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EXPERIMENT 2

Experiment 2 investigated whether the effect of n-back
load in the vibrotactile modality reflected a central ca-
pacity limitation shared across modalities. It assessed
similarity of outcomes between the vibrotactile task and
a directly analogous task using auditory stimuli. Previous
research on the n-back task in the auditory modality had
used a variety of stimuli, including spoken letters and dig-
its, words varying in pitch, frequency-modulated tones,
and—importantly for present purposes—tones varying
in location (see Owen et al., 2005, for a review). Experi-
ment 2 used an n-back task requiring matching the spatial
locations of auditory stimuli; this task was compared with
a vibrotactile version, as used in Experiment 1. The au-
ditory task was based on one designed by Martinkauppi
and colleagues (Martinkauppi, Rama, Aronen, Korvenoja,
& Carlson, 2000), in which subjects matched tones pre-
sented to the left, center, or right. Thus, as in the vibrotac-
tile task, there were three possible locations, which were
matched at intervals of n» = 1, 2, and 3. If the two mo-
dalities tapped a common capacity, they should show a
similar fall-off with n. One would also expect correlations
between modalities across subjects, reflecting individual
differences in the capacity shared by the two tasks. As an
additional measure of individuals’ working memory, we
administered a backward digit span task.

Method

Subjects. Twelve students were recruited from the UCSB popu-
lation, ranging in age from 19 to 25 years (SD 1.53) and evenly
distributed by gender. All were right-handed. Subjects took part in
a 1-min pretest in both the auditory and vibrotactile modalities to
ensure that they had normal tactile/audio acuity and could perform
at a baseline level of at least 80% hits and 80% correct rejections
with n = 1, as in Experiment 1.

Apparatus. The procedure for the vibrotactile n-back task was
identical to that in Experiment 1, except that, since there was only
one block of vibrotactile trials, only the nondominant hand was ex-
posed to the vibrotactile stimulus.

For the auditory n-back task, subjects wore closed-cup head-
phones (Realistic Nova 40, RadioShack). They monitored three
positions of an audio tone—Ileft, right, or central—relative to the
ear axis. Identically to the vibrotactile task, the signal was a 290-Hz
square wave tone, in this case routed to the headphones rather than
the vibrators. The tone was on for 0.5 sec and followed by 1 sec of
silence, during which the subject responded if a location match at
the requisite value of n was detected. The response was made by
pressing a button in the dominant hand.

For the auditory signal, three separate wave files were made, each
0.5 sec in duration, to be played back through the sound card of the
experiment computer. With the center tone, both channels of the
stereo wave were preserved and amplitude-equalized. For the left
and right stimuli, the nondesired channel of the stereo wave was
deleted. The perceived volume of the three tones was equated by the
experimenters using subjective matching.

Procedure. Each subject took part in a block of trials with each
modality, within which there were trials with z set to 1, 2, and 3, for
a total of six trials. The order of n within a block and the modality
order were counterbalanced. Both modalities had the same match
probability of 1/3 for each level of n.

The task was initially briefly explained for each modality. Prior to
a new value of n, the subject practiced with a brief, predetermined
sequence with feedback, in which three matches were presented for
1 and 2 back and four matches for 3 back.

Upon conclusion of the six n-back trials, subjects performed a
backward digit span test of working memory. They were instructed
to repeat, in reverse order, a sequence of digits, which were presented
as wave files through the headphones with a 1-sec interstimulus in-
terval. Beginning with two digits, two trials at each sequence length
were given, and if at least one was correct, the sequence length was
incremented, until both trials produced errors. A fixed sequence of
digits was used for all subjects, presented in a pseudorandomized
order, such that numbers did not repeat or appear sequentially—for
example, 2,2 or 1, 2, 3.

Results and Discussion

The average hit and correct rejection rates by modal-
ity and n are shown in Figure 3. Given numerous perfect
scores (100% hits or correct rejections) in the n = 1 con-
dition, and three trials without errors in the n = 2 condi-
tion, we chose to examine d” computed over the averaged
scores forn = 2 and n = 3.

An ANOVA on percent hits produced only an effect of n
[F(2,22) = 121.98, p < .001]. The effect of modality was
not significant [F(1,11) = 3.56, p = .09], and the interac-
tion did not reach significance either [F(2,22) = 2.77,p =
.08]. (The power for the interaction was .49, suggesting that
a larger sample might prove it significant, but the effect
size was not large; 3 = .20.) The corresponding ANOVA
on correct rejections had parallel effects: for n [F(2,22) =
47.16, p < .001], for modality [F(11), = 4.36, p = .06],
and for the interaction [F(2,22) < 1]. Although the modal-
ity effects in the ANOVAs did not reach significance, the
difference between modalities with respect to d’, based on
the n = 2 and 3 average (d” = 1.65 for auditory vs. 1.35
for vibrotactile), was significant [#(11) = 2.33, p < .05],
indicating a small advantage for the auditory condition in
overall target detection. This may reflect greater spatial
separation for the tones than for the finger vibrations.

Most important are the findings that the effect of n was
highly similar across modalities, and there were strong
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Figure 3. Hit rate and correct rejection rate by modality and
value of n in Experiment 2. Error bars are 1 SEM.
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Table 1
Correlations Between the Auditory and
Vibrotactile N-Back Tasks (df = 10, all ps < .05)

Variable r
% hits 75
% correct rejections .79
d’ forn =2and3 .68

correlations across subjects between the auditory and vi-
brotactile conditions, shown in Table 1. These findings
clearly indicate common sources of variance, indepen-
dent of modality, and support the interpretation of the vi-
brotactile n-back task as a measure of a central capacity
limitation.

The backward digit span task produced 3 subjects with
spans of 3, 7 with spans of 4, and 2 with spans of 5. This
small range limits the usefulness of the correlations. Fig-
ure 4 groups subjects according to digit span and then
reports their mean accuracy for the six conditions of the
experiment. There was a tendency for performance in both
modality conditions to improve with span, except forn = 1,
when performance was at ceiling. A larger sample of sub-
jects would be needed to systematically explore the relation
of the n-back tasks to the memory span, but these results
suggest a tendency for n-back performance in both modali-
ties to improve with span.

GENERAL DISCUSSION

We report an extension of the well-known n-back para-
digm, used to assess working memory, to the vibrotactile
modality. Accuracy declines regularly with 7, as has been
found for other versions of the task. The effects of » with
the vibrotactile task are very similar to those with a di-
rectly analogous auditory task. Moreover, performance in
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Figure 4. Average overall accuracy in Experiment 2 for groups
of subjects with each level of digit span, by modality (auditory,
vibrotactile) and value of n.

the two modalities is highly correlated, and at least tenta-
tively, both appear to vary with working memory as mea-
sured by digit span. These data, though based on a small
number of subjects, suggest that the vibrotactile task taps
a central memory capacity shared with other modalities.

In addition to accuracy data, one could, if desired, in-
clude RT as a measure with the present paradigm, using
the onset of the vibratory signal to start the latency clock.
The time to respond to a vibratory signal has been shown
to be modulated by attention (see Spence, Pavani, Mara-
vita, & Holmes, 2004, for a review), suggesting that ef-
fects of the n-back manipulation on RT could be found
within this modality. However, given that vibration thresh-
olds vary with frequency and amplitude (Verrillo, 1963),
this is feasible only if the vibratory profile is held constant
across the experiment.

The vibrotactile version of the n-back task potentially
has broad utility. First, it allows the assessment of cogni-
tive capacity in populations for which other modalities
are impaired but touch remains intact. Using touch may
be particularly advantageous when dual-task interactions
are studied, because it provides an additional modality for
the competing-load task. Thus, for example, blind people
can be tested with auditory cues and touch, and deaf with
visual cues and touch. Our development of the vibrotac-
tile n-back task resulted, in fact, from our interest in the
cognitive load on blind individuals when they attempted
to navigate with the aid of auditory cues. The results of
our previous study (Klatzky et al., 2006) confirmed the
viability of the task to provide a competing load with spa-
tial language.

The method also points to the possibility of brain-
imaging studies in which vibrotactile stimuli impose
a memory load. Such studies are abundant with visual
stimuli, as we have noted. Importantly, vibratory stimula-
tors could be applied to skin areas remote from the head,
potentially reducing interference with devices mounted
around the head.

The adaptation of the n-back task to touch may also
lead to new studies that focus directly on this relatively
understudied modality and its neural basis. Working
memory capacity for vibratory stimuli can be assessed,
for example, under parametric variations in the stimulus
and its location in the skin. It would be interesting to com-
pare memory capacity to the vibrotactile threshold of vari-
ous skin sites to determine whether peripheral as well as
central limitations play a role.

The nature of any limitations would depend to a great
extent on how the stimulus locations are encoded. With
only three stimuli to track, people might verbally code
which finger is stimulated, or they might transform the
finger identities into locations coded visuospatially. Both
of these strategies would transcend the input modality and
presumably tap working memory. To the extent that there
is some degree of modality-specific coding subject to pe-
ripheral constraints, it would weaken both intermodal cor-
relations and the relation of n-back performance to mea-
sures of central working memory like digit span.

Although some modality specificity may be present,
the vibrotactile variant of n-back appears to tap into lim-



372 KLATZKY ET AL.

ited central capacity by means of the relatively novel chan-
nel of touch. It is offered here as a useful addition to the
arsenal of working memory measures, one that does not
load the typical sensory channels and hence offers new
possibilities for application.
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