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ABSTRACT 

With physical inactivity becoming a global problem, HCI 

researchers have been exploring ways of using technology to 

facilitate and support exercise adherence. The use of 

interactive movement sonification, whereby bodily actions 

are accompanied by naturalistic, metaphoric, or non-

naturalistic sounds, has been shown to enhance body 

perception (BP), emotional state, and actual movement 

behaviour. A mixed-methods study was conducted to 

investigate whether the effect of manipulating the dynamic 

pitch of a movement sonification on BP, emotional state, and 

movement depends on the vertical movement trajectory of 

the performed exercise. In a within-subjects experiment, 22 

healthy adults performed the squat exercise while having 

their ascent and/or descent sonified with a note-based sound 

either ascending or descending in pitch. Quantitative and 

qualitative self-reported data and behavioural measures were 

combined to assess the effect of cross-modal correspondence 

between pitch and movement. The results show that pitch 

direction has little effect on the actual movement but 

significantly alters BP and emotional state regardless of 

which movement trajectory is sonified. Thus, the present 

study corroborates the previous findings by showing that the 

effect of dynamic pitch on BP, emotion and movement is 

indeed independent of the vertical movement trajectory. The 

results are discussed with regard to the enhancing effect of 

ascending pitch movement sonification in a range of 

exercises and its ability to support exercise adherence. 
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1. INTRODUCTION 

Lack of physical activity (PA) has become a global public 

health problem, with approximately 3.2 million deaths each 

year attributable to insufficient PA [1]. To help fight this 

problem, various activity tracking devices and applications 

(e.g. Fitbit, GoogleFit, Strava) have been developed. Such 

technologies mostly build upon the principles of personal 

informatics [2,3] and different implementations of behaviour 

change techniques [4]. However, the self-insight obtained by 

self-tracking is often not sufficient to ensure adherence and 

facilitate PA [2]. Research suggests that psychological 

factors (e.g. self-esteem, body perception (BP), motivation, 

and emotions) should also be considered [5,6]. Thus, a novel 

approach rethinks the design of PA technologies by building 

upon the multisensory mechanisms underlying BP [7], 

embedding these psychological factors in the design process 

[8]. This new line of research explores the use of interactive 

auditory feedback during PA to alter mental body 

representations, with the final aim of enhancing self-esteem, 

motivation for and quality of PA. Indeed, several studies 

have shown that increasing the pitch or frequency of one’s 

footsteps whilst walking can enhance emotional state 

dimensions related to BP, increase confidence and 

motivation, evoke the perception of having a thinner body 

and alter walking behaviour so it is more consistent with a 

lighter body [9,10,11]. 

Yet despite the wealth of knowledge and data relevant to the 

basic auditory features of movement sonification such as 

static pitch, there is little empirical work investigating how 

the manipulation of dynamic pitch alters one’s BP, emotional 

state, and movement. Furthermore, there is no conclusive 

evidence on the effect of movement trajectory in the 

relationship between pitch direction, BP, emotions, and 

actual movement. Some recent work has found that when a 

finger pulling action is paired with an ascending pitch, the 

auditory feedback increases the mental representation of 

one’s finger length [12]. Subsequently, ascending pitch 

sonification of a lateral arm raise movement has been shown 

to enhance various aspects of BP (e.g. feeling lighter, less 

tired, more capable) and motivation for PA [13]. Concerning 

the effect of movement trajectory, the latter study did not 

assess if the proposed effect of pitch direction holds across 

both upward and downward arm movement trajectories. On 

the other hand, [12] showed that the effect of ascending pitch 

was independent of the trajectory of the pulling action. 

Although [12] suggest that this BP illusion is driven by the 
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contrast between pitch direction rather than the trajectory of 

the pulling movement, one could argue that this lack of effect 

of movement trajectory could be due to the relatively small 

spatial displacement of the body while pulling one’s finger. 

In the present work, I partially replicate and extend the 

previous studies [12,13] to explore whether the proposed 

effect of pitch direction on BP and movement behaviour 

depends on the (vertical) movement trajectory when the 

spatial displacement of the body is increased. Additionally, 

while the effect of real-time auditory feedback on emotional 

state dimensions related to BP has been extensively studied 

[9,25,37], the effect of dynamic pitch on the emotional state 

is yet to been investigated in the context of PA. Thus, in 

addition to exploring the changes in BP and movement 

behaviour, I also investigate the effect of pitch direction on 

the listener’s emotional state. Moreover, studies to date have 

not investigated the effect of such basic auditory features of 

movement sonification in physically demanding exercises. 

Hence, in extending the previous studies, I assess the effect 

of dynamic pitch on BP, emotional state, and movement 

behaviour in the context of exertion. 

As part of this mixed methods study, 22 participants were 

asked to complete several repetitions of the unweighted squat 

exercise whilst having their movement tracked and sonified 

by a simple note-based sound with either an ascending or 

descending pitch. Subsequently, participants answered 

several questions regarding their emotional state, body and 

movement perception for each sound-movement pairing. 

Lastly, a short follow-up interview was conducted to 

encourage elaboration on the most salient experiences during 

the experiment. In line with previous findings [12], the 

present study found that the effect of auditory feedback on 

BP, emotions and movement is mainly driven by the pitch 

direction and not by its interaction with movement trajectory. 

However, the qualitative findings revealed several 

interesting insights, which were not captured by the 

movement data nor the self-report questionnaire responses. 

The main contribution of this work is the quantitative and 

qualitative empirical evidence obtained from a partial 

replication and extension of two related previous studies 

[12,13], thus advancing the current understanding of how the 

basic auditory features (i.e. dynamic pitch) of real-time 

movement sonification affect BP, motor behaviour and 

emotional state during a physically demanding exercise. The 

second contribution of this work is a fully-remote 

experimental methodology adapted for conducting 

experimental research in the context of a global pandemic. 

2. LITERATURE REVIEW 

We interact with, think about, and perceive the world around 

us through our bodily senses [14,15]; a phenomenon often 

referred to as embodied cognition. The central role of the 

body in our perception of and interactions with the world has 

been corroborated by related research on body-centred 

interactions [16]. This phenomenon has formed the basis of 

the neuroscientific theories of “forward internal models” of 

motor‐to‐sensory transformations [17]. These theories 

suggest that the planning and execution of actions are 

adjusted according to the alignment between the sensory 

feedback received when performing an action (Afferent 

input) and the feedback predicted based on the signals 

generated by the body’s motor system (Efferent copy).  

Moreover, such predictions depend on the perceived 

dimensions and configuration of one’s body (i.e. BP). 

Furthermore, recent neuroscientific research has shown that 

these mental models or representations of the body are 

constantly updated by the multisensory feedback generated 

by our actions [18], hence giving rise to the opportunity to 

use sensory feedback to change BP.  

2.1. Effect of Auditory Feedback on Body Perception, 
Emotional State, and Movement Behaviour  

In addition to vision, proprioception, and touch, several 

studies have investigated the auditory influences on mental 

body-representations. For instance, artificially lengthening 

the time taken to hear an object fall on the ground after being 

dropped from one’s hand changes the internal estimates of 

the body height so that people report feeling taller and 

behave as if their legs were longer [19]. Moreover, 

manipulating the auditory distance of tapping action sounds 

when tapping one’s hand on a surface can alter the mental 

representation of one’s arm length, whereby increasing the 

auditory distance increases the perceived arm length [20, 21]. 

Furthermore, this mental representation of one’s arm being 

longer affects arm reaching movement in a way consistent 

with having a longer arm (i.e. lower reaching velocity) [22]. 

Additionally, manipulating sound cues related to the applied 

hand tapping strength (e.g. pitch, loudness) can result in 

changes in the perceived tapping strength and own ability to 

tap, as well as changes in tapping surface perception and 

one’s emotional state [23]. However, evidence shows that the 

feelings of agency and spatio-temporal congruency between 

action and auditory manipulation are essential for these 

effects to emerge [21].  

This interaction between sound-driven changes in body-

representation, emotional state and behaviour was shown in 

several recent studies investigating how altering the 

frequency of one’s walking sounds alters the perception of 

one’s own body, emotional state and walking behaviour. For 

instance, in a controlled experiment [11], participants were 

asked to walk down an 8.5m corridor while listening to real-

time footsteps sound through headphones. The walking 

sonification consisted of participants’ manipulated footstep 

sounds in terms of their frequency spectrum. The study found 

that participants felt lighter and faster with the high-

frequency, and heavier and slower with the low-frequency 

footsteps sound. Furthermore, the manipulated auditory 

feedback altered participants’ motor behaviour, whereby 

they applied more pressure on the floor, had longer heel-

ground contact time and accelerated their foot less while 

lifting it as they listened to low frequency compared to high-

frequency footsteps. Lastly, manipulating the frequency of 

the footsteps also altered participants’ emotional state, 
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whereby they reported higher valence, arousal, and 

dominance with high-frequency footsteps. These findings 

were corroborated by a subsequent study, which showed that 

augmenting the high frequencies of the footsteps sound 

whilst walking leads to the perception of having a thinner 

body, enhances emotional state (i.e. feeling more aroused 

and positive) and motivation for PA as well as induces a 

more dynamic swing and a shorter heel strike [9]. 

Subsequently, researchers also investigated how individual 

factors impact the effect of manipulating the footsteps sound 

and the duration of the after-effects in the context of exertion 

[10]. The findings confirm that the positive effects of high-

frequency footsteps sound on BP, emotional state and 

walking behaviour occur even in physically demanding 

situations (i.e. gym-step, stairs-climbing). Furthermore, the 

study showed that these effects are moderated by the 

individual’s current body weight and gender aspirations (i.e. 

femininity/masculinity), rather than gender per se. Lastly, 

researchers showed that the reported effect of altered sound 

feedback does not last once the feedback is removed, 

however, some new effects emerged (e.g. being less tired 

after high frequency compared to low, and feeling quicker 

after switching off the low-frequency sound).  

Beyond the manipulation of self-produced footsteps sounds, 

other work has focused on sonifying the movement itself. For 

example, the Go-with-the-Flow movement sonification 

framework for chronic pain (CP) rehabilitation uses self-

defined movement sonification as a source of body 

information to address psychological barriers related to PA 

and aid the transfer of skills to everyday activities [24]. The 

go-with-the-Flow system consists of a wearable device, 

which tracks and sonifies movement within the self-

calibrated movement space of various recommended 

exercises for CP using a variety of sounds including pure-

tone and metaphoric sonifications. In an evaluation study 

[24], people with chronic low back pain (CLBP) were asked 

to perform a forward reach from a neutral standing position 

and stand up from a sitting position, whilst having their 

movement sonified by four different sonifications: Flat tone, 

wave tone (i.e. ascending-descending sequence of tones), 

water sound and no sound. Results suggest that overall, 

movement sonification is more beneficial compared to no 

sound at enhancing awareness of the movement and body, as 

well as promoting relaxation and motivation. Specifically, 

participants preferred more informative sounds, such as the 

wave sound, for enhancing awareness and performance, 

whereas they found the metaphoric sounds such as the water 

sonification more relaxing and motivating. The evaluation 

study was followed-up with a focus group, a survey, and a 

home (diary) study. The additional qualitative results 

corroborate the previous quantitative findings. Subsequently, 

[25] showed that listening to metaphorical sounds (e.g. wind, 

water, can-crush) whilst walking or performing the thigh 

stretch can result in positive changes in BP (feeling lighter, 

less tired, more in control, comfortable and motivated), 

movement behaviour (more dynamic movement) and 

emotional state (being happier) in physically inactive adults.  

In short, evidence suggests that both the manipulation of 

naturally-produced as well as non-naturalistic and 

metaphoric sounds can facilitate PA in physically active and 

non-active adults with or without CP by altering their BP, 

emotional state, and movement behaviour.  

2.2. Movement Sonification Parameters: Dynamic Pitch 

In addition to naturalistic, non-naturalistic and metaphoric 

movement sonification, recent studies have looked at the 

effect of manipulating the basic auditory properties such as 

the pitch or the acoustic frequency of the sound.  

For instance, researchers have investigated the effect of 

dynamic pitch on the mental representation of one’s finger 

length when paired with a finger pulling action [12]. In a 

controlled experiment, participants were asked to pull their 

right index fingertip with their left hand while presented with 

brief sounds of rising, falling or constant pitches, and in the 

absence of visual information of their hands. The study found 

that the pairing of the finger pulling action with an ascending 

pitch sonification alters one’s BP and results in the 

perception of one’s finger as significantly longer than when 

the same action is paired with a descending or constant pitch. 

Moreover, in a subsequent experiment, researchers explored 

whether this effect is dependent on the vertical trajectory of 

the finger pulling action. Thus, participants were asked to 

either keep the finger pointing upwards or downwards and 

again pull on their fingertip whilst listening to a pure-tone 

sonification with either an ascending or descending pitch. 

Again, results show that participants perceive their finger 

length as longer when accompanied by an ascending pitch 

sonification compared to descending pitch. Importantly, this 

effect emerges independently of the trajectory of the pulling 

action. Thus, these findings suggest the previously proposed 

effect of manipulating the dynamic pitch of a movement 

sonification holds across both upward and downward finger 

pulling trajectories. In other words, it is the contrast between 

the rising and descending sounds, and not the vertical 

trajectory of the pulling movement exerted by the other hand, 

that underlies the changes in BP. Hence, the authors 

conclude that non-naturalistic sounds, such as a pure-tone 

with an ascending pitch, can induce Pinocchio-like changes 

in BP when arbitrarily paired with a bodily action.  

More recently, a control study investigated the effect of 

dynamic pitch on BP and movement behaviour in a lateral 

arm raise movement [13]. In a controlled experiment, 

participants were asked to lift their arm laterally whilst 

listening to either an ascending or descending note-based 

sound. The researchers collected both behavioural data 

regarding the velocity, acceleration, time, and angle of the 

performed movement, as well as self-report data regarding 

participants’ body and movement perception. Despite the 

absence of a significant main effect of pitch direction on the 

measured movement behaviour variables, results reveal 

some significant effects of pitch on self-reported body 



 4 

feelings and movement perception. In particular, participants 

reported feeling lighter, faster, less tired, more comfortable, 

capable, and motivated to perform the exercise when 

accompanied by an ascending compared to a descending 

pitch sonification. Furthermore, they perceived the 

movement as easier when sonified by an ascending 

compared to the descending movement sonification. In short, 

results seem to suggest that to enhance the positive aspects 

of body and movement perception related to the facilitation 

of PA, the exercise should be sonified by an ascending rather 

than a descending pitch sonification. However, unlike [12], 

the control study did not assess if the proposed effect of pitch 

direction holds across both upward and downward lateral 

arm movement trajectories. Thus, the effect of movement 

trajectory on the relationship between pitch direction and 

mental body-representation remains to be investigated in 

other sound-movement pairings with varying degrees of 

body displacement and physical exertion.  

2.3. Cross-modal Correspondences of Dynamic Pitch 

Traditionally, auditory pitch (i.e. the fundamental frequency 

of a harmonic series) has been the most used auditory 

dimension in a wide range of sonification mappings [26]. 

Similarly, several robust cross-modal correspondences (i.e. 

non-arbitrary associations between different sensory 

modalities [27]) involving auditory pitch have been 

investigated and reported. Interestingly, these associations 

differ between static (i.e. high and low) and dynamic pitch 

(i.e. ascending and descending). However, since the present 

study explores the effect of auditory pitch changes, only 

literature investigating the cross-modal correspondences 

involving dynamic pitch will be reviewed in the subsequent 

paragraphs. Commonly, dynamic pitch has been cross-

modally linked to movement both in the vertical and 

horizontal plane [28], with some evidence suggesting a key 

role of musical education for the development of the 

horizontal pitch mapping [29]. However, in this section, I 

focus on related works exploring the cross-modal 

correspondence between dynamic pitch and vertical 

movement only. Early research exploring this 

correspondence shows that when presented with a series of 9 

tones with different pitches in either ascending or descending 

sequence, people tend to describe the ascending sequence as 

following a bottom-top trajectory and the descending 

sequence as following a top-bottom trajectory [30]. 

Furthermore, dynamic pitch has been shown to affect the 

perception of visual motion, whereby ambiguous motion of 

visual stimuli accompanied by ascending pitch are more 

likely to be perceived as moving upward, while those 

accompanied by descending pitch are readily perceived as 

moving downward [31]. This cross-modal correspondence 

between ascending/descending pitch and upward/downward 

movement develops at an early age (i.e. in preverbal infants) 

[32] and is absent when words “up” and “down” are used 

instead of auditory pitch [31], suggesting this 

correspondence is unlikely to be mediated solely by semantic 

influences. 

Moreover, several studies have demonstrated the cross-

modal correspondence between dynamic pitch and vertical 

movement by looking at motion imagery as well as actual 

bodily movements. In a recent study, adult participants were 

asked to associate melodic stimuli, which were either 

intensifying or reducing in one of several musical parameters 

(including pitch direction – ascending/descending) with the 

imagined motion of an animated human character [33]. Their 

task was to specify the type, direction, energy level, distance, 

and pace-changes of these imagined movements. Results 

show that most musical parameters significantly affect 

several dimensions of motion imagery. In particular, pitch 

direction was shown to be the most salient musical parameter 

and affect imagined motion along all three spatial axes (i.e. 

verticality, horizontality, and distance change) as well as 

movement velocity and energy level. Specifically, 

researchers showed that ascending pitch is associated with 

spatial ascent, moving away, acceleration and higher energy 

as well as running or walking motion. On the other hand, 

descending pitch is associated with spatial descent, slowing 

down, lower energy, movement to the left, and falling 

motion. A subsequent replication study showed that 

compared to adults, pitch direction evokes fewer and weaker 

spatio-kinetic associations in children [34]. Moreover, 

studies involving congenitally blind adults show a lack of 

association between ascending and descending pitch with 

rising and falling in physical space, suggesting this 

correspondence may be associated with sight and could stem 

from one’s perceptual experiences [35].  

Beyond the use of verbal reports of motion imagery, 

researchers have also investigated the effect of musical 

parameters on actual body movement. For instance, in a 

recent study, elementary school children (5- and 8-years of 

age) listened to 9 musical stimuli involving bidirectional 

changes in pitch, loudness and tempo [36]. While listening 

to these sounds, their task was to move in an appropriate way 

such that another child could recognize the music while 

watching without sound. Participants’ movement was then 

analysed through 6 bi-polar categories based on the Laban 

Movement Analysis, including spatial direction, speed, and 

muscular energy. Results again show that different musical 

parameters activate different movement dimensions. 

Specifically, pitch direction was mainly associated with 

vertical movement, whereby pitch ascent and descent were 

linked to bodily ascent and descent, respectively. Moreover, 

while all children associated dynamic pitch with vertical 

movement, only older children consistently related pitch 

ascent and descent with bodily ascent and descent. The 

findings thus suggest a two-stage process of the pitch-

verticality association development, whereby the overall 

relationship between dynamic pitch and vertical movement 

develops earlier than the more specific associations of 

auditory pitch and vertical movement direction.  

Collectively, the reviewed evidence suggests a complex 

relationship between dynamic pitch and imagined as well as 

actual spatial movement. However, several studies suggest a 
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rather robust cross-modal correspondence between auditory 

pitch direction and movement in the vertical plane, which is 

present across age-groups with a strong perceptual basis.  

2.4. Research Question and Hypotheses 

The reviewed literature shows that sound-based technologies 

can be effective at enhancing PA by considering the 

associated psychological factors. Furthermore, there is 

strong evidence suggesting that both naturalistic and non-

naturalistic sound-gesture mappings may influence the 

perception of key body attributes, emotional state, and 

movement behaviour even in the context of physical exertion 

and CP rehabilitation. Moreover, although a few studies have 

looked specifically at the effect of dynamic pitch on these 

aspects, there is a lack of sufficient understanding of the 

effect of movement trajectory in physically demanding 

exercises on the aforementioned relationship. Given the 

proposed cross-modal correspondence between dynamic 

pitch and vertical movement, the present study asks the 

following research question: 

“Does the effect of dynamic pitch on body perception, 

emotional state, and movement behaviour depend on the 

vertical trajectory of the performed movement?” 

Overall, I hypothesize that the effect of dynamic pitch on BP, 

emotional state, and movement behaviour does indeed 

depend on the vertical movement trajectory. Thus, I expect 

to find a significant Movement Trajectory * Pitch Direction 

interaction effect on the measured DVs so that the effect of 

movement sonification is more “positive” in terms of 

enhanced BP and emotional state, as well as increased 

quality and amount of PA in the congruent (upward 

movement – ascending sound & downward movement – 

descending sound) compared to the incongruent condition 

(upward movement – descending sound & downward 

movement – ascending sound). More specifically, the 

following hypotheses were constructed regarding each of the 

measured outcomes: 

Hypothesis 1 (Interaction effect on body perception) 

Participants’ BP will be affected by the interaction between 

the pitch direction of the squat sonification and the trajectory 

of their movement with two possible outcomes: 

1) Participants will feel lighter, faster, less tired, more 

capable, stronger, motivated and comfortable, they 

will find the movement easier to perform, more 

coordinated and controlled, and will feel less 

surprise and more agency over the produced sounds 

when the pitch direction and movement trajectory 

are congruent.   

2) Participants will feel heavier, slower, more tired, 

less capable, weaker, less motivated and 

comfortable, they will find the movement harder to 

perform, less coordinated and controlled, and will 

feel more surprise and less agency over the 

produced sounds when the pitch direction and 

movement trajectory are incongruent.   

Hypothesis 2 (Interaction effect on emotional state) 

Participants’ emotional state will be affected by the 

interaction between the pitch direction of the squat 

sonification and the trajectory of their movement with two 

possible outcomes: 

1) Participants will feel more excited/aroused and will 

report higher valence/happiness when the pitch 

direction and movement trajectory are congruent.  

2) Participants will feel less excited/aroused and will 

report lower valence/happiness when the pitch 

direction and movement trajectory are incongruent.  

Hypothesis 3 (Interaction effect on movement behaviour) 

Participants’ movement behaviour will be affected by the 

interaction between the pitch direction of the squat 

sonification and the trajectory of their movement with two 

possible outcomes: 

1) Participants movement behaviour will reflect 

higher quality and amount of PA as indicated by a 

greater angle between the minimum and maximum 

position, higher upwards velocity/acceleration and 

shorter time up (i.e. greater explosivity) and lower 

downwards velocity/acceleration as well as longer 

time down (i.e. greater resistance and control) when 

the pitch direction and movement trajectory are 

congruent. 

2) Participants movement behaviour will reflect lower 

quality and amount of PA as indicated by a smaller 

angle between the minimum and maximum 

position, lower upwards velocity/acceleration and 

longer time up (i.e. reduced explosivity) and greater 

downwards velocity/acceleration as well as shorter 

time down (i.e. reduced resistance and control) 

when the pitch direction and movement trajectory 

are incongruent. 

3. METHOD  

The present study partially replicated and extended the 

related previous studies [12,13] by slightly adapting the 

experimental procedure. Firstly, to investigate the effect of 

movement trajectory on the relationship between pitch 

direction, BP, and movement behaviour, the type of exercise 

performed was varied so it included both upward and 

downward movement trajectories. Furthermore, the selected 

exercise involved a greater degree of physical 

demandingness and bodily displacement to investigate if the 

previously proposed effect of sound feedback holds across 

diverse exercises. Additionally, the effect of movement 

sonification on the emotional state was assessed, since 

related studies have shown the enhancing effect of auditory 

feedback during PA on emotional state dimensions related to 

the perception of one’s body [9,25,37]. Lastly, due to the 

current COVID-19 social distancing guidelines, the present 

study was conducted remotely using video-conferencing and 

hence took place in-the-wild (i.e. participants’ homes) 

instead of in a controlled laboratory setting. 



1 https://uclpsychology.sona-systems.com/ 
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3.1. Participants 

22 UK-based adult participants (12 males, 10 females) with 

ages ranging from 22 to 34 (M=25.05, SD=3.08) participated 

in data collection (Tables 1, 2 & Appendix A). Participants 

were recruited through the UCL psychology subject pool1, 

social media and using the researcher’s contacts. Inclusion 

criteria included being at least 18 years old, currently 

residing in the UK, have no known chronic/mobility 

conditions in legs and arms or known hearing problems, be 

able to perform at least 5 unweighted squats at a time and not 

be pregnant. Furthermore, to enable installation and usage of 

the experimental application, additional eligibility 

requirements included having an Android smartphone with 

operating system version 6 or above and wired or wireless 

earphones or headphones. Lastly, as the study was conducted 

via video-conferencing, participants had to have a working 

computer and a webcam. All participants were naive as to the 

purpose of the study. As compensation for their 

participation, participants received a free smartphone 

armband and had their name entered into a raffle, allowing 

them to win one of several Amazon vouchers (£30x3, £10x6). 

The present study was approved by the UCL Research Ethics 

Committee: Project ID number 5095/001. 

Variable N % 

Gender   

Male 12 54.55% 

Female 10 45.45% 

MET score 

 
 

Low 2 9.09% 

Moderate 10 45.45% 

High 10 45.45% 

BMI class   

Underweight 1 4.55% 

Normal 19 86.36% 

Overweight 2 9.09% 

Table 1. Demographic characteristics (categorical measures) 

of the study participants. 

Demographic Characteristics Mean (SD) 

Age (year) 25.05 (3.08) 

Height (cm) 171.6 (8.77) 

Weight (kg) 64.38 (10.40) 

BMI (kg*m-2) 21.80 (2.90) 

MET minutes per week 2996 (1617.33) 

Table 2. Demographic characteristics (continuous measures) 

of the study participants. 

3.2. Exercise Selection 

The squat exercise was chosen because it is widely regarded 

as one of the most effective and frequently used exercises in 

the field of strength and conditioning to enhance athletic 

performance and minimize injury potential [38,39]. Further, 

the squatting movement has close specificity to many 

everyday tasks (e.g. lifting objects) and is commonly used in 

rehabilitation after joint- or knee-related injury. Notably, the 

squat exercise includes both downward and upward 

movement, hence enabling the experimental manipulation of 

vertical movement trajectory. In the present study, the 

unweighted variation (i.e. bodyweight squat) was chosen to 

ensure the exercise could be performed safely by all 

participants regardless of their PA level or access to 

equipment. 

3.3. Design 

The resulting experimental design was a 2x2 within-subject 

semi-controlled in-the-wild experiment, with two 

independent variables (IVs) with two levels each. These 

were movement trajectory (upwards, downwards) and pitch 

direction (ascending, descending) of a simple note-based 

movement sonification. The experimental conditions were 

thus composed of all possible combinations of the IV levels. 

The measured dependent variables (DVs) included both 

behavioural (8 variables) as well as quantitative (14 

variables) and qualitative self-report data.  

3.3.1. Changes in movement behaviour 

The changes in movement behaviour were assessed using the 

phone sensors (i.e. gyroscope, linear accelerometer, and 

rotation vector) of the smartphone device placed on 

participants’ upper thigh.  

MATLAB scripts (see Appendix B) were used to extract the 

movement behaviour DVs for subsequent analysis. The data 

captured by the rotation vector (Y-axis) was used to 

represent the squatting movement in the vertical direction. 

The raw data was firstly normalized and used to visualize the 

squatting movement. Subsequently, the start, minimum 

squatting and end position of the squat were manually 

identified for each squat (Figure 1). The short pause between 

every two consecutive squats (i.e. the end position of a squat 

and the start position of the next squat) was cut out and hence 

not included in the subsequent calculations. Afterwards, 8 

variables were extracted based on the normalized and 

cleaned data for each of the total 20 squat repetitions. These 

movement variables were the maximum (peak angle) and 

mean movement angle (mean angle) between the start and 

end position, time from minimum to end position (time up), 

time from start to minimum position (time down), velocity 

from minimum to end position (velocity up), velocity from 

start to minimum position (velocity down), maximum 

acceleration from minimum to end position (max acc up) and 

maximum acceleration from start to minimum position (max 

acc down).  

Acceleration was calculated as the square root of the sum of 

squares of the three linear accelerometer readings (i.e. X, Y

https://uclpsychology.sona-systems.com/
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and Z axes). Velocity was calculated as the derivative of 

position, as indicated by orientation value along the Y-axis, 

with respect to time. Only the magnitude or the absolute 

value of velocity was used in subsequent analysis.  

 

Figure 1. Annotated rotation vector Y-axis signal during the 

experimental phase showing the start and end position, and 

the minimum squatting position (or PeakAngle) reached 

during each of the 20 squats. 

3.3.2. Changes in body feelings 

The changes in self-reported body feelings were quantified 

using pre-existing questionnaires developed and used in 

related studies [e.g. 9,10,13,25] (Appendix C).  

The body feelings questionnaire comprised of 12 statements 

(7-point Likert-type response items). The first 5 statements 

related to overall BP - they began with “As I was doing the 

exercise, I felt…” and then ranged from “Light” to “Heavy” 

(Heaviness); “Weak” to “Strong” (Strength); “Tired” to “Not 

tired” (Tiredness); “Comfortable” to “Uncomfortable” 

(Comfort); and from “Capable” to “Incapable” (Capability). 

The next 4 statements related to body movement – they 

began with “As I was doing the exercise, I felt my 

movements were…” and then ranged from “Easy” to 

“Difficult” (Difficulty); “Slow” to “Fast” (Speed); 

“Uncontrolled” to “Controlled” (Control); and from 

“Uncoordinated” to “Coordinated” (Coordination). The last 

3 statements related to the sounds heard and ranged from 

“Not produced by me” to “Produced by me” (Agency); “Did 

not motivate” to “Motivated me to do the exercise” 

(Motivation), and from “Were not surprising and 

unexpected” to “Surprising and unexpected” (Surprise). 

At the end of the experiment, qualitative changes in bodily 

feelings and emotional state were assessed using a short 

semi-structured interview. In the interviews, participants 

were asked to elaborate upon their experiences during the 

entire experiment related to their emotional state, body and 

movement perception, as well as the reasons behind these 

experiences. 

 

 

3.3.3. Changes in emotional state 

The valence/happiness and arousal/excitation subscales (9-

point Likert-type response items) of the self-assessment 

manikin (SAM) [40] were used to assess changes in 

emotional state (Appendix C).  

3.3.4. Demographics 

In addition to the aforementioned measures, demographic 

data, including age, gender, height, weight and physical 

activity, was collected. In particular, the short form of the 

International Physical Activity Questionnaire (IPAQ-SF) 

[41] (Appendix D) was used to estimate participants’ level of 

PA over the last 7 days as a continuous measure of the 

metabolic equivalent of task (MET) in minutes per week. 

The resulting continuous measure was operationalized as a 

categorical variable indicating “High”, “Moderate” and 

“Low” PA levels according to suggested classification 

criteria [42].  

3.4. Materials 

3.4.1. Experimental application 

The smartphone application previously developed as part of 

[24] was modified to fit the requirements of the present study 

(Appendix E). The application utilized the built-in 

smartphone sensors including the gyroscope, magnetometer, 

and linear accelerometer to track, measure and sonify 

participants’ movement. The app was firstly calibrated 

between participants’ maximum (i.e. standing) and their 

minimum comfortable squatting position (Figure 2) using the 

device’s calculated orientation. The movement space 

between the two calibration points was then divided into 10 

movement stages, with each stage accounting for 10% of the 

total movement range. A change in movement angle based 

on the device’s orientation triggered a synchronous 

continuous sound through the connected headphones or 

earphones. The pitch direction of the note-based sonification 

was manipulated to be either ascending (262-523Hz) or 

descending (523-262Hz), while the duration of the sound 

was fixed at approximately 1200ms. Loudness normalization 

was used to ensure the same overall loudness across both 

sounds. To account for the difference in the recommended 

movement time between the squat ascent and descent [43], 

when squatting upward the sound was triggered as 

participants reached 10% of the movement angle and 20% 

when going down.  

The mobile application collected raw sensor values, which 

were stored on the participant’s smartphone as CSV files and 

subsequently shared with the researcher. Participants were 

advised to encrypt, and password-protect the CSV files 

before sending them to the researcher. Participants’ 

smartphone was attached to their upper thigh using a 

smartphone armband (Figure 2), which was extended using 

an elastic extension strap (Appendix F.1.) to account for a 

larger thigh circumference relative to that of an arm. 



 

2 https://redcap.slms.ucl.ac.uk 

3 https://www.microsoft.com/en-gb/microsoft-365/microsoft-teams/group-chat-software 

4 https://uclpsych.eu.qualtrics.com 
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Figure 2. Smartphone device placed on participants upper 

thigh using a modified armband was calibrated between 

maximum standing (left) and minimum comfortable squatting 

position (right).   

3.4.2. Online questionnaires 

Two online questionnaires were developed as part of this 

study. Firstly, a pre-screening questionnaire (Appendix G) 

was developed using RedCap2 and was used to check 

whether participants meet the eligibility requirements, as 

well as guide them through the installation and usage of the 

experimental application using a short video (Appendix 

F.4.). RedCap was used as it ensures a high standard of data 

privacy and security, is GDPR compliant and can be used to 

collect personally-identifiable data that needs to be stored in 

the UCL Data Safe Haven. Upon confirming the eligibility 

criteria and that the experimental application works on their 

smartphone as intended, the questionnaire asked for required 

personal information, which was used to send each 

participant the smartphone armband and extension strap via 

post, as well as an email invitation to a Microsoft (MS) 

Teams3 meeting. MS Teams was used due to its end to end 

encryption, high standard of data protection and it being 

UCL’s preferred platform for conducting online interviews. 

Lastly, participants were asked to read the study information 

sheet and provide informed consent if they were satisfied 

(Appendix H).  

Secondly, an experimental questionnaire was developed 

using Qualtric4 to collect the quantitative self-report data 

required for subsequent analysis. Qualtrics was used to 

ensure the non-identifiable self-report data was stored 

separately from the contact details and consent, as collected 

using RedCap, which could be used to identify the 

participants. The questionnaire first collected the 

demographic data and data on participants’ last 7-day recall 

of the number of days, hours and minutes spent sitting, 

walking, and engaged in vigorous-intensity and moderate-

intensity PA using the 7 IPAQ-SF questions (Appendix D). 

Next, the questionnaire guided participants through the usage 

of the smartphone armband and extension strap, as well as 

the correct execution of the squat exercise, using two short 

videos (Appendix F.2., F.3.). Lastly, the questionnaire asked 

an open-ended question related to participants’ experience of 

squatting whilst listening to a specific sound, followed by the 

structured emotional state (2 Likert-type SAM items) and 

body feelings (12 Likert-type items) questions as outlined 

previously (Appendix C). The open-ended and the structured 

questions were repeated four times; once for each of the 

experienced self-report conditions. 

3.5. Procedure 

Before the experiment, participants were invited to complete 

the pre-screening questionnaire. Upon reading the 

information sheet, successfully confirming the eligibility 

criteria, and providing informed consent, participants 

selected their preferred timeslot for the experiment. Shortly 

after, they received an email confirming their selected 

timeslot (Appendix I) with an attached copy of the 

information sheet and consent form and were asked to read 

the two documents again before the experiment to ensure 

familiarization.  Additionally, they received the smartphone 

armband along with an elastic extension strap by post 

(Appendix F.1.). Lastly, they received an invitation for an 

MS Teams meeting with the researcher (Appendix I).  

At the start of the experimental session, participants joined 

the MS Teams meeting and the researcher explained the 

experimental procedure. Participants were asked to prepare 

the required materials (i.e. smartphone with the installed 

experimental app, headphones/earphones, smartphone band 

and extension strap). Afterwards, they could ask questions 

regarding the procedure, materials, experimental application 

or the previously read documents (i.e. information sheet, 

consent form). Next, they received a Qualtrics link to the 

experimental questionnaire via the MS Teams chat and were 

asked to start filling it out. After completing the 

demographics and used materials parts and watching the 

demonstration videos, they were again allowed to ask 

questions. The researcher then began video-recording the 

experimental session to enable an accurate record of the 

experiment. Participants were first asked to open the 

experimental application on their smartphone, connect their 

headphones/earphones and set the loudness level just below 

the safe volume warning (85dB) [44]. Afterwards, they were 

asked to place their smartphone in the smartphone band, 

which was then strapped onto their upper thigh using the 

extension strap. The researcher then guided participants 

through the calibration process whereby they set the 

maximum (i.e. starting) and minimum squatting position. 

Participants then moved onto the practice phase during 

which they performed 3 squats while checking if the 

application works as intended. Before proceeding to the 

experimental phase, the researcher provided feedback 

regarding the execution, whilst participants could ask 

https://redcap.slms.ucl.ac.uk/
https://www.microsoft.com/en-gb/microsoft-365/microsoft-teams/group-chat-software
https://uclpsych.eu.qualtrics.com/
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questions. During the experimental phase, participants 

performed 4 sets of 5 squats with a short break (1-2 min) 

between each set. The application reminded participants to 

take a break after each set by playing a voice message. Both 

downward and upward squat movement trajectories were 

accompanied by a synchronous note sound, which was 

played through the connected earphones/headphones. Each 

set of squats consisted of either 5 congruent (C) or 

incongruent (I) movement-sound pairings. Therefore, the 

downward movement was accompanied by either a 

descending pitch (congruent pairing) or an ascending pitch 

(incongruent pairing), whilst the upward movement was 

accompanied by either an ascending pitch (congruent 

pairing) or a descending pitch (incongruent pairing). To 

control for potential order effects, the order of conditions was 

fully randomized, resulting in 6 possible combinations of the 

blocked conditions: IICC, CIIC, ICIC, CICI, ICCI and CCII. 

In addition to the mandatory break between each set, 

participants could take more frequent breaks if needed. 

Movement data was collected throughout the experimental 

phase apart from during the mandatory breaks when the 

application automatically stopped tracking the movement to 

reduce the amount of extraneous movement data collected.  

Lastly, participants completed the self-report phase in which 

they repeated the squat exercise 4 more times while stopping 

after each squat. Only half of the squatting movement was 

sonified to assess the effect of each pitch direction sonifying 

each movement trajectory. This resulted in a total of 4 self-

report conditions (Table 3). To control for order effects, the 

order of conditions was fully randomized, resulting in 24 

possible combinations of the conditions. After each 

condition, participants filled out the body feelings and 

emotional state parts of the experimental questionnaire. 

Movement data was not collected during the self-report 

phase.  

Self-report 
condition 

Pitch 
direction 

Movement 
trajectory 

Down congruent Descending Downward 

Down incongruent Ascending Downward 

Up congruent Ascending Upward 

Up incongruent Descending Upward 

Table 3. The four self-report conditions composed of all 

combinations of the two IVs. 

Upon completing the self-report phase, a short follow-up 

semi-structured interview was conducted. During the 5 to 10-

minute interview, participants were asked to elaborate on the 

most salient effects of sound and sound-movement 

combinations on the experienced body feelings and 

emotional state. Lastly, participants were asked to email the 

movement data files stored on their smartphone to the 

researcher. Afterwards, participants were given the option to 

receive a written copy of a debriefing sheet (Appendix J) via 

email if they wished. Finally, they were thanked for their 

participation. 

3.6. Data Analysis Method 

The obtained self-report data and the extracted movement 

data were analysed using R. Initial exploratory analysis was 

performed to check the normality of residuals for each DV. 

In the case of non-normality, several transformations were 

tested. Subsequently, either a parametric or non-parametric 

ANOVA was conducted. Unless otherwise stated, the 

significance level for all statistical tests was fixed at an alpha 

level of 0.05, hence a p-value ≤ 0.05 was used to reject the 

null hypothesis. 

3.6.1. Self-report data 

Firstly, initial exploratory analyses were performed to detect 

extreme outlier data outside the 3*IQR above or below the 

mean within each group. However, no outlier data were 

detected in any of the self-report variables. Due to the ordinal 

nature of the Likert-type data, it was analysed using 2x2 

repeated measures Analyses of Variance (ANOVAs) on 

aligned rank transformed (ART) data with ‘movement 

trajectory’ and ‘pitch direction’ as within-subject factors. 

The “ARTool” package in R [45] was used for the analysis. 

Separate ART ANOVAs were conducted for all 12 self-

reported body feelings and 2 emotional state dimensions. 

Partial eta squared (ηp
2) was calculated as the effect size and 

evaluated using Cohen’s rule [46].  

3.6.2. Movement data  

Firstly, initial exploratory analyses were performed to detect 

extreme outlier data outside the 3*IQR above or below the 

mean within each group. However, no outlier data were 

detected in any of the movement variables. Additionally, the 

initial exploratory analysis tested whether the model 

residuals of measured movement behaviour variables are 

approximately normally distributed. Thus, parametric two-

way repeated-measures ANOVAs with ‘movement 

trajectory’ (‘upwards’ or ‘downwards’) and ‘pitch direction’ 

(‘ascending’ or ‘descending’) as within-subject factors were 

constructed for time, velocity and maximum acceleration. 

Additionally, since the peak and mean movement angle were 

measured for the entire squatting movement rather than for 

each movement trajectory, two separate parametric one-way 

repeated measures ANOVAs with “condition” (‘congruent’ 

or ‘incongruent’) as the only within-subject factor were 

constructed. Normality of model residuals was then checked 

using Q-Q plots, skew values, and Shapiro-Wilk tests. 

Model residuals for all movement DVs showed large 

normality violations hence, three different transformations 

were tested to achieve normality in the order presented 

below. After each transformation, the residual normality 

testing procedure was repeated for each movement variable. 

1) Log transformation (log(Xi)): Takes the logarithms 

of the initial data. In the case of negative skew of 

model residuals, log(max(Xi+1)-Xi) was calculated. 

2) Square root transformation (√Xi): Takes the square 

root of the initial data. In the case of negative skew 

of model residuals, √(max(Xi+1)-Xi) was 

calculated. 
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3) Z-scores: The initial data were converted to 

individual z-scores calculated for each participant 

based on the data gathered from the 5 blocked trials 

using to the following equation: 𝑧 =

 
𝑠𝑐𝑜𝑟𝑒−𝑚𝑒𝑎𝑛(5 𝑡𝑟𝑖𝑎𝑙𝑠)

𝑆𝐷(5 𝑡𝑟𝑖𝑎𝑙𝑠)
. 

Results from the post-transformation normality tests for all 

movement variables showed that none of the above-outlined 

transformations managed to resolve the residual normality 

violations (see Appendix K for Shapiro-Wilk results before 

and after each transformation). Hence, a non-parametric 

analysis was carried out for all movement variables. 

Therefore, the initial velocity, maximum acceleration and 

time measurements were submitted to separate two-way 

repeated measures ART ANOVAs with ‘movement 

trajectory’ (‘upwards’ or ‘downwards’) and ‘pitch direction’ 

(‘ascending’ or ‘descending’) as within-subjects factors. 

Similarly, since the peak and mean movement angle were 

analysed using separate one-way repeated measures ART 

ANOVAs with “condition” (‘congruent’ or ‘incongruent’) as 

the only within-subject factor. Partial eta squared (ηp
2) was 

calculated as the effect size and evaluated using Cohen’s rule 

[46]. The “ARTool” R package [45] was used for analysis. 

3.6.3. Semi-structured interview 

Each semi-structured follow-up interview was audio-

recorded and transcribed using the verbatim transcription 

method. Additionally, the answers participants provided to 

the open-ended questions from the self-report questionnaire 

were combined with their associated interview transcripts. 

Each transcript was then analysed following the Braun and 

Clarke [47] approach to top-down thematic analysis. The aim 

of this follow-up interview was to better understand 

participants’ experiences related to each of the sounds and 

sound-movement pairings throughout the experiment. 

Hence, the transcripts were analysed deductively, with codes 

based on the body feelings, movement perceptions, and 

emotional state experienced during the different 

experimental and self-report conditions. Subsequently, the 

codes were grouped into larger themes and subthemes in 

relation to the research question. 

4. RESULTS 

4.1. Quantitative Results 

4.1.1. Body feelings 

Due to the ordinal nature of Likert-type data, the body 

feelings data was not checked for the presence of outliers nor 

normality violations. Instead, non-parametric 2x2 repeated 

measures ANOVAs on aligned rank transformed data with 

pitch direction and movement trajectory as the within-

subject factors were conducted for each of the 12 

investigated body feelings. In this section, only the 

significant results will be reported, however, the ART 

ANOVA results for all body feelings measures can be found 

in Appendix L (Table L1). Descriptive statistics for all 

measured body feelings, with stars denoting the DVs, which 

were significantly affected by one or more IVs, can be found 

in Appendix L (Table L2).  

The results show a significant main effect of pitch direction 

on several body feelings and a significant main effect of 

movement trajectory on just one of the measured body 

feelings. Firstly, pitch direction significantly affected the 

perceived heaviness with a large effect size so that 

participants felt heavier with the descending and lighter with 

the ascending sound (Figure 3), F(1,21)=13.21, p<0.01, 

ηp
2=0.39. There was no significant main effect of movement 

trajectory, nor a significant interaction effect between pitch 

direction and movement trajectory on the perceived 

heaviness (p>0.05). 

Furthermore, pitch direction significantly affected the 

perceived tiredness with a large effect size so that 

participants felt more tired with the descending and less tired 

with the ascending sound (Figure 3), F(1,21)=7.64, p<0.05, 

ηp2=0.27. There was no significant main effect of movement 

trajectory, nor a significant interaction effect between pitch 

direction and movement trajectory on the perceived tiredness 

(p>0.05).  

 

Figure 3. Boxplots for self-reported heaviness (left) and 

tiredness (right) indicating a main effect of pitch direction, 

whereby participants felt heavier and more tired with the 

descending compared to the ascending pitch. 

Moreover, pitch direction significantly affected the 

perceived capability with a medium effect size so that 

participants felt less capable with the descending and more 

capable with the ascending sound (Figure 4), F(1,21)=6.30, 

p<0.05, ηp
2=0.23. There was no significant main effect of 

movement trajectory, nor a significant interaction effect 

between pitch direction and movement trajectory on the 

perceived capability (p>0.05). 

Additionally, pitch direction significantly affected the 

perceived motivation with a large effect size so that 

participants felt less motivated with the descending and more 

motivated with the ascending sound (Figure 4), 

F(1,21)=13.63, p<0.01, ηp
2=0.39. There was no significant 

main effect of movement trajectory, nor a significant 

interaction effect between pitch direction and movement 

trajectory on the perceived motivation (p>0.05). 
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Figure 4. Boxplots for self-reported capability (left) and 

motivation (right) indicating a main effect of pitch direction, 

whereby participants felt more capable and more motivated 

with the ascending compared to the descending pitch. 

Lastly, pitch direction significantly affected the perceived 

difficulty of the movement with a large effect size so that 

participants perceived the movement as more difficult with 

the descending and less difficult with the ascending sound 

(Figure 5), F(1,21)=10.15, p<0.01, ηp
2=0.33. Moreover, 

movement trajectory significantly affected the perceived 

difficulty of the movement with a medium effect size so that 

participants perceived the downward movement as more 

difficult and the upward movement as less difficult (Figure 

5), F(1,21)=4.62, p<0.05, ηp
2=0.18. There was no significant 

interaction effect between pitch direction and movement 

trajectory on the perceived difficulty of the movement 

(p>0.05). 

 

Figure 5. Boxplots for self-reported difficulty indicating a 

main effect of pitch direction (left) and movement trajectory 

(right), whereby participants felt the movement was more 

difficult with the descending compared to ascending pitch, and 

that the descent was more difficult compared to the ascent.  

Beyond the reported significant results, there was no 

significant main effect of pitch direction or movement 

trajectory, nor a significant interaction effect between pitch 

direction and movement trajectory on the perceived strength, 

comfort, speed, control, coordination, agency, or surprise 

(p>0.05).  

4.1.2. Emotional state 

Like with bodily feelings, emotional state data was not 

checked for the presence of outliers nor the normality of 

residuals. Instead, non-parametric 2x2 repeated measures 

ANOVAs on aligned rank transformed data with pitch 

direction and movement trajectory as the within-subject 

factors were conducted for each of the 2 investigated 

emotional state dimensions. In this section, only the 

significant results will be reported, however, the ART 

ANOVA results for all emotional state measures can be 

found in Appendix L (Table L3). Descriptive statistics for all 

measured emotional state dimensions, with stars denoting the 

DVs, which were significantly affected by one or more IVs, 

can be found in Appendix L (Table M4). 

The results show a significant main effect of pitch direction 

on both valence and arousal, a lack of significant main effect 

of movement trajectory as well as a lack of significant 

interaction between pitch direction and movement trajectory 

on both measured dimensions of emotional states.  

In particular, pitch direction significantly affected the 

perceived valence with a large effect size so that participants 

felt less happy/positive with the descending and more 

happy/positive with the ascending sound (Figure 6), 

F(1,21)=8.56, p<0.01, ηp
2=0.29. Similarly, it significantly 

affected the perceived arousal with a medium effect size so 

that participants felt less aroused/excited with the descending 

and more aroused/excited with the ascending sound (Figure 

6), F(1,21)=4.69, p<0.05, ηp
2=0.18. There was no significant 

main effect of movement trajectory, nor a significant 

interaction effect between pitch direction and movement 

trajectory on the two measures (p>0.05). 

 

Figure 6. Boxplots for self-reported valence (left) and arousal 

(right) indicating a main effect of pitch direction, whereby 

participants felt happier/more positive and aroused/excited 

with the ascending compared to the descending pitch. 

4.1.3. Movement behaviour 

Outlier analysis of all movement DVs did not reveal any 

extreme outliers, hence all data points were retained in the 

dataset. The initial Shapiro-Wilk test revealed that the 

distribution of model residuals of all movement was 

significantly non-normal, p<0.05 (Appendix L). As residual 

normality could not be achieved by either of the three tested 

data transformation approaches (Appendix L), a non-

parametric analysis was conducted for all movement 

behaviour variables. Thus, for the 3 movement variables, 

which were measured for both upward and downward 

squatting movement (i.e. time, velocity, maximum 

acceleration), 2x2 repeated measures ANOVAs on aligned 

rank transformed data with ‘pitch direction’ and ‘movement 

trajectory’ as the within-subject factors were conducted. 

Contrarily, since the movement angle variables (i.e. peak 

angle, mean angle) were only measured for the entire 

squatting movement, one-way repeated measures ANOVAs 

on aligned rank transformed data with ‘condition’ as the only 

within-subject factor were conducted. In this section, only 

the significant results will be reported, however, the ART 

ANOVA results for all movement behaviour measures can 

be found in Appendix L (Table L5, L6). Descriptive statistics 
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for all measured movement variables, with stars denoting the 

DVs, which were significantly affected by one or more IVs, 

can be found in Appendix L (Table L7, L8). 

The results show a lack of significant main effect of pitch-

movement congruency on both peak and mean angle 

(p>0.05). On the other hand, results show a significant main 

effect of movement trajectory on several movement 

variables, and a significant main effect of pitch direction on 

just one of the other 3 movement variables. Lastly, there 

were no significant pitch-movement interaction effects on 

either of these movement variables.  

Firstly, movement trajectory significantly affected the time 

taken to complete the squat with a large effect size so that 

participants were faster when squatting down (M=1.02, 

SE=0.01) and slower when squatting up (M=1.14, SE=0.01) 

(Figure 7), F(1,21)=8.41, p<0.01, ηp
2=0.29. There was no 

significant main effect of pitch direction, nor a significant 

interaction effect between pitch direction and movement 

trajectory on the time taken to complete the squat (p>0.05). 

Furthermore, movement trajectory significantly affected the 

velocity with a large effect size so that participants had 

greater velocity when squatting down (M=74.77, SE=1.15) 

and lower velocity when squatting up (M=67.77, SE=1.11) 

(Figure 7), F(1,21)=7.62, p<0.01, ηp
2= 0.27. There was no 

significant main effect of pitch direction, nor a significant 

interaction effect between pitch direction and movement 

trajectory on the velocity of the movement (p>0.05). 

 

Figure 7. Means and standard errors for movement time (left) 

and velocity (right) indicating a significant main effect of 

movement trajectory, whereby participants were slower to 

complete the ascent compared to descent and had greater 

velocity during the descent compared to ascent.  

Lastly, movement trajectory significantly affected the 

maximum acceleration with a large effect size so that 

participants had a greater maximum acceleration when 

squatting down (M=0.41, SE=0.007) and lower maximum 

acceleration when squatting up (M=0.29, SE=0.007) (Figure 

8), F(1,21)=24.41, p<0.001, ηp
2=0.54. Additionally, there 

was a significant main effect of pitch direction on maximum 

acceleration with a medium effect size whereby participants 

had a greater maximum acceleration with the descending 

(M=0.36, SE=0.008) and lower maximum acceleration with 

the ascending sound (M=0.34, SE=0.008) (Figure 8), 

F(1,21)=6.20, p<0.05, ηp
2=0.23. There was no significant 

interaction effect between pitch direction and movement 

trajectory on the maximum acceleration of the movement 

(p>0.05). 

 

Figure 8. Means and standard errors for the maximum 

acceleration indicating a significant main effect of movement 

trajectory (left) and pitch direction (right), whereby 

participants had greater maximum acceleration during the 

downward squat compared to upward, and with the 

descending compared to the ascending pitch. 

4.2. Qualitative Results 

The coded abstracts of the follow-up interviews were 

grouped into three major themes. The first and second 

themes draw upon the evoked bodily, emotional, and 

movement-related experiences during the self-report phase. 

In particular, the first theme looks at the effect of pitch 

direction only, while the second theme outlines the 

experiences evoked when the movement trajectory was 

considered alongside pitch direction (i.e. sound-movement 

pairing). Lastly, the third theme describes the salient 

experiences evoked by the full-movement sonification 

during the experimental phase in contrast with the 

experiences evoked by the half-movement sonification 

during self-report.  

4.2.1. Effect of pitch direction 

Most participants were able to discriminate between the two 

pitch directions (i.e. ascending and descending). Commonly, 

participants referred to the ascending pitch as a positive and 

the descending as a negative sound regardless of which 

movement trajectory it was sonifiying. The ascending-

positive and descending-negative associations were based on 

participants’ previous experiences of hearing similar sounds 

in everyday contexts:  

“It is sort of like in a video game; when you have a low-

pitched sound, it is like you have lost the game. And that is 

what it sounded like when I heard the descending sound. 

And then there is a high-pitched sound, which means I 

successfully passed the level.”  

(p3) 

“When the sound goes down in scale it is like a negative 

sound in Western music. So, I sort of associate that with 

being a negative sound.”  

(p16) 

Given the context of performing the sonified squats, 

participants commonly associated the positive ascending 

sound with correctly performed movement and the negative 

descending sound with incorrect movement. Moreover, the 

validation provided by the ascending sound acted as a source 
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of positive reinforcement and encouragement, which in turn 

enhanced emotional state, empowerment, capability, and 

motivation to continue with the exercise: 

“Getting positive reinforcement, makes you feel good. So 

here you are getting that approval from a noise saying you 

did the movement correctly. And this empowers you to do 

more and makes you feel like you have got this.” 

 (p2) 

Contrarily, the descending sound signified incorrect 

movements and increased uncertainty regarding one’s form, 

leaving participants unmotivated to continue and wondering 

what they had done wrong. Interestingly, this association 

between descending pitch and failure resulted in participants 

rejecting the sound and not taking ownership over it, as they 

tried to minimize the negative association between their 

movement and incorrectness:  

“As the pitch was decreasing, it felt like I failed completely 

or did something wrong in the squat and I felt unmotivated 

to continue with the exercise. And that sound did not feel 

like it came from me. Well, I did not want it to feel like it 

did, I mean no one wants to fail, right?”  

(p20) 

In addition to the two most common associations (i.e. 

positive-negative, success-failure), ascending and 

descending pitch evoked several other salient experiences. 

Accordingly, the ascending pitch was preferred by most 

participants as it was perceived to be more energetic, 

stimulating, and motivating. Similarly, the ascending pitch 

managed to evoke feelings of being significantly lighter, 

capable, and more physically active. Moreover, it was 

described as more awakening, energizing, and useful when 

trying to be more “explosive” (i.e. high-intensity, short-

duration movement). Furthermore, ascending pitch managed 

to facilitate the squat, reduce its perceived difficulty, and 

enhance the perceived speed and quality of the movement. 

On the other hand, most participants would not like to listen 

to descending pitch whilst exercising, as they perceived it as 

demotivating, impeding the movement and reducing its 

quality. Moreover, participants commonly reported feeling 

heavier and less capable to perform the squat when their 

movement was accompanied by a descending pitch 

regardless of the movement trajectory. Lastly, the 

descending pitch was frequently described as significantly 

less stimulating and energising as the ascending pitch:  

“The descending sound was quite diffusing as in it would 

help me sleep rather than exercise.”  

(p22) 

However, about a quarter of the participants reported a very 

slight or even a complete lack of effect of pitch direction on 

their body feelings, emotional state, and movement 

perception. A common reason was the rather low sense of 

agency over the heard sounds as reported by several 

participants. Often participants had a hard time connecting 

the simple note-based sonification to their squatting 

movement. They argued that the heard sounds did not 

resemble the sounds their body would make during such an 

exercise, hence distancing themselves from the movement 

sonification. This, in turn, diminished the variety and 

vividness of the reported experiences. Another contributing 

factor to the low saliency of the evoked experiences was the 

high degree of similarity between the ascending and 

descending sounds, which resulted in some participants 

perceiving the two sonifications as the same. Thus, in the 

follow-up interview some participants did not report any 

salient experiences evoked by the two different sounds:  

“Generally, the feelings the two sounds elicited were mostly 

neutral because the differences between the different 

sounds were very small.”  

(p14) 

4.2.2. Effect of sound-movement pairing 

On the other hand, the experiences evoked by ascending and 

descending sounds were somewhat different when 

participants were asked to also consider the movement 

trajectory (i.e. sound-movement pairing).  

Many participants characterized the upward squatting 

movement as being more physically demanding than the 

downward movement. Thus, the pairing of the “positive” 

sound with the “hardest” part of the squat further enhanced 

the positive properties of the ascending sound: 

“The hardest part of a squat is coming up so having the 

positive [ascending] sound on the way up made me feel 

better than when I went down with that sound.”  

(p2) 

Among all sound-movement pairings, ascending pitch 

accompanying the upward movement (i.e. ascending-up) 

was preferred by most participants and seen as the most 

beneficial to enhancing and facilitating the overall exercise. 

Although ascending pitch evoked feelings of lightness 

independently of movement trajectory (as discussed in 

4.2.1.), these feelings were amplified when paired with the 

ascent. Moreover, the ascending sound on the ascent was 

perceived as even more energetic and uplifting, with some 

participants even reported feeling as if they were being lifted 

and carried through the movement by the sound itself. Thus, 

the ascending sonification reduced the perceived difficulty of 

the upward movement and helped participants complete the 

“hardest” part of the squat. Furthermore, the ascending-up 

sonification enhanced capability, increased the perceived 

speed as well as the amount and quality of movement: 

“With the ascending sound, it felt like I went up really fast 

and that speed just carried me along with it. It almost felt like 

I went up more than during the other squats.”  

(p19) 

Moreover, the ascending-up pairing was perceived as the 

most synergetic and in-sync with one’s movement, resulting 

in a higher perceived sense of agency over the sound. As 

discussed previously (see 4.2.1.), ascending sound managed 



 

 
14 

to motivate participants independently of movement 

trajectory and this effect was again enhanced when sonifying 

the ascent. In particular, the ascending sound on the ascent 

evoked a salient spring-like experience whereby participants 

described feeling like a decompressing spring as they 

squatted up. Interestingly, this feeling intensified throughout 

the ascent and was the most salient at the very top of the 

squat. In turn, this evoked feeling of springiness or 

bounciness facilitated the ascent and motivated participants 

to complete the current squat as well as encouraged 

progression onto the next squat:  

“The rise in pitch made me feel like my ascent was much 

faster and springier. It made me feel like I could go for 

another round just to feel that springiness again.”  

(p20) 

On the contrary, when the ascending sound was paired with 

the less physically demanding part of the squat (i.e. 

ascending-down pairing), the evoked experiences were not 

as salient and beneficial for the exercise as when paired with 

the upward movement. Whereas the ascending sound on the 

ascent was perceived as essential for facilitating the 

movement, when accompanying the downward squat, some 

participants perceived it as “lacklustre and redundant” 

(p15). Furthermore, unlike when sonifying the ascent, the 

ascending sound did not evoke a sensation of being carried 

through the downward movement, nor a feeling of lightness, 

which were the two most salient experiences evoked by the 

same sound on the ascent. Moreover, as the pitch direction 

went against the movement trajectory, some participants 

reported experiencing a misalignment between the sound and 

the sonified movement. This, in turn, reduced the sense of 

agency over and connection with the sound, making the 

evoked experiences less pronounced and positive: 

“It was a motivating sound somehow, but it did not quite fit 

the downward movement; I felt less connected to it. It was 

nicer than no sound but just more neutral and awkward.”  

(p13) 

On the other hand, the negative associations related to the 

descending sound were amplified when sonifying the more 

physically demanding part of the squat (i.e. ascent). Hence, 

participants reported feeling significantly heavier, 

demotivated, and less capable when squatting up with the 

descending sound. Furthermore, some perceived the upward 

movement as more physically demanding and requiring 

more muscle tension compared to the ascending sonification: 

“Because this negative sound comes in at the hardest point 

of the squat, it was not the best time to initiate that sound.  

It definitely made it harder to get up.”  

(p16) 

“The upward squat with the descending sound was 

definitely harder, I felt more muscle tension and heavier.”  

(p8) 

Overall, the descending sound paired with an upward 

movement was the least beneficial to increasing motivation 

and facilitating the upward squat, hence most participants 

characterized it as their least preferred sound-movement 

pairing. Like with the ascending-down pairing, participants 

again perceived the misalignment between the pitch 

direction and their movement trajectory. This additionally 

reduced the perceived quality and ease of the ascent as well 

as amplified the sensation of incorrectness, which was 

already associated with the descending sound independently 

of the movement trajectory (see 4.2.1.):  

“Because I was going up, but the sound went down, I felt 

like I was doing it wrong and my movements were 

incorrect; it stifled my movement in a way.”  

(p2) 

Lastly, when the descending sound accompanied the 

downward movement, the negative aspects of the descending 

pitch were somewhat less pronounced. Although participants 

felt heavier, this heaviness enhanced the perceived speed, 

quality, and amount of the downward movement. Some 

participants even reported feeling as if they are being pulled 

down by the sound and as a result squatted lower than with 

the ascending sonification: 

“When the descending sound came as I was squatting 

down, it felt like I was pulled down by the sound and a bit 

heavier, faster and stronger, sinking deeper into the squat.” 

(p7) 

While about a quarter of the participants enjoyed the 

descending sound on the descent and perceived their 

movement as more controlled and less physically 

demanding, the rest again perceived the descending sound as 

negative, demotivating, and de-energizing. One participant 

even compared his experience of squatting down with the 

descending sound as a “battery losing its power” (p1). 

Moreover, due to the nature of the self-report phase in which 

only half of the squatting movement was sonified, the lack 

of upward sonification following the descending-down 

pairing impeded the subsequent upward movement. Since 

the upward movement was regarded as the more physically 

demanding of the two, this increased the overall difficulty of 

the squat and reduced motivation to continue with the 

exercise. Thus, participants argued that although the 

descending sound facilitated the downward movement as it 

“pulled” them down, they found it difficult to complete the 

subsequent upward movement in the absence of an ascending 

sound providing the much-needed energy, encouragement, 

and motivation to complete the squat: 

“The descending sound when I am going down makes me 

feel like I am going to get stuck down because I have no 

energy to go back up. But when it was followed by an 

ascending sound then it worked because it balanced itself 

out. So, I am like being pulled down and then pushed up.” 

(p11) 
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4.2.3. Effect of full-movement sonification  

In the present study, participants completed both the self-

report and the experimental phase, during either just one or 

both movement trajectories were sonified within the same 

squat, respectively. Overwhelmingly, participants agreed 

that the full-squat sonification during the experimental phase 

was more beneficial to enhancing and facilitating PA 

compared to the half-movement sonification. Moreover, the 

full-movement sonification further enhanced the positive 

body feelings associated with the sound such as lightness and 

capability, as well as increased the sense of agency and 

connection between the sounds and one’s movement. 

Interestingly, many participants reported “missing the full 

sonification” (p9) during the self-report phase, which further 

amplified the differences in the reported experiences 

between the two phases. While some participants preferred 

the full-movement sonification when the pitch direction went 

along their movement trajectory, others argued it was the 

distinction between the two sounds that evoked the positive 

experiences. However, overwhelmingly, participants agreed 

the two movement trajectories should be sonified by a 

different sound for maximum benefit to the overall squat:  

“The two different sounds for the two different movement 

directions are good because it keeps the exercise 

interesting, like exciting because it is different. So, if I had 

the same sound for five reps, it would get repetitive.”  

(p22) 

The most common experience evoked by the full-movement 

sonification was a feeling of bounciness or springiness, 

which significantly increased the perceived motivation, 

capability, and ease of movement. Although this sensation 

was also evoked by the ascending sound on the ascent in the 

self-report phase (as discussed in 4.2.2.), it was further 

enhanced by the continuous two-way sonification. 

Participants described the full-movement sonification as 

providing stimulation and motivation throughout the entire 

squat, hence increasing the perceived capability to complete 

the exercise as well as lowering its perceived difficulty. 

Furthermore, the continuous sonification and the evoked 

spring-like experience helped to create a flow and maintain 

the squatting pace, hence facilitating progression between 

the squats: 

“When both movements were sonified, it enhanced the 

springy sensation and it motivated me to do more reps. You 

saw that I went down again for a few extra and that was 

mainly due to the sound; I just let the sound guide me and I 

felt like I could keep going.” 

 (p20) 

Interestingly, some participants reported this spring-like 

experience to be enhanced when the pitch direction of the 

sonification matched their movement trajectory (i.e. 

congruent sound-movement pairing). Although other 

participants did not perceive the congruent pairing as 

enhancing the spring-like experience nor facilitating the 

exercise, they did, however, describe the congruent pairing 

as more natural, logical, and making more sense. In 

particular, these associations were based on participants’ 

prior experiences of encountering such sound-movement 

pairings in everyday contexts:   

Because we are used to these kinds of sound effects in films 

and media, I associate a rising sound with something going 

up like your body moving up. So, I think this association is 

kind of intrinsic in our minds.” 

(p7) 

Notably, although in the self-report phase, the descending 

sound on the descent was perceived as inhibiting the 

subsequent upward movement and hence increasing the 

overall difficulty of the squat (as discussed in 4.2.2.), it did 

not evoke such experiences in the experimental phase. 

Instead, the negative aspects of the descending-down sound-

movement pairing (i.e. feeling heavy, stuck at the bottom) 

were “balanced out” by the subsequent ascending sound 

accompanying the upward movement. Together, this 

descending-ascending sonification sequence enhanced the 

experience of being “pulled down” and “pulled up” by the 

sound, hence evoking a sensation of being supported by the 

congruent full-movement sonification whilst performing the 

squat:  

“When the sound went along with the movement, it felt like 

I was being pulled down and pulled up. So, it felt like I was 

not doing the exercise on my own.”  

(p11) 

On the other hand, some participants described the 

incongruent full-movement sonification as unexpected and 

weird, however, this experience had little or no effect on the 

actual and perceived body movement. Thus, about two-thirds 

of the participants argued that the alignment between pitch 

direction and movement trajectory, although more logical, 

was not necessary to evoke the spring-like experience and 

enhance PA. Instead, it was the contrast between the two 

sounds that was perceived as beneficial to facilitating the 

movement: 

“It was more important that the two sounds are distinctive 

rather than which one is paired with which movement. I like 

the distinction; it helps with the movement.”  

(p6) 

Moreover, unlike in the self-report during which participants 

experienced ambiguity regarding when the sound will play, 

due to the predictable nature of the sonification onset during 

the experimental phase, participants experienced the full-

movement sonification as more natural, fluid, and less 

ambiguous. Furthermore, due to the several consecutive 

repetitions, they often found themselves “lost in the sound” 

(p20) while the continuous sonification captured their full 

attention. Hence, the sonification acted as a source of 

distraction from the physically demanding exercise, which in 

turn facilitated the movement: 
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“Hearing both sounds distracted me from the exercise.  

I felt like it was easier to complete the squat when I heard 

the two sounds.”  

(p14) 

However, about a fifth of the participants reported a very 

slight or even a complete lack of effect of the full-movement 

sonification on their body feelings, emotional state, and 

movement perception. Commonly, this was the case with 

those participants who were less used to squatting and hence 

overly focused on their movements and the squat count, 

consequentially ignoring the movement sonification 

altogether. Moreover, some participants completed the sets 

of 5 squats too quickly, which resulted in sensory overload 

and lowered their ability to distinguish between the different 

sounds and sound-movement pairings. Thus, in the follow-

up interview some participants did not report any salient 

experiences in relation to the different experimental 

conditions: 

“Because I was doing the squats so quickly, the two sounds 

sort of blurred into one. It was a lot of sounds and squats at 

the same time. So, I could not really differentiate it. If I 

slowed down, maybe it would have had a different effect.”  

(p16) 

Furthermore, a few participants suggested that the number of 

repetitions in both the self-report and experimental phases 

was too small for the movement sonification to elicit any 

salient effects. Moreover, while some participants attributed 

the lack of significant effects to the low difficulty of the 

exercise, others attributed it to its high degree of physical 

demandingness. The prior argued that the exercise was too 

easy for the sound to have any effect on the movement, while 

the latter noted it was difficult to focus on the sonification 

and the evoked experiences as they were more focused on 

their squatting form. Thus, the evoked experiences during 

both the full- and half-movement sonification might have 

been enhanced had the exercise been more physically 

demanding: 

“Because squats are relatively easy, I did not feel such a 

strong difference in the movement. If I had to do a push-up 

or something harder, the effect would have been stronger.”  

(p13) 

5. DISCUSSION 

5.1. Results Discussion 

The hypotheses outlined in chapter 2.4. are discussed here in 

light of the quantitative and qualitative results, as well as 

existing findings from the related literature. 

5.1.1. Hypothesis 1 (interaction effect on BP) 

Unlike hypothesized, the effect of pitch direction on BP was 

the same regardless of which movement trajectory it 

sonified. Despite the existing evidence on the robustness of 

the perceptual association between auditory pitch direction 

and movement in the vertical plane [e.g. 30,31,33,36], this 

association did not significantly affect any of the measured 

aspects of BP in the present study. This lack of interaction 

effect was largely corroborated by the qualitative results, 

which suggest that instead of the sound-movement 

congruency, it was the contrast between the pitch direction 

of the upward and downward movement sonification that 

enhanced their body and movement perception and 

facilitated PA. This insignificant interaction is in line with 

[12], who also found a lack of effect of sound-movement 

congruency and a significant effect of sonification pitch 

contrast on BP. Interestingly, compared to [12], the present 

study utilized a somewhat different sound-movement pairing 

whereby the performed movement was more physically 

demanding and involved a higher degree of bodily 

displacement. Therefore, the present study extends the 

previous findings by showing that this lack of interaction 

effect between pitch direction and movement trajectory on 

BP holds across different levels of physical demandingness 

and bodily displacement. Furthermore, [48] recently found a 

lack of effect of pitch direction on BP when adults and 

children pulled their finger in the horizontal axis. This 

suggests that the effect of pitch direction as indicated by the 

present findings could be limited to vertical movements. 

Thus, it remains to be investigated whether the effect of pitch 

direction holds when the performed movement involves a 

higher degree of bodily displacement and physical 

demandingness but follows a horizontal trajectory. 

Furthermore, quantitative results revealed a non-significant 

main effect of movement trajectory on all measured aspects 

of body and movement perception apart from the perceived 

difficulty of the squatting movement. Specifically, the 

descent was rated as significantly more difficult than the 

ascent. On the other hand, the qualitative findings suggest 

that the ascent was mostly perceived as more difficult and 

physically demanding than the descent. Moreover, during the 

self-report phase, the entire squat was perceived as more 

difficult when only the downward movement was sonified 

since the absence of sonification made the upward movement 

much more difficult to complete. Thus, the higher difficulty 

rating of the downward movement trajectory during the self-

report phase could instead reflect the higher difficulty of the 

entire squat due to the absence of the upward sonification. 

Furthermore, upon looking at the median difficulty values 

across the different experimental conditions (Appendix L 

Table L2), it appears as if the movement trajectory had little 

effect when the squat was accompanied by the ascending 

pitch as seen from the identical median difficulty of the 

upward and downward movement with the ascending pitch. 

On the other hand, the median difficulty was greater when 

the descent was sonified by the descending pitch compared 

to the ascent. Thus, the quantitative results suggest that this 

significant effect of movement trajectory on perceived 

difficulty is driven mainly by the greater perceived difficulty 

of the descent when paired with the descending pitch, which 

is in line with the qualitative findings discussed in 4.2.2. 

On the other hand, the pitch direction of the movement 

sonification significantly affected several aspects of body 
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and movement perception. In particular, both quantitative 

and qualitative findings revealed a more positive effect of the 

ascending compared to the descending sonification. These 

results are in line with the previous control study [13], which 

found a significant enhancing effect of the ascending pitch 

sonification on the self-reported body and movement 

perception in a somewhat less physically demanding 

exercise and with only an upwards trajectory (i.e. lateral arm 

raise). Thus, regardless of the vertical movement trajectory 

it sonifies, the ascending pitch sonification seems to enhance 

the positive aspects of body and movement perception 

related to the facilitation and enhancement of PA. 

Furthermore, this effect of pitch direction on body and 

movement perception seems to hold across more and less 

physically demanding movements [12,13]. This positive-

negative contrast between the reported qualitative 

experiences evoked by the two sonifications could be 

explained by the fact that participants commonly perceived 

the ascending pitch as the positive and the descending pitch 

as the negative sound. Moreover, they perceived their body 

and movement more positively with regard to facilitating and 

enhancing PA when their squat was accompanied by the 

ascending, and more negatively with the descending pitch. 

This is in line with previous research, which found that lower 

pitched sounds are perceived as less pleasant than high 

pitched sounds [49,50].  

Overall, the discussed results fail to confirm the initial 

hypothesis regarding the significant pitch-movement 

interaction effect on BP. However, while the cross-modal 

correspondence between pitch direction and vertical 

movement trajectory did not significantly affect BP, the 

results suggest the ascending pitch is more beneficial at 

enhancing the dimensions of BP related to PA than the 

descending pitch and this effect seems to hold across 

different degrees of bodily displacement and physical 

demandingness of the exercise. Furthermore, this enhancing 

effect seems to hold across movement trajectories, although 

might be limited to the vertical axis. Thus, the effect of pitch 

direction on BP remains to be investigated in horizontal 

movements with a greater degree of bodily displacement and 

physical demandingness.   

5.1.2. Hypothesis 2 (interaction effect on emotional states) 

Unlike hypothesized, the effect of pitch direction on the 

emotional state was the same regardless of which movement 

trajectory it sonified. Thus, like with the body feelings, the 

proposed cross-modal correspondence between pitch 

direction and vertical movement trajectory [e.g. 30,31,33,36] 

does not significantly affect the emotional state in the context 

of performing the sonified squatting exercise. Moreover, 

participants did not feel significantly more or less aroused or 

happy when the movement sonification accompanied their 

upward or downward squat. 

On the other hand, pitch direction significantly affected the 

reported valence and arousal, whereby both emotional state 

dimensions were enhanced by the ascending pitch regardless 

of which movement trajectory was sonified. Although 

previous studies investigated the effect of manipulating the 

static pitch of naturally produced sounds on the emotional 

state in the context of PA, the present results are consistent 

with the previous findings. Like the ascending pitch squat 

sonification, the high-frequency footsteps sound whilst 

walking significantly enhances emotional state, whereby the 

listeners feel more aroused and positive [9,10,11]. Moreover, 

a recent study investigating the effect of manipulating the 

static pitch of classical piano excerpts found a positive 

association between pitch height and reported valence [49]. 

Thus, unlike the difference in the effect of static compared to 

dynamic pitch on physical size [51], the effect of static and 

dynamic pitch on emotional state seems to be rather similar. 

The present quantitative results were indirectly corroborated 

by the qualitative findings, which suggest that participants 

perceived the ascending pitch as more positive and 

associated it with positive feedback and reinforcement for 

correctly performed movement, whereas the descending 

pitch was perceived as more negative and was associated 

with negative feedback and incorrect movements. As 

discussed in 5.1.1., this positive-ascending and negative-

descending association likely underlined the resulting 

changes in emotional state, whereby the descending pitch 

diminished while the ascending pitch enhanced the reported 

emotional state.  

Overall, the obtained results fail to confirm the initial 

hypothesis regarding the significant pitch-movement 

interaction effect on emotional state. However, while the 

cross-modal correspondence between pitch direction and 

vertical movement trajectory nor the movement trajectory on 

its own does not seem to affect emotional state, the results 

suggest that pitch direction significantly affects both the 

reported valence/happiness and arousal/excitement. In 

particular, the ascending pitch is more beneficial at 

enhancing the emotional state than the descending pitch. 

Importantly, this effect of pitch direction on the emotional 

state is independent of the movement trajectory and seems to 

hold across movement sonifications with either static or 

dynamic pitch. However, more research investigating the 

effect of various static and dynamic pitch-movement 

pairings is required to enable such conclusions to be made.  

5.1.3. Hypothesis 3 (interaction effect on movement 
behaviour) 

Unlike hypothesized, the effect of pitch direction on the 

amount and quality of the squatting movement was the same 

regardless of which movement trajectory it sonified.  Hence, 

like with the body feelings and emotional state, the proposed 

cross-modal correspondence between pitch direction and 

vertical movement trajectory [e.g. 30,31,33,36] does not 

significantly affect the actual bodily movement in the context 

of performing the sonified squatting exercise.  

Moreover, the present study shows that although the pitch 

direction managed to alter body and movement perception, it 

had little effect on the actual bodily movement apart from the 



 

 
18 

maximum acceleration as discussed in the following 

paragraph. Hence, this finding is partially in line with the 

control study [13], which also found several significant 

effects of pitch direction on body and movement perception, 

yet a lack of significant effect of pitch direction on any of the 

measured movement variables in a lateral arm raise exercise. 

Contrarily, related studies, which used a more natural sound-

movement pairing by manipulating the pitch of the naturally-

produced footstep sounds whilst walking, show that such 

sound feedback significantly alters both body and movement 

perception, as well as the actual walking behaviour [9,10,11]. 

In general, the effect of manipulating the naturally produced 

movement sounds on the actual bodily movement seems 

more straightforward and aligned with the self-reported BP 

and emotional state. Contrarily, in the context of non-

naturalistic sounds (e.g. note-based sound), the effect of 

manipulating the dynamic pitch of the movement 

sonification on actual bodily movement is not significant 

[13] and this effect seems to hold across different levels of 

physical demandingness of the exercise. This suggests that 

the degree of natural alignment between the movement and 

its sonification could be considered as a moderating factor in 

the relationship between movement sonification and 

alteration of the actual bodily movement. However, further 

studies looking at different degrees of natural sound-

movement alignment should be conducted to better 

understand the role of alignment type on the relationship 

between movement sonification and the actual bodily 

movement. 

Despite its limited effects on actual movement behaviour, 

pitch direction significantly affected the maximum 

acceleration of the squatting movement. In particular, the 

descending sonification increased the maximum acceleration 

of both the upward and downward movement trajectories. 

This finding is surprising as it is not reflected in the 

qualitative findings, which suggest that participants felt 

heavier and perceived their movement as faster when the 

descending pitch accompanied their downward squat. 

Contrarily, participants felt lighter and faster during the 

ascent when accompanied by an ascending pitch 

sonification. The qualitative findings thus suggest an 

interaction effect between pitch direction and movement 

trajectory, whereby one would expect the maximum 

downward acceleration to be greater with the descending 

pitch, while the maximum upward acceleration to be 

enhanced by the ascending pitch. However, upon looking at 

the mean maximum acceleration values across the different 

experimental conditions (Appendix L Table L8), it appears 

as if pitch direction had little effect during the upward 

movement as seen from the identical mean maximum 

acceleration values for the ascent when accompanied by the 

ascending compared to the descending pitch. On the other 

hand, the mean maximum acceleration value was greater 

when the descent was accompanied by the descending 

compared to the ascending pitch. Thus, the quantitative 

results suggest that this significant effect of pitch direction 

on maximum acceleration is driven mainly by the greater 

maximum acceleration with the descending compared to the 

ascending pitch during the descent. This is also reflected in 

the qualitative findings, which suggest that throughout the 

entire experiment participants felt the heaviest and fastest 

(two bodily feelings related to movement acceleration) when 

their downward squat was sonified by the descending pitch.  

Lastly, the results of the present study show that movement 

trajectory significantly affects several aspects of the sonified 

squatting movement behaviour. Specifically, participants 

were faster, had higher velocity and maximum acceleration 

during the squat descent compared to the ascent. These 

results can be explained in the context of the eccentric and 

concentric squatting movement phases [52]. In particular, the 

downward squatting movement phase requires eccentric 

muscle activation to counteract the force of gravity and 

provide balanced tension to control the speed and range of 

the downward motion. Contrarily, the upward movement 

requires concentric muscle activation to provide the 

explosive force required for the upward momentum against 

the force of gravity. The obtained squatting movement 

behavior results instead demonstrate a faster and less 

controlled descent and a slower and more controlled ascent. 

This finding hence suggests that neither the ascending nor 

the descending pitch movement sonification managed to 

enhance the eccentric muscle activation during the squat 

descent nor the concentric activation during the ascent. 

Overall, the discussed results fail to confirm the initial 

hypothesis regarding the significant pitch-movement 

interaction and the main effect of congruency on squatting 

movement behaviour. In particular, the present study shows 

that the alignment between pitch direction and movement 

trajectory does not significantly affect the amount nor the 

quality of PA whilst squatting. In general, dynamic pitch 

sonification does not enhance the quality of PA in the context 

of performing squats, as indicated by a significant main 

effect of movement trajectory on time, velocity and 

maximum acceleration, suggesting reduced concentric and 

eccentric muscle activation. Lastly, the contrast between the 

previous and present findings suggests that although non-

naturalistic sound-movement pairings can enhance several 

aspects of body and movement perception, the effect of 

movement sonification on actual movement seems to be 

enhanced when the sonification is more naturally aligned 

with the movement.  

5.2. Squat Sonification Design Recommendations 

Overall, the qualitative results suggest a strong preference 

for as well as greater PA facilitation with the full movement 

sonification compared to half movement only. While some 

participants argued in favour of the congruency between 

sound and movement, others suggested it was the contrast 

between the two sounds that enhanced their body and 

movement perception. However, mostly, participants agreed 

that for maximum benefit to the overall exercise, both 

squatting movement trajectories should be sonified, each by 
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a different sound. Thus, an effective squat sonification 

should ensure the distinction between the sounds 

accompanying the two movement trajectories.  

Furthermore, previous studies indicate the importance of 

temporal alignment between movement and sound by 

showing that delays between action and sensory feedback 

disrupt the agency and diminish the saliency of the sensory-

induced bodily illusions [21]. Likewise, this importance of 

temporal contingency was evident in the present study, 

whereby participants who experienced a sonification lag 

reported a reduced sense of agency and diminished saliency 

of the evoked experiences during the sonified movement. 

Moreover, since the sounds used in the present study were of 

a fixed duration (i.e. 1200ms), participants often had to 

change their movement to align it with the sonification. 

Thus, instead of playing a sound of a fixed duration when a 

certain stage of the squatting movement is reached (i.e. 

continuous sonification), an anchoring approach [24], 

whereby small pieces of the sonification are played at each 

movement stage (i.e. discrete sonification), could strengthen 

the mental association between the movement and the sound. 

In this way, participants could interact with the sonification 

by moving at their own pace, rather than having to go faster 

or slower to move along with the sound. While more research 

is needed to compare the two sonification approaches, the 

present study showed that the temporal alignment between 

the squat sonification onset as well as its progression and the 

actual movement is important to ensure a sense of agency 

and, in turn, the saliency of the evoked bodily experiences.  

Moreover, the low sense of agency over the heard sounds 

was also evident in the self-report questionnaires, as 

indicated by the lowest median agency scores across all 

sound-movement pairings compared to other bodily feelings 

(Appendix L, Table L2). Afterwards, participants commonly 

suggested that the heard sounds did not resemble the sounds 

their body would ever make whilst squatting. Thus, the rather 

low natural alignment between the note-based sounds and the 

squatting movement could explain the rather low sense of 

agency and saliency of the reported bodily experiences 

during the exercise. Contrarily, other studies have shown a 

greater sense of agency over the experienced movement 

sonification when the sounds are naturally [9] or 

metaphorically aligned with the movement [25]. Therefore, 

given that the most salient and enjoyable experience evoked 

by the squatting movement sonification was the spring-like 

or bouncy-ball sensation, perhaps future squat sonifications 

could explore more metaphorically-aligned sound-

movement pairings. Hence, using spring-like or bouncy ball 

sounds instead of the note-based sounds for the squatting 

movement sonification might enhance the reported 

facilitatory spring-like sensations as well as the saliency of 

other auditory bodily illusions.   

In short, effective squat sonification design should ensure 

that both movement trajectories are sonified and that the two 

sounds are distinct rather than necessarily congruent with the 

movement trajectory. Furthermore, the present findings 

suggest that like with the arm tapping sonification [21], the 

squat sonification should ensure temporal contingency 

between action and sonification to preserve the sense of 

agency over the sounds and enhance the sensory-induced 

bodily illusions. Moreover, the non-natural movement 

sonification used in the present study evoked a lower sense 

of agency compared to the previously explored metaphoric 

or natural movement-sound pairings [9,10,11,25]. Thus, 

future squat sonifications should explore the effect of more 

metaphorically- or naturally-aligned sound-movement 

pairings on BP, emotional state, and movement behaviour. 

Moreover, although the note-based dynamic pitch sounds 

used in the present study did not have an immediate effect on 

the actual movement behaviour, they did enhance some 

aspects of BP and emotional state. Thus, such movement 

sonification could help to build some perceived capabilities, 

body awareness, or reduce the self-efficacy barriers related 

to BP, which may affect PA adherence in the longer term. 

Therefore, future squat sonification designs should be 

evaluated both with regard to their short- as well as long-term 

effects in the context of PA participation.  

5.3. Limitations and Future Research 

Due to pivoting to an online format due to COVID-19 and 

associated time limitations, the experimental application 

needed to be deployed in-the-wild in different environments, 

on different smartphones and software versions with no 

researcher support to position the phone on the body or 

troubleshoot the application. In some cases, the application 

did not work on the initial attempts and had to be re-started 

and re-calibrated by the participants. Additionally, several 

participants reported experiencing a sonification lag, which 

was especially evident during the upward movement, even 

though the upward sonification was triggered at the earliest 

possible movement stage (i.e. 10% of the calibrated 

movement angle). This, in turn, reduced participants’ 

confidence in its workings during the experiment and led to 

them being more focused on whether the application was 

working accurately rather than on the movement sonification 

and the experiences it evoked. Thus, overall, changing the 

format of the present study from the originally planned lab-

based controlled experiment to an online semi-controlled 

study, reduced the ability to control the behaviour of the 

experimental application and ensure all participants 

experienced the experimental stimuli in a similar manner. 

Consequentially, this reduced the internal validity of the 

present study as it undermined its ability to establish a 

trustworthy cause-and-effect relationship between the 

experimental manipulation (i.e. different movement 

sonifications) and the outcome (i.e. changes in BP, emotional 

state and movement behaviour).  

Although participants’ home environment can be viewed as 

a more natural context in which they would normally engage 

in PA and use the experimental application, about two-thirds 

of participants suggested this was not the case. Specifically, 

they argued that they would not exercise in their room whilst 
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being observed by another person via video-conferencing. 

Thus, although this study was conducted in-the-wild, the 

experimental setting did not reflect the participants’ natural 

environment whilst engaging in PA. Hence, in the future, the 

experimental application used in the present study could be 

developed further to reduce the potential glitches and enable 

participants to use the application independently in their 

preferred exercise environment. This would enable the 

exploration of the effect of pitch direction on BP, emotional 

state, and movement behaviour in the actual context of use 

and in the absence of malfunctions, hence increasing the 

ecological as well as the internal validity of the present study.  

Additionally, the shift to an online-based study significantly 

increased the number of eligibility requirements for 

participation in the study. Thus, participants had to have an 

Android smartphone with a required operating system 

version, headphones/earphones as well as a computer with a 

working webcam, among other requirements. 

Consequentially, this reduced the pool of all potential 

participants and thus resulted in smaller sample size and 

limited sample characteristics (Appendix A). In particular, 

the participant sample of the present study mainly consisted 

of young, relatively active, and healthy individuals with 

predominantly normal bodily dimensions. Consequentially, 

this reduced the external validity of the present study as both 

the restricted sample size and characteristics limit the extent 

to which the obtained results can confidently be generalized 

across populations with different levels of PA and body 

dimensions. Thus, future studies should aim to increase both 

the sample size as well as assess the effect of various 

movement sonifications in more demographically diverse 

populations to enable greater generalizability of the obtained 

results. Moreover, since movement sonification has the 

power to change BP and emotional state, it may also help to 

reduce the barriers related to BP that impede adherence to 

PA in less physically-active populations [25]. Thus, future 

research should investigate the effect of various movement 

sonifications on people who struggle to engage in PA. 

Despite described as a limitation, the shift to an online-based 

experiment also showed a degree of flexibility, adaptability, 

and resourcefulness on the researcher’s behalf. More 

importantly, the drastic change to the experimental set-up 

resulted in several valuable lessons learnt, which could help 

inform the design and execution of similar research studies 

in the context of a global pandemic. For example, planning 

ahead was one of the most important aspects of the present 

study. Since the participants could not come to a lab and use 

a single set of the required materials (i.e. smartphone band, 

extension strap), these had to be shipped to each participant’s 

home before the experiment. Given the COVID-19-induced 

disruptions to the UK postal service, it was important to 

consider the possibility of the shipment being delayed or lost 

on the way. This was tackled by sending the materials with 

enough time to spare to be able to send another parcel in case 

the first one got delayed or lost. Moreover, timely and 

ongoing communication with the participants to check up on 

the status of the delivery was essential to ensure everyone 

received all the required materials in time for the experiment. 

Overall, despite the additional planning and workload 

associated with shifting to a fully-remote study set-up, this 

shift enabled several opportunities. As discussed earlier, the 

fully remote nature of the present study enabled the 

exploration of the movement sonification effect in a 

somewhat more natural environment. This facilitated the 

extension of the earlier related studies, which were instead 

conducted in a controlled laboratory setting, and, to an 

extent, increased the ecological validity of the results. 

Furthermore, since participants were not required to travel to 

a specific location to take part in this study, the online format 

reduced the barrier for participation as participants could 

take part from the comfort of their own home, where they 

already spent most of their time whilst self-isolating and 

social-distancing. Although not the case in the present study 

due to the additional eligibility requirements as well as time 

constraints, this additional convenience has the power of 

reaching a wider range of potential participants by also 

including those with limited time, resources and willingness 

required to travel to a specific location. In short, the shift to 

a fully remote study enables several opportunities, which 

were unfortunately not realised to their full potential in the 

present study, due to the resource and time limitations.  

6. CONCLUSION 

The main aim of the present study was to investigate whether 

the vertical movement trajectory affects the relationship 

between dynamic pitch, perception of one’s body, emotional 

state, and movement behaviour. 22 participants took part in 

a mixed-method in-the-wild study, which consisted of a 

semi-controlled experiment, followed by a semi-structured 

interview. During the experiment, participants completed 

several repetitions of the unweighted squat exercise, whilst 

having their movement tracked and sonified by either an 

ascending or a descending note-based sound.  

Initially, I hypothesized that the interaction between pitch 

direction and movement trajectory would significantly affect 

BP, emotional state, and actual movement behaviour. The 

initial hypotheses were not supported by the quantitative 

results, and only partially supported by the qualitative 

results. The research findings thus suggest that, overall, the 

cross-modal correspondence between dynamic pitch and 

vertical movement trajectory does not affect the relationship 

between pitch direction, BP, emotional state, and actual 

movement behaviour. Moreover, the findings show that 

regardless of the movement trajectory, the ascending pitch 

enhances several aspects of BP and emotional state, which 

are linked to the facilitation and enhancement of PA. In 

particular, the ascending pitch evokes feelings of lightness, 

capability, motivation, happiness, and excitement as well as 

lowers the perceived tiredness and difficulty of the exercise. 

Contrarily, pitch direction was shown to have little effect on 

the actual squatting movement, suggesting that its effect 

could be limited to the perceptual domain. Lastly, the 
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findings show that the dynamic pitch sonification used in the 

present study did not enhance the quality nor the amount of 

PA, as indicated by the significant effect of movement 

trajectory on the actual movement, suggesting reduced 

concentric and eccentric muscle activation during the squat 

ascent and descent, respectively. Therefore, in answering the 

previously proposed research question, the present study 

concludes that the effect of pitch direction on BP, emotional 

state and movement behaviour does not depend on the 

vertical trajectory of the performed squatting movement.  

In light of the present findings, design recommendations 

were formulated for the design of effective squatting 

movement sonifications aimed at enhancing and facilitating 

PA by altering BP, emotional state and actual movement. 

Limitations of the present study were discussed with regard 

to the COVID-19 induced changes to the overall project. 

Lastly, the validity of the obtained results was examined and 

suggestions for the design and execution of similar in-the-

wild studies during a global pandemic were presented. 
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APPENDIX A: PARTICIPANT TABLE 

 

Participant number Age Gender MET min/week (class) BMI (class) 

1 24 Male 2880 (High) 21.74 (Normal) 

2 34 Male 2853 (High) 27.69 (Overweight) 

3 23 Male 2766.9 (Moderate) 22.86 (Normal) 

4 24 Male 4026 (High) 19.74 (Normal) 

5 23 Female 2472 (Moderate) 23.38 (Normal) 

6 25 Female 3333 (High) 18.38 (Underweight) 

7 27 Female 2586 (Moderate) 22.46 (Normal) 

8 27 Female 3240 (Moderate) 18.87 (Normal) 

9 25 Male 3130 (Moderate) 19.59 (Normal) 

10 23 Male 5142 (High) 18.94 (Normal) 

11 22 Female 657 (Low) 19.91 (Normal) 

12 22 Female 1392 (Moderate) 22.23 (Normal) 

13 25 Female 4196 (High) 19.82 (Normal) 

14 23 Male 1605 (Moderate) 21.53 (Normal) 

15 22 Male 5946 (High) 29.07 (Overweight) 

16 27 Male 2148 (Moderate) 22.47 (Normal) 

17 31 Female 0 (Low) 18.59 (Normal) 

18 28 Female 990 (Moderate) 18.99 (Normal) 

19 23 Male 3607.5 (High) 24.16 (Normal) 

20 23 Male 6775 (High) 24.42 (Normal) 

21 27 Female 3213 (High) 20.41 (Normal) 

22 23 Male 2946 (Moderate) 24.46 (Normal) 

Table A1. Participant table showing all 22 participants’ demographic data including age, gender, metabolic equivalent of task 

(MET) minutes per week as measured by the IPAQ-SF questionnaire, MET score classification, body mass index (BMI) score 

and classification.  
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APPENDIX B: MATLAB SCRIPT FOR MOVEMENT DATA EXTRACTION 

clear 

clc 

close all 

outputtxt='P_52_ExtractedFix.txt'; 

outputxls='P_52_ExtractedFix.xls'; 

C1='P_52_MovementData.csv'; 

f1 = readtable(C1, 'Delimiter',',', 'HeaderLines',2); 

vect=vertcat(f1); 

  

accel_R=vect{:,15:17}; 

angle_R=vect{:,12:14}; 

gyro_R=vect{:,9:11};  

accX=accel_R(:,1); 

accY=accel_R(:,2); 

accZ=accel_R(:,3); 

gx=gyro_R(:,1); 

gy=gyro_R(:,2); 

gz=gyro_R(:,3); 

angleX=angle_R(3:end,1); 

angleY=angle_R(3:end,2); 

angleZ=angle_R(3:end,3); 

  

acc=sqrt(accX.^2+accY.^2+accZ.^2); 

gyro=sqrt(gx.^2+gy.^2+gz.^2); 

angle=sqrt(angleX.^2+angleY.^2+angleZ.^2); 

  

ts=0.02; %we take one sample every 20 ms 

 

%normalize all values 

 N=max(max(acc),abs(min(acc))); 

accnorm=acc/N; 

accnorm= accnorm-nanmean(accnorm);  

  

N=max(max(gyro),abs(min(gyro))); 

gyronorm=gyro/N; 

gyronorm= gyronorm-nanmean(gyronorm);  

 

figure ('Name','Angles wrap') 

plot(angleY,'g'); 

hold on 

plot(angleX,'r'); 

plot(angleZ,'k'); 

 

%if dont need unwrap then use angle Y 

angleyUnwrap=angleY; 

  

%make sure that angle peaks are positive, that we take the signal with the highest peaks and discard all noisy signals 

angleX=angleX-angleX(1).*ones(length(angleX),1); 

angleX=abs(angleX); 

angleY=angleyUnwrap-angleyUnwrap(1).*ones(length(angleyUnwrap),1); 

angleY=abs(angleY); 

angleZ=angleZ-angleZ(1).*ones(length(angleZ),1); 

angleZ=abs(angleZ); 

  

figure ('Name','Angles abs') 

plot(angleX,'r'); 

hold on 

plot(angleY,'g'); 

hold on 
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plot(angleZ,'k'); 

   

N=max(max(angleX),abs(min(angleX))); 

anglexnorm=angleX/N;  

anglexnorm= anglexnorm-nanmean(anglexnorm);  

  

N=max(max(angleY),abs(min(angleY))); 

angleynorm=angleY/N;  

angleynorm=angleynorm-nanmean(angleynorm);  

  

N=max(max(angleZ),abs(min(angleZ)));  

angleznorm=angleZ/N;  

angleznorm= angleznorm-nanmean(angleznorm);  

angleynormfilt=angleynorm; 

  

%plot angles 

figure ('Name','Angles abs') 

plot(angleX,'r'); 

hold on 

plot(angleY,'g'); 

hold on 

plot(angleZ,'k'); 

  

%find maximum peak in angle signal 

[~,locs_peaks] = findpeaks(angleynormfilt,'MinPeakHeight',0.2,'MinPeakDistance',80); 

figure  

plot(angleynormfilt,'b'); hold on;  

plot(locs_peaks,angleynormfilt(locs_peaks),'rv','MarkerFaceColor','r'); 

hold on 

 

%find minimums in angle signal 

%start=4; %see the angle from figure 1 and change to you considered minimum or calculate the mean as below;  

start= mean(angleY(5:70)); %can change the range (for example 5:90 to 5:70 so the point is closer to minimum position. 

  

starts=[]; 

ends=[]; 

flag=0; 

%% 

for i=1:length(locs_peaks) 

    peak=locs_peaks(i); 

    %find minimum before peak 

    j=0; 

    while flag==0 

        j=j+1; 

        try  

           if angleY(peak-j)<start 

                flag=1;  

                starts=[starts; peak-j]  

            end 

        catch 

            flag = 1 

            starts=[starts; 1]     

        end  

    end 

    flag=0; 

    %find minimum after peak 

        j=0; 

    while flag==0 

        j=j+1; 

        try  
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           if angleY(peak+j)<start 

                flag=1;  

                ends=[ends; peak+j]  

            end 

        catch 

            flag = 1 

            ends=[ends; length(angleY)]    

        end  

    end 

    flag=0; 

end 

  

plot(starts,angleynormfilt(starts),'rv','MarkerFaceColor','g'); 

hold on 

plot(ends,angleynormfilt(ends),'rv','MarkerFaceColor','b'); 

  

%%%%%%%now extract all the parameters 

mean_angle=[]; 

RESULT=[] 

for i=1:length(locs_peaks) 

    mean_angle=mean(angleY(starts(i):ends(i))); 

    time_up=ts.*(locs_peaks(i)-starts(i)); 

    vel_up=(angleY(locs_peaks(i))-angleY(starts(i)))/time_up; 

    time_down=ts.*(ends(i)-locs_peaks(i)); 

    vel_down=(angleY(ends(i))-angleY(locs_peaks(i)))/time_down; 

    max_acc_down=max(accnorm(starts(i):locs_peaks(i))); 

    max_acc_up=max(accnorm(locs_peaks(i):ends(i))); 

    mean_acc_down = mean(accnorm(starts(i):locs_peaks(i))); 

    mean_acc_up = mean(accnorm(locs_peaks(i):ends(i))); 

  

  RESULT=[RESULT;starts(i) angleY(starts(i)) locs_peaks(i) angleY(locs_peaks(i)) ends(i) angleY(ends(i)) mean_angle 

time_down time_up vel_down vel_up max_acc_down max_acc_up mean_acc_down mean_acc_up]  

end 

  

title = {'StartSample','StartAngle','PeakSample','PeakAngle','EndSample','EndAngle','MeanAngle', 

'TimeDown(s)','TimeUp(s)','VelocityDown(degrees/s)','VelocityUp(degrees/s)','MaxAccDown','MaxAccUp', 

'MeanAccDown', 'MeanAccUp'}; 

  

%write txt file 

fileID = fopen(outputtxt,'w'); 

fprintf(fileID,'%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\n', 

'StartSample','StartAngle','PeakSample','PeakAngle','EndSample','EndAngle','MeanAngle','TimeDown(s)','TimeUp(s)','V

elocityDown(degrees/s)','VelocityUp(degrees/s)','MaxAccDown','MaxAccUp', 'MeanAccDown', 'MeanAccUp'); % 

[m n]=size(RESULT); 

for i = 1:m 

  fprintf(fileID,'%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\n', RESULT(i,:)); 

end 

fclose(fileID); 

  

%write xls file 

fileID = fopen(outputxls,'w'); 

%fprintf(fileID,title) 

fprintf(fileID,'%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\t%s\n', 

'StartSample','StartAngle','PeakSample','PeakAngle','EndSample','EndAngle','MeanAngle','TimeDown(s)','TimeUp(s)','V

elocityDown(degrees/s)','VelocityUp(degrees/s)','MaxAccDown','MaxAccUp', 'MeanAccDown', 'MeanAccUp'); % 

[m n]=size(RESULT); 

for i = 1:m 

  fprintf(fileID,'%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\n', RESULT(i,:)); 

end 

fclose(fileID); 
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APPENDIX C: EMOTIONAL STATE AND BODILY FEELINGS QUESTIONNAIRE 
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Figure C1. Emotional state and body feelings Qualtrics questionnaire along with an open-ended question about the experiences 

during the sonified part of the squat. 
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APPENDIX D: DEMOGRAPHIC AND IPAQ-SF QUESTIONNAIRE (QUALTRICS) 
 

 

 
Figure D1. Demographic Qualtrics questionnaire enquiring about participants’ age, gender, weight, and height. 
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Figure D2. IPAQ Short Form Qualtrics questionnaire enquiring about participants’ physical activity level over the last 7 days. 
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APPENDIX E: EXPERIMENTAL SMARTPHONE APPLICATION 

 

   

 

Figure E1. Annotated screenshot of the smartphone application developed for this experiment, showing the UI during the 

break (left) and the exercise (right).  

  

CALIBRATION 

BUTTONS 

(“Start Position” 

pressed when in a 

standing position 

& “Max Position” 

when in a 

comfortable 

squatting position) 

START BUTTON 

(When pressed, application starts 

tracking and sonifying the 

movement between the calibrated 

start and max position) 

STUDY 

CONDITIONS 

MENU 

(“Squats 

Experiment” 

mode was used 

during the 

experimental 

phase, while 

“Squats 

SelfReport” was 

used during the 

self-report phase) 

STOP BUTTON 

(When pressed, application stops 

tracking and sonifying movement. 

Automatically “pressed” after 

every 5th squat during the 

experimental and after every squat 

during the self-report phase) 

SQUAT 

COUNTER 

(The number of 

completed squats) 
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APPENDIX F: MATERIALS AND MAKING 
 

F.1. Smartphone Armband 
 

Several smartphone armbands large enough to fit a 6.5inch phone were purchased off eBay 

(https://www.ebay.co.uk/itm/Apple-Gym-Running-Jogging-Sports-Armband-Holder-For-Various-iPhone-Mobile-

Phones/133179902870?var=432525965876). In this experiment, the smartphone armband was placed on participants’ 

upper thigh. Hence, to account for a larger thigh circumference relative to that of an arm, an elastic extension strap was 

hand-made for each participant (Figure F1). Initially, a nylon strap was used, however, that did not provide a secure and 

comfortable fit, resulting in the armband frequently sliding down the leg as well as the wearer experiencing discomfort 

when wearing the armband for a prolonged period. Elastic turned out to improve both the fit and the comfort when wearing 

the armband for the duration of the experiment and was hence used in the final iteration of the extension strap. The extension 

strap consisted of 20cm wide and 50cm long black elastic, which attached to the armband strap using two Velcro pieces; a 

slightly longer hook piece (5.5cm) on one end of the elastic, followed by a shorter loop piece (3.5cm) (Figure F2). Another 

longer hook Velcro piece (8cm) was added on the other end of the elastic, creating a Velcro closure between the extension 

strap and the armband strap. All Velcro pieces were sewed onto the elastic strap using a sewing machine. A parcel 

containing both the smartphone armband and the elastic extension strap was then sent to each participant before the 

experiment. 

 

Figure F1. Elastic extension strap was made to extend the existing armband strap, hence enabling the armband to be attached 

to participants’ upper thigh. 

  

Figure F2. The measured and cut elastic extension straps with the two short Velcro pieces on one end and a longer Velcro piece 

on another before being sewn on using a sewing machine. 

https://www.ebay.co.uk/itm/Apple-Gym-Running-Jogging-Sports-Armband-Holder-For-Various-iPhone-Mobile-Phones/133179902870?var=432525965876
https://www.ebay.co.uk/itm/Apple-Gym-Running-Jogging-Sports-Armband-Holder-For-Various-iPhone-Mobile-Phones/133179902870?var=432525965876
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F.2. Demo Video 1: How to use the armband 

 

Before the experiment, participants were shown a short demo video (see Figures F3-F8 for selected frames) explaining 

how to attach the elastic extension strap to the smartphone armband and how to place their phone on their upper thigh. 

 

Figures F3-F8. Selected frames from the demo video showing how to attach the elastic extension strap to the armband strap 

(Figures F3-F4), feed the extension strap around the upper thigh and through either of the two gaps on the armband (Figures 

F5-F6) and the final position of the armband on participants’ upper thigh from the front and side view (Figures F7-F8). 
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F.3. Demo Video 2: How to squat 

 

Before the experiment, participants were shown a short demo video (see Figures F9-F12 for selected frames) explaining 

how to perform an unweighted squat correctly and safely with the attached smartphone device on their upper thigh. 

 

Figures F9-F12. Selected frames from the short video demonstrating how to perform the unweighted squat correctly and 

safely. The frames show the side view of the start (top left) and maximum calibrated position (top right), and the front view of 

both the start (bottom left) and maximum position (bottom right).  
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F.4. Demo Video 3: How to install and use the app 

 

As part of the pre-screening survey, participants watched a short demo video (see Figures F13-F16 for selected frames) 

explaining how to download and use the experimental application.  

 

Figures F13-F16. Selected frames from the short video demonstrating how to download and use the experimental application. 

The frames show how to download the application from an apk file (top left), calibrate the device between the start and max 

position (top right), initiate the tracking and sonification of movement (bottom left) and ensure the app works as intended 

(bottom right).  
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APPENDIX G: PRE-SCREENING SURVEY (REDCAP)  

 



 38 
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Figure G1. Pre-screening RedCap survey used to check if participants meet the eligibility requirements, guide participants 

through the installation and usage of the experimental application and obtain the required personal information. 
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APPENDIX H: INFORMATION SHEET AND CONSENT FORM
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APPENDIX I: TIMESLOT CONFIRMATION EMAIL AND MS TEAMS MEETING INVITATION 

 

 

 



 48 
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APPENDIX J: DEBRIEFING SHEET 

 

Dear Participant, 
  
You have just completed the EnTimeMent MSc project study hosted by UCL Interaction Centre (a 

research centre that is part of University College London). If you have any questions or you changed 

your mind and would like your data to be removed from the study then please email us 

at marusa.hrobat.19@ucl.ac.uk (you do not have to state a reason) and we will delete your response.  

 
Below, we provide more information about the aims and methodology of this study: 
  
EXPERIMENT DEBRIEF INFORMATION 
‘INFORMATION DISCLOSURE IN ENTIMEMENT PROJECT’ 
  
Thank you for completing this experiment. We would like to give you more information about the 

purpose and design of this study. Through this experiment, we wanted to learn about whether the 

effect of pitch direction (ascending, descending) on body perception, emotional state, and movement 

behaviour in a simple movement sonification depends on the vertical trajectory of the performed 

movement (upward, downward).  

 

The present study partially replicated and extended a previous study, which explored the effect of 

pitch direction (ascending, descending) on body perception and movement behaviour in a lateral arm 

raise exercise. The previous study found that the tone-based movement sonification with ascending 

pitch resulted in participants finding the movement easier to perform and feeling lighter, faster, less 

tired, more capable, more motivated, and comfortable compared to the descending notes. However, 

research on the cross-modal correspondence between sound and movement suggests an association 

between ascending pitch and upward movement, and descending pitch and downward movement, 

which has been shown to affect behaviour and perception. Hence, a potential limitation of the 

previous study could be that it only assessed the effect of sound feedback in an ascending movement. 

We therefore ask whether the movement trajectory could explain the reported positive effect of 

ascending compared to descending pitch on the measured outcomes.  

 

To investigate the effect of this proposed cross-modal correspondence between pitch direction and 

movement trajectory on the previously reported findings, we varied the type of exercise performed 

so it included both upward and downward movement. Additionally, in extending the previous study, 

we also investigated the effect of movement sonification on emotional states, since related studies 

have previously shown that listening to carefully designed sound feedback whilst walking or 

performing stretching exercises can enhance emotional states related to body perception. Lastly, we 

also assessed if the previously proposed effect of sound feedback holds when the performed exercise 

is more physically demanding.   

 

During this experiment, you performed several repetitions of the unweighted squat exercise. In the 

beginning, you were asked to calibrate the device between your maximum (standing) and minimum 

squatting position. This then enabled the application to track your squatting movement using the 

built-in sensors and sonify both upward and downward phases by playing a synchronous sound 

through the connected headphones. The pitch direction of the sound was randomly varied between 

repetitions to be either ascending (700-1200Hz) or descending (700-200Hz). During the 

experimental phase, the application also collected movement data including the angle between your 

minimum and maximum position, duration of both upward and downward movement, as well as 

upward and downward velocity, maximum acceleration, and deceleration. Subsequently, in the self-

mailto:marusa.hrobat.19@ucl.ac.uk


 50 

report phase, we asked you to repeat the squat exercise, whilst only half of the movement was 

sonified. This enabled us to isolate the movement trajectory and assess the effect of both ascending 

and descending pitch in either an upward or downward movement. After each condition, you were 

asked to fill out a questionnaire enquiring about your body feelings and movement perception, as 

well as your emotional state. The valence and arousal subscales of the self-assessment manikin 

(SAM) were used to assess your emotional state, whilst the body and movement perception 

questionnaires were previously developed as part of the Magic Shoes project.  

 

In this study, we set out to test the hypothesis that the previously reported effect of dynamic pitch on 

body perception and movement behaviour depends on the movement trajectory. In other words, we 

hypothesised that the pitch direction and movement trajectory will interact to affect body perception, 

emotional state, and movement behaviour. We predict that the effect of movement sonification will 

be more “positive” in the congruent (upward movement – ascending sound & downward movement 

– descending sound) than in the incongruent condition (upward movement – descending sound & 

downward movement – ascending sound). 

 

To conduct this study, we could not tell you in advance that we are studying the interaction between 

pitch direction and movement trajectory and its effect on the measured outcomes, as that could have 

made you self-conscious about how you perform the exercise and answer questions. Further, a full 

disclosure of the aims could have eliminated the possibility of studying spontaneous and authentic 

movement and data disclosure. Obtaining reliable and unbiased data was important in this study as 

the results will help to further advance the understanding of how real-time sound feedback on one’s 

movement affects body perception, motor behaviour and emotional states during physical activity. 

Our findings will, in turn, inform the development of wearable sonifying technology, with the final 

aim of enhancing behavioural patterns, confidence, and motivation for physical activity both in the 

general and physically non-active populations. 

 
We are thankful for your participation. Your behavioural data and questionnaire responses will be 

stored securely and separately from any personal identifiers you may have disclosed, such as your 

email and postal address, and we will ensure that all the requirements of the Data Protection Act 

2018 and the General Data Protection Regulation are complied with. 
 
If there is any reason why you have changed your mind about being part of this project, please 

contact us at marusa.hrobat.19@ucl.ac.uk, and we will remove your data immediately. You do not 

have to state a reason for withdrawing from the study. If you have any other questions, thoughts or 

comments please do not hesitate to contact us. We welcome and are grateful for all feedback. 

 

The lead supervisor for this study is Professor Nadia Berthouze, UCLIC, University College London, 

66 - 72 Gower Street, London, WC1E 6EA; telephone: +44 (0) 203 108 7067; email: 

nadia.berthouze@ucl.ac.uk. 
 

  

mailto:marusa.hrobat.19@ucl.ac.uk
mailto:nadia.berthouze@ucl.ac.uk
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APPENDIX K: SHAPIRO-WILK TEST RESULTS OF RESIDUAL NORMALITY 

Dependent variable 
Shapiro-Wilk 

W df p-value 

PeakAngle 0.990 22 0.007 

PeakAngle_log 0.967 22 9.3e-08 

PeakAngle_sqrt 0.968 22 1.098e-07 

PeakAngle_zscore 0.989 22 0.004 

    

MeanAngle 0.968 22 1.338e-07 

MeanAngle_log 0.983 22 0.0002 

MeanAngle_sqrt 0.975 22 2.144e-06 

MeanAngle_zscore 0.989 22 0.006 

    

Time 0.923 22 < 2.2e-16 

Time_log 0.943 22 < 2.2e-16 

Time_sqrt 0.937 22 < 2.2e-16 

Time_zscore 0.985 22 2.134e-07 

    

Velocity 0.966 22 1.078e-12 

Velocity_log 0.754 22 < 2.2e-16 

Velocity_sqrt 0.919 22 < 2.2e-16 

Velocity_zscore 0.985 22 3.89e-07 

    

MaxAcc 0.973 22 7.931e-11 

MaxAcc_log 0.975 22 2.271e-10 

MaxAcc_sqrt 0.992 22 0.0002 

MaxAcc_zscore 0.984 22 1.363e-07 

 

Figure K1. Shapiro-Wilk results of residual normality testing for all movement behaviour variables before and after each of 

the three tested data transformation methods (log, square-root, and z-score) respectively. The low p-values (p<0.05) suggest a 

non-normal distribution of residuals for all movement DVs both before and after data transformations. 
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APPENDIX L: ART ANOVA RESULTS 
 

Dependent 

variable 

Main effect of Pitch (ascending vs. 

descending) 

Main effect of Movement 

(upward vs. downward) 
Interaction effect Pitch*Movement 

Heaviness F(1,21)=13.214, p=0.002, ηp
2=0.386 F(1,21)=0.677, p=0.420, ηp

2=0.031 F(1,21)=1.148, p=0.296, ηp
2=0.052 

Strength F(1,21)=2.336, p=0.141, ηp
2=0.100 F(1,21)=0.628, p=0.437, ηp

2=0.029 F(1,21)=0.010, p=0.923, ηp
2=0.0005 

Tiredness F(1,21)=7.636, p=0.012, ηp
2=0.267 F(1,21)=1.289, p=0.269, ηp

2=0.058 F(1,21)=0.089, p=0.768, ηp
2=0.004 

Comfort F(1,21)=3.023, p=0.097, ηp
2=0.126 F(1,21)=0.192, p=0.666, ηp

2=0.009 F(1,21)=0.254, p=0.619, ηp
2=0.012 

Capability F(1,21)=6.300, p=0.020, ηp
2=0.231 F(1,21)=0.071, p=0.793, ηp

2=0.003 F(1,21)=0.007, p=0.932, ηp
2=0.0004 

Difficulty F(1,21)=10.148, p=0.004, ηp
2=0.326 F(1,21)=4.622, p=0.043, ηp

2=0.180 F(1,21)=0.081, p=0.779, ηp
2=0.004 

Speed F(1,21)=2.202, p=0.153, ηp
2=0.095 F(1,21)=1.905, p=0.182, ηp

2=0.083 F(1,21)=0.138, p=0.714, ηp
2=0.007 

Control F(1,21)=2.678, p=0.117, ηp
2=0.113 F(1,21)=0.199, p=0.660, ηp

2=0.009 F(1,21)=0.174, p=0.681, ηp
2=0.008 

Coordination F(1,21)=0.181, p=0.675, ηp
2=0.009 F(1,21)=0.208, p=0.653, ηp

2=0.010 F(1,21)=0.016, p=0.900, ηp
2=0.001 

Agency F(1,21)=0.236, p=0.632, ηp
2=0.011 F(1,21)=0.039, p=0.846, ηp

2=0.002 F(1,21)=1.886, p=0.184, ηp
2=0.082 

Motivation F(1,21)=13.623, p=0.001, ηp
2=0.393 F(1,21)=0.173, p=0.681, ηp

2=0.008 F(1,21)=0.335, p=0.569, ηp
2=0.016 

Surprise F(1,21)=0.447, p=0.511, ηp
2=0.021 F(1,21)=1.253, p=0.276, ηp

2=0.056 F(1,21)=0.203, p=0.657, ηp
2=0.010 

Table L1. Results from statistical tests on all 12 self-reported body feelings. Results from ART ANOVAs comparing the effects 

of pitch direction and movement trajectory are, respectively, in the second and the third column, while the interaction effects 

between pitch direction and movement trajectory are in the fourth column. Significant effects are marked in bold font. 

 

Body 

feeling 
Asc-Up 

Asc-

Down 
Desc-Up 

Desc-

Down 

Heaviness* 3 (1-6) 3 (2-6) 4 (2-6) 4 (2-7) 

Strength 5 (3-7) 5 (4-6) 4 (3-6) 5 (3-7) 

Tiredness* 3 (1-6) 3 (1-6) 3.5 (1-7) 4 (2-6) 

Comfort 6 (1-7) 5 (3-7) 4.5 (1-7) 4 (2-7) 

Capability* 5.5 (4-7) 5 (1-7) 5 (3-7) 5 (1-7) 

Difficulty* 3 (1-5) 3 (1-5) 3 (1-6) 4 (2-6) 

Speed 4 (2-7) 4 (3-6) 4 (2-7) 4 (2-6) 

Control 5 (3-7) 5 (4-7) 5 (2-7) 5 (2-7) 

Coordination 5 (3-7) 5 (3-7) 5 (2-7) 5 (2-7) 

Agency 3 (1-6) 3 (1-6) 3 (1-6) 3.5 (1-5) 

Motivation* 5 (1-7) 5 (1-7) 3 (1-7) 4 (1-7) 

Surprise 4 (1-6) 3 (1-6) 4 (1-7) 3.5 (1-7) 

Table L2. Median and range for the body feelings questionnaire items (7-point Likert scale). The starts (*) indicate significant 

effects as reported in Table M1. 

 

Dependent 

variable 

Main effect of Pitch (ascending 

vs. descending) 

Main effect of Movement (upward 

vs. downward) 

Interaction effect 

Pitch*Movement 

Valence F(1,21)=8.562, p=0.008, ηp
2=0.290 F(1,21)=0.039, p=0.845, ηp

2=0.002 F(1,21)=2.656, p=0.118, ηp
2=0.112 

Arousal F(1,21)=4.690, p=0.042, ηp
2=0.183 F(1,21)=0.757, p=0.394, ηp

2=0.035 F(1,21)=0.017, p=0.897, ηp
2=0.001 

Table L3. Results from statistical tests on self-reported valence and arousal. Results from ART ANOVAs comparing the effects 

of pitch direction and movement trajectory are, respectively, in the second and the third column, while the interaction effects 

between pitch direction and movement trajectory are in the fourth column. Significant effects are marked in bold font. 
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Emotional 

state 
Asc-Up 

Asc-

Down 
Desc-Up 

Desc-

Down 

Valence* 6 (3-9) 6.5 (4-8) 5.5 (3-9) 5 (2-9) 

Arousal* 5 (3-9) 6 (2-8) 5 (2-7) 5 (1-8) 

Table L4. Median and range for the emotional state questionnaire items (9-point Likert scale). The starts (*) indicate 

significant effects as reported in Table M3. 

 

Dependent variable Main effect of Condition (congruent vs. incongruent) 

Peak Angle  F(1,21) = 0.466, p = 0.502, ηp
2 = 0.022 

Mean Angle  F(1,21) = 0.006, p = 0.938, ηp
2 = 0.0003 

Table L5. Results from statistical tests on peak and mean angle. Results from ART ANOVAs comparing the effect of condition 

are in the second column.  

Table L6. Results from statistical tests on time, velocity, and maximum acceleration. Results from ART ANOVAs comparing 

the effects of pitch direction and movement trajectory are, respectively, in the second and the third column, while the 

interaction effects between pitch direction and movement trajectory are in the fourth column. Significant effects are marked in 

bold font. 

 

Movement 
variable 

Congruent Incongruent 

Peak Angle (degrees) 75.48 (17.58) 76.63 (17.73) 

Mean Angle (degrees) 46.57 (10.75) 46.48 (10.93) 

Table L7. Mean and standard deviation for the (angle) movement behaviour variables as measured for the two levels of the 

within-subject factor (condition). 

 

Dependent 

variable 

Main effect of Pitch (ascending 

vs. descending) 

Main effect of Movement (upward vs. 

downward) 

Interaction effect 

Pitch*Movement 

Time F(1,21)=0.011, p=0.918, ηp
2=0.001 F(1,21)=8.411, p=0.009, ηp

2=0.286 F(1,21)=2.803, p=0.109, ηp
2=0.118 

Velocity F(1,21)=0.053, p=0.820, ηp
2=0.003 F(1,21)=7.624, p=0.012, ηp

2=0.266 F(1,21)=1.075, p=0.312, ηp
2=0.049 

MaxAcc F(1,21)=6.202, p=0.021, ηp
2=0.228 F(1,21)=24.405, p=6.904e-05, ηp

2=0.537 F(1,21)=0.561, p=0.462, ηp
2=0.026 

Movement 
variable 

Asc-Up 
Asc-

Down 
Desc-Up 

Desc-
Down 

Time* (s) 1.13 
(0.30) 

1.03 
(0.24) 

1.15 
(0.30) 

1.01 
(0.25) 

Velocity* 
(degrees/s) 

68.39 
(23.91) 

74.23 
(24.15) 

67.15 
(22.75) 

75.32 
(24.03) 

MaxAcc* 
(degrees/s2) 

0.29 
(0.15) 

0.40 
(0.16) 

0.29 
(0.15) 

0.42 
(0.15) 

Table L8. Mean and standard deviation for the movement behaviour variables as measured for each combination of 

the two within-subject factors (pitch, movement). The starts (*) indicate significant effects as reported in Table M6. 

 


