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ABSTRACT

The sense of touch aids humans in grasping objects, sensing surface texture, and
discerning shape. The surface pressure distribution of the finger pad is a critical input to
the human tactile system for all of these purposes. In this study we used a sensor with
fine gpatia resolution to explore the relationship between the surface pressure
distribution and the shape of objects contacting the finger pad. Effects of object
curvature and net force were studied. Deconvolution, a signal processing technique, was
used to increase the spatial resolution of the empirical data.

A pressure measurement system was designed and built to investigate the surface
pressure of the finger pad. The behavior of the pressure sensor was examined to provide
a clearer idea of it limitations. Drift, manua positioning error, linearity, anisotropy,
inter-element variability, and spatial response profile were al studied. We showed that
the sensor readings are approximately linear, anisotropic, and that the gain for each
element of the sensor is different. The spatial response profile was measured and the
sensor was calibrated in order to convert voltages to pressures.

The surface pressure was measured from subjects when cylindrical objects of different
sizes were indented onto the finger pad. The spacing between samples was studied to see
if smaler step size between measurements produced better results. The correlation
between pressure distribution and the fingerprint was also studied. Dips in surface
pressure roughly corresponded to groovesin the fingerprint, though these features were at
the limit of the spatial resolution of the sensor. The pressure records were compared with
the pressure distribution predicted by Hertz theory. Hertz theory was found to model the
observed pressure distribution reasonably well, though it failed to account for observed
anisotropy due to the non-spherical shape of the finger pad, and pressure concentration
due to finger ridges.

Due to the limited spatial resolution of the pressure sensor, deconvolution was
investigated. Deconvolution was found to increase the spatial resolution of pressure



measurements, but not enough to fully resolve pressure concentration due to individual
finger ridges. This was most likely due sensor noise and the complexity of the spatial
response profile of the pressure sensor.

Thesis Supervisor: Dr. Mandayam A. Srinivasan
Title: Senior Research Scientist
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1.0 Introduction

1.1 Overview

The human body has the ability to interact with the outside world through the use of five
sensory systems: touch, sight, sound, smell and taste. The information received from
these senses is important for human beings to function, and undoubtedly, touch plays a
significant role in many aspects of life. This senseis activated by the exertion of pressure
or surface tractions on the skin. The tactile sense aids humans in gathering information
about the shape, size, temperature and texture of objects. Furthermore, this sensory
system alows humans to manipulate or grasp objects and to feel pain or pleasure.
Although researchers have a comparatively advanced understanding of how humans see

and hear, little is understood about the complex mechanismsinvolved in touch.

While scientists know that touch receptors are located throughout the skin and are
constantly supplying information about surrounding environments, further research is
necessary to establish a complete knowledge of the mechanics involved in touch. As a
result, the primary goal of this research project is to provide a clearer understanding of
the biomechanics of the human tactile system and how humans perceive objects through
touch. We know that the following events take place during a human’s perception of an
object through touch: 1) an object comes into contact with the finger resulting in a
distribution of forces on the surface of the skin; 2) the surface force distributions lead to
internal mechanical stresses and strains; 3) the mechanoreceptors in the skin transduce
the stresses and strains into neural impulses; and 4) the object is perceived when neural
impulses reach and are decoded by the brain [Rgu and Srinivasan, 1999]. Figure 1-1
illustrates these steps.



l Object contacts finger pad

Skin is deformed and a pressure distribution
is created over the contact region

l Surface forcesfilter through skin

Internal mechanical stresses and strain
distributed throughout finger

l Mechanoreceptors release series of neural impulses

Neurd impul ses transmitted to the Central
Nervous System

l Brain decodes information in neural impulses

Object perceived

Figure 1-1. The eventsthat take place during a human’s perception of an object through
touch.

1.2 Motivation

This study will focus on measuring the pressure distribution on the surface of the finger
when it comes in contact with an object, the first step of Figure 1-1. Understanding the
relationship between the shape of an object indented onto the finger pad and the resulting
surface pressure distribution during touch is essential to understanding how humans
perceive an object by touch. A study of the pressure distribution on the surface of the
finger pad will give us further insight into the distribution of stresses and strains on the

mechanoreceptors.

In previous work, Finite Element Models (FEM) have been used to study the pressure
distribution when surfaces of different curvatures are indented onto the fingertip.
However, these models need to be verified with empirical measurements to ensure their
validity. The present study will allow researchers to compare our empirical



measurements with FEM predictions of surface traction and thus adjust the model
parameters to better reflect reality. This will alow us to check a step in the tactile
sensing transduction pathway that we have only been able to model so far. Thus, our
study will provide further fundamental scientific understanding of the origins and

mechanisms of tactile information.

Another long term goal of our study of fingertip pressure distribution is to aid in the
development of tactile sensors for hand and arm prostheses that will give the user a sense
of touch. This research can also allow researchers to improve tests to evaluate tactile
sensibility of normal and impaired hands. Understanding the pressure distribution will
also provide insights for the design and development of tactile sensors for dexterous

robots which perform human-like functions in unstructured environments.
1.3 ThesisOverview

This thesis is organized as follows: Background information about the anatomy of the
finger as well as previous research about the biomechanics of the human tactile system
are presented in Chapter 2. Chapter 3 describes the experimental setup and the pressure
sensor used to collect pressure measurements. The results of measuring the pressure
distribution of the finger pad are introduced in Chapter 4. Chapter 5 concludes the paper

with asummary of the results.

2.0 Background




2.1 Human Fingertip

The human finger tip is comprised of bone, nail, blood vessels, fat, nerves, sweat glands
and skin. The skin of the human finger pad is made of an epidermis and a dermis layer.
The epidermisis the outer layer of the body that protects it from the outside environment.
It is comprised of a number of layers. stratum corneum, stratum lucidum, stratum
granulosum, malphigian layer, and stratum basale [Tubiana, 1981]. The upper-most layer
of the epidermis is made up of dead skin cells that are easily removed, and a series of
ridges that make up the fingerprint are located on the surface of the epidermis. The
dermis is located below the epidermis and protects and cushions the body. It houses
sweat glands, hair follicles, blood, lymph vessels and nerve endings. The dermis and
epidermis interdigitate in a pattern that mimics the surface ridges on the skin [Lockhart et
a., 1965]. Near this interface four types of mechanoreceptors are located: Merkel’s
disks, Meissner’s corpuscles, Pacinian corpuscles, and Ruffini corpuscles [Johansson and
Vallbo, 1983]. These mechanoreceptors gather information about the features of objects,

and also sense pressure, pain, and temperature.

2.2 Previous Work

Tactile research can be separated into three distinct areas which are biomechanics,

psychophysics, and neurophysiology.

Research on the biomechanics of tactile sensing deals with understanding the mechanics
of touch, and the resulting stress-strain relationships in the skin, which activate the
mechanoreceptors that send neural impulses to the brain. Biomechanical studies involve
investigation into the mechanical properties of skin, the surface pressure during contact,

and the stress-strain relationship that occurs in the skin.



Philips and Johnson modeled the finger as a homogeneous, linear elastic, isotropic and
infinite medium to study the connection between the measures of subsurface strain and

neurological readings [Philips and Johnson, 1981b].

Srinivasan proposed the waterbed model of the finger, which modeled the finger as an
elastic membrane filled with an incompressible fluid. The model could predict the
deformation profile on the surface but could not accurately predict the stress-strain
relationship within the finger [ Srinivasan, 1989].

Dandekar and Srinivasan created a multi-layered FEM model that was able to determine
the surface deformation and stress-strain relation during touch [Dandekar and Srinivasan,
1996].

Diane Pawluk studied the dynamic mechanical interaction between the finger pad and a
flat indentor applied to the finger pad. Controlled position trajectories were applied to
the finger pad and the resulting spatially distributed pressure response and force were
measured [Pawluk, 1997].

Cysyk and Srinivasan aso created a multi-layered FEM model of the human finger pad.
The model was indented with surfaces of various curvatures, while the contact force was
held constant until steady state conditions were reached. They found that during
indentation, the primary mechanical stimulus across the finger pad was the contact

pressure [Cysyk, 1999].

Raju and Srinivasan investigated the mechanics of touch using a multi-layered FEM of a
primate finger pad. The problem of computing surface loads from neural responses was
addressed. They showed that the surface pressure could be decoded from neural impulses
[Raju and Srinivasan, 1999].

2.3Hertz Theory



Hertz theory of normal contact of elastic solids predicts the shape of the area of contact
when two non-conforming solids touch [Johnson, 1985]. This theory of the contact
between two elastic bodies applies to homogeneous, isotropic bodies that are much larger
than the contact area.  When two smooth nonconforming surfaces initially come in
contact, they touch at a single point. As the load increases, deformation occurs in the
area of that point, the area of contact grows, and so does the distribution and magnitude
of surface tractions. During this process, Hertz theory predicts the shape and area of
contact, as well as the distribution and magnitude of surface tractions over the surface.
We used Hertz theory to predict the surface pressure distribution of the fingertip when it

comes in contact with cylindrical objects of various radii.

The relative radius of curvature of the two contacting bodied is given by

R R R
where R; is the radius of the finger pad and R; is the radius of the contacting object.
When the finger and object come in contact, with a known load P, the resulting contact

area has aradius of,

a= (SPRJ (2.2

4E"

where

. (2.3)
E° E

E; is the modulus of elasticity of finger pad and E; is the modulus of elasticity of the
object. v; isthe Poisson’s Ratio for the human finger pad, and v- is the Poisson’s Ratio of
the object. If the object isincompressible, then the Poisson’s Ratio is assumed to be 0.5.

The Poisson’s Ratio of the finger pad was assumed to be 0.48.
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Assuming that the contact areais circular and has radius a and load P, then the maximum

contact pressure (po) is given by,

po:[ 3P J:{GPE j (2.4)

2|’ TR
The pressure distribution produced is of the form

p= po{l—(r /a)z}l/2 (2.5)

wherer istheradia distance from the contact center and r < a.

2.4 Deconvolution of Shift-lnvariant Sensor

Ridges, sweat pores, and grooves in the finger print are al features that may have
interesting consequences for the mechanics of touch. In order to study the effects of such
fine features, measurements with fine spatial resolution are required. Deconvolution is
one potential method for increasing the spatial resolution of interfacial pressure

measurements.

Deconvolution is the inverse of convolution, a familiar signal processing technique. In
deconvolution an input signal X[ n] is estimated from a measured output signal y[n], when
the impulse response h[n] of a system is known. Successful deconvolution depends on
linearity and shift invariance of the system, as well aslow noise, and accurate knowledge
of the system impulse response. Figure 2-1 gives a block diagram of the system to be
deconvolved in this study. Here the goa is recover the actua finger pad pressure
distribution from the measured finger pad pressure distribution, using the spatial response
profile of the sensor.

11



x[n] yin]
Actual Finger Pad —»| Pressure Sensor —» Measure Finger Pad
Pressure Distribution Pressure Distribution

Figure 2-1. Block diagram of the surface pressure measurement of the finger pad.

A shift-invariant system is one in which a shift in the input corresponds to an identical
shift in the output. In order for a system to be shift-invariant the curvature of the body
must be constant [Raju and Srinivasan, 1999]. Accordingly, we limited our study to
indentation by cylindrical stimuli, in which curvature remains constant with shifts in
gpatial coordinate. A second requirement for shift invariance is that fixed boundary
conditions must not be near where shift-invariance is evaluated Accordingly, we made
our measurements near the center of the pressure sensor, far from the fixed boundary

condition of zero pressure outside the array.
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3.0 Finger Pad Pressure Distribution M easurement System

3.1 Experimental Setup

The apparatus designed to measure the surface pressure of the finger pad consists of a
motion platform, aload cell, a pressure sensor, various indentors and a personal computer
(PC). Figure 3-1 shows the experimental setup. The motion platform consists of two
Daedal High Precision Linear Tables each with a Zeta 57 step motor. One axistravelsin
the x while the other axis in the y direction in a Cartesian plane. A third Zeta 57 step
motor is used for a rotational direction of travel. A Sensotec 1000 gram Model 31
Miniature load cell is used to measure the total net force that was applied to the fingertip.
The data from the load cell is collected by a Sensotec Model HM Single Channel Signal
Conditioner/Indicator with RS232 input to a PC. Two sets of 500 gram weights are used
to counterbalance the mass of the rotational motor against the load cell in order to
measure the total net force applied to the fingertip. A highly sensitive tactile pressure
sensor is used to measure pressure data from the finger pad, which is then sent through a
data acquisition board into the PC. A C++ program was used to control the motion

platform and to record data from the load cell and pressure sensor.

Load Cell . <4— Motion Platform

Indentor

Sensor Load Cell Output




Figure 3-1. Finger Pad Pressure Distribution Measurement System. Consists of highly
sensitive pressure sensor, motion platform to control movement of stimulus, load cell to
record net force, and various sized interchangeabl e cylindrical indentors.

Cylinders of various radii were used to indent the fingertip during experiments. The first
cylinder had a ¥z inch radius while the second had a ¥ inch radius. The conformable
pressure sensor was attached to each cylindrical indentor with double sided tape. The
subject’s hand was supported in a plastic mold with the index finger positioned at 30°
from the horizontal, so that the most sensitive part of the fingertip contacted the object.
The hand and forearm were constrained and the fingernail was glued to the mold to
prevent finger pad movement.

3.2 Pressure Sensor

In order to obtain the surface pressure distribution of the finger pad, we used a highly
sensitive tactile pressure sensor developed by Pressure Profile System Inc in Los
Angeles, California. The sensor consists of an array 8 elements by 7 elements or 56 total
elements; with the size of each element measuring 2 mm by 2 mm. The space between
each eement is approximately 0.005 inches or 0.127 mm wide. This sensor is
conformable and able to fit around various shaped objects. Figure 3-2 shows both sides
of the outside of the sensor. The gray side is used as the contacting surface because its

response provides | ess noisy measurements.

Figure 3-2. Picture of both sides of pressure sensor. The gray side is used as the
contacting surface.
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The sensor uses capacitive sensing. It is made of a set of parallel strips of copper, which
are separated by silicone rubber spaces and orthogonal to another set of parallel strips of
copper. The air in-between the two strips of copper is used as a dielectric or a
nonconductor of direct electric current. Each intersection of the parallel copper strips
constitutes an element. When pressure is applied to the sensor exterior, the copper strips
are pressed together, thus increasing the capacitance of the element. This change in

capacitance is proportional to the change in pressure above the element [Pawluk, 1997].
Figure 3-3 shows the design of the sensor.

Buitm Copper Strip

\ Silicona Hnbber
o Spacers

T Copper Stiips

Biminm Coppar Samps
Iop Copper SIEips

Rigid Back Flomss — Tl o
L 1.23 myw
Oiis ———Silicons Rohter
7 a5
il mn
2
J:‘r'" 3 J‘E Prilseiive Filicoes
j -|! Fubber Coatmg

Contaci Surface

Figure 3-3. Capacitive pressure sensor design [adapted from Pawluk, 1997].

3.3 Sourcesof Error in Pressure M easur ement
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We designed several experiments to study the characteristics of the pressure sensor. The
characteristics we studied were drift, time dependence, repeatability, linearity, anisotropy,
and inter-element variability.

3.3.1 Drift

The pressure sensor was found to exhibit drift in its measurements. Drift was measured
over a 10 hour period with the sensor stationary and unloaded. We collected data from
the sensor every 30 seconds for 10 hours. Figure 3-4 shows the resulting drift of the
sensor. For the first hour, the sensor measurements decrease, and we called this the warm
up period for the sensor electronics. During the next three hours the sensor
measurements are flat. All experiments that were performed to collect finger pad
pressure measurements (see chapter 4) were performed during this three hour time
period. In the last 6 hours the sensor measurements steadily increase and we avoided
taking finger pad pressure measurements after the four hour mark. 1n order to account for
the drift in our experimental measurements, for each data point, we collected data from
the sensor with no load and then data with the prescribed load. We then subtracted the
two measurements to cal culate the change in voltage or change in pressure.

16



Drift of Pressure Sensor Measurements
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Figure 3-4. Drift of pressure sensor measurements over a 10 hour period.

We next studied the sensor to determine if the measurements of the loaded sensor
changed during an experimentally relevant period of 10 minutes. In order to accomplish
this, the sensor was laid flat and a stationary object was placed on top of the sensor. Data
was read from each element of the sensor once a minute, for a total of 10 minutes. The
measurements from each sensor element were compared over the entire time period to
assess any changes in the data. We repeated the entire process using a 100 gram (Figure
3-5) and 200 gram weight.

Figure 3-6 shows the response of one row of elements after 10 trials for this given
stimulus. The average standard deviation of the seven elements in the row was
0.0028146 or 4.51% of the measurement, and the average range was 0.008643 volts.
This minimal change in the response of the sensor indicates the sensor’ s independence of
time over experimentally relevant intervals (10 minutes), when loaded. The two peaks of

17



Figure 3-6 are different in magnitude because the 100 gram weight overlaid the center of

one e ement, but not to the center of the other.

Figure 3-5. 100 gram slotted weight that was applied to sensor in the position shown.

18



Time Independence of Sensor Measurements
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Figure 3-6. Response of one row of the pressure sensor’ s elements after 10 trials.

3.3.2 Manual Positioning Error

It is important to know whether the pressure sensor measurements are repeatable, and so
in order to study this we laid the sensor flat and a stationary object was laid stationary on
top of the sensor. Data was read from each element of the sensor. The object was then
removed for one minute and then placed back on the sensor at approximately the same
location, and data was again read from each element of the sensor. This process was
repeated ten times, and the various measurements from the sensor were compared to
determine if they were repeatable. We repeated the entire process using two different
object curvatures and two different masses for each curvature.

19



Repeatability of Sensor M easurements
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Figure 3-7. Response on sensor to repeated measurement of object placed and then
removed from one row of sensor elements. The thin line joins mean measurements at
different elements. At each point the black bars indicate the maximum and minimum
measurement. The space between the bars and the mean is one standard deviation.

Figure 3-7 shows the response of one row of sensor elements; with the line representing
the average reading. The average standard deviation of the seven elements in the row
was 0.02458 or 26.4% of the measurement; with an average range of 0.0686 volts. The
large error present in the result is due to the object not being placed in exactly the same
location when the object was removed and then replaced. The object that was applied to
the sensor and the position it was applied are shown in Figure 3-5. The response of the
sensor indicates that manua positioning errors can be a significant source of
experimental error. Accordingly, we elected to rigidly stabilize the back of the fingerpad
in our experiments, and to apply the sensor with a motorized positioning stage with fine

gpatial precision.

20



3.3.3Linearity in Responseto Pressure

To further understand the characteristics of the pressure sensor, we designed a method to
apply a known force along the sensor elements and record the data. The setup consisted
of the motion platform, aflat plate to attach the sensor, an Aurora Scientific Model 300B
Dual Mode Lever Arm System, and a stand to hold the Aurora System. The motion
platform was used to move the sensor in the x and y direction by finite distances, and the
Aurora Lever Arm System was used to apply a known force to another object with
cylindrical indenting tips of various sizes. Severa different sized tips were carefully
manufactured from brass into a cylindrical shape with a very flat base in order to apply a
uniform load. The diameters of the cylindrical tips that were made were 0.4mm, 0.5mm,

0.8mm, 1.2mm, 1.6mm, and 1.7mm.

We tested the sensor to determine if its measurements were linear. In order to
accomplish this, we applied various forces to the sensor element with the 0.5mm
diameter Aurora tip. We applied five forces to ten points along the x axis of sensor
element 0x54. These forces were 0.01N, 0.02N, 0.03N, 0.04N, 0.05N, 0.06N, 0.07N,
0.08N, and 0.09N. Figure 3-8 shows a plot of the sensor response from the various
forces. Figure 3-9 shows the response at the peak of the element which occurs
approximately at 1.5mm point of Figure 3-8. A linear fit to the data had a slope of
0.1726 volt/gram, a bias of —0.1830 volt, and a R? value of 0.9778. Figure 3-10 shows
the response of the element at the 1.0mm point of Figure 3-8. A linear fit to these
measurements had a slope of 0.1269 volt/gram, a bias of —0.1008 volt, and a R? value of
0.9846. In both cases, the sensor output with increasing force was dightly sigmoidal.
Over the force ranges shown in Figures3-9 and 3-10 deviation from linearity was found
to be 6.5% to 7.1% of the maximum reading.

21
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Figure 3-8. Various forces of 0.01IN to 0.09N were applied to element 0x54 with a

0.5mm diameter cylindrical tip.



Effect of Increasing Force Applied to Element at 1.5mm Point
1.4

1.2 4

gram
Figure 3-9. Variousforce levels applied to 1.5mm point of the sensor element 0x54.

Effect of Increasing Force Applied to Element at 1.0mm Point

gram

Figure 3-10. Variousforce levels applied to 1.0mm point of the sensor element 0x54.

We aso tested the sensor to see if applying different sized indentor tips to an element

with the same force would cause an appropriate element scale response. We applied the

23



same force using the Aurora 0.4mm, 0.8mm, 1.2mm, and 1.6mm tips to element 0x54,
and we found that the peak values were somewhat linear, as the tip size changed. Figure
3-11 shows the result.

Element 0x54; 0.4mm, 0.8mm, 1.2mm, 1.6mm tips, x direction

if:
Pressure
7 Diameter Area (Force/Area)
) — 04mmtip 1 1
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Figure 3-11. The same force applied to element 0x54 along the positive x direction
using the Aurora 0.4mm, 0.8mm, 1.2mm, and 1.6mm tips.

24



3.3.4 Anisotropy

The response profile of the sensor was different when the indentor was stepped in the x
direction than in the y direction. To explain this anisotropy, we attached the sensor to the
flat plate with double sided tape in the orientation shown in Figure 3-12. We applied a
force of 0.075N with the 0.5mm Aurora tip to element 0x56 and stepped along the x
direction. We then returned to the center of element Ox56 and applied a force of 0.075N
while stepping along the y direction. Figure 3-13 shows both of these results. The
response of the element has a narrower distribution when the indentor is applied along the

x direction, and the response in the y direction is broader.

A

>
X

Figure 3-12. Pressure sensor with the orientation of the positive x direction and positive
y direction specified.
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Element 0x56, 0.5mm tip, Comparing Indenting Element
in the Positive x Direction and the Positive y Direction
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Figure 3-13. Aurora tip with 0.5mm diameter translated along the positive x and y
direction of element 0x56. The response of the element has a narrower distribution when

the indentor is applied along the x direction than in the y direction.

This results implies that the direction in which measurements are read from the sensor is
important. To further confirm the anisotropy we rotated the orientation of the sensor on
the flat plate 90 degrees, as shown in figure 3-14. We then repeated the previous test by
applying a force aong the x direction, returned to the center of element 0x56, and then
applying a force along the y direction. Figure 3-15 show both of these results. From
these results, we can conclude that the orientation of the sensor when taking

measurements does matter.
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Figure 3-14. Pressure sensor rotated 90° degrees with the orientation of the new positive
x direction and new positivey direction specified.

Element 0x56, 0.5mm tip, Sensor Rotated 90° Degrees; Comparing
Indenting Element in the Positive x Direction and the Positive y Direction
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Figure 3-15. Auroratip with 0.5mm diameter transated along the new positive x and y
direction of element Ox56.

3.3.5 Inter-Element Variability

We next studied the similarities and differences between different elements. We tested

the sensor to see if other elements exhibited a narrower response in the x direction than
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the y direction. We did this by applying the same amount of force from the 0.5mm
Aurora tip across elements 0x54 and 0x56. We first applied a force of 0.075N to each
element and stepped along the x direction, and then returned to the center of each element
and applied the same force while stepping along the y direction. Figure 3-16 show the
results of a) element 0x54 and b) element 0x56. The response along the x direction was

narrower than the response in they direction for both elements.

Element 0x54 and 0x56; 0.5mm Tip; Positive x Direction and Positive y Direction
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Figure 3-16. The same 0.075N force from the 0.5mm Aurora tip was applied in the
positive x and y direction for a) element 0x54 and b) element 0x56.

We also tested various elements to determine if their peak values and response were the
same, so we applied the same 0.075N force using the Aurora 0.4mm, 0.8mm, 1.2mm, and

1.6mm tips to four different elements. The elements we used were elements 0x52, 0x54,
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0x63, 0x65. Figure 3-17 shows the results from the four elements. We found that all
four elements had a similarly shaped response. However, the peak value of each element
was different. Elements 0x52 and 0x65 had similar peak values, while elements 0x63

and 0x54 had similar peak values. No two elements had the exact same peak value even
though the same force was applied to each sensor.

Elements 0x52, 0x54, 0x63, 0x65; Used 0.4mm, 0.8mm, 1.2mm, 1.6mm Aurora Tips

—+ — 0 <
- — 0 <

@ (b)

- — 0 <
- — 0 <

mm . ; mm

(©) (d)
Figure 3-17. A force of 0.075N force using the Aurora 0.4mm, 0.8mm, 1.2mm, and
1.6mm tips were applied to elements a) 0x52, b) 0x54, ¢) 0x63, and d) 0x65.

3.3.6 Spatial Response Profile

We were interested in measuring the response of an element to a line load, because the

gpatia response profile would aid usin using signal processing techniques to increase the
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gpatia resolution of pressure measurements. In order to measure the spatial response
profile we placed the sensor around the 1 inch diameter cylinder. We dlightly dulled a
razor blade to protect the sensor, and then placed it in a vice to hold it paralel to the
sensor. The width of the razor edge was measured to be 0.0023 inches using a Nikon
Measurescope. Figure 3-18 shows the experimental setup. Data from only element 0x54

was accessed during this experiment.

Pressure Sensor
Razor Blade

Figure 3-18. The experimental setup used to measure the spatial response profile of
element 0x54 of the pressure sensor. A dulled razor blade is used to indent the sensor
whileit iswrapped around a 1 inch diameter cylinder.

We applied the load of the sensor to the razor blade, with a small amount of force. Then
we raised the sensor and moved it in the x direction by a distance of 0.033mm, and again
applied the load to the razor blade. We repeated this process until we translated the razor
across the one element, and then repeated this entire process twice. The first time we
applied aload of 1.0 grams to the razor blade, and the second time we applied a load of
2.3 grams to the razor blade. Figure 3-19 shows the results of applying the line load to
the sensor both times.
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Spatial Response Profile
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Figure 3-19. Spatial response profile produced by a razor blade indenting the sensor
element 0x54 with aload of 8.8 grams and 18.7 grams, respectively

3.3.7 Sensor Resolution

The size of each element of the sensor is 2mm by 2mm, so we wanted to determine the
smallest possible spatial resolution of the sensor response. We accomplished this by
having a pattern of lines micro-machined on a silicon wafer and then measured the sensor
response to this pattern. Figure 3-20 shows the pattern we micro-machined onto a silicon

wafer using photolithography. The height of each line is 0.100mm and the thickness of
each line is 0.02116mm.
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Figure 3-20. Pattern micro-machined onto a silicon wafer using photolithography. The
height of each lineis 0.100mm and the thickness of each lineis 0.02116mm.

In order to measure the response of the sensor to the silicon wafer, we first placed the
sensor around the 1 inch diameter cylinder, and then applied the sensor to the wafer with
asmall amount of force, read data from one sensor element, removed the sensor from the
wafer, and then moved the sensor by a finite distance along the x direction of the wafer.
We repeated this process until we trandated it across the entire wafer (Fig. 3-21). The
resolution of the sensor can then be determined by measuring where the spatial frequency
response becomes apparent. We used the Raleigh’s criterion to justify the finest
resolution possible for the sensor. The spatial resolution based on Raleigh’s criterion is
0.75mm.

32



Silicon Wafer Measurement
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Figure 3-21. Response of the sensor to being translated across the silicon wafer.

3.4 Pressure Sensor Calibration

The output of the pressure sensor to the PC is in volts, and so in order to convert the
pressure sensor output of voltage to pressure, we needed to calibrate the sensor. To do
this we applied a uniform pressure over the surface of each element using water pressure,
placing the sensor on a flat surface and a waterproof bag on top of the sensor. The bag
was filled with water to various heights ranging from 3.6 inches to 7.6 inches and

readings were taken from all elements of the pressure sensor.

The pressure was then calculated from the height of the water using the equation,
Ap = pgh, where pisthe density of water, g is gravity, and h isthe height of the water in

the bag. Figure 3-22 shows the pressure from al elements. The voltage from each

element can be converted to pressure by fitting a line to the data and using it as a voltage
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to pressure conversion table. Figure 3-23 shows the data from element 0x54. A linear
line was fit to the data and found to have a slope of 0.00002652 volt/gram, and a R? value
of 0.9618.

Woater Pressure Calibration
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Figure 3-22. Various levels of water pressure applied to all elements of the sensor in
order to convert from sensor voltage to pressure.



Water Pressure Calibration, Element 0x54
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Figure 3-23. Water calibration of element Ox54. A linear fit to the data had a slope of
0.00002652 Volt/Pascal, and a R* value of 0.9618.

3.5Linearity in Terms of Spatial Summation

The response of a sensor element to a line load was measured in Section 3.3.6, and the
response of each element of the sensor to a uniform load was measured in Section 3.4.
We then wanted to determine whether the sensor elements exhibit linearity in terms of
gpatial summation. The summation of the pressure measured by the sensor from the line
load across element 0x54 should be equal to the pressure measured by applying a uniform
load to the element. Figure 3-24 illustrates this question of whether the response of the
sensor to uniform water pressure over the entire element is equal to the summation of the

response of the sensor to aline load across the element.
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Figure 3-24. lllustration of whether the response of the pressure sensor to uniform water
pressure is equal to the summation of the response of the sensor to a line load. The
uniform water pressure over one sensor element is illustrated on left side of the equal
sign. The summation of the response from a line load translated across one sensor
element isillustrated on the right of the equal sign.
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The summation of the line load across element 0x54 was found to equal 5.2254 volts,
while under the same load the voltage from a uniform load was found to equal 4.5482
volts. This result indicates that the pressure sensor exhibits approximate linearity in
terms of spatial summation, since the two summations differ by roughly 13%. This
difference may have been within experimental error of the water pressure calibration
method, or may have been due to nonlinearity in spatial summation by the sensor.
Repeated calibration using water pressure would be required to put an upper bound on the

contribution of this calibration method to the observed 13% difference.

3.6 Prospectsfor Deconvolution

Simulation suggests that deconvolution may increase the spatial resolution of the pressure
measurements. Figure 3-25 shows simulated, noise-free pressure data before (left) and
after (right) deconvolution. The deconvolved pressure distribution shows an increased
resolution of finger ridges and grooves. However, in order for deconvolution to improve
the spatia resolution of pressure measurements, the pressure sensor must produce linear

measurements and be shift-invariant.
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Figure 3-25. Schematic illustrating the pressure distribution measurements a) before the
use of deconvolution and b) after the use of deconvolution. The use of deconvolution
will increase the spatia resolution of the measurements in order to see finger ridges and
grooves more clearly.

Based on the properties of the sensor measured in section 3.3, deconvolution is not ruled
out. However, we observed many sources of noise that might limit the success of this
technique. Sensor noise gave repeated measurements of the same load a standard
deviation of 4.5%. When forces of 0.1-0.9 N were applied to two indentors with different
diameters, nonlinearity in response to the increasing forces lead to errors in pressure that
were 0 to 7.1% of the voltage observed at 0.9N. Nonlinearity in terms of spatial
summation was shown to distort the measurement by less than 13%, but the lower bound
remains unknown. Finally, the spatial response profile (Figure 3-19) of the sensor had
severa peaks. These observations suggest that deconvolution -- which is sensitive to all

of these sources of error — may be difficult.

3.7 Summary

In this chapter we established to what extent sensor measurements were repeatable,
linear, and anisotorpic. Gain for each element of the sensor was found to vary
significantly. The spatial response profile was measured and the sensor was measured
using a line load. A uniform load under water pressure was used to find a factor for

converting sensor voltages to pressures. Due to the anisotropy of the sensor, we chose to
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shift the sensor in the x-direction exclusively. We aso examined the use of
deconvolution to increase the spatial resolution of pressure measurements, but found that
due to sensor noise content and the complexity of the spatial response profile the success
of deconvolution may be limited.
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4.0 Finger Pad Pressure M easur ement

4.1 Methods

We measured the pressure distribution on the index finger pads of five subjects, as two
rigid indentors were used to load the pad at forces ranging from 25 to 175 gramf. The
indentors were cylindrical, with diameters of 1 and %2 inch. The pressure sensor array,
which was situated between the indentor and skin, was used to sample interfacial pressure
at different points in the contact area. Figure 4-1 shows orientation of the finger and

cylinder, and our convention for displaying the interfacial pressure in subsequent figures.

0.25

~ — 0 <

0.05F

12

B efore

Figure 4-1. lllustration of the measurement of the pressure distribution from the finger
pad using a curved indentor. The deformation of the finger before and after a load is
applied are marked. The arrows indicate the force or pressure components measured.
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During the experiment we measured voltage on one element (0x54) of the pressure
sensor. At the start of each measurement, we used the motion platform to rotate the
indentor and pressure sensor to a known position on the fingertip and then applied a
known net force. Between measurements, the motion platform raised the indentor off the
fingertip, and then rotated it by a known arc length. The sensor was then returned to the
fingertip with the same net force, and another pressure measurement was taken. This
process was repeated until the sensor element had rotated entirely across the fingertip.
All measurements were saved in a PC data file. Figure 4-2 illustrates the process. To
obtain fine spatial resolution the shiftsin sensor location were far smaller than the 2mm
sensor element width. In a typical experiment, 100 measurements were taken over a
10mm arc. To minimize the effect of drift in the sensor, the data just before contact was
used as a baseline for pressure measurements.

y
o?s?3F s

Figure 4-2. The process used to measure the pressure distribution of the finger pad. The
pressure sensor is situated between the object and finger pad. The finger pad (@) is
indented with the cylindrical object, (b) the object is removed from the finger pad, (c) the
object is rotated by a known amount, and then (d) the object again indents the finger pad.
This process is repeated until the pressure sensor measures the entire contact area of the
finger pad.

4.2 Results

We applied various net forces with two different cylindrical indentors to the finger pads
of five subjects. Our results show the effect of changes in net force and indentor
curvature on the magnitude and shape of the pressure distribution. Asymmetry in the
pressure distributions was expected, since the resting curvature of the fingerpad surface

varied from the proximal to distal edge of the contact area.
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4.2.1 Intra-Subject Variability

We first consider the effect of indenting the finger pad of various subjects with the same
sized cylinder. Figure 4-3 compares the results of applying a 50 gram net force witha 1
inch diameter cylinder to the finger pad of subjects 1 and 2. The resulting magnitude and

shape of the surface tractions are very similar for both subjects.

Subject 1 and 2: 1 inch Diameter Cylinder, ~50g Net Force
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Figure 4-3. Pressure distribution measurement of subject 1 and subject 2. Both subjects
were indented with net force of 50 grams using a 1 inch diameter cylinder.

Figure 4-4 compares the results of applying approximately a 25 gram net force with the %2
inch diameter cylinder to the finger pad of subjects 2, 3 and 4. The shape of the surface
tractions are very similar for all three subjects. The peak values of the surface tractions

vary between the subjects by about 50%. This difference may in part reflect noise in the
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load cell sensing net force, since 25 gramf isin bottom 2.5% of the operating range of the
device.

Subject 2, 3, and 4: 1/2 inch Diameter Cylinder, ~25g Net Force
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Figure 4-4. Pressure distribution measurement of subjects 2, 3, and 4. All three subjects

were indented with a net force of approximately 25 grams using a ¥z inch diameter
cylinder.

4.2.2 Effect of Varying Radius

Figure 4-5 compares the results of applying a net force of approximately 50 grams with
both the 1 inch and %2 inch diameter cylinder to the finger pad of subject 5. Both surface
tractions have an approximately trapezoidal distribution. As expected, the peak
magnitude of the surface traction under the %2 inch diameter cylinder is greater than the
peak magnitude under the 1 inch diameter cylinder. Accordingly, the lower peak
pressure under the 1 inch diameter indentor is compensated by the greater width.
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Subject 5: 1 inch and 1/2 inch Diameter Cylinder; ~50g Net Force
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Figure 4-5. Pressure distribution measurement of subject 5 using a 1 inch diameter
cylinder with a net force of 50.8 grams compared to the pressure distribution
measurement of subject 5 using a %2 inch diameter cylinder with a net force of 49.3
grams.

Figure 4-6 shows the combined effects of intersubject variability and change in surface
curvature. The results of applying a 52.2 gram net force with the 1 inch diameter
cylinder to the finger pad of subject 2 and applying a 56.1 gram net force with the ¥z inch
diameter cylinder to the finger pad of subject 3 are presented. The magnitude of the
resulting surface traction from the ¥z inch diameter cylinder is again greater than the
magnitude from the 1 inch diameter cylinder, and the overall shape of both resulting
surface tractions are similar. Again, the width of the surface traction from the 1 inch
diameter is wider than the width produced by the 2 inch diameter cylinder.
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Subject 2 and 3: 1 inch and 1/2 inch Diameter Cylinder, ~50g Net Force
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Figure 4-6. Pressure distribution measurement of subject 2 using a 1 inch diameter
cylinder with a net force of 52.2 grams compared to the pressure distribution

measurement of subject 3 using a %2 inch diameter cylinder with a net force of 56.1
grams.

4.2.3 Varying Net Force

We varied the net force that was applied to the finger pad of the subjects while using the
same sized cylindrical indentor. Figure 4-7 shows the results of applying a net force of
22.6 grams, 52.2 grams and 106.1 grams to the finger pad of subject 2 with the same 1
inch diameter cylindrical indentor. The general shape of the pressure distribution for all
three force levels is similar, with the magnitude of the pressure distribution increasing as
the net force level increases. The width of the surface traction also increases as the net

force increases, though this effect appears to saturate between 50 and 100 gramf.



Subject 2: 1 inch Diameter Cylinder, 22.6g, 52.29, and 106.1g Net Force
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Figure 4-7. Pressure distribution measurement of subject 2 using a 1 inch diameter
cylinder with anet force of 22.6 grams, 52.2 grams, and 106.1 grams.

Figure 4-8 shows the results of applying a net force of approximately 50 grams, 75 grams
and 175 grams to the finger pad of subject 1 with the same 1 inch diameter cylindrical

indentor. Once again, the general shape of the pressure distribution for all three force

levels is similar. The magnitude and width of the pressure distribution increases as the

net force level increases.
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Subject 1: 1 inch Diameter Cylinder; ~50g, 759, and 175g Net Force
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Figure 4-8. Pressure distribution measurement of subject 1 using a 1 inch cylinder with a
load of 50 grams, 75 grams, and 175 grams.

Figure 4-9 shows the results of applying a net force of 24.5 grams, and 51.3 grams to the
finger pad of subject 4 with the same %2 inch diameter cylindrical indentor. The general
shape of the pressure distribution for both force levels is similar.  The magnitude and

width of the pressure distribution increases as the net force level increases.
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Subject 2: 1/2 inch Diameter Cylinder; ~24.5¢g, and 51.3g Net Force
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Figure 4-9. Pressure distribution measurement of subject 4 using a2 inch diameter
cylinder with anet force of 24.5 grams, and 51.3grams.

4.2.4 Finger Ridges

We were interested in the effects of varying the step size between samples. Figure 4-10
shows the results of applying a net force of approximately 150 grams to the finger pad of
subject 1 with the 1 inch diameter cylindrical indentor for two different sample sizes.
The samples were taken 0.3927mm apart and 0.2356mm apart. We can see that by taking

the samples closer together, the spatial resolution of the measurements is increased.

47



1 inch Diameter Cylinder; Sample Size 0.3927mm and 0.2356mm
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Figure 4-10. Pressure distribution measurement of subject 1 using a 1 inch cylinder with
anet force of 150 grams. The samples were taken a) 0.3927mm apart and b) 0.2356mm

apart.

Figure 4-11 shows the results of applying a net force of approximately 100 grams to the
finger pad of subject 1 with the 1 inch diameter indentor. The samples were taken
0.03927mm apart. Although there is more apparent noise in the measurement, we can
see that spatial resolution of the pressure measurement is enhanced, as the finger ridges
seem to become more pronounced. However, comparison of the spatial response profile
(Figure 3-19) to the data suggests that features less than ~1mm wide may be artifacts due
to the bumpy spatial response profile of the sensor.
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Subject 1: Samples 0.03927 mm apart; ~100g Net Force
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Figure4-11. Pressure distribution measurement of subject 1 using a 1 inch cylinder with
anet force of 100 grams. Samples were taken 0.03927mm apart. The spatial response
profile of the pressure sensor is also plotted.

It would be useful to correlate these apparent finger ridges in the pressure measurement
with the finger ridges in the finger pad. To investigate this correlation, we first took the
pressure distribution measurements from the finger pad of subject 1, then wrapped a
piece of paper around the sensor while it was attached to the indentor. We then applied
ink to the subject’s finger, and applied the indentor to the finger pad with the same total
force used during the pressure distribution measurements. The resulting fingerprint,
shown in Figure 4-12, was then used to correlate the possible finger ridges seen in the
pressure distribution with the pattern of ridges on the subject’s skin. Figure 4-13 shows
the pressure distribution measurement along with lines that roughly correspond to the
location of the grooves in the fingerprint.
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Figure 4-12. Fingerprint of subject used to correlate with the possible finger ridges seen
in the pressure distribution measurement.

Subject 1: 1 inch Diameter Cylinder; ~100g Net Force
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Figure 4-13. Pressure distribution measurement of subject 1 using a 1 inch cylinder with
a net force of 100 grams. The lines correspond approximately to the location of the
grooves in the fingerprint. The strip indicates the portion of the fingerprint scanned by
the sensing element.

50



4.3 Comparison to Hertz Theory Predictions

Hertz theory (reviewed in Chapter 2) provides a rough approximation the fingerpad
pressure distribution. Figure 4-14 compares the pressure distribution predicted by Hertz
theory to pressures measureed under a 1 inch diameter cylinder exerting a net force of
56.1 grams. The magnitude and width of the Hertz pressure agree with observed values
to within about 10% in the middle of the contact area, but fall off too quickly near the
edges.

Comparison of Hertz Predictions to Actual Measurements
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Figure 4-14. Comparison of the pressure distribution measured for a 1 inch diameter
cylinder with a load of 56.1 grams (solid line) to the pressure distribution predicted by
Hertz Theory (dashed line).

Figure 4-15 compares the pressure distribution predicted by Hertz theory to our pressure
measurement for a ¥z inch diameter cylinder and a load of 52.2 grams, and again the

magnitude and width of the pressure measurement predicted by Hertz theory are

51



relatively close to the observed pressure distribution. However, Hertz theory fails to

model the observed asymmetry of the pressure distribution.

Comparison of Hertz Predictions to Actual Measurements
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Figure 4-15. Comparison of the pressure distribution measured under a2 inch diameter
cylinder with a load of 52.2 grams (solid line) to the pressure distribution predicted by
Hertz Theory (dashed line).

4.4 Deconvolution of Pressure M easur ements

In order to compute the deconvolution of empirical pressure measurements, the spatial
response profile of the pressure sensor was modeled as a Gaussian. Figure 4-16 shows
the results of applying deconvolution to the pressure measurement result of subject 1
under a 100 gram net force. The spatia resolution of the pressure measurement was
dightly increased as a result of the use of deconvolution, by assuming an unredlistically
small standard deviation of 0.055 mm for the Gaussian. The general shape is the same

but the magnitude of the peaks where finger ridges possibly appear in the pressure record
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isincreased. Unfortunately, attempts to deconvolve the data using wider Gaussians with
standard deviations closer to that observed in Figure 3-19 (o [ 0.5 mm), resulted in
estimates of the pressure signal that were grossly in error. Using the raw spatial response
profile shown in Figure 3-19 also produced poor results. Low pass filtering the data and
gpatial response profile did not fix the problem.

Subject 1: 1 inch Diameter Cylinder; ~100g Net Force; Measured and Deconvolved
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Figure 4-16. The measured (solid line) and deconvolved (dotted line) pressure
distribution measurement for a 1 inch diameter cylinder with a net force of approximately
100 grams.

Figure 4-17 shows the results of applying deconvolution to the pressure measurements
from subject 5 with a 50.8 gram load from a 1 inch diameter cylinder. The deconvolved
signal appears to increase the spatial resolution of the pressure measurement. Again, the

general shape and magnitude of the pressure distribution is the same after deconvolution
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isused. The magnitude of the peaks where finger ridges possibly appear in the pressure

recordsisincreased aswell.

Subject 5: 1 inch Diameter Cylinder; ~50.8g Net Force; Measured and Deconvolved
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Figure 4-17.
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The measured (solid line) and deconvolved (dotted line) pressure

distribution measurement for a 1 inch diameter cylinder with aload of 50.8 grams.



5.0 Summary

The surface pressure distribution of the finger pad is important because it is the input to
the human tactile system. In this study we explored the relationship between the surface
pressure distribution and the shape of contacting objects. We measured the pressure
distribution on the surface of the finger in contact with an object using a highly sensitive
pressure sensor. The effects of curvature and downward displacement on our surface
pressure measurements were examined. We then used deconvolution to increase the

gpatial resolution of the empirical data.

A pressure measurement system was designed and built to measure the surface pressure
of the finger pad. The behavior of the pressure sensor was examined to understand its
characteristics and limitations. Drift, repeatability, linearity, anisotropy, inter-element
variability, and the spatial response profile of the sensor elements were all measured. We
showed that the sensor readings are approximately linear, anisotropic, and that the gain
for each element of the sensor is different. The spatial response profile was measured

and the sensor was calibrated in order to convert readings from voltage to pressure.

The surface pressure was measured from the finger pads of five subjects using both a 1
inch and %2 inch diameter cylinder under various loads. The spacing between samples
was varied to see if a smaller step size between measurements produced better results.
The correlation between pressure records and the fingerprint of one subject was explored.
We found that the dips in the surface pressure record correlated approximately with the
pattern of grooves in the finger print. The pressure records were compared with the
pressure distribution as predicted by Hertz theory, and the overall shape and magnitude of

the predicted and measured pressure distribution were found similar.

55



Deconvolution was used to increase the spatial resolution of the measurements. This
enabled a dight increase in the spatial resolution of the pressure measurements, but not to
the degree that was hoped for. This was most likely due to sensor noise, and the

complexity of the spatial response profile.
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