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Abstract—This paper investigated how different emotional states of a walker can be rendered and recognized by means of footstep

sounds synthesis algorithms. In a first experiment, participants were asked to render, according to imagined walking scenarios, five

emotions (aggressive, happy, neutral, sad, and tender) by manipulating the parameters of synthetic footstep sounds simulating various

combinations of surface materials and shoes types. Results allowed to identify, for the involved emotions and sound conditions, the

mean values and ranges of variation of two parameters, sound level and temporal distance between consecutive steps. Results were in

accordance with those reported in previous studies on real walking, suggesting that expression of emotions in walking is independent

from the real or imagined motor activity. In a second experiment participants were asked to identify the emotions portrayed by walking

sounds synthesized by setting the synthesis engine parameters to the mean values found in the first experiment. Results showed that

the involved algorithms were successful in conveying the emotional information at a level comparable with previous studies. Both

experiments involved musicians and non-musicians. In both experiments, a similar general trend was found between the two groups.

Index Terms—Emotion rendering, walking, footstep sounds

Ç

1 INTRODUCTION

RESEARCH on auditory perception of foot-floor interac-
tions has shown that footstep sounds can convey infor-

mation not only about the walker’s gender [1], posture [2],
and identity [3], but also his/her emotional state [4].

Music shares with footstep sounds the fact to be a struc-
tured auditory stimulus characterized by properties such as
rhythm and intensity. However, while the relation between
emotions and music has been largely analyzed in the last
decades (e.g., [5]), relatively recent are the studies on emo-
tions and walking styles. Specifically, it has been shown that
when walking with different emotional intentions humans
make variations of timing and sound level in the same way
as found in expressive music performance [6]. For example,
it has been found that music performances communicating
happiness and happy walking styles are characterized by a
faster tempo/pace and louder sound level relative to a neu-
tral style, while performances and walking patterns commu-
nicating sadness are characterized by slower tempo/pace
and softer sound level. As far as timbre-related features are
concerned, Tajadura-Jim�enez et al. showed that increasing
the amount of high frequency components of footstep
sounds provided interactively while walking is effective in
making subjects feel more aroused and positive [7]. This
result is in accordance with results of previous studies on

music performance relating high spectral centroids and/or
high pitch to the happy emotion [8], [9].

Such analogies between music and footstep sounds, con-
cerning the affective state of the performer/walker, may
have a theoretical background in studies that analyze the
relation between emotions, expression, and the human sen-
sory-motor system. For instance, the embodied music cogni-
tion theory [10] considers the human body as the mediator
between the internal musical representation and experience,
and the external environment (including sounds); the
“motor origin hypothesis of emotional expression in music”
(MOH) [4] sustains that musicians and listeners make use of
general movement knowledge when expressing and recog-
nizing emotions in music.

Several research efforts have been dedicated to the algo-
rithmic simulation of footstep sounds [11], [12], [13], [14],
[15]. However, to date scarce is the research attention devoted
to the simulation of footstep sounds expressing the emotional
status of the walker. A preliminary effort in this direction is
represented by the work presented in [16] where a model is
proposed to synthesize interactively various attributes of the
walker, floor, and foot-floor interaction. In this way the syn-
thesis of the footsteps could be malleable to the emotional
influence of the user controlling themodel.

On the other hand, recent research has focused on how
simulations of footstep sounds provided interactively with
the footfalls of a walker can affect his/her walking kinemat-
ics in the context of simulated emotional walks. The study
reported in [17] presented two experiments conducted to
investigate the role of four sonically simulated surface mate-
rials (metal, wood, gravel, and snow) in modulating both
production and recognition of walks performed with five
emotional intentions (happy, sad, aggressive, tender, and
neutral). The results of the first experiment showed that the
involved auditory feedback affected the pattern of emotional
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walking in different ways, although such an influence was
not homogeneous for all subjects. The results of the second
experiment showed the absence of an influence of the simu-
lated surface materials on the recognition of the emotions
from acoustic information alone. Similar results were found
in both experiments for musically-trained and -untrained
participants. Those results suggested that in both production
and recognition of emotionally expressive walking sounds
tempo and sound level are important acoustical features. In
addition, the similarities of the results with those reported in
the music performance domain, as well as the absence of an
influence of musical expertise lent support to theMOH.

In a different vein, research has also demonstrated that
by exploiting a brain-computer interface humans are able to
walk in virtual environments without any muscular activity
but simply imagining the feet movements [18], suggesting
that the imagination of the movements of the feet is a mental
task closely related to that of real walking. Interestingly, the
study reported in [19] showed that participants asked to
either actually walk or imagine themselves walking to a pre-
viously seen target took almost exactly the same time in the
two conditions. This and other results [20] provide support
for the hypothesis that motor imagery shares the same neu-
ral mechanisms that are involved in motor control of actual
actions [21]. Along the same line, research has recently
shown that humans can reenact walking patterns according
to those depicted in sequences of footstep sounds [22].

Importantly, various findings in neuroscience research
have provided evidence that hearing the sound of an action
not only can allow the understanding of associated actions
by means of the activation of mirror neurons [23], but also
activates brain networks responsible for the execution of the
movement that caused that sound [23], [24], as well as
evokes the motor plan that controls the limbs responsible
for that sound production [25]. In addition, mirror neurons
are though to be not only responsible to couple perception
and actions, but also tot bind these with emotional expres-
sions [26].

Starting from all the results reviewed above, a study was
conducted on how emotions can be rendered and perceived
when using synthetic footsteps sounds in a context not
involving the physical locomotion. Our investigation aimed
at providing guidelines for both the design and control of
emotionally expressive computerized walking sounds that
aremore ecologically valid than soundswithout performance
variations. Such a research is especially relevant to designers
of footstep sounds for videogames or virtual reality contexts
where the auditory feedback associatedwith an avatar’s foot-
floor interactions can convey its emotional state.

This work is articulated in two experiments. The first
experiment consisted in the production of emotionally expres-
sive walking sounds according to imagined walking scenar-
ios. It was conducted in a desktop configuration, (i.e., without
the physical walk of the subjects), where participants could
manipulate some parameters of the footstep sounds synthe-
sizer described in [15], by moving some sliders on a purpose-
designedGraphicalUser Interface. Themain goalwas to iden-
tify, for different emotions and for different combinations of
surface materials and shoe types, the mean values and ranges
of variation of two parameters of the footstep sounds (tempo-
ral distance between consecutive steps and sound level). The

adopted methodology was inspired to the study reported in
[8] where participants were asked to communicate different
emotional expressions by manipulating the score of different
musical pieces by means of seven musical variables. Those
results allowed to identify, for each of the investigated emo-
tions, themean values and ranges of the involvedmusical var-
iables. By asking participants to imagine to produce walking
actions we also tested for similarities between the expression
of emotions in real [4], [17] and imagined motor activity.
Based on results of similarities between imagined and exe-
cuted actions [20], [21], and in particular locomotion [19], we
expected results to be in accordance with those reported in
previous studies on real walking.

The second experiment consisted in a listening test where
participants were asked to identify the emotions portrayed
by walking sounds synthesized by setting the parameters of
the synthesis engine to the mean values found in the first
experiment. In particular, we were interested in verifying
whether the emotion recognition was affected by the type of
simulated surface material and shoe. Both experiments
involved musically-trained and -untrained participants to
test whether musical expertise could influence the quality
of the results. An absence of differences between the per-
formances of the two groups would be interpreted as lend-
ing support to the MOH.

2 EXPERIMENT 1

Themain aim of the first experimentwas to identify for differ-
ent emotions and various combinations of surface materials
and shoe types, mean and range of variation of two parame-
ters of footstep sounds corresponding to the simulated
walker’s velocity and foot-floor impact force, i.e., respectively
the temporal distance between two consecutive heel strikes
(heel-to-heel, H2H) and the sound pressure level measured at
its peak (PK). These parameters were chosen because in pre-
vious research were proven to be the most salient acoustical
features involved when producing walks with emotional
intentions [4], [17]. Such a research also aimed at verifying
whether the experimental results were consistent with previ-
ous findings that revealed similarities between the expression
of emotions with a non-musical everydaymotor activity such
as walking and the musical expression of emotions as
reported in [4] and [17]. This not only would lend support to
the MOH, but also would suggest that the expression of emo-
tions in walking is independent from the level of abstraction
of themotor activity (real or imagined).

In addition, since participantswere asked to imagine them-
selves walking at a self selected speed we searched for even-
tual correlations between their collected anthropomorphic
features (height, weight, and foot length) and the values of the
two investigated parameters in each emotion. Such correla-
tions were not expected to be present for H2H, in accordance
with findings reported in [27] that showed thatH2H isnot cor-
related with height and weight when humans walk at a self
selected speed without any emotional intention. As a conse-
quence, the validity of this hypothesis for the results of the
neutral emotion condition could be interpreted as a further
prove of the similarity of themechanisms underlying real and
imaginedmotor activity. Moreover, if its validity extends also
to the other emotions as well as to the PK parameter, this
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would allow to conclude that the production of emotionally
expressive walking sounds in the context of passive sensory
motor activity is independent from the anthropomorphic fea-
tures of the person imagining the simulatedwalks.

2.1 Participants

Twenty participants were divided in 2 groups (n = 10) to
perform the experiment. The first group was composed by
musicians (9M, 1F), aged between 22 and 44 (mean = 32.3,
SD = 8.23), with an average musical experience of 20.7 years.
The second group was composed by non-musicians (5M,
5F), aged between 26 and 32 (mean = 29.1, SD = 1.91). Partic-
ipants who belonged to this group never played any musi-
cal instrument nor took music lessons. All participants
reported neither hearing nor locomotion problems.

2.2 Apparatus

The setup of the experiment was installed in a silent room
and consisted of a laptop (Macbook Pro) and a closed head-
phone set (Sennheiser PXC 450). The laptop run the footstep
sound synthesizer described in [15] and a graphical user
interface, both realized in Max/MSP sound synthesis and
multimedia real-time platform. The former allows to synthe-
size different combinations of surface materials, shoe types,
foot-floor interactions and anthropomorphic features of the
walker. The synthesis is based on physical, physically
informed, and psychologically informed models. The eco-
logical validity of the simulated sounds was assessed in [28]
and [15]. The latter consisted of buttons to start and stop the
trials, a label displaying the emotion to be rendered in each
trial, and two virtual sliders labelled “velocity” and
“volume” allowing to varyH2H and PK respectively.

2.3 Stimuli

The synthesis enginewas set to simulate footsteps on four sur-
face materials (two solids, wood and metal, and two aggre-
gates, snow and gravel) performed by a genderless walker

wearing two types of shoes (dress shoes and sneakers). These
materials and shoe types were chosen because the resulting
eight combinations gave rise to a rather comprehensive pal-
ette of footstep sounds, which had a variety of both temporal
and spectral features. The surfacematerialswere the sameuti-
lized in the experiment reported in [17]. They are character-
ized by different features in terms of duration, amplitude,
onset type, temporal evolution, and spectrum. They were
proven to be easy to recognize, as well as to classify in the cor-
responding solid and aggregate surface typology [28] and to
express different degrees of compliance. Similarly, the two
types of shoes were characterized by two levels of sole hard-
ness (hard andmedium) that were simulated as giving rise to
sounds having different properties in terms of onset, peak,
and duration when impacted on a samematerial. Specifically,
sneakers were simulated with longer onset, lower peak and
shorter duration compared to dress shoes [15]. Fig. 1 illus-
trates the waveforms and the spectra of the eight combina-
tions of shoe type and surfacematerial.

In the experiment, participants could continuously vary
theH2H parameter in the range of [319, 1,276] ms. A logarith-
mic scale for the slider associated to the H2H parameter was
utilized according to the logarithmic perception of time
changes by humans (Weber-Fechner law). The time range
was selected to be one time slower and one time faster than a
mean value of 638ms,which could fit for a genderlesswalker.
Such a value was calculated by averaging the values of H2H
collected from 20 participants (10 M and 10 F) of the interac-
tive experiment reported in [17], who performed walks with
the neutral emotion intention while listening the sounds of
the same four surfacematerials here involved. The time range
was checked in an informal listening session in which the
authorsmanipulated the time of the experiment stimuli. H2H
period values falling outside of the proposed range resulted
unrealistic for a walk: too great values of H2Hmay break the
perception of a continuous walk, whereas too low values
may give the perception of a run.

Fig. 1. Typical waveforms and spectrogram (with log frequency axis) of the eight combinations of shoe type and surface materials.
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In the experiment, participants could continuously vary
the sound level by moving the corresponding slider in the
range of [�24, 24] dB to deviate from the nominal sound
level of each stimulus. For the four stimuli involving the
dress shoes, the nominal sound level was chosen by averag-
ing the peak value of the sound level selected by the 20 par-
ticipants of the interactive experiment reported in [17],
while performing the walks with the neutral emotional
intention on the four surface materials wearing dress shoes.
Specifically, the nominal sound level of the peak value for
the stimuli was 62.5, 65.4, 66.1, and 64.9 dB for metal, wood,
gravel, and snow respectively. For the four stimuli involv-
ing the sneakers, the nominal sound level was 58.4, 57.5,
60.1, and 61 dB for metal, wood, gravel, and snow respec-
tively. The PK range was checked in an informal listening
session in which the authors manipulated the PK of the
experiment stimuli. PK values falling outside this range
would result unrealistic for a walk: too high values of PK
would break the perception of a step while too low values
would not be clearly audible.

2.4 Procedure

Participants were presented with written instructions. They
were asked to sit on a chair, to wear the headphones, and
to interact with the graphical interface using a mouse as a
control device. The task consisted in manipulating the
“velocity” and “volume” sliders, to produce five emotional
intentions (happy, aggressive, tender, sad, and neutral) for
each of the eight types of stimuli, for a total of 40 trials. For
each emotion, participants were instructed to adjust the two
sliders as theywere walking in a specific situation as follows:
Sad: “You are walking in a cemetery during the funeral of a dear
friend”
Happy: “It is a wonderful sunny day, you havewon the lottery and
you are walking towards the lottery headquarter to get the money”
Tender: “You are walking carrying a three months old baby in
your arms”
Aggressive: “You are angry with your neighbor since the loud-
ness of his music does not allow you to sleep, so you are walking
towards his flat to ask him for the umpteenth time to lower the
volume down”
Neutral: “Walk normally, without any emotional intention”

These situations were the same involved in [17]. The
emotions: happiness, sadness, aggressiveness, and tender-
ness, were chosen mainly because they have been investi-
gated in several studies on emotional expression in music
(for an overview see [29]), and because they cover the four
quadrants of the two-dimensional Activity-Valence space
[5]. Furthermore, these four emotions give a quite compre-
hensive overview on the use of musical parameters tempo
and sound level, that are parameters that can be found and
analyzed also in walking [4]. The neutral emotion was used
as a control condition. In previous studies on expressive
music performance, tempo and sound level in emotionally
neutral performances received average values larger than in
sad and tender performances, and smaller than in happy
and aggressive performances [8].

Trials were presented in randomized order. Each trial was
presented once, but participants were allowed to experience
each stimulus as much time as they needed to make their
choice. Before the beginning of the experimental session

participants practiced 10 trials to familiarize with the setup.
Those trials were not included in the experiment and con-
sisted of four stimuli resulting from the combination of the
two types of shoes and two surface materials, concrete and
forest underbrush. The 10 trials were randomly chosen
among the 20 trials resulting from the combination of the four
stimuli and five emotions. Participants were not informed
about the involved types of shoes and surfacematerials.

At the end of the experimental session participants were
asked to fill a questionnaire gathering information regard-
ing some anthropomorphic features (height, weight, foot
length) and the level of musical expertise. In addition, par-
ticipants were asked to name the simulated surface materi-
als and shoe types. Finally, they were given the possibility
to leave an open comment about their experience.

2.5 Results

Fig. 2 illustrates the experimental results for the two investi-
gated parameters and for the two groups of participants.
Tables 1 and 2 report the means, their standard error, and
confidence interval for the two investigated parameters
averaged between the two groups of participants.

Statistical analysis was performed on the collected data
by means of repeated measures ANOVAs. Before running
all the ANOVAs, we checked for the normality of the data
distribution by means of a Shapiro-Wilk test, and a
Mauchlys test was applied for verifying if the assumption
of sphericity had been met for the investigated factors. All
post-hoc analyses were performed by using Tukey’s proce-
dure (p-value was set at a significant p < .05). Both the col-
lected H2H and PK were subjected to a four-way analysis of
variance having five levels of emotion (happy, aggressive,
tender, sad, and neutral), four levels of material (metal,
wood, gravel, and snow), two levels of shoe type (dress
shoes and sneakers), and two levels of musical expertise
(musicians and non-musicians).

A significant main effect of H2H was found for musical
expertise, F(1,18) = 4.467, p < .05, as well as for emotion, F
(4,72) = 130.207, p < .001. The pairwise comparison showed
that H2H was significantly shorter for aggressive compared
to neutral, tender, and sad (p < .001), for happy compared
to neutral, tender, and sad (p < .001), and neutral compared
to sad (p < .05). There was not a significant main effect
either for factors material or shoe type. The sole significant
interaction effect was between emotion and material, F
(12,216) = 2.812, p < .01 (see Fig. 3).

A significant main effect of PK was found for musical
expertise, F(1,18) = 5.123, p < .05, as well as for emotion, F
(4,72) = 57.096, p < .001. The pairwise comparison showed
that PK was significantly greater for aggressive compared to
neutral, tender, and sad (p < .001), for happy compared to
neutral (p < .05), tender, and sad (both p < .001), and neutral
compared to sad (p < .05). A significant main effect of PKwas
found for material, F(3,54) = 63.838, p < .001. The pairwise
comparison showed that PK was significantly greater for
wood compared to snow (p < .05). A significant main effect
of PK was found for shoe type, F(1,18) = 6.732, p < .05. The
sole significant interaction effect was between shoe andmate-
rial, F(3,54) = 25.4, p < .001 (see Fig. 4).

The Pearson’s correlation between the two investigated
parameters was computed, showing a significantly negative

244 IEEE TRANSACTIONS ON AFFECTIVE COMPUTING, VOL. 8, NO. 2, APRIL-JUNE 2017



correlation between H2H and PK (r = �0.56, p = � .001; df =
798). A linear mixed-effects model analysis was performed
for each emotion separately considering the possible

correlations between the two investigated parameters and
the collected participants’ anthropomorphic features
(weight, height, foot length). Such analysis revealed that

TABLE 1
Means, Standard Errors and Confidence Intervals for the Two Variables H2H and PK as Rendered for the

Five Emotions by Participants and for the Trials Involving Dress Shoes

Material Emotion H2H (ms) PK (dB)

Mean Std. Error 95% Confidence interval Mean Std. Error 95% Confidence interval

Metal Aggressive 605 44 [512, 698] 81.1 2.3 [76.2, 86.1]

Happy 697 64 [562, 833] 69.6 2.2 [64.9, 74.3]

Neutral 1,051 31 [985, 1,117] 67 1.5 [63.7, 70.4]

Tender 1,199 21 [1,154, 1,243] 59.7 1.8 [55.8, 63.6]

Sad 1,235 11 [1,210, 1,260] 63.2 2.7 [57.4, 68.9]

Wood Aggressive 557 33 [487, 626] 87.3 2.3 [82.3, 92.3]

Happy 686 54 [571, 800] 77.1 2.1 [72.6, 81.6]

Neutral 1,017 39 [935, 1,099] 71.4 1.5 [68.1, 74.6]

Tender 1,201 16 [1,165, 1,236] 64.7 1.7 [61.1, 68.3]

Sad 1,243 7 [1,228, 1,258] 67.5 2.6 [61.9, 73.1]

Gravel Aggressive 691 47 [591, 791] 85.2 2.1 [80.7, 89.7]

Happy 653 58 [530, 776] 76.4 2.3 [71.6, 81.2]

Neutral 1,023 38 [942, 1,104] 68.3 1.4 [65.3, 71.3]

Tender 1,163 25 [1,110, 1,216] 63.8 1.8 [59.9, 67.7]

Sad 1,222 18 [1,184, 1,261] 67.3 2.3 [62.3, 72.2]

Snow Aggressive 641 52 [530, 751] 79.9 2.2 [75.2, 84.6]

Happy 651 57 [531, 772] 72.1 2.3 [67.1, 77]

Neutral 1,015 38 [935, 1,094] 66.2 2.2 [61.6, 70.9]

Tender 1,196 17 [1,160, 1,233] 58.7 1.6 [55.1, 62.2]

Sad 1,240 7 [1,223, 1,256] 61.6 2.1 [57.1, 66.2]

Fig. 2. Graphical representation of the results of the experiment 1 for each emotion, surface material, shoe type, and participants group.
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participants’ anthropomorphic features were not linearly
related either to H2H or PK.

As far as the identification of ground materials is con-
cerned, considering both correct and incorrect answers results
of both experiments revealed that participants perceived
clearly the difference between solid and aggregate surfaces,
and this result is in accordance with the findings reported in
[15] and in a previous study using the same footstep sounds
engine [28]. Similarly, results on the identification of the shoe
types in both experiments paralleled those reported in [15].

2.6 Discussion

This experiment allowed to identify for different emotions
and for different combinations of surface materials and
shoe types, the mean values and ranges of variation of PK
and H2H. These results can be practically utilized to build a
synthesizer for emotionally expressive footstep sounds.

What emerges from results is that the two investigated
parameters were manipulated in the same direction as
reported in previous research on real walks performed with
emotional intentions [4], [17], which in turn were consistent
with studies on emotional expressive music performance

[8], [29]. In agreement with [4] and [17], H2H showed a neg-
ative correlation with PK. This result reflects reports from
previous studies on emotionally expressive music perfor-
mance [6], [8]: when a piece of music is played with faster
tempo, it is also played louder. However, studies on musical
performance that involved a wider set of adjectives showed
that this result could depend by the use of only five basic
emotions. For example, piano performances suggested by
adjectives such as heavy, solemn, or obscure are character-
ized by medium-high intensity and low tempo (correspond-
ing to high H2H) [30].

Musical expertise yielded to significantly different results,
contrarily to the findings reported in [4] and [17]. In Fig. 2 it is
possible to notice how for each emotionmusicians’ choices of
H2H and PK were respectively lower and greater compared
to those of non-musicians. Authors are not able to find a
plausible explanation for this different behaviour. The great-
est difference between the two groups of participants con-
cerns the average values of PK for the sad emotion for all the
combinations of surface material and shoe type. Moreover,
non-musicians chose very similar values of H2H and PK
both for sad and tender walks, showing that they were not
able to differentiate these two emotions, diversely by musi-
cians which chose higher PK values for sad in respect to ten-
der. This result could be explained by a greater ability of
musicians in controlling music-related parameters such as
tempo and intensity. Therefore, these results lend support to
theMOHonly in part.

Participants’ choices of H2H were independent from the
type of shoe sonically simulated for each emotion. Con-
versely, they depended on the surface material as far as
aggressiveness and happiness are concerned: solids were
assigned with faster speeds than aggregates for the aggres-
sive emotion, while slower for the happy one (see Fig. 3).
Moreover, metal and wood received more dissimilar speeds

TABLE 2
Means, Standard Errors and Confidence Intervals for the Two Variables H2H and PK as
Rendered for the Five Emotions by Participants and for the Trials Involving Sneakers

Material Emotion H2H (ms) PK (dB)

Mean Std. Error 95% Confidence interval Mean Std. Error 95% Confidence interval

Metal Aggressive 617 44 [524, 711] 80.4 1.5 [77.3, 83.6]

Happy 648 48 [546, 750] 73.6 2.1 [69.1, 78.1]

Neutral 989 38 [909, 1,068] 68.9 1.4 [65.9, 71.9]

Tender 1,203 16 [1,169, 1,237] 60.1 2 [55.8, 64.4]

Sad 1,225 18 [1,186, 1,264] 63.3 2.6 [57.7, 68.8]

Wood Aggressive 586 44 [493, 678] 88.7 1.5 [85.5, 91.9]

Happy 727 56 [608, 846] 78.5 2.1 [74, 83]

Neutral 1,048 31 [981, 1,115] 72.4 1.5 [69.1, 75.7]

Tender 1,170 27 [1,113, 1,227] 66.4 1.9 [62.3, 70.5]

Sad 1,248 6 [1,234, 1,262] 70.5 3.3 [63.6, 77.4]

Gravel Aggressive 601 37 [523, 679] 81.2 2.1 [76.8, 85.7]

Happy 662 50 [557, 768] 73.2 2.4 [68.1, 78.4]

Neutral 1,040 28 [980, 1,099] 67.1 1.3 [64.2, 70]

Tender 1,195 16 [1,160, 1,229] 61.3 1.8 [57.5, 65.1]

Sad 1,243 7 [1,227, 1,258] 64.2 2.3 [59.2, 69.1]

Snow Aggressive 606 47 [506, 705] 75.4 2.2 [70.8, 80]

Happy 630 46 [533, 728] 67.1 2.5 [61.8, 72.4]

Neutral 1,006 45 [911, 1,102] 61.1 1.3 [58.3, 64]

Tender 1,177 23 [1,128, 1,226] 54.3 1.8 [50.4, 58.2]

Sad 1,232 12 [1,206, 1,258] 57.3 2.4 [52.2, 62.3]

Fig. 3. Interaction effect between emotion and material for H2H.
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compared to snow and gravel. This result supports the
idea that subjects were less able to differentiate aggressive
from happy emotions on aggregate materials than on solid
surfaces.

Participants’ choices of PK depended both on shoe type
and surface material. As far as the material is concerned,
wood received values of PK significantly greater than snow.
It is interesting to notice that these two materials present, for
both the involved simulations of shoe type, respectively the
longest and shortest durations among the four materials. It is
well known in the literature that for sounds of duration
lower than 1 second (as it is the case of footstep sounds),
the lower the duration the lower the perceived loudness for
the same value of PK [31]. Therefore, it might be that to com-
pensate this bias in perception participants adjusted the PK
of wood to greater values compared to snow. On the other
hand, the interaction effect depicted in Fig. 4 shows that
dress shoes were assigned with volumes greater than
sneakers in presence of aggregates materials, and lower vol-
umes in presence of solid materials. This result is rather
counter-intuitive: onewould expect to have for solids greater
PK ratings for dress shoes compared to sneakers since hard
sole shoes produce louder sounds compared to soft sole
shoes when impacted with the same force on the floor. An
explanation might be found in the impulsive nature of the
sound resulting from shoes-impacts on solid materials com-
pared to the sound’s granular structure of aggregates. As a
matter of fact, previous studies have shown that these two
surface materials typologies are processed in very different
ways [28], [32], [33].

The hypothesis of similarities between real and imagined
motor activity in expression of emotions was confirmed.
First, as expected no correlations were found between the
values of the two investigated parameters and participants’
height, weight, and foot length. This result is in accordance
with findings reported in [27] for H2H in the neutral emo-
tion condition, and extends also to all the other four simu-
lated emotions and PK. Second, H2H and PK ratings were
consistent for each emotion with those found in previous
studies involving real walking (e.g., sad walks received
lower ratings of H2H and PK compared to happy walks)
[4], [17]. However, it has to be noticed that these studies are
comparable with the present one only at level of general
trend but not in terms of the mean values of the two investi-
gated parameters. Indeed, on the one hand the study
reported in [4] involved seven participants walking on a
linoleum floor, wearing different types of shoes, and not
instructed to walk with the same scenarios described in

Section 2.4; on the other hand the study reported in [17]
involved interactive simulations of footstep sounds that dif-
fered from the sounds utilized here and above all had an
influence on the participants’ walking patterns. Further
research is needed to assess to what extent real and imag-
ined emotionally expressive walking styles are similar.

3 EXPERIMENT 2

The aim of the second experiment was to verify to what
extent the emotional intentions portrayed by the sounds
generated by setting the synthesis engine with the mean val-
ues resulting from the first experiment could be recognized
in a listening test, and whether the recognition was moder-
ated by the type of surface material and type of shoe soni-
cally simulated. In fact, the mean values obtained with the
first experiment with the various combinations of surface
materials and shoe types represent a sort of expressive pal-
ette for rendering different emotional intentions by means
of synthesized footstep sounds. The results of this experi-
ment represent therefore a validation of such a palette. As
in the first experiment, we used two groups of participants,
musicians and non-musicians. The rationale to use these
two groups was to assess whether the listeners’ expertise
yelled different results. Based on the results of similar lis-
tening tests reported in [4] and [17], we expected that listen-
ers would not have used music-related knowledge to
recognize emotions in walking sounds.

3.1 Participants

Twenty participants, all of whom were not involved in the
first experiment, were divided in 2 groups (n = 10) to per-
form the experiment. The first group was composed by
musicians (6M, 4F), aged between 20 and 42 (mean = 25.5,
SD = 6.13), with an average musical experience of 15.2 years.
The second group was composed by non-musicians (5M,
5F), aged between 20 and 28 (mean = 23.6, SD = 3.02). Partic-
ipants who belonged to this group never played any musi-
cal instrument nor took music lessons. All participants
reported neither hearing nor locomotion problems.

3.2 Apparatus

The setup of the experiment was installed in a silent room
and involved the same apparatus and footstep sounds syn-
thesizer utilized in the first experiment, with exception of
the graphical user interface. This consisted of two parts. The
first part was composed by buttons, which were used to
start and stop the trials. The second part was composed by
five virtual sliders, each labelled with one of the five emo-
tions (happy, sad, aggressive, tender, and neutral). The
sliders corresponded to five values scales and were con-
trolled by the mouse device. The position of each slider
could be continuously varied between a minimum value
indicated with “not at all” and a maximum value indicated
with “very much”.

3.3 Stimuli

Stimuli consisted of 40 audio excerpts generated by setting
the sound synthesis engine to simulate the same 40 combi-
nations of emotion, surface material, and shoe type
involved in the first experiment. Each emotion was

Fig. 4. Interaction effect between shoe and material for PK.
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rendered by using the mean values of PK and H2H reported
in Tables 1 and 2. Each audio excerpt consisted of six steps.

3.4 Procedure

Participants were asked to sit on a chair, to wear the head-
phones and to interact with the interface described in Sec-
tion 3.2. The task consisted in rating each stimulus on the
five scales expressing the emotions happiness, sadness,
aggressiveness, tenderness, and emotionless. Each of the 40
stimuli was repeated twice for a total of 80 trials, which
were presented in randomized order. When activated, each
stimulus was looped with an interval of 2 seconds between
the repetitions, so as participants could listen to it as much
as they wanted before giving an answer. When the answer
was chosen, the sound stopped and all the sliders of the
interface were automatically set to the minimum value.
When passed to the next stimulus participants could not
change the answer to the previous stimuli. Before the begin-
ning of the experiment, they familiarized with the setup
and with the rating procedure practicing with five walking
excerpts not included in the experiment. These consisted of
six footstep sounds produced on concrete and on forest
underbrush by using dress shoes. The values of H2H and
PK of these stimuli were those utilized for the wood and
gravel respectively reported in Table 1.

At the end of the experiment, each of the participants
took part to a survey consisting of three parts. The first part
had to be completed before seeing the second part, and con-
sisted of the following assignment: “Describe which criteria
you used to evaluate the sounds”. In the second part, partici-
pants were asked to rate on a visual analogue scale (VAS) to
what extent they had relied on the following criteria to per-
form the evaluations: Q1: volume of each footstep sound,

Q2: duration of each footstep sound, Q3: pitch of each foot-
step sound, Q4: temporal distance between each footstep
sound. The order of presentation of the questions was ran-
domized. In the third part, participants were asked to name
both the simulated surface materials and the type of shoes.
Finally, they were given the possibility to leave an open
comment about their experience.

3.5 Results

Every subject evaluated each of the 80 stimuli along 5 con-
tinuous evaluation scales. In order to obtain more reliable
and generalisable results, the ratings were treated as ordinal
(ranked) values [34] and non parametric statistical tests
were applied.

First of all, we assessed whether the subjects were able to
recognize the emotion portrayed by the stimuli, confirming
the results of experiment 1. In other words, we wanted to
verify the hypothesis that the walking sounds generated fol-
lowing the values of PK and H2H reported in Tables 1 and 2
were effective in conveying the emotions listed in the same
tables. Table 3 shows the median and the interquartile range
(IQR) of the subjects’ ratings on the five evaluation scales,
grouping the values on the basis of the emotion portrayed
by the stimuli. According to a Kruskal-Wallis one-way anal-
ysis of variance by ranks, a significant effect of the evalua-
tion scales was found for every emotion portrayed by the
stimuli (x2ð4Þ = 247.24, p < :001). Table 4 shows the results
of a non parametric multiple comparison test, carried out
following the Tukey’s method (p-value was set at a signifi-
cant p < :05) [35]. According to the median values, the sub-
jects rated the aggressive stimuli as more aggressive
(median = 6.16) and the pairwise comparison showed that
this value was significantly greater (p < :001) than happy,

TABLE 3
Subjects’ Rating on the Five Evaluation Scales of the Stimuli Generated

for the Experiment 2 [Median (IQR)]

Emotion portrayed Evaluation scale

by the stimuli Aggressive Happy Neutral Sad Tender

Aggressive 6.16 (2.23-8.34) 0 (0-5.35) 0 (0-2.09) 0 (0-0) 0 (0-0)
Happy 0 (0-4.21) 1.14 (0-5.43) 3.32 (0-7.59) 0 (0-0) 0 (0-0)
Neutral 0 (0-0) 0 (0-0.41) 3.72 (0-6.97) .69 (0-4.99) 1.22 (0-4.44)
Sad 0 (0-0) 0 (0-0) 1.5 (0-6.13) 3.06 (0-6.28) 2.03 (0-5.08)
Tender 0 (0-0) 0 (0-0) 1.71 (0-5.75) 2.29 (0-6.29) 2.65 (0-6.04)

The values are grouped for the emotion portrayed by the stimuli according to the results of experiment 1.

TABLE 4
Pairwise Comparisons between the Median Ratings of Experiment 2 (p-Value)

Comparison Emotion portrayed by the stimuli

Aggressive Happy Neutral Sad Tender

Aggressive-Happy <:001 :105 :208 1:000 :067
Aggressive-Neutral <:001 <:001 <:001 <:001 <:001
Aggressive-Sad <:001 <:001 <:001 <:001 <:001
Aggressive-Tender <:001 <:001 <:001 <:001 <:001
Happy-Neutral <:001 <:001 <:001 <:001 <:001
Happy-Sad <:001 <:001 <:001 <:001 <:001
Happy-Tender <:001 <:001 <:001 <:001 <:001
Neutral-Sad <:05 <:001 <:001 :092 :554
Neutral-Tender <:001 <:001 <:001 :996 :260
Sad-Tender <:001 :906 1:000 :137 :994
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neutral, tender, and sad (median = 0); happy stimuli were
rated as neutral (median = 3.32), a value significantly
greater (p < :001) than happy (median = 1.14), aggressive,
tender, and sad; neutral stimuli were rated as neutral
(median = 3.72), a value significantly greater (p < :001)
than the other evaluation scales; sad stimuli were rated as
sad (median = 3.06) but the value was not significantly dif-
ferent from tender (median = 2.03, p ¼ :137) and neutral
(median = 1.5, p ¼ :092); finally, tender stimuli were rated

as tender (median = 2.65) but this value was not signifi-
cantly different from sad (median = 2.29, p ¼ :994) and neu-
tral (median = 1.71, p ¼ :554).

In order to emphasize the effect of the factors surface
material and shoe type on the recognition task, the subjects’
rates were analyzed separately for dress shoes (see Table 5)
and sneakers (see Table 6), grouping the values by surface
material. The aggressive stimuli were generally well recog-
nized in every condition but metal-dress shoes: the median

TABLE 5
Subjects’ Ratings of the Experiment 2

Material Emotion portrayed Evaluation scale

by the stimuli Aggressive Happy Neutral Sad Tender

Gravel Aggressive 6.79 (1.8-8.1) .24 (0-5.48) 0 (0-0.43) 0 (0-1.37) 0 (0-0)
Happy 0 (0-2.55) 5.25 (1.2-6.82) 3.4 (0-7.59) 0 (0-0) 0 (0-0)
Neutral 0 (0-0) 0 (0-0.74) 4.61 (0-7.14) 0 (0-3.32) 2.77 (0-5.4)
Sad 0 (0-0) 0 (0-0) 3.52 (0.51-6.69) 2.33 (0-4.39) .81 (0-3.87)
Tender 0 (0-0) 0 (0-1.74) 2.99 (0-5.97) .83 (0-4.57) 3.36 (0-6.59)

Metal Aggressive 2.69 (0.43-6.6) 4.17 (0-7.41) 0 (0-1.87) 0 (0-0) 0 (0-0)
Happy 0 (0-2.42) 5.03 (1.2-7.07) 1.69 (0-5.9) 0 (0-0) 0 (0-0)
Neutral 0 (0-0) 0 (0-4.51) 6.08 (2.03-7.99) 0 (0-0.08) 0 (0-4)
Sad 0 (0-0) 0 (0-0) 3.11 (0-6.78) .78 (0-2.95) 3.16 (0-6.39)
Tender 0 (0-0) 0 (0-1.34) 4.74 (0-6.97) 0 (0-3.35) 2.57 (0-6.15)

Snow Aggressive 9.22 (8.38-10) 0 (0-1.46) 0 (0-0) 0 (0-0.15) 0 (0-0)
Happy 6.84 (4.27-8.55) 0 (0-4.71) 0 (0-0.46) 0 (0-1.92) 0 (0-0)
Neutral 0 (0-2.88) 0 (0-0) 0 (0-5.28) 3.59 (0-7.47) 0 (0-2.1)
Sad 0 (0-0.64) 0 (0-0) 0 (0-3.66) 5 (1.35-6.87) 0 (0-2.48)
Tender 0 (0-0) 0 (0-0) .01 (0-5.09) 5.25 (3.18-7.32) 1 (0-4.19)

Wood Aggressive 6.06 (1.66-7.46) 1.94 (0-5.41) 0 (0-3.97) 0 (0-0) 0 (0-0)
Happy 0 (0-0.08) 0 (0-0.18) 7.23 (4.39-8.27) 0 (0-0.66) 0 (0-1.64)
Neutral 0 (0-0) 0 (0-0) 4.71 (0-6.47) 0 (0-4.72) 2.97 (0-5.57)
Sad 0 (0-0) 0 (0-0) 3.21 (0-6.93) 3.57 (0-6.86) 3.29 (0.76-6.84)
Tender 0 (0-0) 0 (0-0) 2.42 (0-5.91) 1.88 (0-5.23) 3.31 (0-7.69)

The values [Median (IQR)], grouped for surface material, refer only to trials involving dress shoes.

TABLE 6
Subjects’ Ratings of the Experiment 2

Material Emotion portrayed Evaluation scale

by the stimuli Aggressive Happy Neutral Sad Tender

Gravel Aggressive 5.67 (2.11-7.57) 3.59 (0-6.26) 0 (0-2.52) 0 (0-0) 0 (0-0)
Happy 0 (0-0.66) 2.5 (0.69-5.69) 5.13 (0-8.62) 0 (0-0) 0 (0-0)
Neutral 0 (0-0) 0 (0-0.04) 3.05 (0-6.35) .64 (0-5.54) 1.81 (0-3.51)
Sad 0 (0-0) 0 (0-0) 0 (0-4.19) 3.96 (0-6.71) 2.4 (0-6.9)
Tender 0 (0-0) 0 (0-0) .51 (0-5.8) 1.74 (0-6.41) 3.08 (0.53-6.02)

Metal Aggressive 2.46 (0-5.6) .71 (0-5.26) .03 (0-5.36) 0 (0-0) 0 (0-0)
Happy 0 (0-1.68) 1.74 (0-5.43) 3.36 (0-5.96) 0 (0-0) 0 (0-0.62)
Neutral 0 (0-0) 0 (0-3.18) 4.71 (0-6.97) .35 (0-2.72) .08 (0-4.75)
Sad 0 (0-0) 0 (0-0) 2.93 (0-6.88) 1.52 (0-4.82) 2.4 (0-6.55)
Tender 0 (0-0) 0 (0-0) .18 (0-4.03) 1.34 (0-3.55) 4.11 (0-6.75)

Snow Aggressive 8.56 (6.46-9.73) 0 (0-0) 0 (0-0) 0 (0-1.61) 0 (0-0)
Happy 2.88 (0-6.53) 0 (0-3.11) 1.09 (0-5.89) 0 (0-0.65) 0 (0-0)
Neutral 0 (0-0.46) 0 (0-0) 1.91 (0-5.88) 2.29 (0-6.37) 0 (0-3.9)
Sad 0 (0-0) 0 (0-0) 0 (0-1.85) 5.62 (0.69-8.07) 2 (0-4.53)
Tender 0 (0-0) 0 (0-0) 0 (0-2.72) 6.26 (0.93-7.95) 2.33 (0.68-4.87)

Wood Aggressive 5.71 (4.09-7.85) 0 (0-3.2) 0 (0-1.67) 0 (0-0.67) 0 (0-0)
Happy 0 (0-2.13) 0 (0-0.12) 6.94 (2.46-9.13) 0 (0-1.32) 0 (0-0)
Neutral 0 (0-0) 0 (0-0) 3.52 (0-7.66) 1.77 (0-6.27) 1.94 (0-4.68)
Sad 0 (0-0) 0 (0-0) 0 (0–5.62) 4.89 (0.43-7.63) 2.48 (0-5)
Tender 0 (0-0) 0 (0-0) 2.72 (0-7.07) 2.59 (0-6.16) 2.58 (0-5.65)

The values [Median (IQR)], grouped for surface material, refer only to trials involving sneakers.
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value of the aggressive scale (2.69) was less than the happy
scale (4.17) although a multiple comparison test showed
that this difference was not significant (p ¼ :954). For both
the types of shoe, the median value of snow was signifi-
cantly greater than metal, gravel and wood (p < :001). The
recognition of the happy stimuli was more problematic:
they were often rated as neutral, especially the trials with
sneakers. However, under the conditions gravel-dress shoes
and metal-dress shoes, the happy scale received the greater
median (5.25 and 5.03 respectively), although these values
were not significantly different from the neutral scale
(p > :289). For both the types of shoe, the median values of
metal and gravel were significantly greater than snow and
wood (p < :001). As far as the recognition of the neutral
stimuli is concerned, for both the types of shoe, the median
value of snow was significantly lower than wood, metal
and gravel (p < :001). The sad stimuli were not recognized
when the sounds simulated the metal surface, whereas the
subjects’ rates on the sad evaluation scale were high with
the snow material, both with dress shoes (median = 5,
p < :05) and sneakers (median = 5.62), although under this
last condition no significant difference was found between
the sad and tender scales (p ¼ :07). For both the types of
shoe, the median value of snow was significantly greater
than wood, metal and gravel (p < :001), while the median
value of wood was significantly greater than metal
(p < :001) Finally, the tender stimuli received the greatest
median ratings in the tender scale under the conditions
gravel-dress shoes (3.36), wood-dress shoes (3.31), gravel-
sneakers (3.08), and metal-sneakers (4.11), although in any
case the values were significantly different from the other
scales. For dress shoe, the median values of snow was sig-
nificantly lower than metal, gravel and wood (p < :001).

A further statistical analysis was inspired by the works
presented in [9] and [4]. First, the relationships between
both H2H and PK, and listeners’ judgments was measured.
For this purpose, the Kendall’s correlations between each of
the two acoustical features and the listeners’ judgments
were calculated. Thus, for example, the correlation between
PK and sadness judgment indexes the extent to which the
rating of sadness tends to increase or decrease when the
sound level increases. Results are illustrated in Table 7.

To assess whether participants with musical expertise
were better at recognizing the simulated emotional walking
intentions we calculated, for each material and emotion, the
phi correlation coefficient for binary classes considering for
the two groups of participants the correctness in recognition
(trials where the performed emotion was rated as the high-
est were considered correct). Results showed that all the
correlations were low (all f < 0.29, with an average abso-
lute value of 0.12 and SD = 0.07) showing, therefore, that
musical expertise was not associated with a significant
increase in the ability to recognize the emotions portrayed
by the footstep sounds.

As concerns the questionnaire, Fig. 5 shows the evalua-
tions expressed by both the groups of participants for each
questionnaire item. A Friedman Test was performed for each
group of participants separately to assess whether the differ-
ences between the ratings of the questionnaire items were
significant. No significant main effect was found for both the
groups. In addition, a Mann-Whitney-Wilcoxon Test was
conducted, for each questionnaire item, on the evaluations of
the two groups of participants. No significant differences
were found.

Analogously to the first experiment, the identification
performances of both the surface materials and shoes were
in accordance with the findings reported in previous studies
involving the synthesis engine [15], [28].

TABLE 7
Correlations Between Listeners’ Judgments and the Two Investigated Acoustical

Features (H2H and PK), for Each Material and Shoe Type

Metal Wood Gravel Snow

H2H PK H2H PK H2H PK H2H PK

Sadness Dress Shoes 0.27*** �0.26*** 0.35*** �0.33*** 0.28*** �0.24*** 0.39*** �0.39***
Sneakers 0.3*** �0.31*** 0.3*** �0.27*** 0.36*** �0.33*** 0.37*** �0.38***

Tenderness Dress Shoes 0.34*** �0.33*** 0.39*** �0.39*** 0.34*** �0.42*** 0.37*** �0.41***
Sneakers 0.33*** �0.35*** 0.38*** �0.4** 0.41*** �0.41*** 0.42*** �0.43***

Neutralness Dress Shoes 0.18*** �0.19*** 0 0 0.07 �0.14* 0.2*** �0.22***
Sneakers 0.04 0.01 0 �0.04 0 0 0.02 �0.03

Happiness Dress Shoes �0.36*** 0.34*** �0.39*** 0.39*** �0.31*** 0.25*** �0.25*** 0.26***
Sneakers �0.28*** 0.28*** �0.32*** 0.32*** �0.4*** 0.38*** �0.13* 0.14*

Aggressiveness Dress Shoes �0.43*** 0.44*** �0.48*** 0.45*** �0.33*** 0.49*** �0.56*** 0.58***
Sneakers �0.45*** 0.47*** �0.51*** 0.54*** �0.48*** 0.48*** �0.62*** 0.64***

* represents p < .05, ** p < .01 and *** p < .001.

Fig. 5. Graphical representation of the mean and the standard error for
participants’ answers to questionnaire items Q1, Q2, Q3 and Q4. In
black the ratings of the musicians and in white those of the non-
musicians.
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3.6 Discussion

The results of the second experiment showed that, on aver-
age, the emotions portrayed by the synthetic stimuli were
correctly identified by participants. Moreover, they allowed
to study the influence of the various sound conditions on
the identification performances.

Specifically, aggressiveness resulted the emotion best
recognized, while sadness and tenderness were confused
between each other. The stimuli portraying happiness
received ratings lower on the happy scale compared to neu-
tral scale. Such identification performances were in line
with results of a similar listening test reported in [17], which
involved recordings of synthesized footstep sounds on the
same surface materials.

The correlations reported in Table 7 suggest that the two
acoustical features had considerable effects on the listeners’
judgments of the emotional expression. With exception of
the neutral emotion, all the correlations were statistically
significant. 97 percent of these were medium or large
according to the guidelines for interpretation of the effects
provided by Cohen [36] (as used in [9]), i.e., small (r � .1),
medium (r � .3), and large (r � .5), adapted to the Kendall’s
analysis as indicated in [37], i.e., small (t � .065), medium (t
� .195), and large (t � .335). As expected, and consistently
with the results reported in [8], the neutral emotion was not
associated with medium or large increases or decreases of
the two acoustical features considered.

Some tendencies were found regarding the influence of
the particular ground material sonically simulated on the
recognition of the emotions: for both shoes, snow was the
material better associated with the aggressive emotion,
while metal was the one worst associated with it; gravel
and metal (especially with dress shoes) were better associ-
ated with happiness than wood and snow, vice versa for
sad; snow with dress shoes was less associated with the ten-
der emotion. These results can in part be explained by con-
sidering the spectral content of the sounds. Metal and
gravel are sounds with a predominance of high frequency
components, while wood and, in particular, snow, have a
predominance of low frequency components. In music per-
formance research it has been ascertained that tones with
high spectral centroid and/or high pitch are often associ-
ated with more active emotions (such as happiness and
aggressiveness) while their absence and/or low pitched
tones are usually associated with low activity emotions
(such as sadness and tenderness) [8], [9]. This finding also
parallels the results reported in [7] where footstep sounds
with spectral content richer of high frequency components
caused subjects to feel more aroused and positive.

Consistently with the findings reported in [4] and [17],
musical expertise was not associated with a significant
increase in the ability to recognize the emotions portrayed
by the footstep sounds. The fact that identification perform-
ances were similar between the two groups implies that the
footstep synthesizer can be involved in applications for a
general public. In addition, in both groups no preference for
a particular criterium was expressed regarding the first
questionnaire item about the subjective criteria which par-
ticipants relied on to evaluate the expressive content of the
auditory stimuli. Regarding both the open comments and
the second question about the indicated criteria that

participants relied on to evaluate the auditory stimuli, the
majority of participants of both groups reported to have
based their choices on walking speed and on the volume of
the footstep sounds. Specifically, they reported to have asso-
ciated walking excerpts characterized by slow paces and
soft sounds to sad and tender emotions, and fast paces and
loud sounds to happy and aggressive emotions. Moreover,
more than one participant commented about the difficulty
to identify the happy emotion.

4 GENERAL DISCUSSION AND CONCLUSION

The first experiment allowed to identify, for each of the five
investigated emotions, the mean values and ranges of the
two involved acoustical variables. Results showed that par-
ticipants rendered the various emotions using different
sound level and tempo variations similar to those reported
in previous studies on real and synthesized footstep sounds
[4], [17], as well as on expressive music performance [6], [8].

The second experiment revealed that the algorithms
involved for the synthesis of the five expressive walking
styles were successful in conveying the emotional informa-
tion at a level comparable with previous studies [4], [9],
[17]. The best performance was achieved for the recognition
of the aggressive emotion. Conversely, happiness was the
emotion less recognized, and this is likely to be due to the
fact that a constant H2H was involved. In a musical context,
previous studies showed that happy emotions is often asso-
ciated to specific rhythmic patterns, such as dotted or synco-
pated rhythms [38]. A possible rationale is that dotted or
syncopated rhythms for happy music may reflect associa-
tions between specific actions (e.g., skipping, jumping,
dancing) and positive mood. Further experiments are neces-
sary to verify whether the introduction of such a rhythm as
a control of the footstep synthesizer is effective in improv-
ing the rendering of the happy emotion.

The results of the first experiment showed the presence
of an influence of the material sound conditions on the pro-
duction of aggressive and happy emotions as far as the
walking speed is concerned. Faster speeds were associated
to solids compared to aggregates for the aggressive emo-
tion, while slower for the happy one. In addition, results
showed that subjects were less able to differentiate aggres-
sive from happy emotions on aggregates than on solids. The
results of the second experiment showed that the use of cer-
tain combinations of surface material and shoe is effective
in modulating the emotional rendering. It is possible to pro-
vide some guidelines for the use of the involved synthesized
sounds: aggressiveness is better rendered using the snow
material with both shoe types; gravel and metal (especially
with dress shoes) adapts better to happiness than snow and
wood; snow adapts better to sad rather than tender; metal
adapts better to tender rather than sad. In general, in both
production and recognition, the pair happy-aggressive was
well differentiated from the pair sad tender. Nevertheless,
in both experiments, H2H and PK were not effective in dif-
ferentiating the two emotions in each pair. Happy and
aggressive on the one hand, and sad and tender on the other
hand, appeared to be in some cases differentiated by the
type of material-shoe combination.

The performances of musically-trained and -untrained
subjects had similar trends in both experiments.
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Nevertheless, in the first experiment, for each emotion the
average values of the two investigated variables were dif-
ferent between the two groups. No plausible explanation
was formulated by authors. Further research is needed to
understand this result. The most noticeable difference
between the two groups was found for the sad emotion.
Moreover, musicians appeared to be more able to differ-
entiate sad from tender than non-musicians. Therefore,
these results lend support to the MOH only in part.
Regarding the differences between the two groups for the
sad emotion, several authors (among others [39], [40])
noted that although people generally avoid negative emo-
tional experiences, they often enjoy sadness portrayed in
music. Experimental data showed that emotional
response to sad music includes also positive emotions
such as nostalgia, peacefulness, and wonder.

The results of the first experiment, which involved
only imaginary motor activity, are in accordance with
those reported in previous studies on real walking [4],
[17]. This suggests that expression of emotions in walking
is independent from the real or imagined motor activity.
This result parallels those of various studies showing that
motor imagery results in a somatotopic activation pattern,
similar to the same physical movement being executed
[19], [20], [21]. Moreover, our findings suggest that the
production of emotionally expressive walking sounds in
the context of passive sensory motor activity is indepen-
dent from the anthropomorphic features of the person
imagining the simulated walks.

Notably, the capability of participants in producing and
identifying emotions in a context of imaginary walking is
fully consistent with the findings of various studies that
underline the strong link between sound perception and
action [23], [24], [25], and their binding with emotion
expression [26].

The results of this study also have practical implica-
tions for audio applications: they allow for both the
design and control of emotionally expressive computer-
ized walking sounds that are more ecologically valid than
sounds without performance variations. The reported
results can be practically used as guidelines by designers
of footstep sounds for videogames or virtual reality in
contexts where a control model for artificial walking
sound patterns is wanted to convey the emotional state of
an avatar. They contribute to the strand of research focus-
ing on the development of more embodied interfaces that
take into account emotional expression [10].

Further research is needed to understand how to syn-
thesize walking patterns in such a way that the five inves-
tigated emotions can be better distinguished between
each other. This is especially relevant for the happy emo-
tion, that was mostly identified as neutral. For this pur-
pose, we plan to investigate variations in the H2H and
PK not considered in the present study (e.g., by exploiting
results reported in [38]).
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