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Abstract—The experience of time and space in subjective per-
ception is closely connected. The Kappa effect refers to the phe-
nomenon where the perceived duration of the time interval between
stimuli is influenced by the spatial distance between them. In this
study, we aimed to explore the Kappa effect from a psychophysical
perspective. We investigated participants’ perception of temporal
duration in the sub-second range by delivering visual and tactile
inputs through wearable devices placed on both the palm and the
forearm. We compared the impact of unimodal sensory stimulation,
involving either visual or tactile stimuli, with different bimodal
stimulation conditions. Our results revealed that the illusory effect
on inter-stimulus duration perception can be observed in both
unimodal conditions, although the distortions were significantly
more pronounced in vision. In the multimodal stimulation con-
dition, where visual stimuli were presented at non-equidistant
spatial locations, the integration of tactile input did not reduce
the Kappa effect, regardless of the spatial location of the tactile
stimuli. However, when the visual stimuli were equidistant in space,
regardless of the spatial location of the tactile stimuli, the Kappa
effect disappeared. These results can shed light on the effect played
by multimodality on the perception of space and time.

Index Terms—Kappa effect, multimodal stimulation, space
perception, time perception, touch, vision.

I. INTRODUCTION

IN HUMANS there are clear inter-dependencies in the per-
ception of time and space [1], [2]. Such inter-dependencies

have been investigated in several studies, using different stim-
ulation modalities such as visual, auditory and tactile, with
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experimental outcomes that were highly modality and task-
dependent [3], [4].

Paradigmatic examples are the so called Tau and Kappa
effects. In the Tau effect the perception of the distance between
two or more consecutive stimuli is influenced by the duration of
the inter-stimulus temporal interval [1]. In the Kappa effect, the
perception of the duration of the inter-stimulus interval between
two or more consecutive stimuli is influenced by the physical
distance between them (i.e. the perception of isosynchrony
is modulated by space: the greater the spatial inter-stimulus
distance, the longer the inter-stimulus temporal interval is
perceived, and vice-versa [2]). Although the exact origin of
these perceptual space-time distortions is still debated, the most
discussed theories attribute them to the violation of participants’
prior information, which is triggered by the apparent motion of
the stimuli. Previous works identified the prior in terms of speed
constancy [5]. A Bayesian framework proposed by [6] assumed
a slow speed prior, indicating that humans tend to associate
slow motion with real-world objects. Finally, a recent study [7]
suggests that the deceleration tendency in the space-time
perception is the result of the Weber-Fechner law.

In this work, we focused on the study of the Kappa effect,
which - compared to the Tau one - was demonstrated to be
more consistently elicited across perceptual modalities, although
with different magnitudes according to the type of stimulation.
This was also confirmed in a previous preliminary work of
our group [8], where we analyzed both the Kappa and the Tau
effect elicited through concurrent visual-tactile stimulation. We
found that the Tau effect was seldom elicited, especially in
the visual modality, in agreement with other recent findings in
literature [9].

A. Related Work

In the visual domain, the Kappa effect was studied using
different experimental protocols, and reported by several au-
thors [2], [10], [11]. In the auditory domain, pitch space model
was proposed to account for the Kappa effect by relating low
frequencies tones to long time intervals and high frequencies
tones to shorter time intervals [12]. A Kappa effect was also
found in a stereophonic scenario, where the inter-stimulus time
(IST) was perceived longer when it was elicited along different
directions (i.e., right-left or left-right) than along the same
direction (i.e. left-left or right-right) [13].

In the tactile domain, the evidence of the Kappa effect has
been rarely reported. Suto [14] demonstrated the existence of
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a Kappa illusory effect by alternately stimulating participants’
forearms through consecutive tactile stimuli. With the forearms
crossing each other, different apparent spatial distances between
tactile stimuli were considered. Grondin et al. [15] showed
that the temporal duration of consecutive tactile stimuli, which
were delivered on different hands (i.e., left-right or right-left),
was perceived to be longer compared to the same perception
elicited by tactile stimuli on the same hand (i.e., right-right or
left-left). However, partially in contrast with [14], the increase
in inter-hands physical distance did not affect the perceived
duration. Yoblick et al. [12] found no relation between the
frequency of the tactile vibration and the perception of its
duration. Finally, Hidaka et al. reported that the inter-stimulus
interval between two tactile inputs was overestimated when the
stimuli were presented longitudinally on the dorsum of the hand
as compared to horizontally [16]. In summary, to the best of our
knowledge, a consistent Kappa effect (i.e. a proportional relation
between spatial distance and temporal judgment distortion) has
not been demonstrated in the tactile domain, particularly when
considering contiguous areas of the same body site (e.g., the
forearm, the palm). Speculatively, as suggested by Goldreich [6],
this might be due to the poor spatial accuracy of the body
site tested compared to the distance of the stimuli provided
(i.e., skin stimulation areas within the two-point-discrimination
threshold [17]).

The Kappa effect elicited by multiple stimulation modalities
has received even less attention. Bausenhart et al. [18] found a
significant Kappa effect on the temporal estimation of auditory
intervals, which was elicited through visual stimulation. The
same authors induced a perceived time dilation by modulating
the asynchrony between visual and auditory stimuli [19]. Inter-
estingly, a quasi-optimal temporal integration, in the Maximum
Likelihood Estimation (MLE) sense, of the two sensory channels
was observed, when the attention of participants focused on
the visual domain. In other terms, the computed Just Notice-
able Difference (JND) was significantly lower in the bimodal
(audio-visual) stimulation condition than in the unimodal visual
condition, confirming that the channel with lower variance in the
temporal domain, i.e. audio, leads the cross-modal integration
process [20].

Only a few studies have investigated the Kappa effect and the
spatio-temporal perception across visual and somatosensory (i.e.
tactile) domains. Asai et al. [21] investigated the Rabbit illusion
in multimodal conditions finding that concurrent signals from
the visual modality provides clues for creating unified represen-
tations of the tactile apparent motion (multi-modal causality).
Cai et al. [3] performed experiments where participants were
asked to report on the length of physical sticks or the duration
of an auditory note, which was listened to during the interaction
with the sticks. When the latter was mediated by both the
visual and tactile channel, length and duration judgments were
influenced by each other in a similar fashion (this did not happen
when visual cues were not delivered). This was explained by the
high spatial acuity of vision that drove the space-time interaction.

The spatiotemporal processing across vision and touch was
also investigated in the context of apparent motion [22], [23]. In
this case, a clear dominance of the visual channel was reported
e.g. by Lyons et al. [24] and Craig [25] as the perception of

the tactile stimuli direction was manipulated by exploiting the
spatial congruence of visual stimuli delivered at the same time.
However, these studies did not explicitly target the identification
of a relation between the spatial distance of the delivered stimuli
and the magnitude of the elicited effect on the inter-stimulus
temporal perception.

B. Implications for Extended Reality

Besides the scientific interest in investigating possible inte-
gration strategies across visual and tactile domains for spatio-
temporal perception, our main goal is the exploitation of the
Kappa effect with concurrent visuo-tactile stimulation in ad-
vanced human-machine interaction. In this regard, this study
was designed in the context of the Experience Project [26]:
one compelling yet challenging translation of the results of the
project is the design of strategies for multimodal manipulation
of time perception in extended reality (XR), e.g. to advance
current clinical psychology procedures. In fact, XR has proved
its effectiveness in several psychological treatments, giving
rise to what it is known as Virtual Reality Exposure Therapy
(VRET) [27]. This type of therapy allows for the creation of a
safe virtual world where the patient can experience new realities
also relying on perceptual illusions [28]. The investigation of
the Kappa effect we targeted goes toward this direction, i.e. the
creation of a compelling virtual multimodal reality environment
for the manipulation of time perception.

In a first preliminary study, we investigated the interaction
between the visual (V) and tactile (T) domain for the elicitation
of the Kappa effect on the forearm through visuo-tactile stim-
uli [8]. More specifically, we provided participants with three
consecutive stimuli, which were designed to define two succes-
sive temporal intervals and two contiguous spatial intervals. We
studied the Kappa effect both in the unimodal conditions (i.e.,
only-visual, or only-tactile) and with different combinations of
bimodal stimuli: visual and tactile stimuli were delivered both in
congruent combinations (i.e. in the same location) or in incon-
gruent combinations (i.e. one sensory channel provided uneven
spatial intervals while the other provided equal spatial intervals).
We found a preeminent role of the visual domain over the tactile
one, due to the fact that vision is associated with higher spatial
resolution (i.e. less sensory variance) than touch. Consistent
with this, we found that the Kappa effect vanished in both the
perceptual channels when the temporal illusion was provided in
the tactile domain only. On the contrary, the visual-tactile con-
gruent stimulation slightly increased the Kappa illusion. These
results, although promising, were preliminary, considering that
our investigation suffered from some limitations. These can be
mainly ascribed to the number of stimuli we delivered and the
target location for the stimulation.

In a second study [29] we also investigated the Kappa effect
in VR by testing unimodal visual and visual-tactile congruent
stimuli only on the forearm. Results in VR were compared
with a subset of the results presented in this manuscript (i.e.
unimodal and visual-tactile congruent configurations) showing
that the Kappa effect can be successfully elicited also in the VR
environment.
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In this work, we detail a comprehensive characterization of
the link between time perception and multimodal visual-tactile
conditions, both on the forearm and the palm, as they hold sig-
nificant promise for eliciting desired effects in XR. In particular,
we considered different temporal and spatial extents to estimate
the magnitude and the maximum boundaries of the Kappa ef-
fect through psychometric functions. As shown in Fig. 2, for
each factor (and combinations thereof) we fitted individual psy-
chometric functions by evaluating seven complementary Inter
Stimulus Intervals (ISTs). Combined factors included the spatial
distributions of stimuli, the modality (i.e. visual (V), tactile
(T), bimodal congruent (BC), bimodal incongruent visual (BIV)
and bimodal incongruent tactile (BIT)) and the body site (i.e.,
forearm and palm). Besides testing the presence of the Kappa
effect with multiple combinations of IST with different duration,
this study investigates the Kappa effect elicited by bimodal
stimulation with congruent or incongruent spatial information to
provide a thorough characterisation of the effects of the visual-
tactile crossmodal integration concerning the temporal [19] and
the spatial [20] domains for the elicitation of the Kappa effect.
Humans are able to integrate congruent visual and tactile infor-
mation in a statistically optimal fashion [20]; however, when
the stimuli are not congruent (i.e., not interpreted as a unique
percept), the brain may apply different integration or segregation
strategies to optimize the statistical inference [30], [31].

We hypothesized that the sensory modality with the greatest
spatial acuity - that is the one with lower variance in the spatial
domain, i.e. the vision, should drive the Kappa effect when the
stimuli are not spatially congruent, as suggested by our prelimi-
nary work and other previous findings [3], [24], [25]. Finally, we
also investigated the relationship between the magnitude of the
Kappa effect and the temporal discrimination thresholds of each
participant. Our hypothesis was that this relation relies on the
cross-modal integration between vision and touch, within both
the spatial and the temporal domain, considering the sensory
variance of vision and touch for both time and space perception.
The characterisation of the Kappa effect through the compu-
tation of individual psychometric functions was motivated by
the need for devising quantitative tools that can be used, in the
future, to calibrate and tune the XR-enabled manipulation of
time perception in a participant-specific fashion.

II. METHODS

A. Participants

Fifteen right-handed participants (10 males and 5 females,
M=31.7, SD=5.9) took part in the experiment. They partic-
ipated on a voluntary basis and were not paid. Each partici-
pant reported normal or corrected-to-normal visual acuity and
no sensorimotor impairments. Informed consent was obtained
prior to participation. The experimental protocol was approved
by the Ethical Committee of the University of Pisa (Prot. n.
36590/2021); the experiment and all methods were performed
in accordance with the relevant guidelines and regulations.

B. Hardware

We designed two wearable devices, which can deliver tactile
and visual stimuli to the forearm and the palm. Fig. 1(a) shows

Fig. 1. Top: wearable devices used in the experiment. The forearm device
exemplifies the stimuli sequences short(S) and long(L) while the palm device
reports the field of view perceived at a distance of 30 cm. Bottom: setup of the
experiment (the participant is looking to the fixation point).

the schematics of forearm and palm devices, having a size
of 200× 22× 35 mm(L×W ×H) and 88× 22× 35 mm, re-
spectively. Each device provided five consecutive, evenly spaced
stimulation points whose distance was selected to be substan-
tially higher than the two-point-discrimination tactile thresh-
olds [32], [33]; the selected distances were 42 mm for the
forearm and 14 mm for the palm.

Furthermore, each device provided a visual fixation point
placed at the center, at a distance of 24 mm perpendicularly
to the stimulation direction (participants were asked to look at
the fixation point during each trial). The tactile stimuli were
delivered by 5 V push-pull solenoids driven by independent
power circuits [34]. The visual stimuli were delivered through a
series of WS2812 LEDs (white color) whose positions were in
correspondence with those of the solenoids. The onset time and
the duration of the stimuli were controlled by an Arduino Mega
2560 microcontroller connected to a laptop PC running Matlab
R2021a (MatLab Inc., USA). To ensure a precise temporal
control of the stimuli, each trial of the experiment was managed
by the microcontroller timers. Temporal synchronization and
stimuli duration were measured by comparing the microcon-
troller digital output signal of the LEDs with the recordings
of a ADXL327Z accelerometer (attached to a test surface in a
position almost equidistant to the tactile actuators) on repeated
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Fig. 2. left: the factors combinations (Space, Modality, Place) tested in the experiment. Right: the expected Kappa effect reported in three representative
psychometric curves, which results in a shift of the point of subjective equality (PSE) in the S (contraction of the perceived temporal distance between stimuli) and
L (dilation of the perceived temporal distance between stimuli) spatial conditions with respect to the PSE in the control condition (C). The psychometric curves
were evaluated across seven complementary IST having increasing duration differences of 60 ms.

measurements. Maximum time mismatch was always under
1.2 ms.

C. Stimuli and Procedure

The experiment followed a within-subject design: all partici-
pants tested all factor combinations of space, IST, modality and
place. The experiment was divided into two sessions with the
same procedure, one for the forearm and one for the palm. The
order of the sessions was counterbalanced across participants.
Sessions were interleaved by 7 to 10 days.

The experiment adopted a widely used experimental proce-
dure [1], [35] that provides the observer with three consecutive
stimuli (E1, E2, E3), designed to define two successive temporal
intervals (T 1, T 2) and two contiguous spatial intervals (S1, S2),
see Figs. 1(a) and 2. Independently from the space existing
between the stimuli, the observer was asked to compare the du-
ration of the two temporal intervals following a two-alternative
forced-choice (2AFC) protocol.

In each trial of the experiment, three successive stimuli (E1,
E2, E3) either visual (V), tactile (T) or visual-tactile (VT), were
delivered to the forearm or to the palm depending on the session.
The duration of the stimuli was 47 ms [10], [11]. The total
time T = T 1 + T 2 between the first (E1) and the third (E3)
stimulus was always equal to 600 ms; within each session, also
the total space S = S1 + S2 between the first (E1) and the third
(E3) stimulus was constant: 56 mm for the palm, and 170 mm
for the forearm, respectively [6], [36]. The spatial intervals
S1 = SE2−E1 and S2 = SE3−E2 were varied [2]. Fig. 2 shows
the possible combinations of complementary spatial intervals
presented to the observers given equal time intervals lasting
300 ms each: the trials conveying the Kappa effect provided
different spatial intervals (S1 �= S2) having a ratio between
the first and the second interval of 1/3 (Short) or 3/1 (Long).
Conversely, the trials conveying the Control condition provided
equal spatial intervals (S1 = S2).

According to the 2AFC protocol, seven combination of IST
T 1 = TE2−E1, and T 2 = TE3−E2 with increasing differences

were provided to the observer, see Fig. 2; in one combination the
IST was the same, and equal to 300 ms. The minimum difference
between temporal intervals was selected to be 60 ms based on
published thresholds [37], and the maximum difference was
selected to be 180 ms, to ensure a sufficient discrimination in
both the modalities [38]. Each of the seven time intervals was
repeated 20 times for each factor combination.

Trials were grouped in 13 blocks sharing the factor Modality
(i.e., V, T, VT). Within each block 140 trials were fully ran-
domized. Both the unimodal conditions V and T provided the
observer with: 3 space ratios × 7 time intervals × 20 repetitions
= 420 trials. In the bimodal condition (VT) stimuli were always
synchronized in time. Regarding the space, the VT condition
provided also incongruent trials where one perceptual channel
provided the Kappa effect, whereas the other channel provided
the control condition (i.e., equal space intervals). Therefore, in
the bimodal conditions there were: 420 congruent trials (BC),
same as in unimodal condition, plus 280 incongruent tactile trials
(BIT), in which visual stimuli were delivered to identify two spa-
tially equivalent intervals - control condition (S1

visual = S2
visual)

and the tactile stimuli were delivered to identify two different
spatial intervals (either S or L condition) (S1

tactile �= S2
tactile),

plus further 280 incongruent visual conditions (BIV), as the in-
verse of the latter (S1

visual �= S2
visual, S

1
tactile = S2

tactile). Since
the direction of the stimuli sequence was proven to not affect
the Kappa effect [2], [11], it was set constant for each device:
left-to-right on the palm, in a distal to proximal direction on the
forearm. Therefore, in total each participant performed 1820
trials for each session, 3640 in total.

The experiments took place in a quiet room. Fig. 1(b) shows
an observer wearing one of the experimental devices fastened
to the non-dominant hand (according to the literature [39],
the multi-sensory integration is enhanced in the non-dominant
hand). Participants were asked to place their arm on the support
(tilt 60◦) keeping their forehead on the headrest by adjusting
the height of the chair: this way the distance between the eyes
and the LEDs on the devices was kept constant at 30 cm.
As a reference, Fig. 1(a) reports also the 8◦ Field Of View
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Fig. 3. Psychometric functions calculated at the group level for all factor combinations. The differences between the seven time interval durations were z-
transformed. Red lines indicate equal intervals (control condition), blue lines indicate the first interval long, and green lines indicate the first interval short.

(FOV) from the fixation point at a distance of 30 cm, the
area where the visual Kappa effect was found at its maximum
extent [11].

During the experiment, participants wore ear-plugs while a
continuous pink noise (approximately 70 dBA) was delivered
through earphones to mask any parasitic noise produced by
the solenoids. Each experimental block was started by an LCD
screen showing the next modality (i.e., V, T, VT) to the partic-
ipant. In each trial, participants had to choose the shortest time
interval pressing the left or the right arrows on a keyboard placed
nearby the arm support. The next trial started 700− 900 ms after
a response was recorded.

Before the experiment, to familiarize with the experimen-
tal procedure, participants performed a training phase of 48
trials on all the modalities with time intervals of 150 ms and
450 ms, respectively. The experimenter checked that partici-
pants were able to distinguish the two intervals and that they
clearly understood the task. Participants were allowed to rest
between blocks at their convenience. A typical session lasted
1.5 hours.

III. RESULTS

For each participant, the responses of the 2AFC discrimina-
tion task were modeled as a psychometric function for each
factor combination of place (forearm, palm), space covered by
the first interval (short, equal, long, corresponding to S, C, L con-
dition, respectively) and modality (i.e., V, T, BC, BIV, BIT) by
fitting a cumulative Gaussian function with two free parameters:
midpoint μ, and standard deviation σ. Given such parameters,
it was possible to estimate the two main variables of standard

psychophysical analysis: the point of subjective equality (PSE)
as the midpoint, and the just notable difference (JND), calculated
as

√
2 ∗ σ2 by following the procedure reported in [40].

The parameters of the psychometric functions fitted for each
participant were used in the statistical analysis. Since the in-
dividual distributions of PSE and JND were not normally dis-
tributed (i.e. D’Agostino normality tests were performed [41]
finding mainly violation of the skewness on distributions), non-
parametric group-wise Friedman tests for paired samples [42]
were performed. Therefore, whenever significant differences
emerged, post-hoc pairwise comparisons were performed using
non-parametric Wilcoxon test for paired samples with Holm
correction [43]. Further modeling of the Kappa effect by means
of generalized linear mixed models (GLMM) can be found in
the appendix. Data were analysed using the software R 4.1.2
using Quickpsy [44] and MixedPsy [45] package.

Fig. 3 reports the overall group mean psychometric functions
calculated for all combinations of place, space, and modal-
ity factors. The differences of time interval durations were
z-transformed as required by the statistical analyses. The PSE
of the psychometric functions increases or decreases due to
the space factor according to the Kappa effect: longer spatial
intervals result in time dilation and vice versa. Of note, a
larger PSE corresponds to a shorter perceived duration of the
first interval, while the PSE is close to zero in all the control
conditions with equally-spaced intervals (red lines in Fig. 3)
independently from the modality and place factors. A PSE close
to zero in the control condition accounted for a correct temporal
discrimination of equidistant stimuli, therefore confirming the
absence of systematic biases in determining the longest time
interval.
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TABLE I
DIFFERENCE IN PSE DUE TO THE FACTOR SPACE FOR ALL MODALITIES ON THE FOREARM SIGNIFICANCE LEVELS:. =0.05, *=0.01, **=0.001, ***=0.0001 WITH

HOLM CORRECTION

TABLE II
DIFFERENCE IN PSE DUE TO THE FACTOR SPACE FOR ALL MODALITIES IN THE PALM SIGNIFICANCE LEVELS:. =0.05, *=0.01, **=0.001, ***=0.0001 WITH

HOLM CORRECTION

Fig. 4. Magnitude of the Kappa effect for all factor combinations of Modality
and Place. The Kappa effect was calculated from z-transformed time intervals.
Colors: red indicates the forearm, blue the palm.

A. Kappa Effect

As reported in Tables I and II the Friedman’s test on the
PSE revealed highly significant differences across the space
factor (i.e. p < .0001) for each combination of modality and
place, except for the BIT modality (p < .05). The differences
among PSE were confirmed by a post-hoc pairwise comparison,
showing PSElong < PSEequal, PSEequal < PSEshort and
PSElong < PSEshort according to the Kappa effect for all
combinations except the BIT modality in the Palm. In order
to quantify the magnitude of the Kappa effect, we computed
the difference between the PSEs in the short (S) and long (L)
spatial intervals. This, in turn, provides an overall estimation of
the perceptual alteration induced by different spatial distribution
of isosynchronous stimuli.

Fig. 4 illustrates the boxplots of the magnitude of the Kappa
effect for all the stimulation modalities presented on the forearm
and the palm. Regarding the forearm, the Friedman test for
paired samples showed significant differences among modal-
ities (Q = 29.4, p < .0001). Post-hoc pairwise comparisons
for paired samples considering the visual modality in a one-
to-many comparison revealed significant differences between

visual and tactile modalities (p < .05) and between visual and
BIT modalities (p < .05).The differences between visual-BC
and visual-BIV were not significant (p = .24 and p = .12 re-
spectively) Regarding the palm, the Friedman test showed sig-
nificant differences among modalities (Q = 33.7, p < .0001).
Again, the post-hoc pairwise comparisons revealed significant
differences between visual and tactile modalities (p < .05), and
between visual and BIT modalities (p < .05). The differences
visual-BC and visual-BIV were not significant (p = .27 and
p = .09 respectively)

B. Duration Discrimination

The JND of the psychometric curves indicates the partici-
pants’ ability to discriminate the temporal duration of different
intervals: the lower the JND, the higher the ability. Fig. 5(a) and
(b) show the boxplot of the JND grouped by modality and space
for the forearm and the palm, respectively. Separate Friedman
tests were performed for the factors Space and Modality.As
shown in Table III, in all the stimulation modalities the factor
Space was found not significant both on the palm and the
forearm. Table IV reports the differences in JND due to the
factor Modality, which was found significant only in the control
condition, with equal spatial intervals. In this condition, the
post-hoc comparisons revealed a statistically significant higher
JND for the visual modality with respect to both the tactile
and the BC modalities (p < .0167) on the forearm; in the palm
differences were significant only between the visual and the BC
modality (p < .0167).

For each participant, the JNDs measured in visual and tactile
modalities were used to estimate the expected discrimination
thresholds in the BC modality following the optimal integration
according to the MLE rules [40], which are described by the (1).

T 2
V T =

T 2
V T

2
T

T 2
V + T 2

T

(1)

The estimated discrimination threshold in multimodality (TV T )
is calculated from the discrimination thresholds (TV and TT )
found in the unimodal Visual and Tactile modality. According to
it, the perceptual channel having the lowest variance in unimodal
condition or the highest acuity in the time domain (i.e. the
tactile channel in our case) has a greater weight in estimating



930 IEEE TRANSACTIONS ON HAPTICS, VOL. 17, NO. 4, OCTOBER-DECEMBER 2024

TABLE III
DIFFERENCES IN JND DUE TO THE FACTOR SPACE IN THE PALM AND FOREARM FOR ALL MODALITIES(FRIEDMAN TEST)

Fig. 5. JNDs of the psychometric functions for all modalities on the forearm
(top) and on the palm (bottom). The JND was calculated from z-transformed
time intervals. Colors: red indicates equal intervals (control condition), blue
indicates the first interval long, and green indicates the first interval short.

TABLE IV
DIFFERENCES IN JND DUE TO THE FACTOR MODALITY IN THE PALM AND

FOREARM FOR ALL SPACES (FRIEDMAN TEST)

the discrimination threshold in the multimodal condition. The
theoretical estimation of the thresholds was then compared with
the experimental thresholds.

Fig. 6(a) and (b) show the thresholds measured in BC modality
in the experiment with respect to the estimated optimal integra-
tion calculated from the unimodal thresholds, considering the
forearm and the palm, respectively. The lower the distance from

Fig. 6. Discrimination thresholds (THR) in the BC modality vs. theoretical
MLE thresholds calculated on the forearm data (top) and on the palm data
(bottom). Optimal integration occurs for all the dots on the dashed lines.

the dashed bisector, the higher is the MLE integration, i.e. the
closeness to the theoretical MLE integration. What is noticeable
is that for low discrimination thresholds, experimental values
are in agreement with MLE estimations. For higher thresholds,
the experimental data diverges from the theoretical estimated
thresholds.

C. Relation Between Kappa Effect and JND

Fig. 7 reports the scatterplot of the magnitude of the Kappa
effect as function of the JND of individual participants calculated
separately for each modality on the forearm and the palm,
respectively. A Spearman’s analysis between the magnitude of
the Kappa effect and mean JND revealed significant correlations
for the stimulation on the palm in visual R = .89, p < .0001,
tactileR = 0.88, p < .0001, BCR = 0.94, p < .0001, and BIV
R = 0.90, p < .0001, whereas for the stimulation on the fore-
arm there were significant correlations in visual R = 0.78, p <
.001, tactileR = 0.80, p < .001, BCR = 0.88, p < .0001, BIV
R = 0.85, p < .0001, and BIT R = 0.54, p < .05;

IV. DISCUSSION

We demonstrated that perceptual illusions associated with
the Kappa effect can be elicited with concurrent visual and
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Fig. 7. Scatterplot of the magnitude of the Kappa effect as a function of mean
JND of each participant on the forearm (left) and the palm (right). Both the
parameters were calculated from z-transformed time intervals.

tactile stimuli. Such perceptual illusions are associated with high
inter-subject variability, especially in terms of the magnitude of
the Kappa effect, which is defined as the difference between
the PSE computed for the short (S) and long (L) spatial interval
conditions. Building on previous evidence [2], [10], [11], our
findings confirm the presence of the Kappa effect both in the
visual and tactile domain, also at the same body site as sug-
gested by previous research [6], [16]. Differently from [14],
[15], we characterised the Kappa effect in touch considering,
contiguous areas of the skin. Moreover, with respect to the study
of Hidaka [16] our results are not dependent on the anisotropy
properties of the skin. As shown in figures 3 and 4, there are
no differences between the forearm and the hand in terms of the
magnitude of the Kappa effect in the tactile domain. This finding
can be ascribed to the distance between the tactile actuators of
the wearable devices used in the experiments: this distance was
increased from 14mm, in the wearable device for the palm, to
42 mm, in the wearable device for the forearm, according to the
different two-point discrimination thresholds of the two body
locations tested [32], [33].

Compared to previous studies, the stimulation protocol we
developed envisioned the delivery of visual and tactile stimuli
to the same body site, thus enabling a direct comparison of
the modality-specific Kappa effect that was not possible to be
performed within the data available from the existing literature.
In each trial of the experiment, the comparison of the two
inter stimulus intervals was affected by the perceptual channels
involved (i.e., visual and/or tactile) concerning both spatial and
temporal domains. In the unimodal conditions, the magnitude
of the Kappa effect was generally greater in vision than in touch
(p < .05), in agreement with the literature. The different magni-
tudes of the Kappa effect between vision and somatosensation
are related to the higher spatial acuity (i.e. the lower sensory
variance) of the visual channel (i.e. a greater ability to perceive
differences in space) that is almost twice with respect to the
tactile one in the body site we tested [20].

Building on previous literature [3], [19], we hypothesized that
the Kappa effect across different perceptual modalities could

rely on the cross-modal integration between sensory channels
(vision and touch) within spatial and temporal domains, fol-
lowing the framework of MLE [40]. To this end, the lower
discrimination thresholds of vision than touch in the spatial
domain (∼ 2.2 mm vs. ∼ 4.7 mm [20]) as opposed to the lower
discrimination thresholds of touch with respect to vision in the
time domain [38], [46] (i.e. ∼ 160 ms vs. ∼ 197 ms). However,
since the differences between the perceptual channels are much
greater in the spatial domain, and considering that the Kappa
effect arises from spatial information, the overall multisensory
integration should preserve the illusory effect. The experimental
results are in agreement with our hypothesis: in fact, in the
control condition (i.e. equal spaces) we found a quasi-optimal
integration in the time domain, meaning that visual and tactile
stimuli were associated to a single event and that the temporal
information was integrated within the MLE framework [19] (see
Fig. 5(a) and (b)).

However, when the vision provided the illusory effect (i.e.
the BC and the BIV condition), such an integration in the
time domain did not affect the magnitude of the Kappa effect
in multimodality. Conversely, in the BIT modality, the Kappa
effect induced only by the tactile channel was disrupted by the
equal spatial distances marked by the visual stimuli. The overall
result in this modality was the absence of the Kappa effect
(see Fig. 4). These results are in agreement with the studies of
Lyons et al. [24] and Craig [25] on the apparent motion, which
reported that the lack of spatial congruence between the visual
and the tactile stimuli direction resulted in perceptual illusions
dominated by vision. Our results are in agreement also with the
study of Asai et al. [21] concerning unified representations of
the apparent motion by using multimodal concurrent stimulation
when stimuli are congruent among each-other.

Interestingly, our results also show a linear dependency be-
tween the ability to discriminate time intervals (i.e. a value in-
versely proportional to the JND) and the magnitude of the Kappa
effect experienced by the subject in the different modalities (see
Fig. 7). To this end, we speculate that the measurement of the
duration discrimination threshold of a specific subject can be
used as a predictor of the magnitude of the Kappa effect in future
applications. In particular, the possible modulation of the Kappa
effect in virtual reality (VR) [29] can be profitably used in VRET
allowing for the creation of a safe virtual world where patients
can experience new realities relying on perceptual illusions [28].
As of today, the manipulation of patients’ XR has largely ignored
the temporal dimension, which could offer promising tools to
identify new behavioural measures of patients’ executive func-
tioning, implicit decision-making patterns and memory, thus
leading to the identification of clinically relevant, yet unknown
subtypes (endophenotypes) of affective disorders. However, for
VRET to be effective, it is mandatory to elicit in patients’ a sense
of immersion in XR. This can be guaranteed by capitalizing
on multimodal stimulation, mainly relying on visual and tactile
stimuli [47]. We speculate that the tactile stimuli we designed,
associated to various visual events, like the collision of virtual
objects bouncing on top of the participants’ skin, should improve
the sense of immersion in VR, while supporting the Kappa effect
driven by the visual domain.
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TABLE V
COEFFICIENTS OF FIXED EFFECTS THE UNIMODAL MODELS (WITH SE) SIGNIFICANCE LEVELS: *=0.01, **=0.001, ***=0.0001

TABLE VI
COEFFICIENTS OF FIXED EFFECTS THE MODELS (WITH SE) SIGNIFICANCE LEVELS: *=0.01, **=0.001, ***=0.0001

V. CONCLUSION

In this work we provided, for the first time, a comprehensive
characterization of the Kappa effect in the visual-tactile con-
ditions, within the peripersonal space (i.e., at the palm and the
forearm), considering both unimodal and concurrent multimodal
elicitations.

Although the origin of this perceptual space-time illusion is
unknown, the application of Beyesian models to encode the
Kappa effect showed that the representation of the internal time
is a logarithmic function of physical time and physical distance
that follows the Weber-Fechner law [7]. Therefore, this can be
used to relate the integration strategies occurring across different
sensory domains to the resulting magnitude of the Kappa effect.

To this regard, in future work we plan to evaluate the possible
priors underpinning the Kappa effect, by further investigating a
systematic space-time manipulation of virtual objects in both the
visual and tactile domain in XR. In particular, the programmable
elicitation of the Kappa Effect in XR could be used to design
new experimental protocols for manipulating the perception of
self in time. This could open also to the interesting scenarios
of emotion modulation through the parametric tuning of time
perception, thus unlocking a plethora of VR-based activities
as well as a number of exploitation avenues in the diagnosis
and re-stratification of affective disorders, with the possibility
of devising novel therapeutic strategies.

APPENDIX

GENERALIZED LINEAR MIXED MODELING

By means of multiple generalized linear mixed model
(GLMM), we tested whether the factor space (short, equal, long)
affected Kappa effect for each modality and place. GLMM
indicates the effect of the experimental variables and for the
variability between participants by means of fixed- and random-
effect parameters, respectively [48]. Models were of the form:

Φ−1[P (Y = 1)]=β0 + u0+β1 · x+u1 · x+ β2(S) + β3(L)
(2)

where Φ−1 is the probit link function, P (Y = 1) is the probabil-
ity of perceiving the first stimulus as longer than the second, β∗
andu∗ are the fixed- and random- effect parameters, respectively.

Fig. 8. GLMM of duration discrimination task in the visual unimodal modality
(forearm). Colors: red indicates equal intervals (control condition), blue indi-
cates the first interval long, and green indicates the first interval short.

S and L are two dummy variables correspondent to the levels of
the factor Space short(S) and long(L).

Tables V and VI report the coefficients of the unimodal and
multimodal models, respectively. In agreement with the previous
data analysis, for all modalities and places the coefficient β0,
representing the PSE of control condition, reports values close
to zero, therefore always not significant. The coefficient β1,
significant in all modalities and places, is related to the inverse
of standard deviation of the psychometric function (i.e., JND
= 0.75/β1). The coefficients β2 and β3 are related to the short
and long condition, respectively: the PSE of the corresponding
psychometric functions can be calculated as−(β0 + β2)/β1 and
−(β0 + β3)/β1. The value of such coefficients, usually specular
to zero, changes with modalities in agreement with Fig. 3. For
instance, β2 in the visual modality is twice the tactile modality.
Regarding the factor Place, for all the modalities the coefficients
are within the range of the SE. In general,the random effect in the
models showed a limited variance (0.04− 0.08) on the intercept,
whereas it showed a greater variance on the slope (0.3− 0.8),



DE PRA et al.: INVESTIGATING THE KAPPA EFFECT ELICITED THROUGH CONCURRENT VISUAL AND TACTILE STIMULATION 933

meaning that the discrimination thresholds were different among
the participants.

We investigated also if the subject-specific effects were cor-
related with any of the static predictors. In particular, age and
arm length values were standardized, and linear models were
fitted between such predictors and both random intercepts and
slopes. Whereas the coefficients were always not significant,
the AIC parameter increased in all the configurations tested,
meaning that such parameters were not improving the model
fit. Fig. 8 reports the GLMM of the unimodal visual modalitiy
applied on the experimental data for each participants. Although
the GLMM only provides 3 significant parameters for each
factor combination of Modality and Place, it nevertheless allows
us to represent the Magnitude of the Kappa effect (i.e., the
translation of the PSE on the x−axis) and the JND of most of the
participants. However, compared to the psychometric functions
individually computed on the experimental data, the GLMM is
unable to fit the data of specific participants which report an
unbalanced Kappa effect (e.g., Fig. 8 sub1 long, sub9 short, sub
11 short).

REFERENCES

[1] H. Helson and S. M. King, “The Tau effect: An example of psychological
relativity,” J. Exp. Psychol., vol. 14, no. 3, 1931, Art. no. 202.

[2] J. Cohen, E. Charles, M. Hansel, and J. D. Sylvester, “A new phenomenon
in time judgment,” Nat., vol. 172, no. 4385, pp. 901–901, 1953.

[3] Z. G. Cai and L. Connell, “Space–time interdependence: Evidence against
asymmetric mapping between time and space,” Cognition, vol. 136,
pp. 268–281, 2015.

[4] J. Loeffler, R. Cañal-Bruland, A. Schroeger, J. W. Tolentino-Castro,
and M. Raab, “Interrelations between temporal and spatial cognition:
The role of modality-specific processing,” Front. Psychol., vol. 9, 2018,
Art. no. 2609.

[5] B. Jones and Y. L. Huang, “Space-time dependencies in psychophysical
judgment of extent and duration: Algebraic models of the Tau and Kappa
effects,” Psychol. Bull., vol. 91, no. 1, 1982, Art. no. 128.

[6] D. Goldreich, “A Bayesian perceptual model replicates the cutaneous
rabbit and other tactile spatiotemporal illusions,” PLoS One, vol. 2, no. 3,
2007, Art. no. e333.

[7] Y. Chen, C. Peng, and A. Avitt, “A unifying Bayesian framework account-
ing for spatiotemporal interferences with a deceleration tendency,” Vis.
Res., vol. 187, pp. 66–74, 2021.

[8] Y. De Pra, V. Catrambone, V. Van Wassenhove, G. Valenza, and M. Bianchi,
“Toward the manipulation of time and space in extended reality: A pre-
liminary study on multimodal Tau and Kappa illusions in the visual-tactile
domain,” in Proc. 31th IEEE Int. Conf. Robot Hum. Interactive Commun.,
2022, pp. 179–184.

[9] A. Schroeger, M. Raab, and R. Cañal-Bruland, “Tau and Kappa in
interception–how perceptual spatiotemporal interrelations affect move-
ments,” Attention, Percep., Psychophys., vol. 84, no. 6, pp. 1925–1943,
2022.

[10] Y. Chen, B. Zhang, and K. P. Kording, “Speed constancy or only slowness:
What drives the Kappa effect,” PLoS One, vol. 11, no. 4, 2016, Art. no.
e0154013.

[11] T. Kuroda, S. Grondin, M. Miyazaki, K. Ogata, and S. Tobimatsu, “The
Kappa effect with only two visual markers,” Multisensory Res., vol. 29,
no. 8, pp. 703–725, 2016.

[12] D. A. Yoblick and G. Salvendy, “Influence of frequency on the estimation
of time for auditory, visual, and tactile modalities: The Kappa effect,” J.
Exp. Psychol., vol. 86, no. 2, 1970, Art. no. 157.

[13] M. J. Henry and J. D. McAuley, “Evaluation of an imputed pitch velocity
model of the auditory Kappa effect,” J. Exp. Psychol.: Hum. Percep.
Perform., vol. 35, no. 2, 2009, Art. no. 551.

[14] Y. Suto, “The effect of space on time estimation (S-ffect) in tactual space
(I),” Jpn. J. Psychol., vol. 22, pp. 189–204, 1951.

[15] S. Grondin and R. Rousseau, “Judging the relative duration of multi-
modal short empty time intervals,” Percep. Psychophys., vol. 49, no. 3,
pp. 245–256, 1991.

[16] S. Hidaka, L. Tamè, A. Zafarana, and M. R. Longo, “Anisotropy in tactile
time perception,” Cortex, vol. 128, pp. 124–131, 2020.

[17] R. W. Cholewiak, “The perception of tactile distance: Influences of body
site, space, and time,” Perception, vol. 28, no. 7, pp. 851–875, 1999.

[18] K. M. Bausenhart and K. R. Quinn, “On the interplay of visuospatial and
audiotemporal dominance: Evidence from a multimodal Kappa effect,”
Attention Percep., Psychophys., vol. 80, no. 2, pp. 535–552, 2018.

[19] K. M. Bausenhart, M. Dolores de la Rosa, and R. Ulrich, “Multimodal
integration of time,” Exp. Psychol., vol. 61, no. 4, pp. 310–322, 2014.

[20] M. O. Ernst and M. S. Banks, “Humans integrate visual and haptic
information in a statistically optimal fashion,” Nature, vol. 415, no. 6870,
pp. 429–433, 2002.

[21] T. Asai and N. Kanayama, ““Cutaneous Rabbit” Hops toward a light:
Unimodal and cross-modal causality on the skin,” Front. Psychol., vol. 3,
2012, Art. no. 427.

[22] V. Harrar, R. Winter, and L. R. Harris, “Visuotactile apparent motion,”
Percep. Psychophys., vol. 70, pp. 807–817, 2008.

[23] S. Lakatos and R. N. Shepard, “Constraints common to apparent motion
in visual, tactile, and auditory space,” J. Exp. Psychol.: Hum. Percep.
Perform., vol. 23, no. 4, 1997, Art. no. 1050.

[24] G. Lyons, D. Sanabria, A. Vatakis, and C. Spence, “The modulation
of crossmodal integration by unimodal perceptual grouping: A visuo-
tactile apparent motion study,” Exp. Brain Res., vol. 174, pp. 510–516,
2006.

[25] J. C. Craig, “Visual motion interferes with tactile motion perception,”
Perception, vol. 35, no. 3, pp. 351–367, 2006.

[26] G. Valenza et al., “The experience project: Unveiling extended-personal
reality through automated VR environments and explainable artificial
intelligence,” in Proc. 2023 IEEE Int. Conf. Metrol. Extended Reality,
Artif. Intell. Neural Eng., 2023, pp. 757–762.

[27] E. Carl et al., “Virtual reality exposure therapy for anxiety and related
disorders: A meta-analysis of randomized controlled trials,” J. Anxiety
Disord., vol. 61, pp. 27–36, 2019.

[28] S. Serino, N. Polli, and G. Riva, “From avatars to body swapping: The
use of virtual reality for assessing and treating body-size distortion in
individuals with anorexia,” J. Clin. Psychol., vol. 75, no. 2, pp. 313–322,
2019.

[29] Y. De Pra, V. Catrambone, V. Van Wassenhove, A. Moscatelli, G. Valenza,
and M. Bianchi, “Altering time perception in virtual reality through mul-
timodal visual-tactile Kappa effect,” IEEE Trans. Haptics, vol. 16, no. 4,
pp. 518–523, Nov./Dec. 2023.

[30] J.-P. Bresciani, F. Dammeier, and M. O. Ernst, “Vision and touch are
automatically integrated for the perception of sequences of events,” J.
Vis., vol. 6, no. 5, 2006, Art. no. 2.

[31] D. R. Wozny, U. R. Beierholm, and L. Shams, “Human trimodal perception
follows optimal statistical inference,” J. Vis., vol. 8, no. 3, 2008, Art. no. 24.

[32] S. Weinstein, “Intensive and extensive aspects of tactile sensitivity as a
function of body part, sex and laterality,” in The Skin Senses. Kenshalo D.
R. Ed. Springfield, IL: Thomas, 1968, pp. 195–222.

[33] J. C. Stevens and K. K. Choo, “Spatial acuity of the body surface over the
life span,” Somatosensory Motor Res., vol. 13, no. 2, pp. 153–166, 1996.

[34] Shenzhen Zonhen Electric Appliances, “Solenoids zh0-0420s-05a4.5
datasheet,” 2023. Accessed: Feb. 16, 2023. [Online]. Available: http:
//www.zonhen.com/solenoid/ZHO-0420-en.html

[35] C. E. Collyer, “Discrimination of spatial and temporal intervals defined by
three light flashes: Effects of spacing on temporal judgments and of timing
on spatial judgments,” Percep. Psychophys., vol. 21, no. 4, pp. 357–364,
1977.

[36] J C. Bill and L. W. Teft, “Space-time relations: The effects of variations in
stimulus and interstimulus interval duration on perceived visual extent,”
Acta Psychologica, vol. 36, no. 5, pp. 358–369, 1972.

[37] L. E. Humes, T. A. Busey, J. C. Craig, and D. Kewley-Port, “The effects of
age on sensory thresholds and temporal gap detection in hearing, vision,
and touch. attention,” Perception, Psychophys., vol. 71, no. 4, pp. 860–871,
2009.

[38] L. A. Jones, E. Poliakoff, and J. Wells, “Good vibrations: Human interval
timing in the vibrotactile modality,” Quart. J. Exp. Psychol., vol. 62, no. 11,
pp. 2171–2186, 2009.

[39] Y. Yalachkov, J. Kaiser, O. Doehrmann, and M. J. Naumer, “Enhanced
visuo-haptic integration for the non-dominant hand,” Brain Res., vol. 1614,
pp. 75–85, 2015.

[40] M. Rohde, L. C. J. Van Dam, and M. O. Ernst, “Statistically optimal
multisensory cue integration: A practical tutorial,” Multisensory Res.,
vol. 29, 4/5, pp. 279–317, 2016.

[41] R. B. D’Agostino, “An omnibus test of normality for moderate and large
size samples,” Biometrika, vol. 58, no. 2, pp. 341–348, 1971.

http://www.zonhen.com/solenoid/ZHO-0420-en.html
http://www.zonhen.com/solenoid/ZHO-0420-en.html


934 IEEE TRANSACTIONS ON HAPTICS, VOL. 17, NO. 4, OCTOBER-DECEMBER 2024

[42] M. Friedman, “The use of ranks to avoid the assumption of normality
implicit in the analysis of variance,” J. Amer. Statist. Ass., vol. 32, no. 200,
pp. 675–701, 1937.

[43] T. P. Hettmansperger and J. W. McKean, Robust Nonparametric Statistical
Methods. Boca Raton, FL, USA: CRC Press, 2010.

[44] D. Linares and J. López-Moliner, “Quickpsy: An R package to fit psy-
chometric functions for multiple groups,” R. J., vol. 8, no. 1, pp. 122–131,
2016.

[45] P. Balestrucci, M. O. Ernst, and A. Moscatelli, “Psychophysics
with R: The R Package MixedPsy,” bioRxiv 2022.06.20.496855;
doi: 10.1101/2022.06.20.496855.

[46] E. Williams, A. Stewart, and L. Jones, “Modality differences in timing:
Testing the pacemaker speed explanation,” in Proc. Annu. Meeting Cogn.
Sci. Soc., vol. 39, 2017, pp. 3534–3539.

[47] P. Abtahi and S. Follmer, “Visuo-haptic illusions for improving the per-
ceived performance of shape displays,” in Proc. 2018 CHI Conf. Hum.
Factors Comput. Syst., 2018, pp. 1–13.

[48] A. Moscatelli, M. Mezzetti, and F. Lacquaniti, “Modeling psychophysical
data at the population-level: The generalized linear mixed model,” J. Vis.,
vol. 12, no. 11, pp. 26–26, 2012.

Yuri De Pra (Member, IEEE) received the M.Sc.
and Ph.D. degrees in computer science from the
University of Udine, Udine, Italy, in 2012 and 2021
respectively. He is currently a Researcher with the
Italian National Energy Agency. He was a Postdoc
Researcher with Interdepartmental Centre for Bio-
engineering and Robotics Research “E. Piaggio” as
member of the Neuro-cardiovascular Intelligence lab
of University of Pisa, Pisa, Italy. His research interests
include edesign of haptic interfaces for the personal
extended reality and the advanced human-computer

interaction.

Vincenzo Catrambone (Member, IEEE) received
the bachelor’s and master’s degrees in biomedical
engineering and the Ph.D. degree in information en-
gineering cum laude from the University of Pisa, Pisa,
Italy, in 2013, 2016 and 2020, respectively. He is
currently an Assistant Professor with the Department
of Information Engineering and fellow of the Neuro-
Cardiovasculat Intelligence Lab of the Bioengineer-
ing and Robotics Research Centre “E. Piaggio” of
University of Pisa. His research interests include
spans statistical and nonlinear biomedical signal and

image processing, cardiovascular and neural modeling, physiologically inter-
pretable artificial intelligence systems. His Ph.D. Thesis was specifically focused
on the estimation of functional brain-heart interplay. He is an author of several
international scientific contributions in these fields authored or coauthored in
peer-reviewed international journals, and conference proceedings. He is involved
in several international research projects, and in the past few years, he has been
visiting Researcher with the École Normale Supérieure de Lyon, France, and
with the Brain Imaging Centre of the Maastricht University, Netherlands.

Virginie van Wassenhove received the Ph.D. de-
gree in neurosciences and cognitive sciences with
the University of Maryland, College Park, MD, USA
under the supervision of Prof David Poeppel and
Dr Ken Grant, in 2004. In her graduate training,
she focused on the perception (psychophysics) and
cortical bases (EEG, MEG, fMRI) of audiovisual
speech. Her Ph.D. was proposed a predictive coding
framework for multisensory integration. In 2005, she
was with Prof Sri Nagarajan (UCSF) on learning and
plasticity in audition and in multisensory perception

combining psychophysics with MEG. From 2006 to 2008, she was implicated
in various projects with UCLA (Prof Ladan Shams, Prof Dean Buonomano) and
with Caltech (Prof Shinsuke Shimojo) which included implicit multisensory
statistical learning, time perception, gesture communication, and interpersonal
interactions. From2008, she was hired as the Director of newly build NeuroSpin
MEG center with NeuroSpin and joined the Cognitive Neuroimaging Unit
directed by Prof Stanislas Dehaene. In 2012, she was appointed an INSERM
team leader position and created the Cognition and Brain Dynamics lab. In
2013, she obtained her Habilitation à Diriger des Recherches; highest degree
achievable in France. In 2019, she was granted a CEA International Director
of Research position. Her main research interests focus on temporal cognition
and on multisensory integration. In 2020, she joined the Journal of Cognitive
Neuroscience as the Academic Editor and eLife as a Reviewing Editor. In 2022,
she was nominated member of the CNRS section 26. She co-directs C-BRAINS
since 2021.

Alessandro Moscatelli received the Medical Doctor
degree (cum laude) and the Postgraduate master’s
degree (cum laude) from the University of Rome “Tor
Vergata,” Rome, Italy, in 2006 and 2008, respectively,
where he received the Ph.D. degree in neuroscience
under the supervision of Prof. F. Lacquaniti, in 2010.
He is currently a Tenure Track Researcher with
the Department of Systems Medicine, University of
Rome “Tor Vergata” and a Junior Group Leader with
the Department of Neuromotor Physiology, Santa
Lucia Foundation IRCCS, Rome, Italy. From 2011

to 2015, he was a Postdoc with the Department of Cognitive Neuroscience and
CITEC, Bielefeld University, Bielefeld, Germany, led by Prof. M.O. Ernst. He
is a Board Member of the EuroHaptics Society.

Gaetano Valenza (Senior Member, IEEE), received
the M.Eng. and Ph.D. degrees in bioengineering
with the University of Pisa, Pisa, Italy, where he is
currently an Associate Professor of Bioengineering
and head of the Neuro-Cardiovascular Intelligence
Lab. His research interests include statistical and
nonlinear biomedical signal and image processing,
cardiovascular and neural modeling, physiologically-
interpretable artificial intelligence systems, and
wearable systems for physiological monitoring. Ap-
plications of his research include the assessment of

autonomic nervous system activity on cardiovascular control, brain-heart in-
teractions, affective computing, assessment of mood, and mental/neurological
disorders. He is an author of more than 250 international scientific contributions
in these fields he has authored or coauthored in peer-reviewed international
journals, conference proceedings, books and book chapters.

Matteo Bianchi (Member, IEEE) is currently an As-
sociate Professor with the Department of Information
Engineering and the Bioengineering and Robotics
Research Centre “E. Piaggio” of the Università di
Pisa, Pisa, Italy. From 2015 to 2023 he was a clin-
ical research affiliate with Mayo Clinic (Rochester,
MN, USA). His research interests include haptics,
advanced human-machine interaction, extended re-
ality, and robotic grasping and manipulation. He was
a co-Chair of the IEEE RAS Technical Committee on
Robot Hands, Grasping and Manipulation from 2017

to-2022 and a Vice-Chair for Information and Dissemination of the IEEE RAS
Technical Committee on Haptics from 2018to 2021. He acts as the Principal
Investigator of national and EU grants, and research contracts with companies in
the field of human-machine interaction. He is author or co-author of more than
150 peer-reviewed contributions and is a Member of the editorial/organizing
board of international conferences and journals.

Open Access provided by ‘Università di Pisa’ within the CRUI CARE Agreement

https://dx.doi.org/10.1101/2022.06.20.496855


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


