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Neural Correlates of Intensity Perception in
Mid-Air Haptic Stimulation

Leen J. N. Almasu, Caroline Lehser, Daniel Schmitt, Robert Lemor, and Daniel J. Strauss.

Abstract—This study investigates how variations in the in-
tensity of spatiotemporally modulated ultrasonic mid-air haptic
stimulation modulate the amplitude, latency, and phase synchro-
nization of somatosensory evoked potentials (SEPs), as well as
their effect on behavioral perception. Electroencephalography
recordings were obtained while stimulating the index and the
middle finger of the left hand across different intensity levels,
and a two-interval forced choice (2IFC) behavioral task was
conducted to assess perceptual discrimination. The data revealed
two dominant SEP components, a negative peak around 275
ms (N275) and a positive peak around 450 ms (P450), both
showing increased absolute amplitude with higher stimulation
intensity. Wavelet phase synchronization analysis further demon-
strated great phase-locking stability at higher intensities. These
findings indicate that mid-air haptic intensity modulated both
the amplitude and temporal coherence of cortical responses.
The behavioral results of the 2IFC task were consistent with
the neural data. Participants reliably discriminated between
intensity levels that exhibited distinct SEP amplitudes, while their
performance declined for intensities that exhibited similar SEP
amplitudes. Together, these results suggest that SEPs provide
an objective neural correlate of subjective tactile perception.
The study confirms that mid-air haptic stimulation can elicit
intensity-dependent cortical responses, highlighting its potential
for therapeutic, diagnostic, and interactive applications (e.g., vir-
tual and augmented reality) despite its nontraditional stimulation
mechanism. To our knowledge this is the first systematic integra-
tion linking intensity-dependent cortical responses to behavioral
discrimination performance in mid-air haptic stimulation.

Index Terms—Electroencephalography (EEG), haptic intensity
perception, mid-air haptics, phase synchronization, Somatosen-
sory evoked potentials (SEPs)

I. INTRODUCTION

AS digital interaction continues to evolve toward virtual,
augmented, and touchless interfaces, the ability to convey

tactile feedback through non-contact means has become a
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key focus in creating more immersive digital experiences.
Ultrasound mid-air haptic systems offer a method of delivering
tactile sensations without direct physical contact [1]. The
principle underlying these systems was demonstrated by [2]
and [3], who showed that focused acoustic radiation pres-
sure from airborne ultrasound can produce perceivable tactile
stimuli in free space. Ultrasound mid-air haptic systems allow
users to experience representations of tactile events, such as a
button click, without ever touching a surface. Using focused
ultrasound, these systems employ ultrasonic transducers to
generate precise pressure points known as focal points in the
air that can interact with the skin [4], making it possible
to engage with virtual or physical systems through entirely
contactless feedback. In contrast to conventional haptic de-
vices that require physical contact or wearable interfaces, this
approach avoids potential issues such as interference with
natural movement or inconsistencies arising from skin–device
coupling [5], which can introduce variability in stimulation
conditions.

Several modulation techniques have been developed to
generate mid-air tactile sensations using focused ultrasound.
Amplitude modulation (AM) varies the acoustic pressure at
a fixed focal point to generate vibrotactile sensations [6].
Lateral modulation (LM) moves the focal point rapidly in a
small path, producing more pronounced sensations [7], while
spatiotemporal modulation (STM) extends this principle over
a larger spatial range [6]. A core differentiator of STM and
AM techniques is that for AM, increasing the number of
simultaneous focal points divides the available acoustic power,
weakening individual points and limiting perceptibility [8].
Spatiotemporal modulation addresses this by rapidly moving
a single focal point along a trajectory to generate continuous
patterns [8]. Subsequently, STM enables the generation of
complex shapes more efficiently than exclusively amplitude- or
laterally modulated patterns [9], making it particularly suitable
for applications that require strong, clearly defined mid-air sen-
sations and rich spatial patterns. Due to this advantage, STM
is considered a preferred approach for many midair haptic
applications, which motivated its selection as the stimulation
method in the present study.

Mid-air haptics represents an emerging domain of research,
driven by its growing applications across virtual and aug-
mented reality [10]–[12], automotive and aviation [13], [14]
and medical and assistive technology [15]–[17]. Beyond func-
tional interfaces, it is also being considered in science com-
munication and education as a novel channel for conveying
abstract or complex concepts through touch [18]. Recent work
demonstrated that EEG-based models using objective physical
stimulus labels can significantly outperform evaluations that
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solely depend on subjective ones when evaluating haptic
experiences [19]. In addition, the importance of objective
neural measures with haptic systems was further argued by
[20] when they demonstrated that an EEG-based evaluation of
tactile processing in children with autism spectrum disorder
revealed significant differences in event-related potentials that
are difficult to detect with behavioral assessments alone.
These findings prove that neurophysiological markers provide
more reliable, quantifiable insights into sensory processing
abnormalities. With growing interest in mid-air haptics and
their potential utilization across neurorehabilitation and im-
mersive applications, understanding how this novel stimulation
modulates somatosensory cortical activity via somatosensory
evoked potentials (SEPs) becomes essential for establishing
parametric benchmarks.

Research on mid-air ultrasound haptics has primarily ex-
amined how ultrasound-based parameters influence behavioral
haptic perception, including tactile intensity and emotional
response. For instance, increasing the number of focal points
in a stimulus reduces perceived intensity and arousal but does
not significantly affect valence [9]. Amplitude strongly affects
intensity and arousal perception, while frequency effects vary
by site when using mid-air haptics to stimulate the face [21].
While these psychophysical methods can quantify subjective
perceived stimulus intensity, they do not reveal how varia-
tions in ultrasonic stimulation parameters are encoded at the
cortical level, which motivates the use of EEG-based SEP
measurements. Previous work has demonstrated that mid-air
haptics using AM can elicit SEPs [22], and it has been shown
that in virtual reality contexts, mismatches between visual and
tactile (mid-air ultrasound via STM) can further modulate SEP
responses [23]. Together, these findings indicate that mid-air
haptic stimulation produces measurable cortical responses that
are sensitive to sensory conditions, highlighting the potential
of this technology for applications such as diagnostics and
neurorehabilitation. However, the neural responses to STM
stimulation, as well as how variations in its parameters further
shape SEP characteristics, remain largely unexplored, motivat-
ing a systematic investigation in the present study.

In the present study, an examination of how spatiotem-
porally modulated mid-air ultrasound stimuli applied to the
fingers influences SEP waveforms is carried out. It is hypoth-
esized that the non-contact nature of ultrasound stimulation,
along with the unique working technique of spatiotemporal
modulation, which is different than conventional electrical
and mechanical methods, will produce characteristic SEP
responses. Furthermore, the primary aim is examining the
relationship between STM stimulation intensity and SEP mor-
phology, with the goal of identifying intensity ranges that
reliably evoke measurable cortical responses. By investigat-
ing the intensity differences required to produce significant
changes in ERPs, and observing pressure level at which SEPs
are detectable, this study provides initial neurophysiological
benchmarks for tuning mid-air haptics in diagnostic assess-
ments of tactile processing, as well as the design of reliable
non-contact haptic feedback in immersive and rehabilitative
environments.

II. MATERIALS AND METHODS

A. Participants

Two separate experiments were conducted in this study: ex-
periment one, a neurophysiological evaluation (19 participants,
7 females; age range 23–29 years, mean = 26.4, standard
deviation (SD) = 1.74), and experiment two, a perceptual
behavioral evaluation (25 participants, 11 females; age range
22–35 years, mean = 26.44, SD = 2.88). In the first experiment,
seven additional participants were excluded due to excessive
pre-stimulus baseline noise, characterized by high-amplitude
fluctuations comparable to the SEP peaks. In the second
evaluation, two additional participants were excluded because
they experienced difficulties understanding or completing the
task as required. To avoid participant fatigue and ensure data
quality, the EEG and behavioral experiments were carried
out in separate sessions, with the behavioral measurements
performed only after all EEG recordings had been completed.
Due to participant availability and scheduling constraints,
some individuals took part in both the EEG and behavioral
measurements, while others participated in only one. All
participants were healthy adults with no reported medical
or neurological conditions. They were fully informed about
the study and their right to withdraw at any time without
explanation, and each provided written informed consent prior
to participation. All procedures were carried out in accordance
with the Declaration of Helsinki and were approved by the
local ethics committee (application 95/21, Ärztekammer des
Saarlandes; Medical Council of the Saarland).

B. Experimental setup and stimuli

Experiment one
The experimental setup incorporated a range of hardware

devices for stimulus delivery and signal acquisition. Mid-air
tactile stimulation was delivered using an ultrasonic board (Ul-
traleap Stratos Explore, Ultraleap Ltd, England). EEG signals
were recorded using a biosignal amplifier (g. USBamp/USB
Biosignal Amplifier, g.tec, Austria) in conjunction with passive
12 mm Ag/AgCl electrodes (BME, bioMEDproducts, USA).
Trigger detection was realized using a measurement micro-
phone (XREF 20, Sonarworks, Latvia) that recorded the ultra-
sonic sound waves emitted by the Ultrahaptics device during
stimulation. Audio input was managed using an external sound
card (Scarlett 18i20, Focusrite, UK). Digital trigger signals
used to synchronize the stimulation with data acquisition were
generated using a trigger box (g.TRIGbox multi-mode trigger
box, g.tec, Austria). A custom-designed armrest was developed
to ensure participant comfort and reduce motion artifacts. It
featured a hand support that positioned the index and middle
fingers above the stimulation area, while adjustable Velcro
braces gently secured them to minimize movement. The design
allowed participants to quickly release their fingers if needed,
ensuring both comfort and safety during the experiment. A
picture of the armrest is illustrated in Figure 1.

Five different intensity levels of the mid-air ultrahaptics
device were tested. Through spatiotemporal modulation, the
device generated the tactile illusion of a focal point traveling
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Fig. 1. Schematic of the experimental setup and spatiotemporally modulated (STM) stimulation. The illustration shows the armrest configuration, the focal
point, and its trajectory along a linear path. The focal point traverses a path length of 0.15 m in a back-and-forth cyclic motion at a speed of 15 m/s within
the 0.2 s stimulation period.

in a straight line. The perceived motion followed a straight line
of 0.15 m, moving at a speed of 8 m/s with the focal point
traversing this path repeatedly in successive cycles. A visual
representation of the stimulation is shown in Figure 1. Haptic
stimulation was controlled via a custom-written code, allowing
the precise manipulation of stimulation parameters such as
intensity, duration, and inter-stimulus timing. The stimuli were
presented in a fully randomized order, with both intensity
levels and inter-stimulus intervals varying unpredictably to
prevent participant anticipation. Each stimulus lasted 0.2 s
and was delivered at one of five intensity levels (5%, 10%,
40%, 70%, and 100%) of the device’s maximum output, and
inter-stimulus timing varied between 1.5 s, 2 s, and 2.5 s. In
addition to the device’s percentage intensity settings, physical
acoustic measurements were obtained to provide an objective
reference for the actual stimulation strength. The effective
sound pressure levels at 5%, 10%, 40%, 70% and 100% were
measured as 676, 913, 1490, 1720 and 1900 Pa, respectively,
corresponding to 150.6, 153.2, 157.5, 158.7 and 159.6 dB re
20 µPa. Since acoustic intensity is proportional to the square
of pressure, these values correspond to intensities of 0.10876,
0.19839, 0.52838, 0.70409 and 0.85917 W/cm², respectively.

The experiment consisted of five blocks, with each block
delivering 150 stimuli over approximately six minutes, result-
ing in 150 trials per condition. To ensure accurate timing of
the stimuli, triggers were recorded using a microphone that
captured the sound emitted by the device. To avoid false
triggers from sudden environmental disturbances that cross
the microphone detection threshold, a digital trigger generated
by the device control code was recorded simultaneously. The
digital trigger served as a reference to confirm that detected
events corresponded to actual stimulus delivery, allowing
environmental noise to be distinguished from true stimulus
triggers. The microphone was positioned within 20 cm of the
focal point; given the speed of sound in air, this corresponds to
a potential timing offset approximately up to 0.58 ms between
stimulus emission and detection, which is negligible relative
to the stimulus duration.

Experiment two

In experiment two, the setup incorporated the same mid-
air tactile stimulation device and armrest structure as in
experiment one. The primary focus of this work is the neuro-
physiological response to STM stimulation and variations in
its intensity. A behavioral study was subsequently added to
verify whether the tested intensity levels were perceptually
distinguishable. Establishing this perceptual context allows
the observed SEPs to be interpreted in relation to the sub-
jective tactile sensitivity. Although behavioral and subjective
measures have been reported in the literature, differences in
stimulation location, parameters, and modulation techniques
make it difficult to directly compare results from experiment
one with existent findings. To enable more valid comparisons,
the behavioral measurement was therefore conducted under the
same experimental conditions. A two-interval forced choice
(2IFC) paradigm with four intensity levels (10%, 40%, 70%,
and 100%) was implemented. Each intensity level served as
a reference stimulus in a counterbalance design. All possible
pairwise combinations of the four intensities were tested, and
each pair was presented in both possible orders (e.g., 10%
followed by 40%, and 40% followed by 10%) to control for
order effects.

The task consisted of three blocks, each containing 60
randomized stimulus presentations. Within each block, every
intensity pair and its inverse order were presented five times,
resulting in 10 repetitions per combination per block. This
design yielded 30 repetitions per stimulus pair across this
measurement. Each block followed a fixed temporal structure:
the first stimulus (200 ms) was followed by a 1 s inter-stimulus
interval, then the second stimulus (200 ms). After the second
stimulus, a response window of 5 s was given to the subjects
to indicate which of the stimuli felt stronger (i.e., the target
stimulus). Stimulus sequences were uniquely randomized for
each block while maintaining equal distribution of intensity
pairs and order combinations.
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C. Data Acquisition

Experiment one
EEG data were recorded to analyze SEPs. Electrode place-

ment followed the international 10–20 system. A total of
nine electrodes were used, positioned at the following sites:
C3, C4, CP3, CP4, FC3, and FC4. In addition, a ground
electrode was placed on the participant’s forehead, and two
reference electrodes were attached to the earlobes. During the
recording, participants were instructed to rest their left arm on
the armrest, ensuring that their index and middle fingers were
positioned directly over the center of the device, where the
line tactile stimulation was delivered. To maintain attention
and reduce drowsiness and daydreaming, participants were
asked to silently count each stimulus they perceived and press
a button after every 20 counts. The purpose of this task was
solely for engagement, as the epochs that contained button
presses were excluded from the final analysis to prevent them
from influencing the results. Importantly, participants were not
informed of the task’s purpose to avoid introducing bias.

Participants were asked to keep their eyes on a cross
displayed in front of them to reduce eye movement and vi-
sual distractions. Earplugs and noise-canceling over-ear head-
phones were also provided to block the sound produced by
the mid-air ultrahaptics device and reduce external auditory
distractions. All participants confirmed that they could not
hear the device during the experiment. Breaks were given
between blocks, during which participants were asked about
internal distractions such as daydreaming, sleepiness, or any
habituation to the stimuli.

Experiment two
In experiment two, no electrophysiological data were ac-

quired. Participants were seated with their arm placed on the
armrest, and as in the first experiment, it was ensured that their
index and middle fingers were positioned directly above the
line of stimulation produced by the device. Participants were
instructed to look at a screen in front of them, which pro-
vided visual cues indicating which stimulation was currently
being delivered (stimulation one/stimulation two) and when
to respond. After each pair of stimulations, participants ver-
bally indicated which stimulus they perceived as stronger by
responding “stimulation one” or “stimulation two.” Between
the blocks participants were given a break as long as they
needed.

D. Data processing and analysis

1) Data processing:

Experiment one
The EEG data were acquired at a sampling frequency of

1200 Hz. For the first five participants, recordings were ini-
tially obtained at 9600 Hz and subsequently downsampled to
1200 Hz to ensure consistency across all subjects. Impedances
were below 5 kΩ for all the electrodes at all times. Neuro-
physiological data were analyzed using MATLAB 2023b (The
MathWorks, Inc.). EEG data were band-pass filtered between
1 and 30 Hz using a zero-phase FIR filter (order = 5000). For
peak detection, the data were band-pass filtered between 1 and

8 Hz to facilitate the process of automatic peak detection. All
channels were re-referenced to the average of the two earlobe
electrodes. The data were segmented into epochs, spanning
from 200 ms before each trigger to 800 ms after. Epochs
associated with button presses were excluded from analysis.
In addition, artifact rejection was applied using a threshold
of 100 µV. Epoch-wise baseline correction was performed by
subtracting the mean voltage of the 200 ms pre-stimulus period
from the whole epoch. To ensure equal representation across
conditions and participants, the first 100 artifact-free epochs
from each condition were included in the final analysis.

2) Wavelet Phase Synchronization Stability (WPSS):

Experiment one
Phase-locked activity components in single-trial SEP re-

sponses were identified using the wavelet phase synchro-
nization stability (WPSS). This measure is also commonly
known as inter-trial phase coherence or phase-locking factor
and has been successfully employed to investigate neural
synchronization in the auditory [24], [25], [26], visual [27],
and somatosensory domains [22].

Following the definition introduced in [24], the WPSS of a
set of M single-trial signals

X = {xm ∈ L2(R) : m = 1, . . . ,M}
is given by

Γa,b(X ) :=
1

M

∣∣∣∣∣
M∑
m=1

ei arg
(
(Wψxm)(a,b)

)∣∣∣∣∣ , (1)

where (Wψxm)(a, b) denotes the continuous wavelet trans-
form of trial xm with respect to the complex wavelet ψ ∈
L2(R). The parameter a represents the scale (inversely related
to frequency) and b is the translation (time). The absolute value
|Ma,b(X )| yields the synchronization index, ranging from 0
(random phases) to 1 (perfect synchronization).

In this study, we adapted the framework to our data by
using the analytic Morse wavelet (γ = 3, β ≈ 9.87) [28].
The sampling frequency was fs = 1200 Hz, the frequency
range of interest was 1–30 Hz, and 20 voices per octave were
employed to ensure high frequency resolution. For statistical
evaluation, the individual WPSS values computed per subject
and sweep were subsequently averaged across all subjects to
obtain the group-level WPSS.

To determine time-frequency points exhibiting significant
phase synchronization, the Rayleigh test for circular uni-
formity was applied to the group-level WPSS result matrix
[29]. In our framework, the inter-trial phase coherence (ITPC)
served as the sample mean vector length r, calculated at each
frequency f , time t, and intensity condition i.

Following Zar’s formulation [29], the Rayleigh statistic was
adapted as

R(f, t)i = n · r(f, t)i, (2)

where n is the number of trials contributing to the ITPC
estimate. The significance of R(f, t)i was then assessed by
converting it into a p-value using the approximation:

p(f, t)i = exp
(√

1 + 4n+ 4
(
n2 − (n · R)2

)
− (1 + 2n)

)
.

(3)



5

This formulation was applied across the time-frequency
representation of the WPSS data at the group level, with sep-
arate computations for each intensity condition i, to identify
intervals of significant phase alignment, which were taken at
p < 0.05.

3) Statistical analysis:

Experiment one
Statistical analyses were performed in R (R.4.4.1). For

this experiment, the minimum and maximum peak amplitude
values of all the participants were collected across all ex-
perimental conditions. Repeated measures ANOVA was used
to analyze the data, with the condition as the within-subject
factor. Effect sizes were reported as partial eta squared (η2p).
The assumption of sphericity was assessed, and Greenhouse-
Geisser corrections were applied. In addition, normality of
residuals was checked using histograms. Post-hoc pairwise
comparisons between conditions were performed using esti-
mated marginal means with Holm adjustments for multiple
testing.

Experiment two
To analyze participants’ responses in the 2IFC experiment,

the percentage of correct responses for each participant and
each stimulus pair was computed and used as the depen-
dent measure. Normality of residuals was checked using
histograms, which indicated clear deviations from normality;
therefore, a non-parametric test was used for the subsequent
analysis. A Friedman test was conducted with condition as
the within-subject factor to assess differences in discrimina-
tion accuracy across the different conditions. Effect size was
quantified using Kendall’s W. Post-hoc pairwise comparisons
were further carried out using Wilcoxon signed-rank tests
with Holm adjustments for multiple measurements. All pre-
vious analyses were performed in R (R.4.4.1). Subject-level
performance was tested in MATLAB 2023b using the built-
in function ’binocdf()’, which computes the probability of
observing up to a given number of correct responses under
the binomial distribution, assuming random guessing (The
MathWorks Inc., Natick, Massachusetts, United States). For
each participant, the binomial test estimated the probability of
their observed accuracy occurring by chance under the null
hypothesis. This provided an additional individual-level check
of significance to complement the group-level model.

III. RESULTS

Experiment one
SEPs were recorded from multiple scalp locations following

the mid-air haptic stimulation of the index and middle fingers
on the left hand of the 19 participants. For later analysis,
the C4 electrode was selected, as it is contralateral to the
stimulated hand and positioned to detect activity from the
primary somatosensory cortex [30]. SEPs were analyzed over
the interval 200 ms pre-stimulus onset to 800 ms post-stimulus
onset. Grand average SEP waveforms were computed for
each of the five stimulus intensity levels: 5%, 10%, 40%,
70%, and 100%. To facilitate comparison of SEP amplitude
across intensities, Figure 2 presents all five grand average

TABLE I
PEAK LATENCY AND AMPLITUDE ACROSS STIMULUS INTENSITIES

Peak Intensity (%) Amplitude (µV) Latency (ms)
N 10 –1.05 341.28
N 40 –2.16 254.54
N 70 –3.92 258.71
N 100 –4.00 251.21
P 10 0.60 487.24
P 40 1.01 423.02
P 70 1.51 408.84
P 100 1.47 433.03

waveforms overlaid for the three contralateral electrode sites
C4, CP4, and FC4. The waveforms show two distinct peaks:
a negative peak occurring approximately 275 ms (N275) after
stimulus onset and a positive peak around 450 ms (P450),
These latency values were averaged from the latencies of the
maximum and minimum peaks across all subjects and stimulus
intensities. Figure 3 presents the corresponding grand average
waveforms for the three ipsilateral electrode sites C3, CP3, and
FC3. Activity was also observed at similar latencies across
all ipsilateral sites. Notably, increasing stimulus intensity was
associated with a clear increase in the SEP absolute amplitude,
indicating that the amplitude of the response is modulated by
intensity. Latency also tended to decrease with higher intensity,
although this effect was less consistent across conditions;
detailed values are in Table I . In addition, as shown in
Figure 2, the 5% intensity levels did not elicit any clear SEP
peaks, suggesting that such low intensities may not reliably
evoke somatosensory responses.

Moreover, grand-average WPSS was computed for each
stimulus intensity across all participants, as shown in Figure 4.
To assess significance, Rayleigh tests were applied at each
time–frequency point, and p-values less than 0.05 were high-
lighted. As shown in Figure 4, higher intensities elicited larger
areas of significant phase synchronization, whereas the 5% and
10% intensity levels did not show any significant effects. These
results indicate that phase consistency of the somatosensory
response increases with stimulus intensity, complementing the
amplitude-based findings from the SEP analysis.

To get a better understanding of the relationship between the
perception of different intensity levels through mid-air haptics,
statistical analysis was conducted on the two dominant peak
values (N275, P450) across all 19 participants.

Figure 5a and Figure 5b show the distribution of N275
and P450 amplitudes across stimulus intensities for all par-
ticipants. For both peaks, absolute amplitudes generally in-
creased with stimulus intensity. The lowest intensities (5%
and 10%) elicited smaller responses, whereas the highest
intensities (70% and 100%) produced larger amplitudes, with
70% showing the greatest variability across participants. The
40% intensity evoked intermediate responses. Some overlap
is visible between adjacent intensity levels, particularly be-
tween 70% and 100%, consistent with the statistical analyses.
Outliers are represented as points beyond the whiskers of the
boxes.

For the N275, a repeated-measures ANOVA revealed a sig-
nificant main effect of condition, F(4, 72) = 43.22, p < 0.001,
Greenhouse–Geisser corrected. Post-hoc comparisons (Holm-
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Fig. 2. This figure illustrates the grand average response across all 19 participants for each stimulus intensity level, at the contralateral electrode sites C4,
CP4, and FC4. Shaded areas represent the standard error of the mean (SEM). The x-axis spans from -200 ms (pre-stimulus baseline period) to 800 ms after
stimulus onset, while the y-axis represents amplitude values in µV. Two prominent peaks are evident: a negative peak occurring around 275 ms (N275) and
a positive peak at approximately 450 ms (P450). The amplitude of these peaks increases with stimulus intensity. Notably, the 70% and 100% intensity levels
exhibit similar amplitude values, whereas the 40% level shows a reduced amplitude. The 10% and 5% levels display minimal to no discernible peaks.
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Fig. 3. This figure illustrates the grand average response across all 19 participants for each stimulus intensity level, at the ipsilateral electrode sites C3,
CP3, and FC3. Shaded areas represent the standard error of the mean (SEM). The x-axis spans from -200 ms (pre-stimulus baseline period) to 800 ms
after stimulus onset, while the y-axis represents amplitude values in µV. Two prominent peaks are evident across all sites. Robust activity with amplitudes
approaching contralateral levels is observed at higher intensity levels (70% and 100%), while the 40% intensity level shows generally reduced amplitudes
across the electrode cites. The 10% and 5% intensity levels display minimal to no discernible peaks

adjusted) showed that the amplitudes at the intensities 70%
and 100% were significantly larger than at 5%, 10% and 40%
(all p < 0.01), while no significant difference was observed
between the 70% and the 100% intensities.

For the P450 peak, a significant main effect of condition
was observed, F(4,72) = 13.40, p < .001, Greenhouse–Geisser
corrected. Holm-adjusted post-hoc comparisons showed that
the 70% and 100% intensities elicited significantly larger
responses than both 5% and 10% (all p < .01). No significant
differences were found between 40% and the lower intensities,
nor between 70% and 100%. Detailed post-hoc comparisons
for the N275 peak and the P450 peak are represented in
Tables II and III.

TABLE II
POST-HOC PAIRWISE COMPARISONS FOR N275 PEAK

Contrast Estimate SE df t-ratio Adjusted p-value
5 vs. 10 0.956 0.206 18 4.65 0.001
5 vs. 40 1.939 0.297 18 6.54 <.0001
5 vs. 70 3.572 0.423 18 8.44 <.0001
5 vs. 100 3.721 0.388 18 9.60 <.0001

10 vs. 40 0.983 0.306 18 3.21 0.010
10 vs. 70 2.616 0.450 18 5.81 0.0001
10 vs. 100 2.764 0.403 18 6.86 <.0001
40 vs. 70 1.633 0.385 18 4.25 0.002
40 vs. 100 1.782 0.342 18 5.21 0.0003
70 vs. 100 0.149 0.182 18 0.82 0.424



7

5%

-200 0 200 400 600 800
Time (ms)

10

20

30

F
re

qu
en

cy
 (

H
z)

10%

-200 0 200 400 600 800
Time (ms)

10

20

30

F
re

qu
en

cy
 (

H
z)

40%

-200 0 200 400 600 800
Time (ms)

10

20

30

F
re

qu
en

cy
 (

H
z)

70%

-200 0 200 400 600 800
Time (ms)

10

20

30

F
re

qu
en

cy
 (

H
z)

100%

-200 0 200 400 600 800
Time (ms)

10

20

30

F
re

qu
en

cy
 (

H
z)

0 0.05 0.1 0.15 0.2 0.25 0.3
WPSS

Fig. 4. Grand-average wavelet phase synchronization stability (WPSS) heatmaps for each stimulus intensity (5%, 10%, 40%, 70%, and 100%) across all
participants. The x-axis represents time in milliseconds relative to stimulus onset, and the y-axis represents frequency in Hz (1–30 Hz). WPSS values are
indicated by the color scale on the bottom of the heatmaps. Significant areas identified by the Rayleigh test (p < 0.05) are highlighted with a black contour
line. Higher stimulus intensities elicit larger areas of significant phase synchronization, whereas the lowest intensities (5% and 10%) show no significant
effects.
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Fig. 5. Boxplots of peak values across stimulus intensities for (a) N275 and (b) P450 components. Each box shows the median, interquartile range, and
overall spread of the data. Individual data points represent measurements from individual participants (N = 19), while points beyond the whiskers indicate
outliers. Absolute peak values generally decreased as intensity increased. Variability was greatest at 70% intensity, with some overlap visible between adjacent
intensity levels, consistent with the statistical analyses.

Experiment two
Behavioral performance in the 2IFC measurement was ana-

lyzed using the Friedman test. The analysis revealed a signifi-
cant effect of stimulus pair, indicating that discrimination accu-
racy differed across condition pairs (χ2(5) = 87.94, p < .001,
Kendall’s W = 0.703). Following the significant overall effect
indicated by the Friedman’s test, post-hoc Wilcoxon signed-
rank comparisons (Holm adjusted) showed that the largest per-
formance differences occurred in the higher intensity ranges.
In particular, the pairs 70-100 and 40-70 consistently showed
significant differences with the other condition pairs and with
each other. This indicates that distinguishing between these

intensities was the most difficult for the participants. Detailed
values for the post-hoc tests can be found in Table IV. These
findings are consistent with the descriptive distributions shown
in the boxplots in Figure 6 , where the 70-100 pair exhibits the
lowest proportion of correct answers, followed by the 40-70
pair.

To assess whether the participants performed above chance,
the one-tailed binomial cumulative distribution function was
implemented, assuming a 50% chance level as expected in a
2IFC task. An above-chance performance was considered at
a p-value < 0.05. For the stimulus pair 70%- 100%, signif-
icant differences were observed in 18 out of 25 participants,
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TABLE III
POST-HOC PAIRWISE COMPARISONS FOR P450 PEAK

Contrast Estimate SE df t-ratio Adjusted p-value
5 vs. 10 -0.112 0.195 18 -0.57 0.573
5 vs. 40 -1.003 0.339 18 -2.96 0.050
5 vs. 70 -2.145 0.488 18 -4.40 0.003
5 vs. 100 -1.779 0.367 18 -4.84 0.001

10 vs. 40 -0.892 0.333 18 -2.68 0.076
10 vs. 70 -2.034 0.480 18 -4.24 0.004
10 vs. 100 -1.668 0.329 18 -5.07 0.001
40 vs. 70 -1.142 0.466 18 -2.45 0.099
40 vs. 100 -0.776 0.321 18 -2.42 0.099
70 vs. 100 0.366 0.297 18 1.23 0.466

TABLE IV
POST-HOC PAIRWISE COMPARISONS BETWEEN THE STIMULUS PAIRS IN

THE 2IFC BEHAVIORAL MEASUREMENT

Contrast W Statistic Adjusted p-value
10–100 vs. 10–40 38 0.685
10–100 vs. 10–70 7.5 0.596
10–100 vs. 40–100 120 0.185
10–100 vs. 40–70 210 0.000924
10–100 vs. 70–100 325 0.000189
10–40 vs. 10–70 12 0.238
10–40 vs. 40–100 122 0.327
10–40 vs. 40–70 221 0.002
10–40 vs. 70–100 325 0.000189
10–70 vs. 40–100 133 0.041
10–70 vs. 40–70 228 0.000924
10–70 vs. 70–100 325 0.000189
40–100 vs. 40–70 223 0.001
40–100 vs. 70–100 325 0.000189
40–70 vs. 70–100 325 0.000189
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Fig. 6. Boxplots showing participants’ percentage of correct responses for
each stimulus pair. Each box displays the median, interquartile range, and
overall spread of the data. Individual data points represent the performance of
each participant. The 70–100 pair exhibits the lowest accuracy, followed by
the 40–70 pair, indicating that distinguishing the intensity levels within these
higher-range pairs was most difficult for participants.

suggesting that the remaining 7 participants performed below
chance, likely indicating that their responses were primarily
based on guessing. In contrast, for all the other stimulus
pairs, significant differences were found across all participants,
indicating performance above chance and suggesting that
participants were not relying on guessing in these conditions.

IV. DISCUSSION

This study aimed to investigate the effects of STM mid-
air haptic stimulation on SEPs elicited on the fingers and to

examine how varying the perceived intensity of this stimula-
tion modality influences SEP responses. Additionally, a 2IFC
test was implemented to validate the perceptual discrimination
of the intensities used and assess whether the results of the
neural measurements aligned with participants’ behavioral per-
ceptions. Physical measurements, including the actual sound
pressure levels produced by the device, were also recorded
to determine how the physical output corresponded with both
neural and behavioral responses.

The SEPs recorded in this study revealed two prominent
peaks, a negative peak around 275 ms (N275) and a posi-
tive peak around 450 ms (P450). As stimulus intensity was
reduced, the absolute amplitudes of these peaks generally de-
creased, indicating modulation of SEP amplitude by stimulus
intensity of mid-air haptic ultrasound stimulation. Numerous
studies have shown that varying stimulus intensity modulates
SEP components at different stages of neural processing.
In general, higher stimulus intensities produce larger SEP
amplitudes, with the pattern of modulation depending on
both the type and strength of the stimulation. For example,
one study found that the early components of the SEPs
(latencies < 120ms) remained unchanged, whereas the later
components increased non-linearly with stimulus amplitude
when the participants’ index fingertips were stimulated using
a mechanostimulator [31]. This suggests that intensity is
encoded primarily in later processing steps. Another study
examined SEPs in response to vibro-tactile stimulation of the
right index finger and showed that both the peak values and the
peak-to-peak amplitudes of the SEPs increased proportionally
with the stimulus intensity [32]. Furthermore, [33], which
used air-puff stimulation of the palm, found that early SEP
components (e.g., P27-N35) were most strongly correlated
with physical intensity, whereas later components aligned
more closely with subjective ratings of perceived strength.
Collectively, these results indicate that SEP features carry
information about stimulus intensity, a pattern evident in the
findings of this study.

The wavelet phase synchronization stability demonstrated a
consistent reduction in phase locking stability within signif-
icant activity regions as intensity diminished, as determined
using the Rayleigh test. These findings demonstrate that stim-
ulus intensity modulates not only the amplitude but also the
temporal phase locking of SEP components across different
intensity levels of the mid-air haptics stimulation. This is
in line with previous research on tactile processing, where
[34] showed that higher friction during mechanical stimulation
of the fingertip induced stronger and more localized phase
coherence in late somatosensory potentials, underscoring that
tactile stimulus properties can shape cortical synchronization
across different modalities of touch.

Somatosensory evoked potentials (SEPs) elicited by fin-
ger stimulation have been characterized through literature.
Typically, electrical stimulation of the median nerve induces
the following components: N20, P30/P35, N60/P60, P100,
P120, N140 [30] [35] [36]. Multiple studies have exam-
ined differences between electrical and vibrotactile stimula-
tion under comparable conditions. For example, vibrotactile
stimulation elicits a similar sequence of SEP components as
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electrical stimulation, but with systematically delayed latencies
and distinct early cortical responses, while mid- to long-
latency morphology remains largely comparable [37]. The
two modalities also engage different cortical pathways, with
vibrotactile responses reflecting selective Pacinian activation
and electrical stimulation producing broader, more generalized
cortical activity [37]. In addition, the characteristics of cortical
responses can vary within the same stimulation modality
depending on the stimulus pattern. For example [38], showed
that mechanical tactile stimulation with simple global patterns
primarily activates the primary somatosensory cortex, while
more complex sequential patterns recruit additional areas such
as the primary motor cortex, demonstrating that stimulus
patterns can modulate both evoked potentials and cortical
oscillations. Interestingly, the latencies and waveform mor-
phology observed in the results of this study are inconsistent
with typical vibrotactile stimulation but rather closely approx-
imate the N2-P2 vertex complex that is usually observed in
laser-evoked potentials (LEPs) [39] [40]. LEPs are usually
associated with nociceptive stimulation, but it has been shown
that they are not nociceptive-specific and that they can be
elicited by non-painful tactile, auditory, and visual stimuli [41].
This provides a strong framework for interpreting the N2-P2
complex elicited by the STM mid-air haptic stimulation as a
salience-related cortical response. The N2-P2 vertex complex
has also been observed in SEPs that were recorded in response
to pulsed ultrasound, which was seen to evoke distinct wave-
form morphologies and modulate cortical activation depending
on stimulus parameters, including the recruitment of multiple
somatosensory processing regions [42]. In a recent study,
[22] revealed the possibility of evoking SEPs in response
to mid-air haptic stimulation on the palm using amplitude
modulation, which showed that this stimulation technique can
evoke SEPs distinguishable from a no-stimulation condition. In
a follow-up study, [23] integrated mid-air ultrasound haptics
into a multi-modal (visual-tactile) setup within a VR envi-
ronment. Here, the stimulation was applied to the fingers
while participants experienced visual cues, and the results
showed significant differences between match and mismatch
conditions. Building on this line of research, the present study
applies spatiotemporal modulation stimuli to the fingers and, to
our knowledge, represents the first systematic investigation of
cortical responses to this more complex form of stimulation
within a single sensory modality. By focusing on unimodal
processing, this work aims to provide a clearer characterization
of the neural correlates of such stimulation and to contribute
toward a more structured framework for its evaluation. This
approach may also inform future efforts to develop more
objective indices of perception in contexts where subjective
reporting is limited.

The effective pressure values at 5%, 10%, 40%, 70%,
and 100% were measured as 676, 913, 1490, 1720 and
1900 Pa (corresponding to 150.6, 153.2, 157.5, 158.7, and
159.6 dB re 20 µPa), respectively. Because acoustic intensity
is proportional to the square of the pressure, the intensity
values corresponding to these pressures are 0.10876, 0.19839,
0.52838, 0.70409 and 0.85917 W/cm². The pressure difference
between 70% and 100% is 180 Pa (0.9 dB), this translates

to only a 22% increase in acoustic intensity, which may
explain why no significant differences in SEP peak amplitudes
were observed between these two levels. In contrast, the
pressure difference between 40% and 70% is 230 Pa (1.2 dB),
corresponding to a 33% increase in acoustic intensity, which
aligns with the significant SEP amplitude differences found
between these levels. Although the study was not designed
to precisely determine the just noticeable difference (JND)
in SPL-related SEP modulation, these results suggest that
the JND may lie somewhere between 0.9 dB and 1.2 dB.
Further research is needed to confirm this range. There are
studies that explored JND in mid-air haptics through subjective
or behavioral experiments. For instance, [43] examined JND
by varying acoustic pressure intensity and rotation frequency.
They reported a noticeable difference between intensity levels
of 1 (2000 Pa) and 0.715 (1430 Pa), which correspond to 160
dB SPL and 157.1 dB SPL—a 2.9 dB difference. However,
their study involved spatiotemporal modulation using a differ-
ent shape (circle), a different location (palm), and additional
factors like frequency, making it substantially different from
the stimulation used in our study. Similarly, [44] investigated
how well participants could detect differences in intensity and
frequency of mid-air haptic patterns by measuring JNDs. They
found that users required at least a 12.12% change in intensity
and a 0.51 Hz change in frequency to perceive a difference
reliably, based on reference values of 100% intensity and
2 Hz frequency. But again, their stimulation method and
target location differ significantly from ours, making direct
comparisons difficult.

The behavioral and EEG measurements were obtained from
partially different participant pools, which does not permit
a direct within-subject integration of behavioral and neural
outcomes. Nevertheless, the behavioral study was conducted
under similar stimulation and setup conditions, allowing as-
sessment of whether the perceptual trends observed behav-
iorally are similarly expressed in the EEG-derived objective
measures. This serves as a psychophysical validation of the
stimulation levels used in the SEP recordings. Pilot testing
confirmed that 10% stimulation was consistently perceptible
to participants, whereas 5% intensity was not reliably detected.
This justified excluding the 5% condition from the main
behavioral task to avoid ambiguity while establishing 10%
as the effective perceptual baseline. In this 2IFC paradigm,
participants were required to indicate which of two successive
stimuli felt stronger, thereby providing a bias-reduced measure
of their ability to discriminate between the selected intensity
levels. The behavioral data show a pattern that closely matches
the SEP responses. Specifically, no significant difference in
SEP peak amplitudes was observed between the 70% and
100% stimulation levels, which aligns with the behavioral
results showing that participants had only limited ability to
reliably discriminate between these two intensities. In contrast,
a significant difference in SEP amplitudes between the 40%
and 70% conditions is reflected in the behavioral data, where
participants demonstrated higher discrimination accuracy. This
convergence suggests that subjective perceptual judgments
are closely aligned with the underlying neurophysiological
responses. The lack of differentiation between the 70% and
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100% stimulation levels may be explained by a perceptual
saturation effect, whereby increases in physical intensity no
longer produce proportional changes in perceived intensity,
or alternatively, by the possibility that the difference between
these levels falls below the just noticeable difference threshold.
Within this framework, the 2IFC experiment serves as an
important validation step, indicating that the SEP patterns cor-
respond to behaviorally meaningful intensity differences that
cannot be inferred directly from the existing literature, given
the heterogeneity of stimulation modalities and experimental
setups. It cannot be determined whether changes in SEPs
were caused by physical intensity or perceived intensity since
both increased together. However, the behavioral results still
validate that our tested intensity levels produced reliable per-
ceptual differences, confirming the relevance of the observed
SEP modulations.

Overall, the results of this study demonstrate that changes in
spatiotemporally modulated mid-air haptic stimulus intensity
can be objectively detected using SEPs, not only through
amplitude differences but also via phase-locking measures.
Importantly, the SEP findings align with the participant’s
behavioral perception, indicating that SEPs provide a reliable
neural correlate of behavioral performance. This suggests
the SEPs offer a powerful and objective means of assessing
subjective tactile perception, with potential applications for
evaluating and optimizing mid-air haptic stimulation in VR
and AR environments. Overall, these findings highlight the
remarkable complexity of somatosensory evoked potentials,
which are influenced by multiple interacting parameters such
as stimulus modality, perceived intensity, and affective va-
lence. The differences observed between mid-air haptics and
direct contact stimulation emphasize that SEP responses can-
not be directly compared across modalities, especially when
factors like perceived danger or discomfort can further mod-
ulate cortical responses. Consequently, while mid-air haptic
stimulation provides a promising tool for evoking measurable
SEPs, its results may not be directly translatable to other forms
of tactile or nociceptive input. Nonetheless, this study con-
tributes valuable insights into the intricate dynamics of haptic
perception, helping to illuminate a small part of the complex
neural processes underlying somatosensory experience.

V. CONCLUSION

This study provides an examination of how mid-air haptic
stimulation modulates somatosensory evoked potentials. The
findings suggest that even contactless tactile inputs can influ-
ence neural activity in ways that reflect perceived intensity.
These results highlight the inherent complexity of SEPs and
the distinctive characteristics of mid-air ultrasound stimulation.
Objectively characterizing these responses through SEPs is
crucial for establishing the neurophysiological basis of mid-
air haptics, offering insight into how the somatosensory system
encodes this unique stimulation beyond behavioral perception.
Further research is needed to refine these methods and clarify
the parameters that shape the underlying neural dynamics.
Ultimately, this work opens a path toward a deeper under-
standing of this stimulation modality and its integration into
both scientific and applied contexts.
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