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The simultaneous perception of multimodal information in the environment during
voluntary movement is very important for effective reactions to the environment. Previous
studies have found that voluntary movement affects the simultaneous perception of
auditory and tactile stimuli. However, the results of these experiments are not completely
consistent, and the differences may be attributable to methodological differences in
the previous studies. In this study, we investigated the effect of voluntary movement
on the simultaneous perception of auditory and tactile stimuli using a temporal order
judgment task with voluntary movement, involuntary movement, and no movement. To
eliminate the potential effect of stimulus predictability and the effect of spatial information
associated with large-scale movement in the previous studies, we randomized the
interval between the start of movement and the first stimulus, and used small-scale
movement. As a result, the point of subjective simultaneity (PSS) during voluntary
movement shifted from the tactile stimulus being first during involuntary movement or no
movement to the auditory stimulus being first. The just noticeable difference (JND), an
indicator of temporal resolution, did not differ across the three conditions. These results
indicate that voluntary movement itself affects the PSS in auditory–tactile simultaneous
perception, but it does not influence the JND. In the discussion of these results, we
suggest that simultaneous perception may be affected by the efference copy.

Keywords: voluntary movement, temporal simultaneity, auditory–tactile stimuli, temporal order judgment,
efference copy

Introduction

When people type quickly on a computer keyboard they usually integrate visual, auditory,
and tactile information to ensure successful performance. For efficient interactions with the
environment or other people, the simultaneous perception of multimodal information is important
during voluntary movement, and determines the timing of multimodal events. Many previous
studies have focused on the simultaneous perception of multimodal information under static
experimental conditions during which participants remain immobile. However, how the timing
of multimodal events is determined during voluntary movements remains largely a mystery.
Although voluntary movement has been found to compress or dilate subjective time under certain

Abbreviations: JND, just noticeable difference; PSS, point of subjective simultaneity; SOAs, stimulus onset asynchronies;
TOJ, temporal order judgment.
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circumstances (Yarrow et al., 2001; Morrone et al., 2005), current
knowledge about the effect of voluntary movement on auditory–
tactile simultaneous perception is still unsettled. In particular,
it is unclear whether voluntary movement or proprioceptive
information following a movement affects the simultaneous
perception of auditory and tactile stimuli.

To investigate the fundamental characteristics of simultaneous
perception, simultaneity judgment (SJ) tasks (Schneider and
Bavelier, 2003; Zampini et al., 2005a) or TOJ tasks (Mitrani et al.,
1986; Spence et al., 2001; Zampini et al., 2003;Miller and Schwarz,
2006; Cardoso-Leite et al., 2007; Boenke et al., 2009; Van Eijk
et al., 2009; Kwon et al., 2014) are often used. In a SJ task, two
stimuli are presented at various SOAs and the participants are
asked to indicate whether the two stimuli are simultaneous or
not. In a TOJ task, the participants are required to judge the
temporal order of the two stimuli. These tasks have revealed
that people tend to perceive different modal stimuli as occurring
simultaneously when they are presented with a short lag (Slutsky
and Recanzone, 2001; Lewald and Guski, 2003; Kayser et al.,
2008; Shi et al., 2008; Nishi et al., 2014). More specifically, the
PSS differs from the point of physical simultaneity. Furthermore,
temporal resolution is usually evaluated by JND, which represents
difference threshold of SJ or TOJ task, with a lower JND
indicating higher temporal resolution, and vice versa. JNDs
differ for different combinations of multimodal information
types (Keetels and Vroomen, 2005, 2008; Zampini et al.,
2005b).

Some previous studies have shown that voluntary movements
affect the PSSs and/or JNDs between visual–tactile stimuli
(Vogels, 2004; Shi et al., 2008) and between auditory–tactile
stimuli (Kitagawa et al., 2009; Frissen et al., 2012; Nishi
et al., 2014) in SJ and TOJ tasks compared with conditions
without voluntary movement. To investigate the effect of
voluntary movement on simultaneous perception, the effect
of proprioceptive sensation attending the movement must be
separated from that of voluntary movement. If PSS and/or JND
changes are observed even when the proprioceptive information
effect is excluded, we can say that the voluntary movement
itself has some influence on simultaneous perception. Therefore,
voluntary, involuntary, and no movement conditions were used
in previous studies (Kitagawa et al., 2009; Frissen et al., 2012;
Nishi et al., 2014). Because a device moved the participants’
body parts in the involuntary movement condition in the
previous studies, the involuntary movement was attended by
proprioceptive information. Therefore, the comparison between
the involuntary and no movement conditions showed the effect
of the proprioceptive information, and the comparison between
the voluntary and involuntary movement conditions revealed
the effect of voluntary movement exclusive of proprioceptive
information.

However, those investigations of the effect of voluntary
movements on the PSSs and JNDs in the auditory–tactile TOJ
tasks reported contradictory results (Table 1, Effect on PSS and
Effect on JND rows). Kitagawa et al. (2009) found that voluntary
movement did not affect the PSS, whereas Nishi et al. (2014)
found that voluntary movement caused the PSS to be associated
with a preceding auditory stimulus. In addition, Frissen et al.

TABLE 1 | Comparison of methods and results among three previous
studies of the effect of voluntary movement on auditory–tactile TOJ tasks.

Study Kitagawa et al., 2009 Frissen et al., 2012 Nishi et al., 2014

Conditions of
movement

Vol Inv Pr No Vol Inv No Vol Inv No

Predictability
of the
stimulus

Predictable Not predictable Predictable

Moving body
part

Right index finger Forearm, hand, and
finger

Right index finger

Effect on PSS N.S. A shifted to T (Inv.
movement)

T shifted to A (Vol.
movement)

Effect on JND L (Vol. movement) N.S. L (Vol. movement)

“Vol,” “Inv,” “Pr,” and “No” indicate the voluntary, involuntary, predictable, and
no movement conditions. For the effect on PSS, “N.S.” means no significant
difference. “A shifted to T” means the PSS in the involuntary movement condition
shifted from the auditory stimulus first as in the no movement condition to the tactile
stimulus first, where “A” and “T” indicate the auditory and tactile stimuli. “T shifted
to A” means the PSS in the voluntary movement condition shifted from the tactile
stimulus first as in the no movement condition to the auditory stimulus first. For
the Effect on JND, “L” and “H” indicate that the JND was improved (lower JND) or
impaired (higher JND) by voluntary movement.

(2012) found that involuntary movement caused the PSS to be
associated with a preceding tactile stimulus. On the other hand,
although Frissen et al. (2012) observed no effect of voluntary
movement on the JND, Kitagawa et al. (2009) and Nishi et al.
(2014) reported that voluntary movement improved the JND.
These differing results may have been caused by unexpected
effects associated with the different experimental methods used
in the previous studies, such as the predictability of the stimulus
and the amount of movement (Table 1, Predictability of the
stimulus andMoving body part rows). For instance, a predictable
stimulus could directly improve the JND (Petrini et al., 2009;
Yokoyama et al., 2009; Vroomen and Stekelenburg, 2010). The
spatial information in large-scale movement could obscure the
effect of involuntary movement on the PSS.

Kitagawa et al. (2009) conducted the TOJ task under
four conditions: voluntary, involuntary, predictable, and no
movement (Table 1, Conditions of movement row). The
participants pressed the button voluntarily and involuntarily
with their fingers in the voluntary and involuntary movement
conditions, respectively. The predictable condition was designed
to enable participants to predict the occurrence of the stimulus
in the TOJ task. The authors concluded that voluntary
movement improved the participants’ JND, because there was
no improvement in the JNDs of the involuntary, predictable,
and no movement conditions. However, in Kitagawa et al.’s
(2009) procedure, tactile stimulation was generated as a result of
voluntary finger movement. This effect induced the participants
to predict the onset of the tactile stimulus (Table 1, Predictability
of the stimulus row), and improved the JND of the voluntary
movement condition (Table 1, Effect on JND row). Nishi
et al. (2014) conducted the TOJ task under three conditions:
voluntary, involuntary, and no movement (Table 1, Conditions
of movement row). The authors used a device that presented
tactile stimulus during voluntary finger movement to solve the
problem in Kitagawa et al.’s (2009) procedure. Nevertheless, this
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prediction effect on the improvement in the JND associated with
voluntary movement also occurred in Nishi et al.’s (2014) study
(Table 1, Effect on JND and Predictability of the stimulus rows),
because the tactile stimulus was always presented 500 ms after the
finger movement. It was easier to predict the stimulus onset in the
voluntary movement condition.

This predictability of stimulus onset did not appear in the
Frissen et al.’s (2012) study. The authors used a device that
presented the tactile stimulus for the TOJ task at random interval
in the voluntary movement condition, to prevent the stimulus
predictability (Table 1, Predictability of the stimulus row). As a
result, Frissen et al. (2012) reported that voluntary movement
did not affect the JND (Table 1, Effect on JND row). This result
suggests that the predictability of the stimulus improved the JNDs
both in the Kitagawa et al.’s (2009) and Nishi et al.’s (2014)
studies. On the other hand, Frissen et al. (2012) reported that
the tactile stimulus occurring first was perceived as the PSS in
the involuntary movement condition (Table 1, Effect on PSS
row). However, the spatial information in large-scale movement
(Table 1, Moving body part row) could have obscured the effect
of movement on the PSS in Frissen et al.’s (2012) study. The
large-scale movement could lead to a tactile version of a flash-lag
effect (FLE; Kitagawa et al., 2005). In this phenomenon, observers
perceived a flash lag behind a spatially aligned moving stimulus
(Nijhawan, 2002).

Therefore, the aim of the present study was to investigate
whether only voluntary movement alone affects the simultaneous
perception of auditory and tactile stimuli, that is, independent of
the effects of stimulus predictability and the spatial information
inherent in large-scale movement (which were thought to be
the causes of the divergent results in previous studies). We
hypothesized that the PSS would shift from the tactile stimulus
first in the involuntary movement or no movement condition to
the auditory stimulus first in the voluntary movement condition.
Thus, we randomized the interval between the start of movement
and the first stimulus to prevent the participants from predicting
the stimulus onset. In addition, we used small-scale movement
to minimize the effect of spatial information on perceived
simultaneity.

Materials and Methods

Participants
Eighteen participants (three females and 15 males, mean age:
23 years, age range: 21–28 years) completed the experiment.
All of the participants were right-handed, with normal auditory
thresholds and senses of touch, and they did not exhibit any
difficulty moving their right index fingers. Informed consent
was obtained in writing from all the participants prior to their
participation in the experiment. The participants were paid for
their participation, and the experiment was approved by the
ethics committee of the Tokyo Institute of Technology.

Apparatus and Stimuli
The auditory stimulus was a sinusoidal wave sound (2000 Hz,
50 dB, 10 ms) presented in both ears simultaneously via

earphones (Radius HP-RHF41; Machida, Tokyo, Japan). The
tactile stimulus was an impulse force (5 N, 10 ms, rectangular
pulse) provided by a PHANTOM Desktop haptic device
(SensAble Technologies, Woburn, MA, USA) and orthogonal
to the finger movement. The 10 ms duration for auditory
and tactile stimuli was selected to avoid a problem of the
procedure in the Frissen et al.’s (2012) study. In that study, the
duration of the auditory stimulus (100 ms) was considerably
longer than that of the tactile stimulus (10 ms). Stimulus
duration has been found to create an attractor effect on
the PSS in audiovisual TOJ task (Boenke et al., 2009). In
other words, with increasing stimulus duration, positive PSSs
shift toward negative values (because the visual stimulus must
precede the auditory stimulus for simultaneous perception),
and negative PSSs shift toward positive values. Hence, we
used the same duration for the two stimuli. The timing of
the two presentations and the movement of the device were
controlled to within an error margin of 1 ms. These sensory
stimulation systems were operated by computer programs
installed on a PC workstation (HP xw4600/CT; Hewlett-Packard,
Palo Alto, CA, USA), and were developed with the Open Haptics
software development toolkit (SensAble Technologies) on the
Microsoft Visual C++ 2008 platform (Microsoft, Redmond,WA,
USA).

Task and Conditions
For the TOJ task, auditory–tactile stimulus pairs were presented
to participants with varying SOAs (intervals between the within-
pair onsets of the auditory and tactile stimuli), and the
participants judged the temporal order of the two stimuli. The
SOAs were ±240, ±120, ±60, ±30, and 0 ms (where the positive
values indicate that the auditory stimulus was presented before
the tactile stimulus, and vice versa). We chose these SOAs to
improve the procedures in the Frissen et al.’s (2012) study. In that
study, they used a 75ms increment between their SOAs (300, 225,
150, 75, and 0 ms), which is a little larger than the increments
used in previous auditory–tactile integration studies (Zampini
et al., 2005b; Fujisaki and Nishida, 2009). Thus, we used a smaller
increment for our SOAs.

There were three conditions in this experiment: voluntary,
involuntary, and no movement. The involuntary movement
trajectory was reproduced from voluntary movement data
collected in the preliminary experiments. The mean rate
of movement of the participants’ fingers was 81.08 mm/s
(SD = 7.33) in the voluntary movement condition and
∼78.23 mm/s (SD = 1.44) in the involuntary movement
condition (as guided by the haptic device). The participants
were seated in a darkened, sound-attenuated room in front of
the stimulation systems, with the palmar side of their right
index fingers held on the haptic device. They also wore sound-
insulating earmuffs over their earphones and an eye mask to
eliminate the confounding effect of visual stimuli during the
experiment (Figure 1). In each condition, the participants were
asked to indicate the temporal order of the auditory and tactile
stimuli by using the Z and X keys on a keyboard. The Z indicated
that the auditory stimulus occurred first and the X indicated that
the tactile stimulus occurred first.
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FIGURE 1 | Experimental environment.

Procedure
Voluntary Movement Condition
For each trial (Figure 2A), the participants voluntarily and
naturally began to move their right index fingers from right to
left at their own pace. As they did, a cue sound (distinct from
the target auditory stimulus) indicated that the TOJ task was
forthcoming. The first stimulus (either tactile or auditory) was
then presented with a random delay of 600–700 ms after the cue
sound onset. The second stimulus (auditory or tactile, whichever
was not presented first) followed the first stimulus, offset by one
of the nine SOAs previously mentioned. The participants then
indicated which stimulus occurred first using a two-alternative

forced-choice test (as described above). If the participants did not
move at a speed of 50–110 mm/s, they were given one more trial,
randomly chosen from the remaining trials.

Involuntary Movement Condition
Similar to the voluntary movement condition, the haptic device
randomly started to move the participants’ right index fingers
from right to left for 500 to 1000 ms, to reproduce the
variance in the onsets of voluntary movements in the preliminary
experiments. The procedure for evaluating the temporal order
of the two stimuli and the SOA values were the same as in the
voluntary movement condition. A speed of 76 mm/s for the
finger movement was set for each trial (Figure 2B), because this
was considered to be a comfortable speed and representative of
normal surface exploration.

No Movement Condition
The participants in the no movement condition remained
stationary throughout each trial, with the palmar side of their
right index fingers held on the haptic device (Figure 2C). The first
stimulus (either tactile or auditory) was presented with a random
delay (600–700 ms) after the cue sound onset. The presentation
of the second stimulus and the procedure for evaluating the
temporal order of the two stimuli were the same as in the
voluntary and involuntary movement conditions. We used the
600–700 ms interval between the cue sound onset and the first
stimulus to improve the procedure used in Nishi et al.’s (2014)
study. In that study, the interval between the cue sound onset
and the first stimulus was 1800–3300 ms in the no movement
condition, whereas it was 500 ms between the cue sound onset
(or the start of movement) and the tactile stimulus for all trials in
the voluntary and involuntary movement conditions. This may
have affected the comparisons among the conditions, because the

FIGURE 2 | Schematic flow chart for one trial in each of the three conditions. (A) Voluntary movement condition, in which participants voluntarily started to
move their right index fingers; (B) involuntary movement condition, in which the haptic device moved the participants’ right index fingers; (C) no movement
condition. The interval between the cue and the TOJ task was randomly set from 600 to 700 ms. The interval between trials was 1000 ms.
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different cue-target intervals activate distinct brain areas (Coull
et al., 2000), affect temporal discrimination, and influence early
perceptual processing (Sanders and Astheimer, 2008).

Each participant completed three blocks of trials in each of
the conditions in the present experiment. The conditions were
presented in a random order, and the participants were blind to
the order of the conditions. Each block consisted of 45 trials,
comprising five trials for each SOA, randomly selected from
the following values: ±240, ±120, ±60, ±30, and 0 ms. Thus,
each participant completed 405 trials. The interval between trials
was 1000 ms in each condition, and white noise was played
in the background to effectively mask any sounds made by the
haptic device. It took ∼5 min for the participants to complete
one block of trials. They were given several minutes of rest
between blocks, according to their preferences. The order of
the conditions was counterbalanced, and the entire procedure
took ∼2 h. To accustom the participants in the voluntary
movement condition to the appropriate finger speeds, they each
completed a practice run of ten trials in which only the tactile
stimulus was presented. To eliminate this compound effect (e.g.,
sensitization of the tactile channel), the participants were given
2–3 min of rest before each block of trials in the voluntary
movement condition. Additionally, the participants were asked
to pay constant attention to the tactile stimulus to control for the
prior entry effect (Shore et al., 2001; Spence et al., 2001; Kitagawa
et al., 2005; Zampini et al., 2005c), which facilitates the processing
of an attended stimulus relative to an unattended stimulus.

For each trial in the practice sessions, the participants were
asked to close their eyes and judge the order of the two stimuli
and then open their eyes to see the feedback on the computer
screen. With no information about the forthcoming condition,
they completed 45, 20, and 20 trials in the voluntary, involuntary,
and no movement conditions, respectively. The orders of the
trials were counterbalanced, and the SOA was randomly chosen
from ±240, ±120, and ±60 ms. In addition, the short interval
(600–700 ms) between the onset of the movement and the TOJ
task may have produced a strong interaction between the tactile
signals elicited by the onset of the movement and by the tactile
stimulus in the TOJ task. Thus, there appears to be a risk that
the results of this study may be unclear. In fact, movement
onset has been found to impair the temporal order threshold
immediately following operant actions, but then reverts in the
later action-effect interval (450–850 ms; Wenke and Haggard,
2009). Furthermore, the potential strong interaction did not
appear to affect the tactile TOJ tasks in studies by Hermosillo
et al. (2011) or Nishikawa et al. (2015), in which they used
short intervals between the onset of movements and TOJ tasks.
Therefore, the possibility of a strong interaction does not threaten
the results of this study.

Data Analysis
We used MATLAB Statistics Toolbox (MathWorks, Natick, MA,
USA) for the statistical regression calculations and graphic
representation of the results. First, we calculated for each SOA
the proportion of the answers, in which the auditory stimulus
was perceived first. Then, logistic regressions were conducted
using a generalized linear model with the ratio data for each

condition. Psychometric curves were fitted to the distribution
of the mean TOJ data for the voluntary, involuntary, and no
movement conditions, as shown in Figure 3.

The values of the PSS and JND were calculated for each
participant in the regression analysis based on three equations
(Finney, 1952):

y = 1

1 + e
(α−x)

β

(1)

PSS = α (2)

JND = x75 − x25
2

= β log 3 (3)

Here, α represents the estimated PSS, x denotes the SOA, β is
related to the JND, and xp represents the SOA with p as the
percent of “auditory first” responses. Then, a statistical analysis
of the data was conducted to obtain the mean and standard error
values for each condition.

Results

The PSSs of the voluntary, involuntary, and no movement
conditions were 14.5 ms (SE = 12.5), –4.6 ms (SE = 11.7),
and –9.8 ms (SE = 10.3), respectively, as shown in Figure 4.
A one-way repeated measures analysis of variance (ANOVA)
with movement condition as a factor showed a significant
effect [F(2,34) = 12.74, p < 0.001]. Subsequently, Bonferroni–
Holm paired t-tests revealed significant differences between the
voluntary and involuntary movement conditions (p= 0.001), and
between the voluntary and no movement conditions (p = 0.008).
There was no significant difference between the involuntary and

FIGURE 3 | Average psychometric functions among all blocks in the
voluntary, involuntary, and no movement conditions for one
participant. Positive SOA values mean that the auditory stimulus was
presented before the tactile stimulus, and vice versa.
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FIGURE 4 | Point of subjective simultaneity results in the voluntary,
involuntary, and no movement conditions. Error bars represent standard
errors. ∗p < 0.01.

no movement conditions (p = 0.70), as shown in Figure 4. The
magnitude of the effect size in the PSS (η2 = 0.43) was large
(Cohen, 1988).

The JNDs of the voluntary, involuntary, and no movement
conditions were 55.5 ms (SE = 5.1), 45.4 ms (SE = 4.0), and
46.1 ms (SE = 4.7), respectively. A one-way repeated measures
ANOVAwith movement condition as a factor was not significant
[F(2,34) = 2.28, p = 0.12], with p = 0.26 between the voluntary
and involuntary movement conditions, p = 0.30 between the
voluntary and no movement conditions, and p = 1.0 between the
involuntary and no movement conditions, as shown in Figure 5.
The magnitude of the effect size for the JND (η2 = 0.12) was
medium (Cohen, 1988).

Discussion

The aim of this study was to isolate the potential impacts of
methodological differences on the results of previous studies and
investigate the effect of voluntary movement on the simultaneous
perception of auditory and tactile stimuli in a TOJ task. In

FIGURE 5 | Just noticeable difference results in voluntary, involuntary,
and no movement conditions. Error bars represent standard errors.

the present study, the potential effect of predictability on JNDs
in Kitagawa et al.’s (2009) and Nishi et al.’s (2014) studies
was removed by randomizing the interval between the start of
movement and the first stimulus in the voluntary movement
condition. Furthermore, we minimized the potential effect of
the spatial information associated with large-scale movement
on the PSS of involuntary movement condition (which was a
problem in the Frissen et al.’s (2012) study) by using small-scale
movement.

The results of this study replicated the effect of voluntary
movement on the PSS (Nishi et al., 2014) and the JND (Frissen
et al., 2012) in previous studies. In this study, we found that
there was a significant shift in the PSS of the voluntary movement
condition relative to the PSS of the involuntary and nomovement
conditions. There was no significant difference in the PSS
between the involuntary and no movement conditions. The JND
was not influenced by voluntary movement compared with the
other two conditions. We discuss these differences in more detail
below.

Effect of Voluntary Movement on PSS
Table 2 shows the PSS results of the previous and present
studies. The PSS shift associated with involuntary movement
in the Frissen et al.’s (2012) and Nishi et al.’s (2014) studies
was not observed in the present study (Inv–No column). This
result suggests that in the Frissen et al.’s (2012) study, the spatial
information of the large-scale movement significantly caused the
PSS shift in the involuntary movement condition because the
present study minimized the effect of spatial information in the
involuntary movement condition. In addition, the lack of short-
range SOAs in Frissen et al.’s (2012) study may conceal the
difference between voluntary and no movement conditions (see
Materials and Methods; Vol–No column). The different stimulus
durations would also partially confound the interpretation of the
PSSs in their results (see Materials and Methods). This result
also suggests that in the Nishi et al.’s (2014) study, the PSS
shift associated with involuntary movement was caused by the
different intervals, which were between the start of movement
and the tactile stimulus in the involuntary movement condition,
and between the cue sound onset and the first stimulus in the no
movement condition, respectively (see Materials and Methods).
This effect caused by different intervals did not occurred in
the present study, because we used the same interval between
cue sound onset and the first stimulus throughout in the three
conditions. The reasoning for this is as follows. First, the long
cue-target intervals activate the areas of the brain involved
in motor preparation, which are distinct from those activated
by short cue-target intervals (Coull et al., 2000). Second, it
has been found that temporal discrimination is better between
500 and 1000 ms than it is between 1000 and 1500 ms, with
sounds beginning 500, 1000, and 1500 ms after the onset
of a fixation point (as at the start of a trial; Sanders and
Astheimer, 2008). Sanders and Astheimer (2008) found that this
flexibility of temporally selective attention affects early perceptual
processing.

Table 2 also shows that voluntary movement shifts the PSS of
an auditory–tactile TOJ from the tactile stimulus being first to
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TABLE 2 | Comparison among PSS results.

PSS Difference

Condition Vol Inv No Vol–Inv Vol–No Inv–No

Frissen et al., 2012 12 –45 4 ∗ N.S. ∗

Nishi et al., 2014 5.3 –13.1 –37.7 ∗ ∗∗ ∗∗

This study 14.5 –4.6 –9.8 ∗ ∗ N.S.

“Vol,” “Inv,” and “No” indicate voluntary, involuntary, and no movement conditions,
respectively. “Vol–Inv,” “Vol–No,” and “Inv–No” indicate the differences between the
respective conditions. A negative PSS represents the presentation of the tactile
stimulus before the auditory stimulus. *p < 0.01; **p < 0.001.

the auditory stimulus being first (Vol–Inv and Vol–No columns),
but that a proprioceptive sensation does not affect the PSS
(Inv–No column). One possible explanation for the accelerated
processing speed of the tactile stimulus by voluntary movement
is efference copy. Efference copy, which is a copy of the motor
command, is generated in the presupplementary motor cortex
and the premotor cortex (Tanji and Mushiake, 1996). Evidence
from three lines of research—functional magnetic resonance
imaging (fMRI) experiments in humans (Cui et al., 2014),
the activation of Brodmann area 2 (BA2) neurons in activity
preceding the active movements of monkeys (Weber et al., 2011),
and neurons recorded in the somatosensory cortex (SI, BA2
in particular) that only discharge during voluntary movements
(London and Miller, 2013)—indicates that the efference copy can
significantly influence the primary somatosensory cortices. The
somatosensory cortex, which is also modulated by the premotor
cortex during voluntary movements without proprioceptive
feedback (Christensen et al., 2007), is an area of the brain that
processes input from the various systems of the body, and is
sensitive to touch. In addition, the efference copy is sent to the
posterior parietal cortex (Desmurget et al., 2009), where tactile
events are localized in external space (Azañon et al., 2010).
Therefore, the efference copy of a voluntary movementmay affect
the processing speed of the tactile stimulus in the TOJ task used
in this study.

A second possible explanation for the accelerated processing
of the tactile stimulus in the voluntary movement condition
is that the participants experienced the illusion of a self-
generated tactile stimulus (as a kind of causal belief), which
only occurs with self-paced voluntary movements. Based on
this action-effect prediction (Waszak et al., 2012), the efference
copies of the self-generated tactile stimulus and voluntary
movement affected the processing speed of the tactile stimulus
and then changed the PSS. This effect is identical to that in
the Directions into Velocities of Articulators (DIVA) model in
the online control of speech production. In the DIVA model,
an efference copy of the motor command was found to be
useful for motor preparation, and the auditory efference copy
predicted the possible auditory outcome (Guenther et al., 2006).
In addition, there is neurophysiological evidence of the human
brain deploying efference copies in the somatosensory and
auditory cortices in finger tapping and speech production tasks,
respectively (Rauschecker and Scott, 2009; Tian and Poeppel,
2010).

In addition, voluntary movement may not only affect the
processing speed of the tactile stimulus but also influence the
TOJ task itself. Neural imaging evidence from fMRI studies
has identified the activation of the temporal parietal junction
(TPJ). This evidence was reported for TOJ tasks between two
visual stimuli (Davis et al., 2009) and between two tactile stimuli
(Takahashi et al., 2013), as well as between auditory and visual
stimuli (Adhikari et al., 2013). The efference copy of a motor
command is sent to the posterior parietal cortex (Desmurget
et al., 2009), and the close relationship between the locations of
the posterior parietal cortex and the TPJ proposed by Nishi et al.
(2014) led us to infer that voluntary movement could influence
the TOJ task itself.

Another reason why the shift of PSS occurring in voluntary
movement (Table 2, Vol–Inv and Vol–No columns) may be
related to the prior entry effect (Shore et al., 2001; Spence
et al., 2001; Kitagawa et al., 2005; Zampini et al., 2005c). Both
endogenous and exogenous attention to stimuli may change
the PSS. In the present study, endogenous and exogenous
attention may have been mixed. First, voluntary movement
may enhance endogenous attention to tactile stimuli. The prior
entry effect may have occurred and caused the PSS shift in the
voluntary movement condition. Second, voluntary movement
may decrease auditory exogenous attention, assuming that the
auditory cue at the start of the trial increased auditory exogenous
attention. We asked the participants to pay attention to a
tactile stimulus in the three conditions to control for the prior
entry effect (endogenous attention to tactile stimuli). However,
voluntary movement may increase endogenous attention to
tactile stimuli and decrease the effect of auditory exogenous
attention. This attention shift may accelerate the speed of tactile
processing and/or reduce the speed of auditory processing in
the voluntary movement condition, which would lead to a PSS
shift.

Effect of Voluntary Movement on JND
Table 3 shows the JND results of the previous and present studies.
There were significant differences between the involuntary
movement or no movement condition and the voluntary
movement condition in Nishi et al.’s (2014) study, but there was
no difference among the three conditions both in the present
study and in Frissen et al.’s (2012) study. That is, both this study
and Frissen et al.’s (2012) study failed to find an effect of voluntary
movement on the JND.

TABLE 3 | Comparison among JND results.

JND Difference

Condition Vol Inv No Vol–Inv Vol–No Inv–No

Frissen et al., 2012 114 94 102 N.S. N.S. N.S.

Nishi et al., 2014 46.8 59.2 66.1 ∗ ∗∗ N.S.

This study 55.5 45.4 46.1 N.S. N.S. N.S.

“Vol,” “Inv,” and “No” indicate the voluntary, involuntary, and no movement
conditions. “Vol–Inv,” “Vol–No,” and “Inv–No” indicate the differences between the
respective conditions. *p < 0.01; **p < 0.001.
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The present results suggest that the improved JND in Nishi
et al.’s (2014) study were caused by the predictability of the
stimulus. In their experiments, the tactile stimulus was always
presented 500 ms after the finger movement in the voluntary
movement condition. This could have allowed the participants
to predict the occurrence of the stimulus and improve their
JNDs (Petrini et al., 2009; Yokoyama et al., 2009; Vroomen
and Stekelenburg, 2010). This stimulus predictability occurs only
in the voluntary movement condition, because the JND in the
involuntary movement condition, in which tactile stimulus was
always presented 500 ms after the finger movement, did not
differ from the JND in the no movement condition. On the
other hand, the JND values in the present study are lower than
those reported by Frissen et al. (2012). This means that the
temporal window for auditory–tactile integration was narrower
in this study than in the Frissen et al.’s (2012) study. We
included a practice session in our experiment before the formal
experimental trials to familiarize the participants with the TOJ
task. Furthermore, the participants had additional practice in
the voluntary movement condition to ensure appropriate finger
speeds. Therefore, relative to the participants in Frissen et al.’s
(2012) study, our participants were well-trained prior to the
experimental conditions. The difference in JND values between
the present study and Frissen et al.’s (2012) study was consistent
with the findings of Hirsh and Sherrick (1961), in which well-
trained participants performed better than less well-trained
ones.

Limitations
This study has some limitations. First, the practice session
before the voluntary movement condition in which only tactile
stimuli were presented may have an effect on the results
(i.e., sensitization of the tactile channel in the voluntary
movement condition). To eliminate the confounding effect
of this practice session, the participants were given 2–3 min
rest before each block of trials in the voluntary movement
condition. We believe that this eliminated the effect of the
voluntary movement condition practice runs on the observed
results of the JND and PSS. First, according to a previous
study (Hirsh and Sherrick, 1961), the more that people practice,
the more their JNDs improve. However, JND did not improve
in the voluntary movement condition in this study. This
suggests that the potentially confounding effect of practice was
well-controlled in this study. Second, according to another
previous study (Zampini et al., 2005b), the amount of practice
does not affect the PSS in auditory–tactile stimuli TOJ task.
Therefore, there is no reason to believe that the practice session
prior to the voluntary movement condition impacted the PSS
result. However, further investigation may be necessary on this
issue.

There may be a second limitation of this study related to
stimulus intensity. Boenke et al. (2009) showed that stimulus
intensity plays a role in the temporal perception of auditory–
visual stimulus pairs. We used a stronger tactile stimulus in the
present study than Frissen et al.’s (2012) study, and thus the
strength of the tactile stimulus may have interacted strongly with

the voluntary movement in our experiment. In future work, it
would be interesting to investigate how the relationship between
the strength of the tactile stimulus and voluntary movement
affects simultaneous perception.

Finally, the ratio of male to female participants in this
study was 5:1, which may limit the generalizability of the
results. Although previous research has shown that there are
no gender effect on two tactile TOJ task in the uncrossed
arms condition (Cadieux et al., 2010) or on the temporal
order threshold of two types of paired tones stimuli (Bao
et al., 2013), it is unknown whether a gender difference
exists in multimodal integration. Thus, it would be useful
in future research to include more female participants to
determine whether there is gender difference in the multimodal
integration of auditory and tactile information in TOJ
task.

Conclusion

The purpose of this study was to investigate the effect
of voluntary movement on auditory–tactile simultaneous
perception, controlling for the effects of stimulus predictability,
spatial information associated with large-scale movement, and
other methodological problems (see Materials and Methods)
found in previous studies (Kitagawa et al., 2009; Frissen
et al., 2012; Nishi et al., 2014). Auditory–tactile TOJ tasks
were conducted in voluntary, involuntary, and no movement
conditions. The PSS in the voluntary movement condition
shifted from the tactile stimulus being first in the involuntary
movement or no movement condition to the auditory stimulus
being first. JNDs did not differ across the three conditions.
These results reveal that voluntary movement changes the
PSS rather than the JND, but proprioceptive information does
not affect the simultaneous perception of auditory and tactile
stimuli.

Up until now, many studies of the simultaneous perception
of multimodal information have focused on the no movement
condition, in which participants simply receive information
from the environment. However, we routinely act voluntarily
on the environment and receive sensory feedback from the
environment, with these two events together defining the
moment. Therefore, it is necessary to study the simultaneous
perception of multimodal information in voluntary movements,
and not just in static (no movement) situations.
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