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ABSTRACT

One way to develop theories of forgetting in short-term memory is to introduce novel sources of
distraction. A recent study reported a vibrotactile changing-state effect, suggesting that a sequence
of irrelevant vibrations can disrupt visual-verbal serial recall if it contains variation. The present
study aimed to replicate and extend this finding. But Experiment 1 found no evidence of a
vibrotactile changing-state effect in visual-verbal serial recall. The effect was also absent in a
direct replication of the original report (Experiment 4) and with a visual-spatial serial recall task
(Experiment 2). Experiment 3 implemented further variation in vibrotactile properties, varying
the timing, strength and spatial location of vibrations, yet produced no disruption. A Bayesian
random-effects meta-analysis across all available experiments further supported the null
hypothesis. These results suggest that the previously reported effect may reflect a false positive,
and contribute to theory refinement by identifying potential boundary conditions for
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Introduction

Short-term memory is a fundamental psychological
function that allows us to maintain a limited amount
of information in an active and available state. This
memory process can be disrupted by new incoming per-
ceptual information. A central debate in modern cogni-
tive psychology concerns what kinds of new information
come into conflict with information held in short-term
memory (Oberauer et al.,, 2018). According to one set
of views, interference in short-term memory occurs on
the basis of similarity of content. That is, new infor-
mation can interfere with stored information if both
streams share overlapping memory representations,
leading to potential overwriting (Anderson, 1983; Bad-
deley, 2012; Cowan, 1999; Hanley & Bakopoulou, 2003;
Henson et al., 2003; McGeoch, 1942; Mensink & Raaij-
makers, 1988; Neath, 2000; Oberauer, 2009; Oberauer
et al., 2004; Oberauer & Kliegl, 2006; Oberauer &
Lange, 2008; Page & Norris, 2003; Salamé & Baddeley,
1982; Vergauwe et al., 2010).

Another view proposes that interference in short-
term memory arises from similarity of processes, that
is, from competing cognitive activities or actions that

come into conflict. According to this account, a serial
memory process depends on maintaining the order of
information, and this can be disrupted by a distractor
sequence that carries irrelevant serial order information
(Hughes et al.,, 2005, 2007; Jones & Macken, 1993; Jones &
Tremblay, 2000; Marsh et al., 2009; Marsh, Vachon, et al,,
2024; Sorqvist, 2010). An example of this is the chan-
ging-state effect (Jones et al.,, 1992; Tremblay & Jones,
1998), whereby a sequence of steady, unchanging, irrele-
vant auditory tokens (e.g. “a a a a a a a a") cause minimal,
if any distraction, but a sequence of alternating tokens
(e.g. “a b a b ab ab”) markedly disrupts serial recall.
This illustrates that it is not necessarily the content of
the irrelevant distractor (e.g. the identity of the tokens)
that produces interference, but rather the presence of
irrelevant serial information within the distractor stream.
A requirement for the changing-state effect is that the
tokens (a’s and b’s) within the distractor sequence are per-
ceptually grouped as a single varying stream rather than
perceptually segregated into multiple steady streams
(one stream of a’s and a separate stream of b’s).
Although the changing-state effect is often taken as
strong evidence for interference-by-process accounts,
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it is also compatible with attentional capture views
(Cowan, 1995). In this view, task performance is dis-
rupted not through mnemonic interference, but
because salient or unexpected events involuntarily
draw attention away from the focal task. Such distraction
can occur even when the distractor shares neither
content nor structural similarity with the memoranda
(e.g. Hughes, 2014; Parmentier, 2008). While concep-
tually distinct from interference-by-process, attentional
capture is often examined within the same paradigms
and has been used to explain effects of deviant sounds
or large token sets, where perceptual variability height-
ens salience (e.g. Bell et al., 2019a; Hughes et al., 2005,
2007). In these frameworks, each item-to-item change
in a distractor stream constitutes a “mini-deviant” that
elicits repeated orienting responses (Bell et al., 2019b;
Roer et al., 2014). Thus, the changing-state effect itself
can be conceptualised as arising either from conflict
with serial ordering mechanisms or from cumulative
involuntary shifts of attention.

Is there a vibrotactile changing-state effect?

Past research on the changing-state effect has almost
exclusively employed sound as the changing-state
stimuli (for reviews, see Hughes, 2014, 2024; Jones &
Macken, 2018). The present study is situated within the
contemporary debate on interference in short-term
memory, by testing whether vibrations can supply
either the serial structure required for process-based
interference, or the perceptual salience required for
attentional diversion. Accordingly, vibrotactile varying
sequences could, in principle, produce disruption
through either mechanism: by providing irrelevant
serial-structure that interferes with ordering processes
(i.e. that competes with vocal-motor sequencing
process, not merely introduces perceptual change), or
through eliciting repeated orienting responses driven
by perceptual change.

Building on this topic, our lab has recently explored
whether vibrotactile stimuli, like irrelevant sounds,
might also produce a changing-state effect, thus
testing whether this form of interference generalises
across sensory modalities. In a recent study (Marsh,
Vachon, et al., 2024), we reported a novel vibrotactile
changing-state effect, suggesting that a sequence of
irrelevant, to-be-ignored vibrations can disrupt verbal
serial recall, but only when the sequence contains per-
ceptual variation over time. Steady-state sequences con-
sisted of simultaneous vibrations in both hands, whereas
changing-state sequences alternated between hands.
The vibrotactile changing-state effect has potentially
far-reaching theoretical implications for the debate on

modality generality in short-term memory, which we
discuss in detail below. However, the effect has so far
been demonstrated in only one published report (in
two experiments). The aim of the present study was to
provide the first systematic replication of this effect in
the context of serial recall. While Marsh, Vachon, et al.
(2024) employed three different memory tasks, we
focused exclusively on traditional serial recall, the most
widely used and theoretically central measure of short-
term memory, and the task in which the strongest
effect was initially observed.

Marsh, Vachon, et al.'s (2024) finding was theoretically
grounded in earlier work showing that vibrations can
interfere with tactile working memory (Bancroft &
Servos, 2011), and engage motor systems (Burton et
al.,, 2004; Caetano & Jousmaki, 2006). If passive tactile
stimulation engages motor processes, it may in principle
compete with the speech-motor rehearsal mechanisms
thought to underpin verbal serial recall (e.g. Hughes et
al.,, 2009). Tactile perception also supports streaming
(Gallace & Spence, 2011), a perceptual grouping mech-
anism (e.g. Bregman, 1990) that is essential for produ-
cing the changing-state effect (Jones et al., 1992; Jones
& Macken, 1995). Across three experiments, Marsh,
Vachon, et al. (2024) found that vibrotactile changing-
state sequences disrupted performance in both a stan-
dard serial recall task (Experiment 1), and a probed
order task (Experiment 3), which both require memory
for serial order. The effect was not found, however, in
a missing item task (Experiment 2), a task that does
not require memory for serial order. Taken together,
these findings provided preliminary support for the
idea that changing-state interference can extend
beyond the auditory modality and arise in response to
vibrotactile variation - thus reinforcing the core claim
of the interference-by-process theories: that serial
order information, rather than modality or represen-
tational content, drives disruption in short-term
memory (Jones & Tremblay, 2000).

Disrupting serial recall with different distractor
types

Theoretical progress in this field often involves the use of
different types of distractor stimuli to evaluate what
kinds of information interfere with memory (Jones &
Macken, 2018). For example, Jones and Macken (1993;
but see LeCompte et al., 1997) examined the auditory
changing-state effect and found that both irrelevant
speech (verbal) and irrelevant tones (non-verbal) can
disrupt performance in a verbal serial recall task. This
finding challenged the original formulation of the
Working Memory Model (Baddeley & Hitch, 1974;



Salamé & Baddeley, 1982), which held that only verbal
material should disrupt verbal memory. In response,
the model was later revised to suggest that disruption
depends on whether irrelevant sound is sufficiently
speech-like to gain automatic access into the phonologi-
cal store (Salamé & Baddeley, 1990). However, studies
have shown that even sounds dissimilar to speech,
such as interrupted pitch glides, can produce interfer-
ence - so long as they exhibit changing-state infor-
mation (Jones et al, 1992). The mere fact that such
non-speech sounds can impair serial recall suggests
that temporal variability, rather than content similarity
or speech-likeness, may be the key factor. This provides
strong support for interference-by-process accounts,
which propose that disruption arises when task-irrele-
vant stimuli carry serial order information that competes
with the serial ordering of the to-be-remembered
material imposed via the serial rehearsal process.

The finding of a vibrotactile changing-state effect by
Marsh, Vachon, et al. (2024) carries important theoretical
implications for models of short-term memory, as it
extends the seminal results of Jones and Macken
(1993) into the vibrotactile modality, going beyond audi-
tory distraction. A key theoretical contribution of Marsh,
Vachon, et al. (2024) was to demonstrate that the dis-
tractor sequence need not be auditory to produce a
changing-state effect in verbal serial recall. This supports
the idea of an amodal workspace in short-term memory
(Jones & Macken, 1993; Jones et al., 1995; MacDermid et
al., 2023), in which cognitive processes with similar serial
order information, rather than similar content, can inter-
fere with one another. Moreover, the fact that irrelevant
vibrations disrupted verbal serial recall, despite sharing
no phonological or semantic content with the memor-
anda, challenges content-based accounts of short-term
memory (e.g. Cowan, 1999; Neath, 2000; Oberauer
et al, 2004; Page & Norris, 2003; Salamé & Baddeley,
1982). Such models typically predict that interference
arises only when distractors and targets share represen-
tational features, particularly in the same modality. The
results of Marsh, Vachon, et al. (2024), therefore,
offered an intriguing test case for evaluating the limits
of content-based interference and the broader applica-
bility of interference-by-process mechanisms across
modalities.

On the interference-by-process theory, the critical
“process” refers to the temporal sequencing operations
that underpin verbal serial recall. These are typically
instantiated in vocal-motor planning routines rather
than in modality-specific storage (Hughes et al., 2009;
Hughes & Marsh, 2017; Jones & Macken, 2018). This
serial ordering mechanism therefore differs from phono-
logical storage, from eye-movement-based spatial
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rehearsal (e.g. Tremblay et al, 2006), and from atten-
tional refreshing processes invoked in resource-sharing
frameworks (Barrouillet & Camos, 2012). Importantly,
recent evidence indicates that eye movements do not
function as a robust motoric rehearsal device (Souza
et al., 2020). This reinforces the view that the relevant
process is a speech-motor sequencing routine, not a
general oculomotor or attentional mechanism.

Several broader frameworks of short-term memory
offer complementary perspectives on how serial infor-
mation is maintained. Models such as Time-Based
Resource Sharing (TBRS; Barrouillet & Camos, 2012)
emphasise the allocation of attentional “refreshing” to
prevent temporal decay, whereas Serial Order in a Box
(SOB; Farrell & Lewandowsky, 2002) characterises serial
recall as vulnerable to interference through associative
bindings and ordering cues. Notably, extensive work
on irrelevant-sound and changing-state effects has
ruled out content-based overlap as a viable explanatory
mechanism in these paradigms (e.g. Jones & Macken,
1995). Consequently, the core theoretical debate now
centres on two alternatives: interference-by-process,
where irrelevant serial structure conflicts with the pro-
cesses underpinning ordered recall, and attentional-
capture accounts, which attribute disruption to involun-
tary orienting toward perceptual change.

Although tactile sequences have been less exten-
sively studied than visual or auditory material, there is
clear evidence that tactile events can support short-
term, order-sensitive representations. For example,
tactile immediate serial recall shows hallmark phenom-
ena of ordered memory such as the Ranschburg effect
(Johnson et al., 2019) and priority-based enhancement
of selected items (Roe et al., 2024), indicating that
tactile sequences can form coherent temporal struc-
tures. At the same time, tactile perception is character-
ised by relatively coarse temporal and spatial
resolution (Craig, 1980; Hollins & Bensmaia, 2007) and
by rapid sensory adaptation, whereby repeated vibrotac-
tile stimulation leads to a reduction in perceived inten-
sity and diminished salience (Gescheider et al., 2004;
Hollins et al., 1990). These properties suggest that
while tactile events can be encoded in short-term
memory, vibrotactile distractors may be relatively easy
to ignore unless they possess strong, integrated
temporal structure. This background clarifies both the
potential and the limits of vibrotactile input as a
source of distraction in the present experiments.

A further consideration concerns distraction effects
that involve spatial variation. In the auditory domain,
changing the spatial location of distractors, such as alter-
nating left- and right-ear presentation, does not reliably
produce a changing-state effect, because spatial



4 (&) E.SKOGETAL

separation can lead to perceptual segregation into mul-
tiple steady-state streams rather than a single varying
stream (Jones & Macken, 1995; Kattner et al., 2024). Simi-
larly, deviant-sound effects can occur across ears
(Vachon et al.,, 2017), but spatial alternation by itself
does not introduce the type of coherent serial structure
required for process-based interference. This literature
provides a direct analogue to the present vibrotactile
design: alternating tactile stimulation across hands
may likewise fail to form an integrated changing-state
stream, instead being perceived as two independent
steady sources. From this perspective, the spatial alter-
nation used by Marsh, Vachon, et al. (2024) or in Exper-
iments 1, 2 and 4 of the present study would not
necessarily be expected to evoke a changing-state
effect. This spatial-integration constraint is central to
evaluating whether vibrotactile variation can, in prin-
ciple, support the type of perceptual organisation
required for serial interference.

Overview of the present experiment series

We report four experiments designed to both replicate
and extend the original findings. Experiment 1 was a
close partial replication of Marsh, Vachon, et al. (2024;
Experiment 1), with a key addition: we manipulated
token set size to examine whether a larger number of
vibrotactile tokens might accentuate any changing-
state effect. This idea was inspired by analogous
findings in the auditory domain (Bell et al., 2019a). Exper-
iment 2 explored whether the vibrotactile changing-
state effect might emerge in a visual-spatial serial
recall task rather than a verbal one, thereby testing the
modality-generality of the effect. Next, Experiment 3
implemented a more comprehensive test of vibrotactile
interference using a broader range of changing-state
sequences, including variations in spatial location, inten-
sity and temporal rhythm, to assess whether more
dynamic or richly varying sequences might produce
stronger interference effects. Finally, Experiment 4 com-
pleted the circle with an exact replication of the first
experiment reported in Marsh, Vachon, et al. (2024).
Together, these four experiments constitute a rigorous
and comprehensive test of the vibrotactile changing-
state effect.

To preview the results of the present study, we were
unable to replicate the vibrotactile changing-state effect
reported by Marsh, Vachon, et al. (2024), across four
experiments. These findings run counter to our
primary hypothesis and call into question the robustness
of the original effect. As such, the goal of this article is to
provide a transparent account of this failure to replicate
and, in doing so, to contribute to the cumulative and

corrective nature of the scientific process. The remainder
of this paper presents a full account of the methods and
results, followed by a general discussion that places our
findings in relation to prior work and outlines their
theoretical implications.

Experiment 1

Experiment 1 served as a close partial replication of
Marsh, Vachon, et al. (2024; Experiment 1), which
reported a vibrotactile changing-state effect in a
visual-verbal serial recall task. The aim was to replicate
this effect while implementing minor but purposeful
adjustments to the original design to better isolate the
vibrotactile manipulation. Of most note, we removed
the auditory distractor condition used in the original
study to focus exclusively on the effects of vibrotactile
stimulation. In addition, we introduced a second chan-
ging-state condition to increase the degree of temporal
and spatial variation in the vibrotactile distractor
sequence. This manipulation, comparable to the token
set size effect observed in auditory distraction (e.g. Bell
et al., 2019a), was intended not to test attentional
capture per se, but to evaluate whether greater percep-
tual variability within a changing-state sequence would
magnify any disruption of serial recall. In this design,
the steady-state condition (SS) comprised repeated pre-
sentations of a single vibrotactile token (simultaneous
vibration in both hands), while the two changing-state
conditions consisted of sequences alternating between
the two (CS2) or three (CS3) distinct tactile configur-
ations (i.e. vibrations alternating predictably across left/
right or left/right/both hands). We tested the token set
size effect in the tactile modality to evaluate potential
functional similarities across auditory and tactile distrac-
tion. Our primary hypothesis was that vibrotactile chan-
ging-state sequences, particularly those with a larger
token set, would lead to a greater disruption of serial
recall accuracy than steady-state sequences.

Method

Participants

Forty participants (24 female, 16 male, Mean age = 27.8
years, SD =7.9) took part in Experiment 1. Most were stu-
dents at Lulea University of Technology who responded
to advertisement. Participants received a gift card (99
SEK) as compensation. The study took around 30-
40 min to complete. The sample size was based in part
on a power analysis using G*Power (Faul et al., 2007),
drawing on the effect size from Marsh, Vachon, et al.
(2024; Experiment 1), who reported a medium effect
(Cohen’s d,=0.588). With a=.05 and power (1 -



error probability) set to .80, the estimated minimum
required sample was N = 25. To ensure sufficient power
for this replication attempt, we increased the sample
beyond the N =30 used in Marsh, Vachon, et al. (2024),
collecting data from 40 participants. Our sample of N
=40 was a-posteriori also deemed appropriate by a
new power analysis with power (1 — 3 error probability)
set to the more conservative .95, which reduces the risk
of false outcomes. All procedures of the experiments
complied with the Declaration of Helsinki and were
reviewed by the Swedish Research Ethics Authority
(Dnr: 2023-07427-01).

Materials, design and procedure

The experiment was created in PsychoPy (version
2024.1.5, Peirce et al.,, 2019) and run on Windows 10
desktop computers. Displays were 52.5 cm wide and
29.5 cm tall (active screen region). Participants were
seated in quiet individual testing booths at Lulea Univer-
sity of Technology. Up to three participants could be
tested simultaneously in separate cubicles. Vibrotactile
stimuli were delivered via custom-built vibration
handles (Figure 1). These handles were the same as
those used by Marsh, Vachon, et al. (2024). Each
handle consisted of a plastic tube (30 mm diameter,
136 mm length) housing a motor that spun an eccentric
mass on a rotor, to generate vibration. The handles were
controlled via a parallel port and a central control unit. A
button on the top of each handle allowed participants to
initiate trials. To minimise sound from the motors, par-
ticipants wore sound attenuating Sennheiser HD 280
Pro headphones throughout. These headphones

Figure 1. A picture of the vibrotactile stimulation device.
Handles that would deliver vibrations are shown to the left,
and to the right of them is the control unit. Participants
would hold the handles during the stimulus phase of the
serial recall task.
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delivered no auditory signal but served to attenuate
any noise produced by the vibration handles.

Following the stimulus parameters of Marsh, Vachon,
et al. (2024), the vibrotactile distractors had an ampli-
tude of 2.3 m/s? (RMS), a frequency of 33 Hz, and a dur-
ation of 250 ms. The chosen frequency (33 Hz) falls
within the range commonly used in vibrotactile psycho-
physics to produce clearly perceptible, suprathreshold
stimulation engaging rapidly adapting mechanorecep-
tors (Gescheider et al., 2004). There were three vibrotac-
tile distractor sequence conditions (illustrated in Figure
2). Two of these replicated those used in Marsh,
Vachon, et al. (2024): a steady-state (SS) condition, in
which vibrations were simultaneously presented to
both hands, and a changing-state 2-token (CS2) con-
dition, in which vibrations predictably alternated
between left and right hands. To test whether increased
variability in the distractor stream would intensify dis-
ruption, we introduced a third condition: a changing-
state 3-token (CS3) sequence, consisting of vibrations
that predictably alternated across left, right, and both
hands. Thus, the SS condition featured one vibrotactile
token, while CS2 and CS3 included two and three dis-
tinct tokens, respectively. This allowed us to examine
whether greater perceptual variation within a chan-
ging-state sequence might accentuate disruption. To
ensure counterbalancing, CS2 sequences began with
left-hand stimulation for half the participants and with
right-hand stimulation for the other half (see Figure 2).
The six possible orderings of left/right/both in the CS3
condition (e.g. left-right-both, right-both-left, etc.) were
distributed evenly across trials and participants (see
Figure 2).

Each trial consisted of a visual-verbal serial recall task.
Participants were presented with a sequence of eight
digits, drawn randomly from 1 to 9, with the constraint
that no two consecutive digits could form a simple
ascending or descending sequence (i.e. adjacent digits
could not differ by +1). This restriction aimed to
prevent chunking strategies based on numerical proxi-
mity. Digits were presented one at a time, in the
centre of the screen in white Calibri font (against a
mid-gray background), with a height of 3.54 cm (12%
of the screen’s vertical extent). Each digit appeared for
800 ms, followed by a 75 ms “silent” period, a 250 ms
vibrotactile stimulus, and another 75 ms “silent” period
before the next digit. As in Marsh, Vachon, et al.
(2024), digits and vibrations were thus temporally
offset ensuring that vibrations did not occur simul-
taneously with visual onset. Each trial contained eight
such stimulus presentation sequences.

Vibrotactile distractor conditions (“states”) consti-
tuted our first experimental factor (Figure 2). Our
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Serial recall
task

Lot ((UH)))

Steady-state

1-token

Righ ((DH))

L ((DH)))

Lot ((HD))

Changing-state

3-token

Right (((HD))

Trial progression (time)

Figure 2. Stimulus structure of a trial in Experiment 1. An example sequence of eight digits in the visual-verbal serial recall task is
shown at the top of the figure, below are the three distractor sequence conditions. The steady-state condition consisted of only
one token: vibrations in both hands. The two changing-state conditions consisted of either two or three tokens, that alternated
across the hands in different patterns. Left and right refers to hand-of-presentation.

second experimental factor was serial position, as par-
ticipants reconstructed sequences of eight digits in
order (see “serial recall task” in Figure 2). Our design
was therefore a repeated measures 3 (State: SS, CS2,
CS3) x 8 (Serial position: 1, 2, 3,4, 5, 6, 7, 8) within-partici-
pants design.

Participants initiated each trial by pressing a button
located on either the left or right vibration handle (ran-
domly assigned). This ensured that both hands were in
contact with the handles during stimulus presentation.
Immediately after stimulus presentation, participants
were instructed (on-screen) to place the handles on the
desk and respond using the computer mouse. They
were then shown a set of clickable on-screen buttons
containing the digits 1-9 and they were asked to repro-
duce the sequence in the correct order. A string of
eight placeholder question marks (“?") tracked response
progress: each time a digit was selected, the correspond-
ing placeholder was replaced. A digit could be selected
multiple times, but responses were final once entered.

Participants completed two practice trials at the start
of the session. These were presented without vibrations,
and participants were not required to hold the handles.
The main task included 54 experimental trials, with 18
trials per distractor condition (see Figure 2). Trials from
the three distractor conditions were presented in a
pseudo-random interleaved order, with a restriction
that each set of three trials would contain each of the

three conditions, in varying orders. This prevented
“streaks” where one condition might be repeated
many times in a row by chance.

Participants provided their age and gender at the
start of the session and confirmed informed consent
by button press. They were instructed to focus on the
digit sequences and to ignore the vibrations. Pause
screens appeared when one-third and two-thirds of
the experiment had been completed, allowing for
natural breaks. Participants were also free to pause
between trials if needed.

Summary of likeness to Marsh, Vachon, et al. (2024)
Experiment 1 closely mirrored Marsh, Vachon, et al.
(2024; Experiment 1) in terms of task, apparatus, and dis-
tractor stimuli. However, we excluded the quiet and
auditory distractor blocks used in the original study
and introduced a third changing-state condition (CS3)
to manipulate token set size. We also increased the
number of vibrotactile trials (from 40 to 54), the
number of participants (from 30 to 40), and adjusted
stimulus timing (digit duration =800 ms vs. 1 000 ms
in Marsh, Vachon, et al.,, 2024). Additionally, the digit
set was limited to 1-9 (excluding 0), and recall length
was reduced from nine to eight digits. These adjust-
ments were made to streamline the task while preser-
ving the essential features relevant to testing the
vibrotactile changing-state hypothesis.



Data analysis, availability and transparency

All hypotheses, sample size decisions, experimental
design details, measures, and analyses are fully reported
in this article. Statistical analyses were conducted using
Jamovi (version 2.3.28.0), and JASP (version 0.18.3),
with results reported using both frequentist and Baye-
sian approaches. In the present article, the Bayesian ana-
lyses sometimes produced a result of infinite support for
a hypothesis (main effects of serial position curves), but
in JASP, “BF,o = 00" reflects numerical overflow with an
extremely large number rather than a literal infinite
Bayes factor. Although this study was not preregistered,
all data are publicly available via the Open Science
Framework (https://doi.org/10.17605/OSF.I0/7JHVU).

In addition to the Bayes factors reported for individual
experiments (computed in JASP using default Cauchy
priors on standardised effect sizes), we conducted a
cross-experiment Bayesian random-effects meta-analy-
sis of the vibrotactile changing-state effect. For this
analysis, we modelled the paired mean difference in
recall between steady-state and changing-state con-
ditions (SS - CS) for each experiment as normally distrib-
uted around a study-specific effect 6; with known
sampling variance based on the observed standard
error. The study effects were in turn drawn from a
normal population with mean p and between-study
standard deviation 1. We used weakly informative
priors, specifying p ~ Normal(0, 0.1%) and 1 ~ HalfNor-
mal(0.05). These priors reflect the expectation, based
on the broader irrelevant-sound literature, that any
vibrotactile changing-state effect is likely to be small in
absolute terms, while remaining broad enough to
avoid biasing inference strongly toward the null or any
particular non-zero effect size. Posterior summaries are
reported using 95% highest-density intervals (HDlIs),
and a Savage-Dickey density ratio was used to quantify
Bayes factors for =0 versus p # 0.

Results

Experiment 1 tested whether changing-state vibrotactile
sequences (CS2 and CS3) would disrupt verbal serial
recall more than steady-state sequences (SS), as
reported by Marsh, Vachon, et al. (2024). Responses
were scored using a strict serial recall criterion: a digit
response was marked correct only if it matched the
digit at the same position in the original stimulus
sequence. Figure 3 presents the results. Panel A shows
mean recall accuracy across the three distractor con-
ditions; Panel B plots serial position curves. Contrary to
our primary hypothesis, a 3 (State: SS, CS2, CS3)x8
(Serial position: 1, 2, 3, 4, 5, 6, 7, 8) repeated measures
analysis of variance (ANOVA), using a Greenhouse-
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Geisser correction, revealed no significant main effect
of state, F(1.93, 75.22) = .41, p =.656, nf, =.010. A Baye-
sian ANOVA provided strong support for the null
hypothesis, with BF,;=0.037, indicating that the null
model was approximately 27 times more likely than
the alternative. The absence of a main effect of state
shows that the three distractor conditions (SS, CS2 and
CS3) did not differ. In a more targeted analysis of the
changing state effect, we took the average of the CS2
and CS3 conditions and compared this to the SS con-
dition, again finding no difference in recall performance,
t(39)=0.31, p=.756, d,=0.049, Mean difference 0.34
(95% confidence interval, —1.85-2.53), BF;;=0.179,
with the Bayes factor indicating moderate support for
the null hypothesis. Thus, there was no indication of a
vibrotactile changing-state effect.

As is expected in serial recall tasks, a robust main
effect of serial position was observed, F(3.57, 139.28) =
65.07, p <.001, % =.625, BF19=1.177 x 10"%, reflecting
the typical U-shaped serial position curve (Figure 3(B)).
However, there was no significant interaction between
state and serial position, F(8.95, 348.92) = 1.04, p = .407,
n,27=.026, BF1,=0.001. As shown in Figure 3(B), all
three distractor conditions yielded comparable perform-
ance across positions.

Discussion

Experiment 1 yielded no evidence for a vibrotactile
changing-state effect in visual-verbal serial recall. The
Bayesian analysis indicated evidence against the effect.
This null result stands in contrast to the findings of
Marsh, Vachon, et al. (2024), who reported significant
disruption when the sequence of vibrations alternated
across hands. Despite using a comparable design,
increasing statistical power with a larger sample size,
and introducing a more varied distractor condition
(CS3), we observed no decrement in performance for
either changing-state condition relative to the steady-
state baseline.

These results call into question the robustness of the
originally reported effect. However, before drawing firm
theoretical conclusions, it is important to examine
whether this null finding generalises across other tasks
and forms of vibrotactile variation. As the next step, in
Experiment 2, we implemented a closely matched
design but replaced the verbal recall task with a visual-
spatial version.

Experiment 2

Experiment 2 was designed to test whether the lack of a
vibrotactile changing-state effect in Experiment 1 was
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Figure 3. Results of Experiment 1. Panel A shows the aggregate means across all participants, and panel B shows this but split by the
serial positions of the responses in each trial (serial position curves). Error bars show the standard errors of the means.

specific to verbal recall, or whether the effect would
emerge in the context of visual-spatial memory. To this
end, we used the same vibrotactile distractor sequences
(see Figure 2) but replaced the visual-verbal serial recall
task with a visual-spatial one. Because the distractor
sequences varied spatially by alternating between the
left and right hands, they might plausibly interfere with
a task that also relies on spatial encoding (though in
the visual modality). Although auditory changing-state
sequences do not disrupt visuo-spatial serial recall
(Marsh, Hurlstone, et al., 2024), our vibrotactile sequences
differ in that they introduce spatial variation across body
locations, which could in principle align more naturally
with spatial representations than auditory variation
does. We therefore formulated a vibrotactile changing-
state hypothesis that visuo-spatial serial recall will be dis-
rupted by spatially alternating vibrations.

Method

Participants

Forty new participants (22 female, 18 male, Mean age =
30.1 years, SD =9.9) were recruited from the campus of
Lulead University of Technology. None had taken part in
Experiment 1. Our initial estimate of sample size was
based on the same procedure as we have reported for
Experiment 1. With a=.05 and power (1 - B error prob-
ability) set to .80, a sample of N=40 was deemed
sufficient to detect a changing-state effect with effect
size d,=0.45. All participants gave informed consent
and received a gift card (99 SEK) as compensation. The
study took approximately 30-40 min to complete.

Materials, design and procedure
The apparatus, vibrotactile stimuli, and trial structure
were identical to Experiment 1, except the task was

changed from visual-verbal to visual-spatial serial
recall. On each trial, participants viewed a sequence of
eight white squares with thin black outlines, each
appearing one at a time in distinct locations within a
5% 5 grid (displayed on a mid-gray background). The
grid was 23.6 cm across, centrally positioned on a
29.5 cm tall screen, with participants seated approxi-
mately 90 cm from the display. Each square was
1.97 cm in size (1.25° of visual angle), and grid locations
were spaced 3.44 cm apart.

Because performance in spatial tasks can be
influenced by the properties of the stimulus path -
such as the number of path crossings, length, and
overall structure (De Lillo et al., 2016; Guerard & Trem-
blay, 2012; Parmentier et al., 2005, 2006; Parmentier &
Andrés, 2006) - we controlled for path difficulty. As
these squares appeared in static sequential locations
across the screen, they could be mentally characterised
by a path, and it is a common strategy for participants
to rehearse a sequence of locations as a path-like
object. Eighteen unique stimulus paths were created,
each comprising eight locations with either one or two
crossings. Ten paths had two crossings and eight had
one crossing. Total lengths ranged from 14 to 17 grid
units. Although path structure is difficult to quantify
(De Lillo et al., 2016), all paths were judged by authors
to be similarly unstructured. Two additional paths were
created for use during practice trials. To ensure that
any variability in path difficulty was counterbalanced
across distractor conditions, the 18 core paths were mir-
rored along the horizontal (x) and vertical (y) axes to
produce three matched path sets (original, x-mirrored,
y-mirrored). One set consisted of the original paths,
the second was mirrored about the x-axis (left-right)
and the third about the y-axis (top-bottom). See
Figure 4 for three examples of stimulus paths, and



Example 1

L]

Example 2

JOURNAL OF COGNITIVE PSYCHOLOGY . 9

Example 3
I

DD

]EHE
1 L]

DD
HpNan

[]

Figure 4. Three example stimulus paths used in the visual-spatial short-term memory task of Experiment 2. Red circle indicates the
starting position (first presented stimulus location), connecting lines indicate steps in the path, and the arrow indicates the last
location. The squares in the grid are not a scaled representation of the stimulus layout.

Appendix A for a full declaration of the 18 paths used in
the current experiment. Each set was assigned to one of
the three vibrotactile conditions (SS, CS2, CS3), and the
mapping between path set and distractor condition
was counterbalanced across participants. This ensured
that any incidental differences in path difficulty were dis-
tributed evenly across conditions. Within each condition,
trial order was randomised. Following each sequence,
participants placed the vibration handles down and
responded using the mouse. All eight square locations
reappeared on the screen simultaneously, and partici-
pants clicked the squares in the order they were orig-
inally presented. Each clicked square darkened to
indicate selection and could not be clicked again. No
changes to the response sequence were permitted,
and eight clicks were required to complete the trial.

Three vibrotactile distractor conditions (“states”) con-
stituted our first experimental factor. Our second exper-
imental factor was serial position, with eight levels. Our
design was therefore a repeated measures 3 (State: SS,
CS2, CS3)x 8 (Serial position: 1, 2, 3, 4, 5, 6, 7, 8)
within-participants design.

100

Results

Experiment 2 tested whether vibrotactile changing-state
sequences would disrupt visual-spatial serial recall. Par-
ticipants’ responses were scored according to the strict
serial recall criterion: a response was marked correct
only if the selected location matched the stimulus at
the same position in the original sequence.

Figure 5 shows the results. Panel A displays the
average percent correct responses for each distractor
condition, and panel B presents these data across
serial positions. In contrast to our primary hypothesis,
performance was comparable across the steady-state
(SS), 2-token changing-state (CS2) and 3-token chan-
ging-state (CS3) conditions. A 3 (State: SS, CS2, CS3) x 8
(Serial position: 1, 2, 3, 4, 5, 6, 7, 8) repeated measures
ANOVA, adjusted with a Greenhouse-Geisser correction,
revealed no significant main effect of state, F(1.85,
72.16) = .95, p =.386, 715 =.024, BF;,=0.054. The Baye-
sian factor indicates that the null hypothesis was 18.6
times more likely than the alternative hypothesis,
showing that the three states did not differ. A targeted
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Figure 5. Results of Experiment 2, organised like Figure 3. Error bars show the standard errors of the means.
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pair-wise t-test compared the SS condition with the
average of the CS2 and CS3 conditions, finding no evi-
dence of a vibrotactile changing-state effect, t(39)=
—1.20, p=.236, d, = —0.19, Mean difference —1.26 (95%
Cl, —3.37-0.86), BF;o =0.333, with the Bayes factor indi-
cating moderate support for the null hypothesis. The
expected serial position effect was observed (Figure
5(B)), F(3.90, 152.13)=52.47, p <.001, nf,=-574, BFqo
= o0, but there was no significant interaction between
distractor condition and serial position, F(8.70, 339.39)
=1.59, p=.119, ”f)f, =.039, BF,(,=0.019.

After the task, participants were asked to reflect on
how the vibrotactile sequences felt in relation to the
spatial memory task. Most reported that the vibrations
were either not noticed or not particularly distracting.
A few noted that the spatially alternating vibrations
occasionally felt incongruent with the square move-
ments - for instance, when squares moved left-to-right
and vibrations alternated right-to-left. However, these
retrospective impressions were not mirrored in the per-
formance data (see Figure 5), and we do not consider
them further.

Discussion

Experiment 2 tested whether vibrotactile changing-state
sequences would disrupt visual-spatial short-term
memory, under the assumption that spatially structured
distractors might interfere more readily with a task that
relies on spatial encoding. However, as in Experiment 1,
the results revealed no evidence of a vibrotactile chan-
ging-state effect. Performance was equivalent across
the steady-state and changing-state conditions, and
Bayesian analyses consistently favoured the null hypoth-
esis, in evidence against the effect. It is important to note
that although visuo-spatial serial recall is not reliably dis-
rupted by auditory changing-state sequences (Marsh,
Vachon, et al., 2024), it is disrupted by auditory deviation
effects (Vachon et al., 2017), which are understood to
reflect attentional capture by unexpected events. This
distinction clarifies that the task is perfectly capable of
detecting external interference arising from attentional
diversion, but it does not appear sensitive to the
process-based interference mechanism proposed to
underlie the changing-state effect. Accordingly, the
absence of a vibrotactile changing-state effect in Exper-
iment 2 is unlikely to reflect insensitivity of the visuo-
spatial task, but rather fits with broader evidence that
the changing-state effect does not generalise to visuo-
spatial memory.

Collectively, these considerations highlight that
Experiment 2 provided a strong test of whether vibrotac-
tile changing-state patterns could interfere with spatial

memory. The null effect observed here aligns with
Marsh, Hurlstone, et al. (2024), who similarly found that
changing-state auditory sequences do not disrupt
visuo-spatial serial recall, reinforcing the view that chan-
ging-state interference may be constrained to tasks sup-
ported by verbal serial-order processes. If such
interference were possible, then it should have been
observable here. The main hypothesis was therefore
not supported, as indicated by the absence of any per-
formance decrement in response to spatially alternating
vibrotactile sequences relative to steady-state
sequences. To our knowledge, this is the first study to
test the impact of changing-state vibrotactile distractors
on a visual-spatial serial recall task. Models of short-term
memory often assume that interference is modality-
specific — such that spatial distractors are most likely to
disrupt spatial memory (Baddeley, 1986). From this per-
spective, one might have expected the spatially alternat-
ing vibration sequences to interfere with the encoding
or rehearsal of location-based sequences. However, the
results suggest that passively received spatial vibrations
do not register as effective distractors in a visual-spatial
memory task, at least not in the form used here.

One interpretation is that vibrotactile changing-state
effects do not arise when the to-be-remembered
material is not encoded within the same sensory
modality — that is, when serial memory operates on
visual or spatial rather than tactile representations.
According to this view, tactile distractors may only be
disruptive when the primary task also draws on tactile
processing (Roe et al., 2024). While this remains a possi-
bility, we hesitate to draw firm conclusions at this stage
(see General Discussion).

An alternative explanation concerns the perceptual
organisation of the distractor sequences. Although our
design followed the parameters used in Marsh,
Vachon, et al. (2024), we were concerned that the
spatial alternation of vibrations may not have supported
streaming — a process thought to be critical for the chan-
ging-state effect. Prior work has shown that changing-
state effects in the auditory modality are reduced
when alternating tokens are spatially separated. For
instance, Jones and Macken (1995; see also Kattner et
al., 2024) demonstrated that alternating speech tokens
produce less disruption when presented from distinct
spatial sources because they are perceived as multiple
steady-state streams rather than a single changing-
state stream. By analogy, it is possible that the vibrations
delivered to the left and right hands in our study were
not perceptually integrated into a single stream, but
instead registered as two separate steady-state
sources, one per hand. If so, this would undermine the
serial perceptual organisation needed for a changing-



state effect. Marsh, Vachon, et al. (2024) assumed that
tactile alternation across the hands would support per-
ceptual streaming, but they also acknowledged that
this might not always occur, especially when vibrations
are spatially segregated and delivered in rapid succes-
sion. Consistent with this, Lin and Kashino (2012)
observed that tactile streaming can be limited when
stimuli are presented to separate body locations.

Taken together, the present findings and their prior
evidence suggest that vibrotactile streaming may not
be reliably elicited by spatial alternation alone, at least
not under the parameters used here. To address this
possibility directly, Experiment 3 introduced a broader
range of vibrotactile distractor sequences, including vari-
ations in spatial location, intensity, and temporal
rhythm, in order to test whether more complex or
richly varying patterns might elicit stronger interference
effects.

Experiment 3

The results of Experiments 1 and 2 provided no evidence
that vibrotactile changing-state sequences disrupt
verbal or spatial serial recall. One potential explanation,
raised in previous discussion, is that the spatial alterna-
tion of vibrations across the hands may not have been
perceptually integrated into a single changing-state
stream. Without such integration - or streaming - the
sequences may have failed to convey irrelevant serial
order information in a form that could interfere with
the ordered representation of to-be-remembered items.

To address this concern, Experiment 3 broadened the
scope of our investigation by introducing a more diverse
set of vibrotactile distractor sequences. Specifically, we
manipulated not only the spatial location of vibrations
(left, right, both hands), but also their intensity (strong
vs. weak) and temporal rhythm (regular vs. irregular
onset timing). These manipulations were intended to
increase the perceptual variability of the distractor
sequences, both within and across trials, to determine
whether more dynamic and richly varying vibrotactile
streams might produce greater interference.

The design included three steady-state conditions
(each with a constant setting for one feature: spatial
location, intensity, or rhythm) and seven changing-
state conditions, which introduced variation in one,
two, or all three of these features. In total, ten vibrotac-
tile conditions were tested using the same visual-verbal
serial recall task as in Experiment 1. We doubled the
number of distractor events per trial, increasing the
overall amount of stimulation and the chance that
serial patterns in the distractors would engage percep-
tual processes.
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If the absence of a vibrotactile changing-state effect
in Experiments 1 and 2 reflects a limitation of perceptual
integration, then sequences that vary along multiple
perceptual dimensions, and are more likely to be per-
ceived as more salient and more dynamic, may elicit
greater disruption. On the other hand, if the results of
Experiments 1 and 2 genuinely reflect a broader failure
of vibrotactile changing-state sequences to interfere
with serial memory, then no pattern of variation, regard-
less of richness, should produce reliable disruption.
Experiment 3 was designed to test these possibilities
directly.

Method

Participants
Forty-eight participants were recruited from the campus
of Luled University of Technology. A small number of
participants had previously taken part in either Exper-
iment 1 or 2. Participants were compensated with a
gift card worth 99 SEK for approximately 60 min of par-
ticipation. Two participants were excluded from analysis:
One due to a computer error and another who chose to
withdraw from the study. This left a final sample of 46
participants for analysis (28 female, 17 male, 1 did not
report their gender, Mean age = 28.4 years, SD=8.1).
The target sample size exceeded that used in Exper-
iments 1 and 2 (both N =40) in order to increase statisti-
cal power and to ensure sufficient data coverage across
the ten distractor conditions. We made the a-posteriori
determination that a sample of N =46, with a=.05 and
power (1 - 3 error probability) set to .80, was sufficient
to detect a changing-state effect with effect size d,=
0.42.

Materials, design and procedure

The materials, design, and procedure were similar to
those of Experiment 1 unless otherwise noted. The
vibrotactile distractor sequences differed in two main
ways. First, each digit was accompanied by two
vibrations (instead of one), resulting in 16 vibrations
per trial. Each vibration lasted 250 ms, spaced at
600 ms intervals. One vibration occurred 275 ms after
digit onset, overlapping with digit presentation. This
increase in vibrotactile stimulation was designed to
address concerns that earlier sequences may have
been perceptually understimulating.

Second, we introduced ten vibrotactile distractor con-
ditions by manipulating three parameters: intensity
(strength), temporal rhythm (onset timing), and spatial
location (hand), along with combinations of these (see
Table 1). For each parameter, we created both a
steady-state condition (property constant throughout)
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and a changing-state condition (property varied across
items). For example, intensity sequences either
remained strong throughout (Level 2) or alternated
between weak (2.3 m/s? at 33 Hz, Level 1) and strong
(61 m/s®> at 114 Hz, Level 2). Temporal rhythm was
either fixed (600 ms) or jittered by +100-250 ms for
the first vibration per digit (second vibration was
fixed). Spatial location was either constant (both
hands) or alternating (left/right).

In total, three one-way, three two-way, and one three-
way changing-state conditions were tested, along with
three steady-state counterparts. In all changing-state
conditions, the order of token features was randomised
rather than fixed (cf. Figure 2), reducing predictability
compared to Experiments 1 and 2. Each condition
appeared in 10 trials (100 total trials), presented in a
pseudo-random order: all ten conditions were each pre-
sented in a random order before any conditions
repeated.

To summarise our design, the ten vibrotactile distrac-
tor conditions (Table 1) constituted the first experimen-
tal factor. The second experimental factor was serial
position, with eight levels. The design was therefore a
repeated measures 10 (Condition: SS intensity, SS tem-
poral, SS spatial, CS intensity, CS temporal, CS spatial,
CS intensity AND temporal, CS intensity AND spatial,
CS temporal AND spatial, CS intensity AND temporal
AND spatial) x 8 (Serial position: 1, 2, 3, 4, 5, 6, 7, 8)
within-participants design.

Table 1. Overview of stimulus parameters in the ten conditions
of Experiment 3.

Spatial
Intensity Temporal (hand-of-
Condition (strength level)  (rhythm) presentation)
One-way
SS intensity 2 Steady Both
SS temporal 1 Steady Both
SS spatial 1 Steady One (left OR
right)
CS intensity Alternating Steady Both
(1-2)
CS temporal 1 Unsteady Both
CS spatial 1 Steady Alternating (left-
right)
Two-way
CS intensity AND Alternating Unsteady Both
temporal (1-2)
CS intensity AND Alternating Steady Alternating (left-
spatial (1-2) right)
CS temporal AND 1 Unsteady Alternating (left-
spatial right)
Three-way
CS intensity AND Alternating Unsteady Alternating (left-

temporal AND spatial (1-2) right)

Note: Bold indicates a change from a baseline steady-state stimulus setting.
SS = steady-state, CS = changing-state. One-, two-, or three-way indicates
how many stimulus settings were changed at once.

Results

Results for Experiment 3 are shown in Figure 6. Despite
using vibrotactile changing-state sequences that varied
in spatial location, intensity, and temporal rhythm -
alone and in combination — there was no evidence of
a vibrotactile changing-state effect. That is, none of the
changing-state conditions produced significantly lower
recall accuracy than their steady-state counterparts.
Bayesian analyses consistently favoured the null
hypothesis.

To formally test this, we compared the six one-way
conditions (Table 1) in a repeated measures 2 (State:
steady, changing)x 3 (Stimulus parameter: intensity,
temporal, spatial) x 8 (Serial position: 1, 2, 3, 4, 5, 6, 7,
8) ANOVA, adjusted with a Greenhouse-Geisser correc-
tion. This analysis focuses on comparing the three one-
way steady-state conditions (blue bars in Figure 6)
with the three one-way changing-state conditions
(yellow bars in Figure 6). As shown in Figure 6, there
was no main effect of state, F(1, 45)=.273, p=.604, 7;,2,
=.006, and the Bayes factor strongly favoured the null,
BF ;0= 0.041. This suggests that data were approximately
24 times more likely under the null hypothesis than
under the alternative. There was a robust effect of
serial position, F(3.16, 141.98)=53.394, p<.001, nf,
=.543, BF,o = o0, consistent with the typical serial pos-
ition curve (Figure 7). However, there was no main
effect of stimulus parameter, F < 1, BF;o=0.013, indicat-
ing that distraction did not differ by feature (spatial,
intensity, or temporal; Figure 7). No significant two-
way interactions were found (all F<1). A significant
three-way interaction emerged, F(9.52, 428.51)=2.21,
p=.018, 77,2J =.047, but the corresponding Bayes factor
(BF10=1.875x% 1078) provided extreme support for the
null hypothesis. Given its small effect size, lack of theor-
etical coherence, and absence of support from the Baye-
sian analysis, we do not interpret this interaction further.

The above omnibus ANOVA included six out of ten
distractor conditions in a scoping analysis that focused
on the one-way steady- and changing-state conditions
and their serial position curves (Figure 7). In a more tar-
geted analysis of the changing-state effect, we took the
average of the three steady-state conditions (spatial,
intensity, and temporal) and compared this to each of
the seven changing-state conditions in seven pair-wise
t-tests. That is, we compared the average of the three
left-most bars in Figure 6 with each of the other bars.
There were no significant differences in any of the
seven comparisons (all p>.05, and all BF,y's were in
the range 0.162-0.427, consistently favouring the null
hypothesis with moderate or anecdotal evidence).
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Figure 6. Results of Experiment 3. There is one bar for each of the ten distractor conditions, explained in Table 1. The “Intensity” (I)
condition reflects that vibrations were always stronger (steady-state) or changed in strength (changing-state). The “Temporal” (T) con-
dition reflects that vibrations had either a steady rhythm (steady-state) or a broken rhythm (changing-state). The “Spatial” (S) con-
dition reflects that vibrations were always presented in both hands (steady-state) or in alternating hands (changing-state).
Changing-state stimulus parameters were also presented in combination-conditions (the four right-most bars; see Table 1). Errors

bars show the standard errors of the means.

Discussion

Experiment 3 was designed to test whether the vibrotac-
tile changing-state effect might emerge under more per-
ceptually stimulating conditions. To that end, we
introduced ten vibrotactile distractor sequences
varying in spatial location, vibration intensity, and tem-
poral rhythm, either individually or in combination. We
also doubled the number of vibration events per trial
to ensure stronger stimulation and greater opportunity
for distractor patterns to interfere with serial memory.
Despite these enhancements in tactile stimulation, we
again found no evidence of a vibrotactile changing-
state effect, with Bayesian analyses favouring the null
hypothesis.

This failure to replicate the effect across multiple
forms of perceptual variation suggests that changes in
a single feature (spatial, intensity, or temporal) or even
multiple features in combination do not suffice to
disrupt visual-verbal serial recall. These results run
counter to the hypothesis that perceptual variability
alone, regardless of modality, can interfere with the ser-
iation process, as proposed by the interference-by-
process account (Jones & Tremblay, 2000). The results

also challenge attentional capture views (Cowan, 1995)
as these salient and varied vibrations did not appear to
cause “mini-deviants”, eliciting repeated orienting
responses (Bell et al.,, 2019b; Roer et al., 2014), which
would be expected to disrupt serial recall.

One possibility for this is that, unlike auditory stimuli,
vibrotactile sequences may not readily support percep-
tual streaming in a way that promotes the processing
of change. In the auditory domain, changing-state
sequences rely on perceptual grouping and the detec-
tion of variation within a coherent stream (Jones et al,,
1992). In the tactile domain, however, vibrotactile
inputs may not be perceptually integrated into a single
dynamic sequence. As noted earlier, there are limitations
to tactile streaming, particularly when vibrations are
spatially segregated across the body (Lin & Kashino,
2012). This may undermine the formation of a unified
distractor stream necessary for producing changing-
state effects. Experiment 3 suggests that this might be
the case, also for vibrotactile sequences that change in
intensity (strength) and onset timing (rhythm).

Another potential explanation concerns modality-
specific differences in how sequences are perceptually
organised and processed. Auditory input, by its nature,
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lends itself to structured, temporally unfolding patterns
that may intrude upon the serial ordering mechanisms
of short-term memory, particularly those supporting
speech-motor planning and rehearsal (e.g. Hughes et
al., 2009). In contrast, vibrotactile sequences may not
engage comparable perceptual structuring or dynamic
grouping processes (cf. Lin & Kashino, 2012) thereby lim-
iting their potential to interfere with serial memory.
From this perspective, it is not merely the presence of
variation that matters, but whether that variation is
organised in a way that aligns with and disrupts the
serial processes involved in the task.

Taken together with the results from Experiments 1
and 2, the findings from Experiment 3 suggest that chan-
ging-state interference may not readily generalise to the
tactile modality. Despite extensive efforts to enhance
perceptual variation and induce distractor streaming,
no reliable interference was observed. While no objective
interference emerged in Experiment 3, it is worth noting
that participants frequently reported that some vibration
sequences felt more distracting than others, a subjective
impression also noted by lab members during piloting.
These reports, however, were not accompanied by mea-
surable performance costs (see Figure 6), and as such, we
do not interpret them as meaningful indicators of distrac-
tion. Next, as a final empirical step in the present study,
we conducted a direct replication of the first experiment
of Marsh, Vachon, et al. (2024) to better understand the
possible explanations for the discrepancies in outcomes
across the articles.

Experiment 4

So far, the present study has found no evidence for the
vibrotactile changing-state effect, first reported in
Marsh, Vachon, et al. (2024). However, our first three
experiments have only been conceptual replications of
the effect. In Experiment 4, we therefore sought to repli-
cate the exact design of Marsh et al.’s first experiment.

We were concerned that some methodological differ-
ence, however minor, between our experiments and
Marsh et al.’s underpinned the discrepancy in outcomes.
For example, we have used eight to-be-recalled digits
instead of nine, our presentation rate was slightly
faster (800 ms per digit vs. 1 000 ms in Marsh et al.),
and we did not use any blocks that lacked tactile distrac-
tion. It thus remains possible that the vibrotactile chan-
ging-state effect depends on some specific boundary
conditions, for example having a higher cognitive
burden (longer memory task) or variety in stimulation
(auditory and quiet blocks, in addition to tactile). Exper-
iment 4 has the potential to reveal whether the vibrotac-
tile changing-state effect is subject to some specific
boundary conditions present in the design of Marsh,
Vachon, et al. (2024; Experiment 1), or, alternatively, a
failure to replicate the effect here would suggest that
the previous 2024 report was based on a false positive
result.

Method

Participants

Thirty participants (17 female, 13 male, Mean age = 36.6
years, SD=15.7) were recruited from the campus of
Luled University of Technology. They received a gift
card worth 99 SEK for approximately 60 min of partici-
pation. In this methodologically exact replication, we
used the same sample size of N=30 that Marsh,
Vachon, et al. (2024) had previously used in their first
experiment to obtain a significant vibrotactile chan-
ging-state effect (with d, =0.588). This sample was esti-
mated to have sufficient power, as an a priori power
analysis showed the minimum required sample was N
=25, with a=.05 and power (1 - 3 error probability)
set to .80. We intentionally matched the original
sample size to conduct a methodologically exact replica-
tion before extending sample size. This design isolates
procedural similarities rather than statistical ones.



Materials, design and procedure

We took several steps to match the method used by
Marsh, Vachon, et al. (2024) in their first experiment.
The laboratory apparatus and the vibrotactile stimulus
material were identical to that previously described for
our Experiment 1. The vibration handles were the
same pairs of handles as those used by Marsh, Vachon,
et al. (2024). We introduced auditory distractor stimuli;
letter tokens “a” and “b” were recorded by a male
voice at an approximately even pitch. These sound
files were created in Audacity where they were normal-
ised in peak amplitude and edited to a duration of
250 ms and saved at 16-bit resolution with a sampling
rate of 44.1 kHz. In the experiment, these auditory
tokens were heard at approximately 65 dB(A) in the
noise attenuating headsets.

Following the blocked design of Marsh, Vachon, et al.
(2024; Experiment 1), we used five blocks which consti-
tuted three distractor conditions. There were two vibro-
tactile distractor blocks and two auditory distractor
blocks. Each of these blocks constituted 20 trials (10
steady-state and 10 changing-state, randomly mixed
within a block). There was also one “quiet” block with
10 trials where there were no distractors. The three dis-
tractor conditions were thus vibrotactile, auditory, and
quiet, and the total number of trials was 90. Half of all
participants began with the two vibrotactile blocks,
and ended with the two auditory blocks, and the other
half of all participants encountered the opposite order.
The quiet block was always the middle block. Partici-
pants were notified when a new block was about to
begin, affording a natural break.

Like in Experiment 1, a to-be-recalled digit was fol-
lowed by a to-be-ignored stimulus. In the vibrotactile
steady-state condition, vibrations were always pre-
sented to both hands simultaneously. In the vibrotactile
changing-state condition, vibrations were presented to
predictably alternating hands (left/right hand starting
point was counterbalanced across participants). In the
auditory steady-state condition, sound “a” or “b” were
presented in an unchanging sequence (sequences of
nine a’s or nine b’s were counterbalanced across partici-
pants). In the auditory changing-state condition, sound
sequences alternated predictably between “a” and “b”
("a” or "b” starting point was counterbalanced across
participants). In the quiet condition, there was no to-
be-ignored stimulus. Participants wore the headset and
held the handles during all trials.

Each to-be-recalled digit stimulus was presented for 1
000 ms. The digit set was 0-9 and the serial recall task
was nine digits long. Except for what has been noted
above, all other methodological details were identical
to our Experiment 1.
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In summary of our design, five conditions that deter-
mined the to-be-ignored stimulus constituted our first
experimental factor. Our second experimental factor
was serial position, with nine levels. Our design was
therefore a repeated measures 5 (Condition: vibrotactile
steady-state, vibrotactile changing-state, quiet, auditory
steady-state, auditory changing-state) x9 (Serial pos-
ition: 1, 2, 3, 4, 5, 6, 7, 8, 9) within-participants design.

Results

The results of Experiment 4 are visualised in Figure 8. Of
primary interest, there was no vibrotactile changing-
state effect, as shown by a non-significant paired-
samples t-test comparing the vibrotactile conditions,
t(29)=0.88, p=.385, d,=0.161, Mean difference 1.28
(95% Cl, —1.68-4.24), BF,,=0.278, with the Bayes factor
indicating moderate support for the null hypothesis.

In an examination of the full results (Figure 8(B)), a 5
(Condition: vibrotactile steady-state, vibrotactile chan-
ging-state, quiet, auditory steady-state, auditory chan-
ging-state) X 9 (Serial position: 1, 2, 3, 4, 5, 6, 7, 8, 9)
repeated measures ANOVA found a significant main
effect of condition, F(4, 116) = 3.84, p =.006, 77,2, =.117,
BF0 = 1.635. The Bayesian factor indicates anecdotal evi-
dence that the conditions differed. The typical serial pos-
ition effect was observed, F(8, 232) =81.32, p <.001, nf,
=.737, BF;9 = o0, but there was no significant interaction
between the distractor conditions and serial positions,
F(32,928) =1.09, p =.339, 77,2, =.036, BF,,=10.007.

The main effect across the five distractor conditions
motivates a closer inspection of how these conditions
differed. As mentioned above, there was no vibrotactile
changing-state effect. There was also, surprisingly, no
significant auditory changing-state effect, t(29)=0.57,
p=.575 d,=0.103, Mean difference 0.69 (95% Cl,
—1.79-3.16), BF,( =0.225, with the Bayes factor indicat-
ing moderate support for the null hypothesis. Perform-
ance in the conditions with distractor stimuli was
slightly lower than in the quiet condition, which used
no distractor stimulus (Figure 8). We conducted four
Holm-Bonferroni-corrected post-hoc comparisons to
investigate which conditions significantly differed from
the quiet condition: Both auditory conditions signifi-
cantly differed from the quiet condition (p <.05) but
the two vibrotactile conditions did not (p>.05). In
sum, Experiment 4 found no evidence of vibrotactile dis-
traction but auditory distraction was observed in both
the steady- and changing-state forms.

To assess whether susceptibility to auditory distrac-
tion predicted susceptibility to vibrotactile distraction,
we examined the correlation between the auditory
and tactile changing-state difference scores (steady-
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state minus changing-state). The correlation was near
zero, r(28) =.049, p =.796, indicating no evidence for a
shared underlying mechanism. Finally, to examine
whether block order influenced the presence of chan-
ging-state effects, we conducted a mixed ANOVA includ-
ing Block Order (auditory-first vs. tactile-first) and
Condition (steady-state vs. changing-state). The Block
Order x Modality x State interaction was negligible, F(1,
28)=3.9x 107", p=.984, 72<.001, indicating that
block order did not modulate any changing-state effects.

Discussion

Experiment 4 was an exact replication of Marsh, Vachon,
et al.'s (2024) first experiment. Contrary to the previous
2024 report, we found no evidence for a vibrotactile chan-
ging-state effect. This, taken together with the first three
experiments of the present paper, suggests that there is
no robust vibrotactile changing-state effect and that the
previous 2024 report was likely based on a false positive
result, owing to sampling error. Importantly, both audi-
tory distractor conditions produced reliable impairment
relative to quiet, confirming that the task and apparatus
were sensitive to auditory distraction. The absence of an
incremental changing-state cost therefore does not indi-
cate a failure of the manipulation. The evidential weight
behind the auditory changing-state effects spans several
decades and laboratories, whereas the vibrotactile chan-
ging-state effect rests on a single initial report. Accord-
ingly, a null replication has very different implications
across these cases.

Cross-experiment analysis
Directional consistency

Although none of the four experiments revealed a
reliable vibrotactile changing-state effect at the group

level, it remained possible that a subset of participants
consistently showed a distraction cost. To test this possi-
bility, we computed individual difference scores for each
participant (steady-state minus changing-state; positive
values indicate poorer performance under changing-
state stimulation). For experiments with multiple
steady- or changing-state conditions (Experiments 1-
3), these were averaged to produce a single steady-
state and changing-state score per participant.
Bayesian sign tests were then used to determine
whether the proportion of positive scores reliably
exceeded chance (0.50). Across all four experiments,
the distributions were consistent with random variability
around zero. In Experiment 1, 23 of the 40 participants
(57.5%) showed a positive difference score, indicating
slightly poorer performance under changing-state
stimulation, while 17 participants (42.5%) showed the
opposite pattern. A Bayesian sign test favoured the
null hypothesis, BFy; =3.31, indicating moderate evi-
dence that the proportion of positive scores did not
reliably exceed chance. Here, we report Bayes factors
as BFy; to reflect that we now expected null effects to
dominate the outcomes. In Experiment 2, the distri-
bution was similarly balanced: 17 of 39 participants
(43.6%) performed worse in the changing-state con-
dition, whereas 22 (56.4%) showed better performance
under changing-state stimulation. Results were tied for
one participant, whose data was not included in the
sign test as it was neither positive nor negative. The
Bayesian sign test again supported the null, BFy; =
3.71, indicating moderate evidence for no systematic
directional bias. A comparable pattern emerged in
Experiment 3, where 20 of 45 participants (44.4%)
showed a nominal changing-state cost and 25 partici-
pants (55.6%) showed the reverse pattern. Results
were tied for one participant. Here too, the Bayesian
sign test favoured the null hypothesis, BFy, =4.14,



showing moderate evidence for the data representing
random variation around zero. Finally, in Experiment 4,
which was an exact replication of Marsh, Vachon, et
al.'s (2024) original study, 16 of the 28 participants
(57.1%) showed a positive tactile difference score,
while 12 participants (42.9%) showed a negative one.
Results were tied for two participants. The Bayesian
sign test once again provided moderate support for
the null, BFy; =3.29, indicating no reliable directional
preference.

Across all experiments, therefore, there was no evi-
dence that a consistent subgroup of participants exhib-
ited a vibrotactile changing-state cost. Instead, the
pattern of individual effects was indistinguishable from
random noise, with moderate evidence for the null in
every case. Given the consistent absence of directional
bias at both the group and participant levels, we next
aggregated evidence across seven available exper-
iments using a Bayesian random-effects meta-analysis.

Meta-analytic summary

To quantify the overall evidence for a vibrotactile chan-
ging-state effect across all available studies, we con-
ducted a Bayesian random-effects meta-analysis on the
paired mean differences in recall between steady-state
and changing-state vibration (SS — CS) from seven exper-
iments. In addition to the six published experiments
(two from Marsh, Vachon, et al., 2024, and the four
reported in this article), we included one further
dataset from a study that is publicly accessible via the
Swedish repository Digitala vetenskapliga arkivet
(Digital Academic Archive, DiVA) but not published in
peer-reviewed form (Johansson & Tunestrém, 2025).
This study was conducted in the same laboratory
under the same supervisory framework as the exper-
iments reported here and used an identical visual-
verbal serial recall task, with vibrotactile steady-state
and changing-state distractors. The apparatus, vibrotac-
tile parameters, and task structure mirrored those used
in both Marsh, Vachon, et al. (2024) and the present
experiments. In this thesis study, the changing-state
manipulation consisted of a cyclic sequence of vibrotac-
tile pulses of three different durations (200, 300, and
400 ms), presented with fixed 275-ms pauses and con-
stant amplitude and frequency (2.3 m/s% 33 Hz) across
all states. This temporal-variation sequence closely
matches the temporal changing-state manipulations
used in the current study and therefore met inclusion cri-
teria for the meta-analysis. We extracted recall accuracy
from steady-state (mean =70%, SD = 16.3%) and chan-
ging-state (mean =70.7%, SD = 16.2%) conditions, and
t-statistics from the thesis dataset to derive effect sizes
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and sampling variances, t(29)=-0.49, d,=-0.089.
Because the study met all methodological criteria for
inclusion and helped avoid publication bias, it was
entered into the meta-analysis alongside the other six
experiments.

A summary of the meta-analysis is seen in Figure 9.
Observed effects were uniformly small (Cohen’s d,
range: —0.19-0.59, median =0.09). The posterior for
the overall mean difference indicated only a negligible
pooled effect, u=0.009, 95% highest-density interval
(HDI) [-0.010, 0.028]. Expressed in standardised units
using the pooled SD of the difference scores, this corre-
sponds to a pooled Cohen’s d,=0.09, 95% HDI [-0.11,
0.30], and Hedges’ g=0.09, 95% HDI [-0.11, 0.30].
Between-study heterogeneity was modest, T=0.019,
95% HDI [0.005, 0.044], indicating only minor variation
in effects across experiments. A Savage-Dickey Bayes
factor comparing a model with a non-zero overall
effect (prior u ~ Normal(0, 0.1%) against a point-null
model (u=0) favoured the null, BFy; =6.79 (BF;q=
0.15), providing moderate evidence that vibrotactile
changing-state sequences do not reliably impair serial
recall performance. Although the posterior placed some-
what more mass above zero, P(u>0 | data)=.86, the
credible interval encompassed both small positive and
small negative effects, implying that any true effect is
at most trivial in size. Directionally, five of the seven
experiments (71%) yielded positive mean differences
(SS>CS) and two yielded negative differences (CS >
SS). A Bayesian sign test with a uniform prior on the
probability of a positive effect was inconclusive, BFy; =
1.31, indicating that this pattern of signs is compatible
with chance variability around zero. Taken together,
the meta-analytic evidence suggests that, unlike the
typically robust auditory changing-state effect, the
vibrotactile analogue does not produce a replicable
decrement in serial recall performance.

General discussion

The present study set out to replicate and extend the
vibrotactile changing-state effect reported by Marsh,
Vachon, et al. (2024), which suggested that irrelevant
sequences of alternating vibrations can disrupt visual-
verbal serial recall, in line with the interference-by-
process account of distraction (Jones & Tremblay,
2000; Linklater et al., 2024; Marsh et al., 2009). Across
four experiments, we found no evidence for such an
effect — regardless of whether the to-be-remembered
material was verbal or spatial, and regardless of
whether vibrotactile distractors varied in location, inten-
sity, rhythm, or some combination thereof. Bayesian ana-
lyses consistently favoured the null hypothesis.
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Moreover, a meta-analysis synthesis provided moderate
support for the null hypothesis (BFy;, = 6.79), reinforcing
the conclusion that Vvibrotactile changing-state
sequences do not reliably impair serial recall. These
findings challenge the generalizability of the changing-
state effect to the tactile modality and raise important
questions about the boundary conditions of serial
recall interference.

Failure to replicate

Experiment 1 (N=40) used a visual-verbal serial recall
task and compared performance across steady- and
changing-state sequences of vibrotactile stimuli. The
results showed moderate evidence against the existence
of a changing-state effect, BFy, = 5.587. Here, we report
Bayes factors as BFy; to reflect that null effects domi-
nated the outcomes. Experiment 2 (N=40) replaced
the verbal task with a visual-spatial serial recall task
and again found moderate evidence against a vibrotac-
tile changing-state effect, BFy; = 3.0. Experiment 3 (N=
46) expanded the design considerably, testing ten
different vibrotactile sequences that varied in rhythm,
intensity, spatial configuration, or their combinations.
Yet again, there was moderate evidence against a vibro-
tactile changing-state effect, BFy; = 6.024. Finally, Exper-
iment 4 (N=30) completed the circle with an exact
replication of the first experiment of Marsh, Vachon, et
al. (2024), where there was again moderate evidence
against a vibrotactile changing-state effect, BFy, =
3.599. Although Experiment 4 did not reproduce the

auditory changing-state effect, both steady and chan-
ging-state auditory sequences produced clear disruption
relative to quiet, confirming that the auditory manipu-
lation was effective. Block order analyses also showed
that this pattern was not attributable to sequence or
learning effects. Occasional flattening of the changing-
state increment is documented in the auditory literature,
particularly in blocked designs, and does not conflict
with the broader robustness of the auditory changing-
state effect. For present purposes, the auditory result is
not theoretically diagnostic; what matters is that vibro-
tactile variation failed to produce any interference
across four experiments.

These results contrast sharply with those reported by
Marsh, Vachon, et al. (2024). Their first experiment (N =
30) produced a medium effect size (d,=0.588) and
strong Bayesian support for the vibrotactile changing-
state hypothesis, BF,o=29.18. Their third experiment (a
probed order task) used a larger sample (N=72) but
yielded a smaller effect size (d,=0.242) and only anec-
dotal Bayesian support (BF;o=1.94). In contrast, our
new set of four experiments were powered to detect
effects of the magnitude originally reported by Marsh,
Vachon, et al. (2024) but consistently favoured the null
hypothesis in both visual-verbal and visual-spatial
serial recall tasks. It is therefore likely that Marsh,
Vachon, et al's findings were false positives arising
from sampling error, particularly given the relatively
small sample in their first experiment. The present
study illustrates the importance of replication, or at
least using larger sample sizes, before new findings are



used to draw strong theoretical conclusions, in general,
and specifically about modality generality or amodal
serial interference.

A limitation of the present study is that we have not
exhaustively tested all possible forms of tactile serial
interference. Three of our experiments focused on the
form of distraction used in the initial report by Marsh,
Vachon, et al. (2024), which was a spatially alternating
sequence of vibrations across the hands. While Exper-
iment 3 went further, testing more varied tactile stimu-
lation, we never tested all these forms with the visual-
spatial task, and we never replicated some of the (null)
outcomes of Experiment 3. Thus, the forms of tactile
stimulation tested in the present study qualify our con-
clusion that we find no evidence for a vibrotactile chan-
ging-state effect. Sample size can be considered a
second limitation in the present study as our exper-
iments were powered to detect effects of the magnitude
originally reported by Marsh, Vachon, et al. (2024), which
now appears to be a misleading estimate of the effect.
We continue with a discussion on the theoretical impli-
cations of our result, and the possible requirements for
vibrations to cause distraction.

Theoretical implications

The results from all four experiments suggest that a chan-
ging-state distraction effect does not emerge from irrele-
vant vibrotactile sequences when the to-be-remembered
material is non-tactile. This conclusion is consistent with
models that propose modality-specific mnemonic
systems, such as the Working Memory Model (Baddeley,
1986, 2000, 2012), in which irrelevant vibrations would
not gain access to a phonological store or visuo-spatial
sketchpad unless they are recorded into a compatible
representational format — something unlikely when the
memoranda themselves are non-tactile.

Earlier support for the vibrotactile changing-state
hypothesis was grounded in findings that tactile input
can interfere with memory (Bancroft & Servos, 2011;
see also Bancroft et al.,, 2013) and that vibrations can
engage motor processes (Burton et al.,, 2004; Caetano
& Jousmdki, 2006). Serial recall is often supported by
motor-based rehearsal - speech motor processes in
the case of verbal tasks (Hughes et al., 2009; Jones &
Macken, 2018; Maidment & Macken, 2012; Schomers &
Pulvermiller, 2016), and possibly eye movement pat-
terns in the case of spatial tasks (Morey et al., 2018;
Tremblay et al., 2006), but see Souza et al. (2020). From
this perspective, irrelevant vibrations might be expected
to interfere with either system. However, our results
show no such interference in either modality. This may
indicate that passive vibrotactile input fails to sufficiently
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engage the motoric processes involved in these tasks.
Alternatively, it may indicate that such input is pro-
cessed in a separate, modular working memory
system, as proposed by Bancroft and Servos (2011).
Additionally, tactile perception can produce streaming
(Gallace & Spence, 2011), a perceptual organisation
mechanism thought to underpin changing-state effects
in other modalities. Yet, even with potential for tactile
streaming, our findings showed no reliable distraction
- suggesting that either streaming was not perceptually
achieved or was insufficient to drive interference.

Clarifying this point is important: interference-by-
process does not predict that any varying distractor
stream should disrupt serial recall. Rather, it predicts dis-
ruption only when a distractor recruits the same order-
ing mechanisms that support serial rehearsal, typically
speech-motor planning in verbal tasks (Hughes &
Marsh, 2017; Jones & Macken, 2018; Linklater et al.,
2024). Eye-movement routines and attentional refresh-
ing do not meet this criterion (Souza et al., 2020), and
the present findings suggest that vibrotactile sequences
do not either. Their variation therefore fails to interact
with, or intrude upon, the motoric sequencing processes
that support serial recall. This explains the consistent
null effects across our experiments without requiring
rejection of interference-by-process accounts in the
auditory domain.

The failure to replicate the vibrotactile changing-state
effect casts doubt on the claim that such effects are
amodal. Marsh, Vachon, et al. (2024) had interpreted
their findings as evidence for an amodal workspace in
which interference arises when two serial processes
come into conflict. Our results suggest instead that
such conflict may require representational compatibility,
consistent with broader content-sensitive perspectives
in memory research (e.g. Cowan, 1999; Neath, 2000;
Oberauer et al., 2004; Page & Norris, 2003; Salamé &
Baddeley, 1982), although these frameworks do not
provide viable explanations of the changing-state
effect itself. This conclusion is reinforced by recent
work showing that auditory changing-state sequences,
while reliably disruptive to verbal serial recall, do not
impair performance in visual-spatial serial recall tasks
(Marsh, Hurlstone, et al., 2024). This pattern parallels
the present findings in the vibrotactile domain, where
variation failed to disrupt either verbal or spatial short-
term memory. Taken together, these findings suggest
that changing-state interference may require more
than just the presence of irrelevant serial order infor-
mation, it may also depend on representational
overlap or the involvement of shared ordering mechan-
isms. Our results do not rule out the existence of a
common serial ordering system, but they imply that its
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susceptibility to disruption may be constrained by
modality or representational format.

At minimum, our findings imply that vibrotactile dis-
tractors do not readily gain access to general-purpose
serial ordering mechanism that operates across modalities.

However, vibrotactile changing-state distractors may
simply fail to engage perceptual-motor coordination
processes thought to underpin serial ordering in short-
term memory (e.g. Hughes et al, 2009) or enter a
shared representational space within which order is rep-
resented (Jones & Macken, 1993). While speculative, this
could explain why the changing-state irrelevant vibro-
tactile stimuli did not produce interference-by-process.
Thus, the null effect of the vibrotactile changing-state
hypothesis does not necessarily undermine previous
work on auditory distraction that have favoured the
interference-by-process view (e.g. Hughes, 2014;
Hughes & Marsh, 2017; Jones & Macken, 1993; Marsh
et al, 2009) but instead point at the limits of the mech-
anisms’ generalizability.

When do vibrations (not) cause distraction?

It is important to consider our findings from both inter-
ference-by-process and attentional-capture perspec-
tives, because both frameworks offer accounts of the
changing-state effect. Previous research has demon-
strated that irrelevant vibrotactile stimuli can disrupt
task performance, particularly when they are deviant
or unexpected (Ljungberg & Parmentier, 2012; Marsja
et al,, 2018, 2019; Parmentier et al., 2011). Such effects
are typically interpreted through the lens of attentional
capture, where a salient change in the environment trig-
gers an involuntary orienting response that briefly
diverts attention from the focal task. According to the
duplex-mechanism account (Hughes, 2014), this form
of distraction is theoretically distinct from interference-
by-process, as it does not rely on structural overlap
between the distractor and focal task but rather on per-
ceptual salience and surprise.

From this perspective, one might expect that chan-
ging-state vibrotactile sequences, which contain frequent
perceptual changes, would also elicit attentional
capture. Indeed, under the graded attentional model
(e.g. Bell et al., 2019b) and Cowan’s (1995) embedded-
process model, the changing-state effect itself is
viewed as a sequence of mini-deviants: each item-to-
item change within the stream is thought to trigger a
fresh orienting response. In this way, deviance effects
(single unexpected events) and changing-state effects
(repeated variation) are united under a common mech-
anism: disruption via involuntary attentional reorienting
in response to perceptual change.

However, our findings pose a challenge to this atten-
tional interpretation. Despite substantial variation in
spatial location, intensity, and timing, none of the vibro-
tactile changing-state sequences disrupted performance
in verbal serial recall. There was also no disruption to
visual-spatial serial recall when vibrations alternated in
spatial location. This absence of interference suggests
that not all perceptual variation automatically elicits
attentional capture, at least not to a degree sufficient
to impair task performance.

One possible explanation is that the vibrotactile
sequences, although variable, did not give rise to a
coherent perceptual stream within which those
changes could be detected as such. Prior work in the
auditory domain has shown that changing-state effects
depend critically on perceptual integration: when alter-
nating stimuli are not grouped into a single stream,
their changes are not perceived as variation within a
coherent sequence and disruption is reduced (Jones &
Macken, 1995; Kattner et al., 2024). If the vibrotactile
sequences in our study were instead experienced as
multiple steady sources (e.g. separate inputs to each
hand), this could undermine the repeated orienting
mechanism posited by attentional accounts.

Alternatively, it may be that attentional systems are
less sensitive to change in the tactile modality than in
the auditory modality. While isolated vibrotactile devi-
ants have been shown to elicit distraction (e.g. Parmen-
tier et al, 2011), our results suggest that ongoing
variation, even rich and dynamic, does not necessarily
accumulate as a series of attentional capture events in
the same way that auditory variation does. In either
case, our findings impose important constraints on
attentional capture theories and their generality across
sensory modalities. They suggest that perceptual
change alone is not sufficient to cause distraction; dis-
ruption may also depend on whether the changes
form an integrated perceptual stream that either trig-
gers attentional orienting or engages serial processing
mechanisms that overlap with those used in the focal
task. Exploring this further is a target for future studies.
Under the assumption that vibrotactile stimulation
evokes motor responses (Burton et al., 2004; Caetano &
Jousmadki, 2006), and the changing-state effect is under-
pinned by impaired motor-planning processes (Hughes,
2024), a vibrotactile changing-state effect may be
revealed in conditions where short-term memory reten-
tion depends on those specific motor actions.

A further consideration relates to the role of environ-
mental context in distraction. Recent work shows that
the impact of irrelevant stimuli can depend on
whether they are perceived as ambient background fea-
tures of the environment or as task-bound events that



are tightly coupled to the primary activity (Parmentier et
al., 2022). From this perspective, the vibrotactile stimuli
used in the present experiments were unlikely to func-
tion as contextual input: participants held the devices
directly, and the vibrations formed an intrinsic part of
the task apparatus rather than a diffuse environmental
backdrop. Context-modulation accounts therefore
predict comparatively weak distraction from such
tightly coupled stimulation, consistent with the null
results observed here. While speculative, this distinction
further illustrates how the contextual status of vibrotac-
tile input may constrain its ability to trigger either atten-
tional diversion or interference-by-process.

Positioning the vibrotactile parameters within
the tactile literature

During the review process a referee raised an important
question concerning how the vibrotactile stimulation
parameters used in the present experiments relate to
established practices in tactile perception and memory
research. We therefore briefly situate our manipulation
within the broader vibrotactile literature. The stimu-
lation frequency used in the present study (33 Hz) falls
well within the range commonly employed in vibrotac-
tile psychophysics. Frequencies between approximately
20 and 50 Hz predominantly engage rapidly adapting
mechanoreceptive pathways and are widely used in
studies examining tactile temporal pattern processing
and suprathreshold discrimination (Gescheider et al.,
2004; Hollins & Bensmaia, 2007). Although higher fre-
quencies can recruit additional mechanoreceptor chan-
nels, stimulation within this lower range is reliably
perceived and routinely used in haptic cognition
research. The amplitude of stimulation (2.3 m/s> RMS)
likewise corresponds to a clearly suprathreshold yet
moderate level of vibrotactile input. Detection
thresholds for hand-held vibration vary substantially
across individuals and anatomical locations, but typically
lie well below this level (Gescheider et al., 2004; Verrillo,
1985). The present parameters were therefore selected
to ensure consistent perceptibility while avoiding dis-
comfort and excessive sensory adaptation. Individual
variability in tactile sensitivity may nonetheless arise
from factors such as hand size, grip configuration, and
skin contact area. Larger contact areas can influence
tactile perception because the area of skin contact and
the distribution of mechanoreceptors determine how
vibration energy is transmitted across the hand (Peters
et al., 2009). Larger contact areas may reduce perceived
intensity or spatial resolution, potentially introducing
variability in how vibrotactile stimuli are experienced
(Bhattacharjee et al., 2010; Dillon et al., 2001; Peters et
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al, 2009). Neither the present study nor Marsh,
Vachon, et al. (2024) controlled for such factors, reflect-
ing common practice in cognitive paradigms using
hand-held vibrotactile stimulators. This limitation
should therefore be interpreted as a general character-
istic of the methodology rather than a unique feature
of the current experiments.

Another relevant property of vibrotactile perception
is sensory adaptation. Repeated vibration leads to
reductions in perceived intensity and salience over
time (Gescheider et al., 2004; Hollins et al., 1990). Such
adaptation may attenuate the perceptual impact of
repetitive distractor sequences. However, this character-
istic reflects a fundamental modality-specific constraint
and does not appear to differ between the present
experiments and prior studies employing similar stimu-
lation parameters. With respect to perceptual organisa-
tion, alternating stimulation across the hands was
intended to create a varying distractor sequence analo-
gous to auditory changing-state streams. However,
tactile perceptual grouping differs from auditory stream-
ing in important ways. Evidence suggests that stimulation
delivered to spatially distinct body locations is often per-
ceived as separate sources rather than as a single inte-
grated dynamic stream (Gallace & Spence, 2011; Lin &
Kashino, 2012). Consequently, spatial alternation alone
may be insufficient to generate the coherent serial per-
ceptual structure required for changing-state interference.

Finally, although some vibrotactile studies calibrate
stimulus intensity individually relative to detection
thresholds, such calibration is uncommon in cognitive
distraction paradigms and was not implemented in
either the present experiments or Marsh, Vachon, et al.
(2024). Importantly, subjective reports from participants
indicated that the vibrations were clearly perceptible
throughout the tasks. In sum, these considerations
suggest that the vibrotactile parameters employed
here fall within the range typically used in tactile percep-
tion and working-memory research. Although individual
variability and adaptation effects may modulate per-
ceived salience, there is no clear indication that the
present null results can be attributed to atypical or
insufficient stimulation parameters. Rather, they are
more plausibly interpreted as reflecting modality-
specific limits on the capacity of vibrotactile variation
to engage the serial-ordering processes implicated in
changing-state interference.

Conclusions

The studied forms of changing-state vibrotactile stimuli
do not interfere with serial recall in visual-verbal or
visual-spatial tasks. Across four experiments, we failed
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to replicate the findings of Marsh, Vachon, et al. (2024),
and Bayesian analyses consistently favoured the null
hypothesis. These results suggest that vibrotactile vari-
ation may not be sufficient to enter or disrupt mnemonic
processes that support serial ordering in non-tactile mod-
alities. The results do not undermine the interference-by-
process account of auditory distraction (e.g. Jones &
Tremblay, 2000) but do call into question the claim that
such effects are amodal. We suggest that vibrotactile dis-
tractors either do not engage the necessary perceptual-
motor processes, or that their variation is not organised
in a way that promotes interference with serial rehearsal
mechanisms. In either case, the vibrotactile changing-
state effect does not appear to exist, and our findings
serve to update the academic record accordingly.
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Appendix A

Stimulus paths used in Experiment 2.
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Figure A1. Representations of the eighteen stimulus paths used in Experiment 2. Mirrored versions occurred, see text for details.
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