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Evaluating eye-hand coordination
with digital technologies

Francesca Di Rocco'?, Marianna De Maio'2, Emanuel Festino'?, Olga Papale'-?,
Philip X. Fuchs?, Rubens A. Da Silva*, Alexis Barbeau'?, Cristina Cortis**** & Andrea Fusco®

Digital tools, such as computerized wobble boards (WB), offer a novel approach to assess dynamic
balance in lower limbs. Since their potential for evaluating eye-hand coordination remains unexplored,
this study assessed the inter-test reliability and concurrent validity of WB measurements for upper
limb fine motor skills, proposing WB as an alternative to the Grooved Pegboard test (GPT). Fifty-three
healthy participants completed WB and GPT tests, and a WB retest after 48 h. The custom WB software
displayed real-time performance via a motion marker and target zone. Participants moved the marker
within the target zone following predefined patterns (clockwise, counterclockwise, anteroposterior,
mediolateral) across four 15-s trials per hand. Performance was quantified as the duration (s) the
marker remained in the target zone under each condition. According to Intraclass correlation
coefficients (ICC) WB demonstrated good to excellent reliability (ICC: 0.62-0.80), acceptable Standard
Error of Measurement (SEM: 0.96-2.14 s), and minimal detectable change (MDC,,: 1.90-4.25 s).
Moderate to strong correlations (r= - 0.30 to - 0.54) between WB and GPT outcomes suggested WB
captured related aspects of fine motor coordination. These findings confirm WB’s reliability and validity
as a tool for assessing eye-hand coordination. Further validation is needed in training or rehabilitation
contexts.
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Motor skills are fundamental to daily activities, such as walking, grasping, cooking, work-related tasks, and
driving!—. These skills are categorized into gross and fine motor skills*, based on movement patterns® and task
complexity®. Fine motor skills, unlike gross motor skills, involve precise and coordinated movements of smaller
muscle groups, primarily in the hands and fingers®. The literature”® further distinguishes related concepts such
as fine motor precision, visual-motor integration, and manual dexterity. Fine motor precision refers to the
accurate control of hand and finger movements while visual-motor integration involves responding to visual
stimuli with appropriate motor action, and manual dexterity relates to object manipulation and coordination®®.

Eye-hand coordination refers to a sensorimotor ability in which the brain integrates visual and tactile
information to guide deliberate movements. This skill can be categorized into two types: probation, or closed
motor skills, where the movement is self-initiated and controlled by the individual; and reaction, or open motor
skills, which are triggered in response to external stimuli'’. This coordination ability involves the visual system’s
capacity to process input from the eyes and translate it into precise motor commands that guide hand actions
toward a specific goal. Enhancing eye-hand coordination typically involves tasks that challenge the integration
of visual perception and motor control. In particular, interacting with unstable surfaces, or manipulating small
objects in dynamic contexts like video gaming, can effectively support the development of fine motor control'!.
Moreover, the effectiveness of these tasks depends on the ability to align visual attention with accurate hand
execution, a process during which manual dexterity plays a crucial role!%.

To assess fine motor skills, various tests have been developed!®-!¢, with the Grooved Pegboard test (GPT)
widely recognized as the gold standard for evaluating motor coordination and manual dexterity'”!. The GPT
is valued for its precision, ease of administration across diverse populations, including children?®, adults'®, the
elderly®, and individuals with neurological conditions®!, and its high test-retest reliability*>. However, GPT
primarily assesses static motor skills and may not fully capture the dynamic coordination required in everyday
tasks?*. This limitation is particularly relevant in conditions such as Parkinson’s disease and older adults, where
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GPT has been shown to predict cognitive impairments rather than purely motor deficits?!. This limitation
arises because GPT performance is influenced not only by fine motor execution, but also cognitive domains
such as attention, visuospatial processing, executive function, and processing speed?*?. In populations with
neurological disorders or in aging, deficits in these cognitive domains can significantly impact GPT scores,
making it a sensitive tool for detecting cognitive impairments rather than being a pure measure of motor
function?!. As a result, relying solely on the GPT may obscure motor deficits that are independent of cognitive
status, highlighting the need for alternative or complementary tools that specifically target dynamic aspects of
motor coordination with reduced cognitive confounding effects. These findings further highlight the need for
alternative tools able to assess fine motor coordination under dynamic conditions, better reflecting real-world
functional movements.

Computerized proprioceptive platforms such as wobble boards (WB) offer a novel approach to motor skill
assessment. Traditionally used for postural control and balance assessment,?**” WB can be adapted for upper-
limb coordination evaluations by integrating hand-based control tasks. Unlike GPT, which operates in a stable
environment, WB protocols introduce dynamic control elements representing an additional aspect of real-world
motor challenges, particularly those requiring continuous adaptation to unpredictable conditions (e.g., across
diverse daily tasks and sports scenarios). The emphasis on dynamic tasks highlights the importance of assessing
not only static postural control, but also the ability to adapt and react to unpredictable conditions, crucial for
functional motor performancezg. Linear movements, such as anteroposterior or mediolateral, are typically
repetitive and rely heavily on feedback control, where real-time sensory information (visual or proprioceptive)
is used to adjust ongoing movement. In contrast, circular tasks involve more complex trajectories that require
anticipatory motor planning, making greater use of feedforward control mechanisms. These movements demand
predictive coordination based on internal models rather than continuous sensory correction. Therefore, circular
WB tasks may impose higher neuromuscular and cognitive demands than linear movements, offering a more
sensitive assessment of fine motor control and adaptability?>*°. Furthermore, while both GPT and WB tests
use task completion time as a primary outcome, WB incorporate advanced sensors (e.g., accelerometers) that
enable precise measurement of movement parameters such as acceleration, angles, and movement smoothness,
by providing a more comprehensive assessment of motor performance.

While previous studies have focused on the application of WBs for dynamic balance and postural control, %%
their use in upper-limb sensorimotor evaluation remains largely unexplored. Only preliminary information is
available on computerized WB system to assess upper-limb control via visual biofeedback, and to the best of
our knowledge, no empirical studies have yet evaluated the reliability or validity of similar approach in healthy
or clinical populations. Therefore, this study aimed to (i) determine the inter-test reliability of WB outcomes
in evaluating upper-limb fine motor skill and (ii) test the concurrent validity of WB performance compared to
the GPT. We hypothesized that the WB protocol would yield reliable fine motor skill measurements and offer
additional insight into execution speed and hand-eye coordination, complementing the limitations of GPT in
assessing dynamic motor tasks.

Methods

Study design

This study assessed the validity and reliability of WB as a measure of manual dexterity through two test sessions.
In the first session, participants completed a WB test followed by a GPT with 2-min rest interval in between.
During the second session, conducted five days later to avoid learning effects®?, participants repeated the WB
test. This interval was based on previous motor control studies using similar upper-limb tasks>?, where 3-7 days
intervals were reported to be adequate to reduce performance transfer in repeated motor assessments. A trained
evaluator administered both tests to ensure standardization. Intra-individual, intra-session comparison between
WB and GPT performances assessed concurrent validity, while an intra-individual, inter-session comparison
between repeated WB tests determined test-retest reliability.

Participants

The required sample size for test-retest reliability analysis was determined via G*power software (version 3.1
for Mac OS, Heinrich Heine Universitat Diisseldorf, Kent) for Intraclass Correlation Coefficient (ICC) analysis.
The minimum acceptable reliability (ICC p0) was set at 0.5, with an expected reliability (ICC p1) of 0.75%. The
analysis indicated a minimum sample size of 45 participants for a two-tailed test with a significance level (a)
of 0.05 and a desired power of 80%>*. Inclusion criteria were the absence of the following conditions: upper
limb fractures and surgeries, visual disorders, neuromuscular diseases, and cognitive impairment. Participants
unavailable for the WB retest or with missing data were excluded. Of the 65 participants initially assessed, five
were excluded due to unavailability for the WB retest, and seven due to missing data, resulting in a final sample
of 53 students (aged 21-34 years) from the University of Cassino and Lazio Meridionale. The STROBE cross
sectional reporting guidelines were used®. Anthropometric data were collected before testing. Body mass and
height were measured using a scale with an integrated stadiometer (Seca, model 709, Vogel & Halke, Hamburg,
Germany; accuracy: +0.1 kg and+0.1 cm). Body mass index (BMI) was subsequently calculated, and preferred

hand was determined based on the participant’s writing hand,*® following LICI recommendations®”.

Wobble board test

The WB (WSP, Well Sport Project, G.S.J. Services S.r.l., Rome, Italy) featured a triaxial accelerometer (Phidget
Spatial 0/0/3 Basic 1041, Phidgets Inc. 2016, Calgary, AB, Canada) and consisted of a circular standing surface
(diameter: 40 cm, height: 2 cm) placed on a semi-spherical base (diameter: 12 cm, height: 6 cm). A USB
connection (200 Hz) linked the WB to a laptop, where customized software displayed real-time performance via
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a motion marker on a monitor (screen resolution: 1920 x 1080) (Supplementary S1). Participants controlled the
WRB tilt angle and, consequently, the motion marker position using hand movement.

The WB test required participants to keep the motion marker (yellow circle; diameter: 6 mm) within a target
zone (red circle; diameter: 6.5 cm) for as long as possible. The software recorded full seconds within the target
zone as the performance measure. The target zone followed different movement patterns:

- Clockwise: The target zone moved from the middle of the screen to the left in 6 ms before completing a full
clockwise rotation.

- Counterclockwise: The target zone moved from the middle of the screen to the left in 6 ms before completing
a full counterclockwise rotation.

- Anteroposterior: The target zone moved from the middle of the screen to the top in 8 ms before continuing
along a vertical trajectory.

- Mediolateral: The target zone moved from the middle of the screen to the top in 8 ms before continuing along
a horizontal trajectory.

For anteroposterior and mediolateral patterns, the target zone’s movement speed was adjusted based on the
participant’s performance. In particular, reaching the target zone in the middle in the beginning of a trial and
keeping the marker in the zone during the trial increased the target zone speed. In clockwise and counterclockwise
patterns, the target zone followed a predetermined trajectory independent of participant movement. Specifically,
in the anteroposterior and mediolateral conditions, the speed of the target zone was not fixed but dynamically
adjusted based on the participant’s ability to keep the motion marker within the target zone. If the participant
maintained the motion marker inside the target zone for a continuous duration of 2 ms, the software increased
the target zone’s movement speed by 10% in real time. Conversely, if the motion marker moved outside the target
zone for more than 1 ms, the speed returned to baseline. This adaptive algorithm, embedded in the proprietary
and closed-source software, was designed to automatically adjust task difficulty based on individual performance
and skill level. As it cannot be modified by the user, the system dynamically regulates target zone speed in real
time, helping to prevent ceiling effects and improving the WB’s sensitivity in detecting subtle variations in motor
control. After a 1-min familiarization with all movement patterns, participants completed one 15-s trial per
pattern for each hand (8 trials total), with 30-s recovery between trials. The sequence of patterns and hands
was randomized. The WB was placed on a table, with a monitor positioned in front of the participants, which,
standing upright, placed the tested hand on the WB, maintaining a 90° elbow angle and a relaxed shoulder, while
the contralateral arm rested at their side (Fig. 1). Trials were repeated if participants (a) did not maintain the
contralateral arm position, (b) use the contralateral arm for support, or (c) spoke during the test. Out of 424
total WB trials (53 participants x4 conditions x 2 limbs), 26 trials (6.1%) were considered invalid and had to
be repeated. Most repetitions were due to participants speaking during the test (n=15), followed by incorrect
contralateral arm positioning (n=7) and use of the contralateral arm for support (n=4).

Grooved Pegboard test

The GPT (model 32025, Lafayette Instrument Company, Inc., Lafayette, Indiana, USA) consisted of a 10 x 10 cm
square pegboard with 25 holes with random keyhole orientation arranged in a 5x 5 grid. Steel pegs (diameter:
0.4 cm; model 32104) with side keys were in a spherical tray above the keyholes. After a short demonstration
and verbal instructions, participants familiarized themselves with the task by inserting pegs into the top row!s.
Participants were then instructed to insert pegs sequentially, as quickly as possible, completing rows from
left to right for the right hand and from right to left for the left hand, moving from top to bottom. A 1-min
recovery period was allowed between trials. Participants began the test whenever they were ready. Recording
time started when the first peg was picked up and ended when the last peg was inserted. A digital stopwatch
(Garmin International, Kansas City, MO, USA) recorded the completion time®. If a peg fell, participants had to
continue without retrieving it. The GPT was placed on a table, and participants were seated with the non-testing
hand resting on the table. Each evaluation lasted approximately 30 min, including familiarization and both tests
(WB and GPT).

Statistical analysis
Dependent variables included GPT completion time (s) and WB motion marker time (s) within the target zone.
Data normality was verified via Shapiro-Wilk test and means with standard deviations (SD) were calculated.

A 2-way mixed model evaluated intersession reliability, treating participants as random effect and
measurement tools as a fixed effect™. ICC, | was used to assess absolute agreement between measurements and
reported in Table 1. ICC values, together with 95% confidence intervals, were interpreted as poor (0.00-0.39),
fair (0.40-0.59), good (0.60-0.74), and excellent (0.75-1.00)*. Standard Error of Measurement (SEM) and the
Minimal Detectable Change (MDC,,) were also computed. SEM estimates measurement error and within-
subject variability (SEM = SD * V1 -ICC), providing a range of values within which a true score might fall based
on an observed score®. MDC,; indicates the smallest detectable change required to exhibit an actual change
in performance (MDC,.=SEM * V2 * 1.96), suggesting that changes equal to or exceeding MDC,, indicate
reliable and significant change at the 95% confidence level. Bland-Altman plots and 95% Limits of Agreement
(95% LoA =mean+t2 * SD) assessed intersession variability between WB test-retests*’. Bland-Altman analysis
was not conducted between WB test and GPT test because they are based on different measurement properties
and scoring directions (i.e., higher WB scores indicate better performance, whereas lower GPT scores indicate
better performance). In our study, WB and GPT were not considered as interchangeable tools; rather, they have
been considered complementary assessments that capture overlapping but distinct aspects of upper-limb motor
control.
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Fig. 1. Starting position of the participant during the wobble board test.

Task Limb Test (s) | Retest (s) | ICC (95% CI) SEM (s) | MDC,, (s)
Preferred 124+1.8 [13.2+1.7 | 0.52(0.18-0.72) | 1.24 2.45
Anteroposterior Non-preferred | 12.2+1.8 | 12.8+2.0 | 0.74 (0.55-0.85) | 0.96 1.90
Average 12.3+1.4 | 13.0+1.7 | 0.74 (0.56-0.85) | 0.75 1.50
Preferred 11.0+1.8 | 12.6+1.9 |0.62(0.35-0.78) | 1.15 2.28
Mediolateral Non-preferred | 11.3+2.1 | 12.0£1.7 | 0.62 (0.34-0.78) | 1.30 2.57
Average 11.1+1.6 | 12.3+1.6 | 0.72 (0.52-0.84) | 0.88 1.74
Preferred 9.9+3.8 |10.0+3.4 | 0.80(0.67-0.89) | 1.77 3.52
WB tests | Clockwise Non-preferred | 10.4+3.4 | 11.8+3.0 | 0.78 (0.62-0.87) | 1.63 324
Average 10.1+3.4 | 11.3+2.8 | 0.83 (0.71-0.90) | 1.28 1.54
Preferred 10.3+3.4 | 11.6+2.9 |0.80(0.65-0.88) | 1.53 3.03
Counterclockwise | Non-preferred | 9.0+4.0 | 11.0+3.3 | 0.72(0.52-0.84) | 2.14 4.25
Average 9.7+3.3 | 11.3+2.8 | 0.82(0.69-0.89) | 1.37 2.71
Preferred 43.7+8.4 |48.4+7.5 |0.84(0.72-0.90) | 0.84 1.67
Mean Non-preferred | 43.0+£9.3 | 47.8+7.8 | 0.83 (0.72-0.90) | 0.96 1.91
Average 433+8.4 [48.1+7.3 |0.86(0.76-0.92) | 0.78 1.56

Table 1. Mean values + standard deviations (SD) of wobble board (WB) test, and WB retest performances
in seconds (s) for all conditions and limbs. WB test-retest intraclass correlation coefficient (ICC) with 95%
confidence interval (95% CI), standard error of measurement (SEM) in seconds (s), and minimal detectable
change (MDC,,) in seconds (s).
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Pearson correlation coefficients evaluated concurrent validity between WB and GPT outcomes. Correlations
were classified as small (<0.25), fair (0.25-0.49), moderate (0.5-0.74), and strong (> 0.75)**. Only the first WB
session was used for this comparison to ensure consistency with GPT data. Statistical analyses were conducted
using STATA software (version 18, StataCorp LP, College Station, TX, USA) with significance set at p<0.05.

Ethics

This study was conducted following the guidelines of the Declaration of Helsinki. The Institutional Review Board
of the Department of Human Sciences, Society, and Health of the University of Cassino and Lazio Meridionale
approved this study (approval No.: 11748; date: 09 June 2021). Participants provided written informed consent
after receiving a full explanation of study procedures.

Results

A total of 23 female and 30 male students met the inclusion criteria and participated in the study (age:
25.0+2.8 years, body height: 1.69+0.09 m, body mass: 67.7+13.3 kg, BMI: 23.2+3.1 kg-m~2). Participants
completed GPT with the preferred hand in 63.7+9.3 s, with the non-preferred hand in 69.0+12.7 s, and in
66.4+9.9 s as the average values of both hands.

The WB test demonstrated intersession reliability coefficients ranging from fair to excellent, with the highest
values observed in clockwise and counterclockwise tasks and when averaging across tasks and limbs. Specifically,
ICC values exceeded 0.80 for preferred and non-preferred circular patterns, suggesting high reliability.
Conversely, linear patterns (anteroposterior and mediolateral) showed slightly lower reliability although within
acceptable ranges. SEM and MDC,, were the lowest when performance data were averaged across conditions,
further supporting the robustness of WB outcomes in tracking repeatable motor performance. Table 1 shows
mean values+SD of WB test, and WB retest outcomes, along with WB intersession ICC, 95% CI, SEM, and
MDC,,. Intersession reliability ranged from 0.52 to 0.86 (ICC), 0.75 to 2.14 s (SEM), and 1.50 to 4.25 s (MDC,,).
Test-retest differences in WB performance plotted against the mean, including the 95% LoA for each condition
(anteroposterior, mediolateral, clockwise, counterclockwise, and the average) and limb (preferred and non-
preferred) are shown in Fig. 2, Fig. 3, Fig. 4, and Fig. 5.
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Fig. 2. Bland-Altman plot for: (a) preferred limb, (b) non-preferred limb in wobble board anteroposterior
condition; (c) preferred limb, (d) non-preferred limb, in wobble board mediolateral condition. Single bold lines
indicate the average of the differences, whereas two dotted lines indicate the 95% limit of agreement.
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Fig. 3. Bland-Altman plot for: (a) preferred limb, (b) non-preferred limb in wobble board clockwise
condition; (c) preferred limb, (d) non-preferred limb in wobble board counterclockwise condition. Single bold
lines indicate the average of the differences, whereas two dotted lines indicate the 95% limit of agreement.

Regarding validity, Pearson correlation coefficients between WB and GPT scores ranged from —0.26 to—0.54,
with stronger inverse correlations observed in non-preferred limb and circular movement tasks. This suggests
that WB performance is meaningfully aligned with GPT outcomes, particularly in tasks that demand greater
neuromuscular control. The strongest correlation was recorded in the non-preferred limb during the clockwise
condition (r= -0.52,p <0.0001), highlighting the relevance of task complexity and limb usage. Overall, aggregated
WB performances (i.e., task and limb averages) showed the most consistent and interpretable relationships with
GPT results. Table 2 shows the Pearson correlation coefficients between WB and GPT performances.

Discussion

This study aimed to determine the inter-test reliability of WB values during upper limb fine motor tasks and
assess WB’s concurrent validity with GPT by examining the relationship between the two measures within the
same study design. The key findings were: the computerized WB demonstrated fair to excellent reliability (ICC:
0.52-0.86), with the highest values in the averaged WB tasks (ICC: 0.83-0.86), particularly when averaging
both limbs (ICC: 0.86); significant correlations, ranging from—0.26 to—0.54 (fair to moderate), emerged
between WB and GPT scores, with stronger correlations under specific conditions. These findings support
WB’s fair to excellent test-retest reliability in assessing upper limb fine motor skills, considering the diverse
movement patterns involved. Specifically, clockwise and counterclockwise patterns exhibited good to excellent
reliability (ICC: 0.72-0.83), reflecting acceptable consistency and absolute agreement across sessions. This
aligns with previous studies suggesting that task complexity and variability influence reliability. In this study,
linear movements (anteroposterior and mediolateral) were likely more repetitive and less complex than circular
movements, potentially explaining the variability in reliability across conditions. The highest reliability was
observed in the WB mean variable, consistent with findings suggesting that combining multiple measures or
movement types reduces variability and enhances reliability!'®4!.

Low SEM values further confirmed WB’s precision in tracking motor coordination across sessions. The best
SEM and MDC,, values (i.e., lowest average) were found when averaging across WB tasks, reinforcing WB’s
effectiveness in detecting motor skill improvements or deficits with high confidence. Compared to studies on
fine motor coordination and visuomotor integration, often reporting high ICC values (0.80-0.95) in controlled
settings*’, the WB achieved comparable reliability (ICC: 0.52-0.86). WB’s ability to integrate linear and circular
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Fig. 4. Bland-Altman plot for: (a) average mean in wobble board anteroposterior condition; (b) average mean
in wobble board mediolateral condition; (c) average mean in wobble board clockwise condition; (d) average
mean in wobble board counterclockwise condition. Single bold lines indicate the average of the differences,
whereas two dotted lines indicate the 95% limit of agreement.

movements further enhanced the reliability by minimizing trial-to-trial variability. These characteristics make
WB a valuable tool for longitudinal monitoring of motor skills.

Bland-Altman plots (Figs. 2, 3, 4, 5) supported these findings, with negligible mean bias, indicating no
systematic error between test-retest sessions. The relatively narrow LoA further confirmed WB’s precision
and consistency in capturing repeatable motor performance. However, LoA was wider for circular movements
(clockwise and counterclockwise) than for linear movements (anteroposterior and mediolateral), likely reflecting
the increased motor control demands of circular tasks. While high ICC values in circular tasks suggested good
relative consistency across participants, broader LoA ranges revealed greater absolute variability in individual
performance. This apparent contradiction arose because ICC measures relative consistency between sessions. In
other words, ICC can remain high if the ranking of individuals is stable over time, even if the absolute differences
between individuals become larger across sessions. The increased SEM and MDC,, in circular tasks compared
to linear tasks (e.g., SEM: Clockwise=1.28 vs. Anteroposterior=0.75; MDC,,: Counterclockwise=2.71 vs.
Mediolateral =1.74) further highlight the greater variability in complex movement patterns, highlighting the
need for additional familiarization or practice to reduce variability and improve absolute agreement. These
results highlight the WB’s particular sensitivity in detecting subtle changes in motor performance, particularly
in tasks characterized by higher inherent variability. This increased sensitivity likely stems from the dynamic
nature of WB assessments, which require continuous motor adjustments and reactive control. Consequently,
WB protocol may reveal fluctuations in motor coordination that remain undetected by more static or traditional
evaluation methods, providing valuable insight into an individual’s functional motor capacity and adaptability.

Compared to the traditional GPT, the WB demonstrated comparable or superior precision and reliability,
despite the lack of repeated GPT measurements. This choice reflects the GPT’s established role as a single-
administration test?> To better contextualize our findings, under more demanding conditions, such as dual-
task execution, GPT has shown SEM values ranging from 1.2 to 2.5 s and MDC,, values between 3.3 and 6.9
s'8. These values are comparable to or higher than those obtained with WB in our study, further supporting its
potential to detect subtle motor changes with high sensitivity. Similarly, studies on the Purdue Pegboard Test
reported SEM values of 1.32-2.66 and MDC,, values of 3.66-7.37%2, whereas WB achieved SEM values as low
as 0.75 and MDC,, values as low as 1.50 in linear tasks. This suggests WB'’s capability to detect subtle motor
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Fig. 5. Bland-Altman plot for: (a) mean of all conditions for preferred limb, (b) mean of all conditions
for non-preferred limb and (c) average mean of all conditions. Single bold lines indicate the average of the
differences, whereas two dotted lines indicate the 95% limit of agreement.

performance changes with high precision, making it suitable for longitudinal assessments. Moreover, while
GPT evaluates simple grasp-and-release actions, WB incorporates both linear and circular movement patterns,
providing a more comprehensive assessment of motor coordination. This versatility, combined with its high ICC
values and sensitivity, supports WB’s use as an effective tool for continual evaluation of motor skill evolution or
decline in various contexts.
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GPT
Preferred Non-preferred | Limb average
Condition r P r P r P
Anteroposterior | —0.26 | 0.05 | —0.28 | 0.03 -0.30 | 0.02
Mediolateral -0.22 {0.10 | -0.36 | 0.006 | -0.34 | 0.01
Preferred
Clockwise -0.28 | 0.03 | —=0.52 | 0.0001 | —0.47 | 0.0004
Counterclockwise | -0.18 | 0.18 | -0.37 | 0.006 |-0.32 | 0.01
Anteroposterior | —0.22 | 0.11 | —=0.27 | 0.04 -0.27 | 0.04
Mediolateral -0.06 |0.65 | -0.29 | 0.03 -0.21 |0.11
Non-preferred
Clockwise -0.21 [0.12 | —0.43 | 0.0001 | —=0.37 | 0.005
WB test Counterclockwise | —0.08 | 0.55 | =0.36 | 0.007 | -0.27 | 0.04
Anteroposterior | —0.29 | 0.02 | —=0.34 | 0.01 -0.36 | 0.007
Mediolateral -0.16 [ 0.23 | -0.39 | 0.003 | -0.33 | 0.01
Limb average
Clockwise —-0.27 [ 0.04 | —=0.52 | 0.0001 | —0.46 | 0.0004
Counterclockwise | —0.14 | 0.29 | —0.41 | 0.02 -0.33 | 0.01
Preferred -0.31 [ 0.02 | —=0.54 | 0.0001 | —0.49 | 0.0002
Task average | Non-preferred —-0.17 [ 0.20 | —0.44 | 0.0009 | —0.36 | 0.0007
Mean —-0.25 [ 0.06 | —=0.51 | 0.0001 | —0.44 | 0.007

Table 2. Pearson product moment correlation between wobble board (WB) and Grooved Pegboard test
(GPT) performances for the preferred limb, non-preferred limb, limb averages, and the average across WB
tasks, including correlation coefficients (r) and significance (p). Significant (p <0.05) correlation coefficients
were marked in bold.

Interestingly, circular tasks (clockwise and counterclockwise) demonstrated higher ICC values compared
to linear conditions, while also exhibiting wider LoA, suggesting that although these tasks show strong relative
reliability, effectively distinguishing between individuals, they are more variable at the intra-individual level.
One possible explanation lies in the increased neuromuscular complexity of circular tracking, which requires
feedforward planning, multijoint coordination, and continuous spatial recalibration. These demands may
introduce more trial-to-trial fluctuations, especially under test-retest conditions, widening LoA despite strong
overall consistency. However, this greater within-subject variability does not diminish the circular WB tasks’
capacity to sensitively detect meaningful individual differences in motor control, highlighting their utility in
assessing fine motor function.

Pearson correlation analysis further revealed negative relationships between WB and GPT outcomes,
supporting WB validity. Correlations were generally stronger for the non-preferred hand and the hand averages
than for the preferred hand. For example, non-preferred hand averages showed more negative correlations,
suggesting that better WB performance (higher scores) corresponded with faster GPT times (lower scores),
indicating a meaningful inverse relationship. No clear trends emerged when comparing linear and circular WB
tasks, but task averages consistently yielded stronger correlations than individual tasks, emphasizing the value
of aggregated measures in capturing overall motor performance relationships. This finding can be explained by
the multifaceted nature of eye-hand coordination in real-life activities, which typically require the integration
of multi-directional and multi-joint movements rather than isolated control in a single plane. By averaging
performance across tasks and limbs, the aggregated WB score provides a more comprehensive and ecologically
valid measure of fine motor ability, reflecting the overall integration and adaptability of sensorimotor control
mechanisms®®*%3. This approach also reduces the influence of task-specific variability and measurement error,
leading to more robust and representative associations with standard assessments such as the GPT.

The variation in correlation strength between preferred and non-preferred hands may reflect differences in
neuromuscular proficiency and task difficulty***°. The weaker correlations for preferred hand tasks may stem
from their habitual use in daily activities, leading to more automatic and efficient motor performance with
reduced variability. Similarly, athletes often rely on their preferred limb for sport-specific tasks like dribbling or
shooting, further refining neuromuscular coordination and reducing variability in test outcomes. In contrast,
the non-preferred limb requires greater conscious effort, potentially increasing variability and strengthening the
inverse relationship between WB and GPT scores.

The negative correlation observed between WB and GPT scores is consistent with the nature of their
performance. In WB, higher values indicate better performance (i.e., greater duration in maintaining the
motion marker within the target zone), while in GPT lower completion times reflect higher dexterity. Therefore,
an inverse relationship (negative correlation) is expected based on the nature of the tasks: participants who
perform better on WB tend to complete the GPT faster. The inverse correlation may also be interpreted in light
of the motor control theories?. In particular, WB emphasizes sustained precision during continuous dynamic
tracking, which heavily relies on feedback mechanisms and postural control and eye-hand coordination, while
GPT prioritizes speed and discrete object manipulation, tapping into more ballistic motor strategies. This
difference may reflect a speed-accuracy trade-off, where proficiency in one domain does not linearly translate
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to the other. Therefore, such opposite motor demands can produce meaningful negative correlations without
undermining concurrent validity.

The strongest correlation was observed in non-preferred hand clockwise movements (r= —0.52, p<0.0001),
while moderate correlations were found in preferred hand anteroposterior (r= —0.30, p=0.02) and mediolateral
(r=-0.34,p=0.01) tasks. Interestingly, WB tasks showed a different pattern than GPT tasks with: tasks performed
with the preferred hand having more significant correlations (10/12) compared to non-preferred hand (7/12).
This discrepancy may be explained by the greater complexity of WB tasks, which require more coordination
and control, particularly for the preferred limb. This increased difficulty likely results in greater variability
in performance, enabling a clearer distinction between individuals with varying skill levels. These findings
highlight WB’s potential to assess fine motor skills and differentiate proficiency levels. While GPT may show
stronger correlations in simpler tasks for the non-preferred hand due to increased variability, WB emphasizes
the superior neuromuscular control of the preferred hand in complex tasks. This observation underscores WB’s
value in capturing fine motor performance. However, the variability in correlation outcomes across WB tasks
and hands necessitates careful test selection for fine motor skill assessment. The strongest correlations were
observed between WB task averages for the preferred hand and GPT non-preferred hand (r= —0.54), followed
by counterclockwise average (r=—0.52) and clockwise average (r= —0.43) for the non-preferred hand. These
findings suggested that tasks combining movements across hands or specific movement patterns (e.g., circular
tasks) provide better insight into motor performance due to their higher correlation with GPT outcomes. This
variability highlights the importance of careful test selection. Instead of matching specific target skills, selected
tasks and hands should provide valid and reliable measures of fine motor performance. Some WB tasks or hand
conditions showed weaker correlations, indicating they may be less useful for assessing fine motor skills in
relation to GPT outcomes. A standardized approach prioritizing tasks and conditions with stronger correlations
could enhance the accuracy and validity of WB-based motor assessments.

Compared to other digital tools for motor assessment, the WB system offers a practical balance between task
specificity, portability, and low operational requirements. Kinect-based platforms allow for full-body motion
capture and are suitable for assessing gross motor functions, particularly in gait and posture studies?’. Force
plates provide high-resolution data on balance and postural sway, although their use is generally restricted to
lower-limb and stance evaluations*®. While wearable sensors and inertial measurement units (IMUs) can capture
detailed joint kinematics, they often require multi-point calibration and are more sensitive to placement error
and noise®. In contrast, the WB allows for focused assessment of upper-limb coordination through standardized,
visually guided tasks that require continuous motor control and feedback integration.

Conclusions

To the best of our knowledge, this is the first study to assess the validity and reliability of the WB as a tool for
evaluating eye-hand coordination. The findings strongly support the WB as a valid and reliable instrument
for assessing fine motor skills in the upper limbs. Its ability to integrate diverse movement patterns and
detect subtle performance changes makes it particularly valuable for tracking motor skill development over
time. Additionally, the WB shows promise for integration into training programs, complementing traditional
assessment tools like the GPT. Future research should validate the WB in specific populations such as individuals
with neurological conditions (e.g., Parkinson’s disease or hand tremors), where it has already been applied in
training interventions!'®. Tailored protocols and specific validation procedures are needed to account for clinical
implications and population-specific variability. Furthermore, investigating the effects of repeated WB testing is
crucial to understanding potential motor learning effects and their influence on reliability and validity metrics.
Addressing these aspects will enhance the WB’s applicability in both clinical and research settings, maximizing
its potential as a comprehensive assessment tool.

Practical and future implications

The findings provide clear guidance on using the WB as an assessment tool for upper-limb fine motor skills. Given
the variability in correlation strengths across tasks and limbs, we recommend prioritizing circular WB tasks,
which demonstrate consistently stronger correlations with GPT outcomes compared to linear tasks. Circular
movements appear to better reflect the complexity and neuromuscular demands of motor skills measured by
the GPT, making them a more valid assessment choice. This highlights the importance of selecting tasks and
movement patterns that align with the target skill to ensure accurate and reliable assessments. Additionally, the
results suggest that non-preferred limb assessments may be more sensitive in detecting motor performance
variability, particularly in tasks requiring conscious effort and precision. This is especially relevant when assessing
skills that are less automatic and more effort-dependent. In contrast, preferred limb tasks may be valuable for
capturing automatic and highly coordinated motor performance, providing a complementary perspective. These
insights support the use of WB-based assessments across various settings, including sports and clinical contexts,
where fine motor skill evaluation is essential.

Future research should focus on validating the WB in specific populations such as individuals with
neurological conditions. While previous studies have demonstrated the WB’s utility in training interventions for
such groups, tailored validation protocols are necessary to address condition-specific variability. Additionally,
further investigation into motor learning effects during repeated WB testing is essential to determine how task
familiarity could influence reliability and validity over time. Building on these findings, the WB can be further
established as a complementary tool to traditional assessments, offering unique insights into fine motor skill
performance by capturing complex movement patterns and subtle variations in motor coordination.
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Strengths and limitations

This study represents a novel approach in evaluating the validity and reliability of the WB for fine motor
skill assessment in healthy young adults. While this focus is a strength in terms of novelty, it also limits the
generalizability of the findings. The homogeneity of the sample, restricted to young, neurologically healthy
participants, limits the applicability of the findings to other populations, such as older adults or individuals with
motor impairments. Moreover, although a 5-day rest period was observed between sessions, practice effects
cannot be entirely excluded and may have contributed to improved performance at retest. An analysis of GPT
performance in our sample, including SD and range, suggested that our results aligned with those reported in
the literature. Specifically, mean times for the preferred (63.7+9.3 s) and non-preferred hand (69.0+12.7 s), as
well as the average across both hands (66.4£9.9 s), are comparable to those reported in previous studies (e.g.,
71.0£9.0 s for the dominant and 75.0+9.0 s for the non-dominant hand*® and 67.0+8.0 s and 72.0+10.0 s,
respectively)!¢. These results indicate that the GPT performance of our sample was consistent with normative
data from healthy populations, suggesting adequate representativeness within this demographic. However,
including more diverse participants in terms of age, clinical status, and motor proficiency will be essential to
confirm the WB’s broader applicability and improve its integration with existing fine motor assessment tools.
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