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Neuromuscular Control Strategies in Dominant
and Non-Dominant Handwriting

by
Bowen Liu !, Ryogo Takahashi 12, Naotsugu Kaneko !, Inhyeok Jeong 3,
Mayu Dohata !, Kimitaka Nakazawa »*

The present study aimed to investigate how hand use and the eye state affected handwriting performance. Twelve
right-handed students (6 females and 6 males, aged 27.2 + 2.4 years) completed handwriting tasks with both dominant
and non-dominant hands under eyes-open and eyes-closed conditions. Handwriting tracing dynamics, handwriting
quality, and legibility were measured, while electromyography signals were recorded bilaterally from the upper limb
muscles. A two-way ANOVA revealed no significant interaction effects of hand use and the eye state on handwriting
tracing dynamics or muscle activity. However, significant interaction effects were found for the number of intersection
points (p = 0.034, np? = 0.129) and the legibility score (p = 0.004, np? = 0.205). Post hoc tests indicated greater
handwriting accuracy degradation in the non-dominant hand under eyes-closed conditions, with significant differences
in the number of intersection points (p = 0.016, d = 0.350) and the legibility score (p < 0.001, d = -0.130). To further
explore relative differences between eyes-open and eyes-closed conditions, the ratio of change was calculated for each
handwriting feature. The results showed a significantly greater change in the number of intersection points (p = 0.027, r
= 0.639) and the legibility score (p = 0.012, r = =0.723) for the non-dominant hand compared with the dominant hand.
These findings highlight distinct neural mechanisms underlying handwriting control, suggesting greater reliance of the
non-dominant hand on visual feedback for handwriting accuracy. This study advances our understanding of motor skill
learning and the acquisition of fine motor skills.
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Introduction eliminates visual feedback) (Imai et al., 2025; Lopez
and Vaivre-Douret, 2021). Previous studies have
found that the lack of visual feedback makes it
difficult for writers to accurately control word

Handwriting, as a  fundamental
communication tool, involves intricate cognitive,
psychomotor, and biophysical processes. It

) i spacing and punctuation placement (Danna and
engages several senses that induce visual and

Velay, 2015), and that perturbating the visual
environment degrades spatial-motor stability
(Mortazavi Najafabadi et al., 2025). Furthermore,
visual feedback aids in error correction,

somatosensory feedback and synergistically
recruits multiple upper limb muscles in executing
fine motor movements crucial for fluent and high-
quality writing.

Visual feedback provides real-time spatial
information, such as writing location and
direction, contributing to the letter form and
spatial arrangement in complex writing.
Researchers have controlled visual feedback by
manipulating eye states (i.e., closing the eyes

maintaining the accurate association of elements,
and ensuring legibility (Smyth and Silvers, 1987).
Performance in visually guided motor tasks varies
across different participant’s groups (Popowczak
and Zwierko, 2025). For example, individuals with
visual impairment exhibit slower and less legible
writing compared to their peers (Grewal et al.,

! Department of Life Sciences, University of Tokyo, Tokyo, Japan.

2 Japan Society for the Promotion of Science (JSPS), Tokyo, Japan.

3 Research Center for Brain Communication, Kochi University of Technology, Kochi, Japan.
* Correspondence: nakazawa®@idaten.c.u-tokyo.ac.jp

[OWON



X Neuromuscular control strategies in dominant and non-dominant handwriting

2014). In addition to wvisual feedback,
somatosensory feedback also plays an important
role in handwriting, especially in the absence of
visual feedback, operating through two key
concepts: proprioception and kinesthesia (Guilbert
et al., 2019; Stelmach et al., 1984). Proprioception
primarily involves awareness and effort in
movement (Hepp-Reymond et al., 2009; Teasdale
et al,, 1993), contributing to spatial arrangement
(Ebied et al., 2004; van Doorn and Keuss, 1992). In
skilled writers, the absence of proprioception leads
to significant changes in the stroke count and
writing speed (Marie et al, 2009). Conversely,
kinesthesia involves the perception of movement
(Kishore, 2021), which directly impacts word
legibility (Harris and Livesey, 1992; Hong et al.,
2016). Higher kinesthesia is associated with
improved word legibility, with no significant
correlation with proprioception (Hong et al., 2016).
In summary, the impairment or absence of visual
and somatosensory feedback affects handwriting
speed and legibility of the dominant hand.
However, it remains unclear whether these
feedback-induced changes also occur in the non-
dominant hand and whether the effects of visual
and somatosensory feedback differ between the
two hands. Given the reduced familiarity and
precision associated with non-dominant hand
movements, it is hypothesized that the non-
dominant hand may exhibit more pronounced
disruptions in handwriting performance in the
absence of visual or somatosensory feedback.

As an acquired skill, both left-handed and
right-handed individuals can be trained to write
with their non-dominant hand (Kloppel et al., 2007;
Sandve et al.,, 2019). Typically, proficient writers
exhibit lower variability in proximal compared to
distal muscles, suggesting that proximal muscles
play a stabilizing role in dominant handwriting
(Gerth, 2023; Ishak et al., 2014; Naider and Katz,
2007 ). However, when using their non-dominant
hand, distal joint activity decreases while proximal
joint activity increases (Kim, 2021). This variation
in muscle activity highlights differences in control
strategies between the dominant and non-
dominant hands (Liang et al., 2021), highlighting
how sensorimotor integration adapts to the use of
the non-dominant hand. Exploring these questions
will deepen our understanding of the neural
mechanisms and cognitive processes involved in
writing behavior (Stelmach, 1984).
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Therefore, this study aimed to explore the
effects of the eye state (eyes open with visual
feedback vs. eyes closed relying on somatosensory
feedback) and hand use (dominant vs. non-
dominant) on handwriting features. Handwriting
with the dominant hand, as a fine motor skill, is
highly trained and represents an already acquired
motor skill. Moreover, in the absence of visual
feedback, the dominant hand is more adept at
dynamic trajectory control compared to the non-
dominant hand, as proposed by the dynamic
dominance hypothesis (Goble et al, 2006;
Sainburg, 2005). Based on these previous studies,
we hypothesized that the removal of visual
feedback (eyes-closed condition) would have a
more pronounced impact on the handwriting
trajectory control of the non-dominant hand
compared to the dominant hand.

Methods

Participants

Twelve right-handed healthy individuals
(6 females and 6 males, aged 27.2 + 2.4 years) with
no history of neuromuscular disorders
participated in this study. The participants were
graduate students recruited from the university.
The sample size was estimated using G*Power
(v3.1.9.4), with the effect size set to 0.4, power set
to 0.8, and one group of subjects undergoing four
repeated measurements. The number of subjects
required was at least 12. All participants had been
taught English since the elementary school and
acquired proficiency in written English. Right-
handedness was defined by having a laterality
quotient of 50 or higher on the Edinburgh
Handedness Inventory (Oldfield, 1971). According
to the Declaration of Helsinki, we obtained written
informed consent for participation in the study
from each participant. The study was approved by
the ethics committee of the University of Tokyo,
Tokyo, Japan (approval number: 754-8; approval
date: 23 August 2024).

Data Collection
Handwriting

Handwriting features were recorded using
a graphic tablet (13.3-inch, 60-Hz refresh rate, 1920
x 1080 screen resolution; Wacom One 13, Wacom,
Japan), along with a standard pen supporting 4096
levels of pressure sensitivity. Participants
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performed the handwriting task with their
forearms comfortably placed on the tablet (Figure
1A). The task was designed using the Eye and Pen
software (v.3rd, University of Poitiers, France)
(Alamargot et al., 2006). Details of the task are
provided in the Handwriting task section. These
handwriting features were recorded at a sampling
frequency of 200 Hz.

Muscle Activity

Electromyography (EMG) signals were
amplified and synchronously recorded using
wireless EMG sensors (Pico EMG, Cometa Srl,
Italy) from 12 muscles of the bilateral upper limbs
and the shoulder (six per side): the abductor
pollicis brevis (APB), first dorsal interosseous
(FDI), extensor carpi radialis (ECR), flexor carpi
ulnaris (FCU), anterior deltoid muscle (ADM), and
upper trapezius (UT) muscles at a frequency of
2000 Hz (Figure 1A). For each muscle, two
Ag/AgCl (Vitrode F-150S, Nihon Kohden, Japan)
surface electrodes were placed at a 24-mm inter-
electrode distance on the center of the muscle belly
in the direction of the muscle fibers (Hermens et al.,
2000).

Procedure

The present study employed the
handwriting task used in previous research, which
considered limb control of pen movements in
various directions (Chartrel and Vinter, 2006). The
task contained five letters (a, o, |, m, p) and three
pseudowords (lamopa, molopa, palomo), each
composed of five letters (Figure 1C). The font
required for the task was Segoe Script. The selected
letters assessed the capability to move the pen in

"1

distinct directions, with “m” emphasizing

“u_ 1

horizontal writing, “1” and “p” focusing on vertical
writing, and “a” and “0” targeting aperture. The
pseudowords, constructed from the specified
letters, served as more integrated tests, facilitating
the examination of writing movements in all
directions during the composition of a single
pseudoword.

Before the formal task, each participant
was required to sit comfortably in front of a table
and to practice the handwriting task on the graphic
tablet using their dominant hand. There was no
time limit for the practice, and participants were
required to use the same grip posture and write the
words fluently in a single stroke with their eyes

open. The practice trials were terminated when
there was no hesitation or pause in the task
process, and each letter was easily recognized with
our visual confirmation.

In the formal experiment, participants
were required to complete the handwriting task
randomized to four conditions: writing with (1) the
dominant hand (right hand) and eyes open (DO),
(2) the dominant hand and eyes closed (DC), (3) the
non-dominant hand (left hand) and eyes open
(NO), and (4) the non-dominant hand and eyes
closed (NC). They wrote each of the five isolated
letters and three words with a single stroke,
repeating them randomly eight times (64 trials in
total). Finally, a 3-s isometric maximum voluntary
contraction (MVC) for each tested muscle was
recorded.

Data Analysis
Handwriting Tracing Dynamics

The recording software of writing
trajectories allowed us to calculate writing tracing
dynamics (reflecting the efficiency of writing)
automatically (Figure 1D). Handwriting tracing
dynamics indicators included duration (in s) of
each task trial, length (in cm) representing total
handwriting in each trial, and speed (in cm/s)
calculated as the handwriting length divided by
duration. Pen pressure was normalized by
dividing raw values by the highest recorded value
for each hand, determined as the maximum value
observed across both eyes-open and eyes-closed
conditions. The normalized values were expressed
as a percentage of the respective hand’s maximum,
enabling comparisons across conditions while
accounting for individual differences.

Handwriting Quality and Legibility

The handwriting trajectory for each trial
was exported as an image and analyzed using
Image] (v.1.54h, Wayne Rasband, USA) software.
Three indicators were calculated (Figure 1E): (1)
area (in square centimeters), determined by
selecting the highest, lowest, leftmost, and
rightmost points of the trajectory in each image
and calculating the enclosed area in square
centimeters; (2) tilt angle (in degree), automatically
measured as the angle between a straight line
drawn beneath a long word and the horizontal
axis; (3) and intersection points, representing the
total number of points where handwriting strokes
intersected or overlapped in each image.
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A legibility score was assigned by
identifying letters in pseudowords, with each
correctly identified letter earning one point, for a
maximum possible score of 6 points per trial.
Scoring was conducted by two independent raters
who did not participate in the handwriting task.
They performed the scoring on two separate
occasions, with a one-week interval between each
session. Participants’ names were omitted during
the process.

In addition, the scoring method was also
assessed by intra-rater and inter-rater reliability.
Intra-rater  reliability was determined by
comparing the first and second scores of each rater,
while inter-rater reliability was determined using
the first score of both raters. They were evaluated
using the intraclass correlation coefficient (ICC) for
average measures in a two-way random effect
model with consistency for the legibility score,
calculated using SPSS (v.20, IBM, USA). For the
interpretation of the ICC, values between 0.75 and
0.9 and greater than 0.90 indicated good and
excellent reliability, respectively (Koo and Li,
2016).

Muscle Activity

Pre-processing of EMG signals was
performed using MATLAB (R2023a, MathWorks,
USA). First, only the segments where the pen tip
was in contact with the tablet were identified and
included in the analysis. Next, a bandpass filter
within the range of 10-500 Hz and a notch filter at
50 Hz were applied to the EMG data. Then, the pre-
processed EMG data were full-wave rectified, and
low-pass filtered (Butterworth filter, 7t order) at 6
Hz to obtain the envelope curve. Subsequently,
enveloped EMG was normalized by MVC values.
Finally, the root mean square (RMS) of the
normalized EMG was calculated using the
following equation:

1
RMS = /E TN x?

where N represented the total number of sample
points, and denoted the value of the sample point.

Statistical Analysis

assessed  the
relationship between the dependent variables

Statistical ~ analysis

including  handwriting  tracing  dynamics,
handwriting quality, legibility, and muscle
activity, and the main independent variables,
namely hand use and the eye state. Statistical
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analysis was performed using RStudio (v. 1.4,
Posit, USA), SPSS (v.22, IBM, USA).

For comparisons between conditions, first,
the normality of the data was examined using the
Shapiro-Wilk test. Since the dependent variables
significantly = deviated from the normal
distribution, the data were transformed using the
Aligned Rank Transformation (ART) method in
RStudio, utilizing the ARTool package, to meet the
normality assumption for ANOVA. Subsequently,
two-way repeated measures ANOVA was
conducted in RStudio, with hand wuse (the
dominant hand and the non-dominant hand) and
the eye state (eyes-open and eyes-closed) as
within-subject factors for each variable. When a
significant interaction effect was observed, a post
hoc contrast test was conducted. Furthermore, p-
values were adjusted using the Bonferroni-Holm
method, and the significance level was set at p <
0.05. Effect sizes for the main effect and the
interaction effect were reported as partial eta
squared (1?) and Cohen’s d (d), respectively.

In addition, while the ANOVA results
identified significant effects in each hand, they did
not quantify the relative impact of visual feedback
on the handwriting features of the two hands. To
address this, the ratio of change was introduced as
a complementary analysis to assess the relative
change between the eyes-open and eyes-closed
conditions across hands. Given that baseline
differences between hands were expected under
the eyes-open condition, this analysis refined the
ANOVA results by offering a clearer quantification
of visual feedback’s influence on handwriting
features. The formula for the ratio of change was as
follows:

(Eyes closed value — Eyes open value)

Ratio of change =
Eyes openvalue

100%

To compare the ratio of changes in the
dependent variables between the two hands, the
Wilcoxon signed rank test was performed in SPSS,
with effect sizes denoted by r. For correlation
analysis, the Spearman correlation coefficient
(Spearman’s p) was applied to the rate of change
data, with an interest in the correlation between
muscle activity and handwriting tracing dynamics,
as well as between muscle activity and
handwriting quality and legibility. SPSS was
chosen for this analysis due to its efficiency in

http://www .johk.pl




by Bowen Liu et al.

handling non-parametric correlation tests. The p-
values were corrected with the False Discovery
Rate (FDR) method, and the significance level for
correlation analysis was set at p <0.05.

Results
Analysis of Handwriting Tracing Dynamics

Figure 2 shows the examples of one
participant’s handwriting tasks under four
conditions. Table 1 presents the mean + standard
deviation (SD) values for all measured variables
across all experimental conditions. Table 2
summarizes the statistical results of the measured
variables, with Figure 3 illustrating each condition.
A significant main effect of hand use was found,
with the non-dominant hand showing longer
handwriting duration (non-dominant hand: 3.62 +
0.11 s, dominant hand: 2.32 + 0.63 s, Figure 3A),
greater length (non-dominant hand: 16.66 + 4.97
cm, dominant hand: 11.44 + 2.05 cm, Figure 3B),
and lower pen pressure (non-dominant hand: 60.91
+ 14.93%, dominant hand: 71.27 + 13.35%, Figure
3D). Similarly, a significant main effect of the eye
state was observed, with eyes closed leading to
shorter handwriting duration (eyes-closed: 2.68 +
0.97 s, eyes-open: 3.26 + 1.21 s, Figure 3A), longer
length (eyes-closed: 15.01 + 4.98 cm, eyes-open:
13.09 + 4.04 cm, Figure 3B), and faster speed (eyes-
closed: 6.33 £2.13 cm/s, eyes-open: 4.86 +1.43 cm/s,
Figure 3C). Notably, no significant interaction
effect between hand use and the eye state was
found across all dynamics indicators (all, p > 0.05),
suggesting that the impact of hand use and the eye
state on handwriting tracing dynamics were
largely independent.

Analysis of Handwriting Quality and Legibility

First, ICC analysis confirmed sufficient
reliability in handwriting quality and the legibility
score (inter-rater reliability, ICC = 0.848; intra-rater
reliability, ICC = 0.965). A significant interaction
effect between hand use and the eye state was
observed for the number of intersection points
(Figure 3G) and the legibility score (Figure 3H).
Post hoc tests showed that the non-dominant hand
was associated with a greater number of
intersection points (t =3.10, p =0.016, 4 = 0.350) and
a lower legibility score (f = -3.10, p < 0.001, d =
-0.130), especially under the eyes-closed condition.
These findings suggest that the non-dominant
hand produced less precise handwriting compared

to the dominant hand, with visual feedback
playing a crucial role in mitigating these deficits.
No significant interaction effect was found for the
handwriting area (Figure 3E) or the tilt angle
(Figure 3F). A significant main effect of hand use
was found for the handwriting area, which was
larger when handwriting with the non-dominant
hand (non-dominant hand: 10.74 + 5.38 cm?
dominant hand: 544 + 195 cm? Figure 3E).
Similarly, a significant main effect of the eye state
was found for the area and the tilt angle. Under the
eyes-closed conditions, the handwriting area was
larger compared to the eyes-open condition (eyes-
closed: 8.87 + 3.92 cm?, eyes-open: 7.31 + 3.42 cm?,
Figure 3E), and tilt angles were also greater (eyes-
closed: 5.53 + 1.92°, eyes-open: 2.59 + 1.76°, Figure
3F). These results highlight the importance of both
hand use and visual feedback in handwriting

quality and legibility.
Analysis of Muscle Activity

A significant main effect of hand use was
identified in the FDI, ECR, FCU, and ADM
muscles. Specifically, the non-dominant hand
exhibited lower RMS values in the FDI (non-
dominant hand: 4.53 + 3.06%MVC, dominant hand:
7.59 + 6.79%MVC, Figure 3]), ECR (non-dominant
hand: 11.13 + 5.43%MVC, dominant hand: 12.71 +
4.85%MVC, Figure 3K), and FCU muscles (non-
dominant hand: 3.40 + 2.04%MVC, dominant hand:
5.68 + 2.70%MVC, Figure 3L) compared to the
dominant hand, but higher RMS values in the
ADM muscle (non-dominant hand: 8.45 =+
5.33%MVC, dominant hand: 3.89 = 2.22%MVC,
Figure 3M). These results suggest that the non-
dominant hand showed lower activation in hand
and forearm muscles (FDI, ECR, and FCU), but
compensated with greater activation in the ADM
muscle, possibly reflecting different motor
strategies during handwriting. No significant
interaction effect between hand use and the eye
state was observed (all, p > 0.05), suggesting that
visual feedback did not significantly modulate
muscle activity depending on hand use.

Analysis of the Ratio of Change

Table 3 and Figure 4 present the ratio of
change in each variable between the eyes-open and
eyes-closed conditions for the dominant and non-
dominant hands. The Wilcoxon signed-rank test
revealed that the non-dominant hand exhibited a
higher ratio of change in handwriting speed (non-
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dominant hand: 44.67 + 36.60%, dominant hand:
20.77 + 24.13%, Figure 4C), pen pressure (non-
dominant hand: 25.09 + 22.70%, dominant hand:
5.30 + 11.36%, Figure 4D), intersection points (non-
dominant hand: 41.53 + 33.17%, dominant hand:
13.76 + 18.10%, Figure 4G), and the legibility score
(non-dominant hand: 15.11 + 22.23%, dominant
hand: -2.62 + 4.06%, Figure 4H), compared to the
dominant hand. Specifically, the non-dominant
hand showed a greater increase in speed, pen
pressure, and intersection points, while the
legibility score decreased more compared to the
dominant hand. These findings suggest that the
non-dominant hand required greater effort and
encountered more difficulty in maintaining
legibility, particularly in the absence of visual
feedback. No significant differences were found in
the ratios of change for the remaining variables
between the hands (all, p > 0.05), suggesting
comparable adjustments in both hands under eyes-
open and eyes-closed conditions.

Correlation analysis of the ratio of change
in handwriting features between the eyes-open
and eyes-closed conditions showed no significant
correlation between muscle activity and the

handwriting tracing dynamics (all, p > 0.05), nor
between muscle activity and handwriting quality
or legibility (all, p > 0.05). This suggests that
changes in muscle activity did not directly impact
handwriting performance across conditions.

Discussion

This study examined how the eye state and
hand use influenced handwriting performance
under different conditions (DO, DC, NO, NC). For
handwriting tracing dynamics (duration, length,
speed, pen pressure), we observed significant main
effects of hand use and the eye state, but no
significant interaction effect (Figure 3A-D). Using
the non-dominant hand increased duration and
length, and decreased speed and pen pressure,
while closing the eyes decreased duration but
increased length, speed, and pen pressure. For
handwriting quality and legibility, a significant
interaction effect was found for intersection points
(Figure 3G) and the legibility score (Figure 3H), but
not for the area (Figure 3E) or the tilt angle (Figure
3F).

Table 1. Summary of the mean values (mean + SD) of the measured variables under each condition.

Dominant hand,

Dominant hand,

Non-dominant hand, Non-dominant hand,

eyes open (DO) eyes closed (DC) eyes open (NO) eyes closed (NC)
Handwriting tracing dynamics

Duration (s) 2.51£0.67 2.13+0.54 4.01+1.17 3.23+1.00
Length (cm) 11.0+1.86 11.9+2.20 15.2+4.59 18.1+5.09
Speed (cm/s) 524 +1.01 6.35+1.87 4.49+1.72 6.30 £2.45

Pen pressure (%) 69.81 +13.64 72.73 +13.48 55.53 £16.23 66.30 +11.80

Handuwriting quality and legibility
Area (cm?) 514+1.97 5.73+1.93 9.47 £ 4.86 12.0+5.90
Tilt angle (degree) 2.68 £2.25 5.57 £2.36 2.50+1.18 549 +1.47
Intersection points (count) 7.71+1.99 8.84+3.17 9.45+3.17 13.4+5.48
Legibility score (score) 5.79£0.28 5.64 £0.36 497 +1.20 419+147
Muscle activity

APB (%MVC) 14.30 +10.12 13.79 +11.81 11.41+8.52 9.53 £7.39
FDI (%MVC) 8.02+7.10 7.16 £ 6.74 492+3.13 4.14+3.08
ECR (%MVC) 12.98 +4.58 12.45+5.29 1114+ 541 11.12+5.70
FCU (%MVC) 5.89+2.95 547 +2.54 342+217 3.38 £2.00
ADM (%MVC) 3.70+2.21 4.09+231 7.18 £3.30 9.73+6.72

UT (%MVC) 15.96 +12.90 16.54 +16.61 19.04 +12.87 18.33 +11.74

Journal of Human Kinetics, volume xxx, xxxx
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Table 2. Summary of the two-way ART-ANOVA (hand use x eye state) of the measured variables.

Hand use main effect Eye state main effect Hand use x eye state
interaction
F p s F p 7’ F 4 v’
Handuwriting tracing dynamics
) < <
Duration (s) 61.9 0.001%** 0.652 13.2 0.001%** 0.286 1.62 0.212 0.047
< <
Length (cm) 114 0.001%** 0.776 18.1 0.001%** 0.354 3.49 0.071 0.096
<
Speed (cm/s) 4.04 0.053 0.109 15.8 0.001%** 0.324 0.958 0.335 0.028
Pen pressure (%) 10.78 0.002**  0.246 3.08 0.089 0.085 1.406 0244  0.041
Handwriting quality and legibility
Area (cm?) 106 0 00?*** 0.763 9.42 0.004**  0.222 1.62 0.212 0.047
46.1 < 0.583
Tilt angle (degree) 0.082 0.777 0.002 0.001%** 0.168 0.685 0.005
. . 13.9 < 0.297 10.1 0.003**  0.234 4.90 0.034*  0.129
Intersection points (count) 0.001%%*
Legibili re (score) 63.5 < 0.658 17.5 < 0.346 8.51 0.004**  0.205
cgibility score (score 0.001%+* 0.001%+*
Muscle activity
APB (%MVC) 2.69 0.111 0.075 1.66 0.206 0.048 0.034 0.855 0.001
FDI (%MVC) 8.87 0.006**  0.212 0.609 0.441 0.018 0.013 0909  <0.001
ECR (%MVC) 6.27 0.017*  0.160 0.458 0.503 0.014 0.610 0.440 0.018
22.9 < 0.409 0.069 0.795 0.002 0.148 0.703 0.004
FCU (%MVC)
0.001***
ADM (%MVC) 35.4 < 0.518 1.95 0.172 0.056 0.604 0.443 0.018
0.001***
UT (%MVC) 3.81 0.059 0.104 0.020 0.889 0.001 <0.001 1.000 <0.001

*p<0.05,* p <0.01, ** p<0.001

Table 3. Summary of mean values (mean + SD) and the Wilcoxon Signed Rank test of the measured

variables.
Descriptive statistics for the ratio of change .
Test statistics
(%)
Dominanthand  Non-dominant hand Statistic (Z) [4 Efi’i)d size
Handwriting tracing dynamics
Duration (s) -132+0.15 -18.6 £0.12 -1.11 0.266 -0.321
Length (cm) 8.74+0.14 21.7+0.23 1.27 0.204 0.367
Speed (cm/s) 20.8+0.24 44.5+0.37 2.03 0.042* 0.586
Pen pressure (%) 5.30 £0.11 25.1+0.23 2.71 0.007** 0.781
Handwriting quality and legibility
Area (cm?) 13.6+0.25 34.2 £0.51 0.955 0.339 0.276
Tilt angle (degree) 189 +1.84 145+ 091 -0.800 0.424 -0.231
Intersection points (count) 13.8+0.18 41.5+0.33 221 0.027* 0.639
Legibility score (score) -2.62 +0.04 -15.1+0.15 -2.51 0.012* -0.723
Muscle activity
APB (%MVC) -10.2+0.21 -13.4+0.23 -0.800 0.424 -0.231
FDI (%MVC) -5.72+£0.30 -13.4+0.30 -1.03 0.301 -0.298
ECR (%MVC) -5.57+£0.13 -1.13+0.16 0.569 0.570 0.164
FCU (%MVC) -4.87 +0.21 0.25+0.21 -0.628 0.527 -0.308
ADM (%MVC) 122+0.42 30.1+0.39 1.03 0.301 0.295
UT (%MVC) -1.50 £ 0.30 -4.27 £0.21 -0.265 0.791 -0.077

*p<0.05, " p < 0.01
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Figure 1. Instruments and handwriting features.

Panel A shows the experimental instruments, the Pico EMG, and the graphic tablet (UT: upper trapezius muscle;
ADM: anterior deltoid muscle; ECR: extensor carpi radialis muscle; FCU: flexor carpi ulnaris muscle; FDI: first dorsal
interosseous muscle; APB: abductor pollicis brevis). Panel B briefly demonstrates that the EMG signals during
handwriting were received by the Base unit and transmitted to the computer; they were subsequently pre-processed and
finally calculated to obtain the RMS amplitude. Panel C contains the five letters (a, o, I, m, p) and the three
pseudowords (lamopa, molopa, palomo) composed of these letters. Panel D presents four metrics for handwriting
tracing dynamics. These metrics were automatically calculated by the Eye and Pen software. Panel E presents four
metrics of handwriting quality and legibility, and how each metric was calculated or evaluated.
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Figure 2. Handwriting examples.
DO: dominant hand with eyes open; DC: dominant hand with eyes closed; NO: non-dominant hand
with eyes open; NC: non-dominant hand with eyes closed
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Figure 3. Group data for each variable.

The lines in the box plots indicate median values, and the ends of the boxes represent the 25t and 75" percentiles;
hollow circles represent individual participants’ data points. * Significant hand use x eye state interactions; * significant
main effect of hand use; * significant main effect of the eye state; significant post hoc comparisons * (p < 0.05) and *** (p

<0.001) for significant hand use x eye state interactions. RMS: root mean square; APB: abductor pollicis brevis; FDI:
first dorsal interosseous muscle; ECR: extensor carpi radialis muscle; FCU: flexor carpi ulnaris muscle; ADM: anterior
deltoid muscle; UT: upper trapezius muscle
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Figure 4. Wilcoxon signed-rank test for the ratio of change of all variables.

The filled plots display individual data in the dominant hands, and the filled squares display individual data in non-
dominant hands. The lines in the box plots indicate median values, and the ends of the boxes represent the 25! and 75%
percentiles. * p < 0.05, ** p < 0.01. APB: abductor pollicis brevis; FDI: first dorsal interosseous muscle; ECR: extensor

carpi radialis muscle; FCU: flexor carpi ulnaris muscle; ADM: anterior deltoid muscle; UT: upper trapezius muscle

The EMG results showed that hand use
significantly affected muscle activity for FDI, ECR,
FCU, and ADM muscles (Figure 3]-M). FDI, ECR,
and FCU muscle activity decreased in the non-
dominant hand, while ADM muscle activity
increased. Additionally, we examined the relative

Journal of Human Kinetics

, volume XXX, XXXX

differences in the ratio of change of handwriting
features and muscle coordination patterns between
the two hands by comparing the eyes-open and
eyes-closed conditions. The non-dominant hand
exhibited significantly greater changes in writing
speed (Figure 4C), pen pressure (Figure 4D),
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intersection points (Figure 4G), and the legibility
score (Figure 4H) between the eyes-open and eyes-
closed conditions, suggesting a stronger
dependence on visual feedback. No significant
correlation between handwriting features and
muscle activity was found, suggesting that
handwriting control involves more than a simple
linear correlation.

Hand Use and the Eye State Independently Affect
Handwriting Tracing Dynamics

Contrary to our hypothesis, the eye state
and hand use did not interact significantly in
affecting handwriting tracing dynamics (all, p >
0.05) (Table 2). The absence of interaction effects
can be attributed to several factors. First, dominant
hand movements are highly automated and
require minimal visual feedback due to precise
motor control (Marquardt et al., 1999). Second, the
non-dominant hand performs poorly regardless of
the eye state, indicating that the lack of visual
feedback does not worsen its already suboptimal
performance. Third, the simplicity of our
handwriting task means it relied more on
somatosensory feedback, reducing the impact of
visual input on tracing dynamics.

Our results revealed significant main
effects of hand use and the eye state on
handwriting dynamics (Table 2 and Figure 3A-D).
Consistently with prior research (Sandve et al.,
2019; van Doorn and Keuss, 1993), handwriting
length was longer with non-dominant hands or
with eyes closed, supporting the dynamic-
dominance hypothesis of motor lateralization
which posits that the dominant hand is more
proficient in producing a smooth hand-path
(Przybyla et al., 2012). The lower pen pressure
observed with the non-dominant hand likely
reflects greater reliance on pen dexterity to
compensate for reduced precise control. A prior
study has reported that grip and pinch strength
negatively correlate with fine motor skills (Duman
and Subasi, 2020), suggesting that fine motor
performance may depend more on motor
coordination than strength. Therefore, the
observed differences in tracing dynamics between
hands may reflect distinct muscle control strategies
between hands rather than differences in muscle
strength.

Visual feedback minimizes trajectory
deviations by providing continuous spatial
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guidance, allowing precise adjustments to
maintain a horizontal writing trajectory
(Marquardt et al,, 1996). In the absence of visual
feedback, participants relied solely on
proprioceptive feedback, leading to an increased
handwriting tilt angle, a larger area, and longer
trajectory length, while handwriting duration
decreased. Notably, handwriting speed increased
with eyes closed, which contrasts with previous
studies reporting no significant effect of visual
feedback on speed (Poletti et al, 2016). This
discrepancy may stem from differences in task
complexity, as the letter combinations in this study
may have required more complex motor control
than those used in earlier research (sustained
writing 1), potentially prompting a trade-off
between accuracy and efficiency, where
participants prioritize speed over precision.
Overall, these findings suggest that hand use and
the eye state exert independent effects on
handwriting dynamics, underscoring the crucial
role of visual feedback in optimizing motor control.

Non-Dominant Hands Are More Disrupted by the
Absence of Visual Feedback

Consistently with our partial hypothesis,
the ratio of change analysis (i.e., relative change
from eyes-open to eyes-closed conditions) revealed
that the non-dominant hand exhibited significant
changes in handwriting speed (Figure 4C), pen
pressure (Figure 4D), intersection points (Figure
4G), and the legibility score (Figure 4H), when
visual feedback was removed. This underscores
the non-dominant hand’s strong reliance on visual
feedback for tracing dynamics and legibility. In
contrast, the dominant hand, supported by the
dominant hemisphere’s motor integration skills,
relies more on internal cues like somatosensory
feedback. The non-dominant hemisphere, with its
greater reliance on visuospatial processing,
experiences greater disruption when visual
feedback is unavailable (Shalabi, 2020).

Intersection points objectively measure
handwriting clarity by reflecting stroke separation,
whereas the legibility score provides a subjective
evaluation of information completeness. Although
not directly correlated, both measures reflect
handwriting accuracy and highlight the combined
influence of visual and proprioceptive feedback on
motor control. The non-dominant hand exhibits
lower motor proficiency, which increases
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susceptibility to trajectory errors (Jones et al., 2020).
Without visual feedback, proprioceptive input
alone cannot ensure precise motor control
(Przybyla et al, 2012), resulting in more
intersection points. This finding underscores the
role of visual feedback in fine motor control,
particularly for spatial accuracy when writing with
the non-dominant hand.

However, contrary to expectations, no
significant differences in the change of ratios of
muscle activity were found between the bilateral
arms when visual feedback was removed. This
may be because handwriting is a highly
coordinated motor activity, and the central
nervous system prioritizes overall motor
coherence (Babadi et al., 2021). As a result, this
coordination may remain stable between bilateral
arms even without visual feedback. In addition,
muscle activity alone may not fully reflect subtle
neuromuscular adjustments (Cherifi et al., 2023), as
these are likely regulated at the neural level, where
motor patterns are maintained without major shifts
in muscle activity.

Furthermore, no significant correlation
was found between changes in handwriting
features and muscle activity, which is consistent
with previous research suggesting no significant
relationship between muscle activity and
handwriting quality (Naider and Katz, 2007).
Several factors may account for this finding. First,
handwriting relies on the coordinated activation of
multiple muscles rather than the isolated activity
of individual muscles (Stelmach et al., 1984).
Notably, fine motor control relies on both extrinsic
and intrinsic muscles of the hand (e.g., the
lumbricals and interossei) (Long et al., 1970).
However, intrinsic muscles are difficult to assess
effectively by surface EMG. Additionally, agonist-
antagonist coactivation, which is essential for
movement stability, may further obscure direct
correlations between handwriting features and
muscle activity (De Luca and Mambrito, 1987).
Another potential factor is the temporal resolution
of this study, which was based on the handwriting
process of an entire word lasting several seconds.
This temporal scale may not be optimal for
capturing fine-grained dynamic changes in muscle
activation. Finally, the relationship between
muscle activity and behavior is likely transmitted
in a non-linear manner, which makes the
correlation less straightforward to capture (Wang,
2023).

Non-Dominant Handwriting Relies More on
Proximal Muscles

No significant interaction effect on muscle
activity was found (all, p > 0.05) (Table 2 and Figure
3), suggesting that somatosensory feedback
compensates for the absence of visual feedback in
maintaining consistent muscle activation across
the eye state (van Doorn and Keuss, 1992). The
simplicity of the writing task may minimize the
need for visual feedback, leading to more stable
muscle activation patterns (Smyth and Silvers,
1987). However, a significant main effect of hand
use was observed, with greater ADM activity
during non-dominant handwriting (Table 2 and
Figure 3). This suggests compensatory reliance on
more easily controlled proximal joints (e.g., the
shoulder) to offset the inherently limited fine
motor control of distal joints, such as the wrist and
fingers. This observation aligns with studies
showing that novice writers predominantly
activate proximal muscles to control hand
movements, reflecting a less developed motor
control system (Ishak et al., 2014; Sabrina and Julia,
2023). Despite the increased involvement of
proximal muscles, this compensatory strategy was
insufficient for precise handwriting control, as it
increased energy expenditure and motor
variability, ultimately reducing fine motor
precision (Kim, 2021). These findings underscore
that the non-dominant hand adopts a distinct
muscle control strategy, emphasizing proximal
stabilization to compensate for its deficits in fine
motor control, but this approach does not fully
overcome its limitations in handwriting
performance.

Limitations

This study provides an initial exploration
of motor control mechanisms in handwriting,
focusing on hand use and the eye state, but has
three limitations. First, only right-handed
individuals were recruited, limiting
generalizability. Future studies should include left-
handed individuals to better understand brain
lateralization in motor control. Second, the use of
the ratio of change introduces potential limitations,
including sensitivity to small baseline values that
may disproportionately amplify changes, and
inherent reliance on proportionality assumptions
that might not fully capture non-linear
handwriting changes. Finally, surface EMG
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primarily records activity from extrinsic muscles,
making it less effective in assessing the role of
intrinsic hand muscles involved in fine motor
control. Future studies could incorporate
ultrasound  imaging, which can capture
morphological changes and help understand the
involvement of intrinsic muscles in the fine control
of the hand.

Conclusions

This study demonstrates that handwriting
with the non-dominant hand is significantly more
disrupted by the absence of visual feedback
compared to the dominant hand, particularly in
terms of speed, pen pressure, and spatial accuracy.

While the dominant hand benefits from internal
somatosensory feedback and can better maintain
handwriting performance without visual input,
the non-dominant hand is more dependent on
visual feedback. Interestingly, despite significant
differences in handwriting ability between the two
hands, changes in muscle activity were not
significantly different, suggesting that writing
behavior does not depend solely on the magnitude
of changes in muscle activity, but rather on
complex nonlinear muscle coordination. These
findings underscore a fundamental difference
between the neural control mechanism of the
dominant and non-dominant hands, contributing
to a deeper understanding of motor skill
acquisition and the role of sensory feedback in fine
motor skills.
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