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ABSTRACT

Manipulating spatial cues of self-produced sounds has
been shown to change people’s own body percep-
tion. For example, prior studies have demonstrated
that tapping a surface at a distance and hearing the
sound as if coming from twice that distance produces
a sense of arm elongation. Such studies have relied
on elaborate speaker setups or virtual cues that could
be simplified using binaural recordings played back
using headphones. To this end, multiple sounds of
tapping on different surfaces were recorded both in-
side an anechoic chamber and a room with natural
reverberation using a binaural microphone dummy
head and torso. Tappings were produced at incre-
mental lateral intervals of 15 cm beginning in front of
the dummy head. To identify binaural sound char-
acteristics that retain distance distinguishability, we
conducted a study with 11 participants. Wearing
headphones, they tapped on six impact-sensitive pads
placed 15cm apart and heard each of the recorded
sounds. Two experimental blocks were presented re-
spectively to evaluate the perception of each sound on
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a 7-point Likert scale questionnaire, and to assess the
perceived distance of the sound on a visual analogue
scale. A final debriefing questionnaire was presented.
Our findings contribute to optimizing tools for mod-
ulating body perception.

Keywords: auditory distance perception, anechoic,
reverberant, binaural, bodily self-perception.

1. INTRODUCTION

Auditory spatial perception plays an important role
in bodily self-awareness. For example, the sounds we
generate through our own actions can influence how
we perceive the size of our body [1-6] (for a review,
see [7]). Recent research has demonstrated that al-
tering the apparent distance of self-produced sounds
can recalibrate the mental representation of certain
body parts [1,2,4]. In one study, tapping sounds
were artificially presented as if originating from dou-
ble the actual tapping distance, which led partici-
pants to perceive their arm as longer or tactile dis-
tances on the arm as smaller [1]. These findings sug-
gest that auditory distance cues inform an internal
body-representation. However, achieving such spa-
tial manipulations in past experiments often required
elaborate setups, such as arrays of loudspeakers or
virtual audio rendering systems. For instance, dis-
tributed loudspeakers have been used to shift the ap-
parent location of action sounds [2]. Virtual acoustics
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techniques have also been used to simulate sound at
different distances, but demand real-time processing
power and careful calibration [1,4]. A simpler alter-
native is to use binaural recordings of action sounds
played back over headphones. Binaural playback can
recreate spatial cues (e.g., interaural differences and
reverberation) authentically for the listener, poten-
tially inducing similar perceptual effects without spe-
cialized hardware [8,9].

Given this context, the present study explores
whether binaural recordings of action sounds can
effectively recreate perceived distance in a simpler
headphone-based setup. We focus on two key fac-
tors: the acoustic environment (anechoic chamber
vs. reverberant room) and the sound source mate-
rial that is being tapped (a cardboard box vs. a
wooden box). The motivation is that reverberation
and source spectrum might interact: a spectrally rich
sound (e.g., a wooden box tap with sharp transients)
might provide strong distance cues in anechoic condi-
tions but become “blurred” by reverberation, whereas
a more well-rounded sound (cardboard box) might
have fewer high-frequency cues to lose. By compar-
ing conditions, we examine how well participants can
discern differences in distance when hearing sounds
played back using their own tapping at uniformly in-
creasing distances. If successful, this method would
confirm that altering spatial cues of action-produced
sounds using pre-recorded binaural samples can influ-
ence one’s perception of distance and space, without
the need for complex multi-speaker arrays or real-
time audio systems, opening the possibilities for con-
ducting field or at-home experiments more easily.

For this purpose we ran an experiment where par-
ticipants judged the perceived qualities of different
sound materials and environments, and estimated the
apparent distance of the sound source while tapping
at different locations on a surface.

2. METHODS
2.1 Participants

11 participants (four female, seven male, mean age 33
years, range: 29-44) took part in the study, two were
left-handed and the rest were right-handed. All were
university students or faculty members and reported
having normal hearing and touch. The study was
conducted in accordance with the ethical standards of

the Declaration of Helsinki and was approved by the
Research Ethics Committee of the Universidad Carlos
III de Madrid. Informed consent was provided. All
participants took part in both experimental blocks.

2.2 Sounds and Apparatus

Binaural recordings were conducted using a binaural
dummy Head and Torso Simulator (HATS, G.R.A.S.
Sound and Vibration) placed within two distinct en-
vironments: an anechoic chamber and a typical room
with natural reverberation. Sounds of tapping were
generated on two different surfaces: a cardboard box
(originally packaging for a pair of Sennheiser head-
phones) and a wooden box. The choice of tapping
surface material is based on prior research employ-
ing the sound of tapping on a wooden surface in [2],
while the sound of tapping on a cardboard box was
employed in [1,4].

For each combination of material and environ-
ment, the experimenters recorded the sound of tap-
ping at six incrementally increasing lateral distances
from the HATS (at 0, 15, 30, 45, 60, and 75 cm, mea-
sured from the HATS’ torso midline); and an addi-
tional six sounds at twice the original distance (0,
30, 60, 90, 120, and 150 cm), covering a total of nine
distinct sounds (0, 30, and 60 cm are shared). Note
that these distances were chosen based on prior stud-
ies [1,2,4]. This yielded a set of binaural audio clips
corresponding to taps at specific distances under two
acoustic environment conditions of anechoic chamber
(anechoic), and a room with natural reverberation
(reverberant); and two tapping surface materials of
wooden box (wood), and cardboard box (cardboard).

To play back the sounds in sync with the par-
ticipants’ actions, we constructed a custom appara-
tus with six small force-sensitive pads (molded sili-
cone, 15x15x2 cm), each embedded with a piezoelec-
tric sensor and covered with mesh fabric to prevent
sticking. The pads were placed on a table in front
and extending to the right side of the participant,
spaced 15cm apart (center-to-center). This physi-
cal layout of the pads mimicked the geometry used
during recording, i.e., the HATS had the boxes posi-
tioned along a similar front-right line at those same
distances. The shock-absorbing qualities of silicone
covered with mesh made sure that very little un-
wanted sound is produced from tapping on the pads.
Participants were seated facing forward. A red LED
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was placed in front at eye-level, such that when they
fixated on it, their head orientation aligned with the
orientation the HATS had during recording. This en-
sured that the binaural playback over headphones
would correspond directionally to the participant’s
perspective (i.e., the sound from the right-front side
would perceptually align with the pad location). Par-
ticipants wore circumaural headphones (Sennheiser
HD 200 Pro) through which the binaural tap sounds
were delivered.

Each silicone pad was associated with one of the
prerecorded binaural tap sounds. Tapping a pad with
a knuckle would trigger the corresponding sound to
play through the headphones with minimal latency.
The piezo sensors detected the tapping impact using
an Arduino microcontroller, connected to a computer
interfacing with TouchDesigner software, which trig-
gers the playback of the audio sample assigned to that
pad’s distance, material, and environment condition.

2.3 Experimental Design and Procedure

The experiment comprised two blocks presented se-
quentially. Both blocks had four types of auditory
stimuli differing in terms of material (cardboard and
wood), and environment (anechoic and reverberant).

2.3.1 Block 1 (qualitative sound assessment)

Participants tapped sequentially from pads 1 to 6
(located laterally at 15cm apart from each other)
at their own pace. The pads triggered sounds cor-
responding exactly to their recorded spatial posi-
tions. The tapping was repeated for each of the
four sound conditions, i.e., anechoic cardboard, rever-
berant cardboard, anechoic wooden, and reverberant
wooden. The conditions were presented in pseudo-
randomized order. Participants completed a 3-item
questionnaire after each of the four sound conditions,
evaluating subjective qualities of the sounds. Par-
ticipants rated each statement on a 1-7 Likert scale
to assess different aspects of the auditory experience.
The items included in Tab. 1 respectively referred to
the sense of agency (Q1), spatial congruence (Q2),
and perceived naturalness (Q3).

2.8.2 Block 2 (perceived distance assessment)

Sounds were presented as if originating from twice
their actual recorded distances (e.g., second pad

played the 30cm recording instead of 15cm). Par-
ticipants sequentially tapped pads from 1 to 6 for
each of the conditions. After each sequence, they
marked along a visual analogue scale the perceived
location of the sound source. This process was re-
peated for all four material xenvironment combina-
tions. The implemented visual analog scale (Fig. 1)
was an unmarked ruler with a humanoid mannequin
that mirrors the participant’s posture and hand po-
sitions at the 6 tapping distances, which is used as a
visual scale reference to estimate distance from their
own body (starting at their torso midline, increasing
outward to their right, with the ruler being at least 4
stretched-hand mannequins long).

o e e e e e e
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Figure 1. Visual analog scale for perceived dis-
tance.

3. DATA PROCESSING AND
STATISTICAL ANALYSES

Data was processed using Python (numpy version
2.2.4) and statistical tests were performed using
JASP (version 0.19.3). Due to the pilot nature of
this experiment, the statistical analyses on a small
sample have an exploratory purpose.

3.1 Block 1 - Qualitative Sound Assessment

Each of the three Questions (Q1, Q2, Q3) were eval-
uated individually. Medians and interquartile ranges
(IQRs) for each question across conditions are shown
in Tab. 1.

Separate 2x2 Analyses of Variance (ANOVAs)
testing the effects of environment (anechoic, reverber-
ant) and material (cardboard, wood) were conducted
for each question. For Question 1, the analyses re-
vealed a significant interaction between material and
environment, F(1,10) = 7.265, p = 0.022. Post-hoc
comparisons did not reveal any further significance.

For Question 3, a main effect of material was ob-
served, F'(1,10) = 5.900, p = 0.036; indicating that
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Table 1. Survey Questions, Median summary of
responses, and Interquartile Ranges (IQR).

Q2: T felt the location of

1: T felt that my hand
QL: L felt that my band g "0 was coming

was creating the sound
T was hearing.

Q3: T felt the sound T was
from my hand knocking  hearing was natural.
on the surface.

Condition Median IQR Median IQR Median IQR

anechoic-wood 2 15 4 2 2 15

anechoic-cardboard 2 2.5 3 4 3

reverberant-wood 3 3.5 3 2 2 1.5
2 4 3]

reverberant-—cardboard 3 3.5

participants perceived a significant difference in natu-
ralness between the wood and cardboard sounds over-
all. Participants rated cardboard in anechoic environ-
ment as most natural (median = 4), and wood was
rated least natural (median = 2) in both reverberant
and anechoic environments.

ANOVA for Question 2 showed no significant
main effects or an interaction. Although the median
response from participants in Tab. 1 shows they gen-
erally rated the wood tap sounds as slightly more con-
gruent with hand location (median = 4 in both envi-
ronments), the effect was not statistically supported,
which may reflect low variability in responses or in-
sufficient sensitivity of the measure with the limited
sample size (N = 11).

3.2 Block 2 - Perceived Distance Assessment

The perceived distances in Block 2 were measured
from the participants’ markings on the scale. The
markings of each participant on the analog scale were
normalized relative to the measurement of their fur-
thest perceived distance, such that each participant
had a maximum value of 1 for their farthest distance,
and the rest are fractions of 1.

A repeated-measures (RM) ANOVA tested the
main effects of environment (anechoic, reverberant),
material (cardboard, wood), and distance (0, 30, 60,
90, 120, 150cm), as well as their interactions on
the average normalized distance. The first and last
distances (0 and 150 cm) were not included because
they are all 0 and 1 after normalization (though they
are plotted in the figures for illustration). The RM
ANOVA revealed a main effect of distance (p < 0.001,
F(3,27) = 541.493, n?> = 0.801), indicating that
participants clearly distinguished among the differ-
ent distances. In contrast, the main effects of ma-
terial and environment were not statistically signif-
icant. However, a statistically significant three-way

interaction (p = 0.020, F(3,27) = 3.873, n? = 0.007)
emerged among material, environment, and distance,
suggesting that perceptual distinguishability might
depend on a combined influence of all three factors
rather than any single factor alone.

In a post-hoc pairwise analysis of the
material Xxenvironment interaction, a single com-
parison between reverberant wood and reverberant
cardboard sounds exhibited a significant difference
(Mean Difference = 0.084, SE = 0.020, t(9) = 4.163,
p = 0.015).

All remaining comparisons (reverberant wooden
vs. anechoic cardboard, reverberant cardboard vs.
anechoic cardboard, and anechoic wooden vs. ane-
choic cardboard) were non-significant. These results
indicate that the significant three-way interaction ob-
served in the ANOVA is driven primarily by mate-
rial differences in the reverberant environment, while
differences in anechoic conditions or across environ-
ments appear negligible. It should be noted again
that these results are exploratory given the small sam-
ple, and it is probable that more data would yield
further significant findings.

To further explore the finer dynamics of overesti-
mation and underestimation of perceived source loca-
tion as a function of distance, a second-degree polyno-
mial was fitted to the normalized perceived distances
(0-150 cm), and the resulting slope at each point was
compared to a 0.2 baseline slope derived from the
actual distances (0, 30, 60, 90, 120, 150) in Tab. 2.
A slope that remains close to 0.2 indicates that par-
ticipants’ perceived relative distances closely matches
the actual relative distances. Fig. 2 shows that wood
closely matched this 0.2 slope in the anechoic envi-
ronment, suggesting high fidelity, whereas cardboard
began below 0.2 (underestimation) and crossed above
it around 40cm (overestimation). Under reverbera-
tion, cardboard started below 0.2 before increasing,
implying compression at near ranges and expansion
at longer distances, while Wood showed the oppo-
site trend (above 0.2 initially but decreasing with dis-
tance).

These findings indicate a strong divergence in per-
ceptual distance estimation patterns between materi-
als in reverberant environments. Wood shows high
distinguishability at close range that diminishes with
distance, while cardboard shows increasing percep-
tual spread, suggesting opposite bias mechanisms in
auditory distance processing under reverberation.
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Environment: Anechoic
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T 1 I
90 120 150

Simulated Distance (cm)

Figure 2. Mean slope of second-degree poly-
nomial fits to normalized perceived distances
(0-150 cm) for anechoic (top) and reverberant
(bottom) environments.

4. DISCUSSION

Our exploratory pilot study aimed to assess how dif-
ferent materials and acoustic environments might in-
fluence the perceived distance of a sound source while
tapping on a surface. Although this is a pilot study
reliant on a small sample (N = 11, with one par-
ticipant excluded from Block 2 analyses), our find-
ings support the continuation of research using spe-
cific sound qualities, but our interpretations should
be considered with caution.

Block 1 evaluated the subjective qualities of the
sounds while interacting with distance-matched au-
ditory feedback. The sense of agency, defined as the
feeling of oneself producing the sensory consequences

Table 2. Standard deviation from baseline
0.2 slope in Fig. 2, represented by Root Mean
Squared Error (RMSE) and Mean Absolute De-
viation (MAD).

Condition MAD RMSE
anechoic—wood 0.00433 0.00447
anechoic—cardboard 0.01350 0.01597
reverberant—wood 0.03317 0.03826
reverberant—cardboard 0.01933 0.02198

(i.e., the heard sound), was significantly influenced by
the interaction between material and environment.

Post-hoc comparisons revealed that wood in a re-
verberant environment was rated highest for agency
(Q1), though results did not survive correction for
multiple comparisons. Agency has a direct coupling
with linking an action to a perceived consequence,
which is highly influential on bodily self-perception
[1,10,11]. Notably, wood-reverberant sounds also
had the largest interquartile range in Tab. 1, sug-
gesting individual variability, but also the potential
to strongly elicit the impression of self-generated ac-
tion.

The perceived naturalness of the sounds (Q3)
seemed to be influenced by material alone, with card-
board in an anechoic environment, followed by re-
verberant, receiving the highest ratings. This could
suggest that the inherent spectral characteristics of
cardboard sounds closely match listeners’ real-world
expectations for natural sound. It is also possible that
the act of tapping on soft silicone pads to trigger the
sound influenced these expectations, leading partici-
pants to associate the tactile softness with more nat-
ural acoustic properties. Spatial congruence (Q2), or
the perception that the sound originated from the
participant’s hand location, did not significantly dif-
fer across conditions.

In Block 2, we investigated participants’ ability
to perceive differences in sound distance under con-
ditions where all sounds were presented from dou-
ble the physical tapping distance. Fig. 2 and Tab. 2
results showed that the anechoic wooden box sound
preserved distance separation most consistently. Sim-
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ilarly, the anechoic cardboard sound showed consis-
tent perceived separation closer to the listener, but
slightly increasing perceived separation at farther dis-
tances.

In contrast, reverberant wood sounds showed sig-
nificant compression of perceived distance, with the
smallest mean slope values at the farthest distances
and a clear flattening pattern as distances increased.
Conversely, the cardboard-reverberant sound behaves
the opposite way, the gaps between sounds are per-
ceived as smaller in the near space and increase as the
sounds are presented from further away. The graphs
of both wooden and cardboard reverberant sounds
cross the 0.2 baseline at around 80 cm.

Our findings suggest that distance perception of
sounds in anechoic environments is more consistent,
an attribute that could be important when aiming
to enhance the perceived elongation of limbs while
tapping [1,2,4]. However, reverberant environments
may be useful for settings in which greater ecological
validity is desired, even if relative distance separation
is compromised.

At large, our study suggests that binaural record-
ings can provide sufficient spatial fidelity for experi-
mental manipulations of body perception using sound
[2,3,12,13].
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