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ABSTRACT

The footstep illusion, based on auditory manipulations of
walking sounds, has proven to significantly affect body
perception. To study these effects in outdoor settings, we
developed a database of recorded footstep sounds. Cre-
ating this database involved an iterative design process.
Footstep sounds were recorded in an anechoic environ-
ment with three participants of different body weights,
two binaural microphones sets, variations in walking
speed and in walking mode (in place and normally), sur-
face materials and footwear. Participant feedback from
structured piloting sessions informed the selection of the
most effective recordings. The final sounds were pro-
cessed into 5-minute tracks with constant walking speed,
incorporating background noise recorded in situ. The
database was evaluated through an experimental study in-
volving twenty-eight participants and four walking ses-
sions, differing in sound condition, as different frequency
filters were applied to study their influence on the walker’s
body perception. Participants were required to synchro-
nize their movements with the footstep sounds and we as-
sessed the influence of auditory cues on their body per-
ception. The significance of the presented work, evalu-
ated in complex outdoor settings, lies in the methodolog-
ical framework and decisions that allowed us to create a
rich database, which serves as a resource for other appli-
cations, such as sound design and virtual reality.
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1. INTRODUCTION

Body perception is a multifaceted phenomenon that en-
compasses both perceptual elements (such as perceived
body size) and attitudinal components (such as emotional
responses and thoughts towards body size) [1]. These
components impact motor functioning [2], and social in-
teractions [3]. Importantly, body perception is not fixed,
but updates continuously in response to different cues.
Research has demonstrated that multisensory stimulation,
especially sensory feedback related to one’s body, can
drastically alter perception, thereby influencing emotions,
cognition, and behavior [4,5]. Auditory cues, such as mu-
sical notes [6], or modifying natural action sounds like
tapping [7], have been shown to influence body percep-
tion and related attitudes.

Research in [8, 9] built upon the findings of [10],
which demonstrated that listeners can make judgments
about an unknown walker’s body – such as their sex –
based on the spectral properties of their walking sounds.
Specifically, [10] showed that lowering the spectral mode
of pre-recorded footsteps to at least 125 Hz increased
the perceived maleness of the walker, while shifting it to
higher frequencies (around 1000 Hz) enhanced the per-
ception of femaleness. In [8], a similar setup to that
used in [10] was employed. It featured an analog graphic
equalizer with a 24-dB dynamic range and nine frequency
bands, along with microphones attached to the walker’s
shoes, a pre-amplifier, and headphones. This system was
further advanced in the so-called SoniWeight Shoes de-
vice [9]: as described in [11], a digital version was built on
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Figure 1. Recording session materials: a) People’s body weight; b) Microphones locations; c) Walking speeds;
d) Surface materials; e) Footwear types.

the Bela.io platform to mimic the analogue equalizer us-
ing 11 cascaded IIR filters. Latency was measured at 1.6
ms, enabling real-time applications. The results indicated
that when participants experienced the “High Frequency”
(hereafter, HF) condition, they perceived their own bodies
as slimmer and lighter. This perception also influenced
their walking patterns, leading to more dynamic swings
and shorter heel strikes compared to the “Low Frequency”
(hereafter, LF) condition.

While earlier studies on this so-called ”Footsteps Il-
lusion” – in which participants where asked to walk while
listening to real-time alterations of their footstep sounds,
while the effects on their body perception, gait and emo-
tional state were measured – in the general population [8]
and in populations formed by groups with varying lev-
els of eating disorders and physical activity [9], have pri-
marily focused on controlled environments, understand-
ing how auditory cues, such as footstep sounds, affect
body perception in more complex, outdoor settings is cru-
cial. Such environments introduce additional variability,
including diverse surfaces, weather conditions, social in-
teraction, which can further modulate the illusion’s impact
on perception. We aimed to measure the effects on body
perception (if any) induced by the use of a minimal exper-
imental setup, consisting of a walking task synchronizing
with pre-recorded footstep sounds, filtered using the same
frequency manipulations used in [9].

With regards to the synchronization task, we took as
reference a previous study [12] investigating how self-
other integration and segregation influence coordination
and individual awareness during group interactions. In
that study participants were instructed to synchronize their
steps with a metronome while listening to the footsteps of
eight virtual partners. Measures included temporal coor-
dination (step timing regularity and synchrony with the
metronome) and gait patterns. This study is particularly
relevant for the current work as it demonstrates that indi-
viduals can reliably synchronize their movements with au-
ditory cues, and that listening to footstep sounds — even

when attributed to others — can influence perceived bod-
ily states.

Regarding the interaction of materials and body per-
ception, previous research [13] examined how participants
adjusted synthetic footstep sounds to match their own, us-
ing a real-time shoe-based system, to validate sound de-
sign choices for different shoe types and ground materials.
Their findings show how the relationships between shoe
types and ground materials shape footstep sound charac-
teristics, which can be further explored in more naturalis-
tic settings where participants actively walk and synchro-
nize their footsteps.

The work presented in this paper aims to develop and
evaluate a footstep sound database for use in both labo-
ratory and real-world contexts, with an emphasis on the
auditory manipulation of footstep sounds in outdoor set-
tings. The database was created through a structured pro-
cess, recording footstep sounds in a variety of footwear,
walking speeds, surface materials and participant weights
to capture a broad range of auditory cues. These sounds
were then selected and processed to obtain soundtracks
used in an outdoor experimental setting, specifically us-
ing the three sound conditions (i.e., HF, LF and Con-
trol) employed in [9], aiming to analyze their influence
on body perception. By exploring these effects in natu-
ralistic settings, we aim to extend the ecological validity
of the ”Footsteps Illusion” and create a versatile resource
applicable to various fields, such as sound design, virtual
reality, and interactive technologies that rely on auditory
feedback to modify bodily experiences.

In the following sections, we describe the technical
setup used to capture footstep sounds, the experimental
design for evaluating these sounds, and the results of the
sound selection procedure and of the study that support
the sound dataset validation process. This work serves as
a step towards integrating auditory cues into body percep-
tion interventions, particularly in settings where portabil-
ity is key.
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2. METHODS

2.1 Recording Hardware Configuration

Recordings were conducted in an anechoic environment
at Carlos III University of Madrid. Figure 2 shows the
recording location. To record the footstep sounds we used
two sets of wired binaural microphones (SOUNDMAN
OKM-II), with a frequency response of 20 Hz–20 kHz, a
sensitivity of approximately 7 mV/Pa, and an impedance
of 2.2 kΩ. Designed for in-ear placement, they sup-
port a maximum sound pressure level (SPL) of 120 dB
and operate on plug-in power (1.5 V-10 V) via a 3.5
mm TRS stereo mini-jack. We also used a handheld
portable recorder (ZOOM h4n), in four-channel configu-
ration. One set of microphones was positioned at the tip of
the shoes and the other one in the walker’s ears. The files
were recorded with a 16-bit resolution and 44100 Hz sam-
pling rate. A mobile application with a flashing-screen
metronome functionality was used to provide a synchro-
nized visual tempo cue (80, 100, 120 bpm) during the
recordings.

2.2 Materials and Recording Setup

Two different ground materials were used: wood (MDF)
planks, positioned on the floor of the anechoic environ-
ment to form a runway measuring 480 cm in length and
80 cm in width, and marble tiles (40 x 40 x 4 cm), which
were placed on top of the wooden runway (see Figure 2).
Further, two types of shoes were used: leather dress shoes
(EU sizes 42 and 46) and sandals with hard rubber soles
(EU size 42). To simulate increased body weight and cre-
ate varied weight recording conditions, participants wore
a fitness weight set that added 5 kg of extra mass.

The choice to include sandals with hard-rubber soles
as footwear and wood (MDF) as the walking surface was
made to replicate the materials setup used in [9]. How-
ever, in line with the main aim of the experimental study
– namely, to explore and test the ”Footsteps Illusion” in a
more realistic, everyday scenario – we selected an outdoor
area on the university campus for conducting the experi-
ment. This area was moderately large (approximately 70
x 90 m), mostly flat, typically not too crowded, and fea-
tured a variety of surface materials, including stone and
concrete tiles. For this reason, we decided to incorporate
marble tiles into the recording session to better reflect this
diversity. As for the footwear, we also included leather
dress shoes in the recordings, to include other types of
shoes commonly worn in daily life.

Figure 2. Anechoic environment recording setup,
(shoes on marble).

Three people, weighing approximately 50, 60 and 70
kg, participated in the sound recordings. Each of them
performed eight recording sessions: four while wearing
the 5 kg weights (sandals on marble, sandals on wood,
shoes on marble, and shoes on wood), and the same four
without the additional weight. This approach allowed us
to cover the following weight ranges: 50-55 kg, 55-60 kg,
60-65 kg, 65-70 kg, 70-75 kg and 75-80 kg.

To prevent introducing any additional sound sources
into the recordings, participants synchronized their foot-
steps using a visual metronome on a smartphone, which
emitted a screen flash at each beat. The recording con-
sisted of five 1-minute phases: walking in place at 80 bpm,
walking normally at 80 bpm, walking in place at 100 bpm,
walking normally at 100 bpm, and walking in place at 120
bpm. We only recorded walking in place at 120 bpm due
to the limited path length, as walking at this tempo along
the short distance would have resulted in unnaturally short
steps.

2.3 Sound Selection and Processing

After the recording sessions, we went through all the
tracks and selected the candidate sounds for the study.
Specifically, we focused on the walking pace and de-
cided to exclude 80 bpm, 120 bpm and walking-in-place
recordings. This decision was made considering that, in
the study, we wanted participants to walk at a ”natural”
speed, which we defined as a pace that people typically
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Figure 3. Frequency response of the High Frequency
(HF), Low Frequency (LF) and Control (C) filters.

use in everyday walking scenarios. We felt that 80 bpm
and 120 bpm might not represent this natural pace, and
walking-in-place recordings were excluded to avoid any
artificial constraints. Although studies involving similar
pre-recorded sounds like [12] have used a 120 bpm walk-
ing pace, they only involved the walking-in-place activity,
which is different from the walking scenario we aimed to
replicate. Once we had preliminarily selected the record-
ings, we decided to obtain, for each of the six weight-
groups, a 5-minute footsteps audio track, that we could
later filter to produce the three experimental sound con-
ditions. The strategy we adopted was to extract several
”footsteps pairs” and then combine them in random or-
der to obtain 5-minute tracks. For each of the selected
recordings, we analyzed the footsteps peaks to extract the
time between two adjacent footsteps (T) (e.g., left-right).
We then manually cut the footsteps pairs, leaving T

2 be-
fore the first peak and after the second peak. To automate
the process of generating the audio tracks, we developed a
MATLAB script that randomly selected and concatenated
the footstep pairs. To ensure smooth transitions between
the segments, we applied a 10 ms fade-out/fade-in effect
at each junction. This approach allowed us to create seam-
less and randomized 5-minute audio tracks. Furthermore,
since the study setup employed passive noise-canceling
headphones, we decided to incorporate background noise
into the footsteps tracks to make the listening experience
more realistic and less frustrating. To do so, we recorded
the background noise at the study location and added it to
the tracks. Since the recordings were composted of four
channels (two for the microphones placed in the ears and
two for those placed on the shoes), the footstep pairs ex-

traction involved all four channels, allowing us to gener-
ate audio tracks for both microphones locations. We ulti-
mately decided to perform the piloting using only the foot-
located microphones for the following reasons. Firstly,
in the footsteps recordings with the microphones in the
ears, the footstep sound level was lower than with the foot-
located microphones, and this, after amplifying the signal,
generated a perceivable click at the footstep pairs joints.
Secondly, considering the the influence of height differ-
ences between the individuals who produced the recorded
sounds and the participants in the study. Finally, to remain
consistent with previous studies [8, 9] that use the feet as
microphone locations.

The same filters developed for the SoniWeight Shoes
device [9], as described in [11], were used to equalize
the pre-recorded footstep sounds, obtaining: an HF ver-
sion and a LF version, simulating the acoustic character-
istics of a lighter and a heavier body, respectively. In HF,
higher frequency bands (1-4 kHz) were amplified by 12
dB, while lower frequencies (83-250 Hz) were attenuated
by 12 dB. In contrast, LF inverted this pattern. Figure
3 shows the frequency response of the two filters, along
with the Control condition (referred to as C). Both HF
and LF filtered versions of the footstep tracks, along with
the unmodified footstep soundtrack (C), were mixed with
background noise to create four distinct sound sets, each
with varying signal-to-noise ratios (SNRs) of 0, 5, 10, and
15 dB. During processing, we also accounted for differ-
ences in perceived loudness between the soundtracks by
calculating the RMS of each track after applying an A-
weighting filter. The resulting gain factors were then used
to compensate for these differences and ensure consistent
perceived loudness across all soundtracks.

2.4 Piloting Session

We performed a structured piloting session with four par-
ticipants (here referred to as P1-P4), with the objective of
selecting the footsteps soundtracks corresponding to dif-
ferent materials, footwear and levels of SNR. The ses-
sion was conducted in the experimental study location
and focused on assessing the plausibility of the generated
footstep sounds. Specifically, we evaluated whether the
soundtrack sounded like they were the own person’s foot-
steps (in fact, we played the sound corresponding to the
own weight of the participant piloting), and also assessed
whether the sound was realistic within the given setting,
considering both its acoustic properties and how well it
blended with the environmental cues.
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Figure 4. Experiment trial procedure.

During the session, while listening to the sandals
on wood soundtrack, P1 said: ”It has more substance
or weight, it’s easy to synchronize with, I like it.”, P2,
”Sounds like stone, I like it”, P3, ”It’s the one I like the
most, it sounds like sandals on wood”. The shoes on
marble soundtrack received mixed reactions from partici-
pants. P1 found the footsteps somewhat artificial but still
identified them as resembling shoes on marble. P2 com-
mented, ”It’s deep and normal, but it doesn’t particularly
stand out.” P3 perceived the sound as resembling high
heels rather than regular shoes and stated, ”I wouldn’t
use it.” P4 remarked, ”The footsteps don’t seem credi-
ble.” The sandals on marble sound also received varied
reactions from participants. P1 commented, ”The foot-
steps don’t seem believable.” P2 had a different perspec-
tive, saying, ”It’s the one I liked the most.” P4 found
the sound somewhat unconvincing, remarking, ”It seems
sharper, and it throws me off.” The shoes on wood sound
also elicited mixed responses from participants. P1 was
generally unimpressed, stating, ”I don’t like it overall.”
P2, however, found it more appealing, saying, ”I like this
one more than the others.” P3 was more critical, com-
menting, ”These footsteps seem unnatural; I wouldn’t use
them.” Overall, the results suggest that, despite the highly
subjective nature of participants’ perceptions of the foot-
step soundtracks - with variations significantly influencing
participants’ impressions of realism and preference - the
soundtrack that was most appreciated for its realism was
sandals on wood, the selected SNR was the 0 dB, which
recreated a natural level of background noise and sounded
the most realistic in that specific outdoor setting. Most of
the participants found it easy to synchronize with and de-
scribed it as having a natural and immersive quality. For
these reasons, the sandals on wood soundtracks were se-
lected for carrying out the study.

2.5 Experimental Study

The study included four 2-minute trials, during which par-
ticipants walked back and forth once along a linear pas-
sage approximately 50 meters in length. First, a practice
C condition trial, followed by the HF, C, LF sound condi-
tions in randomized order. Figure 4 contains a schematic
view of the experiment procedure.

2.5.1 Participants

28 participants (mean age ± SD: 26.21 ± 9.99 years, range:
19-71; Sex: 13 males and 15 females; Gender: 13 mascu-
line and 15 feminine; mean weight ± SD: 66.86 ± 11.44
kg; mean height ± SD: 164.45 ± 32.46 cm), naı̈ve to
the study aim, provided the following information dur-
ing recruitment: demographics, including age, sex (man,
woman, non-binary, decline to state), gender (masculine,
feminine, non-binary person, decline to state); and anthro-
pometric measurements (height and weight). The latter
was used to select the appropriate soundtrack used in the
study. The study was conducted in accordance with the
ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments and was approved by
the Committee of Ethics in Research of Carlos III Univer-
sity of Madrid. All participants provided informed con-
sent before participating and received a C20 bank transfer
as compensation for their time.

2.5.2 Measures

While several measures were used in the study, here we
focus on reporting those that allow us to evaluate the suit-
ability of the sounds designed for the study.

Questionnaire on Body Feelings: We used a Likert-
type questionnaire, adapted from [8, 9], to assess body
feelings. It covered felt walking speed, body weight,
strength, posture, perceived femininity/masculinity, vivid-
ness of the experience and felt surprise. Importantly, addi-
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tional items assessed the agreement levels (from strongly
disagree to strongly agree) with statements related to the
felt agency over the sounds heard [14] and the ability
to localize one’s feet, which we refer to as ”propriocep-
tion” [8]. Here we focus on these two items as they al-
low us to validate the suitability of the soundtracks for the
experimental study, as we consider these two sensations
(i.e., agency and proprioception) to be prerequisites for
the ”Footsteps Illusion” to emerge.

Gait Biomechanics: These were used both as a mea-
sure of temporal coordination and synchronization [12],
with the footsteps soundtracks and as an implicit mea-
sure of changes in body perception, following previous
studies [8, 9] suggesting that the sound-driven illusion of
altered body weight results in people adapting their gait
to the prototypical motor pattern of lighter/heavier bod-
ies. Foot acceleration data was collected using a Bitalino
device sensor and analyzed in MATLAB. Peaks and val-
leys in acceleration were used to identify key gait events
and assess step timing. While full gait pattern analysis
was performed, this paper emphasizes temporal-related
measures across sound conditions for statistical analysis.
To describe the performance on the synchronization with
instructed task, specifically with the soundtrack of pre-
recorded foosteps, we measured two temporal coordina-
tion measures. The first is the standard deviation (SD)
of asynchrony, which assesses interaction performance or
coupling between two time series [15]. This metric is cal-
culated by computing the SD of the asynchronies between
the participant and the pre-recorded soundtrack for each
condition and participant. A lower SD asynchrony indi-
cates stronger coupling with the pre-recorded sounds. We
also evaluated the SD of asynchrony with a metronome
resembling the same one used during the footsteps sounds
recording. The second measure is the SD of inter-step
intervals (SD ISI), which reflects step timing regularity
(hereafter referred to as coordination). Based on previ-
ous research, a lower SD ISI suggests that the participant
is performing better in keeping the walking pace regu-
lar [16]. For each participant, the time course of each trial
(per condition) was analyzed by computing the inter-step
intervals and then determining their SD.

3. RESULTS

We present here the results that allowed us to validate that
participants could effectively coordinate and synchronize
with the heard footstep sounds, as well as feel agency over
the sounds heard. We consider these to be prerequisites for

the ”Footsteps Illusion” to emerge.

3.1 Synchronization and Coordination

To assess synchronization, we evaluated how well partic-
ipants aligned their footsteps with both the pre-recorded
footsteps in the soundtrack and the original metronome
used during the recording of those footsteps. This al-
lowed us to determine whether participants were able to
synchronize not just with the auditory cues, but also to
perform in a way that closely matched the precise timing
of the original metronome. With regards to coordination,
we calculated an overall SD asynchrony mean(SE) value
of 95.9(7.4) ms with the pre-recorded soundtracks and
an overall SD asynchrony mean(SE) value of 89.6(9.0)
ms synchronizing with the virtual metronome. There-
fore, the participants were able to synchronize reason-
ably well with the auditory cues (having a SD asynchrony
lower than 100 ms [17]), especially considering the out-
door varying conditions of the study. The overall SD ISI
mean(SE) value was calculated at 87.1(10.2) ms. Partici-
pants maintained a relatively consistent walking rhythm,
given the experimental setup and the many factors in-
fluencing walking activity suggesting that the footstep
sounds successfully supported the coordination task.

Additionally, the analyses showed no significant dif-
ferences across the frequency conditions for the SD asyn-
chrony, F=0.53, p=0.59, and for SD ISI, F=1.02, p=0.36.
These results inform us that participants’ synchroniza-
tion and coordination didn’t differ significantly across the
three sound conditions.

3.2 Questionnaire on Body Feelings

Results from the analysis of the questionnaire scores
show that, overall, participants felt proprioception (me-
dian(range): 5(6) for LF, 5(6) for C and 5(6) for HF; i.e.,
feeling able to determine exactly where their feet were),
with no significant differences across conditions, F=0.03,
p=0.96. Participants also reported agency (median(range):
5(5) for LF, 5(6) for C and 6(5) for HF; i.e., the sensa-
tion that the sound the participants were hearing were pro-
duced by their own footsteps/body), with no significant
differences across conditions, F=2.98, p=0.06, as shown
in Figure 5. Preliminary analysis of the other question-
naire items suggests that these sounds do indeed affect
body perception, particularly the perceived body weight,
the main target of the ”Footsteps Illusion”, but reporting
these findings is beyond the scope of this paper.
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Figure 5. Agency and Proprioception items results.
The scale on the y-axis indicates the levels of agree-
ment (from strongly disagree (1) to strongly agree
(7)) with statements related to the felt sensation.

4. DISCUSSION

The piloting session presented in this work was crucial
for evaluating how the real-world features of the sound,
e.g., materials, weights, speeds, footwear and background
noise, contribute to creating a realistic auditory experi-
ence. This preliminary testing allowed us to make in-
formed choices about the stimuli and ensure a more eco-
logically valid auditory experience. Our findings offer ini-
tial support for the use of our footstep sound database for
use in experimental research on body perception. Specif-
ically, we first examined temporal synchronization and
coordination, aligning with previous work [12, 17] show-
ing how people can reliably synchronize their movements
with auditory cues, even when attributed to others. Sec-
ondly, we focused on participants’ sense of agency and
proprioception, as assessed through the Questionnaire on
Body Feelings, since studies have shown that discrep-
ancies between modalities and delays between actions
and sensory feedback disrupt agency and diminish the
sensory-induced bodily illusions [5, 14] and that sound
may interact with proprioception [5].

Our results show that participants consistently re-
ported a moderate-to-high sense of proprioception and
agency, indicating that the auditory cues used in the exper-
iment effectively corresponded to their own body move-
ments, and making them a valid resource for further in-
vestigations into auditory influences on body perception.
The absence of significant differences in synchronization
performance across frequency conditions suggests that the
auditory manipulation employed in this study did not dis-
rupt participants’ ability to coordinate their footsteps.

4.1 Implications and Future Work

Our findings suggest that auditory cues, even within a
minimal experimental setup, and relatively uncomplicated
trial design, can significantly influence body perception.
Importantly, the validation of our footstep sound database
is supported by both behavioral data and a rigorous
methodology. Sounds were carefully designed, recorded,
and selected to closely match real-world walking scenar-
ios, minimizing bias and supporting a robust experimen-
tal context. This effort strengthens the reliability of the
current results and positions the database as a valuable
tool for future applications in fields such as virtual real-
ity, rehabilitation, and psychological interventions, where
auditory feedback can be employed to influence percep-
tion and behavior. Additionally, evaluating how the foot-
step sounds perform in dynamic, real-world environments
(e.g., personalizing walking speed, surfaces and footwear)
could further enhance our understanding of the role of au-
ditory cues in shaping body perception in complex, daily
life settings. Prolonged exposure to auditory gait feedback
could also be analyzed to understand the impact on body
perception and behavior change over time.

5. CONCLUSION

The aim of our work was to create a material capable of
supporting experimental designs that can yield unbiased
and reproducible findings. Our results confirm the va-
lidity of the footstep sound database and demonstrate its
potential as a valuable tool for further research into the
multisensory influences on body perception. The sound
database offers a robust foundation for studying the in-
teraction of auditory cues with body perception in both
controlled and real-world settings.
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