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Abstract

Tactile stimulation is a means of transferring information to visually handicapped individuals. A study of the power
delivered by the driving waveform to a transducer used for tactile stimulation as a function of the parameters of
the waveform is presented. The power delivered within the region of maximum tactile skin sensitivity, Qyu, is
compared to the total power delivered by the waveform in one cycle, Py, as a function of the waveform parameters
with the objective of finding the parameters that would maximize the ratio Q. /Pr. In this study, the driving
waveform is composed of an excitatory period followed by a recovery time. The excitatory period is formed by
a burst of rectangular pulses modulated in amplitude by different waveforms. After a Fourier decomposition of
the excitatory waveform, the contribution of each harmonic was added to compute the power delivered within
the frequency region of interest. Additionally, to take in account the contribution of each harmonic in the overall
tactile sensation, the power delivered within the region of maximum tactile skin sensitivity was weighed by the skin
tactile sensitivity function and then linearly summed. The results show that the ratio Q./Pr has a maximum for
pulse widths between 0.8 and 1.2 ms for all pulse frequencies in the range 50-700 Hz when the tactile sensitivity
function was not considered. The optimum pulse width, when the tactile sensitivity weighing function is considered
in the computations, was in the range between (1.7 and 1.7 ms for pulse frequencies between 50-700 Hz. The ratio
Qrw/Pp is invariant to changes in the number of pulses per burst and the length of the recovery time. Once the
tactile system frequency response is identified, all the waveform parameters can be specified for maximum power
targeted to the region of maximum tactile sensitivity.

Introduction

The possibility of transferring information through tac-
tile stimulation to aid visually handicapped individu-
als was demonstrated more than two decades ago [1-
4]. Since the first prototype, different types of tactile
displays and modes of stimulation have been imple-
mented [5-T7]. The bulk, weight, inefficiency and high
cost of the hardware involved remain an obstacle to
build a device that could be easily manipulated by the
blind community [8, 9]. In the past few years, much
progress has been made in VLSI and CCD technology
that would allow construction of a usable prototype.
Furthermore, through an appropriate specification of

the parameters of the excitatory waveform matching
them to the tactile system characteristics, it is possi-
ble to reduce the requirements of power and hardware
components of the system [10-12]. Several studies
have been presented partially achieving this goal in
vibrotactile stimulation [11-16], and also in electro-
tactile stimulation [17-19].

The effect of using an excitatory waveform, com-
posed of a burst of short duty cycle rectangular pulses
followed by a recovery time, was studied previous-
ly [13-15]. It was investigated the effect of changing
the duty cycle of the excitatory waveform for a set of
conditions: very short pulse width (< 0.25 ms), fixed
pulse frequency at 250 Hz, and a rectangular window



68

modulating the burst of pulses [13]. It was shown that
by using short duty eycle rectangular pulses, the pow-
er delivered by the system could be reduced [13-15].
Employing the same excitatory waveform, it was found
experimentally, for a number of pulse frequencies (in
the range 25 to 800 Hz), a corresponding pulse width
(in the range 0.2 to 39.9 ms) which maximizes sensitiv-
ity and minimizes the power delivered by the waveform
[15]. The cited studies involved an incomplete range of
parameters and considered only a rectangular envelope
modulating the burst of pulses.

In this study, the driving waveform is composed
of an excitatory period followed by a recovery time.
The latter to avoid adaptation of the tactile system to
the stimulation [13]. The excitatory period is formed
by a burst of rectangular pulses that can be modulated
in amplitude by any chosen waveform. The significant
parameters of the excitatory waveform are: modulation
waveform, MW, pulse width, W, pulse frequency, F,
number of pulses per burst, NPE, and recovery time RT.
Figure 1 shows the driving waveform to the transducer,
The parameters were varied in the following ranges: F
from 10 to 1000 Hz with steps of 1 Hz and W from 1 s
to { 1/F) with a step of 0.1 ms. The parameters, NPB and
RT, were fixed at values of 10 and 0.5 s respectively
[13] because they do not affect significantly the fre-
quency distribution of the waveform. This excitatory
waveform is preferred over continuous type waveforms
because the off-periods between pulses permit multi-
plexation of several signals into one physical channel
for hardware reduction. Besides, the implementation
of the hardware to generate short rectangular pulses is
simpler compared to more complex waveforms. In this
study, we investigated the relevant parameters of the
driving waveform to target most of the power delivered
by the waveform to the region of maximum tactile sen-
sitivity while minimizing the power delivered out of
this region,

Methods

The power delivered by the waveform was studied as
a function of the waveform parameters using a Fourier
decomposition of the excitatory waveform. The power
delivered within the region of maximum tactile sensi-
tivity was computed adding the contribution of each
harmonic within the frequency region of interest and
then was compared to the total power delivered per
cycle. Additionally, to take in account the filtering
characteristics of the tactile system, each of the fre-
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Fig. I. Driving waveform to the transducer as a function of time. The
wavelormis composed of a burst of NPE short duty cycle rectangular
pulses of amplitude A followed by a recovery time. The modulation
waveform to the burst of pulses is rectangular with pulse frequency,
F, and pulse width, W,

quency components of the waveform was weighed by
the tactile sensitivity function [2(}] and then linearly
summed.

To find the optimum envelope for the burst of puls-
es, a computer search was implemented to maximize
the ratio between the power delivered within the region
of maximum tactile sensitivity and the total power.
This ratio was computed for all possible combinations
of pulse amplitudes for the 10 pulses in steps of 0.1 in
arange (0.1, 1).

Waveform analysis

While transferring information from a static picture
through tactile stimulation, the waveform excites the
transducer in a repetitive manner, therefore, the wave-
form can be assumed to be periodic. Given an excita-
tory waveform S{T) and the Fourier Series coefficients
8., the Fourier transform of the periodic waveform is

given by:

Flw) = 27E,5,8(w — nw,) (1)

For the driving waveform of Fig. |, w, =27/T, with T =
TS + RT. T8 = (NPB-1)/F + W and RT is the recovery
time. Computation of the power delivered by the exci-
tatory waveform is based on the Fourier coefficients.
The power delivered by the waveform within the fre-



quency range between harmonics nl and n2 is given
by

n:
Qru =23 |5 [ @
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The total power per cycle can be computed as:
o S
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Approximation

For the driving waveform studied here, a general
expression can be obtained when the pulses have con-
stant amplitude during the inverval W (pulse width),
i.e., the pulse does not follow the envelope during W.
This approximation allows a simpler hardware imple-
mentation of the wave-generator, and as it will be
shown, the results do not differ significantly from the
case where the pulse follows the envelope during W, If
we consider NPB pulses of width W and pulse ampli-
tudes A, where k =0, . . ., NPB, and A; are samples
of the waveform modulating the burst of pulses, the
Fourier coefficients are:

NFPB=]

1
S,,:T Z

k=0

W .
Age™ "ty (4)
¥

I A - T, = )P
Sa=3 Z _J.:w“e inuo fg=imue® _ 1) (5)

NPB-1
W w —gnwy I —ynuwg )
Shi= ?ﬂnc[nwni}e i Z Are

k=0
(6)
The power delivered by the waveform within the fre-
quency range between harmonics nl and n2 is comput-

ed from (6) according to (2). From (3), the total power
per cycle delivered by the waveform envelope is

NFPB-1
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k=0
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Fig. 2. MNormalized sensitivity weighing function as a function of
frequency.

Tactile sensitivity weighing function

In order to consider the filtering characteristics of the
tactile system, the frequency response of the tactile sys-
tem was included. Each frequency component of the
excitatory waveform was weighed by the human tactile
threshold sensitivity function [20]. Sample points from
the human tactile threshold frequency response were
taken from [20] and interpolated using a cubic spline
method. The results of the interpolation were convert-
ed to linear scale, inverted and normalized to produce
the sensitivity weighing function with a maximum val-
ue of 1 at 250 Hz. Therefore, other frequencies will
have weighing values < 1. Figure 2 shows the normal-
ized sensitivity weighing function, Hy, as a function of
frequency. The contributions of each harmonic of the
excitatory waveform to the power delivered within a
specific frequency range (nmin, nmax) can be weighed
by the corresponding relative amplitude of the normal-
ized tactile sensitivity weighing function.

fmar
Qru=2 Y |F(nwo)Hy(nwo)?  (8)
n=nmin
Opitimum envelope

The spectrum of the excitatory waveform can be altered
by changing the envelope modulating the burst of puls-
es. Therefore, it is possible to determine the envelope
that will maximize the ratio between the power deliv-
ered within the region of maximum tactile skin sen-
sitivity, Qyw, and the total power delivered by the
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Fig. 3. {a.l) Power, 0},,, delivered by the excitatory waveform within the frequency range 25-700 Hz and (a.2) total power, P, as a function
of pulse width without sensitivity weighing function. (b} Ratio between (1, and P without sensitivity weighing function. (c.1) Power, i
delivered by the excitatory waveform within the frequency range 25-700 Hz and (c.2) total power, Py, as a function of pulse width with
sensitivity weighing function. (d) Ratio between (', and Py with sensitivity weighing function, (a), (b), (c) and (d) for pulse frequency of

250 Hz, NPB = 10 and RT = (1.5 5.

waveform in one cycle, Py. For the discussion of
results it was considered that a burst of pulses with
uniform amplitude corresponds to the case of a rectan-
gular envelope of amplitude 1.

Besides employing envelopes such as sinusoidal
and paussian, a search was implemented in a computer
to maximize the ratio (/P for all possible combi-
nations of pulse amplitudes in steps of 0.1 from O to 1.
This procedure was implemented modifying only the
pulse amplitudes, Ag, and all other parameters such as
pulse frequency, pulse width, NPB and RT were kept
constant. Pulse amplitudes that would maximize the

ratio Oy /Pr were selected for both cases with and
without the human tactile sensitivity function.

Resulis

Optimum pulse width and pulse frequency

The power delivered by the waveform within the range
of frequencies 25-700 Hz was computed as a function

of pulse width for the rectangular envelope using equa-
tion (6) for a fixed pulse frequency of 250 Hz, NPB =
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Fig. 4. (a.1) Power, @y, delivered by the excitastory waveform within the frequency range 25-700 Hz and (a.2) total power, Fr, as a function
of pulse width without sensitivity weighing function. (b) Ratio between 0y, and Pr without sensitivity weighing function. (c.1) Power, Oy,
delivered by the excitatory waveform within the frequency range 25-700 Hz and (c.2) total power, Pr, as a function of pulse width with
sensitivity weighing function, (d) Ratio between ¢, and Py with sensitivity weighing function, (a), (b), (¢} and (d) for pulse frequency of

100 Hz, ¥PE = 10and RT =055

10 and RT = 0.5 s. The results are shown in Fig. 3.a.1.
The total power delivered by the waveform as a func-
tion of pulse width was calculated according to (7) and
the results are shown in Fig. 3.a.2. Figure 3b shows the
ratio between the power delivered within the range of
frequencies 25-700 and the total power delivered by
the waveform as a function of pulse width for a pulse
frequency of 250 Hz, NPB = 10, and RT = 0.5 s. The
same results are shown in Fig. 4a and 4b for a pulse
frequency of 100 Hz.

The same computation was performed weighing
the spectral components of the excitatory waveform

by the tactile sensitivity weighing function (Fig. 2).
Results for the power delivered within the range of
frequencies 25-700 considering the tactile sensitivity
weighing function are shown in Fig. 3.¢.1 for a fixed
pulse frequency of 250 Hz, NPB = 10 and RT = 0.5 s.
The total power delivered by the waveform as a fune-
tion of pulse width is shown in Fig. 3.c.2. Figure 3d
shows the ratio between the power delivered within
the frequency region 25-T00 Hz weighed by the tactile
sensitivity weighing function and the total power deliv-
ered by the waveform. The same results are shown in
Fig. 4c and 4d for a pulse frequency of 100 Hz.
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Fig. 5. Ratio, Q. /Fp, power delivered within the frequency region of maximum tactile sensitivity to the total power delivered by the

excitatory waveform as a function of pulse width, W, and pulse frequency, F. (a) without tactile sensitivity weighing function and (b) with tactile
sensitivity weighing function.

Figure 5 shows two 3-D plots of the ratio, Qf. /P, tivity weighing function. These results show that the
as a function of pulse width (in the range 0—~1/F) and ratio, Q. /Pr, has a maximum as a function of pulse
pulse frequency (in the range 60-500 Hz). Figure 5a width. The maximum is located at pulse frequencies
shows the results without considering the tactile sensi- between (1.5 and 1.2 ms for the case with no tactile sen-
tivity weighing function and Fig. 5b shows the results sitivity weighing function and between 0.7 and 1.7 for

weighing the spectral components by the tactile sensi-



the case with the tactile sensitivity weighing function.
The ratio is invariant to changes of NPB and RT.

For example the present study enables, for a pulse
frequency of 100 Hz, to select an optimum pulse width
of 1.1 ms that reduces the total power delivered by the
waveform to 62.7% of the total power delivered by a
50% duty cycle (5 ms) waveform, while maintaining
the same power within the region of frequencies of
maximum tactile sensitivity.

Constant vs. continuous amplitude pulses

Comparing results from the computation of the ratio,
Qrw/Pr, for pulses following the envelope within W,
and those of pulses with constant amplitude A; during
W, yield differences that have some significance for
large pulse widths only. As an example, Fig. 6a shows
the ratio Q../Pr for a sinusoidal envelope as a func-
tion of pulse width for a pulse frequency of 250 Hz
(NPE = 10} and RT = (1.5 s} and no tactile sensitivi-
ty weighing function. Figure 6b shows the same ratio
considering the tactile sensitivity weighing function.
Figures 6c and 6d show the ratio Qyw/Pr for a gaus-
sian envelope as a function of pulse width for a pulse
frequency of 250 Hz (NPB = 10 and RT = 0.5 s) for
the cases with and without tactile sensitivity weighing
function, respectively. The results show no significant
difference at pulse widths where the ratio is maxi-
mum. Therefore, it can be concluded that there is no
drawback in using a constant pulse during W, on the
contrary, the hardware implementation is simpler.

Optimum envelope

A computer search was implemented with the purpose
of finding an optimum envelope for the burst of pulses
to maximize the ratio @y,,/Pr, for all possible combi-
nations of pulse amplitudes, Az, in steps of 0.1 for a
fixed combination of £ W (optimum), NPB = 10 and
RT=035s.

As expected, it was found that envelopes present-
ing a spectrum with components following the shape
of the weighing function for the frequency region of
maximum tactile sensitivity, and with fewer compo-
nents out of this region, resulted in higher values for
the ratio of Q7./Pr.

Case without tactile sensitivity weighing function
All frequency components were added within the
region of tactile sensitivity with no amplitude modifi-
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cation. The envelope for the train of pulses maximizing
the ratio Q,,/Pr resulted null in most part of the exci-
tatory period eliminating most of the pulses. Therefore,
the envelope optimizing the ratio 0., /Py originated a
repetition rate of 26 Hz. At a pulse frequency of 26 Hz
the maximum for the ratio Qy../Pr resulted at a pulse
width of 2.5 ms. This pulse frequency is the lowest
end of the region of tactile sensitivity considered in
this study. For a combination of parameters F = 26 Hz,
W=125ms, NPB =10, RT = 0.5 and A = 1.0, only
72.32% of the total power delivered by the waveform at
F =250 Hz (with optimum parameters of W = 1.0 ms,
NPB = 10, RT = 0.5} is required to produce the same
amount of power within the region of maximum tactile
sensitivity. As another example, the waveform with
parameters F = 26 Hz, W =125 ms, NPB = 10, RT =
0.5 and A = 1.0 requires only 89.69% of the power
delivered by a F = 100 Hz (with optimum parameters
of W= 1.1 ms, NPB = 10, RT = (.5) to produce the
same amount of power within the region of maximum
tactile sensitivity.

Case with tactile sensitivity weighing function
The spectral components of the excitatory waveform
were weighed by the tactile sensitivity weighing func-
tion. The optimum envelope maximizing the ratio,
Orw/Pr, resulted for F = 250 Hz, W = 1.5 ms and
with amplitude distribution for the 10 pulses given
by: 0.24375, (0.43125, 0.58125, 0.68750, (0.74375,
0.74375, 0.68750, 0.58125, 0.43125, 0.24375. By
choosing the waveform with optimum envelope, F =
250 Hz and W = 1.5 ms, only 48.51% of the total pow-
er delivered by a waveform with rectangular envelope,
F =100 Hz and W = 1.4 ms, is necessary to produce
the same amount of power within the region of maxi-
mum tactile sensitivity, The pulse width, W = 1.4 ms,
is the pulse width maximizing the ratio, Qy,./Pr, for
the waveform with F = 100 Hz. For the waveform with
optimum envelope, F = 250 Hz and W = 1.5 ms, the
total power required to produce the same power within
the region of maximum tactile sensitivity is 96.97%
of that required by a waveform with same parameters
but rectangular envelope. This case corresponds to the
worst improvement that can be obtained when choos-
ing the waveform, F = 250 Hz and W = 1.5 ms with
optimum envelope, for comparison with other wave-
torms with rectangular envelopes.

By choosing the waveform, F=250Hz, W= 1.5 ms
and optimum envelope, instead of a waveform of the
same pulse frequency, rectangular envelope and 50%



74

CfwiET=40" OfwiPT~0"
B4 45 ]
— o
4 H_ e DL B L
L]
E ¥
15
16
0o 0 3 3 3 p! 0.0
W [me)
(a) (b}
CHwIFT=0" OfwiPT=10"
15 457
p—— e
—— LA S
50 in
251 15 1
\\
“-\""'\-u.
o 003 1 ] 3 4
W [ms] W [ms]
(<) (d)

Fig. 6. Comparison of results for the ratio Q,,/Pp for pulses with constant amplitude within W and pulses following the envelope during
W. The ratio 0 /Py is shown for a sinusoidal envelope as a function of pulse width for F = 250 Hz, NPE = 10, RT = 0.5 5 and (a) no tactile
sensitivity weighing function, and (b) with tactile sensitivity weighing function. The same ratio @,/ is shown fior a gaussian envelope with
() no tactile sensitivity weighing function, and (d) with tactile sensitivity weighing function.

duty cycle, the total power required to maintain the
same amount of power within the region of maximum
tactile sensitivity can be reduced to 85%. The rectan-
gular envelope and 50% duty cycle correspond to the
case where there is no optimization for the envelope
nor in the pulse width of the waveform.

For a combination of parameters, F = 250 Hz, W=
1.5 ms and optimum envelope, it is necessary only
50.31% of the total power required by a waveform
with F =26 Hz, W= 1.4 ms and rectangular envelope,
to maintain the same power within the region of max-
imum tactile sensitivity. The 1.4 ms is the optimum

pulse width obtained for the waveform, F = 26 Hz,
with the tactile sensitivity weighing function.

Conclusions

The results show that for a chosen envelope the pow-
er delivered within the frequency range 25-700 Hz,
where the tactile system is most sensitive to stimu-
lation, increases with pulse width until pulse widths
around W= 1/(2F) and then decreases again. The total
power delivered by the waveform increases linearly as
a function of pulse width.



The authors show that the ratio between the power
delivered in the frequency region of maximum tactile
sensitivity, Oy, and the total power delivered by the
waveform, Py, has one maximum as a function of
pulse width. This optimum permits choosing a pulse
width for each possible pulse frequency where most of
the power delivered by the waveform is targeted to the
region of maximum sensitivity of the tactile system.
The ratio Qrw/Pr has a maximum, as a function of
pulse width, around 1.1 ms for any pulse frequency
when the tactile sensitivity weighing function is not
considered.

The study enables to choose the parameters of the
excitatory waveform to reduce the total power deliv-
ered while maintaining the same amount of power
within the region of maximum tactile sensitivity. By
making a suvitable selection of the parameters of the
excitatory waveform, e.g., F=250 Hz and W = 1.0 ms,
the total power delivered by the waveform can be
reduced to 71.75% of the power delivered by the same
waveform but 50% duty cycle (2 ms), while main-
taining the same amount of power within the region
of maximum tactile sensitivity. As another example,
the study enables, for a pulse frequency of 100 Hz, to
select an optimum pulse width (1.1 ms) that reduces
the total power delivered by the waveform to 62.7% of
the total power delivered by a 50% duty cycle (5 ms)
waveform, while maintaining the same power within
the region of frequencies of maximum tactile sensitiv-
ity. For the same pulse frequency of 100 Hz, if the
tactile sensitivity weighing function is considered, the
selection of the optimum pulse width (1.4 ms) to deliv-
er the same amount of power to the frequency region
25-700 Hz, requires only 13.54% of the total power
delivered by a 50% duty cycle (5 ms) waveform.

This study did not included the frequency response
of the transducer itself because that depends on the
particular device being used. Nevertheless, by includ-
ing the appropriate frequency response of the chosen
transducer, corrections to the calculations can be easily
implemented.

While maximizing the ratio Qy.,/Pr, it was possi-
ble to determine an optimum combination of pulse fre-
quency, pulse width and envelope for the waveform for
both cases with and without tactile sensitivity weighing
function.
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