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Abstract
Movement sonification (i.e., translating kinematic measures into sound, providing
auditory feedback), can enhance motor performance and (re)learning across both
clinical and sports contexts. However, existing sonification systems vary widely, po-
tentially affecting efficacy. Here, we categorize sonification systems based on the
utilized sound (type) and onset (trigger) to elucidate potential differences in movement-,
intuitiveness-, and motivation-related outcomes. Movement sonification systems, as
described in 101 included studies, were classified into six sound types (specifically
parameter mapping, musically informed, single tone, rhythmic, music-based, and envi-
ronmental) and four trigger types (event-, error-, trajectory-based, and continuous), and
effects on outcomes were compared. Overall, positive effects on all outcomes were
reported for all system types and triggers, with no clear pattern of advantages for any,
except that learning retention is more consistently reported for triggers involving explicit
learning strategies. In general, more subtle movement learning may benefit from more
direct movement-sound coupling, implicit learning, and multi-component mappings.
Additionally, systems providing rhythmic sounds (musically informed, single tone,
rhythm, music-based) were more commonly used for periodic movements. Intuitiveness
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is rated highest for parameter mapping and rhythmic sonification, and motivation
strongest for musically informed sonification, although all systems increase autonomous
motivation, compared to no sonification. In conclusion, movement sonification systems
generally improve performance but arguably work differently for different movements.
Accordingly, musically informed sonification may be preferable for rehabilitation settings
where motivation is crucial, while parameter mapping sonification that inform users
about subtle kinematic aspects may especially support learning highly skilled movements.
Standardizing terminology in future work will facilitate systematic cross-system
comparisons.

Keywords
sonification, auditory feedback, auditory-motor coupling, motor learning, intuitiveness,
motivation

Introduction

In the present review, movement sonification refers to the process of providing real-time
auditory feedback of executed movements, by translating kinematic as well as dynamic
movement parameters into sounds (e.g., Hermann et al., 2011). Crucially, systems that
sonify movement allow for the manipulation of the amount and type of auditory
feedback of movement, thus providing a context, which is highly influential to the
formation of movement representations (Ruitenberg et al., 2012, 2015). Prior work has
reported promising results regarding the use of sonification to assist motor performance
or (re)learning in clinical populations (e.g., stroke, Parkinson’s disease) as well as
athletes (for a review, see Schaffert, Janzen, et al., 2019). Movement sonification leads
to strong auditory-motor associations, even outperforming the reported benefits of
auditory cueing techniques, which involve moving to sound rather than creating sound
with movement. Additionally, movement sonification has potential in aiding physical
rehabilitation, based on positive results regarding movement quality and control, in-
creased movement and body-awareness, as well as improved performance (for a review,
see Guerra et al., 2020). However, we argue that the requirements of sonification
systems may differ significantly according to an athlete’s or patient’s individual needs,
which may vary from receiving precise feedback on performed movements to en-
couraging movement more generally. The present systematic review aims to identify
potentially relevant requirement differences by categorizing sonification systems based
on how the feedback is created, and summarize the corresponding outcomes related to
movement quality and learning, as well as intuitiveness of the system, and motivational
value.

Within research on augmented feedback for learning and improving motor skills,
two main approaches are described, namely augmented feedback and modeling. The
former represents adding additional feedback to the movement providing performance-
related information, whereas in the latter, an example model is provided to be imitated

2 Perceptual and Motor Skills 0(0)



by the performer (for a review see Sors et al., 2015). Movement sonification can be
effectively applied in either of these approaches, sometimes also using concurrent
visual stimuli to create more holistic augmented feedback (Effenberg et al., 2016;
Ghambari et al., 2024; Parimi et al., 2024; Pizzera et al., 2017; Ramezanzade, 2020;
Ramezanzade et al., 2017). However, the auditory modality is suggested to be more
practical as it hinders the processing of sensory afferences to a lesser extent, as
compared to visual feedback (Sigrist et al., 2013). As the aim of the present review is to
evaluate unisensory auditory movement sonification outcomes based on augmented
feedback, we use the term sonification accordingly.

To date, literature that systematically categorizes sonification systems is scarce. The
most salient aspect of sonification systems, namely what kind of sound is used (referred
to here as the sonification type), has not received much research attention. One can
argue that the more fine-grained or specific the auditory feedback is, the easier it is to
understand and use to improve movement. For instance, directly mapping a kinematic
parameter to a sound parameter can magnify subtle aspects of movement that are
difficult to perceive with proprioception, however, these sounds may not be very
pleasant to listen to and this may thus impact the motivation to use a system. For the
purpose of the current review, we aim to categorize the utilized sounds, thus dis-
tinguishing different types of sonification systems. Prior work has described system
distinctions that identify several of these types. Specifically, when directly mapping a
movement feature to an auditory feature as described above, which we here term
parameter mapping sonification (PMs), movement execution constantly adjusts con-
tinuous sound parameters (e.g., pitch, brightness, loudness) of pure sine waves or pink/
white noise, thus directly translating movement to sound. On the other hand, Schaffert,
Janzen, et al. (2019) describe a relatively new sonification type, here referred to as
musically informed sonification (MIs), where sounds are informed by musical in-
formation, pre-designed to make more musically coherent or pleasant sounds. For
example, instead of using continuous pitch as in PMs, discrete units of pitch are used as
a scale, resulting in a melody played through movement execution. This may make
sounds easier to perceive and more pleasant to listen to (Brown et al., 2003), yet
necessarily reducing the directness or resolution of the movement-sound coupling in
comparison to direct parameter mapping, potentially negatively influencing the ease to
understand, learn, and use a sonification system, which we here refer to as intuitiveness.
However, as MIs systems may sound more pleasant, they may also increase the user’s
motivation.

The extent to which auditory feedback is perceived as motivational has been argued
to require clarification in the context of learning with sonification systems (Bevilacqua
et al., 2016), which may be affected by system type. Motivation is often defined based
on the self-determination theory (Ryan & Deci, 2000), including several sub-categories
of motivation. Specifically relevant for the current question, autonomous or intrinsic
motivation refers to behavioral drive based on inherent satisfaction and pleasure, the
individual’s sense of self (potentially through expressiveness), or when it is personally
important to the individual, possibly through a learning objective (Ryan & Deci, 2000).
This kind of motivation has been associated with long term maintenance of exercise
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adherence (Teixeira et al., 2012). Moreover, increased positive mood, exercise en-
joyment, and feelings of power may also improve movement performance (Biagini
et al., 2012; Hsu et al., 2015; Stork et al., 2015). As such, the potential affective element
of sonification types using musical sounds might support both quantity and quality of
movement. During exercise, music listening can reduce perceptions of fatigue and
exertion due to dissociation and distraction (Ballmann et al., 2019; Bood et al., 2013;
Boutcher & Trenske, 1990), and can increase motivation and effort resulting in im-
proved performance (Ballmann et al., 2019, 2021; Karow et al., 2020). A recent
systematic review on music-based interventions supports the notion that motivation
serves as a fundamental mechanism in their efficacy (Dimitriadis et al., 2023). Taken
together, music listening may increase both the motivation to move, as well as
movement performance. However, this does not include the agency involved in creating
sounds yourself. As an example of a sonification system that uses fully formed music
that rewards any movement, Fritz et al. (2013) show that when exercising, creating
musical sounds results in higher reported positive mood in healthy participants
compared to passive music listening while exercising. In this case, no feedback in-
formation about the movement quality is provided, but the sonification is used to
enhance endurance. This implies that sound is used differentially when aimed at
motivational value versus enhancing movement precision.

Another perspective on movement sonification focuses on what initiates the sound,
here referred to as the sonification trigger, and two main approaches have previously
been distinguished for learning (Bevilaqua et al., 2016). Firstly, an explicit learning
approach informs the user in real-time about errors in the executed movement in
comparison to the predefined movement as prescribed by the system (i.e., error-based
triggers). Secondly, an implicit learning approach involves the continuous sonification
of movements, without or irrespective of a target movement (i.e., continuous trigger),
and the mapping between movement and sound is acquired through exposure. In these
approaches, sonification triggers are the mechanism through which the sonification
system initiates or adjusts the sound, which subsequently serves as feedback to the user.
We expect that additional triggers will emerge from the existing literature. Additionally,
it is plausible that a sonification system incorporates both continuous and event-based
triggers, leading to parallel implicit and explicit learning strategies. A previous study
comparing explicit and implicit learning strategies found that only explicit feedback
leads to 2-week retention of increased complex motor skill through improved decision-
making in novices (Lola et al., 2021). We therefore propose that variations in soni-
fication triggers may have differential outcomes regarding the performance or effec-
tiveness of the system.

To make evidence-based practical and clinical recommendations, factors that are
important for specific user groups should be considered. For instance, athletes are likely
already intrinsically motivated to move, but would like to improve specific movement
aspects, in order to improve performance. As adjusting already learnt movements may
require small, precise changes to improve performance, system requirements may relate
closely to the needed directness of movement-sound coupling (intuitiveness and in-
formativeness). Conversely, system requirements for rehabilitation settings may be
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mainly related to motivational aspects (e.g., Rapolienė et al., 2018). Therefore, systems
for rehabilitation may have to focus more on increasing motivation, potentially through
the use of musical sounds.

The overarching goal of the present review is to provide a structured overview of the
different movement sonification systems as described in the literature. In this way we
seek to provide clear practical and clinical recommendations on which sonification type
to use for which setting, including clear terminology which may create more homo-
geneity in future research. The first aim is to categorize sonification systems by type
(sound) and trigger (onset). The second aim is to evaluate the findings for specific
systems in terms of movement outcomes, including learning retention, as well as
subjective ratings of intuitiveness, and motivation for these different sonification
systems, informing possible recommendations. While not the main focus of the current
review, it is expected that sonification in general shows positive effects on movement-
related outcomes. Regarding the sonification types and movement outcomes, we expect
that direct movement-sound coupling techniques, such as in PMs, are most efficient
when a user’s goal is to improve movement quality or technique. We further expect that
explicit learning-related sonification triggers will show better immediate and longer-
term retention than implicit strategies. Regarding user experience, it is expected that
participants will rate PMs as more intuitive (or understandable), also due to a more
direct coupling, while MIs and MBs will lead to more positive motivation- or
preference-related results, as they provide more musical sounds. Finally, as the im-
portance of personalization in clinical recommendations is gaining interest, we will also
explore the reported effects of any individual differences mentioned in the literature, to
the extent that they are included.

Methods

Search Strategy

The literature review was conducted based on the PRISMA protocol, the checklist is
provided as Supplemental Material S1. A comprehensive literature search without time
restrictions was performed in 10 databases (PubMed, Web of Science, Embase, Co-
chrane Library, Emcare, PsycINFO, Academic Search Premier, IEEEXplore, ACM
Digital Library and Google Scholar) on 19 April 2023. The search terms were based on
keywords deemed to be relevant; ‘movement sonification’ (i.e., motor, audio, auditory,
auditory-motor, augmented, concurrent, interactive, online, real-time, sound) OR
‘sonification AND music’ (e.g. music therapy, music supported, audio feedback,
biofeedback, concurrent feedback, online acoustic information) OR ‘movement (e.g.
motor, gait, locomotion, motor performance, motor skill, motor learning, sports) AND
audio feedback’ (e.g. auditory, acoustic, augmented, auditory displays, feedback
system, biomechanical biofeedback, external biofeedback). The complete search terms
for each search engine are provided as supplemental materials (S2).

Initially, 1662 studies were identified; after removing duplicates, 905 abstracts were
retained. Based on title and abstract screening, 711 records were excluded for not

Coers et al. 5

https://journals.sagepub.com/doi/suppl/10.1177/00315125261448460
https://journals.sagepub.com/doi/suppl/10.1177/00315125261448460


meeting the inclusion criteria (described below), leaving 194 full-text articles. Fol-
lowing a detailed eligibility assessment, 93 articles were excluded as they did not align
with the objectives of the review. Ultimately, 101 studies were included. The flow chart
of article inclusion is presented in Figure 1.

Selection of Studies

We included only experimental studies on auditory movement sonification, reporting
measurable movement or motivation-related outcomes in adult human subjects from
both healthy and clinical populations. Reviews, meta-analyses, dissertations, and
studies describing system prototypes without reporting empirical data on motor or non-
motor outcomes were excluded.

The abstract screening phase was executed by two independent investigators
(M.M.P. & A.P.) to control for selection bias and to mitigate human error. Dis-
agreements were resolved by including a third investigator (M.C.).

Figure 1. Flow diagram illustrating the article selection for the systematic review
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At the full text screening phase, which was executed by three investigators (M.C.,
M.M.P & A.P.), an additional criterion was added, namely to focus on movements
potentially included in sports and rehabilitation, excluding studies on writing or
surgery. Additionally, we included only sonification systems designed specifically to
enhance movement aspects, rather than those created to enhance creativity in move-
ment, as well as in sound, mainly excluding studies regarding dancing or playing a
musical instrument. These decisions were made in order to reduce the number of
studies, as well as to facilitate more effective comparisons between studies.

In the data extraction phase, evidence from the included articles was coded by three
investigators (M.C., M.M.P., & A.P.). Additional emerging issues related to inclusion
were resolved in team meetings.

Classification of Sonification Systems

Firstly, the type of sonification system was categorized, working from two assumed
types (PMs and MIs as described in the introduction). Adding on to this, four additional
sonification types emerged while extracting the data, resulting in six distinct sonifi-
cation types summarized in Table 1 and described in more detail under the Results.
Additionally, we identified four sonification trigger categories, of which two were based
on literature on learning approaches (Bevilacqua et al., 2016) and twomore were added,

Table 1. Identified Sonification System Types and Triggers

Sonification system
types Movement-to-sound coupling

Parameter mapping
(PMs)

Translates movement data into continuous sound parameters (e.g.,
pitch, brightness, loudness)

Musically informed
(MIs)

Translates movement data into (often) discrete musical parameters
(e.g., scales, chords, melodies)

Single tone (STs) Translates movement data into single (sine) tones
Rhythmic (Rs) Translates movement data into rhythms
Music-based (MBs) Translates movement data into full music track or phrase
Environmental (Es) Translates movement data into natural sounds (e.g. wind, rain,

augmented natural sounds)

Sonification system
triggers Sound initiation

Error-based Based on movement error compared to a reference, uses explicit
learning

Event-based Based on successful movement compared to a reference, uses explicit
learning

Continuous Based on continuous movement, uses implicit learning
Trajectory Based on combination of continuous movement and completed

trajectories, uses both implicit and explicit learning
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namely event- and error-based, continuous, and trajectory triggers. The former two
refer to explicit-, continuous to implicit-, and trajectory to both ex- and implicit learning
approaches. These are summarized as an overview in Table 1 and elaborated on in the
Results.

Data Extraction and Synthesis

The extraction of data from the included papers comprised author name, participant
population, sonification type and trigger as described above, as well as their movement-,
intuitiveness-, and motivation-related outcomes. To address our main aim of evaluating
the plausible relationship between the type of sonification and their movement-, intui-
tiveness- and motivation-related results, outcomes were coded according to these three
categories for each study. To address the secondary aim, findings on immediate and
delayed retention were extracted where available, in order to evaluate their possible
relationship with the sonification trigger, using im- or explicit learning strategies. Finally,
to explore potential influences of user diversity on sonification system use or efficacy, any
correlates of individual differences were registered.

Results

Sonification Systems: Types and Triggers

As mentioned, we classified the sonification systems described in the included papers
into six categories of sonification types and four categories of sonification triggers. As
all sonification systems include a type of sound and a trigger for that sound, types can be
independently combined with triggers – across all studies, a total of 128 sonification
systems were examined. Table 2 shows an overview of the number of observed so-
nification type-trigger associations in the final set of selected studies, showing the most

Table 2. Overview of the Number of Observed Type-Trigger Associations

Sonification type

Error-based Event-based Continuous Trajectory Total per type

N (% of total)

PMs 0 1 18 9 28 (22%)
MIs 0 8 18 9 35 (28%)
STs 9 6 2 5 22 (17%)
Rs 1 9 4 3 17 (13%)
MBs 1 0 5 7 13 (10%)
Es 1 7 1 4 13 (10%)
Total triggers 12 (9%) 31 (24%) 48 (38%) 37 (29%) 128

Note. % are rounded values. Abbreviations: Parameter mapping (PMs), Musically informed (MIs), Single tone
(STs), Rhythmic (Rs), Music-based (MBs), and Environmental sonification (Es). Given that 23 papers discussed
multiple systems, the total number of systems exceeds the total number of included papers.
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prominent types to be MIs, PMs and STs, and the most common triggers to be Event-
based or Continuous.

Motor and Non-Motor Outcomes per Sonification Type

In the following, we discuss sonification systems by type, reporting motor and non-
motor outcomes while grouping over different triggers. These triggers, referring to the
mechanism of sound initiation in sonification systems, were initially identified as two
categories (Bevilacqua et al., 2016), namely error-based triggers, informing the user
about errors or deviations of executed movement from a predefined movement ref-
erence, and continuous triggers, informing the user continuously, without any refer-
ence. These two categories mainly differ in the use of explicit and implicit learning
strategies, respectively. Based on the included studies, we here describe two additional
trigger categories. One concerns event-based triggers, which are comparable to error-
based triggers, but instead of indicating an error inform the user about successful
movement completion based on a predefined movement. Another concerns a com-
bination of explicit and implicit learning strategies, continuously sonifying movement,
but also refer to a predefined movement. For example, Nikmaram et al. (2019)
evaluated a continuous trigger whereby six distinct notes of a C major scale were
played by vertical movements (y-axis), brightness (different instruments) was adjusted
by moving horizontally (x-axis), and volume was adjusted by moving on the z-axis. In
addition, they asked participants to play a specific melody. Thus, participants were
informed both implicitly, due to continuously sonified movements as described above,
as well as explicitly, due to both error- and event-based triggers representing mistakes
and success in playing the specific melody, further referred to as trajectory triggers. In
the description of the following sonification system types, triggers are specified for all
systems in the overview tables.

Parameter Mapping Sonification (PMs). Parameter mapping sonification (PMs) translates
movement data into sound by adjusting continuous sound parameters (e.g. pitch,
brightness, loudness), for example, when pressure and balance are adjusting pink noise
by loudness and pitch, while speed-skating (Stienstra et al., 2011). An overview of all
findings from PMs systems is provided in Table 3.

PMs: Movement Outcomes. As presented in Table 2, 28/128 (22%) of the included
papers are categorized as PMs systems, of which 16/28 (57%) are compared to a control
condition without sonification, and the remaining 12 systems are compared to other
systems, and are described below (Table 9). Table 3 lists the motor outcomes of PMs
systems compared to control, of which 14 (88%) show improvements, none show only
degradations or null results, and 2 (12%) are mixed. Aspects of performance increases
were found in all studies; including increased movement (force and/or velocity) and
reduced errors for fine motor (hand) movements (Boyer et al., 2017, 2020; Guo et al.,
2022) but not force variability (Guo et al., 2022). For gross motor movement, such as in
sports, performance increases include less variability in timing of golf swing
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Table 3. Overview of Motor and Non-motor Findings for Parameter Mapping Sonification
(PMs) Systems, Grouped by Trigger

Trigger Author Participants Movement Findings

Continuous Boyer et al. (2017) 120 HP
4 exp

Pointer target
tracking

➢ ↑ Performance
➢ ↑ Error reduction
○ ↑ Comfort
○ ↑ Focus
○ ↓ Perceived difficulty
○ Ø movement improvement

Boyer et al. (2020) 56 HP Finger ellipse
drawing

➢ ↑ Performance
2 exp

O’Brien et al.
(2020a)

40 AT nov Golf putting ➢ ↑ Performance

Stienstra et al.
(2011)

1 Pro AT Speed-skating ➢ ↑ Performance
○ ↑ intuitiveness
○ ↑ motivation

Ghai et al. (2018) 50 HP Knee
repositioning

➢ ↑ Performance
■ ✓ 15 min & 24h

2 exp ➢ ↑ Performance
■ Ø 15 min & 24h

Giansanti et al.
(2009)

9 HP Trunk swaying ➢ ↑ Performance

Pang and Feltham
(2022)

10 HP Hip and knee
flexion

➢ ↑ Cadence

Robertson et al.
(2009)

16 SP Armmovements ➢ ↑ Performance for SP

Tillman et al.
(2020)

5 HP Leg stance ➢ ↑* Balance (trend)

Trajectory Sigrist et al. (2013) 36 HP Rowing ➢ ↓ Performance
Fujii et al. (2016) 20 HP Arm reaching ➢ ↑ Error reduction

■ ✓ Immediate & delayed
Gilbert et al.
(1982)

2 Amp Knee flexion ○ ↑ movement awareness

Guo et al. (2022) 17 HP Index-thumb
pinching

➢ ↑ Error reduction
➢ ↑ Applied force
➢ Ø Force variability

Sigrist et al. (2013) 36 HP Rowing ➢ ↓ Performance
Wannstedt &
Herman (1978)

20 SP Weight bearing
stance

➢ ↑ Performance
■ ✓ 1-month

Yang and Hunt
(2015)

14 HP Bicep curls ➢ ↑ Performance
○ ↑ Enjoyment

Note. HP = Healthy participants, AT = Athletes, SP = Stroke patients, Amp = Amputees, Exp = experiments,
➢ = motor outcomes,○ = subjective outcomes, ■ = retention outcomes, ↑ = significant increase, ↑* = trend
toward significant increase, ↓ = significant decrease, ✓ = retention, Ø = no significant difference/retention.
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movements (O’Brien et al., 2020a), improvement of specific technique in specific
speed-skating technique (Stienstra et al., 2011) and bicep curls (Yang & Hunt, 2015) as
compared to a control condition without feedback, but also reduced performance of
rowing, comparing concurrent to terminal feedback (Sigrist et al., 2013). For other
movements such as gait or isolated limb movements, specific kinematic improvements
were also found in knee repositioning (Ghai et al., 2018), walking cadence (Pang &
Feltham, 2022), and trunk swaying (Giansanti et al., 2009). For balance, stance was
either improved (Wannsted & Herman, 1978), only improved as a trend (Tillman et al.,
2020) or not changed (Mullineaux et al., 2012). For stroke survivors’ arm movements,
improved movement quality (Robertson et al., 2009) and decreased errors (Fujii et al.,
2016) are reported. Overall, various positive outcomes of PMs were reported for a large
range of movements including both fine and gross movements in both healthy and
patient populations, with the least convincing evidence for stance balance, although the
goals in these studies were different.

In terms of learning retention, only three studies included these measures. After
removing the sonification, results showed 15 min and 24h retention of proprioceptive
accuracy, but not for enhancement of knee repositioning, without sonification (Ghai
et al., 2018), as well as immediate and delayed retention of decreased errors in stroke
survivors (Fujii et al., 2016), and retention after a 1-month follow up after improving
symmetrical standing (Wannsted & Herman, 1978). Retention was equally present for
continuous and trajectory triggers, which both are thought to impact implicit learning
processes, with trajectory triggers also utilizing explicit feedback, but no results are
reported for exclusively explicit learning settings.

PMs: Non-Motor Outcomes. The evaluated subjective user ratings of PMs were
generally favorable. Because slightly different wordings were used across studies,
harmonization of the findings was difficult. PMs was rated as highly intuitive (Stienstra
et al., 2011), as well as enjoyable (Yang & Hunt, 2015), and led to increased movement
awareness (Gilbert et al., 1982), however it did not influence awareness of learning
(Boyer et al., 2017). In terms of user motivation, subjective ratings indicated that PMs
can sound comforting, enhance focus, and do not induce fatigue (Boyer et al., 2017),
stimulating the participant to go faster and improve technique, saying: “I did not speed-
skate so well, for years” (Stienstra et al., 2011, pp. 04). No results on individual
differences were reported.

Musically Informed Sonification (MIs). Musically informed sonification (MIs) provides
sounds that are generally discrete rather than continuous and include musical infor-
mation to make the sound more musically coherent (e.g., scales, chords, melodies). For
example, boat acceleration in rowing was translated into tones of a musical scale to
represent rowing speed (Schaffert et al., 2011a; Schaffert & Mattes, 2015a, 2015b). An
overview of all findings from MIs systems is provided in Table 4.

MIs: Movement Outcomes. As presented in Table 2, 35/128 (28%) of the included
papers are categorized as MIs systems, of which 22/35 (63%) are compared to a control
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Table 4. Overview of Motor and Non-motor Findings for Musically Informed Sonification (MIs)
Systems, Grouped by Trigger

Trigger Author Participants Movement Findings

Event-
based

Moumdjian et al.
(2022)

31 MS + 30 HP Stepping on tiles
➢ ↑ Error reduction

Mullineaux et al.
(2012)

9 TL SH Rifle shooting ➢ ↑ Performance

Owaki et al. (2021) 18 SP Walking ➢ ↑ Performance
➢ ↑ Balance

Ronsse et al. (2011) 38 HP Wrist movements ➢ ↑ Performance
■ ✓ Immediate

Wood and Kipp
(2014)

9 Nov AT Running ➢ ↑ Performance
■ ✓ Immediate

Continuous Dotov and Froese
(2018)

48 HP Synchronizing hand-held
controller

➢ ↑ Performance

Levine et al. (2019) 6 Nov AT Front-flip ➢ ↑ Performance
Loria et al. (2022) 28 SP Limb tracing and pointing

movements
➢ ↑ Performance

Oh et al. (2015) Exp 1: 12 HP Gestures by fingertip on
tablet

➢ Ø Performance
Exp 2: 10 VI
Exp 3: 6 VI

Raglio et al. (2021) 65 SP Hand-movements ➢ ↑ Performance
○ ↓ Pain rating

Schaffert et al.(2011a) 23 Pro AT preceding
world CS

Rowing ➢ ↑ Performance
○ ↑ Intuitiveness
○ ↑ Awareness

Schaffert and Mattes
(2015a)

6 Pro AT (2 blind) Rowing ➢ ↑ Performance
■ ✓ Immediate

○ ↑ Crew coordination
○ ↑ Attention
○ ↑ Consciousness
○ ↑ Intuitiveness

Schaffert and Mattes
(2014)

20 Pro AT Rowing ➢ ↑ Performance
■ ✓ 2 weeks

➢ ↑ Timing
➢ Ø Rowing stroke rate

■ Ø 2-week
➢ Ø Acceleration

■ Ø 2-week
Schaffert & Mattes
(2015b)

47 AT preceding world
CS

Rowing ➢ ↑ Performance
○ ↑ Crew coordination

Schaffert et al. (2017) 24 HP Cycling ○ ↑ Attention
4 Pro AT ○ ↑ Movement awareness

○ ↑ Intuitiveness
Scholz et al. (2015) 4 SP Arm Movements ➢ ↑ Performance
Scholz et al. (2016) 25 SP Arm Movements ➢ ↑* Performance (trend)

○ ↓ Joint pain

(continued)
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conditionwithout sonification, and the remaining 13 systems are compared to other systems
and are described below (Table 9). Table 4 lists the motor and non-motor outcomes of MIs
systems compared to control, of which 20 (91%) show improvements (including trends),
none show only degradations, 1 (5%) shows null results, and 1 (5%) are mixed.

For the motor outcomes, performance increases were observed in all studies (except
one, see below), spanning both fine and gross motor skills. Specifically, for stroke
survivors, this concerned mostly upper-limb function (Chen et al., 2016; Loria et al.,
2022; Nikmaram et al., 2019; Raglio et al., 2021; Scholtz et al., 2015, 2016), and also
gait (Owaki et al., 2021), which was also found for specific stepping sequences in
people with Multiple Sclerosis (MS) (Moumdjian et al., 2022). For athletes, movement
improvements include enhanced mean boat velocity, performance, time-structure of
boat-acceleration curves, motor control stability, distance, but not stroke rate and
acceleration values in rowing experiments (Schaffert et al., 2011a, Schaffert et al.,
2011b; Schaffert & Mattes, 2014, 2015a, 2015b), technique while executing front flips
(Levine et al., 2019), and peak positive acceleration in walking (Wood & Kipp, 2014).
For upper-limb movements in healthy non-athletes, improved synchronization of a
hand-held controller (Dotov & Froese, 2018), enhanced wrist movement learning
(Ronsse et al., 2011), and effects on quantity, timing and stability of movements
(Newbold et al., 2016, 2020) were found. Lastly, Oh et al. (2015) found no differences
in swipe length and movement speed when making gestures using the fingertips.

Retention-related findings on rowing included increased mean boat velocity, en-
hanced motor control stability, increased performance over 500m distance and

Table 4. (continued)

Trigger Author Participants Movement Findings

Trajectory Chen (2016) 5 SP Reaching ➢ ↑* Performance (trend)
Newbold et al. (2016) 21 HP Stretching ➢ Influences movement

quantity
➢ ↑ Timing

Newbold et al. (2020) 23 HP Arm movements ➢ Influences quantity
➢ Influences stability
○ Influences reward
○ Influences confidence
○ Influences
informativeness

○ Influences Motivation
Nikmaram et al.
(2019)

12 + 30SP Arm movements ➢ ↑* Performance (trend)
○ ↑ Enthusiasm

Schaffert et al. (2011b) 23 Nov AT Rowing ➢ ↑ Performance
○ ↑ Attention
○ ↑ Awareness
○ ↑ Kinesthesia

Note. HP = Healthy participants, VI = visually impaired, Nov = novices, Pro = professionals, TL = top level,
AT = Athletes, SH = shooters, CS = championship, SP = Stroke patients, MS = multiple sclerosis, Amp =
Amputees, Exp = experiments,➢ =motor outcomes,○ = subjective outcomes, ■ = retention outcomes, ↑ =
significant increase, ↑* = trend toward significant increase, ↓ = significant decrease, ✓ = retention, Ø = no
significant difference/retention.

Coers et al. 13



maintenance of improved technique in rowing was found following training sessions,
with immediate and 24h retention of benefits (Schaffert &Mattes, 2014). Lastly, results
reported by Wood and Kipp (2014) showed immediate retention of improved walking
performance. Of the positive retention results, two use event-based and two use
continuous triggers, showing positive results for both implicit and explicit feedback.

MIs: Non-Motor Outcomes. Subjective ratings of intuitiveness indicated that MIs was
intuitive and (specifically for rowing) translated boat acceleration very clearly audi-
torily, increased specific movement awareness, attention, kinesthesia, and con-
sciousness, as well as improved crew coordination (Schaffert et al., 2011a, Schaffert
et al., 2011b; Schaffert & Mattes, 2014, 2015a, 2015b). In cycling, increased attention
and movement awareness was reported, and MIs was again rated as intuitive (Schaffert
et al., 2017). Additionally, stroke survivors showed enthusiasm during training with
sonification (Nikmaram et al., 2019), and reported positive influences on reward,
confidence, informativeness, and motivation (Newbold et al., 2016, 2020). Next to this,
improved scores were reported for several validated movement-related questionnaires
(Raglio et al., 2021; Scholtz et al., 2015), as well as reduced joint pain (Raglio et al.,
2021).

Single Tone Sonification (STs). Single tone sonification (STs) translates movement data
into a single tone sound. For example, a beeping sound can represent the negative
torque applied to a cyclist pedal (O’Brien et al., 2020). An overview of all findings from
STs systems is provided in Table 5.

STs: Movement Outcomes. As presented in Table 2, 22/128 (17%) of the included
papers are categorized as STs systems, of which 19/23 (87%) are compared to a control
condition without sonification, and the remaining 3 systems are compared to other
systems, and are described below (Table 9). Table 5 lists the motor and non-motor
outcomes of STs systems, of which 14 (75%) show only improvements, none show
only degradations, 1 (5%) shows only null results, and 4 (20%) are mixed. For the
motor outcomes, increases were found in all studies but one, with the majority of studies
involving walking or posture. Various improved gait or balance parameters were re-
ported for stroke survivors (Jung et al., 2019; Kim et al., 2021) and for healthy
participants (An et al., 2019; Cha et al., 2018; Donovan et al., 2016; Ferrigno et al.,
2016; Hasegawa et al., 2017; Ki et al., 2015; Torp et al., 2021, 2022), but not in lateral
hop (Torp et al., 2021) or in walking speed, stride length nor cadence (Ferrigno et al.,
2016). Positive effects were found for stroke survivors (Thielman, 2010) as well as
healthy participants (Boyer et al., 2013; Rand, 2018) for most motor outcomes, with the
exception of outcomes of shoulder flexion, elbow extension, grip strength (Thielman,
2010), as well as in directional accuracy when pointing at auditory targets (Boyer et al.,
2013). Improvements in sports included technique swimming (Chollet et al., 1979),
cycling (O’Brien et al., 2020), golf putting (Simek & O’Brien, 1978), and weight
bearing training (Vijittrakarnrung et al., 2020).
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Table 5. Overview of Motor and Non-motor Findings for Single Tone Sonification (STs)
Systems, Grouped by Trigger

Trigger Author Participants Movement Findings

Error-
based

Cha et al. (2018) 31 HP Walking ➢ ↑ Performance
Jung et al. (2019) 20 SP Walking ➢ ↑ Performance
Ki et al. (2015) 30 HP Walking ➢ ↑ Performance

➢
O’Brien et al.
(2020)

8 Pro AT (club-
licensed 3+
years)

Cycling ➢ ↑ Performance

Simek and O’Brien
(1978)

6 HC AT Golfing: Head
movement

➢ ↑ Performance
➢ Ø Number of puts

Thielman (2010) 16 SP Trunk
movement

➢ ↑ Performance
➢ ↑ Timing
➢ Ø Shoulder flexion,
elbow extension,
grip strength

Torp et al. (2022) 18 CAI Walking ➢ ↑ Performance
■ ✓ 2 weeks

Torp et al. (2021) 19 CAI Walking ➢ ↑ Performance
➢ ↑ Balance
➢ Ø Lateral hop

Event-
Based

An et al. (2019) 32 HP Walking ➢ ↑ Performance
Chollet et al. (1979) 25 AT Swimming ➢ ↑ Performance
Ferrigno et al.
(2016)

32 HP Walking ➢ ↑ Performance
➢ Ø Walking speed,
stride length &
cadence

Hatfield et al.
(2010)

22 HP Fitts task
(pointing)

➢ ↑ Performance
➢ ↑ Timing

Rand (2018) 20 HP Reaching task ➢ ↑ Performance
➢ ↑ Timing

Vijittrakarnrung
et al. (2020)

20 HP Touchdown
weight-
bearing

➢ ↑ Performance
➢ ↑ Cadence

Continuous Boyer et al. (2013) 18 HP Pointing:
auditory
targets

➢ Ø Directional
accuracy

Trajectory Donovan et al.
(2016)

10 CAI Walking plantar
pressure

➢ ↑ Performance

Hasegawa et al.
(2017)

18 HP Postural control ➢ ↑ Performance

Kim et al. (2021) 45 SP Walking ➢ ↑ Performance
○ ↑ Activities of daily
life

Note. HP = Healthy participants, Nov = novices, Pro = professionals, AT = Athletes, SP = Stroke patients,
CAI = chronic ankle instability patients, HC = handicapped, Exp = experiments, ➢ = motor outcomes, ○ =
subjective outcomes, ■ = retention outcomes, ↑ = significant increase, ↓ = significant decrease,✓ = retention,
Ø = no significant difference/retention.
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In terms of retention, one study examined this with an error-based trigger, eliciting
explicit learning strategy, and reported retention of benefits after learning in a soni-
fication context (Torp et al., 2022).

STs: Non-Motor Outcomes. For STs, the search yielded no studies that reported
ratings of intuitiveness, of motivation-related outcomes or of individual differences.

Rhythmic Sonification (Rs). Rhythmic sonification (Rs) translates movement data into
rhythmic sounds. For example, when walking, footsteps can initiate and maintain a
rhythm (Baram et al., 2016). An overview of all findings from Rs systems is provided in
Table 6.

Rs: Movement Outcomes. As presented in Table 2, 17/130 (13%) of the included
papers are categorized as Rs systems, of which 9/17 (53%) are compared to a control
condition without sonification, and the remaining 8 systems are compared to other
systems, and are described below (Table 9). Table 6 lists the motor and non-motor
outcomes of Rs systems compared to control condition, of which 8 (88%) show only
improvements, none show only degradations or null results, and 1 (12%) is mixed, and

Table 6. Overview of Motor and Non-motor Findings for Rhythmic Sonification (Rs) Systems,
Grouped by Trigger

Trigger Author Participant Movement Outcomes

Error-
Based

Bang (2016) 20 SP Standing up ➢ ↑ Performance
➢ Ø Quality

Event-
based

Baram and Lenger
(2012)

20 CP Walking ➢ ↑ Performance
15 HP

Baram et al. (2016) 16 PD Walking ➢ ↑ Performance
■ ✓15 minutes

Baram and Miller
(2017)

14 MS Walking ➢ ↑ Performance
■ ✓ 10 minutes

Reh et al. (2022) 32 HP Walking ➢ Performance related to
volume

Yang et al. (2016) 24 SP Walking ➢ ↑ Performance
➢ ↑ Cadence

van Vugt and Tillmann
(2015)

36 HP Tapping ➢ ↑ Performance
■ ✓ Immediate

Chiou and Chang
(2016)

22 HP Arm
positioning

➢ ↑ Performance
✓ immediate

Trajectory Hale et al. (2020) 42 HP Squats ➢ ↑ Error reduction
➢ ↑ Balance control

■ ✓ immediate & 1 week

Note. HP = Healthy participants, SP = Stroke patients, CP = cerebral palsy patients, MS = multiple sclerosis
patients, PD = Parkinson patients,➢ = motor outcomes,○ = subjective outcomes, ■ = retention outcomes,
↑ = significant increase, ↓ = significant decrease, ✓ = retention, Ø = no significant difference/retention.
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most concern walking or standing. Gait improvements were mostly reported for clinical
populations such as stroke survivors (Bang, 2016; Yang et al., 2016), people with
cerebral palsy (Baram and Lenger, 2012), Parkinson’s disease (Baram et al., 2016), and
MS (Baram and Miller, 2017), but also for healthy participants (Reh et al., 2022), with
one null result found for quality of standing up movement in stroke (Bang, 2016). For
upper limb movement, increases in performance were found in healthy participants
(Chiou & Chang, 2016; van Vugt & Tillmann, 2015) and for stroke survivors (Bang,
2016; Secoli et al., 2011). For squat movements, enhanced balance and reduced errors
were found (Hale et al., 2020). In terms of retention, both Van Vugt & Tillman (2015)
and Chiou and Chang (2016) show retention after feedback removal, and for clinical
groups, Baram et al. (2016; Baram & Miller, 2017) show retention of gait benefits at
10 and 15 minutes, Secoli et al. (2011) show retention of arm movement effects, and
Hale et al. (2020) show retention of squat movements. All but the latter 2 use event-
based triggers, utilizing explicit learning strategies, while the remaining 2 studies used a
trajectory-based trigger, combining implicit and explicit learning.

Rs: Non-Motor Outcomes. For Rs, the search yielded no studies that reported ratings
of intuitiveness, of motivation-related outcomes or of individual differences.

Music-Based Sonification (MBs). Music-based sonification (MBs) initiates or manipulates
a full track or a musical phrase. For example, a music track can get more distorted as
participants’ hand position error increases (Dailly et al., 2012). An overview of all
findings from MBs systems is provided in Table 7.

MBs: Movement Outcomes. As presented in Table 2, 13/129 (10%) of the included
papers are categorized as MBs systems, of which 7/13 (54%) are compared to a control
condition without sonification, and the remaining 6 systems are compared to other
systems, and are described below (Table 9). Table 7 lists the motor and non-motor
outcomes of MBs systems compared to a control, of which 4 (66%) show only im-
provements, none show only degradations or null results, and 3 (43%) are mixed. In
athletes, improvements in running indices are found (Lorenzoni et al., 2018; van der
Berghe et al., 2021, 2022), with no differences found for cadence (van der Berghe et al.,
2021), as well as improvements in deadlifts (Lorenzoni et al., 2019), nor in effec-
tiveness for cycling (van der Vlist et al., 2011). Upper-limb findings show reduced
errors in tracking in healthy participants (Dailly et al., 2012) and reaching in stroke
survivors (Douglass-Kirk et al., 2023). None of the included studies involving MBs
reported outcomes on learning retention.

MBs: Non-Motor Outcomes. Lorenzoni et al. (2019) report that subjective participant
ratings on perceived effort, clarity of feedback, pleasantness, motivation, accuracy,
intuitiveness and usability were not affected by sonification. However, positive effects
of MBs on fun and enjoyment, perceived competence, attentional focus, distress, as
well as its value and usefulness have been subjectively reported, but not on perceived
exertion (van der Vlist et al., 2011). No results on individual differences were reported.
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Environmental Sonification (Es). Environmental sonification (Es) translates movement
data into natural sounds (e.g., wind, rain, augmented natural sounds). An example is
when the elevation of the participant’s arm elicits different natural sounds (from low to
high: rustling leaves, tree frogs, wild pigs, crickets, birds, and wind in trees; Vogt et al.,
2009). An overview of all findings from Es systems is provided in Table 8.

Es: Movement Outcomes. As presented in Table 2, 13/129 (10%) of the included
papers are categorized as Es systems, of which 7/13 (54%) are compared to a control
condition without sonification, and the remaining 6 systems are compared to other
systems, and are described below (Table 9). Table 8 lists the motor and non-motor
outcomes of Es systems, of which 2 (29%) show only improvements, 2 (29%) show
only degradations, 2 (29%) show only null results, and 1 (14%) is mixed. Six out of
seven studies focus in walking, running, or jumping, with only improvements found in
trampoline jumping height (Pugliese & Takala, 2015), but not in any other gait or
jumping performance (Hildebrandt & Cañal-Bruland, 2021; Kennel et al., 2015; Reh
et al., 2019). In upper-limb function, improved tracking movement performance, but

Table 7. Overview of Motor and Non-motor Findings for Music-Based Sonification (MBs)
Systems, Grouped by Trigger

Trigger Author Participants Movement Outcomes

Error-
based

Douglass-Kirk
et al. (2023)

20 SP Reaching ➢ ↑ Performance

Continuous Lorenzoni et al.
(2018)

13 PEB AT Running
pace

➢ ↑ Performance

Trajectory van der Berghe
et al. (2021)

20 Pro AT Running ➢ ↑ Performance

van der Berghe
et al. (2022)

20 Pro AT Running ➢ ↑ Performance
➢ Ø Cadence

van der Vlist et al.
(2011)

26HP Cycling ➢ Ø Effectiveness
○ Ø Perceived exertion
○ ↑ Motivation
○ ↑ Attention

Dailly et al. (2012) 12 HP Hand
tracking

➢ ↑ Error reduction

Lorenzoni et al.
(2019)

31 AT Deadlifts ➢ ↑ Performance
○ Ø Perceived effort, clarity of
feedback, pleasantness,
motivation, accuracy,
intuitiveness and usability
(compared to verbal
instructions)

Note. HP = Healthy participants, Pro = professionals, PEB = physical education background, AT = Athletes,
SP = Stroke patients,➢ =motor outcomes,○ = subjective outcomes, ■ = retention outcomes, ↑ = significant
increase, ↓ = significant decrease, Ø = no significant difference.
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not in error reduction nor total moving distance to track target was found (Rosati et al.,
2012). No findings on learning retention were reported.

Es: Non-Motor Outcomes. No findings are reported on the intuitiveness of these
system, but one experiment showed positive subjective participant ratings on walking
with Es (wind, water, or can-crush) sounds, with effects on feelings of body weight,
tiredness, having control, and being more comfortable, motivated, and happier (Ley-
Flores et al., 2019), and an engaging and pleasant experience (Pugliese & Takala,
2015). However, delayed Es sounds (as compared to non-delayed) are rated as dis-
turbing (Kennel et al., 2015), and one study found no effect on emotional attention

Table 8. Overview of Motor and Non-motor Findings for Environmental Sonification (Es)
Systems, Grouped by Trigger and Subtype

Trigger
(subtype) Author Participants Movement Findings

Event-Based
(Es delayed)

Hildebrandt and
Cañal-Bruland
(2021)

Exp 1 = 25 Nov
AT

Jumping ➢ ↓ Performance

Exp 2 = 18 Nov
AT

Kennel et al. (2015) 12 Pro AT Hurdling ➢ ↓ Performance
○ ↓ Disturbing
than white noise

Event-Based
(Es)

Ley-Flores et al.
(2019)

26 PI HP Walking ○ ↑ Control
○ ↑ Comfort
○ ↑ Motivation
○ ↓ Body weight
○ ↓ Tiredness

Reh et al. (2019) 20 HAP Walking ➢ Ø Gait speed
➢ Ø Cadence
➢ Ø Stride length
➢ Ø Timing

Turchet and Bresin
(2015)

20 HP
(10 musicians)

Walking ➢ Ø Emotional
attention

Continuous Pugliese and Takala
(2015)

16 HP non-AT Trampoline
jumping

➢ ↑ Jumping height
○ ↑ Pleasantness
○ ↑ Engagement

Trajectory Rosati et al. (2012) Exp 1 = 20 HP Target tracking
with stylus

➢ ↑ Performance
Exp 2 = 22 HP ➢ Ø Error

reduction
Exp 3 = 47 HP ➢ØTotal distance

to track the
target

Note. HP = Healthy participants, Nov = novices, Pro = professionals, PI = physically inactive, AT = Athletes,
HAP = hip arthroplasty patients, Exp = experiments, ➢ = motor outcomes, ○ = subjective outcomes, ■ =
retention outcomes, ↑ = significant increase, ↓ = significant decrease, Ø = no significant difference.
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Table 9. Overview of Sonification Findings Comparing Types, Grouped by Comparison and
Trigger

Type
comparisons
Trigger Author Participant Movement Findings per type

PMs/MIs
Continuous

Hummel
et al.
(2010)

7 Nov & 4 Pro
AT

German wheel MIs > PMs
➢ ↑ Performance of
experts

➢ Ø Performance of
novices

Schaffert,
Engel,
et al.
(2019)

11 Pro AT Underwater dolphin
kick

PMs & MIs
○ ✓ Intuitiveness
MIs > PMs

3 Nov AT ○ ↑ Intuitiveness for
timing

○ ↑ Technique
○ ↑ Timing

Fehse et al.
(2020)

24 HP Reaching target with
a pen

PMs >MIs
➢ Ø Performance
➢ ↑ Accuracy

Event-based Connor et al.
(2022)

4 HP Knee flexion MIs > PMs
○ ↑ Pleasantness
PMs > MIs
○ ↑ Intuitiveness

PMs/Rs
Continuous

Brückner
et al.
(2012)

40 HP Free movements PMs & Rs
○ ✓ ↑ Intuitiveness
PMs > Rs
○ ↑ Intuitiveness

O’Brien et al.
(2020b)

20 Nov AT Golf-putting PMs & Rs
➢ ✓ ↑ Performance

Continuous &
Event-
Based

Zanotto
et al.
(2013)

36 HP PMs > control
➢ Ø Performance
Rs > control
➢ ↑ Performance

■ ✓ 1, 11, and
21 minutes

(continued)
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Table 9. (continued)

Type
comparisons
Trigger Author Participant Movement Findings per type

PMs/STs
Trajectory

Kirby (2009) 12 AT Carving skiing turns PMs & STs
○ ✓ Performance in
50% of pp

○ ✓ Intuitive for 83%
of pp

Vidal et al.
(2020)

Exp1: Cycling STs & PMs
12 Nov AT & ➢ ↑ Performance
16 HP ➢ Ø Mean cadence
Exp2: STs > PMs
12 Nov AT &
12 HP

➢ ↑ Performance
➢ ✓ Novices surpass
experts

PMs/Es
Continuous
& Error-
Based

O’ Brien
et al.,
(2020b)

40 HP Golf swing
movement

PMs & Es
➢ ↑ Performance
PMs > Es
➢ ↑ Timing

PMs/MIs/Rs
Trajectory

Fuchs et al.
(2020)

Exp 1 Hip/Ankle inclination
and knee flexion

PMs & Rs > MIs
10 HP ○ ↑ Intuitiveness
Exp2 PMs > MIs
20 HP ➢ ↑ Performance

○ ↑ Helpful
PMs/MIs/MBs

Continuous
Horsak et al.
(2016)

12HP Walking COMP
➢ ↓ Performance
➢ ↓ Cadence
➢ Ø Spatio-temporal
parameters

○ ↓ Cadence
PMs/MIs/Es

Trajectory
Reh et al.
(2021)

22 HAP Walking PMs & MIs & Es
➢ Performance

PMs/MIs/Rs/
MBs/Es
Continuous
&
Trajectory

Bevilacqua
et al.
(2018)

8 SP Reaching MIs & MBs & Es > PMs
& Rs

○ ↑* Liking
PMs & Rs > MIs & MBs
& Es

7 HP ○ ↑ Intuitiveness
○ ↓ Motivating

(continued)
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Table 9. (continued)

Type
comparisons
Trigger Author Participant Movement Findings per type

MIs/Rs Event-
based

Dyer (2017) 60 HP Bimanual shape-
tracking task

MIs > Rs
➢ ↑ Performance

■ Ø 24 hour
■ ✓ when listening
to the melody of a
perfect
performance

MIs/MBs
Continuous

Liu et al.
(2022)

24 HP
(musicians
vs non-
musicians)

Hand gestures MBs > MIs
➢ ↑ Performance in
musicians

➢ Ø Performance in
non-musicians

○ ↑ Intuitiveness
Trajectory Varni et al.

(2012)
42 HP Shaking arm

movements
MIs & MBs
➢ Performance
○ Musicians prefer no
sonification

MIs/Rs/MBs
Event-
Based &
Continuous

Maes et al.
(2019)

15 HP
(5 played
music on
amateur
level)

Cycling Rs > MIs & MBs & no-
sound

➢ ↑ Synchronization
strength

Rs > MBs
➢ ↑ Tempo stability

MIs/MBs/Es
Trajectory

Singh et al.
(2015)

15 HP Forward reach and
sit-to-stand task

MIs > MBs & Es
➢ ↑ Performance
MIs & Es > MBs
○ ↑ Relaxation
MIs & MBs & Es
○ ↑ Usefulness
○ ↑ Motivating,
performance &
movement
awareness
(especially with MIs)

(continued)
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while walking (Turchet & Bresin, 2015). No findings on individual differences were
reported.

Evaluating Outcomes Between Sonification Types. Several studies (21/101, 21%) made
direct comparisons between sonification types, shown in Table 9. Various types of
systems were compared to each other rather than to a control condition without so-
nification. As such, these comparisons do not test the effect of sonification but rather the
usefulness between particular types.

Movement Outcomes Between Sonification Types. Table 9 provides details on 51/130
(39%) systems that are compared to each other, listing their motor and non-motor
outcomes. PMs systems were compared to MIs, Rs, STs, and Es systems, overall
showing mixed results where PMs improved performance more than the other soni-
fication system in 3/15 comparisons (Fehse et al., 2020; Fuchs et al., 2020; O’Brien
et al., 2020b), showed worse performance in 3/15 comparisons (Hummel et al., 2010;
Vidal et al., 2020; Zanotto et al., 2013) and showed null results in the remaining 9/
15 comparisons (Fehse et al., 2020; Horsak et al., 2016; Hummel et al., 2010; O’Brien
et al., 2020b; Reh et al., 2021; Vidal et al., 2020). A clear pattern in terms of the

Table 9. (continued)

Type
comparisons
Trigger Author Participant Movement Findings per type

Rs/STs/Es
Trajectory

Dubus and
Bresin
(2015)

Exp. 1 = 1 Pro
AT

Rowing Rs & STs & Es
➢ Ø Performance
○ Accepted by
majority of AT

Es (wind) > Es (car
engine)

○ ↑ Preference
Exp. 2 = 8 Pro
AT +
2 coaches

○ ↑ Acceptance
STs > Es (wind)
○ ↑ Acceptance

STs/Es
Continuous
& Event
based

Ley-Flores
et al.
(2021)

12 HP Various body
movements: lateral
raises, leg lifts,
step-up, squats,
various stretching
exercises

STs & Es
○ ↑ Awareness
Es > STs
➢ ↓ Speed
○ ↑ Rewarding

Note. HP = Healthy participants, Nov = novices, Pro = professionals, AT = Athletes, HAP = hip arthroplasty
patients, MISJ = mobility issues of shoulder joint patients, Exp = experiments, pp = Participants, ➢ = motor
outcomes, ○ = subjective outcomes, ■ = retention outcomes, ↑ = significant increase, ↑* = trend toward
significant increase, ↓ = significant decrease, ✓ = retention, Ø = no significant difference/retention, & = both
types, > = outperforming.
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comparison system does not emerge. MIs systems were compared to PMs, Rs, MBs,
and Es systems, overall showing mixed results where MIs improved performance more
than the other sonification system in 4/16 comparisons (Dyer et al., 2017; Hummel
et al., 2010; Singh et al., 2015), showed worse performance in 4/16 comparisons (Fehse
et al., 2020; Fuchs et al., 2020; Liu et al., 2022; Maes et al., 2019) and showed null
results in the remaining 8/16 comparisons (Fehse et al., 2020; Horsak et al., 2016;
Hummel et al., 2010; Maes et al., 2019; Reh et al., 2021; Varni et al., 2012). Again, a
clear pattern in terms of the comparison system does not emerge. STs systems were
compared to PMs and Es systems, overall showing mixed results where STs improved
performance more than the other sonification system in 1/4 comparisons (Vidal et al.,
2020), showed worse performance in 1/4 comparisons (Ley-Flores et al., 2021) and
showed null results in the remaining 2/4 comparisons (Dubus & Bresin, 2015). Here,
the results were not only mixed but there were too few comparison systems to discern a
pattern. Rs systems were compared to PMs, MIs, STs, MBs, and Es systems, showing
somewhat mixed results where Rs improved performance more than the other soni-
fication system in 3/8 comparisons (Maes et al., 2019; Zanotto et al., 2013), showed
worse performance in 1/8 comparisons (Dyer et al., 2017) and showed null results in the
remaining 4/8 comparisons (Dubus & Bresin, 2015; Maes et al., 2019; O’Brien et al.,
2020b). Here, positive results are a bit more prominent but as all comparisons concern
different types, no generalizations can be made. Next, MBs systems were compared to
PMs, MIs, MBs, and Es systems, generally showing null or negative results, where
MBs improved performance more than the other sonification system in 1/8 comparisons
(Liu et al., 2022), showed worse performance in 2/8 comparisons (Maes et al., 2019;
Singh et al., 2015) and yielded null results in the remaining 5/8 comparisons (Horsak
et al., 2016; Maes et al., 2019; Singh et al., 2015; Varni et al., 2012). Here the negative
results were found comparing to MIs and Rs. Finally, Es systems were compared to
PMs, MIs, STs, Rs, andMBs systems, again showing somewhat mixed results where Es
improved performance more than the other sonification system in 1/6 comparisons
(Ley-Flores et al., 2021), showed worse performance in 2/6 comparisons (O’ Brien
et al., 2020b; Singh et al., 2015) and showed null results in the remaining 6/6 com-
parisons (Dubus & Bresin, 2015; O’ Brien et al., 2020b; Reh et al., 2021; Singh et al.,
2015). Importantly, we here include each comparison from each reference point,
leading to double reporting of each finding.

In terms of retention, comparisons between systems are made by Zanotto et al.
(2013) who show better retention for Rs than for PMs, when each comparing to control.
Dyer et al. (2017) show that using MIs allows the recovery of declined learning after
24 hours, by playing the sound of a perfect movement execution, which Rs does not.

Non-Motor Outcomes Between Sonification Types. Aspects of intuitiveness were rated
in 19 systems, and contrasted in six comparisons, involving PMs (6), MIs (5), STs (1),
Rs (4), MBs (2) and Es (1). High levels of intuitiveness were found for PMs, MIs, Rs,
and STs (Brückner et al., 2012; Kirby, 2009; Schaffert, Engel, et al., 2019). Comparing
to each other, PMs was rated more intuitive or understandable than both MIs and Rs
(Brückner et al., 2012; Connor et al., 2022) and once less intuitive than MIs (Schaffert,
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Engel, et al., 2019), specifically for movement timing in a rhythmic movement. PMs
and Rs were rated as more intuitive thanMIs (Fuchs et al., 2020), as well as compared to
MIs, MBs, and Es (Bevilacqua et al., 2018). Finally, MBs was rated as more intuitive
than MIs (Liu et al., 2022). Overall, this suggests that PMs and Rs are generally rated as
the most intuitive, and MIs, MBs, and Es less so.

For motivational value, aspects of motivation or pleasure were rated in 10 systems,
and contrasted in two comparisons, involving PMs (2), MIs (4), Rs (1), MBs (2) and Es
(1). High levels of preference or motivation were found for MIs, MBs, and Es (Singh
et al. (2015). Comparing to each other, MIs, as well as MBs and Es, were found to be
more motivating or pleasurable than PMs and Rs (Bevilacqua et al., 2018; Connor et al.,
2022).

Two results on individual differences were reported, comparing musicians and non-
musicians, showing mixed results. Specifically, Varni et al. (2012) show that expert
level participants preferred no sonification over both PMs andMIs, and Liu et al. (2022)
show that musicians show movement improvement when using Mis while non-
musicians do not.

Discussion

The present systematic review aimed to firstly create a taxonomy of sonification
systems by categorizing them by type of sound and how it is triggered. In addition, it
synthesizes findings on motor and non-motor aspects of performance reported for each
of these sonification types, while also considering their triggers in terms of learning
retention. As hypothesized, each sonification type is shown to be effective in improving
various movement-related performance outcomes, and while some types were more
often used for specific movements (i.e., gait in STs and Rs), overall, a wide range of
movements and participant groups showed positive effects of sonification. Moreover,
retention of benefits after removing sonification was found for a mix of explicit and
implicit learning strategies. However, the effect on participants’ subjective ratings of
intuitiveness and motivation appear to differ between types, partly confirming our
hypotheses. Lastly, findings on the influence of personal characteristics were con-
sidered, but are too scarce for interpretation.

We evaluated 130 auditory movement sonification systems, as described by existing
literature. In the process of the review, we conceptualized six sonification types (PMs,
MIs, STs, Rs, MBs, and Es), and four different sonification triggers (error-based, event-
based, continuous, and trajectory). Notably, our results indicate that PMs and MIs
systems, which are the most common, mainly are coupled with continuous, and to a
lesser extent trajectory triggers, thus generally utilizing implicit learning strategies.
Conversely, STs, Rs, and Es mainly use error- and event-based triggers, leading to
explicit learning strategies, and MBs show a mixed use of learning strategies, most
often using trajectory triggers. These types and triggers offer opportunities to interpret
the findings in a more fine-grained manner in future work.

As expected, sonification was generally linked to improved movement-related
performance outcomes. Although differences were expected based on the directness
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of auditory-motor coupling, we did not observe clear patterns of efficacy differences
among sonification types (whether compared to a control condition or directly between
two types). However, it should be noted that the heterogeneity of the movements was
substantial, requiring abstraction to provide an overview. Two observations can be
made post-hoc, specifically on learning to adjust fine-grained movements in highly
trained movement and studies specifically concerning periodic movement. For the first,
the findings implied that allowing improvement in terms of subtle kinematic changes is
indeed related to the directness of movement-sound coupling, which specifically is a
characteristic of PMs, and to a lesser extent MIs, but such fine-grained improvements
are not reported for STs, Rs, MBs, and Es. For instance, PMs was shown to improving
specific aspects of golf-swing (O’Brien et al., 2020a) reaching (Rand, 2018) and bicep
curl (Yang &Hunt, 2015) movements, with a notable example showing improvement in
specific aspects of speed-skating in a professional athlete (Stienstra et al., 2011). Here,
implicit learning with PMs improved highly specialized movement aspects increasing
performance in a professional athlete, namely leaning on the backside of the skate and
reducing deviation between strokes. For MIs, showing facilitation of implicit learning
by a continuous trigger, highly specialized improvements were also seen, for instance in
increased movement consistency and lower variability while executing front flips
(Levine et al., 2019). Taken together, the included papers indicate that primarily PMs,
and to a lesser extent MIs, but not Rs, MBs, Es and STs, are most often reported as being
used to adjust subtle movements, arguably effective due to their direct movement-sound
coupling. Relatedly, PMs and MIs primarily use continuous, and to a lesser extent
trajectory triggers, suggesting that implicit learning strategies may be needed for more
subtle movement learning. Compared with MBs, primarily using trajectory triggers (as
the other trigger including implicit learning), PMs and MIs may have more positive
results based on the use of multiple concurrent movement-sound mappings, while MBs
predominantly relies on a single parameter (e.g., adding noise or altering volume).
Thus, we argue that the underlying mechanism of adjusting highly precise, subtle
movements may rely on the directness of movement-sound coupling and the use of
multiple sound parameters at a time, likely utilizing implicit learning.

For periodic movements, MIs, STs, Rs, and MBs, but not PMs and Es, appear to be
primarily suitable to improve performance. For the former, existing literature describes
movement timing-related improvements in gait (Owaki et al., 2021; Wood & Kipp,
2014), synchronization in rowing (Schaffert et al., 2011a, Schaffert et al., 2011b;
Schaffert & Mattes, 2014, 2015a, 2015b), bimanual arm elevation, and hand move-
ments, including finger tapping (Dotov & Froese, 2018; Newbold et al., 2016, 2020;
Ronsse et al., 2011). Interestingly, MIs outperformed Rs in acquisition of a bimanual
shape-tracking task (Dyer et al., 2017), and while Es was used with gait, the outcomes
were mixed and also included perturbations (Kennel et al., 2015; Reh et al., 2019).
Taken together, we argue that sonification types that include rhythm (MIs, STs, Rs, and
MBs) may be most helpful in adjusting movement periodicity-related aspects, as
compared to other sonification systems.

Concerning learning retention, explicit learning approaches were expected to more
often affect retention positively as compared to implicit learning approaches. Implicit
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approaches, represented by continuous or trajectory trigger (where the latter also in-
cludes an explicit feedback element) comprised 2/3 of all systems, however studies
examining learning retention were scarce. For the studies reporting outcomes of re-
tention, a mixed selection of systems using implicit and explicit learning strategies was
found, and while retention was always found for triggers using explicit strategies,
mixed results were found for triggers with only implicit strategy use, suggesting that
explicit strategies more reliably lead to retention of learned motor skills. This mostly
confirms our expectation, but it should be noted that the results on learning retention
were limited, and further investigation of these mechanisms for specific movement
types is warranted.

With regards to non-motor measures, positive ratings of intuitiveness, indicating
how easy the systemwas to understand, were most often reported for PMs, Rs, andMIs,
respectively, but not for MBs, Es and STs. As compared to a no-sound condition, both
PMs and MIs have been rated as highly intuitive (Schaffert et al., 2011a; Stienstra et al.,
2011). Studies comparing between types indicate that both PMs and Rs are generally
rated as more intuitive when compared to MIs (Brückner et al., 2012; Fuchs et al.,
2020), but not as interesting or motivating to listen to (Bevilacqua et al., 2018; Connor
et al., 2022). Conversely, Schaffert, Engel, et al. (2019) show that expert swimmers
rated MIs as more intuitive than PMs, but this was specifically related to the rhythm of
movements being represented by the rhythm of the individual tones, as compared to
continuous pitch. This is in line with Hermann et al. (2011)’s suggestion that musically
informed sounds are preferable due to the ease of perceiving musical tones, opposed to
continuous pitch, indicating movement-specific characteristics for intuitiveness of
sound. As such, we argue that MIs may be rated as more intuitive in the specific case
where the rhythm of executed movements is important, but in most cases, PMs and Rs
types are rated as more intuitive and understandable than MIs systems.

In terms of motivation, movement sonification seems to generally be effective in
increasing autonomous motivation, as compared to executing the same movements
without sonification. Specifically for PMs, motivation-related results show that par-
ticipants reported increased engagement and pleasantness (Pugliese & Takala, 2015), as
well as enjoyment (Yang & Hunt, 2015). Furthermore, MIs may positively affect
perceived reward, amount of movement, and motivation, among others (Newbold et al.,
2016, 2020), with highly enthusiastic responses from stroke survivors (Nikmaram et al.,
2019). Moreover, MIs was associated with reduced joint pain ratings (Raglio et al.,
2021; Scholtz et al., 2015a; Scholtz et al., 2016). Next to this, positive effects of MBs on
fun and enjoyment, perceived competence, attentional focus, distress, as well as its
value and usefulness have been subjectively reported (van der Vlist et al., 2011). Lastly,
Es reportedly seems to influence perceived body weight, feelings of tiredness and
having control, as well as being more comfortable, motivated, and happier (Ley-Flores
et al., 2019). Notably, all these results are mainly evaluated in comparison to a no sound
control condition, with a few exceptions indicating that MIs was rated as more in-
teresting and motivating to listen to than both Rs and PMs (Bevilacqua et al., 2018;
Connor et al., 2022).
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Although we aimed to also address the role of individual differences in the efficacy
of sonification systems, this was mostly neglected in the included articles, such that no
reliable conclusions could be drawn. Two articles that did consider such differences
both focused on musicianship, but showed mixed results (Liu et al., 2022; Varni et al.,
2012). While this suggests that individual differences, and especially existing skill
level, may be of importance when evaluating sonification systems, future work should
address this issue.

Conclusion

We categorized existing movement sonification systems into six types of used sounds,
(PMs, MIs, STs, Rs, MBs, and Es) and four triggers (event-, error-, trajectory-based,
and continuous) that initiated these sounds. Adopting this terminology in future
research may enhance clarity and facilitate the comparison of system outcomes to
further refine our understanding of their effects. Over all systems, sonification was
overwhelmingly shown to have positive effects on movement aspects. Findings suggest
that PMs, and to a lesser extent MIs, but not Rs, MBs, Es and STs, are useful to adjust
subtle movement aspects, likely based on the directness of movement-sound coupling
techniques, use of implicit learning approaches, and mapping multiple movement-
sound parameters. Fitting with their sound type, sonification systems using rhythmic
sounds (MIs, STs, Rs and MBs) appear most suitable to adjust periodic movement. In
general, users rate PMs and Rs as more intuitive than other sonification types. In
contrast, MIs is generally liked, or increases autonomous motivation, more than both
PMs and Rs. Overall, movement sonification increases motivation, as compared to no-
sound control conditions. Retention of the effects of sonification-based learning may be
more related to explicit rather than implicit learning approaches.

For clinical settings, MIs sonification systems would be recommended as the most
suitable for rehabilitation, as motivation is of great importance in these settings.
Conversely, PMs may provide more informative feedback, affording more independent
used of the system, implicitly informing the user about subtle movement aspects,
potentially allowing for more specific learning. Future research may evaluate per-
formance of either independent systems or between sonification types or triggers
(explicit vs implicit), and include experimental conditions based on level of individual
participants’ expertise, long-term training, as well as long-term retention tests, while
also considering individual differences. However, based on the literature reviewed here,
it is clear that sonification offers very promising avenues for movement improvement in
both clinical and non-clinical settings.
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Rapolienė, J., Endzelytė, E., Jasevičienė, I., & Savickas, R. (2018). Stroke patients motivation
influence on the effectiveness of occupational therapy. Rehabilitation Research and
Practice, 2018, Article 9367942. https://doi.org/10.1155/2018/9367942

Reh, J., Hwang, T.-H., Schmitz, G., & Effenberg, A. O. (2019). Dual mode gait sonification for
rehabilitation after unilateral hip arthroplasty. Brain Sciences, 9(3), 66. https://doi.org/10.
3390/brainsci9030066

Reh, J., Schmitz, G., Hwang, T. H., & Effenberg, A. O. (2021). Acoustic feedback in gait
rehabilitation—Pre-post effects in patients with unilateral hip Arthroplasty. Frontiers in
Sports and Active Living, 3, Article 654546. https://doi.org/10.3389/fspor.2021.654546

Reh, J., Schmitz, G., Hwang, T. H., & Effenberg, A. O. (2022). Loudness affects motion:
Asymmetric volume of auditory feedback results in asymmetric gait in healthy young adults.
BMC Musculoskeletal Disorders, 23(1), 586. https://doi.org/10.1186/s12891-022-05503-6

Robertson, J. V. G., Hoellinger, T., Lindberg, P., Bensmail, D., Hanneton, S., & Roby-Brami, A.
(2009). Effect of auditory feedback differs according to side of hemiparesis: A comparative
pilot study. Journal of NeuroEngineering and Rehabilitation, 6, 45. https://doi.org/10.1186/
1743-0003-6-45

Ronsse, R., Puttemans, V., Coxon, J. P., Goble, D. J., Wagemans, J., Wenderoth, N., & Swinnen,
S. P. (2011). Motor learning with augmented feedback: Modality-dependent behavioral and
neural consequences. Cerebral Cortex, 21(6), 1283–1294. https://doi.org/10.1093/cercor/
bhq209

Rosati, G., Oscari, F., Spagnol, S., Avanzini, F., & Masiero, S. (2012). Effect of task-related
continuous auditory feedback during learning of tracking motion exercises. Journal of
NeuroEngineering and Rehabilitation, 9, 1–13. https://doi.org/10.1186/1743-0003-9-79

Ruitenberg, M. F. L., Abrahamse, E. L., De Kleine, E., & Verwey, W. B. (2012). Context-
dependent motor skill: Perceptual processing in memory-based sequence production. Ex-
perimental Brain Research, 222(1-2), 31–40. https://doi.org/10.1007/s00221-012-3193-6

Ruitenberg, M. F. L., Verwey, W. B., & Abrahamse, E. L. (2015). What determines the impact of
context on sequential action? Human Movement Science, 40, 298–314. https://doi.org/10.
1016/j.humov.2015.01.006

Ryan, R. M., & Deci, E. L. (2000). Self-determination theory and the facilitation of intrinsic
motivation, social development, and well-being. American Psychologist, 55(1), 68–78.
https://doi.org/10.1037/0003-066X.55.1.68

Schaffert, N., Engel, A., Schlüter, S., & Mattes, K. (2019). The sound of the underwater dolphin-
kick: Developing real-time audio feedback in swimming. Displays, 59, 53–62. https://doi.
org/10.1016/j.displa.2019.08.001

Schaffert, N., Godbout, A., Schlueter, S., & Mattes, K. (2017). Towards an application of in-
teractive sonification for the forces applied on the pedals during cycling on the Wattbike
ergometer. Displays, 50, 41–48. https://doi.org/10.1016/j.displa.2017.09.004

36 Perceptual and Motor Skills 0(0)

https://doi.org/10.1007/s00221-018-5366-4
https://doi.org/10.1007/s00221-018-5366-4
https://doi.org/10.1155/2018/9367942
https://doi.org/10.3390/brainsci9030066
https://doi.org/10.3390/brainsci9030066
https://doi.org/10.3389/fspor.2021.654546
https://doi.org/10.1186/s12891-022-05503-6
https://doi.org/10.1186/1743-0003-6-45
https://doi.org/10.1186/1743-0003-6-45
https://doi.org/10.1093/cercor/bhq209
https://doi.org/10.1093/cercor/bhq209
https://doi.org/10.1186/1743-0003-9-79
https://doi.org/10.1007/s00221-012-3193-6
https://doi.org/10.1016/j.humov.2015.01.006
https://doi.org/10.1016/j.humov.2015.01.006
https://doi.org/10.1037/0003-066X.55.1.68
https://doi.org/10.1016/j.displa.2019.08.001
https://doi.org/10.1016/j.displa.2019.08.001
https://doi.org/10.1016/j.displa.2017.09.004


Schaffert, N., Janzen, T. B., Mattes, K., & Thaut, M. H. (2019). A review on the relationship
between sound and movement in sports and rehabilitation. Frontiers in Psychology, 10, 244.
https://doi.org/10.3389/fpsyg.2019.00244

Schaffert, N., & Mattes, K. (2014). Testing immediate and retention effects of acoustic feedback
on the boat motion in high-performance rowing. Journal of Human Sport and Exercise:
JHSE, 9(2), 616–628. https://doi.org/10.14198/jhse.2014.92.02

Schaffert, N., & Mattes, K. (2015a). Interactive sonification in rowing: Acoustic feedback for on-
water training. IEEE Multimedia, 22(1), 58–67. https://doi.org/10.1109/MMUL.2015.9

Schaffert, N., & Mattes, K. (2015b). Effects of acoustic feedback training in elite-standard Para-
Rowing. Journal of Sports Sciences, 33(4), 411–418. https://doi.org/10.1080/02640414.
2014.946438

Schaffert, N., Mattes, K., & Effenberg, A. O. (2011a). An investigation of online acoustic in-
formation for elite rowers in on-water training conditions. Journal of Human Sport and
Exercise, 6(2), 392–405. https://doi.org/10.4100/jhse.2011.62.20

Schaffert, N., Mattes, K., & Effenberg, A. O. (2011b). Examining effects of acoustic feedback on
perception and modification of movement patterns in on-water rowing training. In Pro-
ceedings of the 6th audio mostly conference: A conference on interaction with sound
(pp. 122–129). Association for Computing Machinery. https://doi.org/10.1145/2095667.
2095685

Scholz, D. S., Rhode, S., Großbach, M., Rollnik, J., & Altenmüller, E. (2015). Moving with
music for stroke rehabilitation: A sonification feasibility study. Annals of the New York
Academy of Sciences, 1337(1), 69–76. https://doi.org/10.1111/nyas.12691

Scholz, D. S., Rohde, S., Nikmaram, N., Brückner, H. P., Großbach, M., Rollnik, J. D., &
Altenmüller, E. O. (2016). Sonification of arm movements in stroke rehabilitation–a novel
approach in neurologic music therapy. Frontiers in Neurology, 7, 106. https://doi.org/10.
3389/fneur.2016.00106

Secoli, R., Milot, M. H., Rosati, G., & Reinkensmeyer, D. J. (2011). Effect of visual distraction
and auditory feedback on patient effort during robot-assisted movement training after stroke.
Journal of NeuroEngineering and Rehabilitation, 8, 21. https://doi.org/10.1186/1743-0003-
8-21

Sigrist, R., Rauter, G., Riener, R., & Wolf, P. (2013). Terminal feedback outperforms concurrent
visual, auditory, and haptic feedback in learning a complex rowing-type task. Journal of
Motor Behavior, 45(6), 455–472. https://doi.org/10.1080/00222895.2013.826169

Simek, T. C., & O’Brien, R. M. (1978). Immediate auditory feedback to improve putting quickly.
Perceptual and Motor Skills, 47(3 Pt 2), 1133–1134. https://doi.org/10.2466/pms.1978.47.
3f.1133

Singh, A., Piana, S., Pollarolo, D., Volpe, G., Varni, G., Tajadura-Jimenez, A., Williams, A. C.,
Camurri, A., & Bianchi-Berthouze, N. (2015). Go-with-the-flow: Tracking, analysis and
sonification of movement and breathing to build confidence in activity despite chronic pain.
Human-Computer Interaction, 31(3–4), 335–383. https://doi.org/10.1080/07370024.2015.
1085310

Sors, F., Murgia, M., Santoro, I., & Agostini, T. (2015). Audio-based interventions in sport. The
Open Psychology Journal, 8(1), 212–219. https://doi.org/10.2174/1874350101508010212

Coers et al. 37

https://doi.org/10.3389/fpsyg.2019.00244
https://doi.org/10.14198/jhse.2014.92.02
https://doi.org/10.1109/MMUL.2015.9
https://doi.org/10.1080/02640414.2014.946438
https://doi.org/10.1080/02640414.2014.946438
https://doi.org/10.4100/jhse.2011.62.20
https://doi.org/10.1145/2095667.2095685
https://doi.org/10.1145/2095667.2095685
https://doi.org/10.1111/nyas.12691
https://doi.org/10.3389/fneur.2016.00106
https://doi.org/10.3389/fneur.2016.00106
https://doi.org/10.1186/1743-0003-8-21
https://doi.org/10.1186/1743-0003-8-21
https://doi.org/10.1080/00222895.2013.826169
https://doi.org/10.2466/pms.1978.47.3f.1133
https://doi.org/10.2466/pms.1978.47.3f.1133
https://doi.org/10.1080/07370024.2015.1085310
https://doi.org/10.1080/07370024.2015.1085310
https://doi.org/10.2174/1874350101508010212


Stienstra, J., Overbeeke, K., & Wensveen, S. (2011). Embodying complexity through movement
sonification: Case study on empowering the speed-skater. In Proceedings of the 9th ACM
SIGCHI Italian chapter international conference on computer-human interaction: Facing
complexity (pp. 39–44). https://doi.org/10.1145/2037296.2037310

Stork, M. J., Kwan, M. Y. W., Gibala, M. J., & Martin Ginis, K. A. (2015). Music enhances
performance and perceived enjoyment of sprint interval exercise. Medicine & Science in
Sports & Exercise, 47(5), 1052–1060. https://doi.org/10.1249/MSS.0000000000000494

Teixeira, P. J., Carraça, E. V., Markland, D., Silva, M. N., & Ryan, R. M. (2012). Exercise,
physical activity, and self-determination theory: A systematic review. International Journal
of Behavioral Nutrition and Physical Activity, 9, 78. https://doi.org/10.1186/1479-5868-9-
78

Thielman, G. (2010). Rehabilitation of reaching poststroke: A randomized pilot investigation of
tactile versus auditory feedback for trunk control. Journal of Neurologic Physical Therapy,
34(3), 138–144. https://doi.org/10.1097/NPT.0b013e3181efa1e8

Tillman, M., Dahl, L., Knowlton, C. B., & Zaferiou, A. (2020). Real-time optical motion capture
balance sonification system. In Proceedings of the 7th international conference on
movement and computing (MOCO 2020) (ACM international conference proceeding series)
(pp. 1–4). Association for Computing Machinery. https://doi.org/10.1145/3401956.
3404244

Torp, D.M., Thomas, A. C., Hubbard-Turner, T., & Donovan, L. (2021). Biomechanical response
to external biofeedback during functional tasks in individuals with chronic ankle instability.
Journal of Athletic Training, 56(3), 263–271. https://doi.org/10.4085/197-20

Torp, D. M., Thomas, A. C., Hubbard-Turner, T., & Donovan, L. (2022). Effects of gait training
with auditory biofeedback on biomechanics and talar cartilage characteristics in individuals
with chronic ankle instability: A randomized controlled trial. Gait & Posture, 95, 1–8.
https://doi.org/10.1016/j.gaitpost.2022.03.013

Turchet, L., & Bresin, R. (2015). Effects of interactive sonification on emotionally expressive
walking styles. IEEE Transactions on Affective Computing, 6(2), 152–164. https://doi.org/
10.1109/TAFFC.2015.2416724

Van den Berghe, P., Derie, R., Bauwens, P., Gerlo, J., Segers, V., Leman, M., & De Clercq, D.
(2022). Reducing the peak tibial acceleration of running by music-based biofeedback: A
quasi-randomized controlled trial. Scandinavian Journal of Medicine & Science in Sports,
32(4), 698–709. https://doi.org/10.1111/sms.14123

Van den Berghe, P., Derie, R., Segers, V., Leman, M., & De Clercq, D. (2021). Feedback-based
running retraining for impact reduction: The relationship between peak tibial acceleration
and step frequency. In XXVIII Congress of the International Society of Biomechanics (ISB
2021). International Society of Biomechanics. https://hdl.handle.net/1854/LU-8716328
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