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Abstract

A stimulator display for the human tactile system needs
to make use of both the spatial and temporal characteris-
tics of the sense of touch. The temporal response of the
human tactile system includes viscoelastic memory. We
ran psychophysical experiments on human subjects to de-
termine whether the finger exhibits a significant amount of
viscoelastic memory and how this affects the overall tactile
system. Since most tactile stimulators include an elastic
layer as an anti-aliasing filter, our tests were carried out
with a layer of elastic material on the finger. There was a
significant amount of memory in the finger which affected
the perception of the inputs presented to the subjects. We
offer a possible explanation for the results based on the
mechanics of the skin.

1 Introduction

In the visual world, terms such as refresh rates and
frames/sec define the bandwidth of a visual display sys-
tem. TVs and monitors are built to use the well known
limitations of our visual system (e.g. interlaced scanning,
minimum refresh rate of 70Hz for flicker free displays).
This same principal can be applied to tactile display. If
we had more information about the human tactile system,
we could use it to build better displays (e.g. use interlaced
scanning of the pins across the finger by using the memory
in the finger). This paper tries to determine the limita-
tions in dynamic human tactile perception that could be
used to improve tactile display resolution.

Neurophysiological studies by LaMotte and Srinivasan
(1987) suggest that SAT mechanoreceptors are most impor-
tant in small-scale shape perception. The SAI’s have a field
diameter of 3—4mm, a frequency range of DC' —30H =z and
sense local skin curvature [10]. This suggests that a rela-
tively low bandwidth display might work for most applica-
tions. The SMA actuated display designed by Kontarinis
has a bandwidth with a —3d B point between 6 —7TH z [10].
Cohn et al. get a TH z frequency response out of their pneu-
matically actuated display. Both of these displays are well
below the 30H z bandwidth of the SAI mechanoreceptor.
Since there are some physical limitations (such as hystere-
sis in SMA), display bandwidths might not increase in the
near future (recently 50H z bandwdith was achieved using
SMA with ice water cooling [7]). But performance im-
provements can still be made by exploiting the perceptual
properties of the human finger.

This project attempts to determine if the viscoelasticity
of the finger creates a tactile after-image in human tactile
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perception. We use a similar setup as Tan [19] and conduct
psychophysical experiments to determine if the viscoelastic
memory can be quantitatively observed in human subjects.
We also present a model to explain how this memory affects
overall tactile perception.

1.1 Previous work

Many researchers have examined the mechanical prop-
erties of skin. Pawluk and Howe have used Fung’s quasi-
linear viscoelastic model of tissue to propose a viscoelas-
tic model which describes the response of the human fin-
ger pad to mechanical deformation [14], [13]. They also
showed that the finger pad can be described by a non-linear
relationship between force and stiffness. Much of this work
has also been done by Fung for soft tissues [6]. Serina,
Mote and Rempel have done studies on finger pad dis-
placement for ergonomic purposes. They have shown that
the bone, nail interface can be considered incompressible
compared to the finger pad [13].

There has been very little work done with temporal
response of the human tactile perception. We could not
find any work that dealt with viscoelastic memory in the
human finger and how this affects the tactile perception.
There has been some work done by VanDoren with spa-
tiotemporal sensitivity [2]. This model treats the finger
pad as a linear Voigt body. The model he presents is vahid
for very low forces (0.1N). Verrillo and Chamberlain, as
discussed by VanDoren, have done some temporal stud-
ies with the tactile system. But their work focuses on
inputs with frequencies of 250 Hz and higher [3]. Tan’s
research to determine spatial sensitivity of the human fin-
ger was affected by temporal properties of the finger. In
his experiments, subjects reported that, after wearing the
rubber gloves (anti-aliasing elastic layer) for some time,
patterns became harder to discern. Some subjects claimed
that they perceived grating patterns on two comparison
surfaces, when in fact one was known to be smooth. Al-
though he did not draw any quantitative conclusions, he
hypothesized that the viscoelastic memory of the finger
might be confusing the SAI mechanoreceptors. He states
that the amplitude resolution capabilities of the human fin-
ger might be decreased by the viscoelastic memory causing
errors in perception [19].

2 Experimental Methods
2.1 Apparatus

We developed a system where patterns could be pre-
sented to test subjects in a controlled manner using the
robot modules of the Robotworld system. We used a Lord
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Figure 1: Testing apparatus

15/50 Force/Torque sensor directly attached to the robot
module. There were also two momentary switches (as well
as accompanying real-time device drivers) placed within
easy reach of the apparatus to record the responses of the
subjects. The entire apparatus was hidden from the view
of the test subject. For each of the procedures outlined in
section 2.2, the subject had his or her right index finger
on a ledge with the palm of the hand facing towards the
module. The module moved a plate containing wax blocks
towards the finger. The robot module moved the plate
until a block came in contact with a subject’s finger pulp.
The plate, blocks, and the rubber fingertip are described
in the sections below. Figure 2.1 shows the complete ap-
paratus used during the experiment.

2.1.1 Patterns

The patterns presented to the subject consisted of machin-
able wax blocks with a ridge milled onto its surface. The
heights of the ridge varied from 0.1mm to 1.5mm. Each
ridge on the different blocks had a width of 5mm (fig-
ure 2.1) and the blocks came in contact with the finger
in such a way that the length of the contact along the
ridge was approximately 10mm (figure 10). There were
also blocks that had no ridges (again the contact length on
the finger was 10mm). Note, we used a stair-step config-
uration on the plate to ensure that the blocks had normal
contact with a subject’s finger and at the same time only
the block being presented came in contact with the finger
pulp. During a test, the index finger of the subject was
placed on a ledge with the pulp facing out (so that the
nail rested against the back of the ledge).

2.1.2 Rubber glove

A 2.0mm thick rubber glove was fitted on the index fin-
ger of each subject. The gloves were manufactured with
silicone rubber using the process described in [19].

The wax blocks that were presented as inputs to a sub-
ject’s finger had varying textures and different thermal sig-
natures. Without a rubber glove, one could obtain addi-
tional information from these surface texture and temper-
ature cues.

In one set of experiments, one of the inputs was a wax
block with ridge heights of 0.1mm or 0.15mm (called little
ridge input). We wanted the little ridge input to be am-
biguous (i.e. at a 50% threshold level) to perceive for our
experiments. Without the rubber glove, the ridge heights
would have to be much lower than 0.1mm (making them
very difficult to manufacture) for the little ridge inputs to
be perceived as ambiguous.

2.2 Procedure

We measured the finger’s dynamic response. We ap-
plied a position step to the finger and measured the fin-
ger’s force response (this is defined to be the relaxation
function). The robot module was commanded to a posi-
tion that corresponded to a force of 2.5N (measured by
the force/torque sensor) exerted on the finger by the block
containing the biggest ridge (this corresponded to blocks
with ridge heights of 0.7mm or 1.0mm). After fifteen sec-
onds, during which the force response of the finger was
recorded by the sensor, a position step of 0.05¢m towards
the finger was applied by the robot. The force/torque sen-
sor recorded the force for thirty seconds. Finally, the mod-
ule was commanded to move back to its original position
(i.e. a negative step of 0.05¢m) and the sensor recorded
the force for another fifteen seconds. Due to the limited
velocity of the robot module, the position step was not in-
stantaneous. It took on the order of 0.6 — 0.7seconds to
move the 0.05¢cm. The above procedure gave us a relax-
ation curve for each subject. The results and analysis are
discussed in section 3.

2.2.1 Effect on Tactile Perception

In the second part of the experiment, we determined if the
viscoelasticity of the finger pulp had a statistically signifi-
cant effect on the perception of ridges on the wax blocks.
The plate was set up with three blocks. The leftmost block
(in figure 2.1) was smooth (SM) block (had no ridge). The
middle groove contained a block with a little ridge (LR)
whose height was either 0.1mm or 0.15mm. The height of
the LR for each subject was determined before the experi-
ment started. It corresponded to the ridge height that was
just at threshold through the 2.0mm glove. The thresh-
old point was defined to be the ridge height at which the
subjects were guessing whether they had felt a ridged pat-
tern (i.e. there was equal chance of a subject guessing that
he/she had felt a smooth pattern). The third groove on
the plate in figure 2.1 had the block containing a big ridge
(BR). The BR block was the same as the block used in the
viscoelastic test ( 2.2) to measure the relaxation function
of a subject. The robot module was commanded to move
the plate to the finger until the block being presented as
stimulus applied a force of 5.5N on the finger (as measured
by the force/torque sensor). The ordering and the timing



[[ Type [ First Stimulus [ Second Stimulus ]|

1 SM BR
2 SM SM
3 BR SM
4 LR BR
5 BR LR

Table 1: Trial types and corresponding patterns presented
(SM=Smooth, LR=Little Ridge, BR=Big Ridge).
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Figure 2: Relaxation function for a rubber layer.

Input(s) had negative ridges (grooves)

2 Both inputs in the trial had positive ridges

33.75[ 4

Table 2: Choices and condition(s) for each choice

of stimulus was controlled very carefully and is described
below.

The experiment consisted of 150 trials broken up into
five sessions (thirty trials per session). Each trial consisted
of two blocks being presented to the subject. Each trial was
one of five types outlined in the table 1. Note, with three
different blocks, each trial could have been one of nine (32)
different types (since two blocks were being presented in
each trial). But we only used the combination of blocks
that were important (to cut down on the number of trials)
in showing whether or not the viscoelasticity of the finger
had an effect on touch. The set of 150 trials was generated
randomly prior to the experiment. They were generated in
such a way that there was a set of thirty trials of each type
in the experiment. Thirty trials were picked because the
normal approximation (using the central limit theorem)
is a good approximation regardless of the shape of the
population if the sample size is greater than or equal to
thirty [20]. Furthermore, since the experiment was carried
out over five sessions (a session consisted of thirty trials),
each session had six trials of each type.

In each trial, the robot module presented the first stim-
ulus with a force of 5.5/N for exactly 3 seconds at which
point the module moved away from the finger and waited
for exactly 1.8 seconds (1.8 was picked because it was de-
termined from the first experiment that the average relax-
ation time constant for the subjects was approximately 2
seconds). Following the wait, the second stimulus was pre-
sented (also at 5.5N) for exactly 2 seconds. The subjects
were asked to push the appropriate button (momentary
switch) based on whether or not they felt two ridges in the
trial (i.e., felt ridges on both the stimuli). The conditions
for when the subjects were supposed to push each button
is outlined in table 2. The subjects had 10 seconds within
which to make a choice. In other words, the time between
each trial was held constant at 10 seconds.  The results
were compiled and are analyzed in section 3.

3 Results

The experiments were run on six test subjects, 3 male
and 3 female. All subjects were volunteers and no spe-
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Figure 3: Relaxation function for one of the subjects (sub-
ject 2).

cial criteria were used to select them. Two subjects were
familiar with the experimental apparatus and procedure,
while the other four subjects had no prior knowledge. The
ages of the subjects varied from 21 to 35 years of age. The
following is the performance and analysis of each of the six
subjects.

3.1 Viscoelasticity

We showed in section 4.1 the finger mechanical model
consisting of springs and dashpots. After running the first
experiment, a relaxation function was obtained for each
of the six subjects. Figure 2 shows a relaxation function
(to a position step) for a rubber layer. Note, one can see
a very small viscoelastic effect here. Figure 3 shows a
relaxation function for one of the subjects (subject 2). The
viscoelastic effect is very apparent up to approximately 15
seconds (just before the 0.05¢m position step). The other
subjects exhibited similar relaxation functions.

The relaxation function for the Kelvin, equation 6, can be
rewritten more generally as

k()= A+ Be™** (1)

where A = Fp, B = %:_TU), and ¢ = Tl—e We used
MATLAB (using a nonlinear curve fitting algorithm based
on the simplex algorithm) to fit an exponential function of
the form given in equation 1 to the force response taken
in the first 15 seconds for each subject. Figure 4 shows an



A=1.9493, B=1.102116, c=0.2563
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Figure 4: Exponential fit for relaxation function.

[Subject [ A | B [ ¢ [[ = [ = |
] 3.29 [ 115 [ 0.70 || 142 || 2.14
) 1.95 | 1.10 | 0.26 || 3.90 || 6.11
3 3.20 [ 0.89 | 0.58 || 2.71 || 3.82
1 2.24 | 0.67 | 0.35 || 2.81 [ 3.65
5 3.04 | 0.85 | 0.30 || 3.38 | 4.78
5 3.59 | 0.34 | 0.26 || 3.88 || 4.39

Table 3: Parameter values of the viscoelastic model of the
finger

example of the curve fitting for the relaxation curve of the
subject shown in figure 3 which corresponds to subject 2.
The data for the other subjects is shown in table 3. Note,
the value 75 can be found by substituting the known values
into the equation for B in equation 1.

According to equation 7, and figure 8, after the con-
stant force input is removed, the finger pulp (because of
the viscoelastic creep) exponentially deforms back to its
original location, with time-constant equal to 7, (we will
ignore all other constants for this analysis). When a BR
pattern is pressed against the finger with a force of 5.5N
for 3 seconds, then the deformation is equal to one (ar-
bitrarily normalized units-zero corresponds to the finger
pulp in its original location). 1.8 seconds after the pattern
is removed, the finger will be at some position depend-
ing on the value of 7, for each subject. Table 4 shows
the deformation (in the above normalized units where zero
corresponds to the finger in its original location, and one
corresponds to the location of the finger after a BR pat-
tern has been pressed on it for 3 seconds) for each subject
1.8 seconds after the BR pattern is removed. A smaller
number means that the finger is closer to its original loca-
tion. In other words, subject 1’s finger pulp is only 43%
away from its starting location, whereas subject 2’s finger
pulp is 74% from its original location. Equivalently, we can
think of this as the finger pulp retaining some memory of
the input even after 1.8 seconds. The first subject’s finger
remembers 43% of the input while the finger on the second
subject remembers 74% of the input.

3.2 Effect on perception

The second experiment was run on all six subjects. As
mentioned earlier, the responses of the second experiment

[ Subject ]| Position of finger ||
1 0.43
0.74
0.62
0.61
0.69
0.66

O U W= [ Qof b

Table 4: Position of finger 1.8 seconds after a BR pattern
is applied (in normalized units where zero corresponds to
finger in starting location, and one corresponds to location
of finger after a BR pattern has been pressed on it for 3
seconds
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Figure 5: Fraction of trials of all types (1=(SM,BR),
2=(SM,SM), 3=(BR,SM), 4=(LR,BR), 5=(BR,LR)) for

which “felt two ridges’ (choice 2) was picked as a response.

were either choicel (if a subject did not feel a ridge on
each of the two inputs of the trial) or choice2 which cor-
responded to a subject feeling two ridges in the trial (see
table 2). The performance, as indicated by fraction of tri-
als that a subject picked choice2 for each type of trial,
is shown in figure 5. Refer to table 1 to see what input
patterns were presented for each type.

Looking at figure 6, we see that for trials of types 4 and
5, the fraction of trials for which subjects picked choice2,
seems to be different. What we needed to determine is
whether or not the difference in the the two fractions was
statistically significant. In other words, what was the con-
fidence level with which we could say that the means (frac-
tions) of the response of choice2 were different for each
of the trial types. To accomplish this, we used a modi-
fied pooled t-test (sometimes called the two sample ¢-test).
The pooled t-test is often used when comparing two means
whose variances are unknown but equal. In our case, we
wanted to compare the mean response of choice2 for trials
of type 4 (p1) and type 5 (p2) for each subject. The vari-
ance of choice2 responses for type 4 was not equal to the
variance of the responses for type 5. Thus, we had to use a
modified pooled t-test which is described in section 3.2.1.

3.2.1 Statistical Comparison of Means

We want to show that pq, which is equal to the mean for
type 4 inputs (in other words, it is the fraction of trials of
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Figure 6: Fraction of trials of types 4 (LR,BR) and 5
(BR,LR) for which ’felt two ridges’ (choice 2) was picked

as a response

type 4 for which the response was choice2), is not equal
to mean for type 5 inputs (p2). We also wanted to see if
we could state this with 95% confidence interval for each
of the subjects.

We begin by formulating the null hypothesis (Hg) and
the alternative hypothesis (H1). We know that a firm con-
clusion can only be made if a hypothesis is rejected. We
would like to say that p; # pa, or in other words, we would
like to reject the hypothesis that p; = ps. Therefore, in
our case we form the null hypothesis and alternative hy-
pothesis as outlined in equation 2.

Hy: p1—p2=0 (2)
Hi: pr—p2#0

The two-sample t-test may be used when we can as-
sume that both distributions are normal (which is a valid
assumption in this case because the number of samples
equals thirty which implies we can use the central limit
theorem). In our case, we have two means, but we do
not have the variances. Furthermore, we can safely as-
sume that the variances of each of the distributions are
not equal. Therefore, we use the modified two-sample ¢-
test which uses sample variances. The sample variance can
be calculated for the distribution of responses for type 4
and type 5 trials as outlined in equation (3).

The value of the test statistic is given by equation 4

(2427
S (@
(o1/n1)? + (o2/n2)?

n1 12 n;—1 ng—1

The means, sample-variances, and t-values for each subject
are shown in table 5.

The critical region for the test is defined by equation (5)
where « is the probability of a type I error (i.e. rejection
of the null hypothesis when it is true). It is also referred
to as the level of significance.

' < —toss
t/ > tOz/Z (5)

% Two
ridges
Sub Type felt o2 t-val v
1 (LR-BR) | 050 | 0.26
1 [[5(BRLR)| 050 [026] 0 | 58
1 (LR-BR) | 083 | 0.14
2 5 (BR—LR) 0.33 0.23 4.48 | 55.1
1 (LR-BR) | 050 | 0.26
3 5 (BR—LR) 0.20 0.17 2.52 | 55.3
1 (LR-BR) | 083 | 0.14
4 |[5(BR-LR) | 063 | 024 | 1.77 | 545
1 (LR-BR) | 070 | 022
5 5 (BR—LR) 0.43 0.25 2.18 | 57.6
1 (LR-BR) | 0.73 | 0.20
6 5 (BR—LR) 0.40 0.25 2.72 | 574

Table 5: Raw data and t-values for each subject

At a level of significance of 0.05 (i.e. 95% confidence level),
we can determine the critical values of the ¢-distribution.
For our values of v and « equal to 0.05, it was determined
that the critical value ?,/5 was equal to approximately
2.000. At a significance level of 0.10, the critical value was
equal to 1.671. From this we can safely conclude that the
the means for trials of types 4 and 5 were not equal for
subjects 2, 3, 5, and 6. Subject 4 fell within the 0.10 level
of significance. Subject 1’s means were equal. This data
is explained in section 5.

4 Models

4.1 Viscoelastic model of skin tissue

Fung concludes [6] that biological tissues are not elas-
tic. The history of strain affects the stress (wviscoelastic
memory ). There is a considerable difference in stress re-
sponse to loading and unloading. This has lead to work in
characterizing soft tissues using linear viscoelastic models.
Most of the research has concentrated on relating stress
and strain in the soft tissue using Voigt, Maxwell, and
Kelvin models [6].

The Kelvin model (also known as the standard linear
model) is the most general relationship that includes the
load, the deflection, and their first derivatives. We decided
to use the Kelvin model to explain the viscoelastic behavior
of the human finger pulp. The Kelvin model is shown in
the figure 7. It consists of a series connection of a dashpot
(with viscosity R) and a spring (with spring constant ki)
in parallel with another spring (with spring constant kg).
Using the analysis in [6], we obtain the relaxation function
(force response k(t) for a unit-step deformation)

k(1) = [Bp — TRUTC= ) 2y (6)

Te

where 7¢ (called the relazation time for constant strain ),
7o (relazation time for constant stress ), and Eg (relazed
elastic modulus ) are all functions of R, kg, k1.

The form of the relaxation function is shown on the left
in figure 8. The creep function (elongation produced by a
application of a unit-step force F(t) = 1(t)) for the Kelvin
model is shown on the right in figure 8 and is represented



Figure 7: A Kelvin body (a standard linear solid).
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Figure 8: Relaxation and creep function for a Kelvin body.

by equation 7.

5 Discussion
5.1 Skin Viscoelasticity and Perception

If there were no perceptual “after image”, there should
be no effect of presentation order on detecting two ridges.
However, all of our subjects but subject #1 showed a
statistically significant difference in means between the
(LR,BR) and (BR,LR) presentation order. Feeling the big
ridge first reduced the probability of feeling the little ridge.

It is worthwhile to consider the relation between the
measured viscoelastic properties and these perceptual re-
sults. Table 4 quantifies the non-elastic component of each
subject’s finger response, i.e. the exponential term in eq. 7.
The effect on perception is “measured” as the difference be-
tween the mean number of times two positive ridges were
felt for type 4 trials (LR,BR) and type 5 trials (BR,LR).
This can be thought of as a measure of memory in tactile
perception. Figure 9 shows the strong correlation (correla-
tion coefficient p = 0.92) between slow skin relaxation and
perceptual interference.

Subject 1 retains the least amount of finger deformation
(only 43%) and also shows no problem with detecting both
ridges with this experiment’s time scale. It is interesting to
speculate that the relatively small amounts of viscoelastic-
ity seen in subject 1 were compensated at the perceptual
level.

5.2 Skin Mechanics and Tactile Memory

Although we do not have a very realistic model for the
actual contact stresses and subsurface strains in the LR
and BR cases, we can speculate as to why the LR is more
difficult to feel after the BR contact. Our zeroth order
model is that the tactile after-image is simply a scaled
remanent of the previous contact, and finger strain is:

e(e) = en(@) + a(t)enr(@), (8)

0.40 4

0.10 1

difference between means
o
N
o
T
O
|

0.00 1

-0.10 ! ! !
0.40 0.50 0.60 0.70 0.80

percent residual deformation

Figure 9: Difference in mean detection of 2 ridges in
(LR,BR) and (BR,LR) versus percent residula deforma-
tion 1.8 seconds after BR input.

e g

Figure 10: Finger and pattern geometry for plane stress
assumption

where ¢;, and €p, are subsurface strain for LR and BR
contacts respectively, and «(t) represents the amount of
influence that the previous BR pattern has on the strain
profile of the LR pattern. As an estimate for a(1.8), we
chose to average the values of table 4.

As we have a large variation in subject finger size,
shape and stiffness; as well as manufacturing variations in
ridge edges, one needs to make some simplifying assump-
tions to provide rough comparisons of what strain the fin-
ger mechanoreceptors could be measuring for the smooth
(SM), little ridge (LR) and big ridge (BR) contacts. We
use the plane stress model for convenience (Figure 10)
and reasonable fit to mechanoreceptor response [15]. The
stresses due to contact with a raised ridge are modeled as
normal line loads. They are constant in the y-axis (be-
tween 0 and 10mm in y-contact length). While this model
is grossly simplified, it is qualitatively useful as a start-
ing point for analysis. Better models of finger mechanics
such as Srinivasan and Dandekar [18] are available, but the
low-pass nature of the 2mm glove hides model details.

For a line load P, the normal component of strain is [9]:

—2Pz 2 2
€5 = o (2" —va”) (9)
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Figure 11: Approximate surface stress and sub-surface
strain for big ridge (BR) and little ridge (LR).

where P is the force per unit length (N/m), r* = 2* + 22,
v is Poisson’s ratio (0.5 for incompressible materials such
as rubber), and F is 4 x 10° N/m? for our rubber layer.
The pattern is pressed against the finger with a force of
5.5N over a contact length of 10mm, thus P = 550N /m.
z is taken to be 2.7mm (which corresponds to the 2.0mm
rubber layer thickness and an assumed 0.7mm depth of the
SAT mechanoreceptors in the skin). The actual depth of
mechanoreceptors in humans is unknown and is probably
quite variable.
For a smooth contact (SM), we assume [9]:

2P o

Ta?

— 2 (10)

where @ is the half width of the contact. A rectangular
pattern has stress: [9]:

p
——  for |z| < qa,
e e,

otherwise

The BR pattern had its edges slightly smoothed, therefore
we assumed a slight smoothing function applied to eq. 11.
The LR pattern had a central region where contact is with
the little ridge, and an outer region where contact was with
the base of the wax block. As a crude approximation, we
assumed superposition applied, and combined a rectangu-
lar response over the 5 mm ridge width with a smooth
response over the 10 mm block. All contact stresses were
scaled to ensure that the total load was 5.5 N. The assumed
stress and strain profiles for the BR and LR patterns are
shown in figure 11.

As shown in Figure 12, the smooth (SM) and little
ridge (LR) contacts give quite similar strain profiles, while
the big ridge (BR) contact is quite different from the SM
contact. Thus subjects had no trouble perceiving the big
ridge. As the LR contact is only perceived as a ridge
50% of the time, any remanent strain from a previous BR
contact will have a significant effect on perception of the
LR. Figure 13 shows the sub-surface strain for trials of type
5 (i.e. LR pattern applied 1.8 seconds after the BR pat-
tern). In the figure, «(1.8) = 0.6.  The figure also shows
the strain at z = 2.7mm for the LR pattern and a BR
pattern. Looking at the strain profiles, it seems that the
BR,LR profile would not feel like the LR or the BR pro-

files, which agrees with subjective impressions. Of course,

2.7mm) for LR and SM
°

2.7mm) for BR and SM

o

Strain (z
Strain (2

-20 20 -20 20

-10 0 10 -10 0 10
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Figure 12: Sub-surface strain for ridged and smooth pat-
terns

2.7mm) for BR,LR (type5), LR, and BR

Strain (z

~0.02 1 . 1 I 1 . .
-20 -15 -10 -5 [ 5 10 15 20
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Figure 13: Sub-surface strain for LR, BR and after the
second input for type5 (BR,LR) trial at t=1.8 seconds



the residual strain from the BR contact will be decreasing,
while the strain from the LR contact will be increasing
during the contact interval.

5.3 Sources of Error

There were weaknesses in the experimental apparatus
which lead to errors or inconsistencies in the data. The
Lord Sensor, with no forces or load on it, had errors up to
0.4N while measuring force. In fact, for one subject the
standard deviation of the forces applied during the sec-
ond experiment was 1.5N. Inadvertent finger motion, giv-
ing high-frequency information from slip, was a potentially
significant problem. In the interest of subject comfort, fin-
gers were not completely immobilized. (If there is slipping
during contact, then the FAI and FAIl mechanoreceptors
are stimulated.)

There were several limitations in the models we used.
Fung [?], and Pawluk [?] have shown that the finger pulp
behavior has a better match with a quasi-linear viscoelas-
tic model. Further, at the forces we were working at 5.5N,
it is very possible that there were non-linear effects on the
finger that were not modeled. In our model of skin me-
chanics, we assumed that the rubber and skin form one
continuous layer with identical modulus of elasticity. It is
known that this is not true. There is actually a disconti-
nuity between the skin and the rubber which our model
does not take into account.

6 Conclusion

We have shown that tactile perception has a memory
effect which is highly correlated with a finger’s measured
viscoelastic response. We assumed that the finger behaved
linearly, but a better model might be Fung’s quasi-linear
viscoelastic model. The viscoelastic mechanical and per-
ceptual effects vary by almost a factor of two over our
subjects. Improved apparatus is needed to measure the
memory perceptual effects for dynamic patterns.
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