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Wearables integrating movement sonification can support body-perception changes and related physical ac- 

tivity; yet, we lack design principles for such sonifications. Through two mixed-methods studies, we inves- 

tigate sound pitch and movement direction interaction effects on self-perception during squat exercises. We 

measured effects on body perception, affective quality of the experience, and actual and perceived move- 

ment, and compared them with two control conditions: no-sound and vibrotactile feedback. Results show 

that regardless of movement direction, ascending pitch enhances several body feelings and overall experience 

quality, while descending pitch increases movement acceleration. These effects were moderated by exercise 

physical demand. Sound and vibrotactile feedback enhanced flexibility and strength feelings, respectively, 

and contributed to exercise completion in different ways. Sound was perceived as an internal-to-body force 

while vibrotactile feedback was perceived as an external-to-body force. Feedback effects were stronger in 

people with lower fitness levels. We discuss results in terms of malleability of body perceptions and highlight 

opportunities to support demanding physical activity through wearable devices. 
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 INTRODUCTION 

ow physical activity (PA) is a global public health problem contributing to almost 3.2 million
eaths each year [ 72 ]. To combat this, various activity tracking devices and applications (e.g.,
itbit, GoogleFit) have been developed, primarily based on personal informatics principles [ 76 ,
08 ] and implementations of behaviour change techniques [ 40 ]. However, insights obtained by
elf-tracking can be insufficient to facilitate physical activity [ 108 ]; research suggests that factors
ssociated with body perception should also be taken into consideration [ 4 , 54 , 57 ]. In particular,
ecent work has shown how sound feedback associated with body movement (sonification) can
ffect people’s body perceptions (e.g., altering footstep sounds [ 91 ]) and, in turn, their emotional
tate and movement behaviour [ 57 , 95 ]. However, we lack design principles for such sonification
n relation to body transformation experiences (i.e., changes in body perception) and physical
ctivity. 
Recent work indicates clear opportunities for sonification-based technologies using artificial

ounds changing in pitch for altering body perceptions and facilitating movement. A first study
sing such sounds showed that an ascending pitch sound triggered by the action of pulling one’s
nger can make one’s finger feel longer [ 67 , 97 ]. Such an “auditory Pinocchio” illusion could result
rom associating sound pitch changes with changes in height, size, and motion along the vertical
lane [ 22 , 58 ]. Building on this, in a recent study we investigated the effect of pairing ascending
nd descending pitch sounds with an upward body movement (arm raise) on the perceived body
osition (i.e., proprioceptive awareness) and movement [ 55 ]. The investigation comprised three
uantitative experiments with 25 participants in the first two studies and 20 in the final one. Par-
icipants synchronised an arm raise with sounds changing pitch in simple tones (Experiment 1),
ich musical sounds (Experiment 2), and within different frequency ranges (Experiment 3), while
heir movement, body representations and feelings were recorded. Results showed that ascend-
ng pitch sound induces a sense of lightness and ease, accelerating movement and motivating
xercise completion [ 55 ]. Conversely, descending pitch creates a sense of heaviness and slowness.
ut, it remains to be seen whether these effects extend to exercises requiring larger effort [ 55 ] . High-
ntensity exercises may lead individuals to focus more on overwhelming physiological sensations
ather than on the sound [ 41 ]. In this article, we address three gaps by exploring, quantitatively
nd qualitatively, the effect of sound on a strength exercise on inactive and quasi-inactive people.
hese gaps are summarized here: 
Firstly, few studies have focused on strength exercises. These studies were either not focused
n altering body perception and capabilities [ 69 ] or explored natural sound alterations, such as
ootstep sounds, rather than augmented movement sonification [ 91 , 95 ]. A more related study ex-
mining the effects of various metaphorical sounds [ 57 ] demonstrated positive effects of sounds
hanging in pitch in a small sample of inactive participants performing strength exercises (squats
nd step ups). However, the study had a small sample size (5 inactive people vs. 7 highly active
eople) and employed only qualitative methods, lacking measures of behavioural effects. While
uch small qualitative studies provide some initial understanding of how sound impacts body per-
eption in strength exercises, quantitative approaches are necessary to understand the effects of
pecific sonification qualities. 
Secondly, studies on sound and body size perception (e.g., finger length) [ 97 ] overlook inter-

ctions between sonification direction and movement direction. Further, interaction between the
ovement direction (i.e., up and down) and the perceived sound pitch (i.e., ascending and descend-

ng) is not studied in the physical exercise context. This gap is particularly relevant in strength ex-
rcises, in which downward and upward movements may pose different challenges. While upward
ovement in exercises (e.g., arm raise) has been studied (e.g., [ 55 ]), no single study has explored
he effects of the descending pitch sound on downward movement. Whether the potential effects
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Fig. 1. Overview of the experimental setups, including the musical sounds (can be heard by scanning the 
QR codes), the movement sonification app, the wearable vibration device, and other materials used in this 
study. 
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irror those of upward movement is not obvious. While congruence between movement direction
nd sound direction may facilitate a demanding exercise, it is uncertain how sound direction may
roduce different changes in body perceptions and how such perceptions influence movement
xecution. 
Finally, the third gap is methodological: studies focusing on the effect of sound on perceived
ody size and movement capabilities contrast sound feedback with a control sound condition or
o feedback (no-sound condition). We propose adding another sensory modality as a control con-
ition, which may help to better understand the effect of sound through a contrasting experience
f feedback. While one quantitative study [ 11 ] explored the combination of sound with another
odality (smell), it focused on the effect of smell on body perception, not movement represen-
ation. While both haptic and visual feedback have been studied for their facilitating effects in
hysical activity and movement trajectory (see related works in other contexts [ 12 , 30 , 81 ]), to our
nowledge, no studies have yet investigated the effects of sounds changing in pitch on body per-
eption alongside those sensory feedbacks in our application context. Indeed, existing studies on
hysical activity primarily use feedback from multiple modalities mainly to compare their effects
n adhering to movement trajectory and target only, not to alter people’s perception of their own
ody and movement. 
To address the identified gaps, we conducted two studies. First, a mixed-methods remote study

n = 22) focused on participants performing squat exercises (Experiment 1), in which ascent and de-
cent were sonified by ascending or descending musical sounds (Figure 1 ). Squats are a physically
emanding exercise involving two directional phases of movement requiring significant effort,
pwards and downwards, unlike the arm raise in [ 55 ], in which only the upward movement is
equires great effort. We analysed self-report and sensor data to understand how sound direction
ffects perception of movement and movement characteristics. The second study (Experiment 2)
imed for a deeper understanding of the effect of sound on movement perception and facilitation
nd perceptions across the whole body through another mixed-methods study (n = 21). Squat ex-
rcises were accompanied by movement sonification, with two control conditions: (i) no sensory
eedback and (ii) haptic feedback. The two conditions aimed to trigger comparative reflections
n participants on the different experiences. Haptic feedback, like sound, doesn’t interfere with
ovement, as people do not need to visually fixate on it. It has been shown to reduce perceived
orkload and improve performance [ 13 , 38 ]. Further, haptics is a primary sense developed in in-
ancy [ 64 ], increasingly used in user interfaces to convey rich information [ 9 , 10 , 29 ]. It is widely
hown in neuroscience research to contribute to people’s perception of their own body and action
 5 , 105 ] and is used in the context of physical activity for movement guidance [ 84 ] (see [ 82 ] for an
verview). The use of haptics is also highlighted in the human–computer interaction (HCI) domain
f soma design (e.g., work on the Soma Corset [ 47 ] and the Breathing Wings [ 106 ]). Our focus in
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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xperiment 2 was on participants with low or moderate levels of physical activity because they
ay experience larger effects of the feedback on their body and movement [ 56 ]. This article makes
hree contributions that are discussed next. 
First, we show that directional movement sonification can facilitate a vertical strength ex-

rcise by influencing body perception and overall experience quality (in this article, this term
ncompasses affective experience and other aspects related to people’s bodies and movement
s an outcome of the sound effects). However, the psychological mechanisms triggered de-
end on sound direction. The upward sonification triggers feelings of being lighter, less tired
nd more capable, whereas the downward sonification triggers feelings of being heavier and
f greater movement acceleration, independent of the movement direction. This extends pre-
ious literature [ 55 ] by suggesting that movement sonification with sounds changing in pitch
an facilitate strength exercises, not just simple movements. Moreover, departing from the con-
tancy effect observed in [ 97 ], this study shows that the congruence between the movement
irection and sound amplifies related effects in strength exercises. For example, feeling heav-
er in an upward movement could be perceived as negative but the same feeling may be en-
oyed and facilitate a downward movement. Thus, ascending and descending sounds can gen-
rate different body changes and changes in experience quality to support movement in different
ays. 
Second, our study shows that both sound and vibration feedback are linked to rewards during
ovement and to the sensation of force being exerted by the feedback guiding and helping to
erform the squats; it is noteworthy that sound feedback is regarded as an internalized force while
ibration feedback is regarded as an externalized force. 
Finally, our study highlights the potential variation of effects according to the person’s fitness

evel, with stronger effects in people with lower fitness. This presents new opportunities in sup-
orting people who struggle the most with physical activity and contributes to the literature on
actors that we identified as interacting with how body perception is built, adding physical activ-
ty level to the already identified personal values [ 95 ]. We discuss design opportunities to enhance
ody perception through wearable devices for supporting physical activity in the context of a
trength workout that are made possible in light of our findings. 

 RELATED WORK 

.1 Auditory-Induced Changes in Body Representation 

e interact with, think about, and perceive the world around us through our bodily senses [ 5 ,
2 , 91 ]. The multisensory feedback generated by our actions is continuously used by our brains
o adapt our mental body representations [ 14 , 59 ]. Altering body-produced auditory feedback has
een shown to be a particularly powerful way of changing how we perceive our bodies and, in
urn, how we act in the world (for a review, see [ 87 ]). For instance, artificially lengthening the time
aken to hear an object fall on the ground after being dropped from one’s hand changes the internal
stimates of body height; thus, people report feeling taller and behave as if their legs were longer
 91 ]. Moreover, manipulating the auditory distance of tapping sounds when tapping one’s hand on
 surface can alter the mental representation of one’s arm length, whereby increasing the auditory
istance increases the perceived length [ 94 , 96 , 99 ]. This mental representation of a longer arm,
n turn, affects the arm reaching movement in a way that is consistent with having a longer arm
i.e., lower reaching velocity) [ 14 ]. Additionally, manipulating cues (e.g., pitch, loudness) of sounds
elated to the level of applied strength when tapping a surface can result in changes in perceived
apping strength, one’s own ability to tap and emotional state. It was found that participants felt
ore able to tap, more pleasant, and were less physiologically aroused as shown by their galvanic
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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kin response when the sound indicated high versus low levels of strength applied [ 87 , 89 ]. Criti-
ally, evidence shows that feelings of agency and spatio-temporal congruency between action and
uditory manipulation are essential for these effects to emerge [ 63 ]. There is also related work
rom the field of soma design on targeting sensory misalignment for explicitly disrupting sen-
ory perception to evoke estrangement or for disrupting the habitual as a path to design [ 101 ]).
part from these altered natural sounds, artificial sounds played in synchrony with a bodily ac-
ion, but which do not provide explicit feedback on the performed action, have been shown to
nduce changes in body perception. For example, accompanying body movements with the sound
f a “creaky” door can make people feel stiffer [ 86 ], whereas accompanying joint movements with
rerecorded sounds and vibrations produced by a robotic arm can make people feel “robotised”
 52 ]. Another related work describes a wearable, Squeaky/Pain , that employed sounds of squeaky
ood accompanying bodily movement to create disturbing experiences that augment the wearer’s
omaesthetic awareness of one’s body as well as who was in control of it [ 23 ]. Such literature has
ed researchers to explore the opportunities that the sonification of a movement offers in terms
f addressing psychological barriers to physical activity, such as perceived body weight, size, and
hysical capabilities while engaged in physical activity. Our work aims to contribute to this body
f work by addressing two specific gaps highlighted in the next two subsections. 

.2 Changing Body Perception Through Sound to Facilitate Physical Activity 

xisting technologies aim to facilitate and support physical activity through encouraging self-
racking and goal-setting behaviour, providing quantitative feedback on physical activity (e.g.,
mount of activity, goals achieved) [ 16 , 50 ]. However, only providing feedback on physical activ-
ty performance (e.g., Fitbit app) is often insufficient to ensure adherence and facilitate physical
ctivity, especially for those who struggle to engage [ 108 ]. An alternative approach is to tackle
he underlying psychological barriers or needs that prevent people from engaging in physical ac-
ivity (e.g., low self-esteem and motivation, negative body feelings, low self-efficacy, and related
ffective states and moods due to such feelings) [ 75 ]. Instead of just monitoring the amount of
ctivity, a new line of research has been rethinking the design of physical activity technologies by
mbedding these psychological factors into the design process [ 57 , 68 , 83 ]. 
Extensive research has focused on the use of music to promote physical activity adherence and

ncrease exercise participation, leading to behavioural changes [ 42 ] due to its ability to induce
ositive emotional states [ 46 , 102 ]. More generally, a positive influence of music on physical ac-
ivity has been largely reported. Different mechanisms have been pointed out, such as the role
f rhythmic entrainment [ 44 ]. For example, the influence of tempo has been studied on rowing
erformance [ 74 ] and on treadmill exercise [ 25 ]. Furthermore, rhythm and musicality have been
nvestigated for their potential in helping to enhance physical fitness, including cardiorespiratory
ndurance and muscular fitness, albeit with conflicting findings (for a review, see [ 36 ]). Music
as also been shown to influence perceived exertion [ 73 ]. In particular, the possibility to control
ound (called musical agency ) has been demonstrated to play a key role in reducing perceived
xertion during strenuous physical performance [ 31 ] or beneficial for motivation, learning, and
erformance in running [ 109 ]. 
Beyond addressing emotional states through music, several studies have explored the pre-

iously identified potential of auditory feedback to change mental body representations in the
ontext of facilitating physical activity in physically demanding and undemanding exercises for
ctive and inactive adults. Some earlier research has shown that altering the body-produced
uditory feedback can be an effective way of changing body perception and, in turn, related
ffective state (feeling good about oneself and one’s capability) and actual movement. Some of our
revious work [ 91 , 95 ] shows that listening to one’s own footstep sounds, which were modified in
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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eal time in terms of their frequency spectrum, may change how people perceive their body size
nd weight. This, in turn, affects the way they walk and their emotional state in terms of valence
nd arousal. For instance, listening to high-frequency footstep sounds while walking has been
hown to make people feel lighter and quicker, happier and aroused, and adapt their behaviour
o that it is consistent with having a thinner body (i.e., a more dynamic swing and a shorter heel
trike) as compared with the feelings and behaviours elicited by low-frequency footsteps (i.e.,
eeling heavier and slower) [ 91 ]. These positive effects of the high-frequency footstep have also
een identified in more physically demanding exercises (i.e., gym steps, stair climbing), showing
he potential of this approach to motivate and facilitate physical activity [ 15 ]. A similar setup has
een tested and shown to be promising for physical rehabilitation of people with chronic pain [ 92 ]
nd stroke [ 34 ], and for studying anomalous body experiences in people with symptomatology
f eating disorders [ 90 ]. However, rather than sonification of a movement, the approach used
n these studies was to alter the characteristics of a natural action sound (the footstep sound)
o look like the one of a heavy or light person. No artificial sonification of movement was
xplored. 
In addition to altering the body-produced sounds, metaphorical movement sonification has po-

ential to enhance body perception and facilitate physical activity. Artificial movement sonifica-
ion, in which body movement is tracked and mapped into real-time auditory feedback, has often
een used in the context of sports and physical rehabilitation to provide information on movement
e.g., on hand–water interaction while swimming [ 15 ]) and help movement execution and control
for recent reviews, see [ 3 , 79 ]), and movement awareness in clinical conditions (e.g., physical ac-
ivity for people with chronic pain [ 83 ] to overcome anxiety). Such studies, however, have not
nvestigated effects on body size and physical capabilities perception. Subsequently, both quanti-
ative [ 55 ] and qualitative studies [ 56 ] showed that movement sonification with natural metaphors
e.g., wind, water) enhances various aspects of body perception, emotional state, and movement in
 variety of exercises, especially for physically inactive individuals. Recently, a quantitative study
nvestigated the effects of ascending sounds when accompanying a simple arm raise movement
 55 ]: the ascending sound eased the movement and enhanced several body feelings (i.e., lightness,
peed, (less) tiredness, capability and motivation to perform the movement). This was a first at-
empt to investigate the effect of pitch sounds on proprioceptive awareness and bodily movement,
hich only explored the effect of dynamic pitch in a basic upward movement with relatively little
odily displacement. 
However, most of these studies have focused on light exercises (e.g., arm raise) and only two

tudies have explored strength exercises. The quantitative study reported in [ 69 ] showed that
ovement sonification using a series of musical chords (rather than a continuous sound chang-

ng in pitch, such as the one used in this study) can motivate physically inactive people during
 downward squat exercise being seen as rewarding the completed movement [ 69 ]. The focus of
he study was on understanding the effect of expectation-related musical structures (e.g., stable
s. unstable cadence) embedded at the end of a movement sonification on the depth of a squat and
n the repetition (time to return) in a sequence of squats. Effects on perception of one’s body size
nd capability were not investigated. More recently, we used a qualitative-only approach in [ 57 ] in
hich we provide evidence of positive effects of ascending pitch sounds on inactive participants
erforming strength exercises (squats and step-ups). However, the study included only 7 inactive
eople and 7 very highly active people and used only qualitative methods. No quantitative mea-
ures of the effects on behaviour were gathered. While this small qualitative study provides some
nitial understanding of how sonification may impact body perception in strength exercises, an
n-depth quantitative analysis of this effect is needed to inform the development of a sonification
ramework. In addition, rather than only looking at people at the two extreme levels of fitness
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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very inactive vs. highly active), it is important to also consider low-but-active people as they rep-
esent a critical and large part of the population that need to be supported. In this study, we aim
o address these gaps in strength exercises through a quantitative method and across inactive and
ow-active people. 

.3 Interaction between Movement Sonification and Sound Directions 

ound changing pitch leads to the perception that the sound is moving in a certain direction. Re-
ent studies on body perception outside the context of exercise have looked at the effect of sounds
hanging in pitch on body perception. Drawing on the proposed metaphorical cross-modal corre-
pondence between sound pitch and vertical movement (i.e., ascending pitch and upward move-
ent, descending pitch and downward movement) [ 27 ], previous investigations focus on the effect
f dynamic pitch on the mental representation of one’s finger length when paired with a finger-
ulling action [ 97 ]. In a controlled experiment, adult participants were asked to press and pull
heir finger up or down while presented with brief pure-tone sounds of rising, falling, or constant
itches. The study found that the pairing of the finger-pulling action with an ascending pitch
onification results in people perceiving their finger as significantly longer than with a descend-
ng or constant pitch regardless of the vertical pulling direction (i.e., pulling up or pulling down).
his suggests that pitch direction rather than the cross-modal correspondence between pitch di-
ection and vertical movement trajectory alters the perceived finger length. The authors of [ 67 ]
nvestigated the same effect of ascending or descending sound while having their finger pressed
r pulled but this time along the horizontal axis (i.e., pointing left/right) and found no effects; in-
eed, the cross-modal correspondence between dynamic pitch and horizontal movement has been
hown to be less of an automatic mapping [ 65 , 77 ]. Together, these findings suggest that the spatial
etaphor of dynamic pitch is sufficient to alter mental body representations, yet only when paired
ith vertical movement. 
Despite these findings, no study has addressed the interaction between sound direction and
ovement direction in the context of physical activity. Two differences exist with the finger-
ulling situation. In finger pulling, the same physical force is in place, the other hand pulling the
nger away from the attached hand. In the context of physical exercise instead, the force exerted
y the body in the two vertical opposite directions requires very different muscle and movement
ctivity that may interact differently with the direction of the sound. Hence, it remains to be in-
estigated whether the positive effect of ascending pitch on body perception holds across both
pward and downward movement directions when the extent of bodily displacement is increased
e.g., movement of the entire body as in squats vs. part of the body as in finger pulling or arm raises)
nd for a more demanding strength exercise. Our current study will precisely investigate this: in
wo experiments, we employ similar sounds, ascending and descending in pitch, to investigate
heir effects on body perception and movement behaviour when accompanying body movement
uring a physically demanding strength exercise composed of two directional phases, upward and
ownward, which both require great effort (i.e., squats). 

 EXPERIMENT 1: METHODS 

xperiment 1 aimed to understand how the direction of the dynamic pitch sonification (i.e., as-
ending or descending pitch) with respect to the direction of the body movement (upward or
ownward) interact with the effects on body feelings, experience quality, and actual movement
 55 , 97 ] in the context of a strength exercise. The experiment was conducted remotely (i.e., in
articipants’ homes) due to the COVID-19 restrictions at the time. 
Experiment 1 was a mixed-methods experiment, which was approved by the University Col-

ege of London (UCL) Research Ethics Committee (reference number 5095/001). 
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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.1 Participants 

articipants were recruited through the University subject pool and social media. Experiment 1
as conducted entirely remotely. Inclusion criteria: 18 years or older; no known chronic, mobility,
r hearing conditions; able to perform at least 5 consecutive unweighted squats; not pregnant. In
xperiment 1, additional requirements were an Android phone (OS 6 or above) and ear/headphones
or using the app. The study was remote via MSTeams; thus, participants needed a computer and
ebcam. A total of 22 adults participated (age: mean = 25.05 years, SD = 3.08, range = 22–34; 12
en, 10 women). 

.2 Exercise Selection 

he squat exercise was chosen because it involves full-body displacement and both downward
nd upward movement, enabling the experimental manipulation of movement direction. It is one
f the most effective and frequently used exercises to build muscle strength, enhance athletic per-
ormance, and minimise injury potential [ 28 , 80 ]. It is linked to many everyday tasks (e.g., lifting
bjects) and is commonly used in rehabilitation after joint- or knee-related injury. The unweighted
ariation (i.e., body weight squat) was chosen to ensure participants’ safety regardless of physical
ctivity level or access to equipment. While the focus was only on one exercise across the two
tudies, squats are interesting because of the strength challenges they pose in both vertical move-
ent directions. They also complement previous work focused on arm movements. In addition,
quats involve bending of body segments (legs in this case) rather than just a vertical displacement
f a rigid arm, bringing complexity of the secondary horizontal displacements of individual body
arts beyond the main vertical one. They also involve the use of a variety of muscles across the
iddle and lower body (lower back, glutes, various upper and lower leg muscles). As such, the

earning may provide initial insights into the effect that sonification may have on a variety of ex-
rcises that present one or both directional demands in addition to the involvement of a variety of
ody parts that may be engaged in different secondary minor displacement (e.g., jump-squat, cube
tep-up, planks, pull-up bar exercises, arm raise with weights), and involve upper or lower body
arts as well as bending of limbs. We call main displacement the largest one and the one perceived
s characterizing the main direction of movement. 

.3 Experiment Design 

he experimental design was a 2x2 within-subject remote experiment, with two independent vari-
bles and two levels each: the first independent variable was movement direction with levels up-
ards and downwards. The second independent variable was pitch direction of a simple musical
ound with ascending and descending levels. We focused on the changes effected by the sound in
erms of direction of movement, not on correct movement performance. The dependent variables
ncluded behavioural measures and quantitative and qualitative self-report data, and were selected
n accordance with previous studies in this area [ 55 , 57 ]. 
Body feelings: Self-reported changes in body feelings were quantified using the body feel-

ngs questionnaires used by related studies (e.g., [ 55 , 56 , 91 , 95 ]). Our version comprised 12 items
7-point Likert-type response) about body perception ( Strength, Tiredness, Comfort, Capability ),
ovement perception ( Difficulty, Speed, Control, and Coordination ), feelings of oneself producing
he sounds heard ( Agency ), and about motivation to do the exercise. Finally, there was an open-
nded question to describe the perceived changes. The selected body-perception dimensions rep-
esent critical perceived barriers to engagement with exercises, including strength exercises such
s squats. The movement perception dimension relates to important factors in exercise executions.
gency (feeling that one is driving the sound) is critical for sonification to have an effect [ 63 ] on
ody-perception alteration. 
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Fig. 2. Smartphone on thigh, calibrated between maximum standing and minimum comfortable squatting 
position; they correspond respectively to 0% and 100% of the total movement range (left). Movement angle 
thresholds to trigger the sound for upward and downward squats and for vibrotactile and sound conditions 
(middle). Audio energy profiles and spectrograms of the sound stimuli: Ascending and Descending sounds 
(right). Note that the mapping between percentage of movement and movement degrees varied for each 
participant since the range of movement varied for each participant and was determined during the calibra- 
tion. For a participant able to squat 100 degrees, the correspondence between percentage of movement and 
degrees was one-to-one. 
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Affective experience: The valence/pleasure and arousal subscales (9-point Likert-type re-
ponse items) of the self-assessment manikin (SAM) [ 6 ] were used to assess emotional or affec-
ive responses as measured in related studies [ 55 , 97 ]. Emotional responses here refer to a short-
ime process in response to an eliciting event, in this case the experimental condition, and which
an be measured by looking at affective reports, physiological reactivity, and overt behavioural
cts [ 6 ]. Here, we measure only one of the systems as we focus on affective reports. We note that
hanges in emotional or affective experience contribute to participants’ overall experience quality.
uch changes may be due to changes in perception of oneself or in the overall exercise experience.
uch distinctions, and other aspects contributing to the experience quality, are explored through
he follow-up interviews. 
Movement behaviour: This was measured using phone sensors ( accelerometer, gyroscope ). The
ata captured by the rotation vector (Y-axis) was normalized, visualized, and cleaned. Next, 8 move-
ent variables were extracted for each squat repetition using MATLAB [ 55 ]. These were the peak
nd mean movement angle between start and end position; and time, velocity, and acceleration
rom minimum to end position (i.e., for the upwards movement) and from end to start position
i.e., for the downwards movement). 

.4 Materials 

3.4.1 Experimental Application. A smartphone application was developed for the study based
n [ 83 ]. The application used built-in phone movement sensors to track, measure, and sonify par-
icipants’ movements. The participants’ phone was attached to their thigh with an armband and a
trap (Figure 2 ). The app was calibrated to participants’ maximum (i.e., standing) and their lowest
omfortable squatting position (Figure 2 , left and middle) using the device’s sensors. The maximum
nd minimum calibration points were considered as 0% and 100% of the total movement range, re-
pectively. A change in movement angle triggered a continuous synchronous sound. Connected
eadphones were used to ensure good sound quality. We chose a sound stimulus that was al-
eady used in a previous study [ 55 ] on lift arm exercises. The sound appears as two percussive
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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otes (forming a fifth interval such as C–G, considered as consonant and stable in musical theory,
nd being predominant harmonics of a musical sound), with a short attack (peak at 0.2 s), decay
0.3 s), and sustained part of 0.5 s, and a release (intensity diminishing sharply during 0.3 s) with a
everberation effect. This sound envelope is shown in Figure 2 (right), where the audio energy is
eported. The total sound duration was fixed to 1.3 s. As shown in Figure 2 (right, bottom), where
he audio spectra are displayed, the sounds had a rich spectral content as they were initially cre-
ted using marimba sampled (which give the percussive attack) and modified to ensure a longer
ustain. For the experiment, the pitch direction of the musical sound was manipulated (using a
hase vocoder) during the first 0.5 s for the sound to create a continuous ascending pitch change
f one octave (frequencies being multiplied by two) or a continuous descending pitch change of
ne octave (frequencies being divided by two) or a continuous descending pitch change of one
ctave (frequencies being divided by two) based on [ 55 ] (Figure 2 ). The pitch variation is clearly
isible in Figure 2 (right, bottom). Loudness was normalized across both sounds. To account for the
ifference in the recommended movement time between the squat ascent and descent [ 66 ], when
quatting upward the sound was triggered as participants reached 10% of the movement angle and
0% when going down. The raw sensor values were stored on participants’ smartphones and later
hared with researchers. 

.5 Experiment Procedure 

efore the experiment, participants completed a prescreening survey to check eligibility and in-
talled the app. They gave informed consent for the study. A smartphone armband and strap
ere sent by post. At the start of the study, a researcher on MSTeams explained the experi-
ental procedure to the participants and the participants prepared the materials (i.e., app, head-
hones/earphones, smartphone band). Next, the participants filled out the demographics ques-
ionnaire and watched instructional videos for attaching their phone to their thigh and perform-
ng the exercise. Each session was video recorded with consent. First, was the practice phase ,
n which the participants strapped their phone onto their thigh and calibrated the device, set-
ing the maximum (i.e., starting) and minimum squatting position. They performed 3 squats to
heck whether the application worked correctly. Second, during the experimental phase , partic-
pants performed 4 sets of 5 squats with a short break (1–2 min) between each set. This phase had
ull-squat sonification , in which both downward and upward squat movement directions were
ccompanied by sound. Each set of squats consisted of either congruent movement–sound pair-
ng (i.e., downward movement with descending pitch, upward movement with ascending pitch)
r incongruent pairing (i.e., downward movement with ascending pitch, upward movement with
escending pitch). Each participant performed four sets of squats, one for each possible pairing. To
ontrol for potential order effects, the order was fully randomized. The participants took a break
fter each set (reminded by the app by voice message). Movement data was collected throughout
his phase. Next, participants performed 4 squats in the self-report phase , stopping after each
quat to fill out the body feelings and SAM questionnaires. This phase had half-squat sonifica-
ion , in which only one direction of the squatting movement (either up or down) was sonified,
o assess the effect of each pitch direction on each movement direction. There were 4 fully ran-
omised conditions (ascending sound–up movement, ascending sound–down movement, descend-
ng sound–up movement, descending sound–down movement). Movement data was not collected
n this phase. This was because we had already collected the movement data in the previous phase.
he focus in this phase was not on the movement; rather, it was on how participants perceived
he sound and its effect on their movement. Thus, the focus was removed from the movement
tself. Finally, at the end of the experiment, qualitative changes in bodily feelings and emotional
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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tate were assessed using a short semi-structured interview (around 10 minutes). In the inter-
iews, participants were asked to elaborate upon their experiences during the entire experiment
elated to their body feelings, movement perceptions, and experience qualities as well as the rea-
ons behind these experiences. During the interview, participants were asked to think about all
our conditions they experienced during the self-report phase. They were then asked to describe
heir experiences during the four different conditions. We asked them whether their experiences
iffered between conditions and in what way. We also asked participants how they would com-
are the experience of going up with the ascending pitch versus going up with descending pitch.
e also asked them about the converse, i.e., how they would compare the experience of going
own with the ascending pitch versus going down with the descending pitch. We then queried
hich sound (regardless of movement direction) they preferred the most and why. We further
robed how the sound made them feel. Next, we asked how they felt about the movement of
quatting down versus standing up from the squat and why they felt that way. We then asked par-
icipants about which sound–movement combination they preferred the most and why and how it
ade them feel (light, heavy, fast, slow, strong, tired, etc.). Finally, we asked participants whether
ny of the sounds or specific sound–movement combinations helped with their movement and in
hat way. Before we ended the interview, participants had the chance to add anything we may
ave missed. The interview was audio recorded. Participants emailed the movement files to the
esearchers. 

.6 Data Analysis 

e collected quantitative data, including self-report and movement sensor data, as well as quali-
ative interview data. In this section, we describe the analysis approach for both. 
Quantitative data analysis was done using the “ARTool” package in R [ 108 ] using 2x2 repeated
easures analyses of variance (ANOVAs) on aligned rank transformed (ART) data with

movement direction’ and ‘pitch direction’ as within-subject factors. Separate ART ANOVAs were
onducted for all self-report items. Movement data was obtained from sensors automatically and
hecked for outliers. Normality of model residuals was tested using the Shapiro-Wilk test. No
utliers were detected but the model residuals for all dependent variables showed large normality
iolations. After testing various transformations unsuccessfully, we carried out non-parametric
nalysis for all movement variables: velocity, acceleration, and time measurements were submitted
o separate 2x2 repeated measures ART ANOVAs with ‘movement direction’ and ‘pitch direction’
s within-subject factors. Since angle data (i.e., peak and mean movement angle) was measured for
ach squat rather than each movement direction, it was analysed using separate one-way repeated
easures ART ANOVAs with ‘condition’ (congruent or incongruent) as the only within-subject
actor. The significance level for all statistical tests was fixed at an alpha level of 0.05 and effect
izes ηp2 were calculated [ 18 ]. 
Qualitative data analysis of each participant interview was done using thematic analysis [ 7 ]

s follows. We transcribed interviews verbatim. Participants’ responses to open-ended questions
rom the self-report questionnaires were combined with their associated interview transcripts for
nalysis. Each transcript was then analysed following the Braun and Clarke approach to top-down
hematic analysis [ 7 ]. The aim of the follow-up interview was to better understand participants’
xperiences related to each of the sounds and sound–movement pairings throughout the exper-
ment. Hence, the transcripts were analysed deductively, with codes based on the body feelings,
ovement perceptions, and experience qualities perceived during the different experimental and
elf-report conditions. Subsequently, the codes were grouped into larger themes and subthemes in
elation to the research question. 
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Fig. 3. Boxplots for body feelings and experience qualities significantly influenced by pitch direction or 
movement direction ( ∗ indicates p < . 05 , ∗∗ indicates p < . 01 ). 
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 EXPERIMENT 1: RESULTS 

hree main themes emerged from the quantitative and qualitative data on the effects of movement
onification on (i) body feelings, (ii) movement behaviour, and (iii) experience qualities. Quantita-
ive and qualitative results are reported together for completeness. 

.1 Effects of Movement Sonification on Body Feelings 

nalysis of self-reported data shows a significant effect of movement direction on perceived move-
ent ease. The effect of pitch direction on various body feelings was significant: when movement
as accompanied by ascending sound, participants felt significantly lighter (F (1 , 21 ) = 13 . 21 , p =
 . 002 , ηp2 = 0 . 39 ), less tired (F (1 , 21 ) = 7 . 64 , p = 0 . 012 , ηp2 = 0 . 27 ), more capable (F (1 , 21 ) =
 . 30 , p = 0 . 02 , ηp2 = 0 . 23 ), more motivated (F (1 , 21 ) = 13 . 63 , p = 0 . 001 , ηp2 = 0 . 39 ), and perceived
he movement to be easier (F (1 , 21 ) = 10 . 15 , p = 0 . 004 , ηp2 = 0 . 33 ) (Figure 3 ). They also perceived
he downward squat to be more difficult than upward (F (1 , 21 ) = 4 . 62 , p = 0 . 043 , ηp2 = 0 . 18 ).
here were no other significant effects or interactions. 
Follow-up interviews showed that most participants discriminated between ascend-

ng/descending sounds, associating ascending pitch as positive and descending as negative
egardless of the movement direction it sonified, based on their previous experiences of similar
ounds. P3 said, “[...] in a video game a low-pitched sound is like you lost the game. That is what it
ounded like when I heard the descending sound. A high-pitched sound means I successfully passed the
evel.” Qualitative results for ascending pitch were in line with the quantitative self-report results
entioned above. Descending pitch made participants commonly feel heavier and less capable
egardless of movement direction: P22 said, “descending sound was diffusing ... it would help me
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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leep rather than exercise.” Ascending sounds were commonly associated with correct movement
nd descending sound with incorrect movement; the validation provided by the ascending sound
cted as a motivation to continue the exercise. P2 explained, “Getting positive reinforcement makes
ou feel good. So you get that approval from a noise saying you did the movement correctly. This
mpowers you to do more”. Descending pitch had the opposite effect; its association with failure
ade participants reject the sound, like P20: “As the pitch was decreasing, it felt like I failed or did
omething wrong in the squat and I felt unmotivated to continue [...] that sound did not feel like
t came from me, I mean no one wants to fail, right?” Ascending pitch with ascending movement
congruent sound–movement pairing), facilitated movement and amplified feelings of lightness
ssociated with the sound. The ascending sonification reduced perceived difficulty of the upward
ovement and the ascending-up sound–movement combination enhanced capability, increasing
erceived speed and perceived quality of movement. P19 said, “With the ascending sound, it felt
ike I went up really fast and that speed just carried me. It felt like I went up more than during other
quats . Moreover, the ascending–up pairing was perceived as the most synergetic and in-sync
ith one’s movement, resulting in a higher perceived sense of agency over the sound. With
his pairing, participants described feeling like a decompressing spring as they squatted up; this
eeling intensified through the ascent and was the most salient at the top of the squat, facilitating
ot just the ascent but movement completion and progression onto the next squat. P20 said,
The rise in pitch made me feel like my ascent was much faster and springier. It made me feel like I
ould go for another round just to feel that springiness again.” About a quarter of the participants
njoyed the descending sound on the descent, perceiving their movement as controlled and less
emanding. Feelings of heaviness associated with the descending sound enhanced the perceived
peed, quality, and amount of the downward movement, as P7 said: “When the descending sound
ame as I was squatting down, it felt like I was pulled down by the sound and a bit heavier, faster
nd stronger, sinking deeper into the squat.” However, some other participants perceived the
escending sound as negative and demotivating even on descent; one described it as a “battery
osing its power” (P1). Moreover, the lack of upward sonification following the descending–down
airing in the self-report phase (only half of the squatting movement was sonified) impeded the
ubsequent upward movement, increasing the difficulty of the squat and reducing motivation
o continue with the exercise. However, sonifying both squat directions increased the sense of
gency and connection between the sounds and one’s movement. P11 said, “The descending sound
hen I am going down makes me feel like I am going to get stuck because I have no energy to go back
p. But when followed by an ascending sound it worked because it balanced itself out. So, I am being
ulled down and then pushed up.” Others felt accompanied by full-movement sonification: P11 felt
hat “When the sound went along with the movement, it felt like I was being pulled down and pulled
p. So, it felt like I was not doing the exercise on my own.”We note here that some participants used
he terminology of being pulled but this was not primed by the researchers. 

.2 Effects of Movement Sonification on Movement Behaviour 

esults show a significant effect of movement direction: participants took significantly less time
o complete the downward movement compared with the upward one regardless of pitch direc-
ion (F (1 , 21 ) = 8 . 41 , p = 0 . 009 , ηp2 = 0 . 29 ), as expected (Figure 4 ). Movement velocity (F (1 , 21 ) =
 . 62 , p = 0 . 012 , ηp2 = 0 . 27 ) and maximum acceleration (F (1 , 21 ) = 24 . 41 , p < 0 . 001 , ηp2 = 0 . 54 )
ere significantly greater when squatting down compared to going up regardless of pitch di-
ection. Pitch direction of the sound affected movement acceleration as participants had greater
aximum acceleration with the descending compared to ascending pitch regardless of movement
irection (F (1 , 21 ) = 6 . 20 , p = 0 . 021 , ηp2 = 0 . 23 ) (Figure 4 ). There were no other significant effects.
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Fig. 4. Means and standard errors for movement time, velocity, and maximum acceleration, indicating sev- 
eral significant main effects of movement direction and a significant main effect of pitch direction on maxi- 
mum acceleration (* indicates p < . 05 , ** indicates p < . 01 , *** indicates p < . 001 ). 
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ehavioural measurements highlighted only acceleration effects of descending sound, but qualita-
ive results were nuanced. Participants perceived ascending pitch as facilitating the squat, reducing
erceived difficulty, and enhancing perceived speed and quality of movement. In contrast, most
id not enjoy the descending pitch, as they felt it impeded the movement and reduced its quality.
urther, pairing the “positive” ascending sound with upward movement of the squat seemed to
nhance movement performance. P2 said: “The hardest part of a squat is coming up so having the
ositive [ascending] sound on the way up made me feel better than when I went down with that sound.”
hus, P2 did not find pairing ascending sound with the down movement (incongruent) as bene-
cial. Most participants found incongruent full-squat sonifications (pitch direction different from
ovement direction, e.g., ascending-down) unexpected and weird. For example, some participants
escribed the sound as “lacklustre and redundant” (P15). Moreover, the misalignment between the
ound and movement reduced the sense of agency for some. P13 said: “It was a motivating sound,
ut did not fit the downward movement; I felt less connected to it. It was nicer than no sound but
ore neutral and awkward.” Despite this, most participants reported little or no effect of congru-
ncy between sound and movement on actual or perceived body movement. Overwhelmingly,
ull-squat sonification was perceived as more beneficial to facilitating physical activity compared
ith half-squat sonification and people reported “missing the full sonification” (P9). 
About one-fifth of the participants reported a slight or even a complete lack of effect of the

ull-squat sonification on their movement perception, body feelings, and experience quality. This
eemed common with participants who were less used to squats and hence potentially too focused
n their movements and the squat count, thus ignoring the sonification altogether. Some partici-
ants completed the sets of 5 squats too quickly, resulting in sensory overload and lowering their
bility to distinguish between different sounds and pairings. P16 reported, “Because I was doing the
quats so quickly, the two sounds blurred into one. There were a lot of sounds and squats at the same
ime. [...] If I slowed down, maybe it would have had a different effect.” Some participants suggested
hat the number of repetitions was too small for the movement sonification to elicit any salient
ffects. A few found it too easy. A low sense of agency over sound also often accompanied a com-
lete lack of elicitation of effects on movement perception. A quarter of the participants had a hard
ime connecting the simple musical sound to their squatting movement. They argued the sounds
ere unfamiliar to how their body sounds, hence distancing themselves from the sonification. P14
aid: “[...] I strongly disagree with those questions about agency. I’ve had my body for a long time,
nd I’ve never heard it do anything of that kind.”

.3 Effects of Movement Sonification on Experience Quality 

motional responses to the stimuli were measured to assess changes in the affective expe-
ience of participants, which contribute to the overall experience quality. Results showed
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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 significant effect of pitch direction both on self-reported valence and arousal: Partici-
ants felt more positive (F (1 , 21 ) = 8 . 56 , p = 0 . 008 , ηp2 = 0 . 29 ) and more excited or aroused
F (1 , 21 ) = 4 . 69 , p = 0 . 042 , ηp2 = 0 . 18 ) with the ascending compared to the descending pitch
egardless of movement direction (Figure 3 ). There were no other significant effects of move-
ent direction or any other interaction effects. Results were supported by interview findings.
articipants preferred the ascending pitch as it was perceived as more energetic, stimulating, and
otivating regardless of movement direction. Moreover, it was described as more awakening,
nergizing, evoking feelings of lightness, and useful when trying to be more “explosive” in
erforming the squat movement (i.e., high-intensity, short-duration movement), despite people
howing stronger acceleration in the descending sound. 
The descending sound with upward movement was the least preferred sound–movement pair
ue to perceived pitch and movement direction misalignment, making participants feel signif-
cantly heavier, demotivated, and less capable. The perceived ease of the ascent amplified the
erceived incorrectness associated with descending sound regardless of movement direction. P8
aid: “The upward squat with the descending sound was definitely harder, I felt more muscle tension
nd heavier.” The full-squat sonification (both up and down directions sonified) led to a feeling
f bounciness or springiness, significantly increasing the perceived motivation, capability, and
ovement ease. Although this feeling was evoked by just the ascending sound on the ascent, it
as enhanced by continuous two-way sonification. The full-squat sonification seemed to increase
he perceived capability to complete the exercise. The evoked spring-like experience helped to
aintain squatting pace, facilitating more squats. P20 said, “When both movements were sonified,

t enhanced the springy sensation and motivated me to do more reps. You saw I went down again for
 few extra and that was due to the sound; I let the sound guide me and felt like I could keep going.”
his spring-like experience was reportedly enhanced when the pitch direction of the sonification
atched movement direction (i.e., congruent sound–movement pairing). In fact, almost all partic-

pants described the congruent pairing as more natural and logical, mostly based on participants’
rior experiences of encountering such sound–movement pairings, like P7, “...we are used to these
inds of sound effects in films and media; I associate a rising sound with something going up like
our body moving up. ... this association is intrinsic in our minds.” However, about two-thirds of the
articipants argued that while congruency (the alignment between pitch direction and movement
irection) was logical, it was the contrast between the two sounds that was beneficial to facilitating
he movement. The majority of participants agreed that the two movement directions of the squat
hould be sonified by a different sound for maximum benefit. P6 explained, “It was more important
hat the two sounds are distinctive rather than which one is paired with which movement.” P22 added,
The two different sounds for two movement directions are good as it keeps the exercise interesting,
xciting. If I had the same sound for five reps, it would be repetitive.”

 EXPERIMENT 2: METHODS 

esults in Experiment 1 showed differences in effects for the ascending and descending sounds
uring squat exercises. Participants overall felt more positive, lighter, less tired, more capable,
nd motivated, as well as perceiving the movement to be easier with the ascending compared to
he descending pitch sonification. Moreover, greater maximum acceleration was observed with
he descending sound compared to the ascending sound regardless of movement direction. Fur-
her, our results showed that the participants disliked the incongruency between movement and
ound direction and that the congruency between movement and sound direction enhanced the
ound-induced body and emotional changes. The pairing of upward movement and sound seems
o enhance the positive sensations associated with the upward sound. In contrast, the pairing of
he downward movement and sound enhanced the feeling of heaviness. For some participants,
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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his was linked to feelings of “energy loss” but for other participants this feeling enhanced the
erceived speed, quality, and amount of the strength downward movement. 
Experiment 2 aimed to better understand the effects of the congruent full-squat sonification

tudied in Experiment 1 on body feelings, experience quality, and actual movement. Two control
onditions were used to trigger comparative reflection in participants: no sensory feedback and
aptic feedback. In this experiment, we focused on inactive or minimally active individuals (as
efined in [ 37 ]), as previous works on movement sonification have shown that effects on some
spects of body perception, experience quality, and actual movement do not affect individuals
ith high physical activity levels [ 56 ]. Also, some participants in Experiment 1 suggested that the
xercise was too easy for the sound to affect the movement. As a secondary aim, we investigated
he effects according to the individual’s actual physical activity level, as the literature shows that
ome factors such as personal values may trigger different effects of the feedback [ 99 ]. The study
as conducted in person in a laboratory setting, which followed COVID-19 safety measures. 
Experiment 2 was a mixed-method study with squat exercises accompanied by movement soni-
cation, also approved by the UCL Research Ethics Committee (reference number 5095/001). 

.1 Participants 

xperiment 2 was conducted face-to-face in a laboratory setting. There was no overlap between
articipants from Experiments 1 and 2. Participants in Experiments 1 and 2 were a completely
ifferent set of people due to time gaps and experimental scenarios. In Experiment 2, additional
riteria were no known skin issues (as they had to wear a device on the skin) and self-identification
s physically inactive. In addition, it was decided to recruit only women as participants. The rea-
on was twofold: (1) to maximise the power of our findings given the physiological differences
muscle physiology) between the genders and the number of participants we could recruit [ 2 , 21 ,
9 ] and (2) to ensure that the researcher collecting the data (a woman) and participants felt at
ase during the placement of the electrodes on their upper body. Naturally, the findings from this
econd study cannot be generalized to a different gender, as we will discuss in the limitations and
uture directions. Finally, to verify physical activity level, participants completed the Interna-
ional Physical Activity Questionnaire (IPAQ) [ 37 ]. Half (N = 10) the participants were phys-
cally inactive, whereas others (N = 11) were minimally active. A total of 21 adults (age: mean =
4.24 years, SD = 7.09, range = 20–41; all women) participated. 

.2 Exercise Selection 

ame as in Experiment 1. 

.3 Experiment Design 

here were two independent variables in the experimental design: a within-subject independent
ariable, sensory feedback, with three levels (sound only, vibrotactile only, and a no-feedback-
ontrol), and a between-subjects independent variable, participants’ physical activity level, with
wo levels (inactive and minimally active). As in Experiment 1, the measured dependent variables
ncluded behavioural measures and quantitative and qualitative self-report data. Some changes in
hese measures were introduced for a better understanding of people’s sensations across the body.
Body and movement feelings: Body and movement feelings were captured using a contex-

ual Body Map using an iPad (Figure 5 ). A Body Map is a very visual qualitative design and re-
earch tool featuring “a pictorial outline of the participant’s body” [ 17 ]. While they are used in
ultiple disciplines (including Health, Sociology, Anthropology, and Design Research) [ 1 , 17 , 33 ]
ifferently and with slightly different variations, in body-focused design research, Body Maps typ-
cally involve an outline of the participant’s body onto which they draw their body experiences,
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Fig. 5. (Left) A filled Contextual Body Map, showing effect on participant’s body and movement feelings 
during exercise. (Right) Waist belt with vibration module. Five vibration motors were attached to the partic- 
ipant’s back. 
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ncluding sensations and feelings (e.g., [ 1 ]). This allows participants to both reflect on and docu-
ent their body sensations and feelings [ 1 , 17 , 33 ]. Like in other body-centered design research
orks (e.g., [ 57 , 90 ]), we provided participants with “empty” outlines of bodies as templates to
nscribe their sensations and feelings, which they did with color markers. Further, since Body
aps are visual representations of the participants’ physical form [ 17 ] and we were targeting
omen participants, we chose body outlines with identifiable female traits (Figure 5 ). Then, sim-
lar to [ 57 , 93 ], our Body Maps were contextual in the sense that they represented key moments
n the activity, such as standing and squatting. Like in [ 57 , 90 ] as well, keywords next to the
ody Maps were included to help participants map and illustrate body feelings relevant to the
xercise. Then, like in [ 57 ], rather than to compare sensory modalities, we used Body Maps to
upport the participants’ reflection on sensations on the body in general and the different body
arts related to the sensory feedback as well as on the impact of this feedback on their feelings
bout their body and movement. There was space to add notes for later discussion. Changes in
ovement feelings were quantified using 5-point Likert-type response items assessing partici-
ants’ feelings of being in control of their movement, of movement guidance, and of goal moti-
ation. These subscales were presented with the SAM questionnaire and with the same pictorial
ormat [ 6 ]. 
Experience qualities: The valence/happiness, arousal/excitation, and dominance subscales

5-point Likert-type response items) of the SAM questionnaire [ 6 ] were used to assess changes
n feelings. Follow-up interviews explored in more detail such feelings and their possible cause. 
Movement behaviour: This was measured using an Inertial Motion Unit (IMU) (see

ection 5.4 ) attached to the participant’s right thigh. Data treatment and extracted parameters
ere the same as in Experiment 1. 

.4 Materials 

5.4.1 Experiment Device and Feedback. A wearable device (Figure 1 ) was developed to deliver
ound and vibrotactile feedback in response to participants’ movements and to measure move-
ent behaviour. The device was based on [ 55 , 56 ]. It integrated a wearable band with a wireless
mitter (BITalino R-IoT embedding a 9-axis IMU digitized at 16 bits). The band wirelessly trans-
its movement data through WiFi using the OSC protocol to a laptop running Max/MSP (Cy-
ling’74). The laptop stores raw movement data. A pair of wireless headphones (Sony WH-CH510)
elivered sound feedback; a vibration module incorporated with the wearable device delivered vi-
rotactile feedback. The vibration module, based on [ 93 , 98 ], consisted of five vibration motors
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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10 mm in diameter) attached to the person’s back, forming a vertical line along the spine (see
igure 1 ); motors were connected to a microcontroller with an adjustable waist belt (see Figure 5 ).
he sensor was calibrated as in Experiment 1. Following this, the laptop detected and triggered
ounds or vibrotactile feedback to accompany movement. To avoid extreme sensitivity, the thresh-
ld of movement angle to trigger the sound for both upward and downward squats was 20% in
ound conditions. However, for the vibrotactile condition, the threshold was 5% for upward squats
nd 10% for downward squats to counterbalance the existing delay of activating vibration. Feed-
ack sounds were the same as Experiment 1. We focused on full-squat sonifications with con-
ruent movement–sound pairing (downward movement–descending pitch, upward movement–
scending pitch) for both sensory feedback conditions. For vibrotactile feedback, the 5 motors
ere activated in top-down or bottom-up sequences to generate motion [ 43 ] consistent with squat
irections, based on [ 93 ]. Each vibrator was sequentially activated and vibrated for 434 ms, with
17 ms overlap between activations: the total duration of the vibrotactile sequence was 1.3 s, same
s for the sound feedback. Vibration intensity for each motor in the sequence varied to emu-
ate “bounciness” or “springiness” described for the sound feedback. The intensity was 135 for
he first motor in the sequence, then 165 and 195, respectively, for the second and third motors,
nd 255 for the last two motors (intensity values are related to the vibration amplitude set in the
icrocontroller). 

.5 Experiment Procedure 

he experiment was conducted in a lab. Participants gave informed consent and completed the
PAQ. Once instructed on the experimental procedure, the vibration motors were attached to the
articipant’s back along the spine by placing the first motor under the bone of the neck and the last
otor at the horizontal line of the hip bone, ensuring that all motors were equidistant. Next, the
articipants calibrated the device to set the maximum (i.e., starting) and minimum squatting po-
itions, and practiced the exercise. Next, during the experimental phase , participants performed
 sets of 5 squats. Movement data was continuously recorded during this phase, except during
reaks between sets. Each set differed in sensory feedback received while performing the exer-
ise (sound feedback, vibrotactile feedback, and no feedback). The order of conditions was fully
andomized. During the short break between each set, participants completed the body map and
uestionnaires assessing experience quality and body and movement feelings. Finally, a short (10
inutes) follow-up semi-structured interview focused on participants’ salient feelings about their
ody and movement behaviours and the comparison of body feelings across the three conditions in
 combination of their self-reported surveys. Here, the body maps and the questionnaires filled out
y participants were used to ask questions and maintain a discussion with the participants about
heir experience on the exercise and the sensory feedback. The interview was audio recorded with
onsent. At the end, participants were debriefed with contact information in case of inquiry. 

.6 Data Analysis 

uantitative data analysis of questionnaire data was done, as in Experiment 1, using 3x2 repeated-
easures ART ANOVAs with feedback condition (‘sound’, ‘vibration’, ‘no feedback’) as within-
ubject factors and participants’ PA level (‘inactive’, ‘minimally active’) as between-subject fac-
ors. For significant interactions, separate ART ANOVAs were conducted for the two groups of
articipants. In case of significance, these were followed by paired t-tests corrected for multiple
omparisons. While movement data was non-normal, deviations from normality were within an
cceptable range as the data showed a linear pattern. Therefore, repeated-measures ANOVAs were
sed to check interaction effects between feedback condition and PA level. Wilcoxon tests followed
ignificant effects. 
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Qualitative data analysis: Body maps were analysed by linking the words reported by partic-
pants with the body parts they indicated by using colors (Figure 5 ). The analysis was done by
roviding an overview of differences in perceived body feelings with comparisons between the
hree sensory conditions with clustered bar charts. Findings were combined to better interpret the
nter view scripts. Inter view audio recordings were transcribed verbatim. Transcripts were anal-
sed using a combination of top-down and bottom-up thematic analyses [ 7 ]. Top-down codes used
ere changes in experience qualities, changes in perceived feelings, motivations, emotional states,
erceived velocity, perceived movement behaviour, guiding effect of sound, distracting effect, and
ody control, These codes were mainly generated from the research goals on the difference be-
ween body perceptions and feelings, experience qualities, motivation, and physical activity be-
aviours during different feedback conditions. The analysis of Experiment 2 was led by the second
uthor, who was present at the study and transcribed and analysed the data to identify themes.
he resulting themes were discussed with the other authors before finalising and writing up. Most
articipants (N = 20) expressed preferences for squats with sound or vibration feedback; thus, we
ocus on these conditions in various domains in results. 

 EXPERIMENT 2: RESULTS 

.1 Effects of Sensory Feedback on Body Feelings 

ody maps yielded 163 records of body feelings for the three feedback conditions. Analysis sug-
ests that sound is more capable of evoking body feelings during squats ( N 1 = 57) and asso-
iated with a greater number of body parts (N 2 = 10 ) compared with the vibration condition
N 1 = 55 and N 2 = 9 ) and no-feedback condition (N 1 = 54 , N 2 = 8 ). With vibration feedback, the
ost prominent feelings were of being flexible, fluid, and fast, respectively linked with the back
flexible and fluid) and whole body (fast). A notable finding for sound feedback was that a greater
umber of feelings targeted on the whole body were reported rather than single body parts. For
nstance, one-quarter of participants reported feeling flexibility and speed over the whole body.
hus, sound stimuli could lead to larger impacts on body sensation across the body, instead of
ody parts, around the signal inputs. In the no-feedback condition, participants reported more
egative body feelings (e.g., feeling heavy, not flexible, or slow) than positive ones; more feelings
ssociated with body parts from the middle body (e.g., upper thigh and hip), often associated with
eeling heavy and strong. 
The self-reported data shows a significant effect of the feedback condition on felt movement

uidance (F (2 , 38 ) = 6 . 18 , p = 0 . 004 , ηp2 = 0 . 245 ) and control over one’s body (F (2 , 38 ) = 4 . 07 , p =
 . 025 , ηp2 = 0 . 175 ). Follow-up paired comparisons showed that participants felt less control over
heir body with vibration than with the no-feedback condition without sensory input (F (60 ) =
 . 53 , p = 0 . 036 ; Figure 6 ). However, participants reported more movement guidance in the vibra-
ion compared with the no-feedback condition (F (60 ) = −2 . 42 , p = 0 . 047 ; see Figure 6 ). There were
o significant differences between the sound and other two conditions. Further, there was a sig-
ificant interaction effect between feedback condition and participant’s PA level in terms of re-
orted movement guidance (F (2 , 38 ) = 4 . 54 , p = 0 . 016 , ηp2 = 0 . 193 ). Separate ART ANOVAs were
onducted for the two groups of participants, which showed a significant effect only for the “min-
mally active” participants (F (2 , 20 ) = 11 . 68 , p < 0 . 001 , ηp2 = 0 . 538 ). For those participants, both
he sound (F (30 ) = −3 . 02 , p = 0 . 013 ) and the vibration feedback (F (30 ) = −3 . 97 , p = 0 . 001 ) pro-
ided a larger sense of movement guidance than the no-feedback condition. There were no other
ignificant effects. 
Follow-up interviews confirmed that both sound and vibration feedback affected participants’
ody feelings, but differently. Like in Experiment 1, participants related changes in sound pitch
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Fig. 6. Boxplots for body feelings and experience qualities significantly influenced by the sensory feedback 
in Experiment 2 (* indicates p < . 05 , ** indicates p < . 01 , *** indicates p < . 001 ). 
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o dynamic objects such as a pinball or spring, and synchronous generation along with squatting
irection enhanced such experiences in flexibility. Half of the participants reported feelings of
ightness and flexibility over the whole body: P01 reported, “I felt a kind of bounce feeling on my
nee or probably over the body, because its sound effect is very like a spring, and it makes my body feel
ighter anyway.” Such feelings were most prominent at the beginning of the movement, as many
articipants highlighted that the intensity of sound faded away at the end positions, reducing the
mpact of the sound. P05 said, “I noticed there’s a change in sound when I go up and down. [...] it’s
ery in sync with my squats, and has a fade-away effect like strong at the beginning and weak at the
nd. .... I think it’s a whole, but the strong intensity at the beginning might influence my body most.”
wo-thirds of participants enjoyed the vibration feedback, seeing it as helpful and eliciting feelings
f flexibility and strength. P17 reported: “The vibration was quite enjoyable. I have a bit of back pain
nd I felt that it went away with the vibration. So it made squats easier. When going up and down, my
ack felt more flexible and stronger. It’s like adding fuel to my body.... I felt stronger going up and down
ith my legs.” For sound feedback, elicited body feelings depended on the interaction between
itch change (i.e., ascending and descending sound) and movement trajectory. Few participants
eported that the sound effect in the downward versus the upward part of the squats was stronger
nd they perceived it as heaviness mainly on their upper thigh. The descending pitch generated a
ensation of a dropping force when they moved down. This resonates with findings of Experiment
, in which participants reported feeling pulled down by the sound. P15 reflected, “... the sound
hen I move down, I feel a dropping force to sort of help my movement by following the force created
y sound when I went down.” This sensation of a force being exerted by the sound feedback was
egarded by participants as an internalized force whereas the effect of vibration feedback was
egarded as an externalized force, helping them to perform squats. Participants linked sounds to
ynamic daily objects, such as springs or pinballs, and perceived themselves as those objects, with
heir properties. P19 said, “The sound [...] made me feel like I was a spring. ... I imagine a spring being
ery fluid, flexible. And because I had that image in my mind, I acted like the spring.” Conversely,
ibration feedback was often described using metaphors such as an “add-on zip” or “hand rubbing”
he back of participants and associated with a helpful force exerted on their back. P12 said, “It felt
ike someone had put a zip on my back, but it wasn’t uncomfortable; instead, it was fun. I feel the
ibrations quite smooth by going up and down, like someone is pushing you up or pushing you down,
o smooth.” As with quantitative self-report results above, most participants described the force
eing exerted by the sound and vibration feedback as beneficial in guiding squatting exercise. P8
aid, “For the condition with no sound or vibration is like driving a boat on the sea, but for sound
nd vibration, it’s like you stop on the river but you can float by the waves from the water, and it’s
xternal driven force.” Although their movement angles triggered the feedback, most participants
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Fig. 7. Means and standard errors for movement angle, velocity and time indicating significant main effect 
of sensory feedback and a significant interaction of sensory feedback with participant’s PA level on these 
movement parameters. 
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egarded the sound and vibration signals as reminders of when to move upwards or downwards.
10 said, “...it’s like a reminder, like setting an alarm clock at the time I need to go up and down, so
t pushes me to do the next movement.” Both sound and vibration feedback were reported to make
articipants focus attention on detecting changes in the feedback away from their working bodies.
he same effect was interpreted differently by different participants, leading to two perspectives.
ome participants regarded it as an interference to fully perceive the sensations over the body,
dversely affecting their correct position for performing squats, such as P19: “Vibration distracted
e, so instead of keeping my back straight and squatting down backward, I thought I was squatting
orward.” Others reported that this sensory distraction could provide a more relaxing experience,
uch as P13: “With the vibration, this time I focused all on my back instead of feeling my legs, so I felt
uch lighter on my legs and so relaxed so I could easily do the 5 squats.” P10 added, “The sound can

ust distract attention — it takes focus away from the limbs and thigh and tiredness is spread out.”

.2 Effects of Sensory Feedback on Movement Behaviour 

he feedback condition significantly affected peak angle (F (2 , 206 ) = 4 . 71 , p = 0 . 010 , ηp2 = 0 . 044 ),
ean angle (F (2 , 208 ) = 5 . 27 , p = 0 . 006 , ηp2 = 0 . 048 ), upward velocity (F (2 , 208 ) = 10 . 55 , p <
 . 001 , ηp2 = 0 . 092 ) and downward velocity (F (2 , 208 ) = 7 . 35 , p = 0 . 001 , ηp2 = 0 . 066 ). Participants
quatted farther in the sound than vibration condition (Z = −2 . 41 , p = 0 . 016 ). However, this com-
arison should be approached cautiously, as the triggering angle differed between these condi-
ions. Participants’ movements were faster with no feedback than with feedback, both for upwards
no feedback vs. sound: Z = −3 . 39 , p = 0 . 001 ; no feedback vs. vibration: Z = −3 . 83 , p < 0 . 001 ) and
ownwards (no feedback vs. sound: Z = −4 . 02 , p < 0 . 001 ; no feedback vs. vibration: Z = −3 . 10 , p =
 . 002 ). When accounting for participants’ PA level, differences in squatting movement quality were
ore prominent for the inactive compared with the minimally active group. A significant inter-
ction effect was found between feedback conditions and PA level for 4 movement parameters
Figure 7 ): peak angle (F (2 , 206 ) = 8 . 96 , p < 0 . 001 , ηp2 = 0 . 08 ), mean angle (F (2 , 206 ) = 3 . 78 , p =
 . 024 , ηp2 = 0 . 035 ), downward velocity (F (2 , 206 ) = 13 . 57 , p < 0 . 001 , ηp2 = 0 . 116 ) and downward
ime (F (2 , 206 ) = 6 . 27 , p = 0 . 002 , ηp2 = 0 . 057 ). Follow-up tests ran separately for inactive and min-
mally active groups showed significant differences only for physically inactive participants,
ho displayed greater squatting peak angles (F (2 , 98 ) = 7 . 68 , p = 0 . 001 , ηp2 = 0 . 14 ) and mean
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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ngles (F (2 , 98 ) = 6 . 41 , p = 0 . 002 , ηp2 = 0 . 116 ) with sound than with vibration (peak angle: Z =

2 . 36 , p = 0 . 018 ; mean angle: Z = −2 . 54 , p = 0 . 010 ); slower downwards movement (F (2 , 138 ) =
3 . 92 , p < 0 . 001 , ηp2 = 0 . 167 ) with vibration than no feedback (Z = −4 . 88 , p < 0 . 001 ); and longer
ownwards time (F (2 , 98 ) = 4 . 58 , p = 0 . 013 , ηp2 = 0 . 085 ) with vibration (Z = −4 . 56 , p < 0 . 001 )
nd sound (Z − 4 . 12 , p < 0 . 001 ) than with no feedback. 
Qualitative results showed that while both sensory feedbacks affected participants’ behaviour

n terms of guidance, the different nature of signals was associated with different aspects of guid-
nce on squat behaviours. Some people perceived sound feedback as company that helped them
ombat the loneliness of self-exercise, similar to a voice chatbot. Indeed, sound feedback was often
onnected with the human voice, providing a feeling of being coached or accompanied, leading
o a greater motivation to adapt behaviour in terms of squat quality. P8 elaborated, “I feel like I’m
eing monitored [...]. So that pushed me to do squats in a more standard way. Probably because the
ounds remind me of the process of a child’s growth, we always listen to the guide from teachers or
arents”. Conversely, participants described vibration stimulation as intuitively guiding them. P10
xplained, “I felt some strength at my back, and then the vibration gave me the feeling like a flow
ehind me, that helped me to straighten my back or, more accurately, it reminds me to keep my back
traighter”. The vibration was mainly amplifying the sensations on the back and the vertical vibra-
ion trajectory provided directional guidance. Time delays adversely interrupted the effect from
ensory feedback. Most participants reported that sound and vibration stimuli were slower than
he time required to complete the squats but chose to adapt their behaviour to follow the feedback
fter the first one or two squats. It affected the vibration condition more with two reports of a se-
ere time delay for vibration and, consequently, a low sense of agency. P9 said, “when I did squats,
 realized that it didn’t come with me so I didn’t take the signal. My expectation was that I would
quat and get up and down and the vibe would immediately follow, but I realized that it didn’t, so I
iscarded that signal.”

.3 Effects of Sensory Feedback on Experience Quality 

esults showed a significant effect of feedback on self-reported arousal (F (2 , 38 ) = 9 . 612 , p <
 . 001 , ηp2 = 0 . 335 ; see Figure 6 , right). Participants felt more excited or aroused with sound feed-
ack compared with no feedback (F (60 ) = −3 . 06 , p = 0 . 009 ) and also with vibration feedback com-
ared with no feedback (F (60 ) = −3 . 198 , p = 0 . 006 ). There were no significant differences between
ound and vibration conditions or effects on valence. In the interviews, participants reported feel-
ngs of excitement associated with sound feedback. Over half enjoyed congruent sound pitch with
quatting movements, reporting elevated arousal and positive states, as in Experiment 1. P5 said,
In the case of sound, I became EXCITED, because I hear sounds that are like a pinball. It reminds me of
ow I used to play pinball with my sis and it’s interesting, less boring, and mood goes up, I want to hear
t again.” Almost two-thirds of the participants enjoyed the vibration feedback and described it as
massage”, associated with relaxed feelings on the back or the whole body. They reported more
erceived strength over the body and becoming more athletic in ongoing squats. Participants as-
ociated sensory feedback with rewards for movement. Almost all participants could identify the
hanges in sounds with ascending and descending pitch that were congruent with movement di-
ection and associated pitch changes with dynamic objects with rewards. P12 said, “... it was like
ame tones, it had that rewarding feeling that I crouched down at the correct position and there’s a
ind of ’bingo’. ... like you got a gold coin for crouching down a bit”. T wo-fifths of participants reported
uch incentive-based reward effects in the vibration condition. P8 explained, “It’s like when you play
ome drum games. ... how your bounces fit the vibration and I enjoy it, like a reward for completing
 full squat” .The reward effect led to increased motivation in both sensory conditions in terms of
uality and quantity. Nearly half associated sound feedback with increased motivation in terms
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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f velocity or number of squats, which contrasted with behavioural results showing that the sen-
ory feedback slowed down movements. Wanting more dynamic sounds for positive experience
esulted in higher motivation to perform more squats quicker. P10 said, “...I know that two sound
ones were different because my movement changed, so I want to continue doing the movement to hear
t. I love this sound.” Vibration being self-triggered by movement also increased the motivation to
quat but less than in sound conditions and fully concentrated around the stimulated body part. In
ontrast to sound, vibration feedback increased the motivation to improve the quality, rather than
he velocity or number, of squats. The pattern of vibration direction was perceived more clearly
ompared with sound, and the congruency between vibration and squatting direction encouraged
articipants to perform deeper to align with the vibration position. P13 said, “It feels like a massage
hile moving, like playing a virtual figure in a video game. ... the vibrations have a process from the
ottom to the top and then top to the bottom, because I also have such a process of movement. I try to
ollow the rhythms to reach the deep position when going down.”

 DISCUSSION 

he first question that our study explored was whether vertical asymmetries in the effect of soni-
cation, found in simple exercises such as arm raising [ 55 ], would also occur in the context of
trength exercise. This point is important to assess to provide valid sonic interaction design rec-
mmendations in this case that concerns a large set of mobile applications for sport training. The
act that results found in arm raising might not simply be transferred to strength exercise is due
o the attention focus during exercise being largely dependent on exercise intensity [ 41 ]. Thus,
e cannot infer a priori that people would attend to the sound rather than their physiological
ensations. Both our quantitative and qualitative findings confirm the asymmetries in the sonifi-
ation effects for ascending and descending sounds during squat exercises. Participants overall felt
ighter, less tired, more capable, and motivated. Further, they perceived the movement to be easier
nd felt more physically active with the ascending compared with the descending pitch sonifica-
ion. Experiment 2 showed that the feelings of lightness and flexibility induced by sound spread
ver the whole body (as opposed to a specific body part, such as in the case of vibration feedback).
hese effects may be linked to effects on proprioception and, ultimately, to the facilitation and
nhancement of physical activity. In addition, we have extended the previous literature by inves-
igating downward sonification accompanying not only upward movements but also downward
ovements. Indeed, no single study had previously measured the effects of the descending pitch
ound in relation to a downwards movement and, based on previous studies [ 95 , 97 ], it could not
e assumed that the direction of the sound would have (or not have) an effect on changes in body
erceptions (we expand on this point in the next sections). Asymmetries in the association of mu-
ic parameters with movements have been found by the authors of [ 26 ], who report that “listeners
ho associate a musical stimulus with a particular kinetic quality often do not associate the inverse
timulus with the opposite kinetic quality”. Asymmetry in loudness perception variations for tones
ncreasing or decreasing in pitch was also found by the authors of [ 88 ]. First, our results showed
hat participants disliked the incongruency between movement and sound direction and that the
ongruency between movement and sound direction enhanced the sound-induced body percep-
ion and experience quality. That is, the pairing of upward movement and sound was enhancing
he positive sensation of lightness, speed, energy, and positive mood induced by the upward sound.
t also increased the perceived speed and the perceived sense of agency over the sound, and it was
erceived as helping in completing the squat. In contrast, the pairing of the downward movement
nd sound was enhancing the feeling of heaviness, slowness, and lack of energy. However, our re-
ults show also that what may be perceived as a negative body feeling may indeed be helpful in a
trength downward movement. The feeling of being heavier provided a sense of facilitation in our
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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Table 1. Body-Effect Sonification Design Framework with Design Implications Based on the Effects of 
Directional Sensory Feedback Observed in This Study 

Ascending sound with 
upwards movement 

Descending sound 
with downwards 

movement 

Ascending sound 
with downwards 

movement 

Descending sound with 
upwards movement 

Vibration congruent 
with movement 

direction 

Experience quality Energetic, excited, 
positive , correct 

Negative, incorrect, 
enjoyed by some 

Energetic, excited, 
positive, correct 

Negative , incorrect Excited 

Body feelings Light, less tired, 
capable, motivated , 
physically active 

Heavy, tired, less 
capable, less 
motivated 

Light, less tired, 
capable, motivated 

Heavy, tired, less 
capable, less 
motivated 

Flexible, strong 

Body part affected Whole body - - - Stimulated body 
part (here, trunk) 

Feelings of 
movement and 
proprioception 

Fast, easy , useful Slow, no energy Fast, easy, useful Slow Fast, fluid 

Behaviour Lower speed than no 
sound 

Increased acceleration 
Lower speed than no 

sound 

- Increased 
acceleration 

Lower speed than 
no sound 

Guiding force Lifted up, agency over 
sound, internal (self) 

force 

Pushed down, internal 
(self) force 

Reduced agency over 
sound 

Reduced agency over 
sound 

External force 

Physical activity 
facilitation 

Positive, facilitating Facilitating Positive, facilitating, 
but not preferred 

Inhibiting, least 
preferred 

- 

Color indicates if effects on strength exercises were congruent (Green) or incongruent (Blue) with those observed in 

light exercises [ 55 ]. Gray background shows that the question had not been previously investigated. 
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articipants as if the sound operated as a gravitational force. This is interesting for any strength
ownward movement in which there is a conflict between the slowness of the movement due to
ovement control and muscle tension and the need for sense of progress (e.g., returning from a
ull-up bar movement, or downward phase of a plank exercise, or return of weighted arm raised
xercise). Still, the effects generated by the interaction between the direction of the sound and of
he movement are more complex, as discussed in the following sections. Table 1 summarizes the
esign implications based on the effects observed in this study; we compare the effects with those
bserved for a light exercise, as reported in [ 55 ], as for that study the same sounds were used and
ovement behaviour, body movement, and emotion feelings were also measured. 

.1 Ascending Pitch Is Perceived as More Positive than Descending Pitch Even in 

Strength Exercises 

he results from this research show that the ascending sound led to feelings of “springiness or
ounciness” or being “pulled up”, which seem to be more prominent at the beginning of the move-
ent and align with the qualitative reports of this sound in [ 57 ]. These observed effects relate to
he effects of the cross-modal correspondence between pitch and vertical movement (e.g., [ 26 , 51 ,
8 , 104 ]) by which an ascending sound is associated with motion upwards and may also affect the
erceived body position, as suggested by [ 55 , 97 ]. Such associations of tonal sounds rising in pitch
ave been also found in gestural depictions of sounds [ 53 ]. Moreover, the feelings of lightness
nd other PA-facilitation body feelings found for the ascending sounds also link to the bottom-
p multisensory body-perception mechanisms by which enhancing the high frequency of action
ounds (i.e., footstep sounds) lead to a perceived lighter body weight [ 91 ] and make people feel
ore capable of exercising [ 95 ]. Like the ascending pitch squat sonification, the ‘high-frequency’
ootstep sounds whilst walking also significantly enhance emotional state, whereby the listeners
eel more aroused and positive [ 91 , 95 ]. Moreover, a recent study investigating the effect of ma-
ipulating the static pitch of classical piano excerpts found a positive association between pitch
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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eight and reported valence [ 45 ]. Thus, unlike the difference in the effect of static compared with
ynamic pitch on physical size [ 27 ], the effect of static and dynamic pitch on valence and arousal
eems to be rather similar. Previous research found that sound in the lower-frequency range can be
erceived as less pleasant than sound in the higher-frequency range in specific contexts [ 45 , 110 ].
his contrasts with our results, suggesting that the “metaphorical effect” of pitch change over-
ule other direct effects. The reports of the qualitative experiences reveal positive–negative and
uccess–failure contrasts between the two sonifications: participants commonly perceived the as-
ending pitch as the positive and the descending pitch as the negative sound. They also associated
he ascending pitch with correctly performed movement and the negative descending sound with
ncorrect movement. Moreover, they perceived their body and movement more positively when
heir squat was accompanied by the ascending pitch, which led to positive reinforcement and en-
ouragement to continue with the exercise, and more negatively with the descending pitch, which
riggered feelings of failure and incorrectness and resulted in participants rejecting the sound and
ot taking ownership of it. In existing psychological literature, there is evidence of a metaphor-
cal linkage between spatial elevation and various dimensions of experience and cognition. This
ncludes the use of the ‘up’ and ‘ down’ contrast to denote distinctions in positive and negative
ffect, as well as dominance and power dynamics [ 24 , 62 ]. In prior works, the connection between
igh/low pitch and high/low locations has also be explained partly through a more fundamen-
al metaphorical association, in which ‘ down’ represents negativity and ‘ up’ signifies positivity
 22 , 45 ]. Our study findings align with this metaphorical association, demonstrating that sounds
escending in pitch (interpreted as descending to lower positions) were associated with failure
r incorrectness, denoting negative contexts. Conversely, sounds ascending in pitch (interpreted
s ascending to higher positions) were linked to positive contexts. Nevertheless, a more complex
nalysis is certainly needed. First, it remains to be established whether the triggered change in feel-
ngs and experience relate to the absolute frequency range of the sound ending or more specifically
o the direction of the pitch change, and the interaction between the loudness and pitch profiles
hat suggest different metaphors. Further investigations are needed to establish which sound pa-
ameters drive the association with certain metaphors, and whether expectancy mechanisms cre-
ted by the sound dynamics (pitch and/or loudness profiles) induce or favor specific movements
 68 , 69 ]. 

.2 Physical Demand of Exercise Shifts Attention to the Proprioceptive Feelings 

Triggered by the Directional Sound 

ur current results suggest that sonification directions (referring to increases/decreases in pitch)
ay have different effects in demanding exercises from those observed for light exercise. They
howed that the descending sonification increased the maximum acceleration of both the upward
nd downward movement directions. This contrasts with the reports from participants, who de-
cribed the ascending sound as being, in addition to positive (see Section 7.1 ), energetic, empow-
ring, stimulating, and awakening, energizing, and useful when trying to be more “explosive” (i.e.,
igh-intensity, short-duration movement). Further, our results also contrast with those from previ-
us literature on a simple upward arm raise movement [ 55 ]: in that study [ 55 ], higher acceleration
as observed for the ascending versus the descending sound. It is possible that the difference lies
n the level of demand of the movement. For easy movements, the attentional focus may be on
njoying the experience, and then the positive and energetic feelings triggered by the ascending
ound may have led to overdoing and speeding up the movement, whereas the negative feelings
riggered by the descending sound may have reduced the motivation to perform the movement.
nstead, the physical demand of the squat (or similar downward demanding movements) may have
hifted the attention to the body, and then the proprioceptive feelings of slowness and heaviness
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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riggered by the descending sound may have invoked a movement counteraction. In other words,
he descending sound makes people feel heavier and slower; then, people may feel the need to push
heir movements further to compensate for it and increase the speed and energy. This potential
ounteraction could explain the observed increase in maximum acceleration in both upward and
ownward movement directions in response to the descending sonification, which can be benefi-
ial for some exercises, such as explosive strength training. In supporting such an interpretation,
n the descending–down pairing, while the feelings of heaviness were evoked, these were surpris-
ngly seen as positively impacting the exercise, as this heaviness enhanced the perceived speed,
uality, and amount of the downward movement, as if participants were being “pulled down” by
he sound. This result is interesting, as it shows how the effect of sonification on PA, modulated
hrough dynamic body perceptions, not only depends on the form of the sound feedback but also
n other internal factors that are critical in the specific activity or context. Previous literature
ad shown that the direction of changes in body size perception and their physical activity facil-
tating/inhibiting effect, which were triggered by changes in frequency of footstep sounds, were
ffected by body size–related personal values. Those wanting to be heavier appreciated feeling
eavier in response to the low-frequency sound, whereas those wanting to be thin appreciated
eeling lighter in response to the high-frequency sound [ 95 ]. Our work adds to this literature by
howing that not just internal body values but also demand of physical activity (with the shift in
ttention it may trigger: from emotional to proprioceptive sensation) modulates the responses to
he same perceived body change. This interaction is also supported by Experiment 2 results sug-
esting that the effects may vary according to the level of fitness of the person and appear stronger
n people with a low fitness level. In particular, we found that while the minimally active group
as more aware of the movement guidance provided by the sensory cues, such cues had a larger
nfluence in the squatting movement quality (movement angle, time, and velocity for the down-
ard movement) of the inactive group. This interaction between focus of attention and effect of
ound on behaviour may also be supported by the Experiment 2 results, in which haptic feedback
as used as a second control condition in addition to a more standard no-sound condition. The
esults of Experiment 2 show that while haptic feedback is perceived as an external force that helps
he movement, sound is perceived as an internal force and possibly more easily associated with
neself and other internal processes. Indeed, sound was often considered more inviting to shift
he attention from the body itself, whereas the haptic feedback seems to bring back the attention
o the specific body part stimulated. This is also clear from the fact that, in Experiment 2, peo-
le associate haptic feedback with changes and sensations on the trunk, whereas the sound was
ssociated with a variety of body parts. 

.3 Novelty and Contributions 

ur work presents significant contributions and novel insights regarding the impact of sound on
ovement facilitation and the associated sensory processes leading to changes in body percep-
ions, differentiating it from previous work in five key aspects. 

(1) Nuanced Understanding of the Facilitation Effects of the Sound and Verticality

Association on a Vertical Strength Exercise: While the connection between sounds
changing in pitch and the perception of verticality has been acknowledged in prior works
[ 22 , 27 ] and exploited in artistic practices [ 61 ] and rehabilitation [ 70 ], our research offers
a deeper understanding in relation to exercise facilitation. We reveal a preference for as-
cending sounds concerning perceived success during exercise. Moreover, we highlight the
unique benefits of both ascending and descending pitch sounds, contributing valuable in-
sights for a broader understanding of their impact on body perceptions and on movement
qualities during exercise performance. 
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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(2) Comparative Analysis of Sound and Haptic Feedback: While haptic feedback was
included for comparative purposes, our study unveils distinctive sensory and motor pro-
cesses associated with sound and vibration. We challenge the prevailing trend of utiliz-
ing vibration in commercial devices [ 19 , 107 ], perhaps due to its social acceptability [ 20 ],
suggesting that auditory feedback may offer advantages in sensory-motor learning [ 3 ], as
sound is perceived as an internal force. This raises crucial questions regarding the extent
to which haptic feedback truly facilitates motor learning compared with auditory feed-
back (see, for instance, works on the use of haptic feedback [ 111 ] or audiomotor feedback
[ 30 , 35 ] for motor learning). Our results suggest that audio might be more beneficial for
self-connection during exercise, while haptic feedback may be more conducive to engag-
ing with the external space. These findings shed new light on the design and utilization of
feedback modalities for optimizing exercise experiences and motor learning. 

(3) Fitness Level–Dependent Effects and Body Perception: A distinctive contribution of
our study is the observation that the effects of sound on movement facilitation may vary
based on an individual’s fitness level, exhibiting a greater impact in individuals with lower
fitness levels. This was already suggested by a prior qualitative study [ 57 ], but our study
provides experimental evidence for it. This insight introduces new prospects for effectively
supporting individuals who face challenges in engaging with physical activity. Moreover,
this contribution enriches the existing literature on the multifaceted factors that influence
body perception, incorporating physical activity level as a significant determinant along-
side already recognized personal values [ 95 ]. By delineating how fitness levels interact with
sound-induced effects on movement, our research enhances the understanding of the com-
plex interplay between body perception and physical activity engagement. 
Further, while not a novelty originating from this study specifically but rather stemming
from recent research, we wish to emphasize our perception-centric approach to exer-

cise . This diverges from prior research exploiting cognitive behavioural therapies [ 40 , 76 ,
108 ]. Rather than centering on reward-based or goal-oriented behavioural strategies, our
study aligns with a complementary approach proposed in recent studies [ 57 , 91 ], which
focuses on how individuals perceive themselves and their bodily movements during the
moment of exercise . 

(4) Use of Sound for Enhancing Virtual Reality (VR) and Game Experience: Our find-
ings contribute to other domains by providing further understanding on how sound could
be exploited to alter people’s experience of their body and movement. For example, the
findings from our studies open new opportunities for game scenarios that involve vertical
body movements. Large or demanding vertical body displacement in games has been ad-
dressed by physically lifting a person using ropes attached to large infrastructures, which
require large spaces [ 49 , 103 ], or using heavy wearable propellers [ 78 , 100 ], limiting the
person’s movement. A more viable solution has been recently proposed by the authors of
[ 71 ]. They alter the perception of the height of a vertical displacement by moving a weight
up and down along the user’s back. The movement of the weight alters the perceived jump
momentum, creating the sensation of a more accelerated or decelerated vertical jump. In
addition, they show that such an approach reinforces the visual illusion when used in VR.
Unfortunately, this solution requires a person to wear a large backpack. Our findings sug-
gest that this illusion could be modulated by simply altering the sonification of a person’s
vertical displacement. Furthermore, as shown in [ 71 ], the combination of downward and
upward sonification congruent or incongruent to the vertical displacement could enable
the creation of various modulations, making the vertical displacement feel easier or more
demanding (creating an illusion of resistance) as required. The impact itself could also be
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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manipulated by altering the ending of the sonification (e.g., slowing it down or interrupt-
ing it abruptly) to alter the feeling of the terrain material [ 8 ] and its interaction with the
body weight. However, it remains to investigate the amount of illusion displacement that
the sound would be able to generate alone or in combination with other congruent sensory
feedback. 

(5) Leveraging Sonification for Strategic Congruence and Incongruence to Shape

Body-Movement Associations: In addition, this work contributes to the body of liter-
ature on sensory incongruence [ 63 , 101 ]. A synthesis of the literature on the use of sensory
alignment from various disciplines in the area of entertainment technology [ 60 ] suggested
that audio interacting with kinaesthetic experience appears to only enhance the sense of
body rotation. Our findings suggest that carefully designed movement sonification could
offer additional opportunities to enhance or alter the VR kinaesthetic experience by alter-
ing the perceived body weight and augmenting the sense of success or failure. In terms of
incongruence between sensory stimuli, Kim and Lee [ 48 ] found that semantic incongru-
ence between audio and visual feedback did not lead to a negative effect. Instead, it created
a novelty effect. The authors argue that this difference from previous studies on sensory
incongruence was due to the audio representing aspects of the environment only and not
of the person-avatar. In our study, the incongruence introduced by sound was spatial and
related to one’s body. A possible explanation for the acceptance of the illusion could be
that the sonification was not a natural sensory experience that one would normally en-
counter when moving (such as it would be for footstep sounds [ 96 ]). Hence, we argue that
people were able to attribute meaning to the incongruence between the sound and the dif-
ferent aspects of their body and movement, allowing them to make sense of it in that way.
They attributed the incongruence in direction between the movement and the sound to
the weight of the body rather than the movement direction, using this link to guide their
meaning-making process and evaluation of the experience. This was enabled by the fact
that the temporal alignment was maintained to ensure agency [ 63 ], enabling spatial and
metaphorical/semantic associations to take place. One could argue, therefore, that the con-
gruence and incongruence of sonification with the movement could be carefully designed
to trigger associations with the movement or other aspects of the body that may influence
movement to reach the desired experiential outcome. 

.4 Limitations and Future Research 

7.4.1 Generalizability. A limitation regarding generalizability of this study, like many others in
he field (e.g., [ 55 , 68 , 69 , 81 , 83 ]), is the focus on one particular exercise (in our case, a strength
xercise: squats). While each individual focused study like ours is not able to make generalizable
laims about physical activity in general, they add to the earlier body of work, putting to test,
ut also building on and extending designs (e.g., different sonifications), application (e.g., different
hysical exercises), and insights in those earlier studies. Hence, the growing body of focused stud-
es like ours allow for a growing understanding of the interaction between sound and movement
ehaviour, body perception, and experience quality in physical activity. Yet, further work is needed
o test our findings with other body movements and types of exercises in order to generalize our
ndings. In particular, future squat sonification designs should be evaluated both with regard to
heir short- and long-term effects in the context of physical activity participation. Further, as the
ocus of our article was on building on understanding the experience quality of participants, we
easured emotional responses with affective reports; body perceptions were measured in terms
f body feelings and impact on movement behaviour. Because emotional and body feelings are
ubjective, to have a full understanding of how emotional state and body-perception were affected
CM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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y the use of our device, future studies could investigate the effects on physiological reactivity and
ther overt behavioural acts apart from the body movement features explored in this study. 
Finally, a decision was made to solely include women as participants in order to mitigate poten-

ial confounding factors arising from physiological differences. Consequently, our findings from
his study can only be extrapolated to this specific population and are not completely generaliz-
ble. As a next course of action, we plan to widen the recruitment criteria and delve deeper into
he impact and interactions of these variables in relation to sonification effects. 

7.4.2 Methodology. Technical issues were exacerbated due to methodological complications
mposed by COVID-19. In particular, the experimental application used in Experiment 1 needed to
e deployed remotely in different environments, on different smartphones and software versions
ith no researcher support to position the phone on the body or troubleshoot the application.
n some smartphone models, participants reported a slight sonification lag, especially during the
pward movement. This technical issue is likely due to the audio latency of specific smartphone
odels. Delays between action and sensory feedback can disrupt the agency and diminish the
aliency of the sensory-induced bodily illusions [ 96 ], as reported in some cases in this study. This
dverse delay was minimised in Experiment 2, which ran in a lab setting with the support of a
ollocated researcher. Still, some participants reported delays in sound and vibration in line with
heir movement, which was due to a rapid launch of squats (i.e., in those cases, the reported issue
as not due to latency but rather to the duration of sound and vibration stimuli being longer than
he time required to complete the squats). Experiment 2 only included women as participants.
uture work would require including more diverse participants with regards to gender as well as
ther aspects (e.g., fitness level, age, body ideals). With respect to tools used in this experimental
esign, in retrospect we realized that the body outlines used in this study portrayed an exaggerated
nd far from common idealized female body, which could potentially have an opposite effect in the
opulation than the tool intended, i.e., feeling not well represented or even excluded [ 85 ]. Hence,
e encourage researchers employing Body Maps to employ more inclusive empty outlines better
epresenting the plurality of bodies that the design or research targets [ 85 ]. 

7.4.3 Sonification Design. Also related to a methodological limitation, in Experiment 2, we
hose the haptics modality as the second control condition to trigger comparative reflections in
eople and help them make explicit their experiences. However, a direct comparison of the effects
as not intended. Nevertheless, the vibration feedback emerged to be interesting on its own. Re-
ent works have shown the potential of haptic metaphors delivered to the body to elicit changes
n bodily feelings (feeling heavy, strong) [ 98 ] and facilitate physical activity through such body-
erception changes [ 52 , 93 ]. These results together invite more research on haptics for body per-
eption changes in physical activity. Moreover, the present study used sounds and vibrotactile
equences of a fixed duration (i.e., 1300 ms). We found that the temporal alignment between the
quat sonification onset as well as its progression and the actual movement is important to ensure a
ense of agency and saliency of evoked bodily experiences, for instance, to avoid misalignment be-
ween stimulus and movement in the case of rapid squats. Because of this, an anchoring approach
 76 ] whereby small pieces of the sonification are played at each movement stage (i.e., discrete soni-
cation) could strengthen the mental association between the movement and the sound. Given that
he most salient and enjoyable experience evoked by the squatting movement sonification was the
pring-like or bouncy-ball sensation, future squat sonifications could explore more metaphorically
ligned sound–movement pairings [ 56 ]. Hence, using spring-like or bouncy-ball sounds instead
f the musical sounds for the squatting movement sonification might enhance the reported fa-
ilitatory spring-like sensations as well as the saliency of other auditory bodily illusions. These
ounds could still incorporate the pitch change and by doing so not only facilitate the reported
ACM Trans. Comput.-Hum. Interact., Vol. 31, No. 4, Article 53. Publication date: September 2024. 
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hanges in body feelings but also enhance the sense of agency. As shown by qualitative reports,
he ascending–up pairing was perceived as the most synergetic and in sync with one’s movement,
esulting in a higher perceived sense of agency over the sound. In contrast, participants reported
hat the descending sound led them to reject it as being produced by them, in order to minimise
he negative association between this sound and feelings of failure and incorrectness. 

 CONCLUSION 

revious works have shown that sounds ascending in pitch accompanying a simple movement
reate a sense of lightness and ease, accelerate movement, and trigger positive feelings, whereas
ounds descending in pitch create a sense of heaviness and slowness. Here, we investigated
hether these effects extend to an exercise requiring larger effort and tested for the first time
he interaction between sound direction and movement direction. Our study provides valuable
nd unique insights into the influence of sound on movement facilitation and body perceptions
uring exercise, distinguishing itself from prior research by addressing three critical aspects: a
uanced understanding of sound and verticality association, a comparative analysis of sound and
aptic feedback, and the identification of fitness level–dependent effects on body perception dur-
ng physical activity. Our results show that independent of the movement direction, the ascending
itch sound triggers feelings of being lighter, less tired, and more capable, whereas the descending
itch triggers feelings of being heavier, even in a more demanding exercise. Extending previous
esults, we show that the congruence between the direction of the movement and the direction
f the sound amplifies the related effects. In addition, our work shows that the different elicited
ody and experience qualities by both ascending and descending sounds support movement and
hysical activity in different ways, in particular because the increase in the physical demand of
xercise seems to shift the focus of attention from the positive or negative feelings to the pro-
rioceptive feelings triggered by the sound. Finally, we show that sound feedback generates an
nternalized force that guides and helps the performance of squats, especially in inactive people.
ur results open opportunities for supporting physical activity in demanding situations through
earable devices incorporating sonification of movement using musical sounds changing in pitch.
hile we have focused on one exercise only, squatting, its physical demand, complexity in terms
f demand on various body parts, and its complementarity with literature on an arm raise exer-
ise provide insights into possible effects on a variety of vertical displacement strength exercises.
ransfer of effects to other strength vertical exercises (e.g., jump-squat, cube-step, weight lifting,
lank, pull-up bar) is also supported by the similarity in results observed on the facilitation and
ositive effects of the ascending sound on the ascending direction of the movement despite the
trength demand. 
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