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Abstract
Real-time sonification—the transformation of movement into sound—is widely reported to facilitate motor control.
However, its impact on complex upper-limb coordination remains underexplored, particularly regarding how
individual proficiency influences feedback reception. We analyzed juggling variability across temporal, spatial,
velocity, and coordination dimensions using wearable sensors that mapped vertical hand movements to changes in
auditory pitch. Although no within-subject effects were observed, analysis revealed a distinct proficiency-dependent
response. Sonification enhanced stability for lower-proficiency jugglers but acted as a rhythmic perturbation for
higher-proficiency jugglers, consistent with the expertise reversal effect. Furthermore, spatial stability remained
unaffected regardless of proficiency, likely due to the visual primacy regulating spatial trajectories in juggling.
These findings demonstrate that the efficacy of sonification is both proficiency-dependent and dimension-specific.
Strategic application of augmented feedback must therefore consider individual internal models and task-specific
sensory constraints.

I. Introduction

Human motor control relies on the integration of vi-
sual, auditory, and proprioceptive information to reg-
ulate movement [1]. However, the functional role of each
sensory modality is not fixed; rather, it is dynamically
weighted according to task demands and individual skill
levels. In this context, juggling provides a representative
model, as it is a highly structured upper-limb task char-
acterized by precise spatiotemporal organization [2, 3].
Its regulatory parameters span temporal, spatial, and dy-
namical dimensions that are influenced by both internal
motor models and augmented external feedback [4, 5].

Real-time sonification—the systematic transforma-
tion of kinematic data into acoustic signals [6]—
represents a prominent application of this augmented
information. Auditory feedback is known to facilitate mo-
tor learning and rehabilitation, primarily by enhancing

movement awareness. Given the auditory system’s sensi-
tivity to temporal regularity and its potential to reduce
reliance on visual processing [5], sonification can con-
tribute to stabilizing the rhythmic structures inherent
in juggling. Despite its potential, existing research has
predominantly focused on lower-limb dynamics, such
as gait rehabilitation [6], while its application in com-
plex upper-limb coordination remains relatively under-
explored. This gap is critical in juggling, as the coordi-
nation of upper-limb segments is governed by distinct
control strategies depending on proficiency [2]. Conse-
quently, a systematic investigation is required to deter-
mine whether and how auditory feedback interacts differ-
ently with the multi-dimensional regulatory parameters
of such a sophisticated task depending on performers’
proficiency levels.

The efficacy of augmented feedback, such as real-
time sonification, is not universal but is contingent on
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the performer’s baseline proficiency. Previous research
indicates that novices often benefit from additional sen-
sory information, whereas experts may experience re-
dundancy or even interference due to well-established
internal control processes [5]. As movement patterns
become increasingly refined with practice, the process-
ing of external information shifts with the development
of stable internal motor models. This skill-dependent
interaction has been formalized as the Expertise Reversal
Effect, which suggests that sensory cues providing essen-
tial scaffolding for novices may become redundant or
even counterproductive for experts [7]. In the context of
juggling, lower-proficiency performers, who still exhibit
variability in their vertical rhythms, may benefit from
sonification as an external temporal reference to stabi-
lize their timing. Conversely, for higher-proficiency jug-
glers with automated motor representations, the same
auditory feedback may induce conscious interference,
disrupting intrinsic movement stability rather than en-
hancing performance. Accordingly, the effects of sonifi-
cation in juggling should be examined not only in terms
of whether it influences motor control, but also in rela-
tion to how its effects vary as a function of individual
proficiency.

The primary objective of this study is to investigate
the effects of real-time sonification on juggling motor
control strategies across four key dimensions: temporal,
spatial, velocity, and coordination variability. Guided by
previous findings on auditory feedback and the expertise
reversal framework, we hypothesized that the impact of
sonification would be proficiency-dependent. Specifi-
cally, lower-proficiency jugglers were expected to show
reduced variability under sonification, whereas higher-
proficiency jugglers were expected to experience weaker
benefits or even increased variability. Furthermore, soni-
fication was expected to preferentially influence rhythm-
related parameters (i.e., temporal and velocity variability)
rather than the spatial dimension.

II. Methods and materials

II.I. Participants

Seventeen healthy, right-handed volunteers (5 females,
12 males; Mean age = 24.71±5.73 years) were recruited.
Right-handedness was an inclusion criterion to mini-
mize variability in motor dominance. All participants
showed a baseline juggling proficiency of at least 15 con-
secutive catches in a three-ball cascade pattern. The
study was conducted in accordance with established ethi-
cal guidelines, all participants provided written informed
consent prior to the experiment.

II.II. Apparatus and Data Acquisition

Upper-limb kinematics were captured using an Inertial
Measurement Unit (IMU)-based motion capture system
(Xsens MVN, Xsens Technologies B.V., Enschede, The
Netherlands). Eleven inertial sensors were placed at the
head, sternum, pelvis, and bilaterally at the shoulders,
upper arms, forearms, and hands. Data were sampled
at 60 Hz. Full-body kinematics were reconstructed via
the system’s software (Xsens MVN Analyze 2019.2.1) and
exported as C3D files, providing three-dimensional tra-
jectories (x , y , z ) of a 40-marker biomechanical model.
Auditory feedback was processed via a Steinberg audio
interface and delivered through stereo speakers at a con-
sistent volume level.

II.III. Experimental Design and
Procedure

A within-subjects design was employed in a controlled
laboratory setting. Participants provided informed con-
sent and completed a demographic questionnaire. Fol-
lowing sensor placement, a 1-minute familiarization pe-
riod allowed participants to adapt to the physical con-
straints of the IMU sensors and the specific juggling balls
used in the study. During this period no auditory feed-
back was given. The experimental task consisted of two
conditions: (1) No-Sonification (control) and (2) Soni-
fication (real-time auditory feedback). Each condition
lasted 10 minutes, and the order of conditions was coun-
terbalanced across participants to mitigate potential or-
der effects. In the sonification condition, real-time audi-
tory feedback was generated using Max 8 (v 8.5.3; Cycling
’74). The vertical displacement (Z -axis) of the hands was
mapped to a synthesized piano timbre. To ensure clear
auditory separation, the right and left hands were as-
signed to distinct frequency ranges with a four-octave
gap. The pitch was modulated according to the height of
each hand. This mapping facilitated a real-time auditory
representation of movement trajectories, establishing a
direct correspondence between kinematic actions and
sound.

II.IV. Data Processing and Statistical
Analysis

Raw kinematic data were preprocessed in MATLAB
(R2025b, MathWorks) by extracting the trajectories of
three markers—the ulnar styloid, radial styloid, and the
dorsal side of the hand—to derive a virtual hand centroid.
Data integrity was maintained by interpolating missing
values (0.01%–0.08% per trial) via the MoCap Toolbox [8].
Subsequently, high-frequency artifacts were removed us-
ing a second-order 15 Hz low-pass Butterworth filter with
zero-lag technique [2]. For standardized comparisons,
movement data were segmented based on the right-hand
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trajectory. An analysis window of 26 consecutive throws
was defined, following an initial four-throw buffer to en-
sure motor stability. This 30-throw criterion represents
the minimum performance threshold observed across all
participants, ensuring a balanced within-subject design
without data exclusion.

Movement stability was operationalized through four
primary variables: temporal variability (coefficient of
variation [CV] of inter-peak intervals), spatial variabil-
ity (three-dimensional standard deviation [SD] of the
hand centroid across the x , y , and z axes), velocity vari-
ability (CV of peak velocity as a proxy for force control),
and coordination variability (SD of the discrete relative
phase, φ). The effect of sonification was subsequently
quantified using difference scores (∆ = Sonification−
No-Sonification), with data normality verified through
Shapiro–Wilk tests. Statistical analyses were conducted
in R (v 4.4.3) with the significance level set at α= .05. Dif-
ferences between the Sonification and No-Sonification
conditions were analyzed using paired-samples t-tests
for parametric data (spatial and coordination variability)
and Wilcoxon signed-rank tests for non-parametric data
(temporal and velocity variability). Effect sizes were cal-
culated using Cohen’s d and matched-pairs rank-biserial
correlations (rB ) for the respective tests. Additionally, the
proficiency-dependent efficacy of auditory feedback was
examined through correlation analysis, utilizing Pear-
son’s r or Spearman’s ρ to assess the relationship be-
tween the No-Sonification condition and sonification-
induced changes (∆).

III. Results and discussion

III.I. Absence of Uniform Sonification
Effects

To assess the impact of real-time sonification, we exam-
ined whether the difference scores (∆) for each kinematic
variable significantly deviated from zero. As summarized
in Table 1, the analysis of the full sample revealed no
statistically significant differences between conditions
across all measured dimensions (p > .05). This lack of
significance at the aggregate level indicates that the au-
ditory feedback did not induce a uniform or consistent
shift in juggling stability across all participants.

Table 1: Comparison of movement variability between sonifi-
cation and no-sonification conditions

Variable No-Sonification Sonification Difference p-value Effect Size

temporal 4.48 (1.23) 4.89 (1.98) 0.41 (2.26) 0.831 -0.052
spatial 54.00 (15.1) 57.93 (18.6) 3.93 (18.0) 0.382 0.218
velocity 5.40 (1.85) 5.18 (2.02) -0.22 (2.12) 0.309 -0.247
coordination 10.70 (3.92) 11.45 (2.77) 0.74 (3.15) 0.347 0.235

Note. Values in the No-Sonification, Sonification, and Difference
columns are reported as mean (SD).

However, velocity variability demonstrated a mod-
est decrease, despite the absence of significant overall
effects (mdiff = −0.22, SDdiff = 2.12; rB = −0.25). This
suggests that the real-time auditory feedback may have
served as a subtle guide for stabilizing the force applied
to each throw. As illustrated by the individual slopes in
Figure 1, the response to sonification was highly variable
across participants, with some showing improved stabil-
ity while others experienced disruption. These findings
suggest that the effects of sonification may be masked
when averaging across the entire sample, highlighting
the need for a more detailed analysis based on individual
proficiency levels.

Figure 1: Velocity variability across experimental conditions.

III.II. Proficiency-Dependent Modulation
of Movement Variability

Specifically, correlation analysis between variability in
the control condition (No-Sonification) and sonification-
induced changes in variability (∆) revealed strong nega-
tive relationships across temporal (ρ =−0.57, p = .017),
velocity (ρ = −0.65, p = .005), and coordination (r =
−0.71, p = .001) metrics. These findings indicate that the
impact of sonification varied by individual proficiency,
as illustrated in Figure 2.

Figure 2: Relationship between control variability and
sonification-induced changes in movement metrics.

Consistent with the hypothesized Expertise Reversal
Effect, this proficiency-dependent pattern suggests that
additional sensory information can become redundant
or even disruptive for individuals with well-established
motor schemas [7]. For lower-proficiency jugglers, soni-
fication likely functioned as a regulatory signal, provid-
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ing a rhythmic reference to stabilize their kinematic pat-
terns. Conversely, for higher-proficiency jugglers with
robust internal models, the real-time auditory informa-
tion acted as a rhythmic perturbation [5]. This external
feedback may have induced conscious monitoring of
otherwise automated processes, thereby compromising
the intrinsic stability. While these kinematic findings es-
tablish a clear objective basis for proficiency-dependent
interference, future studies should integrate subjective
reports to further validate the underlying cognitive pro-
cesses.

III.III. Dimension-Specific Limits on
Spatial Variability

In contrast to the temporal, velocity, and coordination
measures, spatial variability did not show a significant
correlation with individual proficiency levels (r =−0.38,
p = .131). One possible explanation is that spatial as-
pects of juggling rely strongly on visual information [4].
Precise throwing and catching are supported by continu-
ous visual monitoring of ball trajectories; in such visually
dominated control dimensions, auditory feedback may
provide functionally redundant information that fails to
be integrated into the existing visual control [5]. Further-
more, as the present study quantified integrated 3D spa-
tial variability to reflect the multi-dimensional nature
of juggling, the specific mapping of feedback to verti-
cal (Z -axis) movement may have selectively influenced
rhythmic and force-related parameters rather than 3D
spatial precision.

Consequently, the present findings indicate that
proficiency-dependent effects were not evident for hand-
level spatial variability under the current experimen-
tal conditions. Future research investigating vision-
restricted conditions or multi-dimensional mapping
strategies may clarify whether sonification plays a com-
pensatory role in spatial control across all dimensions.

IV. Conclusion

This study investigated the multi-dimensional effects
of real-time sonification on juggling motor control. Al-
though the intra-individual responses across sonifica-
tion conditions did not manifest as a uniform trend,
significant response patterns were identified through
an in-depth analysis accounting for individual profi-
ciency levels. Specifically, sonification served as a stabi-
lizing reference for lower-proficiency jugglers but acted
as a rhythmic perturbation for higher-proficiency jug-
glers, providing robust empirical support for the Exper-
tise Reversal Effect. Furthermore, the lack of spatial re-
sponse confirms that the efficacy of auditory feedback
is dimension-specific, as spatial trajectories in juggling
remain governed by visual primacy. These results in-

dicate that for augmented feedback to be effective, it
must be strategically aligned with the performer’s inter-
nal models and the task’s modality-specific constraints.
To better define the boundaries of auditory-motor inte-
gration, future studies should combine subjective reports
with multi-dimensional mapping strategies or vision-
restricted tasks. These insights will guide the develop-
ment of proficiency-dependent, personalized feedback
systems for high-performance motor skills.
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