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Abstract—The perception of time is highly subjective and inter-
twined with space perception. In a well-known perceptual illusion,
called Kappa effect, the distance between consecutive stimuli is
modified to induce time distortions in the perceived inter-stimulus
interval that are proportional to the distance between the stimuli.
However, to the best of our knowledge, this effect has not been
characterized and exploited in virtual reality (VR) within a multi-
sensory elicitation framework. This paper investigates the Kappa
effect elicited by concurrent visual-tactile stimuli delivered to the
forearm, through a multimodal VR interface. This paper compares
the outcomes of an experiment in VR with the results of the same
experiment performed in the “physical world”, where a multimodal
interface was applied to participants’ forearm to deliver controlled
visual-tactile stimuli. Our results suggest that a multimodal Kappa
effect can be elicited both in VR and in the physical world relying
on concurrent visual-tactile stimulation. Moreover, our results con-
firm the existence of a relation between the ability of participants in
discriminating the duration of time intervals and the magnitude of
the experienced Kappa effect. These outcomes can be exploited to
modulate the subjective perception of time in VR, paving the path
toward more personalised human-computer interaction.

Index Terms—Subjective time perception, kappa effect,
multimodal visual-tactile perception and interfaces, virtual reality.
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I. INTRODUCTION

THE perception of the temporal properties of the environ-
ment is subjective and it is prone to perceptual biases. For

example, the perceived duration of a stimulus is affected by
internal factors such as cognitive load and arousal [1], [2], by
the sensory channel involved in the task [3], by properties of the
stimulus such as temporal frequency and speed [4], biological
motion [5], [6], and by somatotopic considerations (for instance,
somatotopic distance affects simultaneity and temporal interval
touch-enabled judgments [7]). At a perceptual level, the spatial
distance between two stimuli is known to alter the perception of
time. Specifically, the distance in space between two consecutive
stimuli induces a time dilation of the inter-stimulus interval
(ISI) that grows proportionally with the distance, a phenomenon
known as the Kappa effect [8]. The Kappa effect was demon-
strated in visual, auditory and tactile domains using different
experimental protocols [9], [10], [11]. However, in the tactile
domain, the effect was not clearly identified on contiguous areas
of the skin [12]. Furthermore, the Kappa effect elicited through
multimodal stimulation has received little attention. This is
especially true for what concerns concurrent visual-tactile stim-
ulation [13].

In our previous works, we pioneered the investigation of
time-space illusions elicited by multimodal visual-tactile stimuli
delivered through physical interfaces in the real world. In a
preliminary study [13] we compared the Kappa effect in the
peripersonal space (PPS) using a wearable device equipped with
LEDs and vibrotactile actuators. The study compared unimodal
visual (V), tactile (T) and bimodal (VT) stimuli suggesting the
presence of the Kappa effect in all modalities. In a second study
[14] (currently under review), we developed a method to model
the Kappa effect by parameterizing a series of psychometric
functions fitted on unimodal V,T and bimodal VT stimuli.

Fig. 1 exemplifies the changes in the psychometric function
elicited by the Kappa effect on the evaluation of two comple-
mentary ISIs given by 3 consecutive stimuli (the protocol used
in our study): with respect to equidistant stimuli (red line), the
point of subjective equality (PSE) shifts to greater ISIs ratios
(T1/T2) when the distance of the first interval is shorter than the
second one (blue line) and to smaller ISIs ratios (T1/T2) when
the distance of the first interval is longer than the second one
(green line).

Our recent studies [13], [14] confirmed the presence of the
Kappa effect in both the unimodal V and T modalities, showing
a larger effect size (i.e. greater temporal distortions) in the visual
domain. Interestingly though, the integration of the concurrent
temporal information provided by the VT modality did not
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Fig. 1. The Kappa effect measured with 3 consecutive stimuli: in the control
condition (red) stimuli are equidistant, in the S condition (blue) the space of the
first interval is shorter than the second interval, in the L condition (green) the
first space interval is longer than the second interval.

reduce the illusion. Finally, the study suggested a proportional
relationship between a participant’s ability to discriminate sim-
ilar ISI and the magnitude of the Kappa effect measured (i.e.
the amount of temporal distortion provided by the difference of
the stimuli distance). To the best of our knowledge, there are
no research articles that investigated the Kappa Effect elicited
through multimodal visual-tactile interfaces in virtual reality
(VR). The use of VR is known to elicit the phenomenological
sensation of presence. Despite knowing that sensory stimuli are
fictitious, a convincing VR system can induce the sensation
that it is real, causing users to behave as if they were in a
physical environment [15]. With simple VR setups, researchers
can robustly induce the sensation of out-of-body experiences
[16] as well as other body-transfer perceptual illusions such as
the elongated-arm illusion and the rubber hand illusion [17],
[18]. VR thus provides psychologists with an essential tool for
the study of the phenomenology of self and self-consciousness.
However, the intrinsic subjectivity of time perceptual thresholds
has not been considered yet for the creation of personalised VR
environments able to actively measure and manipulate users’
perception of time [19].

Capitalising on our previous findings on the existence of the
multimodal Kappa effect induced by concurrent visual-tactile
stimuli delivered through physical interfaces in the real world,
we envisioned that subjective time perception could be distorted
through the manipulation of the perceived spatial dimension and
the perceived physics of the VR environment [20]. Since the
effect we found in the real world was mainly driven by vision
and was not altered by the integration of concurrent tactile stim-
ulation, in this paper our main focus is on the comparison of the
Kappa effect in the unimodal visual and in the concurrent visual-
tactile stimulation. The need for including also tactile elicitation
was motivated by the goal of increasing users’ immersiveness
and experience in VR, as also highlighted by recent studies
[21], [22]. If the Kappa effect does not diminish in bimodal
stimulation condition also in VR, this can open the path towards
the development of multimodal visual-tactile VR interfaces for a
more personalised and immersive human-computer interaction.

In this work, we consider, for the first time, the possibility
of altering time perception relying on the Kappa effect elicited
by concurrent visual- tactile stimuli delivered to the forearm,
through a multimodal VR interface (experiment 2), i.e. a wear-
able haptic device and a virtual visual representation of the users’

Fig. 2. a) schematic of the wearable device reproducing the short (S) and
the long (L) space conditions b) temporal synchronization of visual and tactile
stimuli measured with a light sensor and an accelerometer.

forearm displayed through a head-mounted display (HMD) (see
Fig. 3). The outcomes of experiment 2 are compared with the
results of the same experiment performed in the “physical world”
(experiment 1), where a multimodal interface was applied to
participants’ forearm to deliver controlled visual- tactile stimuli.
In experiment 1 (i.e. a subset of results of [14]), we measured the
Kappa effect in the real-world setup as a reference for V,T,VT
modalities. Our main objective is to evaluate if an implementa-
tion of the concurrent multimodal visual-tactile stimulation in
VR for the elicitation of the Kappa effect produces results that
are congruent with what we already found in the physical world.
By comparing the Kappa effect in experiment 2 with respect to
the Kappa effect found in the real world (experiment 1) we tested
three hypotheses:
� H1: the Kappa effect can be elicited also in VR
� H2: the multimodal integration of spatio-temporal dimen-

sions is not altered by VR interfaces wrt the real world
� H3: the relation between the ability to discriminate ISIs

and the magnitude of the Kappa still holds in VR

II. MATERIAL AND METHODS

The following section shows materials and methods common
to both the experiments

A. Hardware

We designed a wearable device, which can deliver tactile and
visual stimuli to the forearm. The device (see Fig. 2(a)) has
a size of 200× 22× 35 mm (L×W ×H) and provides five
consecutive, evenly spaced stimulation points whose distance
was selected with respect to the two-point-discrimination tactile
thresholds (i.e., 42 mm [23]). It provides also a visual fixation
point placed at the center, at a distance of 24 mm perpendicularly
to the stimulation direction. The tactile stimuli were delivered by
5V push-pull solenoids able to tap the skin of the user through a
metal tip having a diameter of about 3 mm [24]. In experiment
1, 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 microcon-
troller connected to a laptop PC running Matlab R2021a. The
temporal synchronization and stimuli duration were measured
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Fig. 3. Setup of the experiment 2 (VR): a participant wearing the experimental
device and the HMD while looking at his forearm. The computer screen shows
the participant’s view displaying a visual stimulus and the virtual fixation point.

by comparing the microcontroller digital output signal of the
LEDs with the recordings of an accelerometer (ADXL327Z)
with a sampling rate of 800Hz. In experiment 2 (VR), the visual
stimuli were delivered through an HMD rendering a white sphere
appearing in 5 different locations on a realistic virtual repre-
sentation of the forearm developed using the Unity framework
(see Fig. 3). The HMD was equipped with the Leapmotion to
track the position of the hand (freq. 120 fps). The temporal
synchronization between the vision and somatosensation was
calibrated using a light sensor facing the display of the HMD and
an accelerometer on repeated measurements. Fig. 2(b) reports
the signals of the light sensor and the accelerometer being
recorded during a trail simulation; the simulation reproduced
the computational load of the experiment while displaying a
high contrast scene to properly trigger the light sensor.

B. Stimuli and Procedure

Each of the experiments followed a within-subject design in
which all participants were tested on all factor combinations
of space, complementary ISIs, and modality. The experiments
adopted a widely used experimental procedure [25], [26] that
provides the observer with three consecutive stimuli (E1, E2,
E3), designed to define two ISIs (T 1, T 2) and two contiguous
spatial intervals (S1, S2), see Fig. 2 a. Independently from the
space existing between the stimuli, participants were asked to
choose the shortest ISI using a two-alternative forced-choice
(2AFC) protocol.

The duration of the stimuli was 47ms [9]. The total time
T = T 1 + T 2 between the first (E1) and the third (E3) stim-
ulus was always equal to 600ms as well as the total space
S = S1 + S2 between the first (E1) and the third (E3) equal
to 170 mm. [27], [28]. The spatial intervals S1 = SE2−E1 and
S2 = SE3−E2 depended on the factor space, which was labeled
based on the spatial distance length of S1: short (S), long (L)
or equal/control (C). According to the 2AFC protocol, seven
combinations of ISI T 1 = TE2−E1, and T 2 = TE3−E2 with
increasing differences were provided to the participants; in one
combination the ISI was the same, and equal to 300ms. The
minimum difference between ISIs was selected to be 60ms
according to the literature [29], and the maximum difference
was selected to be 180ms, to ensure sufficient discrimination in
both the modalities [30].

Trials were grouped in blocks sharing the factor Modality (i.e.,
V, T, VT) and fully randomized. In experiment 1 (real-word), all

3 modalities provided 20 repetitions of each factor combination.
In experiment 2 (VR), only the V and VT modalities were tested.
The motivation for this choice is due to the fact that the tactile
stimulation and the related experimental protocol, i.e. the T
modality, were the same in real-world and in VR experiments.
In other terms, the T condition per se was not influenced by
the type of environment (physical, virtual) as the tactile channel
was stimulated in the same way. On the contrary, the visual
VR modality and the integration of the latter with the tactile
stimulation were not tested before. Moreover, in VR each factor
combination was repeated 10 times to ensure experimental ses-
sions lasted less than 40 minutes. The stimulation sequence was
always elbow-to-wrist as the stimulation direction was proven
to not affect the Kappa effect [8].

Experiments took place in a quiet room. Fig. 3 shows a par-
ticipant wearing the haptic device fastened to the non-dominant
forearm (according to the literature [31], the multi-sensory in-
tegration is enhanced in the non-dominant hand). Participants
were asked to place their arm on the support (tilt 60Â°) keeping
their forehead at a distance of about 30 cm perpendicularly to
the forearm.

During the experiments, 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. In each trial, participants had to choose the shortest
ISI by pressing the left or the right arrows on a keyboard placed
nearby the arm support to indicate the first or the second interval,
respectively. The next trial started 700−900 ms after a response
was recorded.

Before the experiments, participants performed a training
phase of 48 trials on all the modalities with complementary
ISI of 150 ms and 450 ms to familiarize themselves with the
experimental procedure. The difference in the ISIs used in the
training phase was greater than the differences tested in the ex-
periment; the experimenter checked that participants were able
to distinguish the two intervals and that they clearly understood
the task. During the experiments, participants were allowed to
rest between blocks at their convenience.

C. Participants

Participants were selected among students and employees of
the University of Pisa. They participated on a voluntary basis
and were not paid. All of them reported normal or corrected-
to-normal visual acuity and no sensorimotor impairments. The
pool of participants in the two experiments was different. Writ-
ten 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).

D. Data Analysis

For the data analysis, ISI differences were standardized using
the Z-scores transform. For each participant, the responses to
the 2AFC discrimination task were modeled as a psychometric
function for each factor combination of space covered by the first
interval (short, equal, long) and modality (V, VT, T) by fitting
a General Linear Model (GLM) with a probit link function. We
estimated the point of subjective equality (PSE), and the just no-
table difference (JND). Therefore, for each subject and modality,
we computed the magnitude of the Kappa effect as the difference
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Fig. 4. Exp1:magnitude of the Kappa effect for all modalities.

between the PSE of the short (S) and long (L) conditions, which
corresponded to the total ISI difference needed to perceive equal
ISI as exemplified in Fig. 1.

As individual distributions of PSE and JND were not normally
distributed [32], non-parametric group-wise Friedman tests for
paired samples [33] were performed. Therefore, whether sig-
nificant differences emerged, post-hoc pairwise comparisons
were performed using non-parametric Wilcoxon test for paired
samples with Bonferroni correction [34].

III. EXPERIMENT 1

This experiment tested the Kappa effect in the real-world
elicited by V, T and VT stimuli. Fifteen right-handed participants
(10 males and 5 females, M = 31.7, SD = 5.9) took part in the
experiment.

A. Kappa Effect

The experiment revealed a significant Kappa effect in all
modalities showing significant differences across the space
factor (p < .0001); post-hoc pairwise comparison showed
PSEL < PSEC , PSEC < PSES and PSEL < PSES ac-
cording to the Kappa effect (all p-values < .001). Fig. 4 shows
the boxplots of the magnitude of the Kappa effect in all modali-
ties. The Friedman test for paired samples showed significant
differences among modalities (p < .005). Post-hoc pairwise
comparisons for paired samples revealed significant differences
between V and T modalities (p = .01), and between VT and T
modalities (p = .02).

B. Duration Discrimination

Fig. 5 reports the boxplot of the JND grouped by modality
and space. Separate Friedman tests for paired samples were
performed for each factor: in all the modalities the factor space
was found not significant. Instead, the factor modality was found
significant only concerning the control condition, therefore with
equal intervals (p = .002). Post-hoc pairwise comparisons for
paired samples revealed significant differences between V and
T modalities (p < .0001), and between V and VT modalities
(p < .0001).

C. Relation Between JND and Kappa Effect

Fig. 6 reports the scatterplot of the magnitude of the Kappa
effect as a function of the mean JND of individual participants
calculated separately on each modality. The Spearman’s correla-
tions [35] were calculated for each modality finding significant

Fig. 5. Exp1:individual JND for all factor combinations.

Fig. 6. Exp1:scatterplot of the magnitude of the Kappa effect as a function of
mean JND of each participant (log scale).

monotonically increasing coefficients (VR = 0.78, p < .001, T
R = 0.80, p < .001, VT R = 0.88, p < .0001).

IV. EXPERIMENT 2

This experiment tested the Kappa effect in VR elicited by V
and VT stimuli. Twenty-eight people (20 males, 8 females) aged
between 20 and 50 years (M = 25.8, SD = 7.3) took part in the
experiment.

A. Kappa Effect

The experiment revealed a significant Kappa effect in
both the modalities showing significant differences across the
space factor (p < .0001); post-hoc pairwise comparison showed
PSEL < PSEC , PSEC < PSES and PSEL < PSES ac-
cording to the Kappa effect (all p-values< .0001). Fig. 7 reports
the boxplots of the magnitude of the Kappa effect in V and VT
modalities. Differences between V and VT distributions were
not significant.

B. Duration Discrimination

Fig. 8 reports the boxplot of the JND grouped by modality
and space. Separate Friedman tests for paired samples were
performed for each factor: the factor space was significant only
in the V modality in which the control equal condition was
found significantly higher than the long condition (p = .002).
The factor modality was found significant only concerning the
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Fig. 7. Exp2:magnitude of the Kappa effect for the V and VT modality.

Fig. 8. Exp2:individual JND for all factor combinations.

Fig. 9. Exp2:scatterplot of the magnitude of the Kappa effect as a function of
mean JND of each participant (log scale).

control equal condition in which the JND of the V modality was
higher than the VT modality (p < .0001).

C. Relation Between JND and Kappa Effect

Fig. 9 reports the scatterplot of the magnitude of the Kappa
effect as a function of the mean JND of individual participants
calculated separately on each modality. The Spearman’s cor-
relations were calculated for each modality finding significant
monotonically increasing coefficients (V R = 0.69, p < .0001,
VT R = 0.72, p < .0001).

V. DISCUSSION

In general, the two experiments reported similar outcomes for
both the V and VT modalities concerning all the aspects under
investigation: the magnitude of the Kappa effect, the duration
discrimination thresholds, and their inversely proportional rela-
tion. This supports all the working hypotheses H1, H2, and H3.

A. Kappa Effect

A significant Kappa effect was found in all modalities in both
experiments. Although smaller than in V and VT modalities, a
clear Kappa effect was found in the unimodal tactile condition
of experiment 1, confirming the existence of the effect also in
contiguous areas of the skin [12], [27]. More interestingly, the
magnitudes of the Kappa effect found in the real world and in VR
were similar in both the V and VT modalities (i.e. median = 1.4,
corresponding to a ISI difference of 84 ms), therefore supporting
our hypothesis H1. This finding is in agreement with previous
literature on duration perception in the real world and in VR
[36]. Building on the results of the visual-tactile elongated-arm
illusion in VR [17] (i.e. the perception of arm size and position
can be manipulated through visual-tactile stimulation), we spec-
ulate that the range of the magnitude of the Kappa effect may
be even further increased in VR by manipulating the perceived
size and distance of the forearm.

B. Duration Discrimination

Our second working hypothesis H2 (the multimodal inte-
gration of spatio-temporal dimensions is not altered by VR
interfaces) is supported by the experimental results. In both
experiments, the factor modality was found significant in the
control condition (equal space interval) showing an improved
time discrimination in the VT modality, in agreement with the
literature on the temporal multisensory integration [37]. Instead,
the same factor was not significant when the Kappa effect was
present (S and L conditions). In both experiments, within the
VT modality, the factor space was not significant meaning that
the position of the stimuli had no effect on the discrimination.

C. Relation Between JND and Kappa Effect

The value of JND and magnitude of the Kappa effect showed
a positive correlation in both experiments. Moreover, the linear
regression on the data showed an excellent overlap between
the V and VT modalities in both experiments confirming our
hypothesis H3. In perspective, we speculated that the modeling
of the Kappa effect as a function of the JND can be used to
estimate the subjective Kappa effect experienced by a user just
performing a time discrimination task in a form of a game
in VR.

VI. CONCLUSION

To our knowledge, this paper is the first to report on the
Kappa effect elicited by visual and concurrent visual-tactile
stimuli in VR (experiment 2) in comparison with the same effect
found in the real world (experiment 1). Such a comparison
revealed similar outcomes in terms of the magnitude of the
Kappa effect and duration discrimination in both the V and VT
modalities. The Kappa effect and the related alteration of time,
which is larger in the visual channel, does not diminish due to
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bimodal concurrent visual-tactile stimulation both in the real
world and in VR. This result opens to the integration of haptic
interfaces in VR-based distortion of time perception. Indeed,
although not determinant for the elicitation of the illusory effect
under investigation, tactile feedback is known to increase users’
immersiveness and experience in VR, paving the path towards
the development of multimodal visual-tactile VR interfaces for a
more personalised and immersive human-computer interaction.
In both experiments, the factor modality was significant only
in the control condition, where the JND in the V modality is
higher than in VT. This is coherent with the Bayesian optimal
integration rule described in [38]. Finally, the relation between
the JND and the magnitude of the Kappa effect found in the real
world was confirmed in VR. Larger JNDs seem to be usually
associated with a larger Kappa effect. This could open to more
personalised manipulation of time perception in VR, where the
design of the stimulation paradigm for the elicitation of the
Kappa effect will be driven by individuals’ time discrimination
JND. This could lead to customised stimulation paradigms and
richer VR experiences. This point will be further analysed in
future works. In the future, we will also investigate the Kappa
effect along with body-transfer illusions in VR with the aim
of modeling and parameterizing the effect. The results of this
paper will pave the path to the effective transferring of the
perceived subjective time in VR by exploiting the Kappa effect.

REFERENCES

[1] S. Picard and J. Botev, “Rhythmic stimuli effects on subjective time
perception in immersive virtual environments,” in Proc. 14th Int. Workshop
Immersive Mixed Virtual Environ. Syst., 2022, pp. 5–11.

[2] I. Polti, B. Martin, and V. V. Wassenhove, “The effect of attention and
working memory on the estimation of elapsed time,” Sci. Rep., vol. 8,
no. 1, pp. 1–11, 2018.

[3] J. H. Wearden, H. Edwards, M. Fakhri, and A. Percival, “Why “sounds are
judged longer than lights”: Application of a model of the internal clock
in humans,” Quart. J. Exp. Psychol.: Sect. B, vol. 51, no. 2, pp. 97–120,
1998.

[4] R. Kanai, C. L. Paffen, H. Hogendoorn, and F. A. Verstraten, “Time dilation
in dynamic visual display,” J. Vis., vol. 6, no. 12, pp. 1421–1430, 2006.

[5] M. Carrozzo, A. Moscatelli, and F. Lacquaniti, “Tempo Rubato: Ani-
macy speeds up time in the brain,” PLoS One, vol. 5, no. 12, 2010,
Art. no. e15638.

[6] A. Moscatelli, L. Polito, and F. Lacquaniti, “Time perception of action
photographs is more precise than that of still photographs,” Exp. Brain
Res., vol. 210, no. 1, pp. 25–32, 2011.

[7] S. Kuroki, J. Watanabe, N. Kawakami, and S. Tachi, “How is tactile timing
information integrated-, somatotopically or spatiotopically?,” in Proc.
World Haptics - Third Joint EuroHaptics Conf. Symp. Haptic Interfaces
Virtual Environ. Teleoperator Syst., 2009, pp. 139–144.

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

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

[10] 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, pp. 157–164, 1970.

[11] Y. Suto, “The effect of space on time estimation (s-ffect) in tactual space
(i),” Japanese J. Psychol., vol. 22, pp. 189–204, 1951.

[12] S. J. Lederman and L. A. Jones, “Tactile and haptic illusions,” IEEE Trans.
Haptics, vol. 4, no. 4, pp. 273–294, Oct.–Dec. 2011.

[13] Y. D. Pra, V. Catrambone, V. V. 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. 31st IEEE Int. Conf. Robot Hum. Interactive Commun.,
2022, pp. 179–184.

[14] Y. D. Pra, V. Catrambone, V. V. Wassenhove, G. Valenza, and M. Bianchi,
“When space rules time: The Kappa effect with concurrent visual and tac-
tile stimulation,” early access, Dec. 2022, doi: 10.5281/zenodo.7442377.

[15] M. V. Sanchez and M. Slater, “From presence to consciousness through
virtual reality,” Nature Rev. Neurosci., vol. 6, no. 4, pp. 332–339, 2005.

[16] O. Blanke and T. Metzinger, “Full-body illusions and minimal phenomenal
selfhood,” Trends Cogn. Sci., vol. 13, no. 1, pp. 7–13, 2009.

[17] O. Ariza et al., “Inducing body-transfer illusions in VR by providing brief
phases of visual-tactile stimulation,” in Proc. 2016 Symp. Spatial User
Interact., 2016, pp. 61–68.

[18] Y. Yuan and A. Steed, “Is the rubber hand illusion induced by immersive
virtual reality?,” in Proc. IEEE VR Conf., 2010, pp. 95–102.

[19] L. Grabot and V. V. Wassenhove, “Time order as psychological bias,”
Psychol. Sci., vol. 28, no. 5, pp. 670–678, 2017.

[20] M. Jording, D. H. Vogel, S. Viswanathan, and K. Vogeley, “Dissociating
passage and duration of time experiences through the intensity of ongoing
visual change,” Sci. Rep., vol. 12, no. 1, 2022, Art. no. 8226.

[21] C. Wee, K. M. Yap, and W. N. Lim, “Haptic interfaces for vir-
tual reality: Challenges and research directions,” IEEE Access, vol. 9,
pp. 112145–112162, 2021.

[22] T.-H. Yang, J. R. Kim, H. Jin, H. Gil, J.-H. Koo, and H. J. Kim, “Recent
advances and opportunities of active materials for haptic technologies in
virtual and augmented reality,” Adv. Funct. Mater., vol. 31, no. 39, 2021,
Art. no. 2008831.

[23] S. Weinstein, “Intensive and extensive aspects of tactile sensitivity as a
function of body part, sex and laterality,” in Proc. 1st Int. Symp. Skin
Senses, 1968, pp. 195–222.

[24] Shenzhen zonhen electric appliances, “Solenoids zh0-0420s-05a4.5
datasheet,” 2023. Accessed: Feb. 16, 2023. [Online]. Available:
https://www.mouser.it/datasheet/2/813/ZHO_0420S_05A4_5_SPECIFI
CATION-2489929.pdf

[25] H. Helson and S. M. King, “The Tau effect: An example of psychological
relativity,” J. Exp. Psychol., vol. 14, no. 3, pp. 202–217, 1931.

[26] C. 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.

[27] 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.

[28] 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.

[29] L. Humes, “The effects of age on sensory thresholds and temporal gap
detection in hearing, vision, and touch,” Attention, Percep., Psychophys.,
vol. 71, no. 4, pp. 860–871, 2009.

[30] 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.

[31] 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. [Online]. Available: https://www.sciencedirect.com/
science/article/pii/S0006899315003091

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

[33] 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.

[34] T. P. Hettmansperger and J. W. McKean, Robust nonparametric statistical
methods. Cleveland, OH, USA: CRC, 2010.

[35] J. L. Myers, A. D. Well, and R. F. Lorch Jr, Res. des. and stat. anal..
Evanston, IL, USA: Routledge, 2013.

[36] G. Bruder and F. Steinicke, “Time perception during walking in virtual
environments,” in Proc. IEEE Virtual Reality, 2014, pp. 67–68.

[37] K. M. Bausenhart, M. D. de la Rosa, and R. Ulrich, “Multimodal integra-
tion of time,” Exp. Psychol., vol. 61, no. 4, pp. 310–322, 2014.

[38] 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.

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

https://dx.doi.org/10.5281/zenodo.7442377
https://www.mouser.it/datasheet/2/813/ZHO_0420S_05A4_5_SPECIFIpenalty -@M CATION-2489929.pdf
https://www.mouser.it/datasheet/2/813/ZHO_0420S_05A4_5_SPECIFIpenalty -@M CATION-2489929.pdf
https://www.sciencedirect.com/science/article/pii/S0006899315003091
https://www.sciencedirect.com/science/article/pii/S0006899315003091


<<
  /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


