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This paper presents an experiment where participants were asked to adjust, while walking, the spectral
content and the amplitude of synthetic footstep sounds in order to match the sounds of their own foot-
steps. The sounds were interactively generated by means of a shoe-based system capable of tracking foot-
falls and delivering real-time auditory feedback via headphones. Results allowed identification of the
mean value and the range of variation of spectral centroid and peak level of footstep sounds simulating
various combinations of shoe type and ground material. Results showed that the effect of ground material
on centroid and peak level depended on the type of shoe. Similarly, the effect of shoe type on the two
variables depended on the type of ground material. In particular, participants produced greater ampli-
tudes for hard sole shoes than for soft sole shoes in presence of solid surfaces, while similar amplitudes
for both types of shoes were found for aggregate, hybrids, and liquids. No significant correlations were
found between each of the two acoustic features and participants’ body size. This result might be
explained by the fact that while adjusting the sounds participants did not primarily focus on the acoustic
rendering of their body. In addition, no significant differences were found between the values of the two
acoustic features selected by the experimenters and those adjusted by participants. This result can there-
fore be considered as a measure of the goodness of the design choices to synthesize the involved footstep
sounds for a generic walker. More importantly, this study showed that the relationships between the
ground-shoes combinations are not changed when participants are actively walking. This represents
the first active listening confirmation of this result, which had previously only been shown in passive lis-
tening studies. The results of this research can be used to design ecologically-valid auditory rendering of
foot-floor interactions in virtual environments.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Designers of ecologically-valid virtual environments constantly
seek to improve their technology in order to create experiences in
the virtual world that can be as close as possible to those achiev-
able in a real setting [1]. For a virtual environment to be meaning-
ful in the ecological sense, users must be provided with coherent
relations between perception and action. This is especially true
for one of the most important tasks in immersive virtual reality,
navigation involving real walking [2]. Previous studies demon-
strated that real walking is the optimal interaction technique for
navigation of immersive virtual environments since it produces a
higher sense of immersion, increases naturalness, and improves
task performance compared to other solutions [3–7].

One of the most important acoustic signatures associated to
walking in virtual environments is that of footstep sounds. Similar
to what happens in real settings, these sounds allow one to per-
ceive not only the surrounding environment but also one’s own
body. In particular, various authors have highlighted the impor-
tance of rendering of the virtual body in a way consistent with
the user’s body in order to produce a strong feeling of body owner-
ship [8,9,1]. Such a feeling plays a relevant role in the user’s expe-
rience of the sense of presence, that is, the subjective experience of
‘‘being there” inside the virtual world [10]. This is particularly true
for locomotion-based applications [1].

To achieve compelling simulations of footstep sounds it is fun-
damental to consider how those sounds are perceived. This can
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inform synthesis techniques based on the analysis-by-synthesis
method [11,12]. Such a method consists of designing a model by
gathering knowledge about it from data collected via measure-
ments, interviews with experts, or generation of hypotheses, and
by successively verifying its validity through synthesis (i.e., by
implementing the model in a software tool) and psychophysical
tests.

Recently, a novel footstep sound synthesizer based on such a
method has been developed [13]. The synthesizer is capable of
simulating several types of foot-floor interactions (e.g., different
types of steps in walking and running or the sliding of the foot
on the floor), different types of shoes and ground materials (solid,
aggregate, liquid, and hybrids), as well as some anthropometric
features of the walkers (i.e., body size and foot length). The ecolog-
ical validity of the synthesizer was evaluated by means of listening
tests that successfully assessed the effectiveness of the proposed
techniques. The synthesizer is based on physical, physically
informed, and psychologically informed models, whose control
has been designed according to results of various studies about
footstep sounds perception in real and virtual settings. The synthe-
sizer can be used in conjunction with several locomotion interfaces
(for instance, those developed by Turchet [14]), in order to achieve
an interactive sonification of foot-floor interactions [15].

Research about auditory perception of both real and synthe-
sized walked-upon ground materials has shown that humans are
capable of classifying with high accuracy the material typology,
such as solid (e.g., concrete, wood), aggregate (e.g., gravel, snow),
liquid (e.g., water) or hybrid (e.g., mud), but are less precise in dis-
criminating materials belonging to the same typology (e.g., wood
can be identified as concrete) [16,17,13]. Along the same lines, it
has been proven that the hardness of the sole of the shoes is clearly
identifiable both in real footstep sounds produced by walking on
solid ground materials [18], and in synthesized footstep sounds
simulating walking on materials of various typologies [13]. Various
studies have also shown that both real and synthesized footstep
sounds are effective in conveying information about gender and
anthropometric features of the walker [19,18,20,13]. All those
studies consistently revealed that the auditory perception of gen-
der, height, and weight of a walker depends primarily on the foot-
step sound spectral characteristics. Specifically, footstep sounds
having spectra with a predominant high frequency component
are associated with females and small body sizes, while maleness
and big body sizes are related to spectral dominancy of the low fre-
quencies. Furthermore, research has shown that listeners can iden-
tify the emotional state of a walker from the content of both real
and synthesized footstep sounds and that such an identification
depends on the sound intensity and temporal features (average
pace, pace irregularity) [18,21].

Interestingly, Tajadura-Jiménez et al. showed that altering in
real-time the spectral content of non-synthesized sounds produced
while walking is effective in changing one’s own perceived body
weight and leads to a related gait pattern [22]. Specifically, their
results showed that augmenting the amount of high frequency
components of footstep sound not only led to the perception of
having a thinner body, but also enhanced the motivation for phys-
ical activity, inducing a more dynamic swing and a shorter heel
strike. In addition, the increment of high frequency components
caused participants to feel more aroused and positive. In a different
vein, providing synthetic footstep sounds simulating a surface
material having a degree of compliance different from that of the
walked-upon one has been proven to affect the locomotion pace
of subjects naturally walking at a self-selected speed, as well as
to alter the perception of effort and to induce the sensation of sink-
ing into the ground [23].

Following the tenets of the analysis-by-synthesis method, a rel-
evant research question that can inform the synthesis models in
order to achieve better simulations and consistent with users’
expectations is how sounds are manipulated when subjects are
asked to render their own footstep sounds. This is especially
important in interactive scenarios where real walking is involved.
While prior studies in virtual settings explored the effects of pas-
sive listening to synthesized footstep sounds of an unknown
walker, limited research has been conducted so far on the interac-
tive adjustment of the parameters of self-produced synthesized
footstep sounds. An exception is the work reported in [24] that
faced the issue arising when designing interactive sound rendering
for virtual environments, about how to choose the amplitude at
which the footstep sounds are delivered. Subjects were asked to
adjust the amplitude of interactive footstep sounds on various
ground materials, generated by means of a shoe-based system, to
the extent they felt appropriate for each of those sounds. Results
allowed one to identify for each synthesized material the ampli-
tude mean value and range of variation that could be considered
appropriate for different subjects. However, that study did not take
into account the spectral properties of the sounds during the
adjustment task, nor did the analysis consider eventual correla-
tions between the participants’ choices of amplitude and their
anthropometric features. From the studies reviewed above it
emerges that amplitude and spectral centroid are two parameters
of footstep sounds that can be related to the auditory perception of
body properties and emotional state, as well as to the rendering of
various types of materials and shoes.

In this paper we present an experiment where we asked partic-
ipants to adjust the spectral content and the amplitude of synthetic
footstep sounds in order to match the sounds of their own foot-
steps. The sounds were provided interactively by means of a
shoe-based system capable of tracking footfalls and delivering
real-time auditory feedback. Our main goals were: interactively
validate the design choices of centroid and peak level for different
combinations of ground material and shoe type; assess whether
and how these parameters change in relation to actual and
perceived body properties; identify the mean values and ranges
of variation of the two parameters. This research aimed also at
assessing to what extent participants consciously focused on their
body properties during their choices of the sounds’ parameters. For
this purpose we provided participants with rating scales to com-
pare the criteria on which participants relied to perform their
choices.

Based on the results about the auditory perception of sole hard-
ness in footstep sounds reported by Giordano et al. [18] and Turchet
[13], we hypothesized that participants would have produced
greater amplitudes for hard sole shoes than for soft sole shoes in
presence of solid surfaces, while similar amplitudes for both types
of shoes would have been found for aggregate, hybrids, and liquids.
In addition, given that previous works showed how shifting the
spectral content of walking sounds influences not only the per-
ceived body size of a heard walker [19,18,20,13], but also the self
body size perception [22], we expected a negative correlation
between participants’ size and spectral centroid. Along the same
lines, we hypothesized a positive correlation between participants’
size and participants’ choices of the sounds’ amplitude since the
heavier and taller the person, the greater the ground reaction force,
i.e., the reaction force produced by the ground at every step [25],
and consequently the louder the sound.

With this production-based experimental design we aimed at
assessing the goodness of the sound design choices for a generic
walker reported in [13]. The footstep sounds involved in the exper-
iment were designed to simulate a genderless walker with a med-
ium body size. The absence of the hypothesized strong correlations
between participants’ body size and centroid and peak level, as
well as the absence of a statistical difference between the partici-
pants’ and experimenters’ choices of the two parameters would
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mean that the designed sounds are appropriate for the simulated
materials and shoes, and for a generic walker.

We focused on the two acoustic features centroid and peak level
because of their importance in footstep sounds perception
research, especially for what concerns the auditory perception of
the walker’s body size. Knowing that subjects tune those parame-
ters to specifically reflect their body size would allow one to inform
footstep sounds synthesizers about how to control their parame-
ters to render the walker’s virtual body at auditory level [1]. The
results of this research are important to inform the design of audi-
tory foot-floor interactions in virtual environments towards more
ecologically-valid simulations [26–29].
2. Method

2.1. Participants

Nineteen participants, 12 males and 7 females, aged between 20
and 41 (mean = 28.58, SD = 6.27), took part in the experiment. All
participants reported normal hearing and no locomotion impair-
ments. The procedure, approved by the local ethics committee,
was in accordance with the ethical standards of the 1964 Declara-
tion of Helsinki. The average duration of the experiment was about
one hour. Fatigue was not an issue.
2.2. Apparatus

The apparatus consisted of a pair of sandals (41 size EUR) aug-
mented with pressure sensors [14], a box, attached to a belt, con-
taining an x-OSC wireless micro-controller board, a wired closed
headphone set (Sennheiser HD-25-1 II), a MIDI controller equipped
with sliders (Korg nanoKONTROL2), and a laptop that ran a Max/
MSP1 application. The latter consisted of a receiver for the MIDI data
provided by the MIDI controller, a receiver for the data of the micro-
controller board streamed according to the OSC protocol,2 and the
footstep sounds synthesis engine described in [13]. The sandals’
shape was adjustable so that it fitted a large range of participants’
feet size. A pressure sensor was placed under the sole of each sandal
at the level of the heel. The sensors detected feet pressure during
contact with the ground; their analog signals were digitized and
wirelessly transmitted to the laptop by means of the x-OSC board
and used to drive the footstep sound synthesis engine. The synthe-
sized auditory feedback was then conveyed to the user by means
of the headphones. Although both the MIDI controller and head-
phones were connected to the laptop by a wire, while walking par-
ticipants were barely aware of the presence of the wires since the
equipment was light, comfortable and did not constitute any major
constraint to their movements. The light box containing the x-OSC
board was hung on the back of the user’s trousers by means of the
belt. The wires coming out from the shoes and directed to the x-
OSC board were attached to the user’s trousers by means of a tape
and secured to the external side of the lower limbs. The USB cable
of the MIDI controller was tied together with the wire of the head-
phones, which was also connected to the laptop. The wires were long
enough (5 meters) to allow the participant to move freely. The total
latency between the actual footstep fall and the heard synthesized
sound was not noticeable: it amounted to about 8 ms (3 ms for the
data acquisition and wireless transmission [30], 1 ms for the real-
time data analysis, and 4 ms for the auditory feedback synthesis
and delivery).
1 https://cycling74.com/.
2 http://opensoundcontrol.org/.
2.3. Stimuli

Stimuli consisted of twelve combinations of ground materials
(wood, concrete, gravel, deep snow, mud, and puddle of water)
and shoe types (dress shoes and sneakers). Those combinations
were chosen because they constituted a comprehensive palette
of footstep sounds, involving types of shoes with both hard and
soft soles, as well as groundmaterials belonging to solid, aggregate,
liquid, and hybrid typologies. The selection of such stimuli was also
inspired by the evaluation of the synthesis engine, which showed
that these combinations of simulated ground materials and shoe
types were easily recognizable [13]. These material-shoe combina-
tions were also selected because the resulting twelve signals had
different features in terms of duration, amplitude, temporal evolu-
tion, and spectrum (see Fig. 1). The body size of the walker por-
trayed by the stimuli was one that could be considered as
medium (i.e., not too big nor too small) and of a genderless walker
according to the results presented in [13].

The synthesis engine takes into account the fact that in real life,
the sound of each step is different from the previous one, as well as
the results presented in [31], which demonstrated that the con-
catenation of the same footstep sound in sequences of walking
sounds is perceived as mechanical. Therefore, in order to increase
the perceived realism of the interaction and to create sounds more
valid from the ecological standpoint [26–29] each sound corre-
sponding to a footfall was simulated in a different way. Specifically,
this was achieved by generating for each step a different type of
exciter for the synthesis models and a different set of appropriate
models’ parameters produced with random calculations.

Table 1 shows the features of three footstep sounds correspond-
ing to the twelve stimuli involved in the experiment. The sounds
were randomly selected among those generated by the synthesis
engine, so can be considered as representative of all the pre-
filtered sounds that were actually provided to participants during
the experiment. They were used for the analysis of the results
(see Section 2.5).

During the experiment participants used five sliders of the MIDI
controller to continuously vary five parameters of a two-band
parametric equalizer: the global gain, the cut-off frequency and
gain of a low-shelf filter, and the cut-off frequency and gain of a
high-shelf filter. The range of variation for each of those parame-
ters are reported in Table 2 for each stimulus. Such ranges were
chosen in order to generate, for each stimulus, a sound that could
be still perceived as representing a simulation of the material-shoe
combination. Those ranges were checked in an informal session in
which the authors manipulated the five parameters of the experi-
ment stimuli.

2.4. Procedure

The experiment was conducted in an acoustically isolated labo-
ratory. Participants were presented with written instructions. Par-
ticipants were asked to put on the shoes and headphones described
in Section 2.2 and to hold the MIDI controller in one hand while
with the other could move the sliders while walking. The task con-
sisted in adjusting the five parameters of the two-band parametric
equalizer in order to match the sound that they would actually
produce when walking on a specific ground with a specific type
of shoe. Participants were informed of the type of material-shoe
combination sonically simulated before the beginning of each trial.
Notably, we deliberately avoided asking participants to render
their own body size because this might have influenced their
choices.

They were instructed to walk normally with their natural gait
and that the sandals would not track and render the dynamic of
the foot-floor interaction. The sandals were not equipped with this

https://cycling74.com/
http://opensoundcontrol.org/


Fig. 1. Typical waveforms and spectrogram (with log frequency axis) of the twelve combinations of materials and shoe types used in the experiment.
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feature, differently from a system we previously developed [14],
since we needed to ensure for each step the same dynamic due
to the fact that participants had to adjust the amplitude of the
sound. The sounds provided through the headphones completely
masked the actual sounds produced by the steps on the laboratory
surface. No other instruction was given.

Each participant underwent twelve conditions, each represent-
ing a different sound stimulus. Each condition was repeated twice,
in a randomized order, for a total of twenty-four trials. In order to
avoid biases in participants’ evaluations due to the sliders position
at the beginning of each trial, we defined two types of adjustment
of the filter parameters: the first consisted in mapping the position
of the sliders to the ranges indicated in Table 2 from the minimum
to the maximum value, the second from the maximum to the min-
imum value (whether it was the first or the second was counterbal-
anced across the two repetitions).

Before performing the experiment participants were presented
with four practice trials in order to become familiar with the sys-
tem and with the task. For this purpose, the forest underbrush
and marble materials were chosen, each combined with dress
shoes and sneakers, as well as with the two different adjustment
types. Those materials were not among those involved in the
experiment.

After the walking experiment subjects were asked to evaluate
each of the following questions on a visual analog scale (VAS):

Ground. To what extent did you change the parameters of the
sound in order to match the specific ground material?
[0 = not at all, 10 = very much].

Shoe. To what extent did you change the parameters of the
sound in order to match the specific shoe type?
[0 = not at all, 10 = very much].

Weight. To what extent did you change the parameters of the
sound in order to match your own body weight?
[0 = not at all, 10 = very much].

Height. To what extent did you change the parameters of the
sound in order to match your own body height?
[0 = not at all, 10 = very much].

The order of presentation of the questions was randomized
using a 4 � 4 Latin square. The reason to adopt those questions
was to assess whether participants focused on their anthropometric



Table 1
The considered features of three steps randomly chosen for each stimulus.

Stimulus Step 1 Step 2 Step 3

Centroid (Hz) Peak level (dB) Centroid (Hz) Peak level (dB) Centroid (Hz) Peak level (dB)

Wood-Dress Shoes 777 �16.75 794 �16.76 825 �16.76
Wood-Sneakers 1878 �32.32 1739 �34.81 1609 �33.13
Concrete-Dress Shoes 1145 �16.06 1121 �16.07 1159 �16.06
Concrete-Sneakers 2093 �33.35 1918 �33.93 1883 �34.76
Snow-Dress Shoes 6085 �19.58 6326 �17.57 6183 �18.97
Snow-Sneakers 6209 �18.1 6317 �19.01 6325 �22.67
Gravel-Dress Shoes 10,351 �15.36 10,509 �14.79 10,408 �13.58
Gravel-Sneakers 10,473 �12.11 10,274 �16.35 10,419 �13.51
Mud-Dress Shoes 4608 �22.62 4729 �20.79 5031 �26.69
Mud-Sneakers 4521 �10.79 4670 �23.76 4653 �23.81
Water-Dress Shoes 1905 �27.33 1040 �20.84 1406 �26.59
Water-Sneakers 1462 �28.3 935 �19.08 1378 �27.78

Table 2
Range of variation of the five parameter of the two-band parametric equalizer for each stimulus.

Stimulus Global gain (dB) Low-shelf cut-off (Hz) Low-shelf cut-off gain (dB) High-shelf cut-off (Hz) High-shelf cut-off gain (dB)

Wood-Dress Shoes [�12, 12] [150, 500] [�24, 24] [200, 700] [�24, 24]
Wood-Sneakers [�12, 12] [150, 500] [�24, 24] [200, 700] [�24, 24]
Concrete-Dress Shoes [�12, 12] [200, 600] [�24, 24] [300, 1000] [�24, 24]
Concrete-Sneakers [�12, 12] [200, 600] [�24, 24] [300, 1000] [�24, 24]
Gravel-Dress Shoes [�12, 12] [200, 600] [�24, 24] [1200, 3500] [�24, 24]
Gravel-Sneakers [�12, 12] [200, 600] [�24, 24] [1200, 3500] [�24, 24]
Snow-Dress Shoes [�12, 12] [200, 600] [�24, 24] [350, 800] [�24, 24]
Snow-Sneakers [�12, 12] [200, 600] [�24, 24] [350, 800] [�24, 24]
Mud-Dress Shoes [�12, 12] [100, 600] [�24, 24] [200, 800] [�24, 24]
Mud-Sneakers [�12, 12] [100, 600] [�24, 24] [200, 800] [�24, 24]
Water-Dress Shoes [�12, 12] [450, 800] [�24, 24] [500, 3000] [�24, 24]
Water-Sneakers [�12, 12] [450, 800] [�24, 24] [500, 3000] [�24, 24]
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features rather than other aspects while rendering their own
footstep sounds.

Subsequently, participants’ age, weight, height, and shoe size
were collected. Weight and height were measured by means of a
scale and a meter respectively, but participants were not informed
about the actual measurements. This was in order to avoid possible
biases in the immediately subsequent task that assessed their per-
ceived body weight and height. For this purpose we used a body
visualization tool 3 (see Fig. 2) adopted by other studies for the same
purpose [32,22]. In two trials, participants adjusted the weight and
height related dimension of the body of a 3D avatar displayed on
the screen to correspond to their own perceived body dimensions
[33,34,32,22]. The values of the two parameters were hidden by
means of a mask placed on the computer screen, so that only the cor-
responding sliders could be seen. The mask also covered all the other
parameters of the tool (those indicated in blue in Fig. 2). While the
avatar’s parameters were set to match gender of each participant,
the initial avatar’s weight and height varied across trials to avoid
anchor effects of the initial value [33,34,32,22]. This was set to
match the participant’s weight ±25% and height ±15% (whether it
was + or � was counterbalanced across the two trials).

2.5. Data handling

For each participant and for each trial, the values of the five
parameters of the two-band parametric equalizer produced by
the selection of the five sliders positions were recorded. Three
audio files were created, for each trial and for each participant,
as a result of the filtering the three footstep sounds presented in
Table 1. These files were generated offline by the synthesis engine
set to simulate the twelve stimuli. A total of 1368 files (mono, sam-
ple rate = 44,100 Hz, bit depth = 16) was created and analyzed.
3 http://www.bodyvisualizer.com.
Two features were extracted from each of the generated files
containing the filtered footstep sounds: centroid and peak level.
Those features were selected as they are representative of the spec-
tral and temporal content of the stimuli respectively, and were
found to be related to perception of body size in previous research
on synthesized footstep sounds [13]. The spectral centroid was cal-
culated using the MIRToolbox 1.5 [35]. The frame length to calcu-
late the two features was identical for each file resulting from
filtering the files belonging to a given stimulus. It consisted by con-
sidering as beginning and end of a footstep the nearest zero cross-
ings above a given threshold.
3. Results

Table 3 reports the means, standard deviation, and confidence
intervals for centroid and peak level, averaged for all participants.
A Pearson correlation coefficient was computed to assess the rela-
tionship between the two parameters. Results showed a weak cor-
relation between them (r(1366) = 0.13, p < :001).

Statistical analysis was performed by means of two-way
repeated measures ANOVAs, by considering the six ground materi-
als and the two types of shoe for each of the two dependent vari-
ables (centroid, peak level, and loudness).4 For each of the ANOVAs,
the results of the Mauchly’s tests revealed that the assumption of
sphericity was met. All post hoc analyses were performed by using
Tukey’s procedure. In presence of significant interaction effects, we
present the results of separate one-way ANOVAs (corrected with
Bonferroni’s correction) for both comparisons between the levels
of shoe type within each level of ground, and between the levels
of ground within each level of shoe type [36].
4 A two-way repeated measures MANOVA on the two selected variables could not
be performed due to the small sample size involved in this study.

http://www.bodyvisualizer.com


Fig. 2. A screenshot of the body visualization tool involved in the experiment (taken from http://www.bodyvisualizer.com).

Table 3
Means, standard deviations and confidence intervals for the two parameters centroid and peak level as rendered by participants for the twelve combinations of ground material
and shoe type.

Stimulus Centroid (Hz) Peak level (dB)

Mean Std. Dev. 95% CI Mean Std. Dev. 95% CI

Wood-Dress Shoes 2058 1324 [1812, 2303] �20.09 8.47 [�21.67, �18.52]
Wood-Sneakers 2294 1875 [1946, 2642] �27.70 10.57 [�29.66, �25.74]
Concrete-Dress Shoes 2057 1655 [1750, 2364] �20.99 10.11 [�22.86, �19.11]
Concrete-Sneakers 2876 1493 [2599, 3153] �34.87 11.35 [�36.98, �32.77]
Gravel-Dress Shoes 9554 1617 [9254, 9854] �17.14 7.54 [�18.54, �15.74]
Gravel-Sneakers 8769 1688 [8456, 9082] �20.33 7.58 [�21.74, �18.92]
Snow-Dress Shoes 6373 1576 [6081, 6666] �25.22 10.28 [�27.13, �23.31]
Snow-Sneakers 5776 1715 [5458, 6094] �26.61 9.83 [�28.44, �24.79]
Mud-Dress Shoes 4208 1600 [3911, 4505] �26.61 9.28 [�28.33, �24.89]
Mud-Sneakers 3765 1180 [3546, 3984] �27.05 12.56 [�29.38, �24.72]
Water-Dress Shoes 1507 1111 [1301, 1713] �28.10 10.78 [�30.10, �26.09]
Water-Sneakers 1139 737 [1002, 1276] �28.32 10.84 [�30.33, �26.31]
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With regards to the centroid, the ANOVA yielded a significant
main effect for material, F(5,90) = 191.7, p < :001, as well as for
the interaction effect between material and shoe type, F(5,90)
= 4.835, p < :001. No significant main effect of shoe type was
found. Pairwise comparisons for material are shown in Table 4.
The effect of ground material on centroid depended on the type
of shoes, as evidenced by the significant interaction between shoe
type and ground material (see Fig. 3). Separate one-way ANOVAs
showed that the effect of ground material was significant for both
dress shoes and sneakers (F(5,90) = 156, p < :001 and F(5,90)
= 118.4, p < :001 respectively). Comparisons for each pair of mate-
rial and for both shoes are shown in Table 5. Symmetrically, the
effect of shoe type on centroid depended on the type of ground
material. Separate one-way ANOVAs showed that the centroid
was greater for sneakers compared to dress shoes for the concrete
material (F(1,18) = 9.623, p < :01),
As far as the peak level is concerned, the ANOVA yielded a sig-
nificant main effect for shoe, F(1,18) = 58.12, p < :001, for material,
F(5,90) = 7.76, p < :001, as well as for their interaction effect F
(5,90) = 12.21, p < :001. Pairwise comparisons for material are
shown in Table 4. The effect of ground material on peak level
depended on the type of shoes, as evidenced by the significant
interaction between shoe type and ground material (see Fig. 3).
Separate one-way ANOVAs showed that the effect of ground mate-
rial was significant for both dress shoes and sneakers (F(5,90)
= 9.831, p < :001 and F(5,90) = 8.309, p < :001 respectively). Com-
parisons for each pair of material and for both shoes are shown
in Table 5. Symmetrically, the effect of shoe type on peak level
depended on the type of ground material. Separate one-way ANO-
VAs showed that peak level of wood and concrete was significantly
greater for dress shoes compared to sneakers (respectively F(1,18)
= 19.87, p < :01 and F(1,18) = 82.09, p < :001).
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Table 4
Results of the pairwise comparisons for ground material on the two investigated
features.

Pair Centroid Peak level

Gravel-Concrete ⁄⁄⁄ ⁄⁄⁄
Mud-Concrete ⁄⁄⁄ –
Snow-Concrete ⁄⁄⁄ –
Water-Concrete ⁄⁄⁄ –
Wood-Concrete – ⁄⁄⁄
Mud-Gravel ⁄⁄⁄ ⁄⁄⁄
Snow-Gravel ⁄⁄⁄ ⁄⁄⁄
Water-Gravel ⁄⁄⁄ ⁄⁄⁄
Wood-Gravel ⁄⁄⁄ ⁄⁄⁄
Snow-Mud ⁄⁄⁄ –
Water-Mud ⁄⁄⁄ –
Wood-Mud ⁄⁄⁄ ⁄⁄⁄
Water-Snow ⁄⁄⁄ ⁄
Wood-Snow ⁄⁄⁄ –
Wood-Water ⁄⁄⁄ ⁄⁄⁄

Legend: ⁄ represents p < 0:05, ⁄⁄ p < 0:01, ⁄⁄⁄ p < 0:001, and �p P 0:05.
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To search for correlations between each of the two investigated
parameters and participants’ body size as a function of the combina-
tion of ground material and shoe type, we performed linear mixed-
effects models analyses. Since we found a high correlation between
actual height and weight (r(1366) = 0.82, p < :001), we did not
include both of them in order to not violate the assumption of
absenceof collinearity requiredby theanalysis. Similarly, a high cor-
relation were found between perceived height and weight (r(1366)
= 0.84,p < :001). Therefore,weselectedactualweight andperceived
weight, and we discarded actual height and perceived height. We
used two models for each of the two dependent variables centroid
and the peak level. In a first model, as random effects, we had inter-
cepts for subjects, as fixed effects we had actual weight, ground
material, shoe type, and their interaction. In a secondmodel, as ran-
dom effects, we had intercepts for subjects, as fixed effects we had
perceived weight, groundmaterial, shoe type, and their interaction.
Results showed that in none of the performed analyses the correla-
tions between either actual or perceivedweight and each of the two
investigated parameters were significant.

In order to assess the degree of similarity between experi-
menters’ choices (reported in Table 1) and participants’ adjust-
ments (reported in Table 3) we performed two-way repeated
measures ANOVAs for each of the dependent variables centroid
and peak level, having as factors the type of stimulus (twelve
levels, i.e., the twelve ground-shoe combinations) and the type of
parameter values (two levels, i.e., designed by the experimenter
or adjusted by participants). In both analyses, results showed a sig-
nificant main effect for type of stimulus (F(11,198) = 131.307,
p < :001 for centroid, F(11,198) = 11.528, p < :001 and for peak
level), while the effect of type of parameter values and the interac-
tion effect were not significant.

Finally, we analyzed the participants’ evaluations of the rating
scales described in Section 2.4 by means of several paired t-tests
with Bonferroni’s correction. Fig. 4 shows the evaluations expressed
as VAS score for each of the four questions. Results revealed that
participants focused on the rendering of the ground material to a
significantly greater extent compared to weight (p < 0:01) and
height (p < 0:001); they focused on the rendering of the shoe type
to a significantly greater extent compared to height (p < 0:001);
and they focused on the rendering of the weight to a significantly
greater extent compared to height (p < 0:05).
4. Discussion

Results, illustrated in Fig. 3 and Table 5, revealed that the effect
of ground material on centroid and peak level depended on the
type of shoes. Similarly, the effect of shoe type on the two variables
was dependent on the type of ground material. From those results
it can also be seen that the centroid of wood was very similar to
that of concrete in the presence of the dress shoes condition, while,
consistently with the design for those sounds reported in [13], it
was significantly lower for wood compared to concrete in the pres-
ence of the sneakers condition. The absence of a significant differ-
ence between those two ground materials in the presence of the
dress shoes parallels the findings on the confusion in the identifi-
cation performances of both real and synthesized footstep sounds
reported for materials belonging to the solid typology impacted by
a hard sole shoe type [16,17,13]. Consistently with what is sug-
gested by the common everyday experience and in agreement with
our hypothesis, participants set the amplitude of the solid materi-
als impacted by hard sole shoes to values higher than those of the
same materials impacted by soft sole shoes. As expected, for all the
other aggregate, liquid and hybrid materials involved the chosen
amplitudes did not depend from the type of shoe.

From Table 3, it can be seen that there was a high variability in
the participants’ choices of the two variables. On the one hand, this
can be explained in part by the fact that in real life each of the
ground materials simulated in our study comes with various types
(e.g., thicker or thinner grain sizes in gravel, different types of stiff-
ness of wood, etc.), as well as the soles of the shoes. Those differ-
ences in the properties of the impacting and impacted materials
can result in rather different footstep sounds for a given combina-
tion of shoe and ground. On the other hand, an explanation can be
attributed to the different degrees of familiarity that each partici-
pant had with the sounds and to the fact that each participant
had his/her own mental model of each combination of shoe and
ground material, which is related to ecological frequency as
demonstrated by Ballas [37].

Contrarily to our hypotheses, participants did not adjust either
centroid or peak level according to their own body size. This result
is not in agreement with previous findings on footstep sounds
research in both real and virtual settings [19,18,22,20,13]. As a con-
sequence, our result did not allow to identify the optimal ampli-
tude and centroid for rendering a given body size. However, it
would be not appropriate to conclude, based on these results only,
that the rendering of the walkers’ body size by means of footstep
sounds is not a relevant aspect. Probably the fact that the correla-
tions between each of the two parameters and body dimensions
was not found can be explained by the results of the evaluations
on the four rating scales (see Fig. 4). From such results it clearly
emerged that participants did not consciously adjusted the sound
amplitude and spectral content to specifically match their own
body size, but they focused more on the rendering of the surface
material and of the shoe type. Therefore, more research is needed
to allow us to identify the best simulations of each shoe-ground
combination for the rendering of the virtual body. As suggested
by Turchet [1], when the footstep sounds provided interactively
are consistent with the user’s actual body size, they could lead to
stronger feelings of body ownership and as a consequence to a
higher sense of presence. Conversely, in the absence of such a con-
sistence, it might be possible to alter the user’s body size percep-
tion, replicating the results reported by Tajadura-Jiménez et al.
[22] for the case of non-synthesized footstep sounds.

Taken together, these results, interactively produced, can be
considered as a proof of the goodness of the sound design choices
related to the tuning of the footstep sound synthesizer’s parame-
ters, which previously were only passively assessed [13]. No signif-
icant differences were found between the patterns of centroid and
peak level selected by experimenters’ and participants’ for each
combination of shoe type and ground materials. Therefore, the
reported results can be applied to tune a footstep sounds synthe-
sizer to render steps of a generic walker for the investigated shoe
types and ground materials.



Fig. 3. Graphical representation of the interaction effects between shoe type and material for centroid (left) and peak level (right). Legend: CN = concrete, WD = wood,
GR = gravel, SN = snow, MD = mud, WT = water.

Table 5
Results of the pairwise comparisons for ground material on the two investigated
features, separately for the two types of shoes.

Pair Centroid Peak level

Ds Sn Ds Sn

Gravel-Concrete ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄
Mud-Concrete ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄
Snow-Concrete ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄
Water-Concrete – ⁄⁄⁄ – ⁄⁄⁄
Wood-Concrete – ⁄ ⁄⁄⁄ ⁄⁄⁄
Mud-Gravel ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄
Snow-Gravel ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄
Water-Gravel ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄
Wood-Gravel ⁄⁄⁄ ⁄⁄⁄ – ⁄⁄⁄
Snow-Mud ⁄⁄⁄ ⁄⁄⁄ – –
Water-Mud ⁄⁄⁄ ⁄⁄⁄ – –
Wood-Mud ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ –
Water-Snow ⁄⁄⁄ ⁄⁄⁄ – –
Wood-Snow ⁄⁄⁄ ⁄⁄⁄ ⁄⁄⁄ –
Wood-Water – ⁄⁄⁄ ⁄⁄⁄ –

Legend: ⁄ represents p < 0:025 (Bonferroni’s corrected alpha level), ⁄⁄⁄ p < 0:001,
and �p P 0:025. Ds = dress shoes, Sn = sneakers.

Fig. 4. Graphical representation of the mean and the standard error for participants’
evaluations on the investigated rating scales. Legend: ⁄ represents p < 0:05,
⁄⁄ p < 0:01 and ⁄⁄⁄ p < 0:001.
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Interestingly, this result about the similarities between the
passive assessment of the footstep sounds and their interactive
production parallels the absence of differences between the inter-
active and passive production of emotional gait styles reported in
[21,38] respectively. Those studies involved the same footstep
sound synthesizer used here. Together with the present study, they
suggest that strong similarities exist between imaginary and real
motor activity, as evidenced by various neuroscientific and percep-
tual studies [39–42].

On a separate note, it is possible that the results of our study
could have been affected by the sensory mismatch of wearing
sandals and walking on a solid surface, while hearing simulations
of sneakers and dress shoes on solid, hybrid and liquid ground
materials. Previous results on perception of synthesized footstep
sounds involving the same interactive system revealed the pres-
ence of pseudo-haptic illusions [23] and footsteps localization
biases [43] that are hypothesized to be due to conflicts between
the auditory and the tactile perceptual systems.

Finally, one might consider that to generalize the results of the
present study and of the study reported in [13] a comparison with
real footstep sounds would be necessary. Although a comprehen-
sive analysis of real footstep sounds is not available (for reasons
discussed in Section 2.1 of [13]), some comparisons can be found
in manifold studies available in the literature. The study presented
in [16] reports an experiment on perception of surface materials in
real and synthesized footstep sounds. Results showed that the
identification performances in the two conditions were similar.
Such results, together with those presented in [13], were also in
agreement with those of the study involving surface material per-
ception in real footstep sounds reported in [17]. Furthermore, the
study reported in [38] presented a production and identification
experiment on emotionally expressive walking styles simulated
using the same synthesizer involved in the present study. Results
were in agreement with those of a similar experiment involving
real footstep sounds, which is reported in [18].Consistently, all
such studies reveal that the involved synthesized sounds are iden-
tified at a performance level that is comparable with that achiev-
able with real footstep sounds. This is an indication of the
ecological validity and success of our simulation algorithms and
of their control.

5. Conclusion

In this work we presented an experiment in which participants
used a gesture controller for the real-time manipulation of the
amplitude and spectral content of synthesized footstep sounds
interactively generated by means of sensorized shoes. The manip-
ulations were achieved through five parameters of a two-band
equalizer that allowed to vary two acoustical variables (spectral
centroid and peak level), which are related to the perception of
ground material, shoe, and body size in footstep sounds. This
approach, based on the analysis-by-synthesis method [11,12],
resulted in the identification of mean values and range of variation
of those variables.

The main result of this study is that the production experiment
confirmed the results from the passive listening experiment
reported in [13]. No significant differences were found between
the values of the two acoustic features selected by the experi-
menters and those adjusted by participants. This result can there-
fore be considered as a measure of the goodness of the design
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choices to synthesize the involved footstep sounds for a generic
walker.

Results showed that the effect of ground material on centroid
and peak level depended on the type of shoe. Similarly, the effect
of shoe type on the two variables depended on the type of ground
material. In particular, participants produced greater amplitudes
for hard sole shoes than for soft sole shoes in presence of solid sur-
faces, while similar amplitudes for both types of shoes were found
for aggregate, hybrids, and liquids.

Contrarily to our hypothesis, we did not find significant correla-
tions between each of the two acoustic features and participants’
body size. However, this result might be explained by the fact that
while adjusting the sounds participants did not primarily focus on
the acoustic rendering of their body.

From the applicative standpoint, these results can be used for
both the design and control of synthesized footstep sounds that
are more valid from the ecological standpoint [26–29]. Indeed,
the mean values and confidence intervals reported in Table 3 can
be practically utilized by sound designers to create footstep sounds
for each of the reported ground material-shoe type combinations
and that fit a generic body size.

In future work we plan to investigate further the relationship
between walkers’ body size and the two investigated acoustic fea-
tures in order to assess whether optimal values can be found for a
given body size for various combinations of shoe type and ground
material. Along the same line, we plan to conduct an experiment
similar to the one here presented, where participants can control
other aspects of the sound, (e.g., attack type, duration). Such
research could contribute to the design of better interfaces for
the interactive sonification of foot-floor interactions. Moreover,
we plan to assess the effects of the resulting simulations on sense
of agency, body size perception and gait modulation.
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