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Effects of pitch and musical
sounds on body-representations
when moving with sound

Judith Ley-Flores*, Eslam Alshami?, Aneesha Singh?, Frédéric Bevilacqua?,
Nadia Bianchi-Berthouze?, Ophelia Deroy**® & Ana Tajadura-Jiménez%?*

The effects of music on bodily movement and feelings, such as when people are dancing or engaged
in physical activity, are well-documented—people may move in response to the sound cues, feel
powerful, less tired. How sounds and bodily movements relate to create such effects? Here we
deconstruct the problem and investigate how different auditory features affect people’s body-
representation and feelings even when paired with the same movement. In three experiments,
participants executed a simple arm raise synchronised with changing pitch in simple tones
(Experiment 1), rich musical sounds (Experiment 2) and within different frequency ranges (Experiment
3), while we recorded indirect and direct measures on their movement, body-representations and
feelings. Changes in pitch influenced people’s general emotional state as well as the various bodily
dimensions investigated—movement, proprioceptive awareness and feelings about one’s body and
movement. Adding harmonic content amplified the differences between ascending and descending
sounds, while shifting the absolute frequency range had a general effect on movement amplitude,
bodily feelings and emotional state. These results provide new insights in the role of auditory

and musical features in dance and exercise, and have implications for the design of sound-based
applications supporting movement expression, physical activity, or rehabilitation.

“To dance is to be out of yourself. Larger, more beautiful, more powerful... This is power, it is glory on earth
and it is yours for the taking”, wrote the renowned dancer and choreographer Agnes De Mille'. Such passionate
defences of dance are not rare, but can they be taken literally? Experimental evidence stresses the benefits of
dance, especially for mobility, body acceptance and self-awareness?, yet whether dance can affect how large or
powerful one feels would suggest that it acts on the flexibility of one’s body representation. If it does, according
to which mechanisms would this occur?

How we feel about our body but also how we represent it mentally can change through time because of exter-
nal signals. Body-representations* are indeed very malleable®~” and not just updated through gradual periods of
development, but also on the fly according to incoming sensory information®® (see review by Azandn et al.'?),
including sounds''™**. Because body-representations are not unified, but processed in a spatiotemporally dis-
tributed way in the brain, we should distinguish representations of body appearance known as “body image”
(e.g., size or weight>®) from representations of body parts position and body kinematics, on which people rely
whenever they move, reach for objects, or manipulate tools, known as “body schema”*~¢. The latter component
can also be subconscious and shape our body movement and interactions with the surrounding environment
(e.g.,"*17). Together though, the various components of body-representations influence how people subjectively
feel about their body and its physical capabilities (for instance, feeling light or strong) and about their movement
(for instance, finding it easier or more comfortable) and this can in turn interact with one’s emotional state.

To investigate whether dance affects body representation, we propose to start with a simpler model and
abstract away from the wide diversity of genres, forms and practices of dance which exist across cultures and
evolving sub-cultures. Looking at dance at an abstract and basic level, we focus on its multisensory and performa-
tive aspect at the scale of a basic movement: What is the effect of sounds or music when they accompany a bodily
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movement or when they are played in the background? Many types of dances rely on external sounds, in addition
to the natural sounds produced by footsteps or clapping of the dancers themselves, and aim at synchronising these
sounds with bodily movements'®. The synchrony between the sounds and the signals arising from the moving
body, as well as cross modal correspondence can explain how dance comes to affect “bodily movement”—making
us, for instance, move faster or slower when pitch increases. They can also explain changes in “proprioceptive
awareness’—making us for instance more or less aware of where our limbs are in space, and “bodily image and
feelings”—making us feel for instance lighter, heavier, smaller, or taller, as well as more comfortable or in control.

Which of these various aspects of bodily representations and feelings are then most influenced when one
moves in synchrony with sounds? While we know more about how beats influence movements rhythmically
performed through time'®, do basic auditory and musical features such as pitch changes, loudness, timber and
frequency range also affect the body during a single movement execution?

To tackle this experimental challenge, we isolated and measured the effects of sounds played in synchrony with
a basic bodily movement: We asked participants to execute a simple arm movement, raising the arm sideways,
while listening either to pure tones varying in pitch (Experiment 1) or to musical sounds, with richer timber
(i-e., containing several harmonics), varying in loudness (Experiment 2). Using indirect and direct methods, we
assessed how the sounds affected their awareness of their arm position, their movement and their bodily and
emotional feelings. In Experiment 3, we asked whether the effects of pitch changes were relative, and depended
only on the direction of change, or were dependent also on the absolute range of frequencies used. Altogether,
the three experiments provide more precise guidelines to select sounds and music more effectively in therapeutic
or well-being interventions involving physical activity.

We were interested in seeing whether a change in pitch played a pivotal role in explaining the bodily effects of
sounds listened during body movement or any forms of physical activity, through a multisensory binding analo-
gous to the one found in other proprioceptive illusions such as the rubber hand illusion’. To test this hypothesis,
we expected the effects to occur only when the sounds, in the three experiments, were presented in synchrony
with the prescribed movement. The previous literature gives us good reasons to expect that pitch change would
affect all three aspects of motion, bodily awareness and bodily feelings in specific ways (see Table 1), but each
experiment enables us to address additional questions. In Experiment I, we could compare whether the changes
in movement, proprioceptive awareness and bodily feelings would all be equally sensitive to the congruence
between pitch and motion direction. In Experiment 2, we could assess whether and how a richer musical timbre
(i.e., a richer spectrum with several harmonics and dynamic changes in loudness) would enhance, diminish
the effect of pitch on movement, awareness and bodily feelings, or influence them in other manners. Because
harmonics are shown to be overall more pleasant to listen to, we expected an increase in the bodily feelings, in
the positive direction, but not in the other effects. However, if crossmodal correspondences between pitch and
upward/downward space are emotionally mediated (*°; see also?"** for reviews) then we could also see a more
general increase in all three effects. In addition, because the dynamic changes in loudness often present in music
interact with the perception of pitch®*-?%, and can also elicit impressions of changes in spatial distance?”?® a richer
musical timbre may modulate (either maximize or diminish) the effects observed for pure tones.

Finally, Experiment 3 could assess whether the relative direction of pitch change was all that mattered, or
whether the absolute frequency range also modulated and explained the effects. Here the literature on crossmodal
correspondences (see™) gives us reasons to predict that the relative change was all that mattered, notably for
more automatic effects on motion and proprioception; for instance, in terms of mapping with changes in spatial
elevation, the absolute frequency range is less significant than the direction of the frequency change®!. But other
previous results (see Table 1) made us expect that the absolute frequency range would affect bodily feelings, with
higher frequencies making people, for instance, feel significantly lighter than lower frequencies'>*.

Methods

Here, we report three experiments in which we asked participants to raise their right arm to reach a pre-trained
position. We evaluated the effects of different sounds on participants’ bodily movement (i.e., lifting amplitude,
velocity, acceleration, time) and on their proprioceptive awareness, measured in terms of accuracy of final arm
position (i.e., elevation angle of the arm), as well as on the confidence on having reached that position, as changes
in pitch may lead to the illusion of vertical displacement of one’s arm as if this was being “pulled up” or “pushed
down” by the sound. We further investigated the effects on body-representations in terms of subjective feelings
about one’s body (e.g., lightness, strength) and the movement (e.g., movement ease, capability to perform the
movement), as well as the effects on emotional state which may accompany these changes.

Experiment 1: effects of pitch change (sound direction). Participants. Twenty-five participants
took part (Age: Mean =27.68 years, SD =5.83, Range =20-39; 11 female, 14 male). In all experiments reported
here participants gave their informed consent prior to their inclusion in the studies and the study was conducted
in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Experiments 1 and 2
were approved by the local ethics committee at Universidad Carlos III de Madrid (UC3M). The same partici-
pants took part both in Experiments 1 and 2 in exchange for 10 euros. Participants took part in Experiment 2
after having completed Experiment 1.

Apparatus. A wearable self-locking band equipped with a hand-sewn cloth pocket containing a wireless emit-
ter (BITalino R-IoT embedding a 9-axis Inertial Motion Unit (IMU) digitized at 16 bits) was used, based on®>**.
The band wirelessly transmits data through WiFi using the OSC protocol to a computer running Max/MSP
(Cycling’74) and can detect the start of the movement and trigger then a sound to accompany the movement
(i.e., sonification). The device is calibrated to the range of movement to be sonified for a specific person through
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Dimension

Predicted effects of raising versus descending pitch

Effects reported in previous literature (reference)

Bodily movement

1200
»

Movement parameters: A sound increasing or decreasing
in pitch accompanying the participant’s arm movement
will respectively increase/decrease participants’ arm ver-
tical movement amplitude and its acceleration/velocity,
as if the sound would “pull up”/“push down” the body

Perceptions of motion for objects outside the body: Dynamic changes in
pitch elicit perceptions of changes in height, size and motion along the
vertical plane (% see review by*’). Associations of tonal sounds rising in
pitch with motion upwards have been also found in gestural depictions
of sounds®!

Effects of harmonic content (stability of musical sounds) on bodily move-
ment: Musically resolved (i.e., ending on a perfect or harmonically stable
cadence) vs. unresolved (i.e., ending on an imperfect or harmonically
unstable cadence) sonifications accompanying arm raise movements
lead people to increase the movement amplitude and stretch for longer,
potentially due to musical expectation®

Effects of frequency range on bodily movement: Shifting the pitch of walk-
ing sounds to make the sounds consistent with having a heavier or lighter
body results in changes in the leg movement acceleration and stance
timelZ.33

Proprioceptive awareness

Accuracy of and confidence in perceived final position: A
sound increasing or decreasing in pitch accompanying
the participant’s arm movement will lead participants
to be less accurate and become less confident about
their arm position, as a result of sound interfering with
proprioception

Sound influence on accuracy of perceived object position: This is illustrated
by literature on the ventriloquism illusion, by which people mislocalize
the source of speech sounds when incongruent visual cues are synchro-
nously presented (e.g.,**)

Sound influence on confidence in perceptual performance: Literature on
the McGurk effect®, by which people misperceive incongruent visual and
auditory cues, shows not only a decrease in perceptual accuracy, but also
effects on the subjective confidence in perceptual performance®

Illusory body extension potentially driven by sound influences on pro-
prioception: When brief sounds rising in pitch are paired and presented
synchronously with the action of oneself pulling on one’s occluded fin-
gertip can lead to participants feel and estimate their finger to be longer'
suggesting influences of sound on proprioception. This illusion was repli-
cated both in adults and pre-school children for passive finger pulling®’
Influence of harmonic stability of musical sounds on perceived body posi-
tion: Musically resolved or unresolved sonifications accompanying squat
movements impact on the perceived depth of the squat®®

Influence of movement sonification on movement variability: Movement
sonification can induce higher movement variability for both musicians
and non-musicians when starting to learn a new movement sequence,
while it is reduced later when the movement is mastered. It has been
hypothesized that the sound feedback provokes a change of attentional
focus that perturbates proprioceptive awareness®

Bodily and emotional feelings

Feelings about one’s body, the movement, and emotional
state: A sound increasing or decreasing in pitch accom-
panying the participant’s arm movement will impact

on how people feel “about their body” (e.g., weight or
speed) and “about their movement” (e.g., ease, comfort).

Perceptions of size for objects outside the body: Pitch is associated to
physical size; static high and low pitches are respectively congruent with
smaller and larger sizes**-*

Effect of pitch (frequency range) on perceived body size and feelings:
Shifting the pitch of walking sounds to higher frequencies makes people
experience their body as being slimmer and lighter than usual, as well as
quicker and happier, while the opposite is true for lower pitch sounds'?.
With high-frequency footsteps sounds people find step-up exercises less
difficult and feel less tired*

Effects of change on pitch on bodily and emotional feelings:

In a qualitative study people reported that a sound rising in pitch paired

Sounds increasing vs. decreasing in pitch will enhance
the emotional state, making people feel happier, more
excited and motivated

with bodily movement induces pleasantness and feelings of movement
fluidity and body lightness and flexibility*

Sequences of tonal beeps or notes changing in musical pitch and
sonifying trunk movement during forward reach exercises help to build
confidence and motivate people with chronic pain to move despite pain
and fear of injury**-*

Effects of harmonic content: Musically resolved sonifications accompany-
ing stretching and squat movements increase feelings of reward and
achievement, as well as motivation to continue the movement*>**+’

Table 1. Specific predictions/replications for the robust effect of pitch changes across all the experiments.

a graphical user interface. To do so, the configuration of the arm at the start (minimum movement angle) and at
the end of the movement (maximum movement angle) are registered. The software also records the movement
data for posterior off-line analysis. The sound was fed back to participants through wired headphones (Sen-
nheiser HD 2.30G).

Stimuli. 'Three auditory stimuli were used, drawing on previous studies by'>*". They consisted of pure tones
(1300-ms duration and 44.1-kHz sample rate) with ascending (“Tone_up’, 600 to 1200 Hz), descending (“Tone_
down” 1200 to 600 Hz) or constant (“Tone_constant”, 600 Hz) frequency (see Fig. 1). The pitch change occurs
during 500 ms, followed by a sustained part of 500 ms, and a decay of 300 ms. Note that the frequency range
employed slightly differed from the one used by13 (i.e., 700-1200 Hz). The choice of 600 Hz, instead of 700 Hz,
was made to ensure a full octave in the ascending and descending sounds, providing a target sound that appears
natural from a musical point of view as going up or down a full scale. Further, note that the constant sound was
included as a “control” or reference condition with which to compare the effect of the sounds changing in pitch
(as in'**). This was preferred to a “no sound” condition, as it allowed controlling for the effect of simply listening
to a sound (see other studies using similar control condition?®*®).
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Figure 1. Side arm raise movement, graphical representation of the experimental procedure and spectra of the
different Tones and Musical Sounds used in the experiments. (a) Across conditions, participants were requested
to raise their arm from 0° to 70° (Position 1) or from 0° to 120° (Position 2). (b) The experimental procedure
consisted of four phases: calibration, training, experiment (with behavioral data acquisition) and questionnaires.
(c) The different plots from top-left to bottom-right correspond to the following stimuli: “Tone_up”, “Tone_
down’, “Musical_up”, “Musical_ down”, “Musical_up_Low_pitch”, “Musical_down_Low_pitch’, “Musical_up_
High_pitch’, “Musical_down_High_ pitch” (see the summary of experimental conditions and factors studied
with these sounds in Table 2).

Movement exercise. A side arm raise exercise was chosen, as this is a basic exercise that involves the challenge
of raising the arm to different angles and strengthening the upper arms (see Fig. 1). This gesture is part of many
dance sequences and it is also an exercise that is part of the “general warm up” or toning routines of many
programs or guidelines oriented toward dance or general physical activity (e.g., guidelines for becoming more
physically active®*%).
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Repetitions/total nr.
Experiment Sound condition Sound direction | Sound timbre | Sound frequency range | trials
Tone_constant Constant
. . 10 per condition (5 per
Experiment 1 Tone_up Up Tone Medium position)/30
Tone_down Down
Tone_up Up
Tone
Experiment 2 Tone_down Down Medium 10 per condition (5 per
Musical_up Up position)/40
Musical sound
Musical_down Down
Musical_up_Low_pitch Up Low-medium
Musical_down_Low_pitch | Down Medium-low
Experiment 3 Musical sound 10 per condition/40
Musical_up_High_pitch Up Medium-high
Musical_down_High_pitch | Down High-medium

Table 2. Summary of the experimental conditions (ordered randomly), factors and number of repetitions and
trials in Experiments 1, 2 and 3.

Experimental procedure. The experiment was conducted in a quiet room and consisted of four phases: calibra-
tion, training, experiment and questionnaires, as detailed below (see Fig. 1b). The full procedure took approxi-
mately 25 min.

Calibration. Firstly, participants were asked to stand with their back against a whiteboard. Secondly, the exper-
imenter drew on the whiteboard a point at shoulder height while the participant held her right arm in a soldier’s
position (this was marked as the movement start position i.e., angle of 0°). Thirdly, three lines were drawn to
indicate the initial position (angle of 0°) and the angles of 70° and 120° that indicate position 1 and 2 respectively
during the experiments (See Fig. 1a). Note that two positions, rather than only one (as in*®), were chosen to avoid
habituation and increase participants’ concentration on their perceptions of their hand position. The position of
the arm at 0° (minimum movement angle) and 120° (maximum movement angle) were registered by the Max/
MSP software respectively with the values 0 and 1. This calibration was performed in order for the software to
recognize these positions and to trigger a sound in the experimental trials when identifying that the arm left the
minimum movement angle (i.e., the 0° position).

Training. Participants were asked to lift their arms laterally five times to position 1 and five times to position
2, in the order indicated by the experimenter, and with their eyes opened. This allowed participants to practice
their arm movement to reach both positions. Participants were then asked to close their eyes and lift their arms
laterally five times to position 1 and five times to position 2, in the order indicated by the experimenter. No
feedback sound was delivered. Further, the experimenter did not provide any feedback to participants on their
performance.

Experiment. Participants were told that in each trial, with their eyes closed, they would be asked to lift their
arm laterally to reach either position 1 or position 2, as indicated verbally by the experimenter at the start of the
trial, as in the training phase. Once participants were indicated the target position, they initiated the movement
when they felt like, and their movement onset triggered a sound that was irrelevant to the task (i.e., stimuli were
not time-locked to the experimenter instruction, but to participants’ movement onset). In each trial, participants
listened to one of the three sounds (“Tone_up”, “Tone_down’, or “Tone_constant”). Note that even if participants
returned to the start position after each arm raise, the sound was only triggered by the upwards movement. Each
sound was presented ten times (as in'?), five times per position (30 arm lifts in total). The different combina-
tions of sounds and positions were presented randomly to minimise order bias. See “Table 2, Summary of the
experimental conditions”.

Questionnaire. At the end of the 30 experiment trials, participants were asked to repeat the arm lift task while
listening to a tone for six more trials, two trials for each sound condition, and to complete a questionnaire for
each sound condition (similarly to the procedure followed in'®). For each sound condition, participants repeated
two arm lift trials, of which one trial corresponded to Position 1 and the other trial to Position 2, with the pres-
entation order randomized across participants. After each arm lift, we asked participants how confident they
were of having reached the requested position with the current sound (Survey section 1—Confidence). Partici-
pants were then asked to complete a self-report of their body feelings when performing the task with that sound
(Survey section 2—Body feelings). This survey is detailed in the next section. Participants repeated the survey
procedure for the three sound conditions (their order presentation was randomized).

Measures. 'To monitor changes in bodily movement, task confidence (i.e., confidence in perceived final posi-
tion, related to sound influences in proprioceptive awareness), bodily and emotional feelings across the different
sound conditions the following measures were used:
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Bodily movement. The movement sensor data were used to quantify changes in the reached angle and in the
movement dynamics (time, velocity, and acceleration). In particular, the following parameters were extracted
using MATLAB software (based on®?): maximum (peak) and mean angle; time from minimum to maximum
position (time up) and from maximum to minimum position (time down); mean angular velocity from mini-
mum to maximum position (velocity up) and from maximum to minimum position (velocity down); and maxi-
mum linear acceleration from minimum to maximum position (acc up) and from maximum to minimum posi-
tion (acc down).

Task confidence (confidence in perceived final position). Explicit confidence (or certainty judgments) allows
us to assess the reliability of perception across different decisions (e.g.,”’); it relates to subjective estimates of
being right rather than objective accuracy, and therefore falls within the field of metacognition. To assess the
participants’ confidence in the perceived final position, Sect. 1 in the survey included a question about confi-
dence reaching the requested position (i.e., position 1 or 2), “How confident were you with this sound that your
arm was in the <position>?”, which was based on previous research assessing task confidence®’~*. Participants
answered using a 7-point Likert-type scale, ranging from 1: “not confident at all” to 7: “completely confident”

Bodily and emotional feelings. Survey section 2 included 9 items (7-point Likert-type) and was developed
based on the questionnaires used in related studies'>***2. Three items related to how people feel about their
body during the exercise—they began with “As I was doing the exercise, I felt...” and then ranged from “Light”
to “Heavy” (Weight); “Slow” to “Quick” (Speed); “Not tired” to “Tired” (Tiredness). Four items related to their
feelings about the movement and the endurance to perform the exercise: “As I was doing the exercise, I felt..”
then ranged from “Not in control” to “In control” (Control) and from “Uncomfortable” to “Comfortable” (Com-
fort); “With this sound the exercise was..” then ranged from “Easy” to “Difficult” (Difficulty or ease); “I felt”
then ranged from “Incapable” to “Capable” of performing the exercise (Capability). Another item assessed the
emotional effects of the sounds heard on motivation to do the exercise (from “Did not motivate” to “Motivated
me” to do the exercise (Motivation). Finally, we included an item related to felt agency over the heard sounds
(ranging from “Not produced” to “Produced by me”; Agency), as previous studies have shown that if agency is
disrupted (for instance, due to large discrepancies between modalities or delays between actions and sensory
feedback) then sensory-induced body effects diminish (e.g.,'"®). Note that the repartition of items into the
different categories (e.g., feelings about the body or feelings about the movement) was not made explicit to
participants, and it is presented like this here to facilitate the assimilation of effects; some of the items could fall
into two categories (e.g., “I felt uncomfortable” might be interpreted relative to the movement itself, or more
generally about the body).

Data analyses. For movement data, for each of the parameters extracted data were first analyzed with separate
repeated-Measures 3 x 2 x 5 analyses of variance (ANOVAs), suitable for continuous normal data, with within-
subject factors Sound Direction (Ascending, Descending or Constant), Position (1 or 2), and Repetition (1 to
5). Given that there was no significant effect of the factor Repetition or interaction of Repetition with the other
factors, data from the 5 repetitions for each condition were averaged and 3x2 ANOVAs were run with the
factors Sound Direction and Position. Significant effects were followed by paired t-tests comparing the means
obtained for the different conditions, which were corrected for multiple comparisons with the recommended
Tukey method for comparing a family of estimates®.

For questionnaire data, to investigate on the Task confidence data the interaction between the factors Sound
Direction (Ascending, Descending or Constant) and Position (1 or 2), we ran non-parametric ANOVAs on
aligned rank transform (ART) data, suitable for ordinal data, using the R package ARTool". Running ANOVAs
allowed investigating the interaction between the factors Sound Direction and Position. For the data on Bodily
and Emotional Feelings, we ran non-parametric ANOVAs on ART data with a single within-subject factor, Sound
Direction. Significant main effects were followed by paired t-tests on the ART data, which were corrected for
multiple comparisons (Tukey method). In addition, to compare self-reported confidence in the position with
the actual task performance (i.e., measured position), we conducted Spearman correlation analyses for each of
the conditions between the maximum angle (average of all repetitions for the condition) and the task confidence
rating provided by the participant for that condition.

Experiment 2: effects of harmonic content (sound direction and timbre). Participants. Same
participants that took part in Experiment 1. All participants performed Experiment 2 after having completed
Experiment 1.

Apparatus. Same as in Experiment 1.

Stimuli.  Four auditory stimuli were used. Two of the stimuli were “Tone_up’ and “Tone_down’ sounds employed
in Experiment 1. We recall that the Tones were created using a single frequency whose pitch is varied one octave
up or down (i.e., frequency being multiplied or divided by 2, respectively), as shown in Fig. 1c. The pitch change
occurs during 500 ms, followed by a sustained part of 500 ms, and a decay of 300 ms. The other two stimuli
consisted of musical sounds, “Musical_up” and “Musical_down”, designed with the same duration and pitch
variation of one octave up or down, based on*’. For both the Tone and Musical Sounds, the pitch change occurs
during the first 500 ms, and then remains constant for 1 s (see Fig. 1c).
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While the Tone sound spectrum is formed by a single frequency (sometimes referred as “pure” sound), the
Musical Sound exhibits a rich spectrum and more complex energy enveloppe, formed by an attack peak at 200 ms,
followed by a decay (300 ms), sustained part (500 ms), and release (300 ms). The Musical Sound is made of two
notes, a fifth interval (e.g., C-G) that is considered in music theory as consonant and neutral. While we could
have also used a single musical note, the choice of the consonant fifth interval was motivated to produce a higher
contrast to the pure tone in terms of spectral richness, without adding any musical tension from a perception
point of view. As shown in Fig. 1c, the musical sound spectrum is formed by several harmonics that span from
130 Hz to more than 6000 Hz. Importantly, the spectral centroid of the Musical Sound is comparable to the Tone
frequency range (600-1200 Hz).

In summary, the main differences between the Tones and Musical Sounds reside in (1) the sound timbre
given by the spectrum structure (harmonic content) and (2) the audio energy temporal envelope, with a stronger
attack for the Musical Sound.

Exercise. Same as in Experiment 1.

Experimental procedure. ~Calibration and training phases were identical to those in Experiment 1. The experi-
ment and questionnaire phases differed in that there were four instead of three sound conditions. In the experi-
ment phase, each sound was presented ten times, five per position, as in Experiment 1 (40 arm lifts in total). The
sounds were randomly ordered to minimise order bias. The full procedure took approximately 25 min.

Measures. Same as in Experiment 1.

Data analyses. For movement data, for each of the parameters extracted data were analyzed by conducting
separate 2x2x2x5 ANOVAS with within-subject factors Sound Direction (ascending, descending), Timbre
(Tone, Musical), Position (1 or 2) and Repetition (1 to 5). As in Experiment 1, there was no significant effect of
the factor Repetition or interaction with the other factors. Therefore, data from the 5 repetitions for each condi-
tion were averaged and ANOVAs were run with the factors Sound Direction, Timbre and Position. Significant
effects were followed by paired t-tests, which were corrected for multiple comparisons (Tukey method).

For questionnaire data, to investigate the interaction between the factors Sound Direction (Ascending,
Descending) and Timbre (Tone, Musical), we ran non-parametric ANOVAs on ART data using ARTool. For
the data on Task confidence, an additional factor of Position (1 or 2) was added to the ANOVAs. Significant
interactions between factors were followed by interaction contrasts, which look at differences of differences,
using the “testInteractions” function®®®, which is part of the R Phia module. The Holm method for p-value
adjustment was used, as recommended.

As in Experiment 1, we conducted Spearman correlation analyses for each of the conditions between the
maximum angle (average of all repetitions for the condition) and the task confidence rating provided by the
participant for that condition.

Experiment 3: effects of absolute frequency range (sound direction and sound frequency
range). Participants. Twenty participants took part (Age: Mean=25.1 years, SD=3.13, Range=22-34; 9
females, 11 male). Experiment 3 was approved by the local ethics committees at UC3M and at University Col-
lege London. Participants took part in exchange for a raffle, giving them an opportunity to win one of several
Amazon vouchers (£30x 3, £10x6).

Apparatus. Due to the Covid-19 Lockdown, participants were asked to use their own headphones and their
own Android phones with a software application (Go-with-the-Flow-Moves@HOME, supporting Android 6.0
and superior versions) developed for research purposes. The design of the application was based on*’. Using the
accelerometer and gyroscope sensors, the application can detect the movement and calibrate the mobile to the
range of the movement, similarly as in Experiment 1 and 2. Wearable arm straps were provided through postal
services. Microsoft Teams software was used for the Experimenter to guide and interact with participants, closely
monitoring the experiment. A Qualtrics survey was used to record responses to Likert-type questionnaire items.

Stimuli. Four auditory stimuli were used to explore the effect of the baseline pitch on actual and perceived
motion (see Fig. 1¢). These were variations of the “Musical_up” and “Musical_down” sounds employed in Exper-
iment 2, in which the sound frequency range was shifted either one octave up or one octave down, as described
here: “Musical_up” pitch shifted one octave down (“Musical_up_Low_pitch”), “Musical_up” pitch shifted one
octave up (“Musical_up_High_pitch”), “Musical_down” pitch shifted one octave down (“Musical_down_Low_
pitch”), “Musical_down” pitch shifted one octave up (“Musical_down_High_pitch”).

Exercise. Same as in Experiments 1 and 2, with the only difference that participants were asked to raise their
arm until it reached a horizontal position (an angle of 90°, as in¢). Note that, differently from Experiments 1 and
2, only one position was employed to reduce the experimental length due to time restrictions.

Experimental procedure. Participants were asked to be in a quiet room at home and to stand up during the
experiment. No training or baseline phases were used. Participants were asked to raise their arms laterally to a
90° position while listening to one of four sounds (“Musical_up_Low_pitch’, “Musical_up_High_pitch”, “Musi-
cal_down_Low_pitch”, “Musical_down_High_pitch”). As in Experiments 1 and 2, the sound was only triggered
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by the upwards movement. Each sound was presented ten times (40 arm lifts in total). The sounds were ran-
domly ordered to minimize order bias (See Table 2. Summary of the experimental procedure). At the end of
the 40 experiment trials, participants were asked to repeat four additional arm lift trials, one for each sound
condition, and after each sound presentation they filled in an online survey with 13 items asking about emotion
and body feelings when performing the task with that sound. This survey is detailed in the next section. The full
procedure took approximately 40 min.

Measures.  As in Experiments 1 and 2, self-report and behavioral measures were collected to monitor changes
across the different sound conditions. Note that, differently from Experiments 1 and 2, to reduce the experi-
mental length due to time restrictions task confidence was not assessed, but additional items were added to the
survey which allowed to further investigate the effects on bodily and emotional feelings.

Bodily movement. The movement sensor data recorded by the app were used to quantify changes in the maxi-
mum reached angle (peak angle) and in the movement dynamics (time, velocity, acceleration) of the upwards
movement. Same parameters as in Experiments 1 and 2 (except for movement dynamics of the downwards
movement, due to the app only tracking the upwards movement) were extracted using MATLAB software.

Bodily and emotional feelings. A survey with 13 items (Likert-type) was used to investigate how each sound
affects the emotional and bodily feelings of participants during the lateral arm raises. The first 2 items corre-
sponded with the two Self-Assessment Manikin graphical scales (9-point Likert-type response items) for valence
and arousal®. Participants were asked to “select the figure that best represents how you felt during the single
arm raise experience”. The first item ranged from “Unhappy, Negative” to “Happy, Positive” (Valence) and the
second item ranged from “Unaroused, Calm” to “Aroused, Excited” (Arousal). The remaining items were 7-point
Likert-type response items. 9 items were the same as those included in the survey in Experiments 1 and 2; the 2
additional items were the following: first item began with “As I was doing the exercise, I felt...” and then ranged
from “Weak” to “Strong” (Strength). The second item began with “As I was doing the exercise, I felt my move-
ment was...:” and then ranged from "Uncoordinated” to “Coordinated” (Coordination).

Data analyses. For movement data, for each of the parameters extracted data were analyzed by conducting
separate 2 x 2 x 10 ANOVAS with within-subject factors Sound Direction (Ascending, Descending), Sound Fre-
quency Range (High, Low), and Repetition (1 to 10). As in Experiments 1 and 2, there was no significant effect
of the factor Repetition or interaction with the other factors. Therefore, data from the 10 repetitions for each
condition were averaged and only the factors Sound Direction and Sound Frequency Range were considered in
the analyses. Significant effects were followed by paired t-tests, which were corrected for multiple comparisons
(Tukey method).

For questionnaire data, to investigate the interaction between the factors of Sound Direction (Ascending or
Descending) and Sound Frequency Range (High or Low), we ran non-parametric ANOVAs on ART data using
the “ARTool” package. Significant main effects were followed by paired t-tests, which were corrected for multiple
comparisons (Tukey method).

Results

The next three subsections describe the sound effects on bodily movement, proprioceptive awareness (task con-
fidence and position accuracy) and bodily and emotional feelings observed across the three experiments. Table 3
summarizes all findings (for a more detailed summary of results see Supplementary Table S4). Median and range
values for all questionnaire items in Experiments 1-3 are provided as Supplementary Material (note that medians
are provided instead of means as they are more suitable for ordinal data as the data obtained using Likert scales®.

Experiment 1: effects of pitch change (sound direction).  Effects on bodily movement. The analyses
of the movement data showed a significant effect of the factor Position for most of the extracted parameters. As
expected, for the condition where participants were asked to reach Position 2, the mean angle (F(1,24) =217.83,
£<0.001, n?=0.90) and maximum angle (F(1,24)=222.76, p <0.001, n?=0.90) were higher. This effect of po-
sition was also reflected in longer “time down” (F(1,24)=21.34, p<0.001, n*=0.47), higher “velocity up”
(F(1,24)=148.70, p<0.001, n?=0.86) and higher “velocity down” (F(1,24)=57.32, p<0.001, n?=0.70), higher
“acceleration up” (F(1,24) =67.49, p <0.001, qz =0.74), and higher “acceleration down” (F(1,24)=70.47, p <0.001,
n?=0.75) for Position 2 than for Position 1.

There were no significant effects of Sound Direction or interaction between Sound Direction and Position for
any of the analysed parameters. We only observed a substantial though non-significant effect of Sound Direction
for “time down” (F(2,48) =2.41, p=0.100, n*=0.09): participants took longer to return to the initial position with
the ascending sound, though the effect did not reach significance (Constant: M =2.85 s, SD = 0.94; Tone-up:
M=3.01s, SD=1.26; Tone-down: M=2.94 s, SD = 1.16; see Supplementary Fig. S1).

Effects on task confidence. Sound Direction had an effect on Task Confidence (F(2,120)=4.49, p=0.037,
n?=0.12), with no main effect of Position or interaction between factors. Participants were more certain about
their hand position with the “Tone_constant” than with the “Tone_down” (t(120) =2.98, p=0.01); no significant
differences were found between the “Tone_up” and the other conditions (see Fig. 2a). A significant correlation
was found between the task confidence ratings and the actual performance (i.e. maximum angle) for the “Tone_
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Effects of absolute
Dimension Predicted effects Effects of pitch change | Effects of timbre (vs tone) | frequency range
Bodily movement
0 -
Amplitude X X v
\ 7
¢
- Acceleration/velocity v v X
Proprioceptive awareness
n Accuracy of final position X X v
Confidence on perceived final
AL position v v Not assessed
Weight v v v
Bodily and emotional feelings
Feelings about the body
ﬁ Speed v X v
Tiredness v v v
Strength X Not assessed X
Sense of control v X X
Ease v v v
45 Feelings about the movement | Comfort v v X
Capability v v X
Coordination v Not assessed X
Motivation v v v
Emotional feelings Happiness v Not assessed v
Arousal X Not assessed X

Table 3. Schematic summary of results on the effects across all the experiments (for a detailed summary of
results see Supplementary Table S4).

down” and Position 1 (r(25)=0.53, p=0.007): participants were more certain about their arm being at Position
1 when the maximum angle was higher, even though their accuracy was not improved (see correlation Fig. S2).

Effects on bodily and emotional feelings. Sound Direction had an effect on the sense of Control (F(2,48) =3.54,
p=0.037, n?=0.13), with participants reporting having a larger sense of Control over their movement with
“Tone_constant” than with “Tone_down” (t(48) =2.47, p=0.045), see Fig. 2b. There were no significant differ-
ences in Agency over the heard sounds across conditions (p >0.97): for all conditions participants overall agreed
that the sounds they heard were produced by them (see Table S1).

Sound Direction also had an effect on the sense of Lightness (F(2,48)=15.29, p<0.001, n*=0.38) and
Speed (F(2,48) =10.50, p<0.001, n?=0.30). People felt lighter with the “Tone_up” (t(48) =-4.87, p<0.001) and
“Tone_constant” (t(48) =-4.70, p <0.001) than with the “Tone_down” sound, as shown in Fig. 2c. They also felt
faster with the “Tone_up” (t(48)=-3.91, p<0.001) and “Tone_constant” (t(48) =4.02, p<0.001) than with the
“Tone_down” sound (Fig. 2d).

Further, participants felt more capable of completing the exercise (F(2,48) =7.41, p=0.002, n>=0.23) with
the “Tone_up” than with the “Tone_down” sound (t(48) =3.85, p=0.001) (Fig. 2¢). They reported that the
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Figure 2. Boxplot with median (range) score for the feelings of confidence in having reached the requested
position and feelings about one’s body and the bodily movement for all sound conditions in Experiment 1. (a)
Feelings of position confidence (combining Position 1y 2); (b) feelings of control over movement; (c) feelings
of body weight and (d) speed; (e) felt capability and (f) difficulty to perform the exercise; (g) felt motivation
and (h) comfort during the exercise. The asterisks indicate significant differences between sound conditions (*
indicates p<0.05, ** indicates p <0.01, *** indicates p <0.001; all corrected for multiple comparisons).

exercise was easier (F(2,48)=3.83, p=0.029, n*=0.13 ), with the “Tone_up” than with the “Tone_down” sound
(t(48) =13.54, p=0.025; Fig. 2f) and feeling more motivated to perform the exercise (F(2,48) =4.62, p=0.015,
n?=0.16), with the “Tone_up” than with the “Tone_down” sound (t(48) =3.03, p=0.011, Fig. 2g). Lastly, par-
ticipant felt more in comfort (F(2,48) =6.25, p=0.004, n?=0.21) while performing the exercise with “Tone_up”
than “Tone_down” (t(48) =3.37, p=0.004) and with “Tone_constant” than “Tone_down” (t(48) =2.61, p=0.032;
Fig. 2h).

Experiment 2: effects of harmonic content (sound direction and timbre).  Effects on bodily move-
ment. 'The analyses of the movement data showed a significant effect of the factor Position for all parameters. As
expected, for the condition where participants were asked to reach Position 2, participants reached a higher “peak
angle” (F(1,24) =417.69, p<0.001, n*=0.79) and showed also a higher “mean angle” (F(1,24) =346.56, p <0.001,
n?=0.54). This effect of Position was reflected also in longer “time up” (F(1,24) =25.32, p<0.001, n>=0.05) and
“time down” (F(1,24) =44.61, p<0.001, n*=0.03), higher “velocity up” F(1,24) =165.10, p<0.001, n?=0.36) and
“velocity down” F(1,24) =48.52.47, p<0.001, n*=0.23), and higher “acceleration up” F(1,24) =187.47, p<0.001,
n?=0.17), for Position 2 as compared to Position 1.

Apart from this main effect of Position, we found additional effects related to sound condition for the param-
eters “peak angle”, “acceleration up” and “velocity up”. In particular, for “peak angle” we found a significant
interaction between Sound Direction and Position (F(1,24) =5.76, p=0.024, n>=0.19), but post-hoc paired
comparisons between Ascending and Descending sounds in the Position 1 and in the Position 2 were both not
significant (both ps>0.75). For “acceleration up” we found a significant interaction between Sound Direction
and Position (F(1,24) =6.25, p=0.019, n?=0.21), a non-significant, but substantial, interaction between Sound
Direction and Timbre (F(1,24)=3.87, p=0.06, n*=0.14) and a significant triple interaction between all factors
(F(1,24) =6.19, p=0.020, n>=0.20). The interactions were follow-up by conducting separate ANOVAs for Posi-
tion 1 and 2 with factors Sound Direction and Timbre. The ANOVA for Position 1 showed an effect of Sound
Direction in upward acceleration (F(1,24) =6.44, p=0.02, qz =0.21), with higher acceleration for the Ascending
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Figure 3. Boxplot with median (range) score for the feelings of confidence in having reached the requested
position, feelings about one’s body and the bodily movement for all sound conditions in Experiment 2. (a)
Feelings of position confidence in Position 1 and (b) Position 2; (c) feelings of body weight and (d) speed;

(e) feelings of difficulty, (f) capability, (g) tiredness, (h) motivation and (i) comfort during the exercise. T_
up="“Tone_up’, T_down=“Tone_down’, M_up = “Musical_up’, M_down = “Musical_down”. Note that in (a)
and (b), related to position confidence, for the conditions Musical_up in both positions and Musical_down in
Position 2 we observe a large concentration of participants’ answers around point 6 of the scale, suggesting that
participants felt quite confident about their position with only few participants deviating from point 6. For the
other conditions, we observe left- or right-skewed data, due to a larger dispersion in participants’ responses. The
asterisks indicate significant differences between sound conditions (* indicates p <0.05, ** indicates p <0.01, ***
indicates p <0.001; all corrected for multiple comparisons).

(Normalized acceleration: M=0.127, SD =0.049) than for the Descending sound (M =0.121, SD =0.048; see
Supplementary Fig. S3a), and no significant effect of Timbre or interaction between factors (p =0.6). For Posi-
tion 2, there was only a significant interaction between Sound Direction and Timbre (F(1,24) =8.08, p=0.009,
n?=0.25); but the follow-up paired t-test comparisons were all non-significant.

For “velocity up”, we found a main effect of Timbre (F(1,24) =6.30, p=0.019, n*=0.001), as participants
were faster raising the arm when listening to the “Tone” sounds (M =36.13, SD =12.07 degrees/s) than the
“Musical” sounds (M =35.51, SD=12.11 degrees/s). Moreover, for “velocity up” there was a triple interaction
of the factors Sound Direction, Timbre, and Position (F(1,24) =5.96, p=0.022, n>=0.20). Follow-up separate
ANOVAs for Position 1 and 2 with factors Sound Direction and Timbre showed that for Position 1 there was
a significant effect of Timbre (F(1,24) =5.89, p=0.023, *=0.20) and an interaction between Sound Direction
and Timbre (F(1,24)=4.61, p=0.041, n>=0.16; see Supplementary Fig. S3b); paired t-test comparisons were all
non-significant. For Position 2 there were no significant effects or interactions (F(1,24) =0.58, p=0.45, n*=0.02).

Effects on task confidence. Task Confidence was significantly affected by the factors Sound Direction
(F(1,71)=4.83, p=0.031, n?=0.063), Timbre (F(1,71)=10.51, p=0.001, n=0.12), and Position (F(1,97)=7.96,
p=0.005, n*=0.075), with no significant interaction between factors (all p>0.062). As shown in Fig. 3a and b
participants were more certain about their hand position with the Ascending than with the Descending sounds,
with the “Musical” than with the “Tone” sounds, and in Position 2 than in Position 1.

A significant correlation was found between the task confidence ratings and the actual performance (i.e.
maximum angle) for the “Tone_up” (r(25)=0.40, p=0.047), “Musical_up” (r(25) =0.49, p=0.013) and “Musical
down” (r(25) =0.44, p=0.028) conditions. Follow-up separate correlation analyses for Position 1 and 2 revealed
significant correlations only for the “Musical_up” sound, both in Position 1 (r(25)=0.45, p=0.024) and Posi-
tion 2 (r(25)=0.50, p=0.01). As in Experiment 1, for all conditions participants were more certain about their
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arm being at the requested position when the maximum angle was higher, even though their accuracy was not
improved (see correlation Fig. S2).

Effects on bodily and emotional feelings. In terms of Control over their movement and Agency over
the heard sounds, there were no significant differences between conditions (all ps>0.19). Participants agreed
that they felt in control of their movements and that the sound was produced by them in all conditions (see
Supplementary Table S2).

Sound Direction had a significant effect in feelings of Lightness, Speed, Difficulty, Motivation and Comfort:
as shown in Fig. 3, participants felt lighter (F(1,71) =12.69, p <0.001, n*=0.15)), faster (F(1,71) =5.39, p=0.023,
n*=0.070)), and reported that the exercise was easier (F(1,71) =13, p<0.001, n>=0.15), that they were more
motivated to complete it (F(1,71)=9.21, p=0.003. n>=0.11) and felt more in comfort (F(1,71)=9.89, p=0.002,
n?=0.12) with the ascending sounds (Up conditions) as compared to the descending sounds (Down conditions).

Moreover, Sound Timbre showed a main effect for feelings of Comfort (F(1, 71) =4.65, p=0.034, qz =0.06),
with participants reporting a higher feeling of comfort in the “Musical” sounds than in “Tone” sounds, as it can
be seen in Fig. 3.

Finally, we observed a considerable, though not significant, interaction effect between the factors Sound
Direction and Timbre for the feelings of Lightness (F(1,71) =3.57, p=0.062, n>=0.04) and exercise Diffi-
culty (F(1,71) =3.59, p=0.061, n*=0.048). This interaction reached significance for the feelings of Capability
(B(1,71) =4.93, p=0.029, n?=0.06), Tiredness (F(1,71)=5.49, p=0.021, n*>=0.071), Motivation F(1,71) =5.99,
p=0.016,n?=0.077) and Comfort (F(1,71)=3.87, p=0.052, n?=0.051). The interactions were driven by the fact
that the difference between Ascending and Descending sounds was larger for the Musical than for the Tone
sounds: to a larger extent in the case of the Musical sounds, with ascending vs descending sounds participants
felt lighter (X*(1) =3.66, p =0.056), more capable (X*(1) =5.18, p=0.023), less tired (X*(1) =5.54, p=0.018), more
motivated (X*(1)=6.10, p=0.014), more comfortable (X*(1) =4.05, p=0.044), and found the exercise easier
(X%(1)=3.81, p=0.05) (Fig. 3).

Experiment 3: effects of absolute frequency range (sound direction and frequency range).  Ef-

fects on behavior (bodily movement). ‘The analyses of the movement data showed a significant effect of the
factor Sound Frequency Range on Peak Angle (F(1,19)=5.71, p<0.027, n*=0.23). The results showed that a
higher peak angle was reached with “High Pitch” (M =101.32, SD =13.70 degrees) than with “Low Pitch” sounds
(M=100.06, SD=11.89 degrees; see Supplementary Fig. S4). Since the requested position was 90 degrees, par-
ticipants were more accurate in their reached position for the “Low Pitch” sounds.

Effects on bodily feelings. Sound Direction had a significant effect on feelings of body Weight, Comfort and
Coordination: participants felt lighter (F(1,54) =4.42, p=0.040, n*=0.075), more comfortable (F(1,54)=6.42,
p<0.014, n?=0.106) and with more coordinated movements (F(1,54)=4.35, p=0.041, n*=0.074), with the
"Musical_up” than with the “Musical_down” sounds (Fig. 4). Furthermore, we observed a substantial, although
not significant, effect, of Sound Direction on Speed (p=0.060), as participants felt considerably faster with the
“Musical_up” than with the “Musical_down” sounds (see Supplementary Table S3).

With regards to Sound Frequency Range, there were effects on feelings of body Weight, Speed, Tiredness
and Difficulty. “High pitch” caused participants to feel lighter (F(1,54) =21.07, p=0.001, n*=0.281) and faster
(F(1,54)=28.31, p=0.001, qz =0.34) than “Low_pitch” sounds. Further, the “Low_pitch” made participants feel
more tired (F(1,54)=13.10, p=0.001, n?=0.195) and with more difficulty (F(1,54)=6.37, p=0.014, n?>=0.105)
to perform the exercise than the “High_pitch” sound, see Fig. 5.

There was a significant interaction between Sound Frequency Range and Direction in relation to feelings of
Tiredness (F(1,54) =7.05, p=0.010, n?=0.115). Follow-up tests showed that the “Musical_down_Low_pitch”
sound caused participants to feel significantly more tired than the other sound conditions (X*(1) =5.54, p=0.018)
(see Supplementary Table S3 and Fig. S5). There was also a substantial, though not significant, interaction effect
between Sound Direction and Sound Frequency Range for Coordination (F(1,54) =3.84, p=0.066, n>=0.061),
which was mainly due to the “Musical_down_Low_pitch” sound causing participants to feel less coordinated
than the other sound conditions (see Supplementary Table S3 and Fig. S5).

Finally, in terms of Strength, Capability, movement Control, and Agency over the heard sounds, there were
no significant effects (all ps>0.12). For all conditions participants agreed that they felt in control and capable
of their movements.

Effects on emotional feelings. Sound Direction had a significant effect on reported emotional Valence and
Motivation. Participants felt happier (F(1,54)=5.60, p<0.021, n*=0.093) and more motivated (F(1,54)=5.40,
p=0.020, n*=0.095) with the "Musical_up” than with the “Musical_down” sounds, independently of the Sound
Frequency Range (see Fig. 4). The effect of Sound Direction on reported Arousal was not significant (p=0.077),
although results showed that participants felt considerably more excited with the “Musical_up” than with the
“Musical_down” sounds (see Supplementary Table S3 with the median scores for all questionnaire items in rela-
tion to Sound Frequency Range and Sound Direction).

With regards to Sound Frequency Range, there was a significant effect on emotional Valence and Motivation,
and a considerable, though non-significant effect, on Arousal. “High pitch” caused participants to feel happier
(valence; F(1,54) =4.14, p=0.047, n?=0.071), more motivated (F(1,54) =19.55, p=0.001, n*=0.265) and more
excited (arousal; F(1,54) =3.12, p=0.082, n?=0.054) than “Low_pitch” sounds (Fig. 5).
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Discussion

In this study we investigated how body-representation and feelings would be influenced by various sound char-
acteristics when performing a basic movement that is accompanied by a sound. We looked more specifically at
how bodily movement, proprioceptive awareness (sustained by body schema) and subjective feelings related to
the body, one’s movement and emotional state, are affected by auditory changes. Across three experiments we
studied the effects of pitch direction in tones (Experiment 1), richer musical features (Experiment 2) and absolute
frequency range (Experiment 3). Overall, as shown in the summary Table 3 (see also Supplementary Table S4),
changes in pitch had effects on the emotional state and on the various bodily dimensions investigated—bodily
movement, proprioceptive awareness, bodily feelings—with more comprehensive effects observed for the latter
explicit measures. Richer sound timbre and accentuated attack affected the confidence of participants about their
body position, as well as the velocity of their movement, but mostly amplified the measured differences between
ascending and descending pitch sounds in bodily feelings. Shifting the absolute frequencies of the descending
pitch sounds impacted the amplitude of the performed movement (and therefore the accuracy of the final reached
position according to the experiment task), and interacted with participants’ feelings of tiredness. It also had a
general effect on feelings of happiness and other bodily feelings. We discuss the mechanisms behind the observed
effects and potential limitations, future work, and applications in the following subsections.

Pitch change and bodily movement. Based on previous evidence (see Table 1), we had hypothesised
that pairing movement with pitch changes, generally not associated with body movement, could be sufficient to
lead to proprioceptive changes, as well as changes in movement and feelings, due to cross-modal correspond-
ences between pitch change and motion on the vertical axis®~!. As suggested by previous works'? we hypoth-
esize that the changes in perceived sound localization induced by sounds changing in pitch® interact with inter-
nal models of body-representation. This suggestion is supported by neuroscientific studies showing an overlap
between the brain areas that are activated by sounds rising/falling in pitch®, and the multisensory parietal areas
integrating somatosensory, visual and auditory signals to form body-representations®®. Areas activated sounds
rising/falling in pitch include the right intraparietal sulcus, also activated by spatial words (such as “left” or “up”),
and audio-visual motion areas (hMT +/V5+)%. Our hypotheses are partly confirmed by our results. As shown in
Table 3, the self-reports (with partial behavioural support) did reveal that the multisensory interaction between
pitch and bodily movement can impact bodily experiences, and point towards a potential interference of sound
with proprioception.

We found that a sound increasing or decreasing in pitch triggered at the beginning of the participant’s arm
movement led participants to become less confident about their arm position than with a constant sound.
Further, we found that, for the conditions with sounds changing in pitch, increases in participants confidence
were not accompanied by increases in actual performance (i.e., more accurate position reached) but rather by
overall increases in the reached angle, thus suggesting a degradation in the ability to judge accurately the arm
position. Two recent studies have similarly suggested a potential interference of sounds changing in pitch with
proprioception of a body part (one’s fingertip). The first study'? reported an “auditory Pinocchio™ illusion, in
which participants feel and estimate their finger to be longer, elicited by presenting brief sounds rising in pitch
with the action of oneself pulling on one’s occluded fingertip. This illusion was then replicated®” both in adults
and pre-school children, when the experimenter, rather than the participants themselves, pulled the finger of
the participant, thus suggesting that the effects of sound on the proprioception of one’s fingertip can take place
both under passive and active touch conditions. Nevertheless, before the present study, it was unclear whether
the effect of sounds changing in pitch on proprioception requires “anchoring” those sounds through tactile cues,
as in the case of the “auditory Pinocchio™ illusion. In the classical version of the Pinocchio illusion, touch is also
involved: participants touch their nose while their bicep tendon receives vibration, which causes the illusory
feeling of one’s arm extending and, in turn, the illusion of elongation of one’s represented nose (%; see related
studies”®”!). Other studies involving vision also use touch as an “anchor” (e.g., in the rubber-hand illusion’; see
related out-of-body illusion'®) or may not need this “anchor” as they involve vision of body parts, for instance,
live video feed showing an altered position of one’s hands that leads participants to mislocalize the position of
their hands (>3 see also®®). Our study thus shows that sounds can affect body representations in the absence
of tactile anchor: changes in pitch height interfere with internal proprioceptive signals and alter the perceived
position of limbs if paired and presented synchronously with body movement and with no other sensory signals
involved (such as vision or touch).

Other studies with vision showed that altering the perceived feedback on the position of a moving limb results
in adjustment in the participant’s limb movement®®. Our study shows similar effects of changing pitch on bodily
movement. The arm movement amplitude was not strongly affected, but in Experiment 2 the movement accel-
eration triggered by the ascending pitch sound was. We hypothesize that this increase in acceleration probably
reflects a compensatory response mediated by auditory feedback signaling a discrepancy between the predicted
position and the received sensory feedback. Such corrections in velocity/acceleration have been observed in
other studies providing altered sound feedback, for instance, on the trajectory of a movement’ or on the applied
weight on the floor when walking”. They may relate to the forward model theories for motor control’®, in which
large discrepancies between the predicted and actual sensory inputs generate such compensatory patterns. Such
corrections are actually beneficial and sought in some contexts, such as sports or physical rehabilitation, as part
of sensory-motor entrainment (”’; for recent reviews see’®”?).

Further, we found that sounds changing in pitch affect participants’ feelings about their body and their
movement. With the ascending sound participants feel, for instance, lighter and quicker, and find the upwards
movement easier to perform, than with the descending sound. We attribute this feeling to the perception of
being “pushed up” by the ascending sound, which is compatible with the facilitation of the upwards movement.
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We also found an effect on emotional state, in line with the affective correspondence between raising pitch and
happiness**?,

Future research should investigate whether these effects of the ascending vs. descending sound reverse or
hold for a downwards movement, as previous studies on the “auditory Pinocchio” illusion showed that the effect
does not reverse when inverting the direction of finger pulling'?.

Harmonic content and bodily movement. Experiment 2 shows that musical sounds, as compared to
the tone sounds, made people feel more confident of having reached the requested position, increased the feeling
of comfort in performing the movement and decreased the velocity of the upwards movement. While confidence
increased with harmonic complexity, such increases in confidence were not accompanied by increases in actual
performance.

As these effects occurred both for ascending and descending sounds, they may relate to the emotional pro-
cesses triggered by the musical sounds, as these sounds are generally more pleasant to listen to than pure tones
(see® for low frequency). Musical sounds are also ecologically more valid: they are closer to sounds that the
participants are familiar with, while the tone sounds are typically found only in specific electronic devices. They
also provide more possibilities in terms of designing sonification that may impact body movement. Previous
studies have shown that the mapping of musical features (e.g., tempo, pitch, etc.) to movement properties (e.g.,
movement velocity, body inclination) can be used to improve the understanding of full-body movement and
expressive gestures and to drive movement behavior®:#2, For instance, Newbold et al. showed that musical struc-
tures could be embedded into the sonification of movement to manipulate the feeling of wanting to continue or
conclude a movement and the feeling of accomplishment®>*. Note that differently from those studies, here we
used sounds that do not provide accurate spatial information about the movement: once the sound is triggered
this sound does not change according to movement (i.e., we do not sonify movement) and the sound is irrelevant
to the movement task. Our participants highly likely never experienced such coupling of their movement with
sound; thus, we can assume they did not have any clear expectancy on the movement-sound coupling.

Beyond this general effect, results also showed that the musical features interacted with the overall effect of
changes in pitch in several bodily feelings. The musical effect was not that of purely enhancing the bodily effects
in the positive direction, but on increasing the difference between ascending and descending pitch sounds for
the musical versus the pure tone sounds. People felt even lighter and more comfortable with the ascending
vs. the descending musical sound, than they did for the pure tones. People felt less tired with the ascending
musical sound and more tired with the descending musical sound, than they did for the pure tones. Feelings of
capability and motivation to perform the movement were lower for the descending musical sound than for the
other sounds, while the movement seemed easier with the ascending musical sound than for the other sounds.
The effects on pitch—especially on subjective/direct measures—could be linked to the “semantic” explanation
of the cross-modal pitch correspondences, where high pitch is supposed to be more active and low pitch more
passive®®®3 (see also*?). In the same line, Apple et al.** found that people judged other people with higher pitched
voices as less potent.

In relation to this interaction effect, previous studies have shown that dynamic changes in loudness, such as
those present in our musical sound interact with the perception of pitch?*-**%>. Furthermore, changes in loudness
on their own can already elicit an impression of movement changes*?. Hence, these changes in loudness may
be responsible for maximizing the crossmodal correspondences between pitch and upward/downward space.
Nevertheless, as musical sounds with richer spectrum are also more pleasant to listen to than pure tones, as
said above, the interaction effect may derive from the fact that crossmodal correspondences between pitch and
upward/downward space are emotionally mediated, as previously suggested (*’; see also?"** for reviews). Our
current data does not allow us to make any conclusive remarks on the origin of the interaction effects between
the effect of pitch and the musicality of the sound, and this should be explored in future studies.

Absolute frequency range and bodily movement. In Experiment 3, we found that shifting the abso-
lute frequencies of the changing pitch sound impacted the movement, as well as the emotional state, and bodily
feelings, of the participants. In particular, the higher frequency sound increased the amplitude of the partici-
pants’ arm raise movement, making the arm reach a higher peak angle. People felt happier, lighter, less tired,
more motivated and found the movement easier with the higher frequency sound as compared to the lower
frequency sound. Because these effects were independent of the movement direction, they probably relate to
two different processes. On the one hand, we must consider that apart from vertical space, pitch is associated
with physical size. High and low pitches are respectively congruent with smaller and larger sizes, as shown for
the perception of object size?** and for the perception of people’s body size®¥. Shifting the pitch of one’s own
bodily produced sounds (i.e., footstep sounds) has been shown to change how people perceive their own body
size and weight'? and also to make people find exercises less difficult and feel less tired*. Similarly, in our cur-
rent study the feelings of being lighter, less tired, more motivated and finding the exercise easier, which were
elicited by the high pitch sounds, may have pushed participants to raise their arms higher. Second, the emotional
processes triggered by the high frequency sounds, which made participants feel happier, as shown by the results,
may have interacted with the bodily feelings, or both processes may have influenced each other. Our findings
here relate to those from a previous qualitative study where bodily movement was paired with a sound rising in
pitch similar to the musical sound we employed in Experiment 3; this study suggested that this sound could lead
to more pleasantness and feelings of movement fluidity, body lightness and flexibility in the context of exertion®.

Beyond this general effect of pitch, results showed that the absolute frequency range interacted with the
effect of the change in pitch (i.e., the relative pitch) in the feelings of tiredness. The interaction effect showed that
the difference between ascending and descending pitch sounds was amplified for the low pitch versus the high
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pitch sounds. With the low pitch sounds people felt less tired with the ascending sound than with the descend-
ing sound, but with the high pitch the change in pitch did not seem to have an effect and people felt overall less
tired than with the low pitch sounds. Several studies also show that the association of pitch variation and fre-
quency ranges with movement does not follow simple rules and can be highly influenced by the context®. In®!,
by asking participants to describe sounds gesturally, they confirm that pitch variations are typically associated
with spatial metaphors. While low pitch and high pitch are generally linked to low and high hand positions,
some participants nevertheless used different associations, for example lateral displacements with pitch. This is
found in several musical instruments such as the keyboard. The case of the cello is also noteworthy, since the
high pitches are obtained by lowering the hand. Other concepts such as action of efforts could also explain the
association of pitch variation with movements. In the context of Indian music, pitch glides or melodic contour
can be associated with “physical effort”®*. The relationship between effort, motion and sound has also been
reported in the case of electric guitar performances in®'. Finally, it should be noted that different asymmetries
have been found whether sound parameters increase or decrease, even if absolute changes are identical. Pitch
perception and its association to movement can depend on the direction®’. Sounds with increasing intensity
sounds are perceived as being longer and their range of loudness appears to be higher®. More investigations are
necessary to disentangle the different possible cross-modal associations of sound features, also in relation with
people skills and background®*.

Limitations and future research. Systems that provide sound feedback on movement in real-time have
been found to increase bodily awareness and influence movement (e.g.,***’) and are increasingly being used in
the context of musical expression®, dance (e.g.,”®), sports (e.g.,””~*°), general physical activity (e.g.,***°) and phys-
ical rehabilitation (e.g.,'°”'"") for example, in people with chronic stroke!*?-1%, vestibular disorders (e.g.,'?""),
chronic pain (e.g.,**) or autism (e.g.'%®). By contrast with those movement sonification scenarios, our studies
do not rely on continuous real-time adjustment of the sound once it has been triggered. The interaction between
the sound and the movement differs then from direct sonification in which body movement is tracked and
mapped into real-time auditory feedback providing information on the movement itself. In this regard, the type
of sound feedback chosen in our studies is closer to dance practices where movement adjustment occurs gener-
ally by anticipating to and synchronising with sound at key moments.

In the present study, we focused on ascending and descending pitch sounds because of their reported asso-
ciation with changes in motion along the vertical plane (i.e., upwards and downwards motion). However, only
the upwards part of the movement was paired with sounds. To better study the congruence between pitch and
motion direction, future work could focus on investigating the effect of ascending and descending pitch sounds
accompanying both upwards and downwards movement. While in the present study the movement chosen (arm
raise) demands effort only on the upwards part of the movement, a movement or exercise similarly demanding
on both upwards and downwards movement may be better chosen for such investigations. Furthermore, future
research may consider comparing the effects of the sounds changing in pitch to a “no sound” condition; note that
in the present study the constant sound was included in Experiment 1 as a “control” or reference condition with
which to compare the effect of the sounds changing in pitch (as in'*%"), as opposed to a “no sound” condition,
in order to control for the effect of simply listening to a sound.

Extending the research to other bodily movements is certainly important in order to generalise the findings.
Still the arm raise exercise chosen for this study is a generic gesture that is often part of dance sequences and
of many warm-up or toning routines of programs oriented to dance, general physical activity (e.g.,>*) or physi-
cal rehabilitation (e.g.,'”). In a previous qualitative study®, participants were asked to use the ascending pitch
musical sound paired with bodily movement in the context of exertion, and they used it to accompany squat
and step-up exercises. For these exercises, there were reports of changes in bodily feelings (movement fluidity,
body lightness and flexibility) which suggests that our findings may generalise to those movements. Nevertheless,
quantitative data is needed to better understand the effects. Including longer movement sequences may reveal
different effects on bodily movement than the ones observed in this study.

In Experiment 2, we found an interaction effect between the harmonic content (i.e., timbre) and the overall
effect of pitch in several bodily feelings. Since the aesthetic or affective aspects of sounds may change people’s
overall emotional states and/or change the multisensory integration (e.g.,''°), we cannot exclude that this interac-
tion may derive from the fact that crossmodal correspondences between pitch and upward/downward space are
emotionally mediated®*-22. However, since Experiment 2 did not include a measure of emotional state (beyond
motivation), our current data does not allow us to make any conclusive remarks in this respect. Future research
should include emotional measures, both self-report and physiological real-time measures (as in'?), to clarify the
origin of the interaction. Similarly, future research should disentangle the possible interaction effects between
emotional feelings and bodily feelings observed in Experiment 3, as well as the potential effects of individual
differences (e.g., due to sound and music skills, dance or movement skills, etc.)*.

Finally, we should note that our explicit measures revealed more consistent effects than the implicit measures.
While the measures employed to assess implicit body-representations did not reveal large effects, these may none-
theless come to affect explicit representations'!!. Dissociation between implicit and explicit body-representation
measures is frequently observed in the literature®!"1*!2, For instance, preschool children, by contrast with adults,
showed a so-called “auditory Pinocchio” illusion only when subjective feelings were considered, but this did not
translate in their perceived finger position, suggesting that multisensory interactions contribute differently to
subjective feelings and sense of position and depending on developmental stage®’. Future research should also
consider the inclusion of measures of interoception, as movement also goes in accordance with movements from
inside the body. For instance, some works have shown that people move at the beat of their own heartbeat!'*-1"°,
Hence, the body movement observed in these experiments (as a function of sound) might relate to both internal
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bodily modulations (e.g., from the cardiovascular system) and external bodily modulations (e.g., music and other
cues present in the general environment).

From an application point of view, while there might be value in understanding these effects to have specific
influences in fine movements, such as in dance or sports contexts, our findings may be most useful to understand
how music and sound triggers changes in perceived body capabilities and positive feelings about one’s body. In
this regard, our work contributes to the human-computer interaction and sonification research that focuses on
inviting movement and helping overcoming psychological barriers related for instance to fear of injury or lack of
confidence in one’s movement, for instance, in people who are physically inactive®»*®*>%2 or in rehabilitation of
conditions such as chronic pain*~*°. Embedding these psychological factors related to body perception into the
design process of applications to support dance or physical activity opens opportunities for movement expres-
sion and clinical applications.

Data availability
All data generated or analyzed during the experiments is available in the Supplementary Material.

Received: 22 September 2021; Accepted: 25 January 2022
Published online: 17 February 2022

References

1. James, J. The kids’ reading room; “The Dancers’'—ProQuest. Los Angeles Times; Los Angeles, Calif. H.2 (2008).

2. Quiroga Murcia, C,, Kreutz, G., Clift, S. & Bongard, S. Shall we dance? An exploration of the perceived benefits of dancing on
well-being. Arts Health 2, 149-163 (2010).

3. Christensen, J. E. & Dong-Seon, C. Tanzen ist die beste Medizin: Warum es uns gesiinder, kliiger und gliicklicher (ed. Rowohlt, T.)
(Reinbek bei Hamburg Rowohlt Polaris, 2018).

4. Somogyi, E. et al. Which limb is it? Responses to vibrotactile stimulation in early infancy. Br. J. Dev. Psychol. 36, 384-401 (2018).

5. De Vignemont, F. Mind the Body: An Exploration of Bodily Self-awareness (ed. De Vignemont, E.) 288 (Oxford University Press,
2018).

6. Longo, M. R. & Haggard, P. What is it like to have a body?. Curr. Dir. Psychol. Sci. 21, 140-145 (2012).

7. Botvinick, M. & Cohen, J. Rubber hands ‘feel’ touch that eyes see. Nature 391, 756-756 (1998).

8. Berlucchi, G. & Aglioti, S. M. The body in the brain revisited. Exp. Brain Res. 200, 25-35 (2010).

9. Longo, M. R., Azandn, E. & Haggard, P. More than skin deep: Body representation beyond primary somatosensory cortex.
Neuropsychologia 48, 655-668 (2010).

10. Azafion, E. et al. Multimodal contributions to body representation. Multisens. Res. 29, 635-661 (2016).

11. Tajadura-Jiménez, A. et al. Action sounds recalibrate perceived tactile distance. Curr. Biol. 22, R516-R517 (2012).

12. Tajadura-Jiménez, A. et al. As light as your footsteps: Altering walking sounds to change perceived body weight, emotional state
and gait. In Proceedings of the 33rd Annual ACM Conference on Human Factors in Computing Systems 2943-2952 (ACM, 2015).

13. Tajadura-Jiménez, A. et al. Contingent sounds change the mental representation of one’s finger length. Sci. Rep. 7, 5748 (2017).

14. Maravita, A. & Iriki, A. Tools for the body (schema). Trends Cogn. Sci. 8, 79-86 (2004).

15. Cardinali, L., Brozzoli, C. & Farne, A. Peripersonal space and body schema: Two labels for the same concept?. Brain Topogr. 21,
252-260 (2009).

16. Lenggenhager, B., Tadi, T., Metzinger, T. & Blanke, O. Video ergo sum: Manipulating bodily self-consciousness. Science 317,
1096-1099 (2007).

17. Gallagher, S. How the Body Shapes the Mind 196-200 (Oxford University Press, 2005).

18. Ellamil, M., Berson, J., Wong, J., Buckley, L. & Margulies, D. S. One in the dance: Musical correlates of group synchrony in a
real-world club environment. PLoS ONE 11, 0164783 (2016).

19. Lenc, T. et al. Mapping between sound, brain and behaviour: Four-level framework for understanding rhythm processing in
humans and non-human primates. Philos. Trans. R. Soc. B 376, 20200325 (2021).

20. Spence, C. Simple and complex crossmodal correspondences involving audition. Acoust. Sci. Technol. 41, 6-12 (2020).

21. Spence, C. Assessing the role of emotional mediation in explaining crossmodal correspondences involving musical stimuli.
Multisens. Res. 33, 1-29 (2020).

22. Sievers, B., Polansky, L., Casey, M. & Wheatley, T. Music and movement share a dynamic structure that supports universal
expressions of emotion. Proc. Natl. Acad. Sci. 110, 70-75 (2013).

23. Melara, R. D. & Marks, L. E. Perceptual primacy of dimensions: Support for a model of dimensional interaction. J. Exp. Psychol.
Hum. Percept. Perform. 16, 398-414 (1990).

24. Meunier, S., Chatron, J., Abs, B., Ponsot, E. & Susini, P. Effect of pitch on the asymmetry in global loudness between rising- and
falling-intensity sounds. Acta Acust. United Acust. 104, 770-773 (2018).

25. Neuhoff, J. G. & McBeath, M. K. The Doppler illusion: The influence of dynamic intensity change on perceived pitch. J. Exp.
Psychol. Hum. Percept. Perform. 22, 970-985 (1996).

26. McBeath, M. K. & Neuhoff, J. G. The Doppler effect is not what you think it is: Dramatic pitch change due to dynamic intensity
change. Psychon. Bull. Rev. 9, 306-313 (2002).

27. Neuhoff, J. G. An adaptive bias in the perception of looming auditory motion. Ecol. Psychol. 13, 87-110 (2001).

28. Tajadura-Jiménez, A., Viljamie, A., Asutay, E. & Vistfjall, D. Embodied auditory perception: The emotional impact of approach-
ing and receding sound sources. Emotion 10, 216-229 (2010).

29. Eitan, Z. Cross-modal experience of musical pitch as space and motion: Current research and future challenges. In Body, Sound
and Space in Music and Beyond: Multimodal Explorations (ed. Wolner, C.) 49-68 (Routledge/Taylor & Francis Group, 2017).

30. Deroy, O., Fernandez-Prieto, I., Navarra, J. & Spence, C. Unraveling the paradox of spatial pitch. In Spatial Biases in Perception
and Cognition (ed. Hubbard, T. L.) 77-93 (Cambridge University Press, 2018).

31. Lemaitre, G. et al. Rising tones and rustling noises: Metaphors in gestural depictions of sounds. PLoS ONE 12, e0181786 (2017).

32. Newbold, J., Gold, N. E. & Bianchi-Berthouze, N. Movement sonification expectancy model: Leveraging musical expectancy
theory to create movement-altering sonifications. J. Multimodal User Interfaces 14, 153-166 (2020).

33. Tajadura-Jiménez, A., Newbold, J., Zhang, L., Rick, P. & Bianchi-Berthouze, N. As light as you aspire to be: Changing body
perception with sound to support physical activity. In Proceedings of the 2019 CHI Conference on Human Factors in Computing
Systems 1-14 (ACM, 2019).

34. Wallace, M. T. et al. Unifying multisensory signals across time and space. Exp. Brain Res. 158, 252-258 (2004).

35. McGurk, H. & MacDonald, J. Hearing lips and seeing voices. Nature 264, 746-748 (1976).

36. White, T. P. et al. Eluding the illusion? Schizophrenia, dopamine and the McGurk effect. Front. Hum. Neurosci. 8 (2014).

37. Nava, E. & Tajadura-Jiménez, A. Auditory-induced body distortions in children and adults. Sci. Rep. 10, 1-14 (2020).

Scientific Reports |

(2022) 12:2676 | https://doi.org/10.1038/s41598-022-06210-x nature portfolio



www.nature.com/scientificreports/

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.
71.

72.
73.

74.

75.

76.
77.

78.

79.

80.

Newbold, J., Bianchi-Berthouze, N. & Gold, N. E. Musical expectancy in squat sonification for people who struggle with physical
activity. In Proceedings of the 23rd International Conference on Auditory Display—ICAD 65-72 (2017).

Liu, W., Magalhaes, M. A., Mackay, W. E., Beaudouin-Lafon, M. & Bevilacqua, F. Motor variability in complex gesture learning:
effects of movement sonification and musical background. ACM Trans. Appl. Perception. 19(1), 1-21 (2022).

Evans, K. K. & Treisman, A. Natural cross-modal mappings between visual and auditory features. J. Vis. 10, 6-6 (2010).
Marks, L. E., Hammeal, R. J. & Bornstein, M. H. Perceiving similarity and comprehending metaphor. Monogr. Soc. Res. Child
Dev. 52(1), 1-102 (1987).

Walker, L., Walker, P. & Francis, B. A common scheme for cross-sensory correspondences across stimulus domains. Perception
41,1186-1192 (2012).

Gallace, A. & Spence, C. Multisensory synesthetic interactions in the speeded classification of visual size. Percept. Psychophys.
68, 1191-1203 (2006).

Mondloch, C.J. & Maurer, D. Do small white balls squeak? Pitch-object correspondences in young children. Cogn. Affect. Behav.
Neurosci. 4, 133-136 (2004).

Ley-Flores, J. et al. Soniband: Understanding the effects of metaphorical movement sonifications on body perception and physical
activity. In Conference on Human Factors in Computing Systems—Proceedings (2021).

Singh, A. et al. Motivating people with chronic pain to do physical activity: Opportunities for technology design. In Conference
on Human Factors in Computing Systems—Proceedings 2803-2812 (Association for Computing Machinery, 2014).

Singh, A. et al. Go-with-the-flow: Tracking, analysis and sonification of movement and breathing to build confidence in activity
despite chronic pain. Hum. Comput. Interact. 31, 335-383 (2016).

Singh, A., Bianchi-Berthouze, N. & Williams, A. C. Supporting everyday function in chronic pain using wearable technology.
In Proceedings of the 2017 CHI Conference on Human Factors in Computing Systems—CHI ’17 3903-3915 (ACM Press, 2017).
Newbold, J. W, Bianchi-Berthouze, N., Gold, N. E., Tajadura-Jiménez, A. & Williams, A. C. Musically informed sonification for
chronic pain rehabilitation: Facilitating progress & avooiding over-doing. In Proceedings of the 2016 CHI Conference on Human
Factors in Computing Systems 5698-5703 (ACM, 2016).

Spence, C. On the relative nature of (pitch-based) crossmodal correspondences. Multisens. Res. 32, 235-265 (2019).
Mossbridge, J. A., Grabowecky, M. & Suzuki, S. Changes in auditory frequency guide visual-spatial attention. Cognition 121,
133 (2011).

Ley-Flores, J., Bevilacqua, F, Bianchi-Berthouze, N. & Taiadura-Jimenez, A. Altering body perception and emotion in physically
inactive people through movement sonification. In 2019 8th International Conference on Affective Computing and Intelligent
Interaction (ACII) 1-7 (IEEE, 2019).

Tajadura-Jiménez, A. et al. Designing a gesture-sound wearable system to motivate physical activity by altering body perception.
In Proceedings of the 5th International Conference on Movement and Computing—MOCO 18 1-6 (ACM Press, 2018).

Mutrie, N. & Blamey, A. Thinking About Becoming More Active ? (University of Glasgow, 2008).

Lawrence, D. The Complete Guide to Exercise to Music (Bloomsbury Publishing PLC, 2009).

Bourdin, P., Martini, M. & Sanchez-Vives, M. V. Altered visual feedback from an embodied avatar unconsciously influences
movement amplitude and muscle activity. Sci. Rep. 9, 19747 (2019).

Fairhurst, M. T., Travers, E., Hayward, V. & Deroy, O. Confidence is higher in touch than in vision in cases of perceptual ambigu-
ity. Sci. Rep. 8, 15604 (2018).

De Coster, L. et al. Perceived match between own and observed models’ bodies: Influence of face, viewpoints, and body size.
Sci. Rep. 10, 13991 (2020).

De Coster, L., Sanchez-Herrero, P, Lopez-Moreno, J. & Tajadura-Jiménez, A. The perceived match between observed and own
bodies, but not its accuracy, is influenced by movement dynamics and clothing cues. Front. Hum. Neurosci. 15, 430 (2021).
Menzer, E et al. Feeling in control of your footsteps: Conscious gait monitoring and the auditory consequences of footsteps.
Cogn. Neurosci. 1,184-192 (2010).

Wobbrock, J. O., Findlater, L., Gergle, D. & Higgins, J. . The aligned rank transform for nonparametric factorial analyses using
only ANOVA procedures. In Proceedings of SIGCHI Conference on Human Factors in Computing Systems (2011).

Marascuilo, L. A. & Levin, J. R. Appropriate post hoc comparisons for interaction and nested hypotheses in analysis of variance
designs: The elimination of type IV errors. Am. Educ. Res. J. 7, 397-421 (1970).

Boik, R. J. Interactions, partial interactions, and interaction contrasts in the analysis of variance. Psychol. Bull. 86, 1084-1089
(1979).

Bradley, M. M. & Lang, P. ]. Measuring emotion: The self-assessment manikin and the semantic differential. J. Behav. Ther. Exp.
Psychiatry 25, 49-59 (1994).

Field, A. Discovering Statistics Using IBM SPSS Statistics (SAGE Publications, 2013).

Shaw, E. External ear response and sound localization. In Localization of Sound: Theory and Applications (ed. Gatehouse, R. W.)
30-41 (Amphora Press, 1982).

Sadaghiani, S., Maier, J. X. & Noppeney, U. Natural, metaphoric, and linguistic auditory direction signals have distinct influences
on visual motion processing. J. Neurosci. 29, 6490-6499 (2009).

Serino, A. et al. Bodily ownership and self-location: Components of bodily self-consciousness. Conscious. Cogn. 22, 1239-1252
(2013).

Lackner, J. R. Some proprioceptive influences on the perceptual representation of body shape and orientation. Brain 111(Pt 2),
281-297 (1988).

De Vignemont, E, Ehrsson, H. H. & Haggard, P. Bodily illusions modulate tactile perception. Curr. Biol. 15, 1286-1290 (2005).
Ehrsson, H. H,, Kito, T., Sadato, N., Passingham, R. E. & Naito, E. Neural substrate of body size: Illusory feeling of shrinking of
the waist. PLoS Biol. 3, e412 (2005).

Newport, R. & Gilpin, H. R. Multisensory disintegration and the disappearing hand trick. Curr. Biol. 21, R804-R805 (2011).
Bellan, V. et al. Untangling visual and proprioceptive contributions to hand localisation over time. Exp. Brain Res. 233, 1689-1701
(2015).

Boyer, E. O., Bevilacqua, E, Guigon, E., Hanneton, S. & Roby-Brami, A. Modulation of ellipses drawing by sonification. Exp.
Brain Res. 238, 1011-1024 (2020).

Gomez-Andres, A., Grau-Sanchez, J., Duarte, E., Rodriguez-Fornells, A. & Tajadura-Jiménez, A. Enriching footsteps sounds in
gait rehabilitation in chronic stroke patients: A pilot study. Ann. N. Y. Acad. Sci. 1467, 48-59 (2020).

Wolpert, D. M. & Ghahramani, Z. Computational principles of movement neuroscience. Nat. Neurosci. 3, 1212-1217 (2000).
Reh, J., Hwang, T.-H., Schmitz, G. & Effenberg, A. Dual mode gait sonification for rehabilitation after unilateral hip arthroplasty.
Brain Sci. 9, 66 (2019).

Bevilacqua, F. et al. Sensori-motor learning with movement sonification: Perspectives from recent interdisciplinary studies.
Front. Neurosci. 10, 385 (2016).

Schaffert, N., Janzen, T. B., Mattes, K. & Thaut, M. H. A review on the relationship between sound and movement in sports and
rehabilitation. Front. Psychol. 10, 244 (2019).

Subedi, J. K., Yamaguchi, H., Matsumoto, Y. & Ishihara, M. Annoyance of low frequency tones and objective evaluation methods.
J. Low Freq. Noise Vib. Act. Control 24, 81-95 (2005).

Scientific Reports |

(2022) 12:2676 |

https://doi.org/10.1038/s41598-022-06210-x nature portfolio



www.nature.com/scientificreports/

81. Varni, G., Mancini, M., Volpe, G. & Camurri, A. A system for mobile active music listening based on social interaction and
embodiment. Mob. Netw. Appl. 16, 375-384 (2010).
82. Caramiaux, B., Frangoise, J., Schnell, N. & Bevilacqua, F. Mapping through listening. Comput. Music J. 38, 34-48 (2014).
83. Spence, C. Crossmodal correspondences: A tutorial review. Atten. Percept. Psychophys. 73, 971-995 (2011).
84. Apple, W, Streeter, L. A. & Krauss, R. M. Effects of pitch and speech rate on personal attributions. J. Pers. Soc. Psychol. 37,
715-727 (1979).
85. Eitan, Z. How pitch and loudness shape musical space and motion: New findings and persisting questions. In The Psychology of
Music in Multimedia 165-191 (Oxford University Press, 2013).
86. Li, X., Logan, R. J. & Pastore, R. E. Perception of acoustic source characteristics: Walking sounds. J. Acoust. Soc. Am. 90, 3036
(1991).
87. Pastore, R. E,, Flint, ]. D., Gaston, J. R. & Solomon, M. J. Auditory event perception: The source-perception loop for posture in
human gait. Percept. Psychophys. 70, 13-29 (2008).
88. Kelkar, T. & Jensenius, A. R. Analyzing free-hand sound-tracings of melodic phrases. Appl. Sci. 8, 135 (2018).
89. Paschalidou, S. & Clayton, M. Towards a sound-gesture analysis in Hindustani Dhrupad vocal music: Effort and raga space. In
International Conference on the Multimodal Experience of Music ICMEM) 23-25 (2015).
90. Paschalidou, S. Effort in Gestural Interactions with Imaginary Objects in Hindustani Dhrupad Vocal Music (Durham University,
2017).
91. Erdem, C., Lan, Q. & Jensenius, A. R. Exploring relationships between effort, motion, and sound in new musical instruments.
Hum. Technol. Interdiscip. . Hum. ICT Environ. 16, 310-347 (2020).
92. Eitan, Z. & Granot, R. Y. How music moves: Musical parameters and listeners’ images of motion. Music Percept. 23, 221-248
(2006).
93. Susini, P, McAdams, S. & Smith, B. K. Loudness asymmetries for tones with increasing and decreasing levels using continuous
and global ratings. Acta Acust. United Acust. 93, 623-631 (2007).
94. Kissner, M. B., Tidhar, D., Prior, H. M. & Leech-Wilkinson, D. Musicians are more consistent: Gestural cross-modal mappings
of pitch, loudness and tempo in real-time. Front. Psychol. 5,789 (2014).
95. Bevilacqua, F. et al. Designing action-sound metaphors using motion sensing and descriptor-based synthesis of recorded sound
materials. In The Routledge Companion to Embodied Music Interaction, 391-401 (2017).
96. Bevilacqua, F, Schnell, N. & Fdili Alaoui, S. Gesture capture: Paradigms in interactive music/dance systems. In Emerging Bodies:
The Performance of Worldmaking in Dance and Choreography, Vol. 183. 183-193 (Transcript-Verlag, 2011).
97. Cesarini, D. et al. MEDIATION: An eMbEddeD system for auditory feedback of hand-water InterAcTION while swimming.
Proc. Eng. 147, 324-329 (2016).
98. Schaffert, N. & Mattes, K. Interactive sonification in rowing: Acoustic feedback for on-water training. IEEE Multimed. 22, 58-67
(2015).
99. Hermann, T. & Zehe, S. Sonified aerobics-interactive sonification of coordinated body movements. In International Conference
on Auditory Display (ICAD-2011) (International Community for Auditory Display, 2011).
100. Vogt, K., Pirro, D., Kobenz, I., Holdrich, R. & Eckel, G. PhysioSonic—Evaluated movement sonification as auditory feedback in
physiotherapy. In Proceedings of the 6th International Conference on Auditory Display Vol. 5954 LNCS 103-120 (Springer, 2010).
101. Bevilacqua, E et al. Exploring different movement sonification strategies for rehabilitation in clinical settings. In Proceedings of
5th International Conference on Mov. Computing (2018).
102. Wallis, L. et al. Real-time sonification of movement for an immersive stroke rehabilitation environment. In International Com-
munity of Auditory Display (2007).
103. Scholz, D. S., Rhode, S., Grofibach, M., Rollnik, J. & Altenmiiller, E. Moving with music for stroke rehabilitation: A sonification
feasibility study. Ann. N. Y. Acad. Sci. 1337, 69-76 (2015).
104. Rosati, G., Roda, A., Avanzini, F. & Masiero, S. On the role of auditory feedback in robot-assisted movement training after stroke:
Review of the literature. Comput. Intell. Neurosci. 2013, 15 (2013).
105. Nikmaram, N. et al. Musical sonification of arm movements in stroke rehabilitation yields limited benefits. Front. Neurosci. 13
(2019).
106. Dozza, M., Horak, E. B. & Chiari, L. Auditory biofeedback substitutes for loss of sensory information in maintaining stance.
Exp. Brain Res. 178, 37-48 (2007).
107. Hegeman, J., Honegger, E,, Kupper, M. & Allum, J. H. J. The balance control of bilateral peripheral vestibular loss subjects and
its improvement with auditory prosthetic feedback. J. Vestib. Res. 15, 109-117 (2005).
108. Cibrian, E L. et al. Interactive sonification to assist children with autism during motor therapeutic interventions. Pers. Ubiquitous
Comput. 25, 391-410 (2020).
109. Bao, T. et al. Effects of long-term vestibular rehabilitation therapy with vibrotactile sensory augmentation for people with uni-
lateral vestibular disorders—A randomized preliminary study. J. Vestib. Res. 29, 323-334 (2020).
110. Takeshima, Y. Emotional information affects fission illusion induced by audio-visual interactions. Sci. Rep. 10, 998 (2020).
111. Salomon, R. et al. Unconscious integration of multisensory bodily inputs in the peripersonal space shapes bodily self-conscious-
ness. Cognition 166, 174-183 (2017).
112. Longo, M. R. Implicit and explicit body representations. Eur. Psychol. 20, 6-15 (2015).
113. Ohl, S., Wohltat, C., Kliegl, R., Pollatos, O. & Engbert, R. Microsaccades are coupled to heartbeat. J. Neurosci. 36, 1237-1241
(2016).
114. Kunzendorf, S. et al. Active information sampling varies across the cardiac cycle. Psychophysiology 56, 13322 (2019).
115. Galvez-Pol, A., McConnell, R. & Kilner, J. M. Active sampling in visual search is coupled to the cardiac cycle. Cognition 196,
104149 (2020).

Acknowledgements

We thank the participants in all studies and Lorenzo Bianchi Hoesch who created the original “Musical” sound
that was modified for our experiments. We acknowledge funding by the Spanish Agencia Estatal de Investigacion
(PID2019-105579RB-100/AE1/10.13039/501100011033) and the European Research Council Grant (ERC) under
the European Union’s Horizon 2020 research and innovation programme (grant agreement No 101002711). JL
is funded by the Ministry of Economy, Industry and Competitivity of Spain (doctoral training Grant BES-2017-
080471). OD is funded by the Volkswagen Foundation (Co-Sense grant). FB is partially funded by the ELEMENT
project (ANR-18-CE33-0002).

Author contributions

JL., E.A., EB, N.B, A.S. and A.T. contributed to the conception and design of the work. J.L., EB. and A.T.
developed the stimuli for Experiments 1 and 2, and E.A., EB,, N.B., A.S. and A.T. developed the stimuli for
Experiment 3. A.S. and E.A. developed the software application for Experiment 3. J.L. and E.A. were responsible

Scientific Reports |

(2022) 12:2676 | https://doi.org/10.1038/s41598-022-06210-x nature portfolio



www.nature.com/scientificreports/

for recruitment and acquired the data. J.L., E.A. and A.T. prepared figures and interpreted the results. J.L., E.A.,
O.D. and A.T. wrote the manuscript with input from EB., N.B. and A.S. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-06210-x.

Correspondence and requests for materials should be addressed to J.L.-F. or A.T.-].
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:2676 | https://doi.org/10.1038/s41598-022-06210-x nature portfolio


https://doi.org/10.1038/s41598-022-06210-x
https://doi.org/10.1038/s41598-022-06210-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of pitch and musical sounds on body-representations when moving with sound
	Methods
	Experiment 1: effects of pitch change (sound direction). 
	Participants. 
	Apparatus. 
	Stimuli. 
	Movement exercise. 
	Experimental procedure. 
	Calibration. 
	Training. 
	Experiment. 
	Questionnaire. 

	Measures. 
	Bodily movement. 
	Task confidence (confidence in perceived final position). 
	Bodily and emotional feelings. 

	Data analyses. 

	Experiment 2: effects of harmonic content (sound direction and timbre). 
	Participants. 
	Apparatus. 
	Stimuli. 
	Exercise. 
	Experimental procedure. 
	Measures. 
	Data analyses. 

	Experiment 3: effects of absolute frequency range (sound direction and sound frequency range). 
	Participants. 
	Apparatus. 
	Stimuli. 
	Exercise. 
	Experimental procedure. 
	Measures. 
	Bodily movement. 
	Bodily and emotional feelings. 

	Data analyses. 


	Results
	Experiment 1: effects of pitch change (sound direction). 
	Effects on bodily movement. 
	Effects on task confidence. 
	Effects on bodily and emotional feelings. 

	Experiment 2: effects of harmonic content (sound direction and timbre). 
	Effects on bodily movement. 
	Effects on task confidence. 

	Effects on bodily and emotional feelings. 
	Experiment 3: effects of absolute frequency range (sound direction and frequency range). 
	Effects on behavior (bodily movement). 
	Effects on bodily feelings. 
	Effects on emotional feelings. 


	Discussion
	Pitch change and bodily movement. 
	Harmonic content and bodily movement. 
	Absolute frequency range and bodily movement. 
	Limitations and future research. 

	References
	Acknowledgements




