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Maximal Dynamic Range Electrotactile Stimulation
Waveforms

Kurt A. Kaczmarek, Member, IEEE, John G. Webster, Fellow, IEEE, Robert G. Radwin, Member, IEEE

Abstract—A new method to measure the dynamic range of
electrotactile (electrocutaneous) stimulation uses both steepest
ascent (gradient) and one-variable-at-a-time methods to deter-
mine the waveform variables that maximize the subjective
magnitude (intensity) of the electrotactile percept at the maxi-
mal current without discomfort for balanced-biphasic pulse
bursts presented at a 15-Hz rate. The magnitude at the maxi-
mal current without discomfort is maximized by the follow-
ing waveform (range tested in parentheses): number of
pulses /burst = 6 (1-20), pulse repetition rate within a burst
= 350 Hz (200-1500), and phase width = 150 s (40-350). The
interphase interval (separation between positive and negative
phases in a biphasic pulse) does not affect dynamic range from
0-500 ps.

The number of pulses/burst has a large effect on the per-
ceived dynamic range when this is measured using a subjective-
magnitude-based algorithm, whereas it has little effect on the
traditional dynamic range measure, i.e., (maximal current
without discomfort)/(sensation threshold current). The per-
ceived stimulus magnitude at the maximal current without dis-
comfort is approximately twice as strong with 6 pulses /burst
as it is with 1 pulse /burst (a frequently-used waveform).

INTRODUCTION
Background

Electrotactile stimulation evokes tactile (touch) sensa-
tions within the skin at the location of the electrode by
passing a local electric current through the skin. Sensory
substitution is the use of one human sense (in this case,
touch) to receive environmental information normally re-
ceived by another sense (often vision or hearing). For the
sense of touch, sensory substitution is the use of one area
of skin to receive tactile information normally received at
another location. Several articles review technology and
devices for electrotactile stimulation [1]-[3], visual sub-
stitution [4], [5], auditory substitution [6]-[8], and other
applications {2], [3], [9]-[12].

Dynamic Range

A limitation of present electrotactile displays is that they
lack a large comfortable sensation magnitude; this can
limit their effectiveness in certain applications. Our nor-
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mal senses of vision, hearing, and touch can mediate
stimuli that we perceive as strong or intense without being
painful. Electrotactile stimulation, on the other hand, can
develop an uncomfortable stinging quality even at mod-
erate stimulation levels if improper stimulation wave-
forms or electrodes are used.

The traditional measure of electrotactile intensity dy-
namic range is the ratio of the stimulation currents re-
quired to produce sensation threshold S and pain threshold
P (mA). The ratio P/S typically ranges from 2-4 for
unexperienced observers (O’s) and 6-8 for experienced
O’s [13]. (This range is a limitation for magnitude-mod-
ulated stimulation codes but not necessarily for frequency
or spatially-modulated codes.) However, P, S, and by ex-
tension P /S are electrical measures; they give limited in-
formation about the percept produced by stimulation.
Choosing a stimulation waveform that maximizes P/S
does not guarantee a usefully-strong or comfortable sen-
sation.

We propose that a better measure of the dynamic range
of a tactile display is the range of perceived stimulation
magnitudes that are both perceptible and comfortable,
from the magnitude at the sensation threshold current y(S)
to the (maximal) magnitude at the maximal current with-
out discomfort I' = Y(M). We chose M instead of the
pain threshold P to avoid any stimulations described as
uncomfortable or painful because eventual users of a
practical sensory substitution system would not likely ac-
cept such sensations. For five O’s (not the same set as for
the experiments to be described), P/M varied from 1.1
to 1.6, with a mean vatue of 1.3.

The actual stimulus percept is a psychophysical func-
tion of all the waveform and electrode variables, includ-
ing the current /. One aspect of the stimulus percept is its
subjective intensity or magnitude, typically designated by
. It can be described by Stevens’ power law [14], [15]:

v=(~ S

where S is the sensation threshold current (which is some-
times set arbitrarily to zero—inappropriate in our view for
electrotactile stimulation in which § is not small com-
pared with 1), and [ is the stimulus current. Note that by
this definition, the magnitude at sensation threshold y/(S)
= 0. The exponent n has been reported to range from 0.9
to 3.5 [16], [17]. The range of n values is due to several
factors. 1) Stimulation of nerve bundles (e.g., the median
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Fig. 1. Two qualities of electrotactile stimulation are vibratory magnitude
¥ and unpleasantness. Condition 1 has a greater dynamic range than con-
dition 2 because I'; > T',, even if M,/S < M,/S. The maximal current
without discomfort M for each case is limited by the maximal acceptable
unpleasantness in the electrotactile percept. S is the sensation threshold
current.

nerve at the wrist) produces a much different nonlocalized
percept than stimulation of localized areas of skin (our
method), which can produce a vibratory percept similar
to normal touch. 2) Some studies assume a priori that
electrotactile stimulation is uncomfortable by using such
terms as ‘‘shock,’’ and ask the observer to rate discomfort
magnitude rather than tactile magnitude. Studies measur-
ing tactile magnitude and discomfort magnitude cannot be
directly compared because the dependent variables are dif-
ferent. 3) The calculated value of n varies depending on
the overall range of stimulation intensities and other ex-
perimental biases [16]. 4) A power function may not pro-
vide the best description of the relationship between ¢ and
I118]. The present studies do not intrinsically depend on
any particular function.

Furthermore, we distinguish between the (vibratory)
tactile magnitude ¥ and another aspect of the stimulus
percept: its degree of ‘‘unpleasantness’” or “‘sting.”” Fig.
I qualitatively shows that at one set of stimulation
waveform variables (condition 2) the ratio ®, = M, /S is
high but the magnitude I'; is low. Condition 1 represents
a potentially better operating range; while ®, is smaller,
T, is higher than for condition 2, i.e., the range of per-
ceived stimulation intensities I' — Y(S) = T is larger.
Therefore, we believe that T' is a better measure of dy-
namic range than ®. If " is maximized, the entire range
of stimulation intensities is maximally comfortable. The
purpose of this study is to determine the set of waveform
variables that maximize I". Note that while y is dependent
on the stimulus current /, T' is not. By definition, T" is
measured at the predetermined maximal current that is not
uncomfortable, e.g., I' = y(M).

MATERIALS AND METHODS
Nomenclature

Waveforms: For balanced-biphasic current pulses,
seven stimulation waveform variables influence the elec-

——————— T-1/F

o lew

—_—
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D P = Pulse (B+)
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Burst (NPB = 2)

Fig. 2. Electrotactile waveform variables: D, delay; W, width; IPI, inter-
phase interval; I, current; 7, time between bursts; F, frequency of burst
repetition; P, period of pulse repetition; PRR, pulse repetition rate; NPB,
number of pulses per burst.

trotactile sensation (Fig. 2). Note that the two phases of
a balanced-biphasic waveform pulse are often called
pulses (with the result that interphase interval IPI is called
“‘interpulse interval’’). Introducing the term ‘‘phase””
avoids the above ambiguity [19].

Numerical Notation: Many experimental measure-
ments are repeated and averaged to improve precision and
assess repeatability. A quantity x,(w) is measured with
the stimulation waveform w. (Boldface notation denotes
between the general waveform vector quantity w, which
is the set of all applicable waveform variables (except cur-
rent) in Fig. 2. In these experiments, only NPB, PRR, W,
and IPI vary; F is fixed at 15 Hz and D is zero.) In several
experiments, most of the waveform variables are held
fixed and only one is varied, in which case w becomes the
scalar k.

The measurements are taken in sets or replications r

where r = 1, 2 - - - R. Within each replication, the trial
number j indicates the actual (random) order of measure-
ments where j = 1 - - - J. Therefore, an individual mea-

surement x can be uniquely specified with either x,;—the
Jjth trial in the rth replication, or with x,(w)—the wave-
form w in the rth replication. When data are averaged, an
overbar specifies the variable that is an average and a dot
replaces the variable that is averaged over. For example

1 R
1M=§E&M

specifies the mean of all R replications of x with wave-
form w.

Dependent and Independent Variables: The dependent
variables in this set of experiments are 1) the sensation
threshold current § (mA), 2) the maximal current without
discomfort M (mA), 3) the estimated magnitude (inten-
sity, strength) ¢, and 4) the estimated magnitude at the
maximal current without discomfort I'(w) = y[w, M(w)].
We emphasize that I' is the magnitude at the predeter-
mined current M, and that it is a function of w. The nu-
meric magnitude estimates ¥ were entered by O on the
keyboard. Because some experiments measured all of §,
M, and T, we respectively use U, V, and R to denote the
number of replications u, v, and r for each.

Where data from more than one O combine in one
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expression, a second comma-separated subscript o de-
notes the observer; e.g., S, o(w) is the sensation threshold
for the rth replication on the oth observer for waveform
w; j is the trial corresponding to waveform w. Finally,
nonnumeric subscripts denote a specific stimulation con-
dition (independent variable) rather than a replication or
trial number. For example, NPBgg is the value of NPB
for a reference stimulus REF. The small caps notation de-
notes a specific stimulation condition. Measured quan-
tities (dependent variables) do not use this notation.

Instrumentation

Waveform generator: A computer-controlled electro-
tactile stimulation system [19] automatically delivered the
desired stimulation, prompted the observer for responses,
and then logged O’s responses. For determination of the
sensation threshold current S and the maximal current
without discomfort M, a knob manipulated by O’s left
hand controlled the stimulation current according to

I'=x—rmd)A

where [ is the stimulation current in mA (clamped so that
I = 0), x = 0), x is the knob rotation (full range from 0
to 1), and A is a scaling factor that causes O to use the
middle 60% of the knob range. Subtracting the random
knob offset rnd (range 0-0.2) prevents O from using the
knob rotation as a cue for determining S and M.
Electrode: At the beginning of each experimental ses-
sion, O waited 5 min for the electrode—skin interface to
stabilize after placing the electrode belt on moistened skin.
The current-controlled pulses were delivered to Qs tap-
water-premoistened abdomen by the twelfth electrode
from the left (cable side) in the elasticized-belt linear
electrode array from a Tacticon™ auditory prosthesis for
the deaf [12], [20], [21]. The 5.5-mm-diameter gold-
plated electrodes are surrounded by the conductive rubber
base material of the belt, which serves as a ground plane.
The electrode site was approximately 2 cm above and 7

cm right of the navel. For O’s with dense hair or bony

protuberances at this location that prevented proper elec-
trode contact (as evidenced by sharp, prickly electrotac-
tile sensations), we relocated the electrode laterally to a
smoother location. Occasionally the chosen site would
yield prickly sensations or muscle contractions for no ap-
parent reason; this was readily corrected by moving the
electrode a few millimeters in any direction and re-
wetting the skin. On particularly dry winter days with in-
door relative humidity below 30%, a steam humidifier un-
der the experiment station desk maintained sufficient ab-
dominal skin hydration by keeping the humidity between
20 and 40% near O. Insufficient skin hydration causes
prickly sensations, probably because of nonuniform cur-
rent density at the electrode—skin interface [1].

Observers

Ten O’s (three female and seven male, ages 19-30 with
varied ethnic backgrounds) initially participated in this
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study. One female and two males were dismissed after the
first experimental session due to unrepeatable results (Ap-
pendix A). O’s received $5.00 /h payment, and were re-
cruited by personal contact and posters in University
buildings. Observers 1, 3, and 6 respectively had 7, 15,
and 50 h prior experience with electrotactile stimulation:
the others had none.

Optimization Scheme

The objective of the following set of experiments, iden-
tified by boldface names, was to refine an initial guess
Baseline I of the optimal waveform w that maximizes the
dynamic range I'. Several types of experiments gathered
information for screening O’s and systematically maxi-
mizing T'. Scale 1, Scale 2, and Scale 3, using slightly
different procedures, determined the relationship between
the stimulation current 7 and the subjective magnitude y.
MagNPBscreen measured the maximal magnitude
T'(NPB) at the maximal current without discomfort
M(NPB). Because preliminary unpublished data estab-
lished that I depends on NPB, MagNPBscreen and Scale
1 screened observers by testing their ability to repeatably
determine M, ¢, and ' (Appendix A).

Fig. 3 illustrates in two dimensions the procedure used
to maximize T in the four-dimensional space w = (NPB,
PRR, W, IPI). With seven suitable O’s, Gradient deter-
mined the direction of steepest ascent VI'(w) at the first
guess of w = Baseline 1. (Preliminary unpublished ex-
periments similar to those to be described provided the
value of Baseline 1.) Then Search varied w in the direc-
tion of VI'(w), starting at Baseline I, to estimate the value
of w that maximized I'(w). This value of w is Baseline 2.
Gradient also supplied information on how the effects of
NPB, PRR, W, and IPI interacted, i.e., how the value of
one of these variables influenced the effect of the others
onT'.

Finally, MagNPB, MagPRR, MagW and MagIPI
varied each of these four variables separately around
Baseline 2 to investigate the detailed response of I'(w). A
final adjustment in w based on these four experiments pro-
vided the best approximation of the optimal w.

Order of Experiments

Each of the seven O’s completed four experimental ses-
sions on different days at varying times but in the follow-
ing order (except O1 did not complete session 4):

Scale 1 and MagNPBscreen
Scale 2, Gradient, and
Search

Scale 3 and two of the follow-
ing: MagNPB, MagPRR,
MagW, and MaglIPI

Scale 3 and the remaining two
of the following: MagNPB,
MagPRR, Magw, and
MagIPI

First session (2 h):
Second session (2.5 h):

Third session (2 h):

Fourth session (2 h):
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Fig. 3. The optimization procedure finds the waveform w which maxi-
mizes the dynamic range I'(w). We show two of the four dimensions in the
space of independent variables (NPB, PRR, W, IPI). The procedure starts
by finding the gradient VI'(w) at the first approximation of the optimal w
= Baseline 1. T'(k) is measured along the gradient path (a 1-dimensional
subspace of w). The value of k which maximizes I'(w) defines w = Baseline
2. The four independent variables are then varied one-at-a-time around
Baseline 2 to explore this region and determine the final optimum. With
the fixed waveform value of F = 15 Hz, Baseline 1 = (6 pulses/burst,
400 Hz, 100 ps, 100 ps). With the same units, Baseline 2 = (7, 400, 120,
100) and the final optimal waveform is (6, 350, 150, IPI) where IPI has no
effectonT'.

The Scale 1-3 experiments served to 1) train or retrain
O’s on the basic procedure of magnitude estimation and
2) investigate the nature of the ¥ versus 7 relationship with
different current ranges and reference currents. The third
and fourth sessions were structured so that each of the
experiments MagIPI, MagNPB, MagPRR, and MagW
had an equal chance of appearing as the second or third
experiment in the third or fourth session. Appendix A de-
scribes all of the ten experiments in detail.

REsuLTS

In several places we present only average data for six
to seven observers. Full details, including a discussion of
the effects of NPB, PRR, W, and IPI on S and M are in
[22]. Appendix B provides details of the data analysis and
statistical methods.

Magnitude Scales

Scale 1: Fig. 4 shows the relationship between .
(mean of five replications) and / for the seven chosen O’s
who performed Scale 1 (the results from the other three
O’s were similar but less repeatable). With individual
variations, this relationship is an approximately linear
function rather than a power function. The current scale
is normalized so that O represents the sensation threshold
S and 1 represents the maximal current without discomfort
M.

Scale 2 explores the upper range of the ¢ versus I re-
lationship in more detail; eleven current levels span the

Subjective magnitude

REF

0.0 0.2 0.4 0.6 0.8 1.0

Relative current | (mA)

Fig. 4. Scale 1: Subjective magnitude ¥ increases approximately linearly
with stimulation current / for 7 observers. S is the sensation threshold cur-
rent and M is the maximal current without discomfort. A reference current
Irer (magnitude 20) is presented to the observer before each estimation. In
this case, Izeg = M.

upper half of the range from sensation threshold current
S to maximal current without discomfort M. The many
closely-spaced currents increase O confusion at midrange
levels [22]. Again, however, the ¥ estimates near ¢ (Izgg)
are reliable. Scale 2 places Iggr < M to extend the useful
artifact-free range of the magnitude scale. Some O’s were
initially reluctant to specify test stimulus magnitudes
above ¥ = 20; they mistakenly identified Y(Igge) = 20 as
Y(M). A simple verbal clarification and one repeat of the
experiment corrected this situation.

Scale 3: Except for Ol, the seven O’s each completed
Scale 3 twice; the results are called Scale 3a and Scale
3b. The artifact-free range of (1) is the upper 40% of
the 7 scale for most O’s [22].

Averages: Fig. 5 shows the mean ¢ of all seven O’s
for the four sessions of magnitude scale experiments. To
facilitate comparison of the three different experiments,
the current scale is normalized differently so that O rep-
resents sensation threshold current S and 1 represents the
reference current Igg, regardless of M. The (1) function
is similar for all of the experiments. In particular, the in-
dividual nonmonotonicities disappear in the mean, sug-
gesting that there is no systematic error in the scale for
this group of O’s. Also note the expected, slightly higher,
slope for the Scale 2 experiment because of its closely-
spaced currents [23]. Finally, Fig. 6 shows that the mean
of the SE’s for all seven O’s is minimized near the stan-
dard magnitudes (0 and 20). This supports the earlier as-
sumption that magnitude estimation is easier near the
standard levels.

MagNPBscreen

Fig. 7 shows I'(NPB) for the seven selected O’s (the
results from the other three O’s were more scattered, but
similar in shape). All O’s but O3 show a low I' at low
levels of NPB, confirming earlier results. O3 continued
as an O because the small I' variations were statistically
significant (p < 0.05). Table I shows the mean over all
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Fig. 6. The error in estimating magnitude is minimized near sensation
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Fig. 7. MagNPBscreen screened observers by verifying that they could
reliably detect the large increase in dynamic range T" with increasing NPB.
Three observers with similar but more scattered results are not shown.

Magnitude at maximal current I

o

waveforms w of the standard error SE(T'.) for all of the
Mag experiments and for Search.

Gradient and Search: Finding Baseline 2 Optimum

Table II shows the effects of the four waveform vari-
ables for the factorial experiment Gradient where a,-a,
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TABLE 1
MEAN VALUES OF SENSATION THRESHOLD CURRENT § AND MAXIMAL
CURRENT WITHOUT DISCOMFORT M. DRIFT OF § AND M OVER 30 TRIALS.
STANDARD ERRORS OF MEANS S. (w), M. (w), ®R. (W), AND T. (w)
(REPLICATION ERROR).

Experi- Ob- [Mean Mean S M SE SE SE SE
ment ser- | _ — Drift  Drit . = —

ver {S(w) MW (%) (%) Sw Mw Xw TI(w

S (mA)} _ (mA)
MagNPB [¢]] 1.85 572 6.3 251 0.066 0.15 0.13 0.92
screen 02 1.72 380 117 -55 0.044 0.18 0.11 4.67
o3 143 638 38 157 0.031 0.13 0.12 0.80
04 0.98 559 -29 33.0 0.087 0.65 1.19 1.76
05 1.14 7.35 7 4.7 0.029 0.28 0.29 1.32
o]} 3.80 16.40 -33 7.5 0.082 0.31 0.12 0.73
o7 1.97 4.83 28 349 0.106 0.15 0.15 1.42
Search O1 1.82 8.74 69 270 0.056 0.35 0.24 0.83
02 1.51 3.17 47 154 0.061 0.10 0.11 223
03 1.10 3.30 33 182 0.082 0.22 0.22 1.63
04 1.34 3.45 8.8 220 0.055 0.1 0.11 0.90
05 1.63 585 -6.9 243 0.099 0.27 0.27 1.32
06 225 1455 86 124 0060 0.13 0.18 0.40
o7 305 839 -109 337 0118 043 0.17 0.82
MagNPB o1 — — — — — — — —
Q2 156 289 -3.0 -7.2 0086 0.10 0.11 3.84
o3 1.22 5.51 93 370 00833 0.30 0.28 1.29
04 1.97 8.21 7.9 835 0.027 0.29 0.15 0.69
05 1.73 8.01 -36 -04 0040 0.20 0.16 1.58
08 1.76 9.72 4.9 229 0.049 0.35 0.25 0.59
o7 2.06 466 -53 23.0 0.076 0.14 0.10 1.17
MagPRR o1 —_ — — — — —
02 3.00 560 -123 3 0.099 0.12 0.08 1.70
03 1.65 4.69 0.0 128 0.020 0.10 0.07 0.38
04 2.05 678 10.0 140 0.069 0.20 0.16 0.31
05 1.67 850 -56 8.8 0.018 0.16 0.11 0.72
06 246 1218 -101 264 0.126 0.26 0.30 0.43
o7 1.82 727 468 384 0.237 0.33 0.52 0.92
Magw o1 1.63 5.54 0.9 0.3 0.022 0.19 0.12 0.51
02 1.28 2.81 04 -53 0.013 0.15 0.10 2.87
Qo3 1.30 5.72 4.6 23.0 0.040 0.37 0.27 1.40
o4 2.46 6.35 10.7 372 0.067 0.32 0.16 1.18
05 1.55 748 -08 181 0.041 0.30 0.19 2.26
[¢]} 257 1260 118 7.9 0112 0.22 0.22 0.50
o7 0.97 660 —40 513 0064 0.34 0.60 1.46
MaglIPI Ot 1.59 706 -1.0 138 0.017 0.14 0.10 0.42
02 3.21 519 208 83 0120 0.15 0.08 222
03 1.54 4.90 44 295 0.033 0.16 0.13 0.49
04 2.25 643 250 105 0.122 0.22 0.20 0.92
05 1.82 874 37 7.1 0.038 0.17 0.13 0.70
06 1.80 979 -2.6 6.3 0.033 0.43 0.26 0.66
o7 2.81 500 343 354 0.086 0.21 0.09 1.04

TABLE II

VARIABLE EFFECTS FOR GRADIENT EXPERIMENT. LARGE TYPE DENOTES
EFFecTsa = 2-SE(a), i.e., p < 0.05

Effect o1 02 03 Od o5 06 o7

a; (NPB) 057 085 -027 0.82 093 2.33 0.93
a, (PAR) -0.43 040 1.22 033 2.33 043 048
az (W) —0.07 3.75 0.97 1.53 -058 038 032
a, (IP]) -013 045 -058 022 047 -027 —0.07
ayp 117 2,55 083 -0.58 -0.27 047 037
a3 033 110 -023 022 -047 —028 048
ays 008 -0.60 032 013 -1.03 -023 058
aps 062 -095 -032 073 -047 033 027
a4 1.28 1.35 022 012 018 0.57 068
ags 092 060 077 -028 -043 1.03 -0.53
ar3 033 -2.20 -033 -0.77 072 -0.92 012
424 018 070 -047 002 038 043 -0.57
a134 -1.63 -125 028 -0.58 2.68 013 012
apa4 047 -030 -063 -0.17 -013 —0.02 -0.98
ay34 032 -215 013 033 -193 033 058
a (Mean) | 20.84 17.05 1956 19.36 20.01 19.84 20.09
SE(a) 064 115 046 026 100 024 040
scale 022 015 025 025 020 013 015

are the single-variable effects for NPB, PRR, W, and IPI,
respectively. For example, the single-variable effect a, is
the change in I" caused by increasing NPB from its lower
value of four pulses /burst to its upper value of eight
pulses /burst (Appendix A). These effects, along with the
mean T of all conditions (a,) and the variable interaction
effects (changes in I' that result only from changing two
or more variables at a time), form a model that exactly
describes the observed mean responses in the four-dimen-
sional experiment (Appendix A).

The large-type entries in Table II shows the variable
effects that exceed 2-SE(a), i.e., have less than 5%
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chance of occurring due to closeup error. While effects
due to NPB, PRR, and W usually dominate, two and three-
factor interactions are present, suggesting a complex re-
sponse surface. Such strong interactions could potentially
undermine the gradient search for the maximal T'.

We found out that this was not the case, although the
response for I'(k) was somewhat scattered. Fig. 8 shows
TI' along the gradient path [Fig. 3 and (A2)] for each O
who completed Search. A second-order polynomial fit for
each O’s data shows that T increases and peaks at 3 < k
< 10, confirming the correct gradient direction for all but
O4. However, rather than using the peak of this polyno-
mial model, we used the value of k that maximized the
actual data I to determine the new optimal w. Baseline 2
(F = 15 Hz, NPB = 7, PRR = 400 Hz, W = 120 us,
and IPI = 100 ps) is approximately the mean of the wav-
eform variable values that maximized T' for each of the 7
O’s.

Single-Variable Effects

Figs. 9-12 respectively show how T. varies with the 10
levels of the scalar independent variables NPB, PBR, W,
and IPI for each of the seven O’s. Figs. 1/3-1/6 show
the mean T'.,.(k) and the geometric mean ®.,.(k) over all
6 or 7 O’s (Ol did not complete MagNPB or MagPRR)
The error bars show the standard error (SE) of the mean.
Finally, Table III shows the p-values from the ANOVA
test for each O performing each of the four single-variable
experiments. These results are not without bias. O’s with
low overall M /S ratios (e.g., O2 in Table I) tend to show
high (insignificant) p-values because the narrow current
range causes small errors in determining M to translate
into large effective errors in T' by (B5)—a narrow current
range necessarily expands the magnitude scale to fit the
current scale. Some O’s (e.g., O3 in Figs. 9-12) have low
p-values because they do not show strong reactions to dif-
ferent waveforms for any experiment. Conversely, some
very experienced observers, (¢.g., O6) can easily distin-
guish between waveforms even when presented in differ-
ent random orders, leading to several highly significant
effects. We will therefore concentrate on the mean plots
in Figs. 13-16 rather than on the statistical results.

MagNPB: Figs. 9 and 13 and Table I show that the
increase in I' with increasing NPB is clearly the most im-
portant effect. The large increase in T' is not accompanied
by a corresponding increase in ®. In fact, the maximal
value of ® occurs at NPB = 2, far from providing the
most intense comfortable stimulus (NPB = 6).

MagPRR: Fig. 14 shows that PRR has little consistent
effect on I" or ®&. The observed effects are likely due more
to changes in percept qualiry than magnitude. One O who
in an informal experiment continuously varied PRR noted
that for high values of PRR (>700 Hz), the percept was
more vibratory in nature (desirable), but stinging sensa-
tions occurred at lower vibratory magnitudes (undesir-
able) than at lower PRR. This is consistent with [12].
Lower values of PRR (<350 Hz) produced a percept of
“‘higher frequency,’” and the six O’s interpreted this dif-
ferently (Fig. 10).

Magnitude at maximal current I

Baseline 1
14+ T T T T T T T 1
1 2 3 4 5 6 7 8 9 10
Waveform k

Fig. 8. Search: The dynamic range I typically increases, peaks, and then
decreases as the waveform w advances along the gradient VI'(w). A second-
order polynomial fit (curved lines) shows this more clearly than the raw
data.
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Fig. 9. MagNPB: Dynamic range increases greatly from NPB = 1 to NPB
= 6 for most observers.
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Fig. 10. MagPRR: Dynamic range changes differently with PRR for dif-
ferent observers.

The sharp dip at PRR = 400 Hz for most O’s may be
caused by the reference stimulus having the same PRR;
the O’s may note that the reference and test waveform
qualities are similar and thus bias their magnitude esti-
mates. This is supported by the low spread in magnitude
estimates at 400 Hz compared to other values of PRR. We
conclude that any PRR value between 200 and 800 Hz is
Suitable; different O’s may prefer different values. The
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Fig. 11. MagW: Dynamic range increases with W for some observers and
decreases for others, suggesting two groups of skin stimulation sites.
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Fig. 12. MagIPI: Dynamic range does not change with IPI. O2’s unre-
presentative large variations are not statistically significant due to large
experimental error (Table 1).
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Fig. 13. The average dynamic range for six observers is maximized when
NPB = 6 (MagNPB). The ratio ® of maximal current without discomfort
to sensation threshold current is maximized when the magnitude dynamic
range is low.

average T'.,.(PRR) is maximized by PRR = 350 Hz (Fig.
14).

MagW: The small effect of phase width W on T' sep-
arates the O’s into two groups. Fig. 11 shows that for Ol,
02, and 06, T increases with W whereas for 03, 04, 05,
and O7, I' decreases with W. Because we did not repeat
this experiment at different skin locations on the same O,
this effect may rather represent two groups of skin sites
with different tactile afferent innervations, because shifts
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Fig. 14. The average dynamic range for six observers is maximized when
PRR = 350 Hz, but the effect is small (MagPRR).
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Fig. 15. The average dynamic range for seven observers is maximized
when W = 150 us, but the effect is small (MagW).
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Fig. 16. The average dynamic range for seven observers is not affected by
IP1 (MagIPI). Error bars show SE (mean).

of electrode position as small as 1 mm can result in dif-
ferent electrotactile percepts [1]. The mean I' for all seven
O’s (Fig. 15) peaks at W = 150 us, but values between
150 and 260 us result in a similar I'. & increases slightly
with Wup to 220 us and then falls, approximately follow-
ing the variation in I'. Both ® and I' continue to fall at
increasing values of W; the uncomfortable stinging sen-
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TABLE III
ANOVA p-VALUEs FOR MagNPB, MagPRR, MagW, anD MagIPI
EXPERIMENTS. LARGE TYPE DENOTES p < 0.05.

Ir{/dep. Expt. | O1 02 03 [} 05 06 o7

ar.
% |NPB I _ 0376 0.005 0087 0226 0.028 0072
% |PRR| — 0218 0342 0.020 0843 0499  0.661
% W |0.000 0.000 0759 0283 0302 0.018 0.458
% Pl 10.019 0597 0536 0734 0108 0.828 0412
r NPB — 0283 0265 0.000 0.000 0.000 0.026
r PRR — 0.828 0121 0.000 0471 0.000 0.011
r W :0.000 0903 0322 0208 0884 0.000 0.582
r /Pl | 0066 0915 0661 0297 0843 0.850 0.903

sation produced by waveforms with W > 500 us is well-
known [15], [24], [25]. We did not explore the region W
< 10 ps where ® is reported to decrease substantially
[26].

MaglIPI: Interphase interval IPI has no apparent effect
on & or I'. Fig. 12 shows no consistent changes in T' with
IPI; the relatively large effect in O2’s data is not statisti-
cally significant (p > 0.05) due to the large error. 02’s
unrepresentative data are not included in the mean T .,.
(IPI) or ®.,.(IPI) plots (Fig. 16).

DiscussioN
Magnitude Scale

The maximization of magnitude dynamic range de-
pends only on a relatively smooth and monotonic rela-
tionship between the stimulus current / and the corre-
sponding perceived magnitude ¥ in the upper region of
the function near the maximal magnitude without discom-
fort I'. While no particular function is necessary, our
magnitude-estimation method reduces the error in esti-
mating ¥ near I' and also provides a convenient method
to estimate cumulative magnitude-estimation errors in the
two-stage optimization experiments (Appendix B).

The resulting linear magnitude scale is not *‘pure’” be-
cause standard levels are defined: Y(S) = O (sensation
threshold) and Y(Iggr) = 20 (reference). The experiment
therefore more closely defines a category scale than a true
magnitude scale [23], [27]. We chose this method in spite
of its limitations [27], [28] because in the optimization
experiments we require O to make fine distinctions in
magnitude near a reference magnitude. The result is that
the magnitude versus current function is approximately
linear rather than the usual power function [14]-[16].
While inflating error in other regions of the magnitude
scale, presenting the reference stimulus reduces the error
near Y(Irgr), the region of interest for optimizing the dy-
namic range.

The data frequently show a nonuniformity in O’s use
of the magnitude scale (Fig. 4). In particular, some O’s
(01, 05, and 06) tended to cluster magnitude estimates
near the REF level, causing a lower slope in this region.
Other O’s (04, O7) showed a similar preference for the
lower end of the scale. These end effects are expected
because the magnitude is easier to estimate near the stan-
dard levels than in the middle of the scale [23].

Occasionally, the ¥ versus / relationship is nonmono-
tonic in one or more regions. This effect is not likely ar-

tifactual; it frequently exceeds the standard error of the
magnitude estimations, and it occurs in three O’s (02,
04, and O7). One possible explanation is that O mentally
constructs two (or more) different scales depending on the
approximate magnitude of the test stimulus. Low-level
stimuli are therefore compared to zero, and high-level
stimuli are compared to the REF stimulus. The two scales
may not coincide at intermediate levels, causing confu-
sion and inaccurate magnitude estimations. Fortunately,
because the dynamic range optimization experiments
present stimuli mostly near the reference level, this oc-
casional nonmonotonicity should not bias the optimiza-
tion results.

Optimal Waveform

We speculate that the large I' increase from NPB = 1
to NPB = 6 may be due to an increased proportion of
afferent touch («) fibers being stimulated by the repetitive
pulses compared with the pain () fibers. Considering that
PRR = 350 Hz, this is consistent with the high sensitivity
of normal touch to vibration in the 100-600 Hz range [29].

The drop in I' at higher NPB may be attributable to a
change in percept quality; the stimulation at NPB = 15
feels higher in ‘‘frequency’’ than stimulation at lower
NPB. While O’s might be expected to interpret this per-
cept as stronger than one that feels lower in frequency
[30], it takes on a character more of pressure than vibra-
tion. Some O’s noted that such variations in percept qual-
ity between trials made magnitude comparisons difficuit.
This higher-frequency percept is expected because long
bursts span a large portion of the overall waveform period
T, and therefore the waveform begins to look like a con-
tinuous train of pulses at a high frequency. (The defini-
tions of the waveform variables allow for this redun-
dancy. For example, a waveform defined by W = IPI =
50 us, NPB = 1, F = 400 Hz is identical to a waveform
with W = IPI = 50 us, NPB = 10, F = 40 Hz, PRR =
400 Hz.)

Finally, increasing NPB from 1 to 6 caused the average
charge /burst delivered to the skin to increase from 2.11
to 7.14 uC for a fixed percept magnitude ¢ = I'(NPB =
1). The highest possible magnitude I'(NPB = 6) required
10.9 uC. Furthermore, this increased charge might be ex-
pected to cause increased skin irritation and sensory ad-
aptation.

These experiments support the recommendations of
other investigators to deliver repeating bursts of stimula-
tion pulses: (functionally monophasic, F = 25 Hz, NPB
= 4, PRR = 500 Hz, W = 20 us) in [26], [31]; (bal-
anced-biphasic, F = 100-250 Hz, NPB = 1-40, PRR =
10 kHz, W = 5-20 us, IPI = 5-25 ps) in [12], [13], [32];
(balanced-biphasic, F = 30 Hz, NPB = 1-150, PRR =
10 kHz, W = 4.5-9 us, IPI = 41-45.5 ps) in [17].

CONCLUSIONS
The sensation produced by electrotactile stimulation has

comfortable (vibratory) and uncomfortable (stinging) per-
cepts. The maximal-acceptable level of the stinging per-
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cept limits the stimulation current and hence the useful
dynamic range.

A waveform with the number of pulses /burst NPB =
6, pulse repetition rate PRR = 350 Hz, and phase width
W = 150 us maximizes the intensity (magnitude) of the
vibratory percept compared with the stinging percept. In
particular, waveforms with fewer pulses /burst substan-
tially reduce the intensity of the vibratory percept (50%
reduction at NPB = 1) while largely maintaining the sting.
The interphase interval IPI between positive and negative
phases of a balanced-biphasic waveform has no effect on
dynamic range.

These experiments maximized the electrotactile dy-
namic range for one electrode geometry (5.5-mm-diame-
ter-active coaxial) at one skin site (abdomen) with the bal-
anced-biphasic pulse bursts delivered at one rate (15 Hz).
The effects of W and PRR may be dependent on skin site
or observer. Furthermore, only one electrode delivered
stimulation; the effects of spatial integration and masking
may alter the optimal waveform for multiple-electrode ar-
rays.

Measuring stimulation intensity at a predetermined
maximal current without discomfort (for each waveform)
provides a measure of electrotactile intensity dynamic
range that is more relevant to the overall comfort of the
stimulation percept than the ratio of pain threshold to sen-
sation threshold. In most cases, the two measures yield
different information.

APPENDIX A
DETAILED EXPERIMENT DESCRIPTIONS

Scale 1: Magnitude Scale

Choice of Stimulation Waveform and Current: Based
on preliminary unpublished data from four O’s, the
waveform variables for Scale 1 were fixed at Baseline !
(F = 15 Hz, PRR = 400 Hz, W = IPI = 100 pus, and
NPB = 6), which was the first approximation of the
waveform w that maximizes I'(w). O first determined the
sensation threshold current S by a modified method of
limits. Upon prompt by the computer, O turned a knob
CW, starting at the zero (fully CCW) position, until s /he
perceived a distinct but very weak tingling sensation at
the electrode site. We instructed O to readjust the knob
CW and CCW until s /he could just barely feel the stim-
ulus, and then press the ENTER (RETURN) key on the
keyboard, causing S to be logged to a result file and saved
in memory for future use. Then O returned the knob to
zero. This procedure was then repeated two more times.
The computed averaged the three results to obtain

S.=(5 + 5+ 8)/3.

Next, O determined the maximal current without dis-
comfort M. Starting at zero, O turned the knob CW until
the stimulus was as strong as possible without feeling un-
comfortable as manifest by sharp, prickly, or burning sen-
sations. O logged the response by pressing ENTER and
then returned the knob to zero. As for the sensation
threshold, the computer calculated the mean M. of three
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trials. A 10-s separation between M trials allowed O’s so-
matosensory system to partially recover from sensory ad-
aptation.

Finally, the computer calculated the set of eleven test-
stimulus currents (independent variable) for magnitude
estimation, as well as a reference-stimulus current:

I,=S5. +000M. —5)=S35.
I, =5 +0.10(M. — §)
L =5 +020M. - 8S)

Iy =S. +1.00(M. — S) =M.
Iggr = I

Magnitude Estimation: We then asked O to rate these
eleven stimulus currents numerically on an magnitude
scale where:

Level 0 = Cannot feel test stimulus.
Level 1 = Can barely feel test stimulus.
Level 20 = Test stimulus same magnitude as reference
REF.
Open-ended upper scale; assign numbers as appropri-
ate.

The computer presented the reference stimulus before each
test stimulus (same electrode) so that O did not need to
remember the REF magnitude for more than 2 s. Earlier
unpublished experiments on four O’s with the reference
presented less frequently (e.g., once every ten trials)
showed that their magnitude estimations tended to drift
substantially upward or downward (sometimes even re-
versing direction midway) between reference presenta-
tions.

O reviewed the magnitude estimation instructions on
the computer screen (previously given verbally). The
computer then presented five sets (replications) of eleven
magnitude estimation trials at the levels /y-I;,. Each rep-
lication r presented the trials in a different computer-gen-
erated random order [19]. Each trial consisted of these
actions:

1) Computer gives beep sound, gives message on
screen that next stimulus is coming, then pauses for
6 s.

2) Beep, message READY!, then a 1-s pause.

3) Beep, computer delivers a 1-s reference stimulus
with current Izgg (level 20).

4) Beep, computer delivers a 1-s test stimulus at one
of the eleven currents Iy-I}.

5) Beep-beep, computer prompts O to type in a number
representing the magnitude y,; (/) of the test stimu-
lus.

Scale 2: Magnitude Scale

Scale 2 was similar to Scale 1 except that a smaller
range of currents was tested to provide more detail in the
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magnitude region of interest (near the maximal magnitude
without discomfort). Also, the reference current was low-
ered to 0.9-M to expand the low-error region of ¥ near
the reference magnitude:

I, =5.050(M. —S.) =8§.
I, =8 +0.55M. —5§)
L =35 +0.60M. —5)

Loy =S. +1.00(M. — S) =M.

Iger = I

Scale 3: Magnitude Scale

Scale 3 was identical to Scale 1 except that the refer-
ence current was 0.8-M to further expand the low-error
region:

Iy =358. +0.00(M. —§) =
I, =S. +0.10M. — S)
L =S5 +020M. —§)

Ip=S. +1.00(M. - S.) =M.

Iger = kg

The waveforms were at Baseline 2 (F = 15 Hz, PRR =
400 Hz, W = 120 ps, IPI = 100 ps, and NPB = 7).

MagNPBscreen: Effect of NPB

Earlier unpublished results (four O’s) showed a large
predictable increase in I' as NPB increased from 1 to 10.
We therefore screened O’s ability to discern this change.
All waveform variables were fixed at Baseline I except
for the independent variable NPB, which had values
NPB,, NPB,, - - - NPB,,of 1, 2, 3, 4, 5, 6, 8, 10, 15,
and 20 pulses /burst.

Sensation Threshold Current: First, O determined the
sensation threshold current S,;(NPB) using the procedure
in Scale 1 for each of the ten values of NPB. Three rep-
lications u of these ten trials were performed in different
random orders. The index j specifies the actual run order
(trial) within each replication.

Maximal Current without Discomfort: Next, O deter-
mined the maximal current without discomfort M, (NPB)
using the procedure in Scale 1 for each of the ten values
of NPB (three replications v). Possibly because the 10-s
interval between M trials provides insufficient time for the
skin to completely recover from sensory adaptation, the
30 values for M usually show a distinct upward trend (Fig.
17). (In rare cases, it is downward, usually indicating in-
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sufficient skin hydration or poor electrode-skin contact.)
This drift averaged 19% over the 30 trials, lying between
0.3 and 30% for 80% of the experiments (Table I). The
drift systematically increases the replication variance

1 - _
7 2 My (w) — M1
in determining M at each level of NPB (V' = 3). Because
the drift is monotonic and approximately linear, we com-
pensate by subtracting a correction factor from each
logged current M (in effect, removing a linear approxi-
mation of the drift):

M (w) = M,;(w) — b(j' — 15) where
j=j+ 10w — 1) and
b =[Ms.(') — M((-)}/20 and (Al

M’ is the corrected current M, v is the replication (1 . . .
V = 3), j is the trial in each replication (1 . . . 10 corre-
sponding to the ten values of NPB in random order), j' is
the sequence of all trials in the three replications (mono-
tonic with time), M. and M,. are the means of all maxi-
mal currents in replications 3 and 1, respectively, and b
is the estimated slope of the drift (mA /trial). The method
of using the replication means M;. and M. results in a
slope b similar to that obtained by a linear regression of
M,; versus j', but it has less bias due to the effect of NPB
on M because M5. and M. are means over all ten values
of NPB. Any residual effect of the nonlinear part of the
drift is reflected in the calculated replication variance and
is random because the trials determining M were per-
formed in random order.

It is well-known that O training increases M [3], [13],
[33]. However, all of these experiments are within-O de-
signs (each O receives all treatments) so that differences
in O experience are not likely to systematicaily bias the
results.

The computer then calculated the mean drift-corrected
currents M'(NPB,), M'(NPB,), ... M!(NPB) for pre-
sentation to O. Furthermore, NPBggr = NPBs = 6
pulses /burst with associated current Ixgrg = MI(NPBy)
was also used as the reference stimulus. Finally, a lower-
current stimulus

Liow = S.(NPBggp) + 0.75[ M!(NPBggr) — S.(NPBgep)]

provided a scaled relating a change in current Al to a
change in magnitude Ay so that error in determining M
could be related to the resulting error in ¥ and hence T'.
Magnitude Estimation: We then asked O to rate these
ten waveforms (with NPB,, NPB,, . . . NPB,y) numeri-
cally on a magnitude scale using the procedure from Scale
1. The computer presented five replications of ten mag-
nitude estimation trials. Each replication r presented the
ten trials T, (NPB,) — I',(NPB) in a different random
order. Interspersed in each replication were two magni-
tude estimations of the REF current ¥, (11), ¥,(12) and two
magnitude estimations of the Low current ¥, (13), ¥, (14).
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Fig. 17. A linear correction compensates for the typical upward drift in
the maximal current without discomfort M with time. Trials are monotonic
with time. (Data from experiment MagNPB, observer O7).

Observer Screening

We reviewed data from the session 1 (Scale 1 and
MagNPBscreen experiments) before proceeding with
sessions 2-4 to make sure that O understood the proce-
dures. Three of the ten O’s initially contacted were dis-
missed at this point because graphs their magnitude esti-
mates were very jagged, scattered and unrepeatable,
although similar in trend to the smoother results of the
chosen O’s. We speculate that this scatter was caused by
lack of O’s attention to the task.

Gradient: Determination of Gradient and Interactions

Independent Variables: Earlier unpublished results
suggested that the effects of the waveform variables F,
NPB, PRR, W, and IPI strongly interacted, i.e., the effect
of one variable depended on the values of one or more of
the others [34]. Therefore, we conducted a full factorial
experiment in NPB, PRR, W, and IPI to (1) evaluate the
effects of such interactions, and (2) determine the gradient
of the response surface VI'(NPB, PRR, W, IP]), i.e., the
vector that points in the direction of increasing I'. Know-
ing the gradient provides an efficient method to simulta-
neously vary (NPB, PRR, W, IPI) to search for the
waveform variables that maximize T'.

Fixed Variable: Because F has a direct effect on ¢ [30],
O’s had a difficult time separating changes in I' from
changes in the perceived frequency. Therefore, F re-
mained constant at 15 Hz for these experiments. Higher
frequencies cause increasingly rapid sensory adaptation;
lower frequencies result in a low communication rate as
evidenced by a noticeable lag between stimulus magni-
tude and attempted magnitude changes with the knob dur-
ing determination of § and M.

Factorial Structure: The computer administered the
three-stage experiment (S, M, I') as in MagNPBscreen,
but with the variable settings in Table IV. These settings
form an orthogonal experiment which simplifies calcula-
tion of the variable effects and the gradient [34]. Wave-
form conditions 17 and 18 are the REF waveform (defined
as the Baseline I stimulus) located in the center of the
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hypercube formed by the set of all 16 points (NPB, PRR,
W, 1PI).

Threshold and Maximal Currents: To each of seven
O’s, the computer administered three replications u of
sensation threshold current S and three replications v of
maximal current without discomfort M determinations
with the waveforms w in Table IV. As before, the com-
puter corrected the M values for drift (A1) and then av-
eraged three replications of M'.

Magnitude Estimation: The O’s then estimated the
magnitude of the 16 waveforms T',(w;) — T',(we) plus
two REF-current estimations ¢, (w;7) — ¢, (wg) plus two
Low-current estimations ¥, (w,9) — ¥, (w4). O performed
five replications r of these 20 trials in different random
orders.

Search: Find Maximal T' Along Gradient Path

The gradient search is based on the linear approxima-
tion in the vicinity of the Baseline 1 waveform wggg

I'(w) = T'(wger) + aj(NPB — NPBggp)
+ aj(PRR — PRRggr) + a3(W — Wggp)
+ a4(IPT ~ IPlggr)

where the constants

_ar

" ONPB
ar

= 3PRR (Wrer)

ar
a = oy (WRER)

, aT’
as = éﬁ (Wrer)

(Wrer)

define a least-squares regression. In practice, we esti-
mated these coefficients by scaling the main (single-fac-
tor) effects a;, — a, (calculated in the effects analysis in
the ‘‘Results’’ section).

Before proceeding with each O, we calculated the gra-
dient VI'(w) separately for each O based on the Gradient
experiment:

VI'(w) =

The path of steepest ascent (i.e., the direction in w that
most quickly increases I') is then (Fig. 3)

NPB(k) = NPBggr + a;-scale-(k — 3)
PRR(k) = PRRggr + a,-scale:(k — 3)
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TABLE IV
INDEPENDENT VARIABLE SETTINGS FOR Gradient EXPERIMENT

Waveform ([NPB PRR W Pl
w (Hz) (us) (us)
1 4 300 75 75
2 8 300 75 75
3 4 500 75 75
4 8 500 75 75
5 4 300 125 75
6 8 300 125 75
7 4 500 125 75
8 8 500 125 75
9 4 300 75 125
10 8 300 75 125
11 4 500 75 125
12 8 500 75 125
13 4 300 125 125
14 8 300 125 125
15 4 500 125 125
16 8 500 125 125
17 6 400 100 100
18 6 400 100 100

W(k) = Wggr + as-scale-(k — 3)
IPI(k) = IPIREF + a4'SC1116'(k - 3) (A2)

where & is a scalar index between 1 and 10 (i.e., the
waveform w) and scale is an arbitrary constant that spec-
ifies the size of the steps for the gradient search (Table
I). To verify that the gradient direction was approxi-
mately correct, the gradient search was performed back-
wards (k = 1 ... 2) from Baseline 1 (k = 3) as well as
forwards (k = 4 . . . 10). If the gradient direction is cor-
rect, I' should increase as £ > 3 and decrease as k < 3,
at least in the region near Baseline 1 where a linear ap-
proximation of I' is valid. Eventually, as the linear ap-
proximation breaks down, I' should peak and then de-
crease as k continues to increase. The waveform w
corresponding to the value of k that maximized I', where
w was averaged over all 7 O’s, became the new optimum,
Baseline 2.

MagNPB, MagPRR, MagW, and MaglIPI: Single-
Variable Effects

The same seven O’s then proceeded with a set of ex-
periments that varied one-at-a-time each of the four
waveform variables NPB, PRR, W, and IPI around Base-
line 2. Ten levels of the independent variable were pre-
sented for each experiment, using the three-step proce-
dure in MagNPBscreen (determination of the sensation
threshold current S, the maximal current without discom-
fort M, and the magnitude at maximal current without dis-
comfort I'). The independent variable levels were

NPB: 1,2, 4,5,6,7, 8, 10, 15, 20 pulses /burst
PRR: 200, 250, 300, 350, 400, 450, 500, 700, 1000,
1500 Hz
W: 40, 60, 90, 120, 150, 180, 220, 260, 300, 350 us
IPL: 0, 25, 50, 75, 100, 130, 160, 200, 300, 500 us

The boldface numbers along with the fixed value F = 15
Hz define the Baseline 2 waveform, i.e., values for the
waveform variables that were not varied in a particular
experiment. Baseline 2 was also used for the reference
waveform. As above, the S and M determinations con-
sisted of three replications of ten independent variable
values, while the magnitude determinations consisted of
five replications of ten independent variable values Tw)
— T')i(wye) plus two REF-current stimuli Vi(wy) —
¥,; (W12) plus two Low-current stimuli Vi (wi3) — ¥, (wy)
(all in different random orders).

APPENDIX B
DATA ANALYSIS

Data Correction

The tedious nature of these experiments caused some
O’s to lapse in concentration or enter magnitude estimates
incorrectly, e.g., entering 9 instead of 19 on the key-
board. We manually scanned the data from each experi-
ment for errors by comparing the five replications r of the
magnitude estimation for each waveform w. If one entry
was far different from the other four, we attempted to cor-
rect the assumed error under the following conditions: 1)
The error must be obvious. For example, for a set of five
replicated ¥ values (19, 20, 10, 20, 20), the value 10 is
very likely a misentry, whereas the data set (4, 16, 8, 13,
9) indicates genuine nonrepeatability, not simply careless
entry. 2) There must be only one assumed errant entry in
the five replicates. If the assumed error was attributable
to a missed, extra, or adjacent keystroke we corrected the
single keystroke. In the above example, we replaced 10
with 20. If the error appeared to be due to lapse of con-
centration, we replaced the assumed error with the closest
integer mean of the other four points; e.g., (20, 6, 4, 9,
4) was changed to (6, 6, 4, 9, 4). We did not attempt to
correct data that did not meet both conditions; doubtful
data were unaltered. No single experiment required more
than two corrections; 53 of the 67 experiments required
no corrections.

Error Analysis

The calculations of variance and standard error of the
mean (SE) for § and M are straightforward, as these mea-
surements are replicated U = V = 3 times:

vV

1 _
Var [MW)] = 7—— 21 [Mj(w) = M!(w)’

SE[M!(w)] = /%/ Var [M,,(w)]

where M, is the drift-corrected M from (A1), v is the rep-
licate, M’(w) is the mean of three replicates, and w is the
waveform. (The calculations are identical for §).

The variance of ®.(w) is approximated by the variance
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of the first term of its Taylor Series expansion [35]:

@.(w))zv w7
—Mt(w) ar [M.(w)]

a(w) : !
+ <___S‘f(w)> Var [S!(w)] (Bl)

Var [R.(w)] = <

where

Var [M!(w)] = Il/ Var [M(w)] (B2)
(similar for S). Note that Var [®,(w)] does not exist be-
cause ®,(w) does not exist; the measurements of S,(w)
and M, (w) were not paired.

For analysis of variance (ANOVA) to test the signifi-
cance of the effect of waveform k on ®, the mean-square
of the treatment (waveform) MSTr is calculated in the
usual way (we replace the waveform vector w with the
scalar index k):

U < — —

MSTr = —— 2 [R.(k) — R.(*)P
T K—lk:l[ (k) ()l (B3)
where K = 10 is the number of waveforms. However,
because R, (k) does not exist, the mean-square error MSE

cannot be calculated in the usual way:

MSE = Z Z [R, k) —

= 12
1) k=1u=1 R0

K(U
Nevertheless, if we note that MSE is the mean of the vari-
ance of all K waveforms
1k
MSE = — 2. Var [®R, (k)]
K k=1

and that Var [®.(k)] = Var [®, (k)] /U if ®,(k) did exist
(assuming the independence of the replicates r), we can
calculate the error as
U K
MSE = — 2 Var [R.(0)]
K k=1

where Var [®.(k)] is given by (B1). The ANOVA test
then proceeds with f = MSTr/MSE with K — 1 = 9 de-
grees of freedom (dof) in the numerator and K(U — 1) =
20 dof in the denominator.

Fig. 18 shows that the magnitude estimates I', (w) con-
tain two sources of experimental error: (1) error in deter-
mining M,(w) and (2) error in estimating I' when M (w)
is re-presented to O. (In the following discussion we will
drop the prime notation for clarity so that M.(w) means
M'(w), the mean of the three drift-corrected replications
v of maximal current without discomfort M, (w) for
waveform w). These two error sources are independent;
each is the result of measurement replication in different
random orders. The total variance in T',(w) is therefore
the sum of the component variances, with appropriate
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Fig. 18. The estimated dynamic range I' contains two sources of experi-
mental error: 1) nonpeatability in finding the maximal current without dis-
comfort M and (2) nonrepeatability in finding the maximal magnitude I at
current M. T' depends on both the current M and the waveform w.

scaling. We model the MAG experiments as follows:
M,w) = fw) + a,

T, = giw, M.(w)] + 8, (B4)

where

v
M.(w) = 1 2 M(w)

V=1
and o and 8 are normal random variables with mean O and
variance af and 03, respectively, fand g are the “‘true’”’
functions for M and T in the absence of experimental er-
ror, and (1 ...V = 3)and r(1 ... R = 5) are the
replicates of the M and I' experimental trials. Because «
and (3 are independent,

Var (T',) = Var [g(w), M.)] + Var (8,)

where M. is assumed to mean M.(w) for clarity. Because
the relationship between I' and M is approximately linear
in the region of interest near Y(wggp) = 20,

oy

2 ay 2
Var (I',) = <6_w> Var (w) + <W> Var (M.) + aé

but because w is constant and because of (B4),

Var (T',) = <3(19\:1//)> a} + 02

where the model variances are experimentally approxi-
mated by

|4
o2 =~ b 2 M,w) — M.(w))
f 1e=1

V —

1 < -
0= 2T E [T,w) = T.w)I°

and the derivative is experimentally approximated by

B9 _ YD) = Yhiow)
oM. M — Low

where the Low current /i oy = S + 0.75(M — §) with the
REF waveform.

For the mean L.(w) of all R = 5 replications, the
variance due to 3 is reduced by a factor of R, but the error
due to « is not reduced further because all R replicates of
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T" use the same value of M.(w). Therefore,

W\ 5 1,
(6M> 0'f+R0g

and the standard errors in Table I are the square root of
this quantity.

To use ANOVA for testing the significance of T effects,
MSTr is calculated similarly to (B3). However, MSE must
be carefully constructed for a valid f test. Based on the

Var (T'.) = (BS)

_ Kk:l
SE[T. ()} =

K
s < Z Var [T. (k)] + ——

is averaged geometrically over the O observers o

[0} 1/0
(k) = {111 &..(,(k)}

because while their trends are similar, their absolute lev-
els are quite different; the means ﬁ.,(,( - ) over all values
of PRR vary over a 3:1 range. The error bars in Figs.
13-16 show the SE of the mean over all 6 or 7 O’s, 10
waveforms &, and replications:

(B6)

0 E [T..(k - T. o<k>1>

model in (B4), it can be shown that the expected value of
MSTr is

K 2
EIMSTr] = —— Z <g(k) - %E. g(k)>

a\l/ 2 2

+ = <W> o; + 0,
If the null hypothesis Hy is true (there is no effect of
waveform kon T, i.e., I'(k)) = T'(ky) = = T'(kg),
then the first term (the real effect) is zero. Therefore, we
construct MSE so that f = MSTr/MSE = 1 when H, is

true:
ay )
MSE = <6M> of + 0

There are K — 1 = 9 dof for MSTr and between K(V —
1) = 20 and K(R — 1) = 40 dof for MSE. We use 20 dof
for a conservative test.

For the Gradient experiment, the model for the full
factorial analysis is

T.(w) =
+ (ax; + @, + azx; + agxy) /2
+ (apxix; + apxix; + axxg + dnXxpxs
+ ayuxyxy + ayx3x,) /2
+ (@i3X1X0x3 + ApaaX XXy + G13aX X3%
+ Gyuxox3xy) /2
+ (@34 X1 X2X3%0) /2

where x; — x, are linearly scaled versions of NPB, PRR,
W, and IPT and take on values of only —1 and 1 [34]. The
standard errors of the effects a are

1k _ 1/2
SE(a) = {ZE E‘ Var [I‘.(k)]}

where K = 2* =
by (BS).

In the single-variable effect experiments MagNPB,
MagPRR, MagW, and MagIPI, the mean ® .,. (k) value

16 waveforms and Var [T.(k)] is given

0 (B7)

where the Var term is given by (BS); a similar expression
combined with (B1) calculates SE[®. ( -)]. The addition
of variances in the numerator is justified by the assump-
tion that the errors due to O’s and errors due to replica-
tions are independent.
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