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An Electrotactile Display

ROBERT M. STRONG, mEMBER, 1IEEE, AND DONALD E. TROXEL, MEMBER, IEEE

Abstract—An explorable electrotactile display has been con-
structed and tested. A thus far neglected sensation was identified
and has been shown to be more useful than the more common
electrotactile sensations. Exploration of the surface of the elec-
trotactile display elicits a sensation describable as texture. Ex-
periments have indicated that the intensity of this texture sensation
is due primarily to the peak applied voltage rather than to current
density as is the case for the classical electrotactile sensation. For
subjects employing the texture sensation, experimental results
are given for approximate thresholds and for the effect of electrode
area on these thresholds. A boundary-localization measurement
is offered as a measure of the usefulness of the display for textured-
area presentation, and form-separation measurements are given
as a measure of usefulness for line-drawing presentations. A pro-
posed model for the mechanism producing the texture sensation
is offered as a guide for future experimentation and display-engi-
neering development.

INTRODUCTION

E HAVE BEEN investigating electrotactile ma-

&;%/ trix displays for use as an information input to

the blind. Previous work concerned with electro-

tactile displays has, for the most part, used rather large

electrodes firmly attached to various parts of the body

such as the chest, back, and arms. Our investigations have

been concerned primarily with an array of fairly small

electrodes, which the subjects have been able to actively

search with their fingers much as they might search an
array of mechanical tactile stimulators.

STIMULATOR CHARACTERISTICS

The array consisted of small electrodes 70 mils in di-
ameter that were spaced on 100-mil centers (Fig. 1). The
maximum extent of the array was 1.0 inch wide by
1.8 inches long. The heel of the subject’s hand rested on
the single-return electrode. The pulses applied to the
subject via the matrix of electrodes were of the bipolar
rectangular type [as later shown in Figure 8(a)] from a
source whose output impedance was 200 000 ohms. In all
of the experiments reported here, unless otherwise noted,
the pulse was symmetrical with a halfwidth of 0.60 ms,
and a repetition rate of 200 pps.

In most of the experiments the subjects had control of
the stimulus amplitude, and in all cases they could easily
interrupt the stimuli by removing their fingers from the
display.
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Fig. 1.

Stimulator array.

SENsATIONS ELICITED

The subjects reported two distinet types of sensa-
tions. The first of these is similar to the sensation that
Gibson [1] has reported when he used electrodes on the
fingers; that is, that the sensations appear to be deep
within the finger, indeed often concentrated in the joints,
and that the sensation seems to progress up the finger,
involving more of the finger as the stimulus amplitude
is increased. Subjects reported that this type of sensation
was relatively unpleasant and that it did not subjectively
offer much information about the presentation. This sen-
sation apparently has a mechanism more directly related
to the peak stimulus current than to the voltage applied
between the electrodes. A completely different sensation
was experienced by most subjects when their fingers were
dry and had, therefore, a high skin resistance. If the
subject brushed his finger lightly over the surface, the
surface appeared to acquire a texture, which could be
varied by varying the stimulus parameters.

This sensation bears many of the properties of an
ordinary texture sensation, the most important being
that it is a relatively small amplitude effect, and that it
disappears in the absence of finger motion. The sensation
does not seem to be at all unpleasant, and its qualities

1 The possibility that such a sensation existed, and its prob-
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can be varied quite a bit by changing either the pulse-
repetition rate or the peak voltage. The mechanism for
this ‘“texture” sensation seems to be directly related to
the peak stimulus voltage, not to the stimulus current.
The typical peak stimulus current at the sensation
threshold for the texture sensation was of the order of
50 pA, and a wide variation was noted. The peak voltages
at threshold varied considerably with such circumstances
as electrode size (see Experiment 2) but were generally
of the same magnitude as those needed to elicit the
sensations of Gibson [2] and were often lower.

The texture sensation exhibits two peculiarities, both
apparently due to skin-resistance effects. The first is the
need to “warm up” the finger. Subjects would typically
spend 3 to 5 minutes making scanning motions over the
display surface when attempting to first acquire the sen-
sation at the beginning of a session. It is believed that
this serves the dual purpose of drying the skin surface
and permitting appropriate adjustment of the finger
pressure. The second phenomenon was a tendency for
the texture' sensation to fail or become sporadic. This
appears to occur on days when the subject is, for un-
known reasons, unable to increase his skin resistance
sufficiently.

EXPERIMENTS

Several brief experiments were performed on three sub-
jects in order to determine in a rough manner the char-
acteristics of such a display. First, the characteristics of
the sensation itself were examined, and results are pre-
sented for the threshold of texture sensation, and the
variation of that threshold with electrode area. The
second group of experiments is related to a display using
“textured areas” as the presentation element. This group
includes measurements of the just-noticeable differences
for amplitude and pulse-repetition rate and the localiz-
ability of a boundary. Finally, the applicability of the
display to the presentation of point and line figures was
investigated by measuring the minimum spacing needed
to permit the user to determine that two such figures are
distinet and not part of a larger figure.

The first two experiments presented involve threshold
measurements. These thresholds were measured by de-
tecting both the ascending and descending limits in
alternate sequences until 15 pairs of values had been
accumulated for each measurement. The measurements
were repeated on successive sessions over a two-week
period. Since the number of samples is small, these re-
sults, like those of the experiments that appear later in
the paper, should be taken as indications of the range in
which the actual values of the parameters measured can
be expected to fall, not as accurate measurements of the
parameters themselves.

Ezxperiment 1—Texture Threshold

Table I shows the variation of the threshold of sensa-
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TABLE I
THRESHOLD VARIATIONS

Threshold Value (volts peak)

Date JD LB RK

November 23 25/24

November 24 29
November 25 49 37
December 1

December 2 31 26
December 3
December 4 20/36 47 /40
December 5

December 6

December 7 26

December 14 21

December 16 37

43/36

pattern presentation. The pattern used is shown in Fig.
2(a), and the surrounding electrodes were grounded. All
values reported are measurements in volts of peak pulse
amplitude.

A remarkably wide variation exists between subjects.
It should be noted also, however, that a large variation
occurs for a single subject from one session to the next.

Experiment 2—Effect of Electrode Area on Threshold

A number of threshold measurements were made in
order to determine the effect of the electrode area on the
threshold of touch. Over a period of two weeks and at
least four sessions for each subject, measurements were
made of the thresholds for five different patterns of ex-
cited electrodes. These patterns are shown in Fig. 2(b)—(f).

Measurements of each threshold were made on at least
two different days and the results averaged to arrive at
the result presented. The results are presented as a plot
of threshold versus an area parameter, measured in units
of electrode area. In Fig. 3 are shown the average results
for three subjects using the texture sensation.

These results show a reduction in threshold with an
increase in electrode area. This result appears to be con-
trary to the findings of Gibson et al. [2] for the previously
reported electrotactile sensations. Included on the graph
is a curve of the form

b

T=+/4,

the shape predicted in part by a model for the produc-
tion of the texture sensation, which appears at the end
of this paper.

In the development of the textured area form of the
display, the primary considerations have been the ability
of the subject to distinguish between textures and to
locate the boundary between two areas of different tex-
tures in a situation similar to that expected in the use of
an explorable display. The presentations for the experi-
ments described below are, therefore, all based on the
simultaneous presentation of two different textures on
two disjoint but immediately adjacent areas of the dis-
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Fig. 2. Electrode patterns for threshold measurements.
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Fig. 3. Effect of area on texture threshold.

the textures independently if he wished. The boundary
between the two areas was always a straight line, and
its location was always specified along an axis perpendic-
ular to it (Fig. 4).

Ezxperiment 3—Just Noticeable Difference for Amplitude

This measurement was made by fixing the amplitude
of one area and varying the amplitude of the other. For
each measurement 100 presentations were made. In each
presentation the lower area was fixed at the center am-
plitude and the upper area was fixed at an amplitude
selected by a uniform random choice from a predetermined
range. The stimuli thus differed only in amplitude and
location. The experiment was performed three times, once
each at 10 percent above the ascending threshold, at the
“most comfortable” level selected by the subject, and at
approximately 10 percent below the maximum level the
subject would accept for long periods. The test was of the
two-alternative-forced-choice type, the choices being
“bottom is stronger” and ‘“top is stronger.”

The resulting data were treated by determining the
percentage of the time the response “bottom” was given
for a particular stimulus pair, and graphing the results.
The reported just noticeable difference (JND) is then one
half the interquartile range on that graph, or where per-
centages are given, the percentage that this figure repre-
sents of the center value of the same measurement
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Fig. 4. Presentations for JND experiments.

TABLE II
AmPLITUDE JUST NOTICEABLE DIFFERENCES
Level JD LB RK

Near Threshold

JND (volts) 1.20 1.32 1.77

Center (volts) 23.2 23.2 30.9

Percent 5.2 5.7 5.7
Midrange

JND (volts) 2.24 3.17 2.35

Center (volts) 39.6 43 .4 38.6

Percent, 5.8 7.3 6.1
Near Maximum

JND (volts) 3.25 5.85 6.04

Center (volts) 54.1 54.1 77.2

Percent 6.0 10.8 7.8

Ezxperiment f—Just Noticeable Difference for Frequency

In order to determine approximately the JND for
frequency, the subjects were presented with the same
situation described in the previous experiment, but with
stimuli that differed only in pulse-repetition rate. In all,
75 presentations were made for each measurement. In
each presentation the lower area was fixed in frequency
at 200 pps. Only one determination was made, and the
range from which the samples were selected for the upper
area was the entire useful frequency range of 100 to
1000 pps.

The same spatial presentation was used as in Experi-
ment 3, and again the subject was permitted as much
time as he wanted to make a decision. Decision times
averaged about 10 seconds for all subjects. The presenta-
tion amplitude was set at the subject’s most comfortable
level, and the amplitudes of the two areas were identical.
No attempt was made, however, to correct for the effect
of pulse-repetition rate on the subjective strength, and so
the stimuli were subjectively the same strength only
when the frequencies were identical.

The subjects were asked to designate which of the two
areas was ‘“‘coarser,” a term that had come into common
use to designate frequency-based texture differences. The
resulting data were treated as in Experiment 3 (Table ITI).

The results are consistent with their reports in other
situations. though the JND annears to be somewhat
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TABLE III
FrEQUENCY JUST NOTICEABLE DIFFERENCES

%

TABLE IV
AREA-BOUNDARY LOCALIZATION

Subject JND Percentage JD LB RK
JD 76 pps 38.0 Near threshold
LB 83 pps 415 mean* 0.16 0.74 ~1.86
RK 77 pps 38.5 Error < variancet 0.14 1.09 2.02
amplitude} 22.9 24 .3 15.4
. Twice threshold
Center frequency is 200 pps. mean 0.19 0.21 —1.58
Error {variance 0.38 0.25 2.48
ampli'tude 45.7 48 .5 30.8
The remaining three experiments in the textured-area Freferred ;“e‘;’é‘t“de 0.20 0.04 194
group were performed with the same stimulus arrange- Error { variance 0.16 0.47 1.96
amplitude 27.0 26.7 23.1

ment. In each case, two areas of the same form used in
the JND experiments were used, but with the location of
the transition from one stimulus region to the other
variable. In each case, the stimuli remained constant
throughout the experiment. Each measurement repre-
sents 50 presentations. Each presentation had a number
N of rows of pins in the upper-electrode group connected
to one source, and the remainder of the pins in the array
connected to a second source.

The subject was permitted to explore the display for
an unlimited period of time but was requested to respond
quickly. He was asked to specify the number of rows in
the upper area. The resulting data were, in each case,
analyzed to derive the mean and variance of the localiza-
tion error in one dimension.

Ezxperiment 5—Area-Boundary Localizations

The boundary between an ‘“on” and an “off” or

grounded area was explored at three amplitudes, thresh-
old plus 10 percent, twice that value, and at the level
preferred by the subject as “best.”” In each case, the
upper portion of the array was excited with a standard
pulse and the lower region of the array was grounded.

The results are presented in Table IV. Decision times
were on the order of 30 seconds.

Subject RK reported having difficulty maintaining the
sensation on the day these data were taken, and his skin
resistance was abnormally low. It is presumed that this
is the reason for the large variance that his results exhibit.

Experiment 6—Amplitude Boundary

In order to obtain an initial measurement of the ability
of a subject to locate the boundary between two areas
excited by signals that were identical except for differing
amplitudes, an experiment was performed using the
results of Experiment 3. Using the same stimuli as in
the “best amplitude” case of that experiment, with the
amplitudes differing by 2 times the measured JND, the
procedure of Experiment 5 was repeated.

At this level of difference all of the subjects felt that
the difference in amplitudes was easily detectable. Any
smaller difference, however, would elicit complaints that

the difference was not always clear. Those subjects
utilizine the texture sensation renarted that unlike the
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* Means are in tenths of inches.
1 Variances are in hundredths of square inches.
I Amplitudes are in volts.

distinct boundary, the boundary in this case was more
like an indistinct region than like a sharp transition. This
remained true even for very large amplitude differences,
only disappearing when the border was emphasized by
grounding a row of pins. No experiment was performed
to test this technique.

The results appear in Table V. The amplitude values
used are recorded as well as the mean and variance of the
errors. As might be expected, these results show a some-
what larger variance than the previous experiment, but
it is not excessively large.

Ezxperiment 7—Frequency Boundary

The previous boundary-localization experiment was
also carried out with a 2-JND difference in frequency.
The procedures were the same as was the method of data
analysis. In this case, the frequencies and amplitude were
taken from the results of the frequency JND experiment.

The results appear as Table VI. With the notable ex-
ception of the results of JD, which show small variance,
these results are similar to those of the amplitude-bound-
ary experiment. The subjects again reported that the
boundary was not a distinet thing, but rather an indistinet
region between two areas of distinctly different texture.

Experiment 8—Form-Separation Measurements

The last group of measurements to be presented are
related to point-and-line presentations. In each of the
measurements given below the subject was presented
with two figures whose separation was variable. The
figures were all simple points and lines. The unexcited
areas of the display were connected to ground. The sub-
jects were premitted to select the amplitude that they
felt most comfortable with, much as they would in using
a point-and-line display.

The subject was informed of the shape of the pattern,
and was allowed to adjust the amplitude to a comfortable
level. He was then instructed to report either that he

oonld faal twa dictinet formae ar that thovwr wara maorend
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TABLE V

X=2
Two AREA-TRANSITION LOCALIZATION—AMPLITUDE DIFFERENCES* l— ..[

lolele] lele] lejele;
—| O.lin

Subject Center Amplitude (volts) Error (a)
Meant Variance}
389925930
JD 39.6 ~0.166 1.47 838588838
LB 43 4 —0.024 1.56 828292829
RK 38.6 0.106 1.88 888353882
X=3
* Localization of the boundary between two areas whose excitation ‘l
differs by two JND’s in amplitude. b)
1 Mean error is measured in tenths of inches.
1 Error variance is measured in hundredths of square inches. §888888§
raBLE 1 -
Two AREA-TRANSITION LocALIZATION—FREQUENCY DIFFERENCES* — ex=2
. ) Error . (©)
Subject Amplitude (volts) Meant Variance Fig. 5. Presentations for form-separation test.
JD 39.6 0.71 0.078
LB 434 0.311 2.70 TABLE VII
RK 38.6 0.74 3.67 SEPARATION oF T'wo PoiNTs

Separation X  Subject Responses (percent)

* Localization of the boundary between two areas whose excitation X ¢
(in point

differs by two JND’s in frequency.

 Mean error is measured in tenths of an inch. spacings) RK LB JD Average
t Error variance is measured in hundredths of a square inch.
0 0 0 8.3 2.7
1 0 16.6 -0 5.5
was to be given only if they were felt to be separate, not 2 12.5 33.3 58 34.6
if they “might” be separate. z 18(7) 183'2 1(9)3 18(?;.1
The data collected have been organized to show the 5 100 100 100 100
percentage of responses ‘“‘separate” that were elicited for
each number of grounded pins separating the two figures, Necessary separation is 3 points.
and an average over the subject set is also given. Since
the measurement is relatively coarse, due to the con- TABLE VIII
straint of pin size in the available electrode array, the Separation oF Two LiNgs
results are given in tabular form. Each set of results . )
represents 75 presentations to each subject with separa- Seg?,’?,f,‘&‘; X Subject Responses (percent)
tion distances ranging from 0 to 5 pins. The presentations spacings) RK LB JD Avetage
were made in a random order, with no attempt to con-
strain the response time. Response times averaged about ? 8 8 8 8
10 seconds. 2 16.6 68.6 42 42.4
The patterns are shown in Fig. 5, and the corresponding i 18(1) igg 18% 18(5)
results as Tables VII-IX. Note that the measurement 5 100 100 100 100
given X is the number of unexcited electrodes between :
figures. Therefore, the minimum distance between elec- Necessary separation is 3 points.
trode segments that are excited is 0.1X 4 0.03 inch.
TABLE IX

ProPOSED M ECHANISM AND MODEL FOR TEXTURE
SENSATION

The mechanism that we propose is that an electrically
induced variation in the vertical force between the sub-
ject’s skin surface and the display electrode is converted
by the friction mechanism into a variation in the lateral
force (tangential to the skin surface) as the subject passes
his finger across the electrode. This variation in lateral
force then causes motions of the portions of skin in con-

tact with the surface over the electrode to vary about the
ralatively _ecanstant._mation_of the whole finger. The re-
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SEPARATION OF A PoINT FROM A LINE

Separation X

Subject Responses (percent)

(in point
spacings) RK LB JD Average
0 17 0 0 5.5
1 83 33 0 39
2 91 98 100 96.5
3 100 100 100 100
4 100 100 100 100
5 100 100 100 100

Necessary separation is 2 points.
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