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Generalizing the study of short-term mem-
ory across different species and paradigms
(e.g., behavioral, neuroimaging, etc.) can
be challenging. Studies of human memory
have often focused on stimuli with substan-
tial semantic content, which are both dif-
ficult to model computationally (at least,
using biologically based models) and often
impossible to convert to animal studies. In
contrast, paradigms used in animal studies
are sometimes too simple or insufficiently
challenging to prove useful in human
studies. However, recent theoretical and
experimental advances have identified an
experimental paradigm that is well suited
to both animal, human, and computational
research. Vibrotactile working memory
has several properties that make it highly
suitable for use as a model system: A well-
defined, relatively simple neural code,
straightforward experimental designs that
can be translated from animal to human
research (or vice versa) with little change,
simple and inexpensive experimental appa-
ratus, and similar neural correlates in both
humans and animal models.

As might be deduced from the name,
vibrotactile working memory is working
memory for vibrational stimuli applied to
the hand, most commonly to the dominant
index finger. The most common experimen-
tal design is the delayed match-to-sample
task, in which subjects are presented with a
stimulus to be remembered (the target), an
unfilled delay period, followed by a second
stimulus (the probe), of the same frequency
or of a different frequency as the target stim-
ulus, and are asked to decide if the target and
probe are of the same frequency or different
frequencies. Notably, these vibrational stim-
uli are non-semantic, allowing use of the
same experimental designs in both humans
and non-humans. While it is theoretically
possible that human subjects are verbally
labeling the stimuli and storing that label,
thereby converting the task from a vibro-
tactile to a verbal working memory task,
there is no evidence of subjects using such

a strategy. There has been no activation of
language-specific cortical regions found in
anumber of human imaging studies (Soros
et al., 2007; Spitzer et al., 2010). Further,
a recent human behavioral study implic-
itly tested this hypothesis, and found no
evidence of verbal coding (Bancroft et al.,
under review).

Research in both humans and non-
human primates has identified a set of
four regions critical for vibrotactile work-
ing memory: primary somatosensory cor-
tex (SI), secondary somatosensory cortex
(SII), medial premotor cortex (MPC), and
prefrontal cortex (PFC; Romo and Salinas,
2003). Extensive single-cell recording work
in macaques has been done by Romo et al.
(1999) allowing the tentative assignment
of roles to these regions: SI is believed to
be involved in stimulus processing, SII in
stimulus processing and decision-making,
PFC in stimulus storage and decision-
making, and MPC in converting decisions
into motor responses. Functional MRI
(Preuschhof et al., 2006; S6ros et al., 2007;
Hegner et al., 2010), EEG (Spitzer et al.,
2010), and MEG (Haegens et al., 2010)
research in humans has produced results
that are generally consistent with single-cell
recordings in macaques, suggesting there is
substantial similarity between the neural
correlates of vibrotactile working memory
in human and non-human primates.

The vibrational frequency of stimuli is
encoded in the firing rates of neurons, with
firing rates being monotonic functions of
the stimulus frequency. This relatively sim-
ple relationship between firing rate and
stimulus frequency is not only convenient
for modelers, but also allows the extraction
of useful information from experimental
data. Previous single-cell recording research
has used information-theoretic methods
to determine when neuronal firing rates
are carrying information about stimulus
frequency (Romo et al., 1999; Herndndez
etal., 2002; Romo and Salinas, 2003). More
recently, Spitzer etal. (2010) and Spitzer and

Blankenburg (2011) were able to extract the
frequency of a stored stimulus by observ-
ing modulations of beta-band (20-25 Hz)
EEG activity in human PFC during vibro-
tactile working memory tasks. The relatively
straightforward neural code used to encode
and store vibrotactile stimuli allows exami-
nation of the flow of information through
the neural systems involved in working
memory, and also allows disambiguation
between systems involved in stimulus pro-
cessing and storage, and systems involved in
other cognitive functions, such as attention
or motor functioning related to response.
On a cognitive level, vibrotactile work-
ing memory shares many traits with other
domains of working memory, including
susceptibility to interference (Harris et al.,
2001; Bancroft and Servos, 2011; Bancroft
etal.,2011),a storage capacity of more than
one item (Bancroft et al., under review), and
demand on attentional systems (Hannula
etal.,2010; Spitzer and Blankenburg, 2011).
Further, recent EEG research has shown
that subjects are able to remove individual
stimuli from a stored set of stimuli when so
instructed (Spitzer and Blankenburg, 2011).
As vibrotactile working memory shares
common qualities with other working mem-
ory systems, but does not contain semantic
content, it is useful for testing theories of
working memory, as we have access to both
human and animal research. For example,
Postle (2006) suggested that sensory cor-
tex may be a storage substrate for working
memory. However, information-theoretic
analyses of single-cell recordings in primary
and secondary somatosensory cortex sug-
gest that stimuli are not represented in these
areas during the delay period, but rather in
non-sensory regions of PFC (Romo et al,,
1999; Herndndez et al., 2002; Romo and
Salinas, 2003 ). Similarly, research into vibro-
tactile working memory has begun to pose
problems for the venerable multiple-com-
ponents model (see Repovs and Baddeley,
2006 for a recent overview of this model).
The multiple-components model postulates
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modality-specific components involved in
the storage and processing of stimuli (for
example, the visuospatial sketchpad). The
present incarnation of the model, however,
does not contain a component capable
of storing vibrotactile stimuli, nor do the
neural correlates proposed for those compo-
nents overlap substantially with the neural
correlates of vibrotactile working memory.
Thus, findings associated with vibrotactile
working memory pose problems for the gen-
erality of the multiple-components model.

Experimental apparatus used in vibro-
tactile working memory tasks can be con-
structed inexpensively and with relative
ease. In our lab, we use devices constructed
by mounting a large nylon screw on the
middle of a speaker cone, and mounting the
cone inside a plastic housing such that the
top of the screw is flush with the housing.
The speaker is connected to a computer’s
standard headphone jack, and driven by a
sine wave of the desired frequency. Subjects
place their index finger on the surface of
the screw, which then vibrates when the
speaker vibrates. Such devices are simple
to construct, and can be built using off-
the-shelf components. Standard experi-
mental software can be used to deliver
stimuli. Stimulators using piezoelectric
devices or solenoids to deliver vibrations
are also available (but proportionately
more expensive). Such devices, however,
are not necessary in most cases, and one
can construct a perfectly serviceable device
at a reasonable cost.

Vibrotactile working memory is a para-
digm that offers researchers the ability to
draw on the human, animal, and computa-
tional literatures simultaneously. Research
translates well between human and non-
human subjects, and vibrotactile memory
relies on a well-defined neural code and
set of cortical regions, making it an ideal
model system that can be studied using
behavioral, imaging, and computational
paradigms.
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