationship to

polarization and piczo- and pyroelectric effects.

From fundamental electromagnetic theory. an clectric dipole is an entity
composed of two oppositely charged regions of equal magnitude (+q and -q)

separated by a distance. s (Figure 3.1) (66:35). The potential (V) of the positive




charge (+q) measured at an arbitrary reference point W is (66:35):

V) = (3.1)

- 2
47 eeCory

where gs is the magnitude of the electric dipole moment (C-m).
¢ is the relative permittivity of the medium (dimensionless).
¢o is the permittivity of free space (F/m), and
ry is the distance measured from the positive charge to point W (m).

The potential (V3) of the negative charge (-q) at point W is (66:35):

v, = (3.2)

H 2
1wer€ors

where qs is the magnitude of the electric dipole moment (C-m).
¢ is the relative permittivity of the medium (dimensionless),
€o 15 the permittivity of [ree space (F/m), and
r is the distance measured from the negative charae to point W (m).

The net potential (V) at point W is the linear superposition of the two potentials
or (66:35):
Ve ——(—=—) (3.3)
Imgep 1y 1

where gs is the magnitude of the electric dipole moment (C-m).

¢ is the relative permittivity of the medium (dimensionless).

¢o is the permittivity of free space (F/m). and

r; and ry are the distances measured from the positive and negative charge,

respectively, to point W (m).

If v is defined to be the distance measured from the center of the dipole to

point W, then (66:36):

- scosd (3.4)
ry =i— 5 1),
and 0
SCOos .
vy =rd = (3.5)

xhere r is the distance measured from the center of the dipole to point W (m).
s is the distance between charged particles (m). and
f# is the angle between the axis of the dipole and r.
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Therefore, if point W is located a large distance away from the dipole (compared to
the charge separation distance, s). then r is nearly parallel to r; and rz, and the
potential (V) at point W due to the dipole is (66:36):

. qs
V= ——s
dmepCor

cosd (3.6)
where qs is the magnitude of the electric dipole moment (C-m),

0 is the angle measured with respect to the z axis (degrees),

¢ is the relative permittivity of the medium (dimensionless),

¢o is the permittivity of free space (I'/m). and

r is the distance measured from the center of the dipole to point W (m).

By using the spherical coordinate system. a simple description of the electric
field generated by the dipole artangement can be developed. Using the center of
the dipole as the center of the spherical coordinate system, the electric field can be
found using E = =V'V or (66:35):

qs

E = (——=)[F2cos0 + 0sin ] (3.7)
457 €cCor

where gs is the magnitude of the electric dipole moment (C-m),
0 is the angle measured with respect to the z axis (degrees).
¢, is the relative permittivity of the medium (dimensionless).
¢o is the permittivity of {ree space (I'/m). and
r is the distance measured from the center of the dipole to point W (m).

However. many of the equations which desciibe piezoelectric materials use the
rectangular coordinate system. Using the sphetical coordinate system described in
Figure 3.1. the electric field in rectangular coordinates is (91:2.6):

qs

E=(

— )[&3cos Osinfsino + ¥3cosdsin 0 cos o + 23 cos? 0]
Cdwecort !
AT o

—,
-
-

o

where gs is the magnitude of the electric dipole moment (C-m).
0 is the angle measured with respect to the z-axis {degrees).
@ is the angle measured with respect to the x-axis {degrees).
¢ 1s the relative permittivity of the medium (dimensionless).
¢y is the permittivity ¢f free space (F/m). and
ris the distance measuied from the center of the dipole to point W (m).
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(a)

Figure 3.2. Model Of An Atom: (a) Without An External Electric Field Present.
And (b) The Resulting Atomic Dipole After An External Electric Field
E Is Applied (66:60).

When an ideal dielectric material is positioned in an externally applied
electric field. there is no migration of charge: however. there is a slight
displacement of the negative and positive charges in the atoms composing the
dielectric material (66:59). As illustrated in Figure 3.2, cach polarized atom can be
modelled as an electric dipole. where the positive point charge represents the
nucleus of the atoni. and the negative point charge represents the electron cloud
{66:39). In the absence of an externally applied electric field. the point charges do
not form a dipole (Figure 3.2a): however. under the influence of an externally
applied clectric field. the positive and negative charges migrate slightly to form a

dipole arrangement (Figure 3.2b).

An electric dipole moment vector. p. can be defined as the vector pointing
from the negative to the positive charge with magnitude gs and in the direction of
s {Figure 3.1). .\ polarization vector. P. can then correspondingly be defined as the

dipole moment per unit volume (33:106):

e Zibi _ Ipi
P = L\l.vl:n—}u Av ()_\

(3.9

where v is the volume. and
p is the dipole moment.

|
|
o



The polarization vector (P) and the externally applied electric field vector

(E) can be related by the following Equation (88:111):
P = éo\cE (310)

where ¢g 1s the permittivity of free space.
\¢ 18 the electric susceptibility (a scalar quantity). and
E is the externally applied electric field vector.

Unfortunately. since v, is a scalar quantity. Equation 3.10 is only true for
homogencous. isotropic. and linear materials. Piezoelectric materials are
anisotropic. and consequently. the electric susceptibility is a tensor quantity. This
tensor quantity will be referred to as \.s to distinguish it from the scalar electric
susceptibility \.. \es possesses nine terms which relate the three electric field
vector components to the polarization vector components. Therefore, for
piezoelectric materials. the polarization vector and the externally applied electric

~ay

field vector are related as follows (131:173):

P, A1 2 \as E,

P, | = X211 X22 X23 E: |- (3.11)
Co

Ps 31 X232 \33 Es

tn this format. Py, Py and Py represent the polatizaiion vector components i ihe
x-. v-. and z-directions. respectively. The first subscript on the electric
susceptibility tensor. \.s. indicates the resulting polarization’s direction. and the
second subscript corresponds to the externally applied electric field vector's
direction. Finally. E,. Ea. and Ej represent the electric field vector components in
the x-. v-. and z-directions. respectively. A more compact representation can be

expressed as;
PE = (O\vs‘E (312‘

where Pg is the polarization vector resulting from an externally applied electric
field vector.
co is the permittivity of free space.
\.s is the electric susceptibility tensor. and
E is the externally applied electrie field veetor.
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Piezoclectric materials, being dielectrics themselves, can be described by the
above equations; additionally, they possess properties which can be related to the
external forces applied to them. According to Walter Cady. if a crystal is not
piezeelectric, the crystal possesses a center of inversion which maintains a
symmetrical charge distribution even under stress, and hence, a net polarization
state is not produced (20:11). Figure 3.3 illustrates a planar distribution of charges
where. in the plane. the polarization is equal to zero. If a force. F. is applied in this
plane. the crystal distorts, but the charges within the crystal maintain a
symmetrical physical arrangement, and thus do not produce a polarization.
However. if the material is piezoelectric. the crystal develops an internal
polarization state because its crystal class lacks a center of inversion. and
consequently. the external forces distort the crystal symmetry (Figure 3.4) (20:11).

To illustrate the generation of a polarization vector resulting from an externally
applied force. a crystal with trigonal symmetry will be analyzed (Figure 3.5). With
no external forces apptied, the net polarization within the structure is zero. and 1t
is illustrated in Figure 3.5a. However. as illustrated in Figure 3.5b. when a
sufficiently large force is applied to the external surface of the crystal, it cavses a
slight distortion of the crystal lattice. This distortion changes the angle between

the charges. creating a net polarization in the y-direction. such that:
P = p; + p2 + ps. (3.13)

Using rectangular coordinates. and with the distance between charges (i) defined as

one unit length. then:

pr = q0.0%+1.0y) (3.14)
p2 = q{0.91% = 0.42¥) 3.15)
pz = q(-091% - 0.42y). {3.16)

vielding a net polarization of:

P = q{0.0% + 0.16¥). (3.17)

A similar distorting effect ocenrs when the piezoelectric material is subjected to an

externally applied electrie field.
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Fignre 3.3, Crystal With A Cenier Of Inversion (a) Before The Application OfF A
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Figure 3.4.  Crystal Without A Center Of Inversion (a) Before The Application Of
A Force And (b) After The Application Of A Force.

(a) (b)

Figure 3.5, Exampie Of A Crystal With Trigonal Svinmetry (a) Before The Appli-
cation Of A Foree And (b) \lter The Application Of A Force.
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Unfortunately, the microscopic dipole theory tends to be unwieldy when an
attempt is made to describe macroscopic piezoelectric crystals and their
relationship to externally applied forces. Therefore, the development of an
alternative description of the piezoelectric phenomenon is in order - the
macroscopic description. In the textbook Piczoelectricity, Walter Cady illustrated
the difficulty in using the microscopic theory to describe the piezoelectric

phenomenon (20:731):

In spite of the fact that molecular or atomic theories of piezoelectricity
began to appear very soon after the ("uries discovery, a satisfactory
theoretical treatment of the phenomenon can hardly be said to have
passed the initial stages. The resources of modern lattice dynamics are
still unequal to the task of predicting anything better than a rough
approach to the order of magnitude of the piezoelectric effect. even for
the simplest structures.

Macroscopic Description of Piczo- and Pyroclectricity

In 1910. Woldemar Voigt developed a method for describing and analyzing
piczo- and pyroelectricity (20:1). This method depends signincantly upon the
mechanical engineering concepts of stress and strain. and relates them to the
material’s internal polarization. These relationships form the foundation for a
macroscopic description of the piczo- and pyroelectric phenomena. To develop this
theory. a brief review of stress and strain will be presented. and then. the evolution
of the piezo- and pyroelectiic equations will be discussed. The direct piezoelectric
eflect requires that mechanical energy can he proportionately comverted to electiical
energy. and the converse piezoclectric effect describes the inverse process (20:4).

Stresses. strains. and piezoelecitic constants determine how the energy is converted.

Voigt's system of designation relates the electric field and polarization vectors
1o stress and strain vectors. His system uses o rectangular coordinate system where
the x-. v-. and z-directions are designated by the digits 1. 2. and 3. respectively.
Elastic compliance coefficients. stiffness coefficients. electric susceptibilities. and
piczoclectric constants are double subsciipted to indicate directions. where the first

subscript identifies the resulting ditection. and the second subscript identifies the
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Figure 3.6. Stress System: (a) Compressional Stress. (b} Extensional Stress. And
(c) Shear Stress.

impressed force’s direction. Stresses. strains. electric fields and polarizations are
identified with a single numerical subscript to identify the applicable rectangular

coordinate system axis (91:2.11}.

Stress and Slrain. Stress is defined as the force per unit area or the change
force per unit area change (5:2). and it is a tensor quantity composed of one or
more pairs of equal and opposite forces per unit area (20:43). Stress consi.ts of two
components: normal stress. which acts perpendicular 1o a given surface {also
referred to as extensional and compressionali. and sheat stress. which acts paraliel
to a given surface (3:2). Each of these stresses s illustrated in Figure 3.6. The
notation used to describe the stress sastem can be convenienddy depicted using the

rectangular coordinate system in Figure 3.7, compressional and extensional stiess.
and N¢. N, Yo Yoo Zg. and Z, are used to denote the shear stres where the
direction of the applied force is identificd by the upper case letter, and the subscript
defines the direction of the normal to the sar ace upon which the foree acts {20:175.

Consider an infinitesimally small rectangular parallelepiped with edges dx.
dy. and dz parallel 1o the coordinate axes. and depicied in Figure 3.3, Since the

rarallelepiped i= sinalll the forees acting on it can be thought of as uniform, am
I
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Figure 3.7. Stress Directions.

represented as the average of the loads applied in the center of their areas of
application (33:12). If the forces per unit volume resisting the external application
of force are designated by R. S, and T (and correspond to the forces per unit
volume in the x-, y-, and z-directions, respectively), then the following equations
apply (35:12):

Y Fe=0 (3.18)
Y Fy=0 (3.19)
S F,=0 (3.20)
S My =0 (3.21)
S My =0 (3.22)
S M, =0 (3.23)

where F are the forces in the x-direction,
Iy are the forces in the y-direction,
[°, are the forces in the z-direction,
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Figure 3.3. Small Parallelepiped Used To Establish The Equations Of Equilibiiumn.
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M, are the moments whose axis is parallel to the x-direction,
M, are the moments whose axis is parallel to the y-direction, and
M, are the micments whose axis is parallel to the z-direction.

(35:12):
— A .
Yy o= (X + —=—dx)dz —- X, 2 3.24
e (Xx+ e dx)dz - X, dy dz (3.24)
+(X, + ?ﬁ dy)dxdz — Xy dxdz
) . Oy R
+(X, -+ -(2—\—' dz)dxdy = X, dxdy
Jz

+Rdxdydz = 0.

Equations for Fy and F, can be found in a similar manner. After canceling

terms and dividing by dx dy dz. the following equations are found (35:13):

OX¢ Xy 09X,

: R = 3.25
&).\’_*.é)y_%-&?z-*-1 0 (3:29)
oY, IY, 9Y, y e

. v _ 3.2
(7.\'+t)yTaz o ! (5:20)
OLe (x Thuyqp 2y, (3.21)

ox oy |z
These equations describe the applied forces pet unit area of the parallelepiped.
and they apply throughout the entire structure of the material (35:13).

Since the parallelepiped is in equilibrium, then Equation 3.21 becomes

(35:13):

27,
SSM, = Zedsdady/2 b (% + %:‘-cly)dx dzdy /2 (3.28)
A aY.
=Y dxdydz/2 = (Y, + 3 2 dz) dx dy dz/2 = 0.
Z
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The equations for the moments about the y- and z-axes can be found in a similar
manner. Equation 3.28 becomes (35:13):
/A ay,

T+ —2dv/2 =Y, —
Y dy ¥/ © Oz

dz/2 = 0. (3.29)

Since the parallelepiped is small, the terms involving the differentials can be

neglected as compared to the terms Zy and Y ,, and (35:13):
Zy =Y, (3.30)

where Z, is the shear stress in the z-direction along the plane
whose normal is in the y-direction. and
Y, is the shear stress in the y-direction along the plane
whose normal is in the z-direction.

In a similar manner. the remaining moment equations give the following results:
Xy =Yy, and X, = Z, which simplify the mathematical representation that
describes the stress system (35:14). A common way to represent the six remaining
stress components is to use the X, notation. where i is an integer ranging from 1 to
6. Hence. X; = Xy is the normal stress in the x-direction; X2 = Yy is the normal
stress in the v-direction: X3 = 7Z, is the normal stress in the z-direction. Since the
shear stresses are in equilibrium. Ny = Y, =Z,. A5 =X, = Z,. and Xg = X; = Yy
(20:47).

Strain is defined as the deformation which a body undergoes during stress
(5:8). For example. if a block is acted upon by a force (F'). any subsequent
deformation is regarded as the induced strain. Similar to stress. there are two ty pes
of strain, normal and shear. Normal straiu is defined as the ratio of the
deformation of the material. 8. to the original length of the material. L. or { . as
illustrated in Figure 3.9a (5:9). Shear sirain is defined as a force acting parallel to
the surface of the object. For example. duting the application of a shearing force. a
small angl- of deflection. denoted by ~. is formed. The shear strain. at small

. . < . e -~
deflection angles. can be approximated by 5 = tany = £ (Figure 3.9b) (5:9).

Similar to the stress system. the strain system is desceibed by six components.
Ng ¥y+ Zge Voo Zy. and X, (20:47). In this notation. Xy, vy. and z, are the extensional

or compressional strain components (positive for extensional and negative for
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Figure 3.9. Two Types Of Strain: (a) Normal, And (b) Shear (5:9).

compressional), and y,, zy, and x, are the shearing strain components (20:47). To
simplify the mathematical representation of strain, the x, notation is commonly
used, where i is an integer ranging from 1 to 6, and hence x; = Xy, X2 = yy. X3 = 2,.
Xa = ¥uy X5 = 2, and Xg = X, (20:47). Strains can be related to displacements as
follows: if the undisturbed coordinates of a point are x, y, and z, and u. v, and w
describe the displ> .uent of thi. iat as the result of strain, the new coordinates
of the point are {x + u), (y + v}, and (z + w). Figure 3.10 illustrates the effect of

positive strains occurring in the x-, y-, and z-directions. Consequently (20:273):

X = % (3.31)
Xp = 3—: (3.32)
X3 = %\/l (3.33)
X; = %l\v- + % (3.3:1)
G = Mo (3.35)

d7 ' Ox
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Figure 3.10. Strains In The x-, y-, And z-Directions (91:2.16).

v du -
Xe¢ = — 4+ —. 3.36
Ix Oy (3:36)
Stress and strain can be related by Hooke’s Law. That is (20:49):

Xy = cuXy+ e + caXs 4 ¢uXq + C15X5 + CigXe (3.37)
No = Xy 4 C2oX2 + €23X3 + C24Ny + C25N5 + C26X6 (3.38)
N3 = ¢3Xy + CXae + €33X3 + C34Xq + CasXs + C36X6 (3.39)
Nt = cnXy 4 ceNo + €i3Xa F CuNg + CasXs + CagXNe (3.40)
X_-', = C51X) + C52X9 F C53Ng -+ Ca4Nq + C55X5 + C56XNg (3-”)
Ne = CaN) + CaX2 -+ CpaXa + CoaXy + Co3Xs + CosXe- (3.42)

where ¢y1. ¢12, etc. are the stiflness coefficients, and the first subscript corresponds
to the .esulting stress component’s direction. and the second subscript corresponds

to the induced strain component’s direction. In equivalent matrix notation,
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X, Cit G2 G3 Cuu G5 Ce Xi
r
A2 C21 C22 C23 C2q4 C25 Cp6 X2
X3 €31 C32 €33 €34 C35 Ca6 X3 _
- . (3.43)
X‘l Cqr Cy42 Cu3 Cyq4 Cys Cyo X4
X5 Cs1 G352 C33 Cs4 Cs5 Cse X5
| N6 | |1 Ce2 Co3 Cot Cos Cos | | X6 |
In vector notation. equation 3.43 becomes:
Xstrain =X (3-’[‘1)
where Xgirain 18 the stress vector resulting from an applied strain vecior.
¢ is the stiffness coefficient, and
x is the strain vector.
Similarly, strain can be defined as (20:49):
Xi = suXiy +s12Xs +513X3 + 514Xy +515Xs5 + 516X6 (3.45)
Xo = saXj +522Xo + 523X3 + 524Xy + 525X + 526X6 (3.16)
X3 = s;:iN) + 532X + 533X + 534Xy -+ 535X + 536Xs (3.47)
Xy = S,nX| -+ S.;QXQ + S,;;;Xs + S.HX.; - S‘|5X5 + Sq(;X(; (3!8)
Xs = S51X1 T Ss2X2 + S53R3 + Ssaka -+ 555K5 + Ss6X6 BRE)
X¢ = seiXi1+ S62XN2 + se3Xs + 564X + 565X5 + 566X6 (3.50)

where ;1. 512, etc. are the compliance coefficients, and each provide a relationship
between an imposed stress vector. X. and the resulting strain vector. x. The first
subscript corresponds to the resulting stiain component’s direction, and the second
subscript corresponds to the applied stress component’s direction. In vector

notalion.

Xstress = SX (3.51)

where Xgiress is the strain vector resulting from an applied stress vector.
s is the compliance coefficient. and
X is the applied stress vector.




Piczoelectric Equations. While the stress and strain relationships developed
above are valid for both piczoelectric and non-piezvelectric materials, piezo- and
pyroelectric effects must be modelled using additional relationships. These
equations will describe the generation of the polarization, strain, or electric field
induced within a piezoelectric material due to an externally applied stress or

electric field.

The converse piezoelectric effect can be described by considering a material
which is positioned in an externally applied E field (with the ap lied stiain equal

to zero) and developing a relation to express the resulting stress. That is (20:187):

Xi = enlk +enk; +esks (3.52)
Xo = enk) +enks+exnks (3.53)
Xz = el +enk + enks (3.54)
Xy = enl) + ek +enks (355)
Xs = e56; +esnls +esks (3.56)
Xe = eabi +eabs + eglis. (3.57)

The electric field components Ey. E,. and E; only possesses three degrees of
{reedom and correspond to the x-. v-, and z-directions, respectively.
Correspoudingly. epy. ey, ete. are the piezoelectric stress coefficients. where the
first subscript corresponds to the resulting stress component’s direction. and the
second subscript corresponds to the induced electric field component’s direction. In

vector notation.

XE-fieta = eB (3.58)

where Xg-fiela is the resulting stress vector when the applied strain vector equals
zero,
e 15 the piezoelectric stress coefficient, and
E is the applied electric ficld vector.

The strain resulting from an externally applied electric field can be described
by (20:183):




X1 dn By + d2Es 4+ dizEs (3.59)
X2 do By 4 doo s 4+ doysEs (3.60)
X3 = dyE; + dyaEy 4+ dasBs (3.61)
Xg = dgky + dpEs + digks (3.62)
x5 = dsiEp 4 dso By 4 dsals (3.63)
x¢ = dal + de2Es + desks. (3.64)

where d;,. dj2, etc. are called piezoelectric strain coefficients, and the first subscript
corresponds to the resulting strain component’s direction, and the second subscript

crrresponds to the induced electiic field component’s direction. In vector notation,

XE-field = dE

(3.65)

where Xg_geld is the resulting strain vector when the applied stress vector equals
2Cr0,
d is the piezoelectric strain coefficient, and
E is the externally applied electric field vector.

To determine the overall stress resulting from both a strain and an electric
field, the linear superposition of Equation 3.41 and Equation 3.58 becomes (20:185):

X = Xirain + XE—field (3.66)

or

X=cx—¢cE (3.67)

is the stiffness coefficient.
is the applied strain vector.
e is the piezoelectric stress coefficient, and
E is the externaily applicd electric field vector.

where X is the resulting stress vector.
C
X

The overall strain can be found [rom the linear superposition of
Equations 3.51 and 3.65 (20:135):

X = Xatress -+ XE-field (3.63}




or
x=sX+dE (3.69)

where x is the resulting strain vector,
s is the compliance coeflicient,
X is the applied stress vector,
d is the piezoelectric strain coeflicient, and
E is the externally applied electric field vector.

To describe the direct effect, the polarization due to an externally applied
stress or strain will be discussed "Vhen an external stress is applied to the
piezoelectric material (assuming tue electric field is zero), the following scalar

equations describe the system (20:187):

Pr = dnXy +di2Xo + diaXs + dia Xy + dis X5 + d16X6 (3.70)
Py = daX) 4 dooXo + daaXs + daa Xy 4+ dos X + doeXe (3.71)
p3 = d3|X1 -+ (132)(2 + (l33X3 4 (‘3.;}{4 -+ d35X5 -+ (lgGXG. (372)

The polarization, P, P2, and P3 only possesses three degrees of freedom, and thev

correspond to the x-, y-, and z-directions. respectively. In vector notation.

Pstress = dx (}73)

where Pgtress 1s the polarization vector due to stress when the externally apolied
electric field vector is zero.
d is the piezoelectric strain coefficient. and
X is the applied stress vector.

The polarization vector resulting from an applied strain. in the absence an

externally applied electric field, is (20:137):

Py = enx) + epaxas + ejaXg + e1aXy + €15Xs + eipXe (3.74)
P2 = eaxy + eaXa + ea3X3 + e24Xy + €255 + €26%6 (3.75)
Py = egx; 4 €398 -+ easXa + e33X, + €35X5 -+ CapXNs (3.76)




-

In vector notation,
Pstrnin = ex, (377)

where Pggrain 18 the polarization vector due to an applied strain when the
P externally applied electric field vector is zero,
e is the piezoelectric stress coefficient. and
x is the applied strain vector.

As a result of an externally applied electric field and an externally applied

stress, the polarization becomes (using Equations 3.12 and 3.73) (20:183):

-1
[0 2]
A

Ppiezo—-l = PE-ﬁeld + Pstress (3 '

or
Ppiezo-l = \stressB5 +dX (3.79)

where Piezo—-1 18 the resulting polarization vector due to an externally applied
electric field vector and an applied stress,
\stress 18 the dielectric susceptibility tensor neglecting effects of the applied
stress.
E is the externally applied electric field vector,
d s the piezoclectric strain coefficient, and
X is the applied stress vector.

The direct effect can also be described by relating an externally applied electric
field and strain (defined by Equations 3.12 and 3.77) (20:183):

Ppiezo—'z = PE—ﬁeld + Pstrain ‘ ; (380)
or
ppiezo-2 = \strain b + €X (3.81)

where Ppiez0-2 1s the resulting polarization vector due to an externally applied
electric field vector and an applied strain vector,
\strain 15 the dielectric susceptibility tensor neglecting effects of the applied
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strain,
E is the externally applied clectric field vector,
e 1s the piezoelectric stress coefficient, and
X is the applied strain vector.

To find the electric field, strain, or stress generated by an applied strain,

stress, or polarization. the {ollowing equations are used (20:258):

P : '
Xstress
E = —-hx+ (3.83)
Xstrain
x = sX+¢gP (3.84)
X = cx—hP (3.85)

where E is the resulting electric field vector,

g is the piezoelectric strain (or voltage) constant,

h is the piezoelectric stress (or voltage) constant,

X is the stress vector,

P is the polarization vector,

\stress 18 the dielectric susceptibility tensor neglecting the effects of the
applied stress. ' '

\strain 15 the dielectric susceptibility tensor neglecting the effects of the
applied strain,

s is the compliance coefficient,

¢ 1s the stiffness coefficient. and

X 1s the strain vector.

Pyrbélectric Fquations. For pyroelectric materials, an externally applied
temperature gradient can be related to the resulting polarization by a pyroelectric
constant. p (130:2041). This constant (actually a vector with one component. in the
3-direction or z-direction) relates the scalar quantity of temperature (T). to a
vector quantity, the polarization (P (20:701). Unlike thermocouples, pyroelectric
materials exhibit a response which corresponds to the rate of change of the external
temperature rather than the ambient temperature itself (68:44). The temperature
increase of the material, T — Ty (where T is the final temperature and Ty is the

initial temperature), produces an electric charge (q) due to the pyroelectric effect



(neglecting any secondary pyroelectric effects due Lo strains developed as the

crvstal distorts). That is (68:17):
q = pA(T ~Ty) (3.86)

where 15 the generated charge,
p is the pyroelectric coefficient, and
A 1s the surface area of the piezoelectric material.

“Subsequently. the polarization which results due to pyroelectric effects is (20:701):
Poyro- = p(T — To) (3.87)

where Ppyro- 15 the polarization vector due to a thermal gradient,
p is the pyroelectric coefficient,
T is the final temperature, and
To is the initial temperature.

Generalized Polarization Equations. A material which is both piezoelectric
and pyroelectric exhibits an electrical response that can be characterized by the
linear superposition of the dielectric relationship between polarization and an
external electric field, Hooke's Law. and the pyroelectric effect. Two cases follow:
the first equation describes the resulting polarization found by relating the
~ combined effects of the electric field, stress and the temperature (Equations 3.79
and 3.87). That is (20:701): |

-

P = Ppiezo—l + Ppyro-— (3.8%)

or
P = YstressTE + dX + p(T — Typ) (3.89)

where P is the resulting polarization vector,
XstressT 1S the dielectric susceptibility tensor neglecting the effects of strain
~or temperature,
- E is the externally applied electric field vector,
d is the piezoelectric strain constant,
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X is the applied stress vector.

p is the pyroelectric constant.

T is the final temperature, and

Ty is the initial temperature of the material.

The second case uses Equations 3.81 and 3.87 to describe the polarization due to

the combined effects of electric field. strain. and temperature. That is (20:701):
P = Ppicro-2 + Ppyro- (3.90
or
P = \etrainTE + ex + p(T = To) (3.91)

where P is the resulting polarization vector.
\strainT 15 the dielectric susceptibility tensor neglecting the effects of strain
or temperalure.
E is the externally applied electric field vector.
e is the niezoelectric siress constant.
X is the applied strain vector.
p is the pyroelectric constant.
T is the final temperature. and
Ty is the initial temperature of the material.

One additional term which deserves mention is the coupling factor. k. This
factor represents the ability of the piezocledtric material to transduce electrical and
mechanical energy or vice versa. Additionally. k* is equal to the transformed

energy divided by the total input energy (63:44).

Piczocleetric Malerials

Woldemar Voigi demonstrated that 20 of the 32 crystal classes exhibit
piezoelectric properties due to their lack of a center of symmetry (20:5). Therefore.
many materials are potentially piczoeledtiic: however. only a few materials. which

have been primarily used in engineering applications. will be discussed.

Rochelle Sall. Rochelle salt was first produced in 1672 by an apothecary.

Pierre de la Seiznette. in LaRaochelle, France (75:114). Rochelle <alt was originalls
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Figure 3.11. Chemical Structure Of Rochelle Salt (20:516).

used as a drug; however, its strong pyroelectric effect was quickly noticed. In 1824,
Brewster studied this property in both Rochelle salt and tourmaline, and termed
‘their effects pyroelectric. In 1880, the Curie biothers discovered piezoelectricity
using this crystal (20:6).

Rochelle salt, or sodium potassium tartrate tetrahydrate, consists of a crystal
structure whose formula is NaKCH;O6(4H20), and its chemical structure is
illustrated in Figure 3.11 (20:516). Because a large portion of the chemical
structure of Rochelle salt is water, the water molecules evaporate into the
atmosphere if the relative humidity is less than 35%. Additionally, Rochelle salt
dissolves when the relative humidity is above 85%, because water is absorbed into
its structure. At 55°C, the crystalline structure disintegrates. Rochelle salt is a
very unstable material at room temperature. exhibiting highly pyroelectric and
piezoelectric properties between the temperature extremes of —18°C and 24°C.
Even though the material requires a restricted temperature and relative humidity
range to behave as a piezo- and pyroelectric transducer, early engineering
applications using Rochelle salt were successful due to its large piezoelectric
constant. Rochelle salt’s piczoelectric strain constant (d4 = 2300 x 107'2 C/N) is

one of the largest constants of any known piezoelectric material (58:398).

Iven with its environmental limitations. one of the first engineering
applications of Rochelle salt was as a low frequency oscillator (20:7). To obtain
select oscillation frequencies. Rochelle salt is cut into specific lengths relative to the

appropriate crystal orientation. \s a result, the crystal’s oscillation stabilizes at its
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natural resonant frequency which can be used to control electrical instrumentation.
However, the oscillators made {rom Rochelle salt required extensive environmental
controls to stabilize their operating points, and consequently, this limitation forced
scientists and researchers to find new, more stable materials. As a result, quartz
was discovered 'o be a more suitable piezoelectric material that could be configured
as an oscillator, even though its largest piezoelectric constant is a mere {raction of
that of Rochelle salt.

Quartz. Quartz is a crystalline form of silicon dioxide (5i0.), and it can be
found throughout the earth. The crystal exists in several forms, of which a-quartz
is the most extensively used variety (139:46). This crystal was found to be
piezoelectric soon after the discovery of piezoelectricity, and it was first used by
Walter Cady of Wesleyan University in oscillator circuits as a replacement for
Rochelle salt (20:6). Even though the largest piezoelectric constant (d;;) in quartz
is 2.3 x 10712 C/N (55 that of the dy, piezoelectric constant in Rochelle salt), its
low internal losses and stability at all ordinary temperatures established it as the

first piezoelectric crystal suitable for precise control of electric oscillator frequencies

(20:6).

To illustrate how piezoelectricity is harnessed in quartz, an example of a
typical quartz crystal cut will be described. According to Mason, when an electric
field is applied to a y-cut crystal, two types of shear strains develop, X5 and Xg
(75:97). Asswning a square shaped crystal cut, both of these shear strains would
distort the square into a rhombus as shown in Figure 3.12. The longitudinal mode
can thus be obtained by properly cutting the specimen into a size where the length
corresponds to the direction in which the material distorts (the dotted rectangle in
Figure 3.12).

To obtain select resonant {requencies from quartz, the crystal must be cut
along special planes which maxin.ize the direct and comerse piezoelectric effects at
a specific frequency. According to Cady. the directions in a specimen of quartz can
be found by observing specific faces of the bulk crystal and assigning directions
according to the orientation of the naturally occurring external faces (Figure 3.13)
(20:406-110). Once the x-, y-, and z-directions have been determined.
crystallographers designate the crystal cut by the direction normal to the plane of

the cut (for example. a cut whose face is parallel to the yz-plane would be
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- undistorted square

- distorted rhombus

Figure 3.12. Distortion Caused By A Shear Strain Applied To A Square Crystal
And A Method For Obtaining A Longitudinal Mode (75:36).
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Figure 3.13. Typical Quartz Crystal Cuts (75:86).

designated as an x-cut) (75:83). Since quartz is used to control electric oscillator
frequencies. considerable study has been accomplished to determine resonant
frequencies with low temperature coefficients (20:135-168). Many cuts possess
these properties; however. those which possess the optimum characteristics are
illustrated in Figure 3.13. For example. the AT-cut corresponds to a
high-frequency oscillator with a low temperature coefficient, and it can be cut from
a slice whose face is located 39°15" as measured with respect to the positive
z-direction (73:83). Unfortunately. the crystal cut designations correspond to the
frequency characteristics along with their associated temperature coefficients; a
direct correlation to just one of the piczoelectric coefficients cannot be made. Due

to the angle of the cut with respect to the x-. v-. and z-axes (the '. 2. and 3
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subsciipts of the piezoelectiic cunstants) several piezoelectric coeflicients contribu. ¢

the material’s bulk piezoelectric effects (75:84).

The most significant use of quartz crvstals has been in the communications
industry, where the crystals were used in very selective band-pass filters in
broad-band carrier frequency systems (75:111). However, new materials, like
barium titanate. were discovered to possess significantly cnhanced piezoelectric
properties compared to quartz: they have since replaced quartz in communications

equipment (75:111).

Ceramics. During World War I1. over 30 million quartz crystals were used in
communicatioas equipment 1 20:5). Because of the magnitude of the requirements
for physically large piezoclectric crystals which oscillate at specific frequencies. new
materials were investigated with properties similar to quartz. One of the materials
discovered was barium titanate (BaTiOj3), which possesses the perovskite crystalline
structure (see I'igure 3.14) (139:60). BaTiO; is a unique piezoelectric material
because it is a ceramic. This ceramic is fabricated similar to ordinary ceramics:
however, after fabrication, it is placed between metal plate electrodes connected to
a large DC voltage which polarizes the polycrystalline BaTiOj into a crystalline
piezoelectric material (58:114). A distinct advantage of ceramics relative to the
natural piezoeclectric materials is the ceramic’s ability to be molded into various
shapes, including cylinders. bowls. and disks {123:147). Following the development
of the poling fabrication technology, several other syntheiic piezoelectric matetials
were developed and classified into this same crystalline structure, including lead
zirconate titanate (PbZrO; or PZT). The large piezoelectric constant found in (d;
equal to 150 x 107" C/N). coupled with its ability to be fabricated into various
shapes, bas enabled it to dominate transdacer applications. such as hy diophones.

sonar, and audio tone generators. for more than 40 years (123:147).

Polymers. The piezo- and pyroclectric effects traditionally encountered in
ceramics and polar single crystals were also discovered in certain polymers
(73:724). In 1969, Kawai discovered piezoelectric properties in a polymer called
polyvinylidene fluoride (PV'DF) (31:1). Since that time. many studies have verified

that PVDF has the largest piezoclectiic and pyroelectric coefficients of any known

polymers (73:724). The largest P\'DF piczoelectric coefficient is dsz which has a




Figure 3.14.  Perovskite Crystalline Structure - Barium Titanate (BaTiO3) Crysial
(100:2-16).




value of =33 x 107*2 C/N (68:49). PVDF possesses a pyroelectric coefficient (p)
which spans 24 to 26 C/m? °K (112:2).

PVDF is fabricated from (CH,CF,),, and it consists of iong molecular chains
(110:1596). Presently, four crystalline forms of PVDF are known: the 3-phase.
a-phase. a,(6)-phase, and +-phase {also represented in the literature as Form 1.
Form II. Form II,, and Form 111, respectively) (110:1596). Figure 3.15 illustrates
the molecular chains of a-phase PVDF, Figure 3.16 illustrates the 3-phase PVDF.
and Iigure 3.17 shows the unit cells of the crystalline structure formed by

projections of the molecular chains into the ab-plane.

The a-phase is the naturally occurring phase found just after the film is
cooled during its synthesis. The individual chains arrange themselves to form a
centrosymmetric unit cell. producing an unpolarized polymer crystal (110:1397). In
the 3-phase. all chains are oriented essentially parallel to the c-axis of the unit cell
with all its dipoles pointing in the same direction. This structure results in a
noncentrosymmetric, polarized crystal (110:1597). Similar to the 3-phase, the
7-phase occurs when the molecular chains are packed in a paralle]l arrangement,
forming a noncentrosymmetric polar crystal; however, this phase is difficult to
retain (stabilize) (32:49; 110:1597). The a,(8)-phase has the same molecular chain
structure as the o-phase, except that the chains rotate every second chain such that

all chains are aligned, making this form noncentrosymmetric and polar (110:1597).

Commercially available PVDF films usually consist of the unpolarized
a-phase material (110:1598). To form a piezoelectric matenial. the ilm sheet must
be uniaxially stretched (typically at temperatures between 60°C to 65°C) 3 to 5
times its otiginal length (110:1598). This stretching forces the long polymer chains
to become aligned in the stretched direction, forming a 3-phase PVDF film. Poling
is then performed on the film. cither with a thermal or corona poling process. In
thermal poling, the sample is first sandwiched between electrodes and then
sulrjected to an electric field spanning 500 to 800 k\V' /e at 90°C to 110°C for one
hour. The dipoles in the film will partially align in the erystalline regions in the
electric field’s direction. Subsequent cooling to room temperature under the
influence of the applied electric field stabilizes the polar alignment which results in
permanent polarization (110:1398). In corona poling, a non-metallized polymer
sample is subjected to a corona discharge from a needle electrode positioned a few

centimeters above the film. As the charge accumulates on the film. it causes a high
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hydrogen atom

Figure 3.15. Molecular Structure Of a-Phase PVDF (63:27).




hydrogen atom

Figure 3.16. Molecular Structure Of 3-Phase PV'DF (68:23).




Figure 3.17.  Unit Cells Of a-, 3-. ap(6)-. And y-phases Of PVDF Prejected Per-
pendicular Onto The Molecular Chains (17:6).
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electric field condition to exist across the film. This condition aligns the polymer

chains within the film, even at room temperature (110:1598).

PVDF thin films can be characterized by their piezoelectric coefficient
matrix. d, with the directions corresponding to Figure 3.18 and the notation
described in Equations 3.70. 3.71, and 3.72. A generic d matrix has been found,

which after uniaxial stretching and poling. is (110:1599):

[ 0 0 0 0 ds5 0
d= 0 0 0 (1'_7.1 0 01. (3-92)
| (131 (13-3 ([33 0 0 0

Typical values for the dj;. dj2. and di3 piezoelectric constants range from 6 to
10 pC/N, 6 to 10 pC/N, and -33 to -13 pC/N, respectively. Additionally, a typical
pyroelectric constant, p. for PVDF films spans from 24 to 26 C/m* > K (112:2).

While PVDF film does not possess a strong piezoelectric constant relative to
the synthetic piezoelectric materials developed, PVDF film does possess several

distinct advantages, including (21:35):

1. The ability to function over an extremely wide frequency range (DC to

approximately 10 MHz).

2. A low acoustic impedance. making it a good impedance match for medical

ultrasound and hydrophone applications.

3. A larger dielectric strength compared to piezoceramic materials
(30-\ /micron versus 1.3-V /micron) and, therefore, the ability to withstand larger

elecirice fields.

1. A relatively large clectrical impedance. an advantage which allows the film
to provide a match to high-impedance devices. like complimentary metal-oxide-

semiconductor (CMOS) transistors.

5. A structure which facilitates its synthesis as a thin and flexible sheet.
which can be laminated to a vibrating structure without significantly destroving

the motion of the structure.

6. A large molecular weight. which makes it mechanically strong and resistant
to extreme environmental conditions (most solvents. acids, oxidants. and

ultraviolet radiation).

3-39




Figure 3.13.
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7. The ability to be cut and formed into complex shapes or prepared as a

large transducer area.

8. Generally lower material and fabrication costs compared to those

associated with other piezoelectric materials.

Conclusion

Piezoeiectricity can be defined as the generation of a net polarization state.
and subsequently an electric field. within a crystal when an external force is
applied. Conversely. the mechanical distortion of the material occurs when an
external electric field is applied. Additionall;  pyroelectric effects must be
considered when a piezoelectric material is subjected to temperature gradients.
This latter situation results in the generation of a net polarization state, and a
subsequent electric field within the crystal.

With the fundamental atomic view of piezoelectricity described by the
electric dipole, scientists have developed equations to describe piezo- and
pyroelectricity in terms of stress, strain, electric fields, and temperature gradients.
Subsequent research into materials possessing these properties has led to the

development of man-made materials. such as ceramics and polymers.

With the fundamental characteristics of piezo- and pyroelectric effects of
PVDI film explained, the operating principle of a piezoelectric tactile sensor
fabricated with PVDI film as the charge generating polymer can be fully
appreciated. The next few chapters describe the design, test, and performance of a

candidate tactile sensor.




IV. Design of the Tactile Sensor and the Supporting Experimental

Performance Evaluation Hardware Configuration

Introduction

In a successful research effort, advanced planning is required to develop and
solidify the intended research objectives and to ensure access to the critical
equipment and instrumentation used to support the test ard performance
evaluation of a specific piece of hardware. To design such a system, a
“requirements evaluation” of each fundamental component is necessary. Usually.
this process motivates the consideration of several alternatives, and tiade-offs must
be performed hetween the options, selecting the best alternative for the particular
device to be tested. In this chapter, the design of each component utilized in this
research effort is presented, along with the rationale behind the specific design
parameters (Figure 4.1 illustrates the essential components of the tactile sensor
system). The chapter begins by presenting the design of the tactile sensor
integrated circuit (IC), followed by a description of the piezoelectric PV'DF film
being used in this research effort. Next, a descriptiou sf the adhesives that were
used to bond the PVDF film to the IC are discussed, foliowed by a description of
the final tactile sensor configuration. Finally. each component which suppoits the

operation of the tactile sensor is presented.

Integrated Circuit Design

To fabricate a tactile sensor that will functionally mimic a human’s tactile
ability. the design of the sensor should ideally correspond to the layout of the
human skin and the associated nerve endings (9:18). Unfortunately. the integrated
circuit design tools (specificaliy MAGIC) associated with this rescarch effort could
not provide a tactile sensor possessing the equivalent characteristics of the human
fingertip. That is, right angle corners are required in all IC' designs. Considering
this limitation in determining the best possible electrode array pattern gevmetry.
previous research by Capt Pirolo included an mvestigation of two types of electrode
array layout configurations: a striped pattern and an array of square electrodes

(91). His research concluded that the square clectrode array pattern would best
| 3
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[igure 4.1. Essential Components Required For The Tactile Sensor System.

facilitate the sensor’s performance (91:6.1). Following this recommended design
approach and understanding that the design of the tactile sensor was limited by
the tools used to design and fabricate the sensor, the tactile sensor was designed

using a two-dimensional array of electrodes.

The revised tactile sensor integrated circuit (IC) design used in this research
effort was based upon a previous configuration (100:2-16). To maximize the density
of the two-dimensional taxel array pattern. the number of electrodes were limited
based upon the geometrical constraints of the IC package. The amplifier circuit
was revised to include a more extensive linear region (which would ideally span
15-V). and a gain of at least 1.25. VLSI CAD tools (MAGIC and SPICE) were
utilized to accomplish the IC design phase. The overall dimensions of the IC were
7.9 mm by 9.2 mm. A floorplan of the tactile sensor integrated circuit is illustrated

in Figure 4.2.
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Figure 1.2. TFloorplan Of The Robotic Tactile Sensor Integrated Circuit Showing 16
Electrical Connections Between One Bank Of The MOSFET Amplifiers
And Their Corresponding Electrodes.

Electrode Array Pattern Design. The tactile sensor was designed using a
two-dimensional planar electrode array. Without significantly changing the physical
size and arrangement of the electrode array relative to the previous design (43:4-3).
and by maximizing the number of electrodes to correspond with the limited nunibet
of input/output pins (132 pins) in the MOSIS package. electrodes measuring
400 gm by 400 um that were separated from their nearest-neighbor by 300 pm
were designed. A glass-cut was used to expose the electrode array and to facilitate
the intimate coupling of the piezoelectric PVDF film with the array. With these
constraints. the number of taxel electrodes was configured as an 8 x 8 electrode
matrix measuring 5.3 mm by 5.3 mm. subject to the following pin assignments:

61 input lines for the bias voltage input.
64 output lines for the amplifier outputs.

2 ground lines,
2 supplv (Vaa) lines.

O N

In the previous rescarch effort. Capt Fitch discovered a potential charge

leakage path between nearest-neighbor gold bond pads on the IC package (15:6-1):
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therefore. all input wirebond pads were located on the left and right sides of the
integrated circuit, and all output wirebond pads were positioned on the top and
bottom edges of the IC (when the IC is viewed with respect to its upper (top)
surface). A photograph of an actual IC' die without the piezoelectric PVDF film is

shown in [Figure 1.3.

Charge Amplifier Design. The amplifier functions as a buffer between the
high impedance of the piczoelectric PV'DF film and the relatively low impedance of
the multiplexer circuit which is connected to the outputs of the amplifiers. The
gate region of the MOSFET has a floating gate input with a near infinite input
resistance (> 167 Q) and a capacitance on the order of 107" farads (46). The RC
time constant of this amplifier should be compatible with the RC time constant of

the piezoclectric PVDF film (typically between 1 and 100 seconds) (46).

The electrode size was determined to be compatible with the anticipated
input voltage generated by the piezoclectric PVDFE film while it is under a practical
mechanical load. That is, the theoretical charge generated by the piezoelectric

PVDF film (qf) due to an externally applied force (F) is given by (68:43):
qr = dgps|F| = dyymg] (4.1)

where d;; is the piczoelectric chaige constant. relating the externally applied force.
which is in a direction perpendicular to the surface of the film. to the
tesuliing charge, which accuiulates between the top and bottom
surfaces of the film.
[F| is the magnitude of the externally applied force.
m is the mass of the externally applied load. and
lg| is the magnitude of the acceleration due to gravity.

Also. the charge generated by the pyroelectric effect of the PA'DE film (qv) is
(68:17):
qr = pA(T ="Ty) (:1.2)

where p is the pyroelectric constant of the PVYDF film.
A is the area of the PVDF filim.
T is the final temperature of the svstem. and
To is the initial temperature of the system.
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The Piezoelectric PVDF Film (12.5 x).

Figure 1.3.




Therefore, the total voltage (V') gencrated in the piezoelectric PVDF film is (68:47):

V= dastmjg| n pt(T —To)

oA €0 (4.3)

where. for example, the values of the constants are:

das is the piezoelectric charge constant (-16 pC/N) (112:2).

t is the thickness of the PVDF film (40 x 107¢ m).

m is the mass of the externally applied load (kg),

lg| is the magnitude of the acceleration due to gravity (9.81 m/s?)

¢o is the electrical permittivity of free space (8.85 x 10='* FF/m) (66:57).

¢ is the relative permittivity of the PVDF film (12 dimensionless) (68:30).

A is the area of the electrode (0.16 x 107% m?),

p is the pyroelectric constant (24 x 107% C'/m?K), (68:50)

T is the final temperature of the system (), and

Ty is the initial temperature of the system (vypically, 300K).

Hence. for loads spanning 1 g to 100 g with no temjerature ch nge, a piezoelectric
PVDF film should generate voltages that span 0.37 V to 37-V. On the other hand.
il the temperature changes 1°K (or 1°C) the film shculd generate -9-V. The ideal
amplifier should possess a linear output region for input levels spanning -8.63-\" to
37\

One objective in the design of the amplifiers was to ininimize variations
between the performance of this tactile sensor and the previous sensor
configurations. To achieve this goal. the value of the load resistors and gate sizes
on cach of the amplifier MOSFETSs were systematically varied to extend the linear
region of the amplifier, yet stil! inaintain a woltage gain of at least 1.25. The VLSI
CAD tool SPICE was used to model the amplifier. Appenas. C contains the
SPICE code used in this design effort. To enhance the 1ange of the lincar region of
the amplifier without degrading the operation of carl: MOSFET or deviating
significantly from the previous des’zns. the amplifier was designed to be compatible
with a 13-V power supply. .\ccording 1o the ideal SPICE response. the amplifier
should posses: a linear region spanning from just less than 2-V' to greater than 3-V.
The schematic of the amplifier and its associated physical dimensions are
illustrated in Figure 1.4, and Figure 1.5 depicts the SPICE-predicted characteristic

transfer function of this amplifier design.
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Figure 4.4. Tactile Sensor (harge Amplifier Schematic.
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Figure .15, Characteristic Transfer Function Plot Of The Tactile Sensor Charge
Amplifier Predicted By A SPICE Analysis.

To analyze the characteristics 7 the amplifier relative fo a range of supply
voitages (Vqa). different supply voltages were used as inputs in the SPICE
simulation. Table -L.1 iists the characteristic linear ranges and the expected gin..
relative to a span of supply voltages. The MOSIS fabrication process guarante. s
sheet resistance values to within a given tolerance (for the 2 pm, n-well fabrication
process the sheet resistance values span £ 20%). Obviously, the amplifier's
response will change due to variations in resistor values; consequently, the ideal
response ol e amplifier. relative to a range of sheet resistance values (hence
resistor values), was calculated. Toble 1.2 iilustrates the effects of the variations in
sheet resistance relative to the amplifier’s performance. In cach case. the linear

region of the amplificr spans a range of input and output voltages whose gain at a

specific input voltage is within 10% of the amplifier’s gain within the lincar region.

Test probe pads were incorporated at the amplifier’s input gate contact to
facilitate biasing. should the bias configuration fail to operate. and to also verify
prupei operation of the amplifier during the integrated ciranit evaluation process.
Additionally. one isolated amplifier was placed on each corner of the array to

evaluate deviations from the expected amplifier characteristics across the entire 1€,




Table 4.1.  Tactile Sensor Amplifier Characteristics With Different Supply Voltages.
Supply Voltage | Linear Range (Input) | Lincar Range (Output) | Voltage Gain

10V 16 V-6.15 Vv 35V-02V

TS 1SV -65V A0V 93V

2V 20V-70V LIV -105V
13V 2IV-15V LHV-115V
v IV -T9V 1OV -122V
5\ 23V-381V 50V - 135 V
16 v 25V 87V 57V -135V
17V 26V -95V 6.0V =145V
BV " ]27V-100V 0 [65V-160V
19V 20V-104V 0OV -165V
20 V 30V-110V TIV-173V 1.00
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Supply And The Expected Sheet Resistance Vzlues.
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The final amplifier’s Caltech Intermediate Format (CIF) plot is depicted in
Figure 4.6.

Piezoelectric PVDF Film

The principle of tactile sensing utilized in this research is based upon the
deformation of a planar piezoelectric polymer film while it is under the influence of
an externally applied stress. Since the charge generated in the film is directly
proportional to the PVDF film’s thickness, and a more robust output signal is
desired, a film thicker than that used in previous research has recently been
evaluated. Several piezoelectric PVDF film thicknesses were investigated in Capt
Pirolo’s research. including the 25 pm and 40 pm thick films. His rescarch
concluded that the 40 gm thick PVDF film possessed a more useful piezoelectric
activity compared to the 25 yum thick film (91:6.1). Additionally, the piezoelectric
PVDF film can be cut to practical sizes and shapes, and it can be readily coupled

to the planar clectrode array on the sensor’s integrated circuit.

PVDF Film Adhesive Performance Comparative Investigation

Last year. Capt Fitch reported that a urethane adhesive (Miller-Stephenson
Chemical Co.. MS-470/22, George Washington Highway, Danbury. CT. 06810) was
the most robust adhesive evaluated (143). To establish a baseline and to minimize
deviation from previous rescarch findings. urethane was used as the baseline
adhesive material. To evaluate the 1elative adhesive robustness ol several adhiesives,
two other adhesives were evaluated as potential candidates for coupling the
piezoelectric PVDF film to the electrode array. Besides bonding the PVDF film to
the electrode array. the adhesive must act as a non-conducting (low-loss) diclectric.
The two candidate dielectrics selected include represeniative samples of dielectrics
used in electronic device fabrication: a polyimide dielectric (Ultradel Polvimide
Dielectric. AMOCO Chemical Co., Chicago. IL 60601), and a plastic dielectric
(Loctite Tak Pak. Number 7536A21, Loctite Corporation. Newington. C°I' 06111).

Tactile Sensor Configuralion

The final tactile sensor configuration included a planar electrode array which
measured 5.3 mm by 5.3 mm. and it was surrounded by MOSFET charge

amplifiers. The piezoelectric PVDF film was attached to the integrated cirveuit. and
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the chaige generated by the stressed polymer was accumulated between the metal
electrodes. This small voltage was then amplified by the MOSFET amplifiers
which are connected to the lower electrodes via a Metal-1 line. The Metal-1
conductor 1s isolated {rom the piezoelectric PVDF film with a 3 pm thick dielectric
passivation layer of silicon dioxide (Si0,). A cross-sectional view of a small section

of the completed tactile sensor is shown in Figure 4.7.

Component Design

This thesis effort consists of several critical phases. Each component design
phase must be considered individually. and the particular design parameters must
be calculated to ensure proper integration into the system and successful operation
of the tactile sensor. The support components of the effort include the bias voltage
circuit configuration. the multiplexer circuit. the pyroelectric effect minimization

chamber. the load shapes. and the test fixture for applying the load shapes.

Bias Voltage Circeit Configuration. To provide a uniform bias condition
across the surface of th entire tactile sensor array. an off-chip bias circuit
configuration was designed. This functionality was intended to eliminate the
requirement for separately biasing each taxel amplifier using the Micromanipulator
probe station (as was utilized in Capt Fitch’s research (45:5-23)). The specific
configuration adapted in this research consisted of high impedance (10" Q when
open circuited) switches which. when simultancously activated, uniformly biased
the entire electrode array. Figure 4.8 illustrates how a high impedance switch is
connected to the input of the taxel amplifier. Once the tactile sensor's MOSFET
amplifiers were biased, the switches were opened to isolate the bias voltage from

the tactile sensor circuitry.

To ensure minimum charge leakage during the off-state of the bias circuit. a
switch was required that possessed an impedance greater than or equal to that of
the PVDF film and the MOSFETs gate contact. After a review of several
commercially available switches. high impedance. miniature reed switches were
selected. The reed switches selected were fabricated by Potter and Brumfield
(Potter and Brumfield Relay Specialties. Inc.. model JWD-171-21. Oakland. N.J
07136). Each reed switch contains two independent switches with an off impedance

on the order of 10" Q. Thirty-two high impedance switches were assembled on a

12
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solderless protoboard (E&L Instruments, Inc., Elite-1 Circuit Design System
Protoboard, New Haven, CT 06512), to realize the required bias voltage switch
network.

Multiplexer Circuit Configuration. To eliminate the charge-leakage problems
found in the previous research due to the on-chip multiplexing circuitry (43:6-1).
an off-chip multiplexer circuit configuration was designed. The multiplexer must
support 64 channels because the tactile sensor electrode array contains 64 taxels.
The multiplexer was designed to sample each taxel’s response and generate a serial
stream of data as its output. The multiplexer circuit configuration consisted of
nine 3-to-1 multiplexers (Maxim Integrated Products, number MAX323.
Sunnyvale, CA 94086). To control the multiplexer, scveral other devices were
selected, including a counter to control the decoder (consisting of two counter chips
- Texas Instruments, number SN74161, Dallas, TX 75265), a decoder which selects
a particular multiplexer IC (assembled from a 3-to-8 decoder chip — Texas
Instruments, number SN74156, Dallas, TX 75265), and a combinational circuit
used to reset the counter and trigger the Digital Storage Oscilloscope (assembled
from an AND gate —~ Texas Instruments, number SN7421, Dallas, TX 75265). \ll
of the chips were configured on an Elite-1 Circuit Design System Protoboard.

Figure 4.9 illustrates the configuration of the multiplexer.

Pyroclectric Effect Limitation Chamber. Since the piezoelectric PVDE film is
also a pyroeleciric material {63:17), vhe pyroelectric effects of the i .m could
potentially perturb the expected tactile sensor performance results of the
piezoelectric PVDF film. Therefore. minimizing the pyroelectric effects is essential.
To satisfy this requirement, effects from overhead Velits. external test equipment.
and human contact was minimized by placing the tactile sensor 1C. bias circuit.
and test load shape application fixture in a chamber. This ensured all connections

to the floating gate of the electrode array were enclosed by the chamber.

To determine the physical size and shape of the chamber. the specific
performance features of the chamber were established. Initially, the PVDF film,
tactile sensor IC, and related support circuitry required the use of the
Micromanipulator probe station (Micromanipulator Company, Inc., model 6200
Probe Station. Carson  , NV 89701). To minimize the pyroclectric effects. the

chamber must cover the Micromanipulator probe station. After the initial testing

4-15




\ Mulupleser ICz

(MAXIM MAX228)
/ (9)

Reset

Cloch ————sy

Binary Counter
TET416) (2}

8/
N
— T
8/
Cutput <
Signals P N
{rom 8/
the
Tactile y B
Sensor —~ |
— l
&/ [T
7
—
87
—
8/
v
—
87
Tugger to Oscilloscope 2 /
AND
Jetoed
Gate Decoder
T 7421 TI 74156
3: l __/% N

Figure 4.9. Off-Chip Tactile Sensor Multiplexer Configuration.

—/-‘ Output
L]




was completed, the tactile sensor system was moved to a test bench and the
system'’s performance was evaluated. To minimize the pyroelectric effects under
these new operating conditions, the chamber must physically cover the sensor

system, bias circuit, and test load shape application fixture.

Two alternatives were considered for realizing this chamber. One option
required the design of two separate chambers. one to cover the Micromanipulator
probe station, and one to cover the tactile sensor system on the test bench. The
other alternative considered was an adjustable-size chamber which could be used in
either instrument configuration. The adjustable-size chamber was the option

selected because of its design simplicity. physical weight, and flexibility.

The chamber was fabricated from PVC pipe, and it was fitted with a cloth
cover. The legs can be adjusted to two positions: a maximum height of 36 inches
and a minimum height 18 inches. The support beams of the container were
adjustable over a range of widths and depths: a minimum width of 18 inches, and a
maximum width of 36 inches; a minimum depth of 15 inches, and a maximum
depth of 31 inches (Figure 4.10).

Test-Load Shapes. In this research. smaller test-load shapes were designed to
evaluate the sensor’s ability to image different shapes and recognize them when
applied to different areas of the electrode array. To implement this objective.
several shapes were designed, including a sharp edge (designed to activate one row
of taxels), a small solid square {(each side 1/2 the length of the sensor’s electrode
array edge), a small solid circle (radius less than 1/4 that of the sensor’s array
size). and a small polygon (one side as long as that of the sensor’s array edge. and
the other side 1/2 the length of the sensor’s array edge). Additionally, to illustrate
the ability of the tactile sensor to detect industrial type of shapes. two additional
designs were implemented: a slotted sciew head and a cross-slot screw head. In
previous rescarch, the test-load shapes typically contacted virtually all the taxels in
the electrode array. Two load shapes. a large solid circle and a toroid, designed and
fabricated previously, were also utilized. .\ 1epresentative sample of the load shape
geometries is included in Figure .11, and cach load shape is presented in more
detail in Appendix B. The test fixture used to apply the load shapes was designed

and fabricated by Capt Fitch. Figure 4.12 illustrates this test fixture.
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Conclusion

A tactile sensor system comprised of several essentiai components was
designed. The primary component, the electrode array IC maximized the number
of allowable pin assignments, resulting in an S x § electrode array. To provide
charge signal amplification, 61 MOSFET amplifiers were incorporated into the IC.
each possessing a gain of 1.25 from 2.3-V to 8.1-V. To coupie a 40 yum thick piece
of piezoelectric PVDF film to the IC' surface. three potential adhesives were
selected for an adhesive study. These adhesives included a urethane adhesive. a
polyimide dielectric and a plastic dielectric (Loctitc). The resalts of this adhesive
study determined which adhesive possessed the best physical and electrical
characteristics for use in a piesoelectric tactile sensor. Several additional
components were designed to support the operation of the tactile sensor 1C. To
apply a uniform initial voltage to all taxel electrodes, a high impedance bias
network was designed using recd switches possessing an off-impedance of 10* Q. A
64-to-1 multiplexer used to serialize the 64 output lines was designed using
commercially available components. Also, to minimize any pyroelectric effects
during the operation of the sensor, a chamber fabricated from PVC pipe was
designed to enclose the tactile sensot IC' and support equipment. Finally, several
shapes were designed in an effort to characterize the tactile sensor’s ability to

detect the shape of the load in contact with the taxel array.

To ensure successful operation of the tactile sensor. all components in this
rescarch effort were designed with the overail svstermn operation in mind. To verify
whether the individual components. as well as the integrated system. operated as
designed. a comprehensive evaluation program was implemented. The next chapter

discusses the test and evaluation procedures implemented i this research effort.




V. Fabrication and Fvaluation Procedures

Intéroduction

In any successful experimental endeavor, not only does the critical item have
to perform properiy, but all supporting equipment must also perform as intended.
To enhance the probability of success. cach component in this research effort was
tested individually to characterize its performance before assembling the
components together to realize the tactile sensor test configuration. This chapter
presents. in chronological order. the fabrication and evaluation procedures
accomplistie | to realize an operationzl tactile sensor (Figure 5.1 illustrates the
evaluatior increments). The presentation begins with a description of each
component’s test methodology, including the piezo=lectric PVDFE film
characterization, the tactile sensor bias circuit evaluation, and multiplexer circuit
cvaluation. Next. the evaluation of the tactile sensor support system will be
presented. and it consists of the tactile sensor bias circuit. the multiplexer circuit,
and tactile sensor protoboard configured together. Then, the fabrication of the
tactile sensor will be described. along with a presentation of the adhesive study
procedures. Finally, the tactile sensor « —aluation procedures will be presented.

including both the individual clectrode tests and the electrode array tests.

Component Tcsting

To provide a bascline response of the test configuration supporting the tactile
sensor 1C. a performance evaluation characterized each fundamental component
before it was integrated into the final test configuration. The components tested
included the piezoelectric PVDFE film. the tactile sensor bias circuit. the

multiplexer circuit, and the electrode array 1C".

Piczoelcetric PVDFE Film Characterization., Concurrent with the 1C
fabrication process. the piczoelectric PV'DF film was characterized to determine its
polarization (63:29). The surface of the film which developed a positive charge
when the film was contacted with an externally applied force was identified as the
surface that was subsequently attached to the electrode array (this side was also
identified as having a negative voltage response due to a positive change in

-1
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Figure 5.1. Fabrication And Evaluation Flow Diagram.
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Figure 5.2.  Bulk Piezoelectric PVDF Film Characterization Scheme Using A Glass
Microscope Slide Substrate.

temperature). This surface was not metallized, and this feature facilitated coupling
the charge generated in the PVDF film with the gate contacts of the in situ
MOSFETs. The detailed procedures for performing the piezoelectric PVDF film

chaiacterization process are discussed in Appendix D, and a summary follows.

To determine the polarity of the film. it was attached to a partially metallized
glass microscope slide. A metallization process (either thermal evaporation or
sputtering) was used to partially cover the glass microscope slide to realize the
clectrode configuration shown in Figure 5.2. This configuration was also used to
simulate the electrode array pattern and the subsequent piczoelectric PVDF film
coverage of the electrode on the tactile sensor integrated circuit. One strip of the

conductive copper tape was also attached to the depositea electrode.

A picce of the piezoelectric PVDI film was attached to the glass slide using

the urethane adhesive. Once the piezoelectric PVDF film was attached to the glass
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Figure 5.3.  Piezoelectric PVDF Film Characterization Instrumentation Configura-
tion.

slide, a bias voltage from the electrometer (Keithley Instruments, model 617,
Cleveland, OH 44139) was impressed across the film to simulate the bias voltage
required to operate the tactile sensor’s IC amplifier. To observe any potential
pyroclectric effects, a heat source was brought close to the surface of the
piezoclectric PYDF film, and the veltage detected by the electrometer was recorded
on a floppy diskette using a personal computer (Zenith Data Systems Cot poration.
model Z-248, St. Joseph, MI 49085) equipped with an IEEE-488 interface card
(Capital Equipment Corporation. model 01000-60300. Burlington. MA 01730) in

conjunction with the BASIC program whose listing is provided in Appendix E.

Next. a fixed load was applicd to the filim, and the voltage detected by the
electrometer was recorded on floppy diskette using a Z-248 personal computer in
conjunction with the BASIC' program. The equipment configuration is illustrated
in Figure 5.3. Also, the pyroelectric effects were evaluated by placing a heat source

close to the piczoelectric PVDFE film while it was under a loaded condition.

If the signal was positive, the top surface of the film was marked to indicate
that the metal on that surface would be removed with a wet chemical etchant

(ferric chloride); if the signal detected was negative. the film orientation was

H-




reversed, and the load was reapplied. The electrometer then detected a positive
response signal. The newly oriented film's surface was then marked for the

subsequent metal etch process.

The proper side of a large sheet of the piezoelectric PVDF film was then
etched with ferric chloride. rinsed in deionized water, and dried with nitrogen.
Next. 6 mm by 6 mm pieces of the piezoelectric PVDf film were cut from the

etched sheet and stored for the subsequent fabrication of the tactile sensor.

Tactile Sensor’s Bias Circuil Evaluation. The high impedance reed switches
(Potter and Brumfield Relay Specialties. Inc.. model JWD-171-21. Oakland. NJ
07436) were placed on a solderless test protoboard (E&L Instruments. Inc., Elite-1
Circuit Design System, New Haven. C'T 06512). The Keithley electrometer (model
617) was used to evaluate the commercial high impedance switches by measuring
both off- and on-impedances. Next, a constant voltage source supplied by a battery
was connected to one side of the switch. An oscilloscope was then used to verify
that the outputs produced a voltage bias when the switch was activated. The
characteristic response of each switch was measured to determine the maximum
switching speed of the network. The data acquired during this evaluation was
stored on a floppy diskette using a Z-248 personal computer in conjunction with a

BASIC program. The BASIC program listing is provided in Appendix E.

Multiplexer Cirvcuit Evaluation. The multiplexer [Cs were inserted into an
Elite-1 circuit design system protoboard. To evaluate the multiplexer circuit. a
random selection subset of 12 inputs were connected to a bias voltage supplied by «
battery. and the remaining inputs were connected to a common ground. To
evaluate the circuit’s ability to multiplex and pass the input voltage provided by
the tactile sensor’s amplifiers to the output of the circuit, the input provided by the
battery varied between 0-V and 13-\ using a voltage divider network. Next. a
function gencrator (Hewlett-Packard. Inc.. model 3314, Palo Alto. C'A 94304) was
used to produce a range of frequencies (500 Hz to 100 kHz) to clock the multiplese
circuitry. A digital storage oscilloscope (cither a Hewlett-Packard. Inc.. model
54100. Palo Alto. CA 94304. or a LeCroy Corporation, model 9400. Chestnut
Ridge. NY 10977) was used to display the output of the multiplexer and to store
the data. The data was transferred to a Z-218 personal computer for subsequent

data processing using the BASIC programs whose listings appear in Appendix L.
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Figure 5.4. Amplifier Test Configuration.

Elcctrode Array Integrated Circuil Eraluation. Once the integrated circuit
was received from MOSIS. the critical elements of the IC were tested. To verify
that the integrated circuit had no fabrication defects. 2 comprehensive visual
inspection of the IC' was performed using an optical microscope. Next. the DC
resistance between adjacent gold wire bond pads in the IC package were measured
using the Keithley electrometer {model 617). Finally, the amplifier circuit was

evaluated utilizing the following procedure:

I. The expected theoretical DC operating point of the amplifier was
determined using 2 Multimeter {John Fluke Manufacturing Co.. model 77/AN.
Everett. \WA) to measure the amplifier’s resistor values. The resistance
measurements of several resistors were recorded, and their fundamental statistics

{arithmetic average. standard deviation. etc.} were computed.

2. The Keithley electrometer {model 6171 was nsed to apply a linear input
signal (increasing from 0-\ to 20-V) to one of the amplifiers. and its outpmt
characteristics were mea_ured. The results were recorded on a compuier dishette
using the test configuration shown in Figure 5.1, The data was acquired using a
BASIC com- uter program on a Zenith Model 245 personal computer. This BASIC

program listing is provided in Appendix E.

3. An average set of amplifier characteristics was then compared to the

SPICE analysis performed during the sensor’s design phase,




Evaluation of the Tactile Sensor Bias Circuil, Multiplexer Circuit and Tactile
Sensor Protoboard System

The bias. multiplexer, and protoboard circuits comprise a system which
provides the bias voltage to the tactile sensor and interrogates response signals
from the ractile sensor, and it must be thoroughly characterized. This intensive
characterization will ensure that the system operates as intended, and that any

deviations from the designed parameters are accounted for.

The sixty-four outputs from the high impedance bias switch network were
connected to the input connections of the tactile sensor’s protoboard. Several
random input connections were tied to ground using a capacitor (165 picofarads).
which simulated the piezoelectric PVDF film. The bias voltage was then switched
on and off repetitively. and the response was recorded on a digital storage
oscilloscope. A characteristic response t me of this configuration was then

calculated to < ermine its maximum operating speed.

Next, the sixty-four output connections of the tactile sensor protoboard were
connected to the input cornections of the multiplexer circuit. Similar to the
multiplexer’s evaluation, several output connections with voltage signals supplied
by a battery were routed from the tactile sensor protoboard to the multiplexer
inputs. These output channels were displayed and stored on a digital storage
oscilloscope, and the data was retrieved using a Z-248 personal computer with a
BASIC program. A characteristic response time of this output configuration was

then calculated to determine its maximum operating speed.

Finally, an electrode array 1C' was placed into the tactile sensor protoboard.
and select electrodes were activated using a Micromanipulator test probe. The
multiplexed output of this condition was recorded using a Z-248 personal computer
with a BASIC program. This airangement provided an operating condition close to
the sensor’s final operating condition, and it was used to determine the optimum
operating speed of the multiplexer during the tactile sensor array evaluation. Also.
the effects of this voltage input on neighboring taxels was evaluated before
attaching the piezoelectric PVDF film.

Tactile Sensor Fabrication

The physical size of the IC' was intentionally limited to an area measuring

7.9 mm by 9.2 mm, and the associated electrode array measured 5.3 mm by




5.3 mm. To fabricate the tactile sensor, the piczoelectric PVDF film was attached
to the surface of the IC. Three different adhesives (urethane, polyimide, and
Loctite) were used to couple the piczoelectric PV'DF film to the surface of the [C.
The detailed procedures used to fabricate the tactile sensor are presented in

Appendix F, and a summary follows.

To fabricate the sensor. the charge on the piezoelectric PVDT film was
charge-neutralized by immecsing it in a grounded solution of deionized water and
HCl. Next, adhesive was dispensed from a syringe onto the center of the
piezoelectric PVDF film and spread as a thin layer with a glass slide. The
piezoelectric PVDF film was then transferred to and properly centered on the taxel
array. A small piece of cellophane was then placed over the piezoelectric PVDF
film to prevent the adhesive from bonding with the glass microscope slide. Then. a
6 mm by 6 mm glass microscope slide substrate was properly centered over the
piezoelectric PVDF film. A uniform force was t.en applied to the ensemble with
several paper binder clips. The fabrication configuration is illustrated in Figure 5.3.
The entire package was then transferred to a vacuum system and exposed to a
pressure of 100 microns of mercury for 15 minutes. This cure process was utilized
to eliminate trapped gas (solvent) molecules bencath the piezoelectric PVDF film.
and it caused the film to be snugly drawn against the electrodes in the IC. Finally.

the ensemble was cured at 65°C for 1 hour.

Once the fabrication process was complete, the tactile sensor was visually
inspected under an optical microscope to discern the overall quality of the bonded
piczoelectric PVDF film. Should the piezoelectric PVDT film not adhere properly.
the film was removed, the adhesive was removed with acetone, and the IC was
placed in the plasma asher (SPI Supplies. SP1 Plasma Prep II. West Chester. PA
19380) to remove residual acetone. The D(' resistance between adjacent gold hond
pads was then measured using the Keithley clectrometer (model 617). (If the DC
resistance between adjacent gold bond pads degraded. the gold bond pads of this
and subsequent [Cs were coated with silicone rubber and the DC resistance was

again measured with the Keithley clectrometer (model 617)).

For each fabricated tactile sensor. a 1-mil diameter wire was connected to the
top electrode surface of the piezoelectric PVDF film, and the other end was

attached to a gold wire bond pad on the I("s ceramic package. Conductive silver
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Figure 5.5. Fabrication Configuration Of The Tactile Sensor.




paint was used to attach the wire to the polymer’s top surface electrode. This

connection serves to electrically ground the top surface electrode.

Adhesive Fraluation

A piezoclectric tactile sensor which is fabricated in the manner described
above must possess robust mechanical characteristics. A critical element in the
fabrication process is the adhesive used to bond the piezoeclectric PVDF fil to the
electrode array. The adhesive evaluation consisted of two basic components. which
included an evaluation of the aging characteristics of the three adhesives. and an

evaluation of the electrical properties of the three adhesives.

To cvaluate the aging qualities of the adhesives. spare IC's from the previous
research efforts were utilized. The spare 1C's do not possess the proper electrical
characteristics; however. their electrode array pattern is similar to the present
design, and they adequately simulate the desired configuration. This technique
reduced the number of functioning [Cs needed to perform this portion of the
research effort. Three sensors using each of the three adhesives (a total of nine)
were inspected every seven days over a total duration of two months. Should the
properties of one of the adhesives he unacceptable (for example, cracking), the

adhesive was not evaluated in the subsequent electrical performance tests.

Using the IC designed during this rescarch effort. the first tactile sensor was
fabricated using the urethane adhesive. Capt Fitch reported that the urethane
adhesive possessed robust adhesive mechanical characteristics (45:6-1). Using the
urethane based adhesive. the tactile sensor was subjected to the individual taxel
performance tests and the taxel array performance tests described above. These
test results served as a baseline. relative to which the other adhesives were
compared. The second and third adhesives were then used to fabiicate two other
tactile sensors. and their performance measurements were collected. The three
tactile sensors were evaluated to provide reproducibility information relative to

time. facilitating a comparison of the electrical qualities of the different adhesives.

Tactile Sensor Evalualion

Once the tactile sensor was fabricated, its performance was evaluated in two

phases: the discrete taxel response verification test. and the entire taxel array’s
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response test. These diagnostics were performed for the adhesives which revealed
promising results during the initial portion of the adhesive evaluation. To conduct
the performance evaluation phases, the tactile sensor IC, tactile sensor protoboard,
multiplexer circuit, bias circuit, and test probe were placed in a chamber designed
to minimize pyroclectric effects (Figure 4.10). Then. the following tests were

performed.

Individual Taxel Performance. Individual taxels were randomly selected for
the discrete taxel performance evaluation phase. The top surface of the PVDI film
covering the aluminum electrode of the taxel was grounded. The selected taxel was
biased with the high impedance iced switch network. The charge correspondingly
generated was trapped between the high impedance of the amplifier’s gate input
and the large impedance of the piezoelectric PVDF film. The output of the in situ
amplifier was connected to the digital storage oscilloscope and the time rate of
change of the charge was measured. An average decay time was calculated, and
graphical plots were generated to evaluate whether the output variation possessed
a linear, exponential, or some other functional dependency. Next, the bias voltage
was reapplied and the response of the taxel was measuied for several loads applied
using the Micromanipulator probe station. An IEEE-488 bus was used to transmit
the data to the Z-248 personal computer where it was recorded on floppy diskettes.
A BASIC computer program was used to process this data, and it is listed in

Appendix E.

Electrode crosstalk effects were also evaluated. Several taxels were biased
using the high impedance reed switch network. Then, the Micromanipulator probe
station was used to apply the load to a taxel. Using the output of the tactile sensor
protoboard, the output responses of the nearest-neighbor taxels were displayed on
the digital storage oscilloscope. As loads were applied to the selected taxel, the
response from the neighboring taxels were measured and recorded using an
IEEE-433 bus connected to a Z-248 personal computer. A BASIC computer

progtam. whose listing is provided in Appendix E. was used to process the data.

Tarel Array Evaluation. The tactile sensor was inserted into its protoboard
and connected to the bias circuit and multiplexer configuration. The entire system
(Figure 5.6) was evaluated using the step-by-step procedures listed in Appendix 1.

A summary of the taxel array evaluation procedures follows.
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[igure 5.6. Taxel Array Evaluation Instrumentation Arrangement.

fuput Bias Signal

Initially, the bias circuit configuration was switched-on to provide a uniform
initial condition of the piezoelectric PVDF film. Then, the bias circuit
configuration was switched-off, and a pre-load condition was recorded using the
digital storage oscilloscope and a Z-248 personal computer equipped with a BASIC
program (listed in Appendix E). Next, the test fixture, configured with one of the
various load shapes (for example. a sharp edge, small solid square, small solid
circle, small polygon. slotted screw head, cross-slot screw head, large solid circle. ot
toroid) was lowered onto the surface of the tactile sensor IC. and the subsequent
output condition was recorded from the digital storage oscilloscope. Finally. the
load was removed. and the post-load 1esponse was recorded. T'his procedute was

repeated for each load shape.

To analyvze the data. an arithmetic average of the pre-load and post-load
measurements was used to produce a bascline response indicative of the unloaded
state of the sensor. This baseline response was then subtracted from the loacl
mecasurement. Once the algorithm was performed. the magnitude of the difference
values should correspond to the weight of the applied load. Additionally. these
difference values were then mapped to their respective locations on a computet

generated 8 x 8 array to reconstruct the response of the IC’s electrode array. This
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process resulted in a three-dimensional plot of the data. In an effort to verify
whether the sensor actually detected the shape, several equipotential contours were
evaluated to determine which contour most closely resembled the shape of the
applied load. The value of this equipotential contour was then used to determine
which taxels possessed output responses above or below this threshold contour
level. On a two-dimensional representation of the § x § electrode array. the taxels
which possess output values above this threshold level were displayed as black. and
the taxels which possess output values below this threshold level were displayed as
white, The ensemble of three-dimensional plot. best-fit contour level, and
two-dimensional threshold taxel representation should depict the sensor’s ability to

detect shapes.

Conclusion

The procedures enumerated in this chapter have provided a means to
systematically ensure that the entire tactile sensor configuration performs as
intended. Any deviations from the designed operating parameters associated with
each individual component relative to the actual operating characteristics could be
discerned early in this testing phase. and then corrected or compensated to
minimize their impact on the overall test program. The data collected from the
component tests. the adhesive evaluation study, and the tactile sensor tests will be

presented in the next chapter.




VI. Ewvaluation Results

Introduction

Critical to the evaluation of a research cffort is the analysis of the acquired
data results. Since the evaluation portion of this research effort was constructed
around an incremental test approach, each component was thoroughly evaluated
and analyzed before proceeding to the next higher-level evaluation phase. In this
fashion, unexpected results led to a better understanding of how each component

contributed to the overall performance of the tactile sensor.

This chapter will present, in the chronological order accomplished, the
performance evaluation results for each supporting component, the adhesive study.
and the tactile sensor. Initially, each component which supported the final
performance evaluation configuration was thoroughly tested and evaluated to
determine its measured performance relative to its anticipated performance
specified in Chapter IV. Next, an intermediate evaluation of the combination of
support components without the tactile sensor IC was evaluated to determine the
effects. if any. of integrating the support components together. Then, in an effort
to evaluate the performance of three adhesives, several non-functioning tactile
sensors were fabricated and their adhesive properties evaluated. Finally, an
operational tactile sensor was fabricated and inserted into the performance
evaluation equipment configuration. where both individual taxel response and the

array response were evaluated.

Component Testing

The evaluation of each fundamental component was used to characterize its
operation before it was integrated into the final test configuiation. The results of
this portion of the test program include those from the piczoelectric PVDF filn
characterization. the tactile bias circuit evaluation. and the multiplexer circuit
evaluation. Also included are the electrode array IC evaluation results. and the
evaluation results of the tactile sensor protoboaid, bias circuit, and multiplexer

system.
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Piezoelectric PVDF Film Characterization Results. Concurrent with the
fabrication of the tactile sensor IC, the piezoelectric PVDF film was characterized
to determine its polarity. The surface of the piezoelectric film which develops a
positive charge when contacted with an externally applied force was determined, to
ensure proper operation of the in situ amplifiers after attachment of the

piezoelectric film to the surface of the electrode array IC.

To implement this evaluation, a glass microscope slide was placed into the
sputter system (SPI Supplies, SPI Sputter Coater, P. O. Box 342, West Chester, PA
19330). and a 3000 A thick gold film was sputtered onto its surface. Once the small
piece of piezoelectric PVDF film was attached to the slide. the copper tape leads
were connected to the electrometer (Keithley Instruments. model 617, Cleveland.
OH 44139) as described in Chapter V. Several tests were then performed to

determine the polarity of the film and the effects of a temperature gradient.

To determine the polarity of the film, the first test implemented was to
evaluate the response of the film under the infl 'ence of an externally applied load.
Figure 6.1 illustrates the response of the film, initially biased at 2-V, to a 100 g
load. While this test confirmed the proper polarity of the film, it revealed the
fragility of the test configuration. The performance of the glass microscope slide
configuration tended to decay quite rapidly, as indicated by a voltage smaller than
the 2-\" level appearing across the film. This attenuated voltage level was caused
by poor adhesion of the gold metal to the glass microscope slide surface, and poor
uniformity ol the urethane adhesive. Siuce each glass mnicioscope configutation
could typically be utilized for 4 or 5 tests before any film adhesion problems
became apparent. 10 glass microscope slide configurations were fabiicated. and

data was collected before the configuration performance degraded.

To experimentally measure the effects of a temperatuie gradient and record a
baseline response of the piezoelectric PV'DF filim fo heat. a heat source was placed
near the film. As discussed in Chapter I1i. the piezoelectric constant of the
piezoelectric PV'DF film and its pyroelectiic constant possess opposite signs.
potentially resulting in charge signal amplifier output signals which do not
necessarily correspond to the amplifier output when simply a load is applied. The
temperature change resulting from the application of heat from a soldering iron
(135°€") placed 3 cm from the surface of the PVDF film produced a negative

voltage response illustrated in Figure 6.2.
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Figure 6.1. Output Kesponse Of A 100 g Load Applied To A Piece Of Piezoelectric
PVDF Film Attached To .\ Glass Microscope Slide.

6-3




Figure 6.2.
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Figure 6.3. Output Response Of A 100 g Load And Heat (135°C) Applied To A
Piece Of Piezoelectric PVDF Film Attached To A Glass Microscope
Slide.

To evaluate the effects of both the application of heat and the application of
an externally applied load. a temperature gradient and a load were simultancously
applicd to the glass microscope slide configuration. The results of a 100 g load and
a 135°C' temperature gradient are illustrated in Figure 6.3. Unfortunately. a
voltage generated by a large temperature gradient applied to the completed tactile
sensor configwation could potentially diive the floating clectrode potential negative
and out of the lincar region of the amplifier. With the charge amplifici output at
zero. no output changes resulting from the application of an exteinally applied load
would be measured. In an effort to eliminate or minimize temperatuie gradients of
this magnitude. the test configuration was placed within the pyroelectric effect
minimization chamber. Unfortunately, this chamber was unable to protect the

svstem from external variations in temperature.

Tactile Scnsor Bias Circuit Evaluation. The tactile sensor bias circuit was

designed to apply a uniform voltage to the clectrode array and the piczoelectric
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PVDF film, and then to disengage itself from the taxel array. To perform this
function, each reed switch in the circuit must possess a high off-impedance as well
as a low on-impedance. Therefore. the impedance of each reed switch was
measured using the electrometer configured with a 70-V bias voltage. Four
measurements of the 64 reed switches indicated an average off-impedance of

2.05 x 10! Q and an average on-impedance of 0.1 Q. Over the course of this entire
research effort, several subsequent measurements of the reed switches were
performed. If the off-impedance of one of the reed switches fell below 10! Q, it was

replaced with a new switch.

To simultaneously switch the high impedance switches from an off-state to an
on-state, a signal switcher (Wavetek. Inc.. Wavetek Programmable Signal Switcher.
model 604, 9045 Balboa Ave.. San Diego. CA 92123) was connected to the reed
switch control line. This allowed immediate switching of the reed switch control
line using a single switch button. If the reed switch control line was biased to a
level larger than the switch threshold level of 3.3-\"; then the reed switches turned
on, and if the control line was biased to a level less than 3.5-V, the reed switches
turned off.

To determine the timing characteristics of the switch, the high impedance
switch was configured with an input bias veltage of 5-V'. To simulate the capacitive
load of the piczoelectric PYDF film over the tactile sensor electrode, a 4 pF
capacitor was inserted into the protoboard (E&LL Instruments. Inc.. Elite-1 Circuit
Design System, New Haven. CT 06512). and the timing response recorded.
However, due to parasitic capacitances within the protoboard, the responsc of a
switch with a | pF capacitive load was identical to the response of a switch without
any capacitive load. Therefore. in an effort to produce an output which was
different from the po load response. a 165 plI¥ capacitor was chosen. The
characteristic worst-case response time is displaved in Figure 6.4. indicating a

0.1 ms decay time constant.

Multiplexer Circuit Evaluation. The function of the multiplexer circuit was
to convert simultancous voltage outputs from the tactile sensor IC into a serial
stream of information which was displayed on the digital storage oscilloscope. To
ensure that the multiplexer utilized in this research effort would pass the data

unaffected from its input to its output. at a sufficient speed to sample the entire
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Figure 6.1.  Arithmetic Average Time Response Of 10 High Impedance Reed
Switches.

array before the state of the array changed. a range of voltage values corresponding
to the output of the charge signal amplifier linear region was used. Additionalls.
the clock frequency was varied over a range spanning 500 Hz to 100 kHz. As an
example of data extracted during this testing phase. Figure 6.5 iilustrates the
response of the multiplexer to a 3.8 V' input voltage applied directly to the inputs
of the multiplexer ICs. No adverse operating affects {(for example. abnormaliy leng
switching times) could be discerned.

Elcetrode Array Inlegraled Circuil Evaluation. \Yhen the electrode array
integrated circuit was received from MOSIS. an extensive visual inspection of the
IC using an optical microscope concluded that no fabrication defects were visible.
Next. the DC resistance between the gold bond pads of the IC measured with the
electrometer confirmed high impedance (10" Q). and potentially no charge leahage
between the pads. Once this initial device verification was complete. an evaluation

of the IC components ensued. To illustrate the physical arrangement of the

‘e

clectrodes and their corresponding taxel numbers. Figure 6.6 is provided.
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Charge Signal Amplifier Performance Results. To ensure the charge
signal amplifier would perforny as designed, the two resistors contained in the
amplifier were measured to determine whether they were fabricated within the
tolerances specified by MOSIS. Two hundred twenty-four amplifiers on seven [Cs
were characterized. resulting in average resistor values of 7.34 k@2 and 5.28 kQ for
the two resistors. Subsequently, the resistor parameters were updated in the
SPICE simulation program, resulting in the expected characteristic transfer

function curve for a 13-V supply bias (Vaq) illustrated in Figure 6.7.

The [C was then inserted into the tactile sensor protoboard. and a supply
voltage (Vq) applied (Hewlett-Packard Co., Power Supply, model HPG6205B. 3155
Porter Dr.. Palo Alto. CA 94304). A Keithley electrometer (model 617) provided «a
bias voltage, which spanned 0-V to 20-V in 0.5-V steps. to the input of a randomly
selected amplifier. Simultaneously, the electrometer measured the output of this
amplifier. Several amplifiers were tested using different Vgq values spanning 10-\’
to 20-V. in 2-V increments. To produce a measured charge signal amplifict transfer
function curve for cach Vqg, 11 measured transfer function responses were
arithmetically averaged. The resulting transfer function curve for a 13-V Vdd is
illustrated in Figure 6.5. Unfortunately, the measured operating performance of
the amplifier was not acceptal 'e because the range of output voltages was not as
large as expected. To find a supply voltage which produced a range of output
voltages similar to the SPICE simulated amplifier output range, Vg was reduced
incrementally. A L1V Vg resulted in amplifiers which perform similar to the
SPICE simulated circuit. Figure 6.9 and 6.10 present the expected transfer
function calculated by SPICE for a 14-V V4 and the measured charge signal

amplifier transler function, respectively.

In an effort wo determine the minimum input voltage variation detected on
the output. the lincar region of the amplifier was analyzed. The measured linear
region of the amplifier when operating with a 1-V Vg spanned 2.5-V to 7-\'. The
gain over this region averaged 0.93. so a a 0.1-V' change in the input voltage would
cause a 0.098-V change on the output. The gain of the amplifier was less than the
expected gain derived from the SPICE analys! : however. an extended linear region
resulting {rom using this Vaq level was desired. Using the Keithley electrometer
(model 617). a voltage was applied to the input of the charge signal amplifier. The

output signal was also measured using the electrometer. The smallest detectable
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output signal was a 0.041-V change in the input level. corresponding to a 0.04-V
change in the output level. If the operating point of the amplifier was below the
lincar region of the amplifier. the gain dropped {rom 0.8 at the 2-V input level to
0.003 at the 0.5-V input level. For an input above the lincar region of the amplifier.
the gain drops from 0.8 at the 7.3-V input level to 0.1 at the 14-V input level.
Consequently, any change in input voltage was extremely difficult to detect and

record.

Charge Signal Amplificr Problem. While operating the electrode array
IC over time, a phenomenon developed which manifested itself as oue or more
“stuck” outputs. Always initially occurring on the same taxel amplifier output
(taxel number 49). the outputs were either stuck at ground. or stuck at Vgq.
Figure 6.11 illustrates cach taxel output when a new tactile sensor IC, with no
piezvelectiic film attached. was inserted into the tactile sensor protoboard and the
inputs biased to 3-V. Figure 6.12 represents the same [C after more than 12 hours
of operation with a 14-V Vyq. To determine the cause of this phenomenon. the
impedance was measured between several points on the charge signal amplifier

(Figure 6.13 provides a schematic representation of the measurement locations).

For an amplifier with its output stuck at Vgq, two causes were found. In the
fitst case. impedance measurements between the aluminum electiode and the
intermediate test probe pad indicated a reduction in value with respect to time.
[nitially. the resistance between the electrode gate and the test probe pad located
within the amplifier measured > 10" Q. as expected. However. after several hours.
this resistance slowly decreased (as time increased) to less than 200 Q. Apparentls.
this shotting effect between the electiode and the intermediate amplifier node
caused the electrode to be biased at a level different from the external bias level.
This manifested itself as a “stuck-high™ output. In the second case. impedance
measurements between the intermediate node and ground indicated that the diain
of the amplifier first MOSFET was shotted 1o giound. which also manifested ivsell
as a “stuck-high™ output. For charge amplifiers whose outputs were stuck at
ground. the impedance measurements hetween the output and ground confirmed
the drain of the second MOSFET was shorted to ground. resulting in the

"stuck-low” output.

To determine whether the 14-\" Vg was an excessive supply voltage which

caused the MOSFETs to breakdown. several additional tests were performed on a
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new [C. The Vyq was incrementally varied from 10-V to 14-V in 1-V steps. For each
valuc of Vyq, all of the chaige signal amplifier outputs were monitored and recorded
during a 36 hour period. The evaluation results indicated that a Vgq of 10-V, 1i-V,
and 12-V did not damage the MOSFETs within this pericd of time. However, for a
Vaa above 12-V. the MOSFET breakdown problem mamiested itself. One
contributing factor could have been the size of the MOSFETs used in this effort.
These MOSFETs were designed using minimum feature size, and a physically larger

amplifier possessing similar characteristics could potentially resolve this problem.

Tactile Scnsor Protoboard, Bius Circuil. and Multiplexer System Evaluation Results

Before an operational sensor was inserted into the tactile sensor evaluation
configuration, the system used to support the sensor operation was chaiacterized.
This evaluation consisted of integrating thiee components: the bias circuit, the
multiplexer, the tactile sensor protoboard. and the electrode array IC (without the
piezoelectric PV'DI film attached). The tactile sensor protoboard was connected to
the bias circuit and multiplexer circuit via 3 foot long ribbon cables. These tests
were designed to evaluate whether auy signal degradation occurred when the
system integration was implemented. Figure 6.14 illustrates a schematic

representation of the system configuration.

The initial test performed in this evaluation phase verified whether the reed
switches possessed similar characteristics after the integration step. To implement
the test. a 165 pF capacitor was inserted in the protoboard between an input line
and ground. and the tesponse was measured and compared to the initial reed
switch tests. The Wavetek Signal Switcher produced a voltage transient on the
reed switch control line (illustrated in Figure 6.13) which caused the reed switeh
output to fluctuate. Figure 6.16 illustiates a transient voltage peak which appeaied
after the reed switch was turned off. The additional capacitance due to the long
ribbon cables connecting the taciile sensor protoboard and the reed switch bias
circuit could have potentially held this large voltage peak at a high level. biasing
the operational tactile sensor clectrode to an unknown value. To eliminate this
peak. the Wavetek signal switcher was removed. A voltage source was connected to
the reed switch control line. and ilie voltage level control knob was used to switch
the reed switches simultaneously using their threchold voltage (3.5-V) as the

switching point. Figure 6.17 illustrates their characteristic response.

6-16




Digital Storage Osailloscope

2:248 PC

w/iEEE.$88
Interface
=
—h

{EEE- 185 Bus

dntput

Zignal

to be displayed
on the ————

Osciiloscope s .
i Reed Switch Networh

i Chep Multipiexer

Protoboard

Figure 6.14.  Schematic Of The Bias Switch Network, The Multiplexer. And The
Tactile Sensor Protoboard System Evaluation Configuration.

Next. the multiplexer output response was measured over a frequency range
spanning 353 Hz to 14 kllz with input voltages spanning 1-V to 14-\" applied
directly to the test protoboard. The response over this range illustrates a reduction
in multiplexer performance when compared to the initial multiplexer tests. and it
was cansed by the addition of the long ribbon cables to the system. Figure 6.18
illustrates a sample multiplexed output while the multiplexer was clocked at
14.2 kHz. The results showed that the switching time from a high level to a low

level increased. Consequently. the multiplexer was operated at a lower frequency.

To verifv whether this degradation would potentially affect the multiplexed
tactile sensor output, and to determine an adequate operating cock fiequency for
the system. an electrode array [ with no piezoclectric PV'DF il attached was
inserted into the tactile sensor protoboard. The Micromanipulator probe station
was used to apply a voltage bias (spanning 0-V to 14-V) directly to an electrode. in
an effort to simulate the voltage generated by the application of a load. The
individual taxel output was then multiplexed over a range of frequencies spanning

160 Hz to 10.1 klz. and the rise and fall times of the taxel output were measured.
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Figure 6.15. The Output Of The Wavetck Signal Switcher Connected To The Reed
Switch Control Line.
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Figure 6.16.  Reed Switch Charactetistic Response Possessing A Large Voltage
Transient.
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Figure 6.17. Reed Switch Characteristic Response After The Wavetek Signal
Switcher Used To Switch All The Reed Switches Simultaneously VWas
Removed.

Figure 6.19 illustrates the multiplexed output of taxel number 11 biased at 3-\.
with the multiplexer clocked at 320 Hz. Under these test conditions, the
multiplexer possessed a characteristic rise time of 14 ps and a fall time of 110 s
for all frequencies. Since the multiplexer could operate between 300 Hz and 2 kil
without significant input to output signal degradation, a compromise between
speed of the multiplexed output and width ol each individual input signal
contaiued in the overall output signal stream resulted in an optimum operating
frequency of 1.28 kHz. This allowed all 61 taxels to be displayed on the digital
storage oscilloscope at one time. with cach input signal possessing a 781 ps widils,
The array was scanned every 30 ms. which was sufficient time to sample the artas
before its surface potential state changed.

The final test performed iu the support component evaluation phase cousisted
of an electrode crosstaik evaluation. A voltage bias was applied directly to a taxel
on the electrode array IC using the Micromanipalator probe station. This voltage
bias spanned 0-V to 14-V. The multiplexed output revealed crosstalk between

taxels whose signal lines were placed next to each other. An example of the tasel
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Figure 6.20. Crosstalk Of The Nearest-Neighbor Taxels When A 6.21-\" Bias Was
Applied To Taxel Number 27.

outpuis is displayed in Figure 6.20. Because the crosstalk between tasels was not
detecied until the electrode array 1€ was inserted into the equipment confianration.
crosstalk was determined to be inherent 1 the IC javout. The crosstalk valies
depended on the location of the taxel and it~ associated signal line routing. the
results of the nearest-neighbor output voltage responses indicate a range from 20°

10 677 of the applied voltage value on the neighboring taxel.

Adhe~ee Eealualion

In an effort 19 find a rolust adhesive for attaching the piezoelectric PVDEF
filin to the surface of the [C. three adhiesives were used to fabricate 10
non-functioning tactile sensors. The adhesives used were urethane
{ Miller-Stephenson Chemical Co.. Urethane {MS 470, 22) Acrosol, Georze
Washington Highway. Danburs, CT o6is00, polvimide (AMOCO Chemical Co..
200 E. Randolph Dr.. Chicago. IL GOt011. and a plastic dieleciric (Loctite

Corporation. Loctite Tak Pak number 7535621, Newington. CT 06111, To provide
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a sample size sufficiently large to draw conclusions concerning the adhesive’s
properties. three sensors were fabricated from the urethane, three from tie
polyimide, and four from the plastic diclectric (cach fabricated using the adhesive

stored at different temperatures).

The uret'ane and polyimide adhesives possessed similar physical adhesive
properties, for example conformal electrode coverage over the entire array
(Figure 6.21), and adequate edge adhesion. On the other hand, at room
temperature. the Loctite tended to cure extiemely fast. before proper application of
force from the compression sandwich configuration could be implemented, resulting
in poor adhesion. In an eflort to change the cure time of the adhesive. thiee other
att npts were wade to fabricate a sensor using this adhesive stored at thiee
different temperatures. One sensor was fabricated using the adhesive stored at
—15°C", one was fabricated using the adhesive stored at —=8°C". and one was
fabricated using the adhesive stored at 10°C. The only relatively successlul sensor
fabricated was the one which used the adhesive stored at —=8°C. A small portion of
the electrode array possessed conforinal coverage (illustrated in Figure 6.22);
however, the filin sample did not adhere to most of the array, and one of the

corners did not adhere properly.

These 10 sensors were monitored for a period of two months to record any
deviations and defects which occurred over time. It appeared that no visible
degradation of the adhesive properties for any of the adliesive samiples developed
during this period of time. Appendix (i contains several photographs comparing,
the initial and final conditions of sensors fabiicated with wiethane. polyimide, and

Loclie adhesive,

Tactile Scnsor Evaluation

Once an operational tactile sensor was fabricated. its performance was
evaluated in two phases, induding discrete taxel tesponse verification tests, and the
evaluation of the entire taxel array response tests. Also performed was a
comparison of the electrical characteristics 1esulting from the polyimide and
urethane adhesives (the Loctitc candidate did not produce a functional tactile
sensor). Additionally, the tactile sensor [C. multiplexer circuit, bias circuit. and

test probe were placed in the pyroclectrie effects minimization chamiber.
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Figure 6.21. Example Of The Coulormal Coverage Existing
trode Array Using The Urethane Adhesive {75 x).

Figure 6.22.  Example Of The Non-Couformel Coverage Existing Over Most Of The
Electrode Array Using The Loctite \dhesive (75 x).
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Figure 6.23.  Output Of A Charge Signal Amplifier When A 135 g Load Was Re-
peatedly Applied To A Discrete Electrode.

Individual Taxel Verification. To measure the response of an individual taxel.
a load was placed on a single taxel using the Micromanipulator probe station.
Figure 6.23 illustrates the output of the chaige signal amplifier when the load was
tepeatedly applied to the taxel. Using these measurements, the sensor bandwidih
could be determined. The taxel electrode response from the unloaded state to a
loaded state indicated a bandwidth of 25 1z (0.04 s rise time), and the loaded to
unloaded state bandwidth of 20 Hz (0.05 s fall time). In an effort to determine the
relationship between the externally applied load weight and the cotresponding
change in output voltage values. the weight of the applied load was vatied from
0.3 g 1o 135 g. The load weight and its corresponding change in output voltage of
the taxel was then plotted. Figure 6.24 illustrates the voltage versus load
functional relationship. Using a lincar least squares curve fitting routine, the
resulting line possesses a slope of 2 mV'/g. To adequately resolve weight
increments, the change in output voitage due to a load must be greater than the
change in output voltage duc to noise within the system. The amplifier

performance evaluation revealed that while operating in the linear region of the
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Fignre 6,24, Characteristic Voltage Versus Load Functional Relationship For The
Tactile Sensor.
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amplifier. the sensor and supporting equipment configuration allows reliable
detection of a 0.04-\" increment. Since the sensor possesses a voltage versus load
function slope of 2 mV/g. this 0.04-V increment corresponded to a weight change

of 20 g. Any weight increment less than 20 g could not be reliably detected.

To determine how long the sensor would operate before the electrode array
required re-biasing. several long-term taxel response tests were petformed. While
cach taxel pussesses an average charge decay with respect to time of approximately
50 s. the taxel response tests indicated that not all of the charge dissipated after
this characteristic time. These tests revealed the ability of the sensot to maintain
sufficient charge over an extended period of time to gencrate repeatable load
responses (maximuin of 200 seconds). Figure 6.25 illustrates the output when a
load is applied. and demonstrates that the chiange in voltage due to the application
of the load remains constant over the length of the test. However, minute changes
in temperature and slow charge leakage actoss the array changed the initial state of
the sensor surface, and it caused the sensor to require re-biasing just before any

measurement was madle.

Next. crosstalk between taxels was evaluated for each of the adhesives utilized
in fabricating the tactile sensor. The urethane adhesive possessed crosstalk
between 33% and T3% of the nearest-neizhbor voltage value. while the polyvimide
adhesive exhibited a larger coupling {(between 10% and 30%). This indicates an
increase of 106C over the inherent 1C crosstalk for a tactile sensor utilizing the
utethane adhesive. and an inciease of 15% for tactile sensor fabricated using the

polvimide adhesive.

Tarel A\rray Fvaluation. The final evaluation performed consisted of placing
severar load shapes onto the surface of the tactile sensor 1. and determining if the
cotresponding output response was indicative of the shape and weight of the load
applied. Several load shapes were fitted to the test load fixture. and the high
impedance bias network was switched on. biasing the electrode array to an
opetating point at the lower end of the charge signal amplifiet lincar region. Next.
the bias network was switched off. and sufficient time was allowed for the system to
equilibrate. When a taxel was not under the influence of crosstalk, the
corresponding taxel output exhibited an exponential decay of approximately 50 s:

however. when crosstalk existed between two taxels. the nearest-neighbor taxel
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Figure 6.25.  Response Of The Charge Signal Amplifier For A 135 g Load Oxver A
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output increased to a stable bias voltage other than the externally applied bias
voltage applied, but still within the lincar region of the amplifier. Since the
amplifiers were linear for input levels between 2.5-\ and 7-V. the taxels which were
affected by the crosstalk did not suffer performance degradation. A pre-load
measurement was recorded. A load was applied to the surface of the sensor. and a
loaded-state measurement of the sensor clectrode array was recorded. Finally, when
the load was removed. a post-load measurement was recorded. To illustrate this
process, the results of a small circularly shaped load applied to the surface of the
tactile sensor will be presented. The application of the sinall circle resulted in the
pre-load. load. and post-load measurements compiled in Figuies 6.26. 6.27. 6.28.

and 6.29.
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Figure 6.26.  Pre-load, Load, And Post-load Measurements Of A 100 g Small Circle
’ Shape Load (Taxel 1-16 Responses Are Shown).
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Figure 6.27.  Pre-load. Load. And Post-load Measurements Of A 100 g Small Circle
Shape Load (Taxel 17-32 Responses Are Shown).
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Figure 6.28.  Pre-load, Load. And Post-load Measurements Of A 100 g Small Circle
Shape Load {Taxel 33-18 Responses Are Shown).
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Figure 6.29.  Pre-load. Load. And Post-load Measurements Of A 100 ¢ Small Cirele
Shape Load (Taxel 19-64 Responses \re Shown).
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Figure 6.30.  Shape Information For The Small Circle Applied To The Upper Right
Hand Corner Of The Electrode Array.

From these pre-load. load. and post-load measurements. shapes could
potentially be discerned by using the algotithm provided in Chapter V. The first
step in the algorithm resulis in the change in output voltage level for a given taxel.
Fiaure 6.30 illustrates the results after applying a 100 g small circularly shaped
foad to the surface of the tactile sensor. arithmetically averaging the pre- and
post load measurements. and subtiacting the result fiom the load measurement.
Next.the taxel responses were mapped to theit corresponding locations in an » x >
arrangement. producing a three-dimensional plot of the data. Several equipotential
contotirs were analyzed using the criteria provided in Chapier v to determine the
“hest-fit” contour corresponding 1o the shape of the applied ioad. On a
iwo-diunensional ¥ x X array diagram. the taxels which possessed ontput 1esponses
above this "best-it” threshold level were displaved as black. and the taxels below
this threshold equipotential were displaved as white.

To demonstrate the ability of this sensor to detect shapes. the figures
provided on the following pages illnstrate the sensot’s 1esponses to a sharp edge. o
small square. a small circle. a polygon. a slotted screw. a cross-slotted screw. a

latge solid citele. and a toroid. Fach <hape is presenied nsing three hizures: the
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Table 6.1. Optimum Threshold Levels For Each Load Shape.
Shape Threshold Level (V)

Sharp Ldge

Small Square 0.35
Small Circle 0.7
Polygon 0.4
Slotted Screw 0.51
('ross-Slotted Screw | 0.43

Large Solid Circle 1 0.5
Toroid 0.5

three-dimensional plot. the contour piot. and the threshold plot. The plots were
generated using a program called Vathe matica: a sample data file and program is
included in Appendix I. The threshold analysis results are provided in Table 6.1.
indicating the threshold level which corresponds to the contour level that
vhest-fits™ the shape of the applied load. The smallest feature size of all of the
shapes was the sharp edge measuring 700um wide. and it was easily detected by
the sensor (Figure 6.311. However. the sensor’s ability to resolve the sepaiation
distance between two points was evaluated using the screw shaped load.
successfully distinguishing the 1.5 mm wide feature (Figure 6.43 illnstrates how
well the tactile sensor could resolve this disiance). Figures 6.55 through 6.63
demonstrate the increased crosstalk die to the polvimide adhesive. Appenddix J
provides contour and threshold plots which helped determine the “best-fit” coniom
and threshold plots contained in this chapter. Appendix K contains plots of the

sharp edge. small square. small cirdle. and polygon applied to the surface of the

tactile sensor nsing 75 g. 50 g. and 10 o weighted shapes. Additionally. \ppendix L

contains data for the sharp edge. small squate, and small civele when they were

applied 1o different locations on the surface of the taciile seusor.
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Three-Dimensional Representation OF A Sharp Edge Shaped Load \p-
plied To The Surface Of The Flectvode Array. The 2-Axis Corresponds
o The Norraalized Difference Between The Sensor’s Loaded And Un-
loaded States. And The x- And v-Axes Correspond To The Elecirade
Columns And Rows, Respectively.
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Three-Dimensional Representation Between A Small Square Shaped
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0.35-\" Equipotential Contour Plot For A 100 g Small Square Shaped

Load Applied To The Surface Of The Electrode
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0.7-V Threshold Plot Of A 100 g Small Circularly Shaped Load - Tax-
els With An Output Level Above This Threshold Level Are Displayed
As Black Aund Taxels With An Outpnt Level Below This Threshold
Level Are Displaved As White,
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Figure 6.10.
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Three-Dimensional Representation Of A Polvgon Shaped Load Ap-
plied To The Surface Of The Electrode \rray. The z- Axis Correspomis
To The Normalized Diiference Between The Sensor’s Loaded And Un-
loaded States. And The x- And v-Axes Correspond To The Electrode

Colimus And Rows. Respectively.
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Figure 6.11.

0.1\ Equipotential Contonr Plot For A 100 g Polygon

Taxel Column

Applied To The Surface OF The Electrode Array.
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0.4-\" Threshold Plot OF A 100 g Polvgon Shaped Load - Taxels With
An Qutput Level Above This Threshold Level Are Displayved As Black
And Taxels With An Ontput Level Below This Threshold Level Are
Displayed As White.
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Taxcl Row
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Figure 6.13.  Three-Dimensional Representation Of A Slotted Scrcw Shaped Load
Applied To The Surface Of The Electrode Array. The z-Axis Corre-
sponds To The Normalized Difference Between The Sensor’s Loaded
Aund Unloaded States. And The x- And v-Axes Correspond To The
Electrode Columns And Rows. Respectively,
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, Figure 6,41 0.51-\" Equipotential Coutonr Plot For A 100 g Slotted Serew Shaped
Load \pplicd To The Suiface OF The Electiode Array.
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Fignre 6.45. 51-V Threshold Plot OF A 100 g Slotied Screw Shaped Load - Taxels
\With An Output Level Above This Threshold Level Are Displayed As
Black And Taxels With An Output Level Below This Threshold Level
Are Displayed As Whire.
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Figure 6.16.  Three-Dimensional Representation OF A Cross-Slotted Screw Shaped
Load Applied To The Surface Of The Electrode Array. The z2-\xis
Corresponeds To The Normalized Difference Between The Sensor’s
Loaded And Unloaded States. And The x- And v-Axes Corvespond
To The Electrode Columns And Rows. Respectively,
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Taxcl Column

Figure 6.43.  0.45-V Threshold Plot Of A 100 g Cross-Slotted Screw Shaped Load
- Taxels With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Are Displaved As White.
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Figure 6.19. Three-Dimensional Representation Of A Large Solid Circularly
Shaped Load Applied To The Surface Of The Electrode Array. The z-
Axis Corresponds To The Normalized Difference Between The Sensor’s
Loaded And Unloaded States. And The x- And y-Axes Correspond To
The Electrode Coluinns And Rows, Respectively.
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Taxel Column

Figure 6.50.  0.3-V Equipotential Contour Plot For A 100 g Large Solid Circularly
Shaped Load Applied ‘To The Surface Of The Electrode Array.
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Figure 6.51.  0.5-V Threshold Plot O A 100 g Large Solid Circularly Shaped Load
- Taxeis With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Arve Displaved As White.
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Figure 6.52. Three-Dimensional Representation Of A Toroid Skaped Load Applied
To The Surface Of The Elecirode Array. The z-Axis Correspouds To
The Normalized Difference Between The Sensor’s Loaded And Un-
loaded States, And The x- And y-Axes Correspond To The Electrode
Columns And Rows. Respectively.
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Taxcl Row

Taxel Column

Figure 6.33.  0.5-V Equipotential Contour Plot For A 100 g Toroid Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure 6.54. 0.5-V Threshold Plot Of A 100 g Toroid Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displaved As Black
And Taxels \WVith An Output Level Below This Threshold Level Are
Displayed As White.
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Figure 6.55.
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Three-Dimensional Represeniation Of A Sharp Edge Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corresponds
To The Normalized Difference Between The Sensor’s Loaded And Un-
izaded States. And The x- And y-Axes Correspond To The Electrode
Columns And Rows. Respectively -~ The Sensor Was Fabricated Using
A Polyimide Adhesive.
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Figure 6.56.  0.53-V Equipotential Contour Plot For A 100 g Sharp Edge Shaped
Load Applied To The Surface Of The Electrode Array - The Sensor
Was Fabricated Using A Polyvimide Adhesive.
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Figure 6.57.

Taxel Column

0.58-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Taxels
With An Output Level Above This Threshold Level Arc Displayed
As Black And Taxels With An Qutput Level Below This Threshold
Level Are Displayed As White - The Sensor Was Fabricated Using A
Polyimide Adhesi e.




Normalized

Output Voltage

/
Ly
/
z
& 4
o
5 s
= 5 -
6 - 3
N “
- N 25
7 —OEEERY \
8 : V . . i b \8
i s 6 T
H 3 4
2
I

Taxel Column

Three-Dimensional Representation Of A Small Square Shaped Load
Applied To The Surface Of The Electrode Array. The z-Axis Corre-
sponds To The Normalized Difference Between The Sensor’s Loaded
And Unloaded States. And The x- And y-Axes Correspond To The
Electrode Columns And Rows. Respectively - The Sensor Was Fabri-
cated Using A Polvimide Adhesive.

Figure 6.38.
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Figure 6.59. 0.35-V Equipotential Contour Plot For A 100 g Smali Square Shaped

Load Applied To The Surface Of The Electrode Array - The Sensor
Was Fabricated Using A Polyvimide Adhesive.
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Figure 6.60.
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Taxel Column

0.55-V Threshold Plot Of A 100 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White - The Sensor Was Fabricated Using A
Polyimide Adhesive.
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Figure 6.61. Three-Ditnensional Representation Of A Small Circularly Shaped
Load Applied To The Surface Of The Electrode Array. The z-Axis
Corresponds To The Normalized Difference Between The Sensor’s
Loaded And Unloaded States. And The x- And y-Axes Correspond
To The Electrode Columns And Rows, Respectively - The Sensor
Was Fabricated Using A Polyimide Adhesive.

$-63




{ }
' H
YT ; i
I — lfi | o | ¢ 8
P } ] i ] ! b
1 ]
¥
i 1 f H h T ) ¥
21 Lo b P
ié____* L5 ) b b
§
: ’ NN 3
3 | P __; \a b
1 i N VI
) 1
> ’ SO Y |
o 4 — |
o % } N
s
< L
GS-E ‘ i
a N N
6 | | \'; T
A i j
Py | B i '
% ' : s ! f %
7T— by P I !
b b , % E
i i
f i
wi;"l‘ i ! %
. . i
bi!ﬂ E R ; f
i
i p Ty ' i ] ]
] 2 3 4 5 6 7 8

Taxcl Column

Figure 6.62.  0.8-V Equipotential Contour Plot For A 100 g Small Circularly Shaped
Load Applied To The Surface Of The Electrode Array - The Sensor
Was Fabricated Using A Polyimide Adhesive.
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0.8-V Threshold Plot O A 100 g Small Circularly Shaped Load - Tax-
els With An Qutput Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White - The Sensor Was [Fabricated Using A
Polvimide Adhesive.
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Conclusion

This chapter compiled the results of the tactile sensor research effort and
presented them in a chronological format beginning with the components of the
system, and progressing to the final tactile sensor test configuration. The analysis
indicates how each component’s performance affected the overall tactile sensor’s
performance. The progression of testing resulted in the establishment of successful
operation of the bias switch circuit. and the ability to establish an operating point
for the multiplexer at 1.28 kHz. Initial IC performance tests indicated that the
amplifier possessed a gain of 0.98. slightly less than expected SPICE analysis
indicated: however, a large linear 1egion resulting from the power supply voltage
used was desired. Crosstalk effects inherent in the electrode array 1C were
discovered and indicated nearest-neighbor taxel responses which span 20% to 67%
of the active taxel’s voltage magnitude. The adhesive study revealed that fast
curing adhesives do not possess the proper characteristics for fabricating a tactile
sensor piezoelectric PVDF film on a silicon 1C'. Tactile sensor electrode tests
indicaied a linear load versus voltage slope (gradient) of 2 mV/g, a weight
resolution of 20 g, and a maximum bandwidth of 25 Hz. They also indicate a 10%
cnhancement of the crosstalk effects using a urethane adhesive, and an increase of
15 using the polyimide adhesive. Finally. after using a shape detection algorithm.
the taxel arrav tests conclusively show that the shape of the load in contact with

the surface of the sensor was detected with a maximum resolution of 700 jun.

6-G6




VII. Conclusions and Recommendations

Conclusions

The goal of this research effort was to design, fabricate, and characterize a
tactile sensor system consisting of a tactile sensor [C'. an external high impedance
switch circuit, and an external multiplexing circuit. In order to accomplish this
objective, a hardware design and fabrication process was implemented along with a
logical test methodology. The hardware included an electrode array IC containing
an 8 x § array of equally spaced aluminum clectrodes, and 64 high impedance input
MOSFET amplifiers. Also included were supporting component hardware
consisting of a high impedance 1ced switch network and a multiplexer circuit both
realized from commercially available components. The test methodology developed
ensured that any problems associated with either the supporting component
hardware or the integrated circuit could be identified early in the testing phase.

and their effects could be accounted for.

This research was successful in designing, fabricating, and characterizing .e
performance of the entire tactile sensor system. The fabricated IC included in situ
charge signal amplifiers which possessed a gain of 0.98 and a linear region [roin
2.5-V to 7-V. Also. charge leakage between inpui and output pads was not
detected. Pyroeleciric effects on the piezoelectric PVDF film were investigated:
however. the Pyroelectric Minimization Chamber did not reduce variations in
temperature. An external high impedance (10! Q) switch network resulted in the
ability to bias the entire electrode array structure and attached piczoclectiic PV'DF
film to a uniform initial condition. Acditionally. the external multiplexer citcuit
enabled sampling of the array without degradation of any taxel charge signal. The
response of the tactile sensor fabricated using a 40 yrm thick square picce of the
piezoclectric PVDE film indicated linearity between 0.8 g and 135 g. an
incremental weight resolution of 20 g. and maximum bandwidth of 25 Hz. Using a
shape detection procedure consisting of a mathematical ma.ipulation of pre-load.
load. and post-load measurements of the tactile sensor electrode array, the tactile
sensor could detect the shape of the load in contact with the surface of the tactile

sensor [C' with a resolution on the order of 700 pm.
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The considerable crosstalk (between 35% and 75% resulting from the 1C
layout design combined with coupling effects due to adhesives used for fabricating
the tactile sensor) slizghtly affected the operation of the sensor; however, shape
information could still be retrieved. Unfortunately, the charge signal amplifiers
exhibited bieahdown over time due to the excessive operating power supply voltage
used to achieve the desired operating characteristics of the amplifier. A reduciion

in Vgq Lo a voltage below 12-V should solve this problem.
g ]

The adhesive study revealed that the urethane adhesive possessed the best
electrical and physical characteristics when compared to either the polyimide ot the
Loctitc materials. The Lectite adhesive tended to cure too quickly. resulting in poor
adhesion and uestionabie physical coupling to the electrode array. While the
polyimide pussessed bondiug characteristics similar to the urethane adhesive, its
clectrical charactetistics exhibited an increase in taxel crosstalk larger than the

urethane aciizesive.

Recommendations

While this effort successfully designed, realized and <haracterized a fully
functional tactile sensor. there are still advances and changes which should be
implemented to facilitate attachment of a piezoelectric tactile sensor to a robotic

manipulator. Five areas should be considered:

1. Taxel crosstalk inherent in the electrode array should be investigated. In
order to lully investigale the source of this crosstalk. a design similar to the one
niilized in this thesis effort should possess two distinct characteristics. One half of
the electrode artay should route the input metal lines in such a manner to ensure
that nearest-neighbor electrode lines routed from the electroie oo Fiwir
corresponding amplifier do not lie next to cach other. On otlied half of the array.
the electrode input signal lines routed from the input bond pad to the gate of the
amplifier should not lie within 25 jum of each other {the metal lines in this effort
were 10 pin apart). .\ design incorpuiating these changes could help detemine the

source of the crosst=lk problem.

2. The incorporation of an in sitn multiplexer. A functional resident
multiplexer would relieve the pin count limitations on the number of aluminum

clectiodes used, which would further improve the sensor image resoiution while also




-

~nhancing the reliability of the [C'. This feature would limit iie number of bond
wores enposed; thus, reducing the potential for destroying input or cutput paths.
Appendix M provides the design and test approach for a potential candidate for a

future 7n situ multiplexer.

3. A new charge signal amplifier shouis be ¢« <" «%ich possesses a
compromise between a large linca. operating regio, .t * « l.rge gain to facilitate an
increased load weight response resolution. The desigi- should incorporate an

§

operating supply voltage of less than 13-V, to inkihi "“I"SCET destruction.

1. A modified test load application fivture is 1.-1.” «d. A nodification of the
load appiication device to incorporate microme.er adj .stment screws would
facilitate adjustment of the test load shape and facilitate intimate contact betwecn
the surface of the tactile sensor I(" and the test load shape. This modification
woulu facilitate full characierization of the tactile sensor relative to the test load

shapes (Figure 7.1).

3. An investigation into the pyioeleciric effects should be undertaken. These
eflects should he minimized to ensure proper characterization of the tactile wensor

1s performed.

These recommenaations should ; ovide significant improvement in the tactile
sensor system. and they could potentiatly lacilitate incorporating the tactile sensor

IC" onto a robotic manipulator.
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Appendix A. Maierials and Equipment

The following table summarizes the materials used and equipment utilized in

this research effort.

Table A.l. Materials And Equipment.

Solef Polyvinylidene Fluoride Film - 40 pum thick
The Solvay America Corporation
609 5th Ave.
New York. NY 10017
Metal-oxide-seniconductor Enplementation System (MOSIS) Circuits
University of Southern Caiifornia
Information Sciences Institute
4676 Adiairvalty Way
Marina Del Rey, CA 90292
Urethane (MS-470/22),
Miller-Stephenson Chemical Co.
George Washington Highway
Danbury, CT 06810
Ultradel Polyimide Dielectric and Adhesion Promoter
\MOCO Chemical Co.
200 k. Randolph Dr.
Chicago. I1. 60601
Plastic Dielectrie - Loctite Tak Pak
INo. T536A21)
Loctite Corporation
* Newington, ("T 06111
MANX32S Multiplexer Chips
Maxim Integrated Producis
120 San Gabriel Dr.
Sunnyvale. CA 91056
gl Tmpedance Reed Switches ) i
Porter and Bramfield Relay Speciaities. Inc, ‘
i 17 Rantan Rd.
| Daklar, NJ 07436

Al




Keithlev Electomcter, model 617
Keithley Instruments
2

23775 Aurora Rd.
Cleveland, OH 44139

LeCroy Model 9400A Digital Oscilloscope
LeCroy Corporation
700 Chestnut Ridge Rd.
C'hestnut Ridge. NY 10977

HP 54100A Digital Storage Oscilloscope
Hewlett-Packard Co.
3155 Porter Dr.
Palo Alvo, CA 94304

Fluke 77/AN Multimeter
John Fluke Manufacturing Co.

Everett, WA 99100

Zenith Z-248 Personal Computer
(with IEELE-488 Interface)
Zenith Data Systems
Hilltop Rd.
St Joseph, MI 19085

[IEEE-488 Buses

Micromanipulator Model 6200 Microprobe Station
The Micromanipulator Company. Inc.
2301 Arrowhead Dr.
Carson City. NV 89701

Micromanipulator Model 450/360 M Manipulators (3)
The Micromanipulator Company. Inc.
2301 Arrowhead Dr.
Carson City. NV 89701

HP62058 Power Supply
[fewlewt-Packard Co.
3155 Porter Dr.

Palo Alto. C'A 91301

Pvroelectric Minimization Chamber

Test Probe Fixture and Weights

Sensor Protoboard




HP3314 Function Generator
Hewlett-Packard Co.
3155 Porter Dr.
Palo Alto, CA 94304

Elite-1 Circuit Design System
E & L Instruments, Inc.
70 Fulton Terrace
New Haven, CT 06512

Decade Voltage Divider. Type 65.4-A
General Radio Company
Cambridge, MA 01351

SPI Sputter Coater
SPI Supplies
P. O. Box 342
West Chester, PA 19330

SPI Plasma Piep 11
SPI Supplies
P. O. Box 342
West Chester, PA 19330

VLSI Computer Aided Design (CAD) Tools
Magic Integrated Circuit Layout Editor
Simulation Programs. Integrated Circuit

Emphasis (SPICE)

De-ionized Water

Glass Microscope Slides

Isopropyl Alcohol

Concentrated (37%) HCI

Ferric Chloride

Acetone

Silicone Oil

Silver Conductive Epoxy

Scalpel

Syringe (3 cc)

Heat Source

Aluminum

Gold

Conductive Copper Tape

1-mil Diameter Wire

Nitrogen Gas

Battery
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Appendix B. Test Load Shape Designs
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Figure B.1. Sharp-Edge Test Load Shape.
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Figure B.2. Square Shaped Test Load.,
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Figure B.3. Solid Circle Test Load Shape.
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B-d




T Smm

- ;<-.
r ] f - == Conmauls Sensor Suttace
i [ :
B
1 +
1
§ |
i e i
.
;
Lo i
N ;
| . i
| o {
L 5

i
-f— 4 mm .__>.3
i~ £<— 6 mumn ——?l

|
!
|

.! N
\ x'\\{‘ /; 4 n;m %r ....... ‘ ‘
NGV

Coeeen 1 mm edus

theeaded

Figure B.5. Slotted Screw Test Load Shape.
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Appendix C. SPICE Deck Files

‘The following data includes the tactile sensor charge amplifier SPICE deck

and the SPICE model parameters.

Charge Amplifier SPICE Deck

3 ok 3K e e e e e 3 A K K 3K ok s sk ok i ok sk ok 3K ok 2k ok 3K K ok o ok ok o sk ok ok ok e 3 ok e Sk ok o ok ok ok ok e ok ok Kok ok ok
*

* Power Supply and Input Voltages

*

Vdd 1 0 dc 15v

vin 3 0 dc 1.8v $s5in(1.8 7.5 ikhz) ac 2,0

* Circuit Being Analyzed - Charge Amplifiers
* 2 Inverters In Series with Resistive Loads
.param resistor=i

* param width=1

*,param length=1

mni 2 3 0 0 n w=5u 1=2u ad=25p as=25p

ri 1 2 T7k$’resistor*280’

mn2 4 2 0 0 n w=3u 1=2u ad=19p as=19p

r2 1 4 5k$’resistor*200’

.dc vin 0 15 0.2 sweep resistor poi 7 20 22 24 25 26 28 30
*,ac dec 10 1 1le7
*.tran le-5 1le-3

*.print dc v(4)

.plot ac vdb(4,3)
.plot ac vp(4)

.plot tran v(4),v(3)
.plot dc v(4)

* * %X X

*

.graph ac MODEL=output vdb(4,3)
* . graph ac MODEL=output vp(4)
*.graph tran v(4),v(3)

.graph dc v(4)

*.model output plot xscal=2

.options nomod

.protect $suppresses the model information

.include /auto/cad/chiplib/spicemodels/vti_hspice.lvl13
.end




SPICE Model Parameters
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*PROCESS=vti

*RUN=n0al

*WAFER=5

*Gate-oxide thickness= 389.0 angstroms

*Geometries (W-drawn/L-drawn, units are um/um) of transistors

* measured were:

* 3.0/2.0, 6.0/2.0, 18,0/2.0, 18.0/5.0, 18.0/25.0

*Bias range to perform the extraction (Vdd)=5 volts
*DATE=01-15-91

A

*NMOS PARAMETERS

*

.MODEL N HMOS LEVEL=13 VFBO=
.26023E-01,-5.61593E-02,-1.
.62682E-01, 1.93912E-24, 0.0000GE4+00
1.00898E+00, 1.21488E-01, 5.058165-01
1.14611E-01, 1.69798E-01,-3.90522E-02
.35442E~-03, 2.63766E-02,~-5.51985E~03
.59640E+02,6.26337E-001,~2.80950E-001
.14904E-02, 5.52767E-02,~-5.37042E-02
.72559E~02, 7.20491E-01,-4,74495E~01
.39485E+00,~8.04217E+00, 4.52431E+01
.89978E-04,~1.18484E-02,-5.85445E-03
1.19460E-03,~8.92090E-04,-1.02105E-02
1.06569E-02,-9.12039E-04, 1.40155E-02
.98398E-02, 3.02754E-02, 7.64969E-02
6.41883E+02, 4.40279E+02, 6.05329E+01

+

67910801

+

B N T A
I 1

+

.33791E+01,
3.71054E+00,
.66103E-03,

.58763E+01, 1.
.68605E+01,-2.
28719E-02,-5.

29922E+02
72986E+01
33735E-02

3
7
7.
.89000E-002, 2.70000E+01, 5.00000E+00
.16998E~010,4,16998E~010,5.96190E-010
.00000E+0006,0.060000E+000,0.00000E+000
.00000E+000,0.00000E+300,0.00000E+000
.00000E+000,0.00000E+000,0.00000E+000
.00000E+000,0.00000E+000,0.00000E+000
19.48, 1.020500e~04, 5.524300e-10,
0.8, 0.6744, 0.2857, 0, 0

W W

QO

0, 0.8

Gate Oxide Thickness is 388 Angstroms

N T T T T S R S

*PMOS PARAMETERS

*

.MODEL P PMOS LEVEL=13 VFBO=

+ -4,34134E-01, 6.75224E-02,~2.59323E-03
+ 6.85623E-01, 0.00000E+00, 0.00000E+00
+ 6.17278E-01,-1.14679E-01, 8.83531E~02




2.52232E-02, 2.70778E-02,-1
+ =9.68790E~-03, 4.89835E-02,-5

+
V]

+ 1,20355E-01, 5.44177E-02,-1
+ T7.01132E-03, 2.6135S8E-01,-1
+ 9,T4288E+00,-5.44796E+00, S.
+ -8,19796E-04,-2.75987E-03,-1.
+ 1,14756E-03,-3.39669E-03,-3.
+ 6.39469E-03,-4.55227E-02, 6
+ -1,74819E-03, 7.53192E-03, 9
+ 2,32150E+02, 1.22066E+02, 4.
+ 8.37573E+00, 9.15603E-01, 1
+ -1.052583E+00, 1.07T120E+01, ¢
+ -1,63221E-02,-2.64327E-03, 2
+ 3.89000E-002, 2.70000E+01, 5.
+

+ o

+ 0.8, 0.5533, 0.3306,

x

=N+ diffusion::
*

.MODEL PC1_DU1 R

.84284E-02
.69373E-03
.30201E+02,4.65059E-001,-3.

64377E-001

.02850E-01
.91130E-02

47627E+00
65286E-03
44013E-03

.15819E-05
.75447E-03

63450E+01

.13261E+01
.41416E+00
.09036E-02

00000E+00

3

3.09624E-010,3.09624E~010,5.75636E-010
1.00000E+00C,¢. ¢ JOOE+000,0.00000E+000
1.00000E+000,0.00000E+00C, 0.00000E+000
0.00000E+000,0.00000E+000,0.00000E+000
0.00000E+000,0.00000E+000,0.GO000E~000
+ 102.6, 2.553000e-04, 3.

147200e~10, 0,
0, 0

+ RSH=19.5 C0¥X=0.000102 CAPS¥=5.52¢-10 ¥=0 D=0

*

*P+ diffusion::
*

.MODEL PCi_DU2 R

+ RSH=103 C0X=0.000255 CAPSH=3.

*
*METAL LAYER -~ 1
*

.MCDEL PC1_ML1 R

15e-10 ¥=0 D¥=0

+ RSH=0.106 COX=0 CAPS¥=0 W=0 DW=0

*
#METAL LAYER -- 2
¥
.MODEL PC1_ML2 R

+ RSH=0.04 COX=0 CAPSW=0 ¥=0 D¥=0

(-3

0.8




Multiplexer Inverier SPICE Deck:
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x

+ PGWER SUPPLY AND INPUT VOLTAGES

X

¥op 10 DC 15V

VIt 2 0 PULSE(O 15 25NS iNS 1NS 25HS SOHS)

*VIN2 3 O PULSE(O 5 S0NS 1NS 1NS SONS 100MS)

«VINZIiy 2 0 DC 5V

* CLRCUIT BEING ANALYZED - INVERTER
22 31 INVERTER

C23 0 149FF

xLAD CAPACITANCE ~ 8 GATES

.SUBCKT INVERTER 2 3 1

Wi 1 23 1P W=iBU L=2U AD=75P AS=75P
M22 20 O N W=€U L=2U AD=40P AS=40P
.ENDS INVERTER

*,dc vininv 0 15 0.2
.tran1 ins 1i00ns
*x,plot dc v(3)

*graph dc v(3)

-plo tran v(3)

.protec, Tsu presses the model information

.inciud- /auwto/cad/chiplib/spicemodels/vit s.spice.ivli3

-EXD




Appendix D. Piezoelectric PVDF Film Characterization Procedure

C'oncurrent with the IC fabrication process, the piezoeclectric PVDFE film was
characterized to determine its polarization (68:29). The surface of the film which
developed a positive charge when the film was compressed was identified as the
surface which was attached to the electrode array. This surface was not he
metallized. The film polarization detection and pyroelectric effect procedurc was
implemented as follows:

l. A 6 mm by 6 mm piece of the piczoclectric PVDF film was cut from a
larger sheet (3 x 11 in) (one side of the large sheet was marked in one corner with
indelible ink for orientation purposes: the same side of the smaller piece of film was
similarly marked).

2. A metallization process (either thermal evaporation or sputtering) was

used to paitially cover a glass microscope slide to create the clectiode configuration

shown m Figure D.1. One strip of the conductive copper tape was then attached to
the electrode.

3. The piece of the piezoelectric PVDT film was attached to the glass

microscope slide with the urethane adhesive.

1. A second piece of copper tape was then attached to the unmetallized
portion of the glass microscope slide. and a 1-mil diameter wire was attached from
the copper tape to the top surface (metallized) of the piezoelectric PVDT film

using conductive silver paint.

3. A bias voltage from an electrometer (Ieithley Instruments. model 617.

(leveland. O 11139) was connected across the film.

6. The input probes of the electrometer were connected across the film. To
ground this configuration, the ground leads from both the bias voltage. and the

input probes were connected together.

7. To observe any pyroelectric cffects, a heat source was brought close to the
surface of the film. and any voltage detected by the electrometer was recorded. An
IEEE-488 bus was used to transmit the data to a personal computer {Zenith Data
Svstems. model 7-218. St Joscph. MI 190385} where it was stored on floppy disks. .\

BASIC' computer program, listed in Appendix I2 was used to process this data.

D-1




PVYDF Film

Metallized Pottion

of Glast Slide
]

Wire Bond

.
.

I
!
i
/
i

1

Copper Fape

Ground “

Meter fuput

Voltage Bias

/

Rerthles
Electrometer { Model €17}

Figure D.1.  Bulk Piezoelectric P\'DTF Filim Characterization Scheme Using .

Microscope Slide Substrate.
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Figure D.2.  Piczoeleciric PVDF Film Characterization Instrumentation Configu-
ration.

8. A fixed load was then applied to the film. and personal computer. The test
configuration is illustiated in Fignie D.2. Also. pyroelectric effects was evaluated
by placing a heat source close to the piezoelectric PVYDF film while it was under a
loaded condition. An IEEE- 183 bus was used to transmit the data to the Zenith
Z-248 personal computer where it was stored on a floppy disk. A BASIC computet

program. provided in Appendix E was used to process this data.

a. If the response signal was positive. then the top surface of the film was
marked to indicate that the metal on that surface was to be removed with a wet

chemical etchant {ferric chloride).

b. If the response signal detected was negative. the filim’s orientation was
reversed. and the load was reapplied. The electrometer shonld then detect a
positive response signal. The newls oriented film's surface was marked for the

subsequent etch process as described in the next step.

9. The proper side of a large sheet of the piezoelectric PVDFE film was ciched

with ferric chloride. rinsed in deionized water. and dried with nitrogen. Then. 6

-3




mm by 6 mm pieces were cut from the sheet and stored for preparation of the

tactile sensor fabrication step.




Appendix E. BASIC Data Acquisition Programs

The following BASIC programs were utilized to retrieve the data from the

test equipment.
Keithley Model 617 Flectrometer Data Acquisition Program

Reed Switch Impedance Measurements

)
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> ELECTROR.TXT

H

’ Configures and runs the Keithley Electro. 2ter Model 617 in remote
? control using Qui-kBASIC. This particular program is designed to

’ retrieve data f .. the reed switch impedance evaluation.
)

CLS
LOCATE 1, 1
PRINT "The Acquisition Program For Reed Switches Is Running..... "
> Es+%ablish communications with device driver
OPEN "$Dv488" FOR OUTPUT AS #1 ’directives sent
PRINT #1, "BUFFERCLEAR"
OPEN "$DV488" FOR INPUT AS #2 'input from the devices
ON ERROR GOTO 1540
? Initialize MBC-488 board using "SYSCON" command
LOCATE 3, 1
PRINT "Initiallizing GP-1B Card..."
PRINT #1, "SYSCON MAD1=3 CICi=1 BA1=&H300"
DEV2Y, = 27
’ Set TIMEQUT (timeout time=0.056 x A%)
55¢ PRINT #i, "REMOTE 27"
LOCATE 5, 1
INPUT "Filename for the drta: ", DFILESS
OPEN DFILES$ FOR OUTPUT AS #3
LOCATE 7, 1
INPUT "To configure the Electrometer, hit retuxrn", NULLS
CMD$ = "Fix"
PRINT #1, "OUTPUT ", DEV2Y, " $ +", CMD$
CMD$ = "COXZo"
PRINT #1, "OUTPUT ", DEV2%4, ™ $ +", CMD$

CMD$ = "V70X"
PRINT #1, "OUTPUT ", DEV2Y/, " $ +", CMD$
CHDg = "Qex"

PRINT #1, "OUTPUT ", DEY2Y, " $ +", CMD$
CMD$ = "G1X"

-1




PRINT #1, "QUTPUT ", DEV2Y, " $ +", CMD$
CLS
LOCATE 2, 1
PRINT "Configured and ready to go..... "
LOCATE 4, 1
PRINT "Use the TRIG button to retreive and store the data"
LCUATE 6, 1
INPUT "When ready, hit return to retrieve data ", NULL$
PRINT #1, "QUTPUT ", DEV2%, " & + 00X"
PRINT #1, "OUTPUT ", DEV2%4, " ¢ + Q7X"
VRD$ = SPACE$(12)

LOCATE 6, 1

PRINT "Retrieving data..... "

T=0

630 PRINT #1, “OUTPUT ™, DEV2J, " § + BiX"

PRINT #1, "ENTER 27 § +"

INPUT #2, VRD$

T=T+1

VRD = VAL(VRD$)

PRINT #3, T, VRD

PRINT T, VRD

IF T <= 63 THEN 630

PPINT #1, "LOCAL 27"

CLOSE

STOP

1540 IF (ERR <> 68) AND (ERR <> 57) THEN
PRINT "BASIC ERROR # "; ERR; " in line "; ERL:

STOP

INPUT #2, ES$

PRINT E$

INPUT #2, E$

PRINT E$

END

-2




Piezoelectric PVDFE Film Characterization Measurements

H
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! ELECTROM.TXT

’ Configures and runs the Keithley Electrometer Model 617 in remote
> control using QuickBASIC. This particular program is designed to
' retrieve the data from the PVDF film’s characterization evaluation.
)
CLS
LOCATE 1, 1
PRINT "The PVDF Film Data Acquisition Program Is Running..... "
’ Establish communications with device driver
OPEN "$DV488" FOR OUTPUT AS #i ’directives sent
PRINT #1, “BUFFERCLEAR"
OPEN "$DV488" FOR INPUT AS #2 ’input from the devices
ON ERROR GOTO 1540
’ Initialize MBC-488 board using "SYSCON" command
LOCATE 3, 1
PRINT "Initiallizing GP-IB Card..."
PRINT #1, "SYSCON MAD1=3 CICi=1 BA1=&H300"
DEV2Y = 27
550 PRINT #1, "REMOTE 27"
LOCATE 5, 1
INPUT "Filename for the data: ", DFILES$
OPEN DFILES$ FOR OUTPUT AS #3
LOCATE 7, 1
INPUT "To configure the Electrometer, hit return", NULL$
CMD$ = "C1XZ1XCOX"
PRINT #1, "OUTPUT ", DEV2Y, " $ +", CMD$

CHD$ = "vax*
PRINT #1, "OUTPUT ", DEV2Y/, " $ +", CHD$
CMD$ = "FOX"
FRINT #1, "OUTPUT ", DEV2Y, " § +", CMD$
CMD$ = "ROX"
PRINT #1, "OUTPUT ", DEV2Y, " $ +", CHD$
CHD$ = "Q7X"
CMD$ = "GiX*
PRINT #1, "OUTPUT ™, DEV2), " $ +", CMD$
CLS

LOCATE 1, 1

PRINT "Configured and ready to go!"

LOCATE 3, 1

INPUT "Yhen ready, hit return to begin the test ", NULL$
LOCATE 3, 1

PRINT "Running..... "

TI = TIMER

VRD$ = SPACE$(12)

500 CMD$ = "BOX"
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PRINT #1, "OUTPUT "; DEV2Y, " $ +", CMD$
PRINT #1, "ENTER ", DEV2), " & +"
INPUT #2, VRD$
VRD = VAL(VRD$)
T = TIMER - TI
PRINT T, VRD
PRINT #3, T, VRD
IF T < 60 THEN 500
PRINT #1, "OUTPUT ™, DEV2), " $ + 00X"
PRINT #1, "LOCAL ", DEV2)
CLOSE
STOP
15640 IF (ERR <> 68) AND (ERR <> 57) THEN
PRINT "BASIC ERROR # "; ERR; " in line "; ERL: STOP
INPUT #2, E$
PRINT E$
INPUT #2, ES$
PRINT E$
END




Tactile Sensor Amplifier Data Acquisition Program

?
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> ELECAMP.TXT

’ Configures and runs the Keithley Electrometer Model 617 in remote
’ control using QuickBASIC. Thas particular program is designed to
’ retrieve the amplifier characteristic curve data of the tactile

’ sensor integrated circuit.

CLS

LOCATE 1, 1

PRINT "The Amplifier Data Acquisition Program Is Runmning..... "

’ Establish communications with device driver

OPEN "$DV488" FOR OUTPUT AS #1 ’directives sent to

PRINT #1, "BUFFERCLEAR"

OPEN "$DV488" FOR INPUT AS #2 'input from the devices

ON ERROR GOTO 1540

’ Initialize MBC-488 board using "SYSCON" command

LOCATE 3, 1

PRINT "Initiallizing GP-IB Card..."

PRINT #1, "SYSCON MAD1=3 CICi=1 BA1=&H300"

DEV2Y4 = 27

550 PRINT #1, "REMOTE 27"

LOCATE 5, 1

INPUT "Filename for the data: ", DFILESS

OPEN DFILES$ FOR QUTPUT AS #3

LOCATE 7, 1

INPUT "To configure the Electrometer, hit return", NULLS
CHMD$ = "CiXZ1Xcox"

PRINT #1, "OUTPUT ", DEV2Y, ™ & +", CMD$
cupg = "vax"
PRINT #1, "OUTPUT ", DEV2J, " $ +", CMD$
CHMD$ = "ROX"
PRINT #1, "OUTPUT ", DEV2Y, " $ +", CHD$
CHMD$ = "Q7X"
CMD$ = "G1x"
PRINT #1, "OUTPUT ", DEV2J, " $ +", CMDS
CLS

LOCATE 1, 1

PRINT "Configured and ready to go!”

LOCATE 3, 1

VRD$ = SPACE$(12)

LOCATE 3, 1

PRINT "Running..... "

FOR VIN = 0 TO 20.5 STEP .S

VIN$ = "V" + RIGHTS(STR$(VIN), LEN(STR$(VIN)) - 1)
CHMD$ = VINS + "X"

PRINT #1, "OUTPUT ", DEV2L, " $ +", CHD$

s e
-
l/")




CMD$ = "01X"
PRINT #1, "OUTPUT ", DEV2Y%, " $ +", CMD$
VS$ = SPACE$(12)
FOR Q = 1 TO 400: NEXT Q
PRINT #1, "OUTPUT ", DEV2%, " $ + B4x"
FOR Q = 1 TO 800: NEXT Q
PRINT #1, "ENTER ", DEV2Y, " $ +"
INPUT #2, VS$
VS = VAL(VSS$)
CMD$ = "BOX"
PRINT #1, "OUTPUT ", DEV2Y, ™ $ +", CMD$
VOUT$ = SPACE$(12)
FOR Q = 1 TO 800: NEXT Q
PRINT #1, "ENTER ", DEV2Y, " $ +"
INPUT #2, VOUTS$
VOUT = VAL(VOUTS)
PRINT #3, VS, VOUT
PRINT VS, VOUT
NEXT VIN
PRINT #1, "OUTPUT ", DEV2%, " $ + 00X"
PRINT #1, "LOCAL ", DEV2Y
CLOSE
STOP
1540 IF (ERR <> 68) AND (ERR <> 57) THEN
PRINT "BASIC ERROR # "; ERR; " in line "; ERL: STOP
INPUT #2, E$
PRINT E$; D
INPUT #2, E$
PRINT E$
END




LeCroy dodel 94004 Digital Storage Oscilloscope Dala Acquisition Program

Single Trace Data Acquisition

H
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’ LECROY.TXT

’ Configures and runs the LeCroy Model 94004 Oscilloscope in remote
’ control using QuickBASIC. This program is designed to retrieve a
’ single oscilloscope trace when the time per division is less than
’ .5 seconds per division. This program was used during the

' multiplexer, bias circuit, and system integration tests.

?

CLS

LOCATE 1, 1

PRINT "The LeCroy Data Acquisition Program Is Running..... "

DIM TIME(1024), V(1024), P(1024), Y$(50)

TRUE = 1: FALSE = 0

OPEN "$DV488" FOR OUTPUT AS #1

PRINT #1, "BUFFERCLEAR"

OPEN "$DV488" FOR INPUT AS #2

O ERROR GOTO 1210

PRINT #1, "SYSCON MAD1=3 CICi=1 BA1=&H300"

DEV1Y = 6

DEV2) = 7

’ Put Scope into REMOTE mode

PRINT #1, "REMOTE ", DEV1)

’ Set uvp ’scope configuration

PRINT "Hit return when ready to begin the test', NULL$

PRINT "Configuring 0’scope..... "

PRINT #1, "OUTPUT 6 $ + REC 8"

PRINT #1, "OUTPUT 6 $ + TRC1 ON;CiVD .2"

PRINT #1, "OUTPUT 6 $ + C10F 0.0;C1AT 1;CiCP DiM;"
PRINT #1, "OUTPUT 6 $ + TRC2 OFF"
+
+

PRINT #1, "OUTPUT 6 $ + TRP PO;TRL .8"

PRINT #1, "OUTPUT 6 $ + TD .2mS;TRD 0.0"

PRINT #1, "OUTPUT 6 $ + STO Ci,MC"

' Set up ’scope interface options

PRINT #1, "OUTPUT 6 $ + CHLP PPO"

PRINT #1, "OUTPUT 6 $ + CTRL OFF"

PRINT #1, "OUTPUT 6 $ + CPRM "; CHR$(34); ""; CHR$(34)
’ Use ASCII data transfer with <CRLF> between each datum
PRINT #1, "OUTPUT 6 $ + CFMT,L,BYTE,UNSIGNED_SHORT,CRLF"
' Request data be sent

LOCATE 5, 1

INPUT "Type the name of the data file: " DATAFS

OPEN DATAF$ FOR OUTPUT AS #3

CYCLE = TRUE: CYCLE2 = TRUE

i=0:i1=0




i2 = 0: ]

LOCATE 7,

0

PRINT "Reading 0’scope’s settings and waveform "
PRINT #i, "OUTPUT 6 $ + READ C1.DE"

CYCLE = TRUE
WHILE CYCLE

loopt:

PRINT #1, "ENTER 6 $§ +"
PRINT #2, Y$
IF J = 2 THEN x$ = Y$
IF J = 11 THEN s$ = ¥$
J=J+1
IF (Y$ = ")") THEN GOTO loopi
IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 § +"
INPUT #2, Y$
i2 = i2 + VAL(Y$)
GOTO loopil
END IF

CYCLE = FALSE

|

!

IF (INSTR(Y$, "#I") <> 0) THEN |
:

END IF
WEND
LOCATE 9,
PRINT "Number of O’scope setup data points:"; i2
PRINT "Time base code = "; s§, "Voltage base code = "; x$
'Determine the voltage/div and time/div scales
x = VAL(x$)
IF x = 22 THEN V = ,005
ELSEIF x = 23 THEH V = .01
ELSEIF x = 22 THEN V = .02
ELSEIF x = 25 THEN V = .05
ELSEIF x = 26 THEN V = .1
ELSEIF x = 27 THEN V = .2
ELSEIF x = 28 THEN V = .5
ELSEIF x = 29 THEN V = 1
ELSEIF x = 30 THEN V = 2
ELSEIF x = 31 THEN V = 5
END IF
z = VAL(s$)
IF z = ¢ THEN t = 2E-09
ELSEIF z = 5 THEN t = 5E-09
ELSEIF z = 6 THEN t = 1E-08
ELSEIF z = 7 THEN t = 2E-08
ELSEIF 2z = 8 THEN t = 5E-08
ELSEIF z = 9 THEN t = .0000001
ELSEIF z = 10 THEN t = .0000002
ELSEIF z = 11 THEN t = .0000005
ELSEIF z = 12 THEN t = .000001
ELSEIF z = 13 THEN t = .000002
ELSEIF z = 14 THEN t = .000005




ELSEIF z = 15 THEN t = .00001
ELSEIF z = 16 THEN t = .00002
ELSEIF z = 17 THEN t = .00005
ELSEIF z = 18 THEN t = .0001
ELSEIF z = 19 THEN t = .0002
ELSEIF z = 20 THEN t = .0005
ELSEIF z = 21 THEN t = .001
ELSEIF z = 22 THEN t = .002
ELSEIF z = 23 THEN t = .005
ELSEIF z = 24 THEN t = .01
ELSEIF z = 256 THEN t = .02
ELSEIF z = 26 THEN t = .05
ELSEIF z = 27 THEN t = .1
ELSEIF z = 28 THEN t = .2
ELSEIF z = 29 THEN t = .5
ELSEIF z = 30 THEN ¢t = 1
ELSEIF z = 31 THEN t = 2
ELSEIF z = 32 THEN t = 5
ELSEIF z = 33 THEN t = 10
ELSEIF z = 34 THEN t = 20
ELSEIF z = 35 THEN t = 50
ELSEIF z = 36 THEN t = 100

END IF
PRINT "The LeCroy is set on "; t; "seconds/div and
", V; "volts/div"
PRINT #1, "OUTPUT 6 $ + READ MC.DA,50,500"
WHILE CYCLE2
loop2:
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
IF (Y$ = "%") THEN GOTO loop2
IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 § +"
INPUT #2, Y$
i1 = i1 + VAL(YS)
GOTO loop2
END IF
IF (INSTR(YS, "#I") <> 0) THEN
CYCLE2 = FALSE
ELSE
Q = (VAL(Y$) - 128) + V / 32
IF (ABS(Q) < .001) THEN Q = ©
TIME=t / 50 x i - ¢
PRINT #3, TIME, Q
i=i+1

END IF
WEND
PRINT "Number of data points: "; i, il
PRINT #1, "LOCAL 6"
STOP




Oscilloscope Memory Data Acquisition

>
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' LCROYMEM.TXT

’ Configures and runs the LeCroy Model 9400A Oscilloscope in remote

’ control using QuickBASIC. This program is designed to retrieve the
signal traces stored into the memory of the oscilloscope. This
program vas used to record long signal traces during the tactile

’ sensor taxel crosstalk evaluation. This program was used the

’ oscilloscope was configured with the time per division greater

> than .5 seconds per division.

CLS

LOCATE &, 1

PRINT "The LeCroy Data Acquisition Program Is Running..... "

DIM TIME(1024), v(1024), P(1024), Y$(50)

TRUE = 1: FALSE = 0

OPEN "$DV488" FOR OUTPUT AS #1

PRINT #1, "BUFFERCLEAR"

CPEN "$DV488" FOR INPUT AS #2

* Initialize MBC-488 board using "SYSCON'" command

PRINT #1, "SYSCON MAD1=3 CICi=1 BA1=&H300"

DEV1Y/, = 6

DEV2Y = 7

' Put Scope into REMOTE mode

PRINT #1, "REMOTE ", DEV1Y

’ Set TIMEOUT (timeout time=z0.056 x 4%)

&% = 100

PRINT #i, "TIMEOUT", A%

’ Set up 0’scope configuration

LOCATE 2, 1

PRINT "Configuring O’scope..... "

PRINT #1, "OUTPUT 6 $ + REC 8"

PRINT #1, "OUTPUT 6 $§ + TRC1 ON;CiVD .2;Ci0F -3.0

PRINT #1, "OUTPUT 6 $ + CiAT 1;CiCP DiM;"

PRINT #1, "OUTPUT 6 $ + TRC2 OFF"

PRINT #1, "OUTPUT 6 $ + TRC DC;TRM NGRM;TRS EXT;TRP NEG;TRL 1"

PRINT #1, "OUTPUT 6 $ + TD 5S;TRD 0.0"

’ Set up 0’scope interface options

PRINT #1, "OUTPUT 6 $ + CHLP PPO"

PRINT #1, "OUTPUT 6 $ + CTRL OFF"

PRINT #1, "OUTPUT 6 $ + CPRM "; CHRS$(34); "A"; CHR$(34)

' Use ASCII data transfer with <CRLF> between each datum

PRINT #1, "OUTPUT 6 $ + CFMT,L,BYTE,UNSIGNED_SHORT,CRLF"
OPEN "setup.dat" FOR OUTPUT AS #5
CYCLE = TRUE: CYCLE2 = TRUE: CYCLEZ = TRUE
i=0:1i1=0
i2=20:3=0

+
+
+
+

-~
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LOCATE 3, 1
PRINT "Reading 0O’scope’s settings from Memory C..... "
PRINT #1, "OUTPUT 6 $ + READ MC.DE"

CYCLE = TRUE
WHILE CYCLE
loopi:

PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
PRINT #5, Y$
IF J = 2 THEN x$ = Y$
IF J = 11 THEN s$ = Y$
J=J+1
IF (Y$ = "%") THEN GOTO loopi
IF (INSTR(Y$, "#L") <> O) THEN
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
PRINT #5, Y$
i2 = i2 + VAL(Y$)
GOTO loopi
END IF
IF (INSTR(YS$, "#I") <> 0) THEN
CYCLE = FALSE
END IF
WEND
LOCATE 4, 1
PRINT "Number of O’scope setup data points:"; i2
LOCATE 6, 1
PRINT "Time base code = "; s$, "Voltage base code = "; x$
’Determine the voltage/div and time/div scales
x = VAL(x$)
IF x = 22 THEN

v = .005

ELSEIF x = 23 THEN v = .01
ELSEIF x = 24 THEN v = .02
ELSEIF x = 25 THEN v = .05
ELSEIF x = 26 THEN v = .1
ELSEIF x = 27 THEN v = .2
ELSEIF x = 28 THEN v = .5
ELSEIF x = 29 THEN v = 1
ELSEIF x = 30 THEN v = 2
ELSEIF x = 31 THEN v = §

END IF

z = VAL(s$)

IF z = 4 THEN
t = 2E-09

ELSEIF z = 5 THEN t = S5E-09
ELSEIF z = 6 THEN t = 1E-08
ELSEIF z = 7 THEN ¢t = 2E-08
ELSEIF z = 8 THEN ¢t = 5E-08
ELSEIF z = 9 THEN ¢t = .0000001
ELSEIF z = 10 THEN t = .0000002
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ELSEIF z = 11 THEN t = .0000005
ELSEIF z = 12 THEN t = .000001
ELSEIF z = 13 THEN t = .000002
ELSEIF z = 14 THEN t = .000005
ELSEIF z = 15 THEN t = .00001
ELSEIF z = 16 THEN t = .00002
ELSEIF z = 17 THEN t = .00005
ELSEIF z = 18 THEN t = .0001
ELSEIF z = 19 THEN t = .0002
ELSEIF z = 20 THEN t = .0005
ELSEIF z = 21 THEN t = .001
ELSEIF z = 22 THEN t = .002
ELSEIF z = 23 THEN t = .005
ELSEIF z = 24 THEN t = .01
ELSEIF z = 25 THEN t = .02
ELSEIF z = 26 THEN t = .05
ELSEIF z = 27 THEN t = .1
ELSEIF =z = 28 THEN t = .2
ELSEIF z = 29 THEN ¢t = .5
ELSEIF z = 30 THEN t = 1
ELSEIF z = 31 THEN t = 2
ELSEIF z = 32 THEN ¢t = §
ELSEIF z = 33 THEN t = 10
ELSEIF z = 34 THEN t = 20
ELSEIF z = 35 THEN t = 50
ELSEIF z = 36 THEN ¢t = 100
END IF
PRINT "Memory C is set on "; t; "seconds/div and
"o ov; "volts/div"
LOCATE 9, 1
INPUT "Type the name of the data file for Memory C: ", DATAFS$
OPEN DATAFS FOR QUTPUT AS #3 'stores converted data to #3

LOCATE 10, 1
PRINT "Getting data from Memory C..... »
PRINT #1, "OUTPUT 6 $ + READ MC.Da,50,500"
WHILE CYCLE2
loop2:
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
IF (Y$ = "%") THEN GOTO loop2
IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
i1 = i1 + VAL(YS)
GOTO loop2
END IF
IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE2 = FALSE
ELSE
Q = (VAL(Y$) - 128) = (v / 32) * 10 + 10 * 3 » v
IF (ABS(Q) < .001) THEN Q = O
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TIE=t /50*1i’ -t /2
PRINT #3, TIME, Q
i=i+1
END IF
WEND
PRINT "Number of data points: "; i, il
LOCATE 13, 1
PRINT "Reading O’scope’s settings from Memory D..... "
PRINT #1, "OUTPUT 6 $ + READ MD.DE"
CYCLE7T = TRUE: ¥ = 0: 17 = 0
WHILE CYCLE7
loop7:
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y3
PRINT #5, Y$
IF M =1 THEN h$ = Y$
IF M = 11 THEN k8 = Y$
M=H4+1
IF (Y$ = "/") THEN GOTO loop7
IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 § +"
INPUT #2, Y$
PRINT #5, Y¥$
i7 = iT + VAL(YS)
GOTO loop7
END IF
IF (INSTR(YS, "#I") <> 0) THEN
CYCLET = FALSE
END IF
WEND
LOCATE 14, 1
PRINT "Humber of O’scope setup data points:"; i7
LOCATE 16, 1
PRINT "Time base code = "; k$, "Voltage base code = "; h$
’Determine the voltage/div and time/div scales
h = VAL(hS)
IF h = 22 THEN

¢ = .008
ELSEIF h = 23 THEN c = .01
ELSEIF h = 2¢ THEN ¢ = .02
ELSEIF h = 25 THEN ¢ = .05
ELSEIF h = 26 THEN ¢ = .1
ELSEIF h = 27 THEN ¢ = .2
ELSEIF h = 28 THEN ¢ = .5
ELSEIF h = 29 THEN c = 1
ELSEIF h = 30 THEN ¢ = 2
ELSEIF h = 31 THEN c = §
END IF

k = VAL(kS)
IF k = 4 THEN
u = 2E-09




ELSEIF k = 5 THEN u = 5E-09
ELSEIF k = 6 THEN u = 1E-08
ELSEIF k = 7 THEN u = 2E-08
ELSEIF k = 8 THEN u = 5E-08
ELSEIF k = 9 THEN u = .0000001
ELSEIF k = 10 THEN u = .0000002
ELSEIF k = 11 THEN u = .00C000S
ELSEIF k = 12 THEN u = .000001
ELSEIF k = 13 THEN u = .000002
ELSEIF k = 14 THEK u = .000005
ELSEIF k = 15 THEN v = .00001
ELSEIF k = 16 THEN u = .00002
ELSEIF k = 17 THEN u = .00005
ELSEIF k = 18 THEN u = .0001
ELSEIF k = 19 THEN u = .0002
ELSEIF k = 20 THEN u = .0005
ELSEIF k = 21 THEN u = .001%
ELSEIF k = 22 THEN u = .002
ELSEIF k = 23 THEN u = .005
ELSEIF k = 24 THEN u = .01
ELSEIF k = 25 THEH u = .02
_ELSEIF k = 26 THEN u = .05
ELSEIF k = 27 THEH u = .1}
ELSEIF k = 28 THEN u = .2
ELSEIF k = 29 THEN u = .5
ELSEIF k = 30 THEN u = 1
ELSEIF k = 31 THEN v = 2
ZLSEIF k = 32 THEN u = 5
ELSEIF k = 33 THEN u = 10
ELSEIF k = 34 THEN u = 20
ELSEIF k = 35 THEN u = &
ELSEIF k = 36 THEN u = 100
END IF
PRINT "Memory D is set on "; u; "seconds/div and
. o¢; "volts/div"

LOCATE 19, 1

IKPUT "¥hat is the filename of Memory D: ", DS
OPEN DS FOR QUTPUT S &6

LOCATE 20, 1

PRINT "Getting data from Memory D..... ”
i=0
i1=90

PRINT #1, "OUTPUT 6 S + READ ¥D.DA,50,
WHILE CYCLE3
loop3:
PRINT 21, "ENTER 6 $ +"
INPUT #2, VS
IF (¥$ = "4") THE¥ GOTO loop2
IF (INSTR(YS, "#L") <> 0) THEN
PRINT #1, "ENTER 6 $ +"

500"

INPUT 22, Y8

| DR B




il = 11 + VAL(Y$)
GOTO loop3
END IF
IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE3 = FALSE
ELSE
Q = (VAL(Y$) - 128) * (v / 32) * 10 + 30 * v
IF (ABS(Q) < .001) THEN Q = 0
TIME=¢t /50 * i’ -t / 2
PRINT #6, TIME, Q
i=14+1
END IF
WEND
PRINT "Number of data points: "; i, it
PRINT #1, "LOCAL 6"
STOP

E-15




Shape Data Acquisition
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’ SHAPE.TXT

’ Configures and runs the LeCroy Model 9400A Oscilloscope an remote
’ control in QuickBASIC. This program is designed to retrieve

’ preload, load, and post load measurements from the oscilloscope.

’ Then, the program computes the voltage per taxel information, and,
finally, it computes the shape information, displaying the 8 x 8

’ array on the screen. This program was used during the tactile
sensor array evaluation.

CLS

LOCATE 1, 1

PRINT "The LeCroy Data Acquisition Program Is Running..... "
DIM time(1024), V(1024), P(1024), Y$(50)

TRUE = 1: FALSE = 0

OPEN "$DV488" FOR OUTPUT AS #1

PRINT #1, "BUFFERCLEAR"

OPEN "$Dv488" FOR INPUT AS #2

’ Initialize MBC-488 board using "SYSCON" command

PRINT #1, "SYSCON MAD1=3 CICi=1 BA1=&H300"

DEV1Y, = 6

DEV2Y, = 7

’ Put Scope into REMOTE mode

PRINT #1, "REMOTE ", DEV1Y

’ Set TIMEOUT (timeout time=0.056 x A%)

L% = 100

PRINT #1, "TIMEOUT", AY

' Set up ’scope configuration

LOCATE 2, 1

PRINT "Configuring 0’scope..... "

PRINT #1, "OUTPUT 6 $ + REC 8"

PRIsT #1, "OUTPUT 6 $ + TRC1 ON;CiVD .2;C10F -3.0;C1AT 1;C1CP DiM;"
PRINT #1, "OUTPUT 6 $ + TRC2 OFF"

PRINT #1, "OUTPUT 6 $ + TRC DC;TRM NORM;TRS EXT;TRP NEG;TRL 1"
PRINT #1, "OUTPUT 6 $ + TD S5MS;TRD 0.0"

* PRINT #1, "OUTPUT 6 $ + STO C1,MC"

' Set up ’scope interface options

PRINT #1, "OUTPUT 6 § + CHLP PPO"

PRINT #1, "OUTPUT 6 $ + CTRL OFF"

PRINT #1, "OUTPUT 6 $ + CPRM "; CHR$(34); "%"; CHR$(34)

> Use ASCII data transfer with <CRLF> between each datum
PRINT #1, "OUTPUT 6 § + CFMT,L,BYTE,UNSIGNED_GHGRT,CRLF"
OPEN "setup' FOR OUTPUT AS #£  ’stores scope’s setup data in #5
CYCLE = TRUE: CYCLE2 = TRUE: CYCLE3 = TRUE: CYCLE4 = TRUE
1i=0: 41 =0: i3 = 0: 14 = 0: i5 = 0: i6 = 0: i2 =0: J = 0
INPUT "When ready to store the Pre-load cendition into
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Mem C, hit return: ", NULL$
PRINT #1, "OUTPUT 6 $ + STO C1,MC"
INPUT "When ready to store the Load condition into
Mem D, hit return: ", NULLS
PRINT #1, "OUTPUT 6 $ + STO C1,MD"
INPUT "When ready to read the Post-load condition from
the display, hit return: ', NULL$
OPEN '"ppo100ol.pos" FOR OUTPUT AS #10
OPEN "ppo100oi.raw” FOR OUTPUT AS #20
LOCATE 13, 1
PRINT "Reading Post-load condition..... "
PRINT #1, "OUTPUT 6 $ + READ C1.DA,39,700"
’Read info from Channel 1
r =1: avg = 0: taxel = 1: temp = 0
WHILE CYCLE4
loop4:
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
IF (Y$ = "%") THEN GOTO loop2
IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
i1 = i1 + VAL(YS)
GOTO loop4
END IF
IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE4 = FALSE
ELSE
q = (VAL(Y$) - 128) * V / 32 = 10 + 30 * V
IF r = 10 THEN
avg = temp / 4
PRINT #10, taxel, avg
PRINT #20, avg

temp = 0: avg = 0: r = 0
taxel = taxel + 1
ELSEIF r = 4 THEW
temp = temp * q
ELSEIF r = 5 THEN
temp = temp + q
ELSEIF r = 6 THEN
temp = temp + g
ELSEIF r = 7 THEN
temp = temp + q
END IF
r=r+1
i=1i4+1
END IF
WEND
PRINT "Number of data points: "; i, il

OPEN "ppo100pl.pos" FOR OUTPUT AS #11
OPEYN "ppo10Opl.raw" FOR OUTPUT AS #21




PRINT "Reading Pre-load Condition..... "
PRINT #1, "OUTPUT 6 $ + READ MC.DA,39,700"
’Read info from Memory C
r = 1: avg = 0: taxel = 1: temp = 0
WHILE CYCLE2
loop2:
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
IF (Y$ = "%") THEN GOTO loop2
IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
i3 = i3 + VAL(Y$)
GOTO loop2
END IF
IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE2 = FALSE
ELSE
q = (VAL(Y$) - 128) » V / 32 * 10 + 30 * V
IF (ABS(q) < .001) THEN q = 0
IF r = 10 THEN
avg = temp / 4
PRINT #11, taxel, avg
PRINT #21, avg
temp = 0: avg = 0: r = 0
taxel = taxel + 1
ELSEIF r = 4 THEN
temp = temp + q
ELSEIF r = 5 THEHN
temp = temp + g
ELSEIF r = 6 THEN
temp = temp + g
ELSEIF r = 7 THEN
temp = temp + q
END IF
r=r+1
i4 = i4 + 1
END IF
WEND
PRINT "Number of data points: "; i4, 13
OPEN "ppo100li.pos™ FOR OUTPUT AS #12
OPEN "ppo10Oll.raw" FOR OUTPUT AS #22
PRINT "Reading Load condition..... "
PRINT #1, "OUTPUT 6 $ + READ MD.DA,39,700"
r = 1: avg = 0: taxel = 1: temp = 0
WHILE CYCLE3
loop3:
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
IF (Y$ = "A") THEN GOTO loop2
IF (INSTR(Y$, "#L") <> 0) THEN

E-18




PRINT #1, "ENTER 6 $ +"
INPUT #2, Y3
i85 = i5 + VAL(Y$)
GOTO locp3
END IF
IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE3 = FALSE
ELSE
q = (VAL(Y$) - 128) * V / 32 * 10 + 30 * V
IF (ABS(q) < .001) THEN q = 0
IF r = 10 THEN
avg = temp / 4
PRINT #12, taxel, avg
PRINT #22, avg
temp = 0: avg
taxel = taxel
ELSEIF r = 4 THEN
temp = temp + g
ELSEIF r = § THEN
temp = temp + g
ELSEIF r = 6 THEN
] temp = temp + q
ELSEIF r = 7 THEN
temp = temp + q
END IF
r=1r+1
i6 = i6 + 1
END IF
WEND
PRINT "Number of data points: "; i5, i6
PRINT #1, "LOCAL 6"
CLOSE #20
CLOSE #21
CLOSE #22
CLOSE #10
CLOSE #11
CLOSE #12
CLOSE #32
CLOSE #4
CLOSE #6
CLOSE #7
OPEN "ppo10Opl.raw" FOR INPUT AS #51
OPEN "ppo100li.raw™" FOR INPUT AS #52
OPEN "ppo10Ooi.raw" FOR INPUT AS #53
OPEN "ppo10Osi.pos" FOR OUTPUT AS #50
OPEN "ppo100si.raw" FOR OUTPUT AS #49
LOCATE 20, 1
PRINT "Calculating the shape information..... "
FOR TAX = 1 TO 64
INPUT #51, PRE$
INPUT #52, LOADS

0: r=0
1

+ 0




INPUT #53, POST$

P = VAL(PRES)
L = VAL(LOADS$)
0 = VAL(POSTS)

SHAPE = L - (P + 0) / 2

PRINT #49, SHAPE

PRINT #50, TAX, SHAPE

NEXT TAX

CLOSE #49: CLOSE #50: CLOSE #51: CLOSE #52: CLOSE #53
LOCATE 22, 1

INPUT "Threshold voltage value=", VL

1369 OPEN "ppo100si.raw" FOR INPUT AS #60
SCREEN 2

Yi = 41

FOR ICOL = 1 TO 8

X1 = 101

FOR IROY = 1 TO 8

INPUT #60, V

X2 = X1 + 24

Y2 = Y1 + 10

IF Vv >= VL THEN LINE (X1, Y1)-(X2, Y2), 4, BF
ELSE LINE (X1, Y1)-(X2, Y2), 7, B

X1 = X1 + 48

NEXT IROY

Yi=Y1 + 20

NEXT ICOL

INPUT "Threshold voltage value=", VL

CLS

CLOSE #60

GOTC 1369

STOP
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Hewlett-Packard Model 541004 Digital Storage Oscilloscope Data Acquisition

Program

)
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. SCOPE.TXT

! Configures and runs the HP 541004 Digital Storage Oscilloscope in
’ remote control. This program is designed to retrieve the
’ oscilloscope’s trace using QuickBASIC.

H

CLS

LOCATE 1, 1

PRINT "The HP 54100 Acquisition Program Is Running"

’ Establish communications with device driver

OPEN "$DV488" FOR OUTPUT AS #1 "HP Scope

PRINT #1, "BUFFERCLEAR"

OPEN "$DV488" FOR INPUT AS #2 ’input from scope

ON ERROR GOTO 1540

? Initialize MBC-488 board using "SYSCON'" command

PRINT #1i, "SYSCON MAD1=3 CICi=1 BA1=gH300"

DEV1/ = 7

’ Set HP Digitizing Oscilloscope into REMOTE

PRINT #1, "REMOTE", DEV1iY

’ Set TIMEOUT (timeout time=0.056 x A%)

450 A% = 100

PPRINT #1, "OUTPUT ", DEVIY, " $ + TIMEOUT "; A$

LOCATE 3, 1

PRINT "Configuring the HP O’scope..... "
CHMD$ = "STOP"
PRINT #1, "OUTPUT ", DEV1Y/, " $ +", CHD$
CMDS = "RUN"

PRINT #1, "OUTPUT ", DEV1Y, " $ +", CMD$
CMD$ = "DISPLAY BRIGHTNESS HIGH"

PRINT #1, "QUTPUT ", DEV1Y, " & +", CMD$
CMD$ = "DISPLAY GRAT GRID"

PRINT #1, "OUTPUT ", DEV1iY, " $ +", CHD$
CcHb$ = "CHANNEL 1"

PRINT #1, "QUTPUT ", DEV1Y, " & +", CMD$
CMD$ = "CHANNEL 1 SENS 5"

PRINT #1, "QUTPUT ", DEVY, " & +", CMD$
CMD$ = "CHANNEL 1 PRO5: 10"

PRINT #1, "OUTPUT ", DEVi}, " $ +", CWD$
CMD$ = "TIMEBASE MODE TRIGGERED"

PRINT #1, "QUTPUT ", DEV1Y/, " $ +", CMD$
CMD$ = "TIMEBASE SENSITIVITY 64e-6"
PRINT #1, "QUTPUT ", DEV1Y, " $ +", CMD$
CMD$ = "TIMEBASE DELAY O"

PRINT #1, "QUTPUT ", DEV1Y/, " ¢ +", CMD$
CMD$ = "TRIGGER MODE EDGE"




PRINT #1, "OUTPUT ", DEV1%4, " $ +", CMD$
CHMD$ = "TRIGGER SOURCE CHANNEL 2"
PRINT #1, "OUTPUT ", DEV1), " $ +", CMD$
CMD$ = "TRIGGER LEVEL .6"
PRINT #1, "OUTPUT ", DEV14, " ¢ +", CMD$
CMD$ = "TRIGGER SLOPE HEGATIVE"
PRINT #1, "OUTPUT ", DEViY/, " $ +", CMD$
LOCATE 5, 1
INPUT "Press (s) to store the data into the scope’s Memory 1:
IF D$ = "s» THEN GOTO 880 ELSE GOTO 450
880 CMD$ = "STORE CHANNEL 1, MEMORY 1"
PRINT #1, "OUTPUT ", DEViY, " $ +", CMD$
IF D$ = "s" THEN GOTO 880 ELSE GOTO 450
980 CMD$ = "STORE CHANNEL 1, MEMORY 3"
PRINT #1, "OUTPUT ", DEViY%, " & +", CMD$
LOCATE 7, 1
INPUT "Filename for data from scope’s Memory 1: ", DF$
OPEN DF$ FOR OUTPUT AS #3
CMD$ = "WAVEFORM SOURCE MEMORY 1 FORMAT ASCII"
PRINT #1, "OUTPUT ", DEViY, "™ $ +", CMD$
R$ = SPACE$(15)
CHD$ = "POINTS?"
PRINT #1, "OUTPUT ", DEViY, " $ +", CMD$
PRINT #1, "ENTER 07 § +"
INPUT #2, R$
PNTS = VAL(R$)
LOCATE 9, 1
PRINT "The number of points is: ", PNTS
CMD$ = "YREF?"
PRINT #1, "OUTPUT ", DEVi%, " $ +", CMD$
PRINT #1, "ENTER 07 $ +"
INPUT #2, RS
YREF = VAL(R$)
CMD$ = "YINC?"
PRINT #1, "OUTPUT ", DEViJ, " & +", CMD$
PRINT #1, "ENTER 07 § +"
INPUT #2, RS
YINC = VAL(RS$)
CMD$ = "YOR?"
PRINT #1, "OUTPUT ", DEViY), " & +", CHD$
PRINT #1, "ENTER 07 $ +"
INPUT #2, RS
YORG = VAL(RS)
CMD$ = "XINC?"
PRINT #1, "OUTPUT ", DEViY/, " $ +", CMD$
PRINT #1, "ENTER 07 $ +"
INPUT #2, RS
XINC = VAL(R$)
CMD$ = "XOR?"
PRINT #1, "OUTPUT ", DEV1/, " $ +", CHD$
PRINT #1, "ENTER 07 § +"

D1$




INPUT #2, RS
XO0RG = VAL(R$)
CHD$ = "“XREF?"
PRINT #1, "OUTPUT ", DEV1), " $ +", CMD$
PRINT #1, "ENTER 07 $ +"
INPUT #2, RS
XREF = VAL(R$)
LOCATE 12, 1
PRINT "YINC ="; YINC, "YORG ="; YORG, "YREF ="; YREF
PRINT "XINC ="; XINC, "XORG ="; XORG, "XREF ="; XREF
X$ = SPACE$(15)
Y$ = SPACE$(1S)
LOCATE 16, 1
PRINT "Retrieving the data from the scope........ "
CHD$ = "DATA?"
PRINT #1, "OUTPUT ", DEV1Y, " $ +", CHMDS$
FOR I = 1 TO PNTS
PRINT #1, "ENTER 07 $ +"
INPUT #2, Y$
X = (I * XINC) + XORG
Y = ((VAL(Y$) - YREF) * YINC) + YORG
WRITE #3, X, Y
NEXT I
CLOSE #3
CMD$ = "LOCAL"
PRINT #1, "OUTPUT ™, DEViY, " $ =", CMD$
CLGSE
STOP
1540 IF (ERR <> 68) AND (ERR <> S7) THEN
PRINT "BASIC ERROR # "; ERR; " in line "; ERL: STOP
INPUT #2, E$
PRINT E$
INPUT #2, E$
PRINT E$
END




Appendix F. Procedure for Fabricating the Tuctile Sensor

The physical size of the IC' was intentionally confined to an arca measuring
7.9 mm by 9.2 mm. The tactile sensor was fabricated using three different
adhesives (urethane, polyimide, and Loctite) to couple the piezoelectiic PV'DFE filin

to the surface of the IC.
The fabrication procedure for the tactile sensor follows:

1. The charge on a 6 mm by 6 mm piezoclectric PVDI film sample was
neutralized by immersing it in an electrically-grounded solution composed of

200 mi of deionized water and 1 drop of HCI.
2. Nitrogen gas was used to thoroughly dry the PVDFE film.

3. One drop of the adhesive dispensed from a 3 cc syringe was placed in the
center of the piezoelectric PVYDF film. The adhesive was then smoothed with a

glass slide and the film was properly centered on the taxel array.

1. A square piece of cellophane was placed over the piezoelectric PVDI film

to prevent the square microscope slide from bonding to the top surface of the
PV'DF film.

5. .\ square microscope slide was then centered over and placed on the film.

6. To ensure proper bonding of the piezoclectric PVDFE film to the taxel
array. the IC. PVDF film. glass microscope slide, and a spacer was sandwiched by
the compressive force (F) supplied by two paper binder clips. A uniform force
applied by the binder clip configuration is critical to the proper attachment of the
film. Care must be taken in adjusting the binder clip configuration. The

configuration is detailed in Figure I7.1.

7. The entire package was then transferred to a vacuuni system and exposed
to a pressure of 100 microns of mercury for 30 minutes. This cure process was
utilized to eliminate trapped gaseons inolccules from beneath the piezoelectric
PVDF film. and it caused the film to be snugly drawn against the [("s electrode

stricture.

S. The adhesives were cured at 65°C" for one hour.
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Figure F.1. Fabrication Configuration Of The Tactile Sensor.




9. The ensemble was then visually inspected under an optical microscope to

discern the overall quality of the bonded piezoelectric PVDFE film.

10. Should the piezoelectric PVDF film not adhere properly, the film was
removed. the adhesive was removed with acetone, and the 1C was placed in the
plasma asher to remove residual acetone. The DC resistance between adjacent gold
bond pads was remeasured nsing the electrometer (Keithley Instruments. model
617. Cleveland. OH 14139). If the DC resistance between adjacent gold bond pads
has decreased below & 10'? ), the gold bonding pads of this and subsequent ICs
were wated with silicone rubber, and the DC resistance was remeasured with the

electrometer.

11. When the piezoelectric PVDF film was properly bonded to the surface of
the [C. a I-nil diameter wire was connected from the top surface clectrode on the
piezoelectric PVDF film to the gold wire bond pad on the IC’s ceramic package.
Conductive silver epoxy was used to attach the wire to the polymer’'s top surface

electrode. This connection serves to ground the top surface electrode.




Appendix G. Adhesiec Study Photographs

The following fiaures doctiment the initial and hinal photographs of three
tactile sensors nsed in the adhesive evaluation stiudy. No visible degradation of the
film’s adherence can be discerned: however. a visible difference between the
urethane and polyimide adhiesive’s electrode coverace and the Loctile adhesive's

elecirode coverage is apparent.

Figure G.1.  Electrove Coverage With A 4 pm Thick Piezoeleciric PYDF Filn
Atiached With The Urethane Adhesive - Initial Photo {75 x).
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Figure G4, Electrode Coverage With A 10 um Thick Piezoclectric PVDT Film
Attached With The Urethane Adhesive - Final Photo (75 x).
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Figure G.5.  Electrode Coverage With A 10 pm Thick Piezocleciric PYDE Film
Attached With The Urethane Adhesive  ¥inal Photo (75 x).
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Figure (G.6. Corner Of The 40 pm Thick Piezoelectric PVDE Film Attached With
The Urethane Adhesive - Final Photo (75 x).

Figure G.7. Electrode Coverage With A 40 um Thick Piezoelectric PVDFE Film
‘ Attached With The Polvimide Adhesive - Initial Photo (75 x),
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.Figure G.10. Electrode Coverage With A 40 um Thick Piezoelectric PVDF Film
Attached With The Polvimide Adhesive - Final Photo (75 x).
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Figure G.11. Electrode Coverage With A 40 pm Thick Piezoelectric PVDF Film
Attached With The Polvimide Adhesive - Final Photo (75 x).
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Figure G.12.  Corner Of The 40 um Thick Piezoelectric PVDF Film Attached With
The Polvimide Adhesive - Final Photo (75 x).
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Figure G.13.  Electrode Coverage With A 10 gm Thick Piezoclectric PVDF Film
Attached With The Loetite Adhesive- Initial Photo (73 x).
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Figure G.14. Electrode Coverage With .\ 10 zin Thick Piezoelectric PVDF Film
Attached With The Loriite Adhesive = Initial Photo (75 x).

Figure G.15.  Corner Of The 40 pm Thick Piezoelectric PV'DF Film Attached With
The Loctite Adhesive - Iniiial Photo 175 x).
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Figure G.16. Electrode Coverage With A 40 pm Thick Piezoelectric PVDFEF Film
Attached With The Loctite Arhesive - Final Photo (75 x).
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Figure G.17.  Elertrode Coverage Witl A 10 g Thick Piezoelectric PVDF Film
: Atiached With The Lociste Ndhesive - Final Photo (75 x).
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Appendix H. Tactile Sensor Evaluation Procedures

The complete tactile sensor system was configured according to Figure 1.1

and tested using the following procedures:

L. The multiplexer circuit was clocked at various frequencies spanning 500 Hz
to 100 kHz. using a function generator (Hewlett-Packard, model 3314, Palo Alto.
CA 94304).

2. The bias circuit was switched-on for a sufficient length of time to facilitate

achieving a uniform charge state throughout the tactile sensor’s electrodes.

3. The digital storage oscilloscope (either the Hewlett-Packard. model 34100.
Palo Alto, ("A 94304 or the LeCroy Corporation, model 9400. Chestnut Ridge. NY
10977) was used to display the output of the multiplexer. The pre-load condition
was measured and recorded. and an IEEE-1S8 bus was used to route the data to
the personal computer (Zenith Data Systems. model Z-248, St Joseph. MI -19085)

for storage and subsequent processing,.

1. The test probe was configured with various load shapes (for example. a
sharp edge. small square. small solid circle. slot .ed screw. cross-slotted screw. large

solid circle. and toroid). The load was applied to the arrar.

3. The load condition was measured and recorded with the digital storage
oscilloscope. An IEEE-18S bus was used to transfer the data to a Z-248 personal

computer for storage and subsequent processing.
6. The load was removed.

7. The post-load condition was measured and recorded by the digital storage
oscilloscope. An IEELE-I83 bus was used to transter the data to a Z-218 personal

computer {or storage and subsequent processing,.

N. Steps 2 throngh 7 were repeated for several different load shapes.
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Appendix L. Three-dimensional Tactile Sensor Shape Information

The three-dimensional plots produced in this thesis were generated using a
software program called Mathematica (Wolfram Research, Inc.. Mathematica,
Version 2.0, Champaign, [L 61826). The program inputs the 64 taxel output
voltage difference values (designated by "filename™ in the program listing below),
and then it generates a normalized output response based upon the largest voltage
difference value. It assigns each taxel voltage value to 36 points arranged in a
fashion to immitate the taxel dimensions and location. Between each of the
simulated taxel locations. a 0-V value is displaved corresponding to the voltage
measured between taxels. A sample data file for an edge shaped load in contact
with one row of the tactile sensor is listed. The file contains 64 taxel output
voltage difference values. The Mathematica program which processes the data is

also provided.

ok 3 3k e 3k 3O 6 3 K ok o K ke KOk 3 ok ik 3 ok e o ok ook ok ok Kk e i o akok KR i ok dok R ok R K R R KoK Rk Rk K ook ok
A Sample Data File For An Edge Shaped Load Applied To One Row Of
The Tactile Sensor:
-.1015625
-.1328125
-. 1640625
-.1875
-.1328125
-.140625
-.0546875
-.0859375
-.1171875
-.1171875
-.1328125
-.1328125
-.1328125
-.0859375
-.1171875
-.0703125

.015625
-.0625
-.1328125
~-. 109375
-.1328125
-.09375
-.109375

I-1




-.1171875
. 15625
.03125

~-.0156256

~.1796875
.078125
0

~.0390625

-.0703125
. 4296875
.4921875
.453125
.3828125
.1796875
.34375
.3203125
. 265625
.171875
.40625
.359375

-.0625
.0625

~.09375
0
.15625
.0078125
.0234375

-.078125

-.0390625

-.03125

-.0703125

~.0546875

~.046875
.0546875

-.0546875

~.0703125
.046875

-.0390625

-.078125

~-.0625

-.0390625




4 e ke 3 3k o e R ok ok A ok o 3K kOK K 3 sk o ol ok ok kel ke ko ok Sk ok s ok ok ok ok oK ok K KO 35K ok o ok ok o 3 X oK o K ok 30K ok oKk ok Ak ok
g=ReadList ["filename"]

s=Max{q]

OpenRead["filename"]
Dolf[j,il=Read["filename"], {i, 8}, {j, 8}]
Close("filename"]

Dolx(j,il=£(j,il/s, {i, 8}, {j, 8}]
Do[z[8j-7, 8i-7]=0, {i, 8}, {j,8}]
bolz[8j-6, 8i-7])=0, {i, 8}, {j,8}]
bolz[gj-5, 8i~7]J=0, {i, 8}, {j,8}]
Do{z{8j-4, 8i-71=0, {i, 8}, {j,8}]
Do(z[8j~3, 8i-7]=0, {i, 8}, {j.8}]
Do(z[8j-2, 8i-7]=0, {i, 8}, {j,8}]
Do[z[8j-1, 8i-7]=0, {i, 8}, {j,8}]
Dofz(8j, 8i~7]=0, {i, 8}, {j,8}]
Do(z(8j~-7, 8i-6]=0, {i, 8}, {j,8}]
Dof[z[8j-6, 8i-6]1=x[j,i], {1, 8}, {j,8}]
Do(z[8j-5, 8i-6]=x[j,i], {i, 8}, {j,8}]
Do(z(8j-4, 8i-6)=x(j,i], {i, 8}, {j,8}]
Dolz[8j-3, 8i-6]=x[j,i), {i, 8}, {i,8}]
Do(z[8j-2, 8i-6]=x[j,il, {i, 8}, {j,8}]
Dolz[8j-1, 8i-6]=x[j,il, {i, 8}, {j,8}]
Dofz[sj, 8i-61=0, {i, 8}, {j,8}]
Dolz[8j-7, 8i-5]=0, {i, 8}, {j,8}]
Dolz(8j-6, 8i-5)=x(j,il, {i, 8}, {j,8}]
Do(z[8j-5, 8i-5)=x(j,il, {i, 8}, {j,8}]
Dolz[(8j-4, 8i-5]=x[j,il, {i, 8}, {j,8}]
Dolz[8j-3, 8i-5]=x[j,i], {i, 8}, {j,8}]
Dolz[8j-2, 8i-5)=x[j,il, {i, 8}, {j.8}]
Do(z(8j-1, 8i-51=x[j,i), {i, 8}, {j,8}]
Dolz(8j, 8i-5)=0, {i, 8}, {j,8}]
Dolz(83-7, 81-4]=0, {i, 8}, {j,8}]
Dolz[8j-6, 8i-¢)=x(j,i], {i, 8}, {j,8}]
Dof{z{8j-5, 8i-¢J=x(j,i], {1, 8}, {j,8}]
Dolz(8j-4, 8i-4]=x[j,i], {i, 8}, {j,8}]
Do(z(8j-3, 8i-4¢]=x[j,i], {4, 8}, {j.8}]
Dolz(8j-2, 8i-¢]=x{j,i], {i, 8}, {j,8}]
Dolz[8j-1, 8i-41=x[j,i], {i, 8}, {i,8}]
Dol(z[8j, 8i~-4]=0, {i, 8}, {j,8}]
Dolz[8j-7, 8i-3]=0, {i, 8}, {j,8}]
Dolz[8j-6, 8i-3]=x[j,il, {i, 8}, {j.8}]
Do(z[(8j~5, 81i~3]=x{j,i], {i, 8}, {j,8}]
Dol(z[8j-4, 81-3}=x[j,il, {i, 8}, {j.8}]
polz(8j-3, 8i~-3]=x[j,il, {i, 8}, {j,8}]
Dolz[8j-2, 8i-31=x[j,i], {i, 8}, {j.8}]
Dolz{8j-1, 8i-3]=x[j,i], {i, 8}, {j,8}]
bo(=[8j, 8i-3]=0, {i, 8}, {j.8}]
Dolz(8j-7, 8i-2]=0, {i, 8}, {j,8}]
Dolz(8j-6, 8i-21=x[j,i], {1, 8}, {j,&}]
Dol(z(8j-5, 8i-2]=x[j,i], {1, 8}, {3,8)]
Dolz[8j-4, 8i-2]=x[j,i], {i. 8}, {j.8}]




Dol[z[8j-3, 8i-2]=x[j,il, {i, 8}, {j,8}]
Dolz([8j-2, 8i-2)=x[j,i], {i, 8}, {j,B8}]
Do[z[8j-1, 8i-2]=x[j,i], {i, 8}, {j,8}]
Do(z[8j, 8i-2]=0, {i, 8}, {j,8}]
Do(z[8j-7, 8i~1]=0, {i, 8}, {j,8}]
Do(z[8j-6, 81-1)=x[j,i], {i, 8}, {;,8}]
Dolz(8j-5, 8i-11=x{j, i1, {i, 8}, {j,8}]
Do{z[8j-2, 8i-11=x([j,il, {i, 8}, {j,8}]
Do(z(8j-3, 8i-1]J=x[j,i], {1, 8}, {j,8}]
Dolz[8j-2, 8i-2]=x{j,2], {i, 8}, {j,8}]
Dolz[8j-1, 8i-11=x(j,i], {i, &}, {j,8}]
Do{z[8j, 8i-11=0, {i, 8}, {j,8}]
Dolz(8j-7, €il=0, {i, 8}, {j,8}]
Dofz[8j-6, 8i}=0, {i, 8}, {;,8}]

Dolz[8j-5, 8i}=0, {i, 8}, {j.8}]

Do[z{8j-4, 8il=0, {i, 8}, {j,2}]

Dolz[8j-3, 8il=0, {i, 8}, {3,8}]
{

Do(z(8j-2, 8il=0, {i, 8}, {(j,e}]

Do(z(8j-1, 8i1=0, {i, 8}, {j,8}]

Do(z(8j, 8il=0, {i, 8}, {j,8}]

t3=Tablelz[i,j], {i.64}, {j.6¢}]

ListPlot3D[t3, ViewPoint -> {.7,-.1,1.2}, PlotRange -> {0, 1},
Ticks -> Honel




Appendix J. Contour and Threshold Plots

The figures contained within this appendix are provided as support for the
set of figures presented in Chapter Vi. For each shape presented, the first two plots
are for one cquipotential level below the “best-fit” equipotential, containing the
contour plot and the taxel threshold level plot. The next two are for one
equivotential contour above the “best-fit” equipotential. The following plots were
obtained from a tactile sensor fabricated using urethane, and they include the
sharp edge, small square small circle. polygon. slotted screw, cross-slotted screw.
large solid circle. toroid. Also included are supporting plots for the data obtained

fiom a sensor fabricated with polyimide for the sharp edge. smeu square. and small
circle shaped loads.
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Figure J.1. 0.3-V Equipotential Contour Plot For A 100 g Sharp Edge Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure J.2.  0.3-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed As
Black And Taxels With An Outpnt Level Below This Threshold Level
Are Displayed As White.
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Figure J.3.  0.3-V Equipotential Contour Plot For A 100 g Sharp Edge Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure J.7. 0.4-V Equipotential Contour Ploi For A 100 g Small Square Shaped
Load Applied To The Surface OF The Electrode Array.
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Figure J.9.  0.6-\" Equipotential Contour Plot For A 100 g Small Circularly Shaped
Load Applied To The Surface Of The Electrode Array.
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Figure J.12.  0.8-V Threshold Plot Of A 100 g Small Circularly Shaped Load - Tax-
els With An Ontput Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As \White.
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Figure J.13.  0.3-\" Equipotential Contour Piot For A 100 g Polvgon Shaped Load
Applied To The Surface Of The Electrode Array.
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0.5-V Threshold Plot Of A 100 g Polygen Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displayved As Black

And Taxels With An Qutput Level Below This Threshold Level Are
Displayed As White.
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Figure J.15. 0.5-V Equipotential Contour Plot For A 100 g Polygon Shaped Load
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Figure J.16.
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0.5-V Threshold Plot Of A 100 g Polygon Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displayed As Black
And Taxels With An OQutput Level Below This Threshold Level Are
Displayed As White.
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Figure J.17. 0.5-V Equipotential Contour Plot For A 100 g Slotted Screw Shaped
Load Applied To The Surface Of The Electrode Array.
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0.5-V Threshold Plot Of A 100 g Slotted Screw Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed As
Black And Taxels With An Output Level Below This Threshold Level
Are Displayed As White.
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Figure J.19. 0.56-V Equipotential Contour Plet For A 100 g Slotted Screw Shaped
Load Applied To The Surface Of The Electrode Array.
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Figure J.20. 0.56-V Threshold Plot Of A 100 g Slotted Screw Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed As
Rlack And Taxels With An Qutput Level Below This Threshold Level
Are Displayed As White.
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Figure J.21.
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0.4-V Equipotential Contour Plot For A 100 g Cross-Siotied

Shaped Load Applied To The Surface Of The Electrode Array.

Screw
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Figure J.22. 0.4-V Threshold Plot Of A 100 g Cross-Slotted Screw Shaped Load
- Taxels With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Are Displayed As White.
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Figure J.23. 0.5-V Equipotential Contour Plot For A 100 g Cross-Slotted Screw
Shaped Load Applied To The Surface Of The Electrode Array.
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J.24. 0.3-V Threshoid Plot Of A 100 g Cross-Slotted Screw Shaped Load
- Taxels With An Qutput Level Above This Threshold Level Are
Displaved As Black And Taxels With An Qutput Level Below This
Threshold Level Are Displayved As White.
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Figure J.25. 0.48-V Equipotential Contour Piot For A 100 g Large Solid Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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Figure .J.26. 0.48-V Threshold Plot Of A 100 g Large Solid Circularly Shaped Load
- Taxels With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Are Displayed As White.
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Figure J.27.  0.55-V Equipotential Contour Plot For /A 100 g Large Solid Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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Figure J.28.  0.55-V Threshold Plot Of A 100 g Large Solid Circularly Shaped Load
- Taxels With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Are Displayed As White.
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0.45-V Threshold Plot Of A 100 g Toroid Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displaved As Black
And Taxels With An Quiput Level Below This Threshold Level Are
Displayed As White.
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Figure J.31. 0.55-V Equipotential Contour Plot For A 100 g Toroid Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure J.32.
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0.53-V Threshold Pioi Of A 100 g Toroid Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displayed As Black
And Taxels With An Output Level Below This Threshold Level Are
Displaved As White.
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Figure J.33.  0.54-V Equipotential Contour Plot For A 100 g Sharp LEdge Shaped
Load Applied To The Sutface Of The Elecirode Array - The Sensor
Was Fabricated Using A Polvimide Adhesive.
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0.54-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Tavels
With An Output Level Above This Threshold Level Are Displayec
As Black And Taxels With An Output Level Belew This Threshold
Level Are Displayed As \White - The Sensor Was Fabricated Using A
Polvimide Adhesive.

)

" e




H
{
.0 f h ] ’ v !
'*lﬁ H ; ! f : | P
1"‘; . i . I : ;bg
2 ' i ¥
—i ) N : i /
H
+ s H ; T
2‘,..3 + . i H .
’ ‘ t $ H
— i . B :
/ !
; i i ] H i ' 3 H HE
~ i ! ) i i : i : ; P
— .
2 : i : : § H § ' 3 ;.
e — bo—
3
' i
——— '
t H H
> P ! i I i
& 4 — i i i P !
. i H i i
o b L H H P i
N i
— [} H
T} '
S . ’ r
s T ; 1
IS ] i i i § .
= > b ! H i H
;L i i i Py |
§
Tt . .
1 i ; ! s
6;‘. H N £ H . P
. FE— i ' : [
——d — E—— ! IS
N HE 4 H ] H 3 ;
: . : : : H .
7"*1 H ) i i 1 1 :
H H i i :
H I i N H s : ) H
et [P e d | E——— S
i
H i £ = N
§ . 05T ¢ B B R
S - . i ; i -
H B B ’ H i ’ ¢ H
P —— HE— PRI | S
¥ i

Taxel Column

Figure J.35.  0.6-V Equipotential Contour Plot For A 100 g Sharp Edge Shaped
Load Applied To The Surface Of The Electrode Arvay - The Seasor
Wz Fabricated Using A Polyvimide Adhesive.
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Figure J.36. 0.6-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Taxels
With Aa OQutput Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Arc Displayed As White - The Sensor Was Fabricated Using A
Polvimide Adhesive.
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Figure J.37. 0.35-V Equipotential “ontour Plot For A 100 g Small Square Shaped
Load Applied To The Surface Of The Electrode Array - The Sensor
Was Fabricated Using A Polvimide Adhesive.
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Figure J.38.  0.55-V Threshold Plot Of A 100 g Small Square Shaped Load  Taxels
With An Outpui Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displaved As White - The Sensor Was Fabricated Using A
Polyimide Adhesive.
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Figure J.39.  0.58-V Equipotential Contonr Plot For A 100 g Small Scuare Shaped
Load Applied To The Surface Of The Electrode Array - The Sensor
Was Fabricated Using A Polyimide Adhesive.
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Figure J.40.
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0.58-V Threshold Plot Of A 100 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White - The Sensor Was Iabricated Using A
Polyimide Adhesive.
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Figure J.41. 0.76-V Equipotential Contour Plot For A 100 g Small Circularly
Shaped Load Applied To The Surface Of The Electrode Array - The
Sensor Was Fabricated Using A Polyimide Adhesive.
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Figure J.42. 0.76-V Threshold Plot Of A 100 g Small Circularly Shaped Load
- Taxels With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Are Displayed As White - The Sensor Was Fabricated
Using A Polyimide Adhesive.
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Figure J.43. 0.84-V Equipotential Contour Plot For A 100 g Small Circularly
Shaped Load Applied To The Surface Of The Electrode Array - The
Sensor Was Fabricated Using A Polyimide Adhesive.
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Figure J.44. 0.84-V Threshold Plot Of A 100 g Small Circularly Shaped Load
- Taxels With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Are Displayed As White -~ The Sensor Was Fabricated
Using A Polyimide Adhesive.
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Appendix K. Response of the Sensor to Several Different Weights

The following pages illustrate the sensor’s ability to sense the shape of the
load applied to the surface of the tactile sensor IC for several different load weights.
The figures provided include one set of plots for 75 g, 50 g, and 10 g loaC for the

sharp edge. small square, and small circle. The position of the load is the same as

the position of the load presented in Chapter VI.
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Three-Dimensional Representation Of A Sharp Edge Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corresponds
To The Normalized Difference Between The Sensor’s Loaded And Un-
loaded States. And The x- And y-Axes Correspond To the Electrode

Columns And Rows, Respectively.
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Figure K.4. Three-Dimensional Representation Of A Sharp Edge Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corresponds
To The Normalized Difference Between The Sensor’s Loaded And Un-
loaded States. And The x- And y-Axes Correspond To the Electrode
Columns And Rows, Respectively.
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Figure K.5.  0.52-V Equipotential Contour Plot For A 50 g Sharp Edge Shaped
L.oad Applied To The Surface Of The Electrode Array.
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0.52-V Threshold Plot Of A 50 g Sharp Edge Shaped Load - Taxels
With An Qutput Level Above This Threshold Level Are Displayved As

Black And Taxels With An Output Level Below This Threshold Level
Are Displayed As White.
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Figure K.7. Three-Dimensional Representation Of A Sharp Edge Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corresponds
To The Normalized Difference Between The Sensor’s Loaded And Un-
loaded States. And The x- And y-Axes Correspond To the Electrode

Columns And Rows, Respeetively.

K-8




1 — 1 8
o - .
2 —_—
S -
e o —_—
-~ : -
J —
= K B
- s
A R :
& ,
S _
= H £
rf; S 3 )
e ! .
SN S .
—— e .
;
7 — .
e gﬁ——_’ ———
e —
8~ 57 64

[ O8]
L¥1)
e
L=
o
~J
el

axel Column

Figure K., 0.5-\V Equipotential Contour Plot For A 10 g Sharp Edge Shaped Load
Applied To The Surface Of The Flectrode Array.
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Figure K.9. 0.5-V Threshold Plot Of A 10 g Sharp Edge Shaped Load - Taxels
with An Qutput Level Above This Threshold Level Are Displayed As
Black And Taxels With An Output Level Below This Threshold Level

Are Displayed As White.
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Figure K.10. Three-Dimensional Repiesentation Between A Small Square Shaped
Load Applied To The Surface Of The Electrode Array. The z-Axis
Corresponds To The Normalized Difference Between The Sensor's

Loaded And Unloaded States, And The x- And y-Axes Correspond
To the Electrode Columns And Rows, Respectively.
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Figure K.I11.  0.39-V Equipotential Contour Plot For A 75 g Small Square Shaped
Load Applied To The Surface Of The Electrode Array.
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Figure K.12.
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0.39-V Threshold Plot Of A 75 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayved As White.
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Figure K.13. Three-Dimensional Representation Between A Small Square Shaped
Load Applied To The Surface Of The Electrode Array. The z-Axis
Corresponds To The Normalized Difference Between The Sensor’s
Loaded And Unloaded States. And The x- And y-Axes Correspond
To the Electrode Columns And Rows, Respectively.
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Figure K.11.  0.51-V Equipotential Contour Plot For A 50 g Small Square Shaped
Load Applied To The Surface Of The Electrode Array.
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Figure K.15. 0.51-V Threshold Plot Of A 50 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White.
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Normalized

Output Voltage

2
4
5 - rand
-
6 > !
\’ :
2
2
7 - A2ALY P
7] -(1‘ > B2
7 =
E o Ef 1 \
I s 22300 wERSENS Rednill o ) i '
i b3~ S > 1 1 . 6 7 8
) i 4 J
i ”
2 ol

Taxel Column

Three-Dimensional Representation Between A Small Square Shaped
Load Applied To The Surface Of The Electrode Array. The z-Axis
Corresponds To The Normalized Difference Between The Sensor’s
Loaded And Unloaded States, And The x- And y-Axes Correspon
To the Electrode Clolumns And Rows. Respectively.
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Figure K.17.  0.5-V Equipotential C'ontour Plot For A 10 g Small Square Shaped
Load Applied To The Surface Of The Electrode Array.

K-18




N
- - s
! ]
2 — %
3 N o
) |
>
5 4 —
&,
)
g < g ;
= 9 — ;
_ i
6 , .
‘ z K :
7 Lo |
i _ F
— , :
8§~ |57 | | ; ; 64 1 i
SN [ NS B S T B
a S ; T g
1 2 3 4 5 6 7 8

Taxel Column

Figure K.18.  0.3-V Threshold Plot Of A 10 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displaved As White.
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Figure K.19. Three-Dimensional Representation Of A Small Circularly Shaped
Load Applied To The Surface Of The Electrode Array. The z-Axis
Corresponds To The Normalized Difference Between The Sensor's
Loaded And Unloaded States, And The x- And y-Axes Correspond
To the Electrode Columns And Rows, Respectively.
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Figure K.20. 0.65-\ Equipotential Contour Plot For A 75 g Small Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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Figure K.21.  0.68-V Threshold Plot Of A 73 g Small Circularly Shaped Load - Tax-
els With An Qutput Levei Above This Threshold Level Are Displayed
As Black And Taxels With An Qutput Level Below This Threshold
Level Are Displayved As White.
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Figure K.22.
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Taxel Column

Three-Dimensional Representation Of A Small Circularly Shaped
Load Applied To The Surface Of The Electrode Array. The z-Axis
Corresponds To The Normalized Difference Betwesn The Sensor's
Loaded And Unloaded States. And The x- And y-Axes Correspond
To the Electrode Columns And Rows. Respectively.
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Figure K.23.  0.67-V Equipotential Contour Plot For A 50 g Small Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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Taxel Column

0.67-V Threshold Plot Of A 50 g Small Circularly Shaped Load - Tax-
els With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White.
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Figure 1{.25. Three-Dimensional Representation Of A Small Circularly Shaped
Load Applied To The Suriace Of The Electrode Array. The z-Axis
Corresponds To The Normalized Difference Between The Sensor's
Loaded And Unloaded States. And The x- And y-Axes Correspond
To the Electrode Columns And Rows, Respectively.
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Figure K.26. 0.78-V Equipotential Contour Plot For A 10 g Small Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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0.78-V Threshold Plot O A 10 g Sinall Circularly Shaped Load - Tax-
els With An Outpui Level Above This Threshold Level Are Displayed
As Black And Taxels With An OQutput Level Below This Threshold
Level Are Displayed As \White.
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Three-Dimensional Representation Of A Polygon Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corre-
sponds To The Normalized Difference Between The Sensor’s Loaded
And Unloaded States. And The x- And y-Axes Correspond To the
Electrode Columns And Rows. Respectively.
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Figure K.29.

Taxcl Column

0.51-V Equipotential Contour Plot For A 75 g Polygon Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure K.30. 0.51-V Threshold Plot Of A 75 g Polygon Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displayed As Black
And Taxels With An Output Level Below This Threshold Level Are
Displayed As White.
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Figure IK.31.  Three-Dimensional Representation Of A Polygon Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corre-
sponds To The Normalized Difference Between The Sensor’s Loaded
And Unloaded States, And The x- And y-Axes Correspond To the
Electrode Columns And Rows. Respectively.
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Figure K.32.  0.5-\" Equipotential Contonr Plot For A 50 g Polygon Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure K.33.

Taxel Column

0.5-V Threshold Plot Of A 50 g Polygon Shaped Load - Taxels With
An Quiput Level Above This Threshold Level Are Dispiaved As Black
And Taxels With An Output Level Below This Threshold Level Are
Displayved As White.
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Three-Dimensional Representation Of A Polygon Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corre-
sponds To The Normalized Difference Between The Sensor’s Loaded
And Unloaded States. And The x- And y-Axes Correspond To the
Electrode Columns And Rows. Respectively.

Figure K.34.
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Figure K.35. 0.6-\" Equipotential Contonr Plot For A 10 g Polygon Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure K.36.

Taxel Column

0.6-V Threshold Flot Of A 10 g Poty zon Shaped Load  Taxels With
An Output Level Above This Threshold Level Are Displaved As Black
And Taxels With An Onrput Level Below This Threshold Level Are
Displayed As White,
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Appendix L. Tactile Sensor Shape Plots in Several Different

Locations

The Iots presented in this appendix illustrate the tactile sensor’s ability to
detect the same shape in several different locations on its surface. The sharp edge,
small square, and small circular shapes were applied in several locations on the
sensor surface; each application resulted in the development of three plots: a
three-dimensional plot of the norm.lized voltage output for each taxel, a contour
plot of the “best-fit” threshold level. and the taxel outputs which are above and
oelow that threshold levei.
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Three-Dimensional Representation Of A 100 g Sharp Edge Shaped
Load Applied To The Surface Of The Electrode Array. The z-Axis Cor-
responds To The Normalized Difference Between The Seunsor’s Loaded
And Unloaded States, And The x- And y-Axes Correspond To The
Flectrode C'olumns And Rows, Respectively.
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Figure L..2. 0.36-V Equipotential Contour Plot For A 100 g Sharp Edge Shaped

Load Applied To The Surface Of The Electrode Array.
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Figure L.3.  0.37-V Theshold Plot Of A 100 g Sharp Edge Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displaved As
Black And Taxels With An Output Level Below This Threshold Level
Are Displayed As White.
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Three-Dimensional Representation Of A 100 g Sharp Edge Shaped
Load Applied To The Surface Of The Electrode Avray. The z-Axis Cor-
responds To The Normalized Difference Between The Sensor’s Loaded
And Unloaded States, And The x- And y-Axes Correspond To The
Electrode Columns And Rows. Respectively
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Figure L.53.  0.35-V Equipotential C'ontomr Plot For A 100 g Sharp LEdge Shaped
Load Applied To The Surface Of The Electrode Array.
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Figure L.6.  0.35-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Taxels
With An Qutput Level Above This Threshold Level Are Displayved As
Black And Taxels With An Output Level Below This Threshold Level
Are Displaved As White.
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Figure L.7. Three-Dimensional Representation Of A 100 g Sharp Edge Shaped
.oad Applied To The Surface Of The Electrode Array. The z-Axis Cor-
responds To The Normalized Difference Between The Sensor’s Loaded

And Unloaded States, And The x- And y-Axes Correspond To The
Electrode Columns And Rows. Respectively.
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Figure L.8. 0.35-\" Equipotential Contour Plot For A 100 g Sharp Edge Shaped
Load Applied To The Surlace Of The Electrode Array.
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0.35-V Threshold Plot Of \ 100 g Sharp Edge Shaped Load - Taxels
With An Outpui Level Above This Threshold Level Ave Displaved As
Black And Taxels With \n Outpnt Level Below This Threshold Level
Are Displaved As White,




Taxcel Row

Figure L.10.
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Three Dimensional Representation Of A 100 g Small Square Shaped
Load Applied To The Swrface Of The Electrode Array. The z-\xis
Corresponds To The Normalized Difference Between The Sensor’s
Loaded And Unloaded States. And The x- And y-Axes Correspond
To The Electrode Colimns And Rows. Respectively.
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Fignre L.1EL 0.5-V Equipotential Contour Plot For A 100 g Small Square Shaped
Load Applied To The Surface OF The Flectrode Array.
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Figure L.12.  0.5-V Threshold Plot OF .\ 100 g Small Square Shaped Load - Taxels
With An OQuwpnt Lesel Above This Threshold Level Are Displayed
As Black And Taxels With An Oniput Level Below This Threshold
Level Are Displayved A White,
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Figure L.13.  Three Dimensional Representation Of A 160 ¢ Sinall Square Shaped
Load Applied To Th Surface Of The LEiectrode Arr

Yy Ha ;”.’i\:\ib
Corresponds T The Normalized Difference Between The Sensor's
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Appendix M. Potentiul T-Gate Multiplexer Design

In the previous rescarch. charge leakage due to interface probleins with an in
situ multiplexer compromised the vperation of the tactile sensor integrated circuit
(43:6-1: 46:VI-1). In this research effort. a commercial multiplexer IC' was used:
however. an i siftu multiplexer ot {uture research efforts is still desived. To
evaluate the functionality of an in sefu T-gate multiplexer (a design used by Capt
Fitch in his tactile sensor integrated circuit tesearch). a 16-to-1 T-gate multiplexer
was fabricated using the tiny-chip format offered by MOSIS. The T-gate
multiplexer included a plethora of test probe pads to fadilitate characterizing of

each node in a given signal path.

T-Gate Array Design A 16-to-1 multiplexer was designed using ('MOS
T-gates arranged in a 4 x 4 array. The T-gate transistor sizing and optimizing
‘process was completed by Capt Fitch when the multiplexer design was
incorporated as an in situ element in the tactile integrated circuit sensor: the final
design was a 19-to-1 multiplexer. The multiplexer designed in this research effort
used the same Magic CAD CIF file. but it removed 16 T-gates. leaving a 16-to-1
multiplexer (Figure M.1). .\ I6-input design was chosen because it corresponds to
one fourth of the actual tactile sensor array configuration. and it could also be
easily integrated into the control scheme of the commercial multiplexer control
circuit. Should this multiplexer function properly. four ol these multiplexers could
be used as an off-chip mnultiplexer for the tactile sensor. Each T-gate in the
multiplexing array is setected using a contiol scheme which selects one column of
the array. and it also simultancously selects one row of the array. and thus. one

input to the multiplexer iz passed io the output.

Various test probe pads were incorporaied in the lavout of the multiplexer
circuit. The test probe pads provide the ability te verify the T-gate select line
voltages a.ross the 1C. the input signal voltages. and the signal voltages passed
through the selected T-gates (Figure M.2). Four horizontally selected T-gates
possess four test probe pads each. This configuration facilitates evaluation of the
select Jeontrol line voitage diops across the 1€, The associated input signal
corresponding to cach of these fowr T-gates can be traced across the [C by placing

probe pads on any subsequent T-gate in its path.
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Figure M.2.  Schematic Diagram Of The Test Probe Pad Locations In One Element
Of The i6-to-1 Multiplexer T-gate.

Control Scheme To select the T-gates in sequence, a ring counter was used in
the in sifu version of the T-gate multiplexer designed by Capt Fitch: however. after
evaluation of the individual circuits. Capt Fitch discovered that the ring counter
output did not correspond with the theoretical output predicted by SPICE
145:5-10). Therefore. in this effort. the ring counter function will be realized
off-chip. and only the T-gate performance will be evaluated. The contiol of each
T-gate requires that the control signal and its complement. and as a consequence.
eight inveriers were included to complement the input control signals. The control
signal 1nverters possess probe pads on all inputs and outputs {o evaluate their
signal conversion capability. Additienally. diode protection is included on the
inputs to the control signal fine to protect the gates of these inverters. Appendix €

contains the SPICE deck used to evaluaie the aperation of the inverter.

Suggested T-Gate Multiplever Evaluaiion The T-gate multiplexer IC shonld
be evaluated to determine the feasibility of incorporating the design into a
multiplexer on a future generation tactile sensor 1C. To properly evaluate the
multiplexer’s design. cach component within it should be evaluated. and then the

entire circuit’s performance should be measured.




The IC should be placed into an Elite-1 Circuit Design System Protoboard
and configured with input signals. bias supply voltage (Vgq). and ground. This
ensemble could then be positioned beneath the Micromanipulator probe station
where pin-point probes can be used to access the test probe pads on the IC.
Voltage readings across the IC should be measured using a digital multimeter: they
include: those at the inverter. V. and the input signal lines. Next. the control
lines of the multiplexer should be configured to ronte one of the input lines to the
output pin. The voliage readings associated with this signal should then be
measured with a digital multimeter and recorded along the signal path. Finally,
the control signals used to control the multiplexct. could be clocked at frequencies
spanning 300 iz to 100 kHz. and the ontput response should be displayed on the
digital storage oscilloscope. Various input voltages spanning 0V to 15 V should be
supplied by a battery connected to the multiplexer. The output response should
then be displaved on the digital storage oscilloscope. recorded. and stored on a
floppy diskeite via the Z-218 personal computer and a BASIC program listed in

Appendix E.
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